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Preface

Sequencing of the human genome, “the blueprint for life” has revealed that 5% of
our genes encode transcription factors [Tupler et al., 2001], demonstrating the im-
portance of gene regulatory proteins in the organization of life. This book provides a
comprehensive overview of how transcription factors operate as key regulators for
the development and function of the brain. The knowledge of the molecular struc-
ture and function of these proteins are essential for understanding how the nervous
system develops and how the brain works.
The phenotype of every cell, including the cells of the nervous system, is defined by
the set of active genes. Cellular diversity is a remarkable feature of the nervous
system structure. There are thousands of distinct neuronal and glial cell types. This
complexity excludes the existence of a single “master gene” responsible for the
entire gene expression program leading to the many differentiated phenotypes.
Rather, the combinatorial action of numerous transcription factors is required for
the development and function of the nervous system. Research in the last years in
the field of molecular neurogenetics has aimed to decipher these transcription factor
codes, and this book tells some of those exciting stories.
The development of the nervous system requires tightly controlled expression of
transcription factors and their target genes. The identification of transcription fac-
tors that regulate this process offers a mechanism in answer to a key question of
neurobiologists, how neuronal and glial fates are determined. Along with control of
the formation of neurons and glia cells from uncomitted progenitor cells, transcrip-
tion factors also determine the subtype of neurons, are involved in the glial subtype
determination, and play a pivotal role in neuronal migration.
In the adult nervous system, synaptic activity is a major stimulus for induction of
neuronal gene transcription. The induction is mediated by transcription factors that
respond to synaptic activity. These proteins have been shown to be essential for
long-lasting neuronal plasticity, but are also involved in neuronal survival and dif-
ferentiation. Naturally, a dysfunction of transcription factors in the nervous system
has severe effects, as demonstrated by transcriptional defects in Alzheimers´ and
Huntington´s disease. Moreover, a molecular explanation for spinocerebellar ataxia
type 1 has recently been offered, involving a complex of the mutated ataxin–1 protein
with the transcription factor Gfi–1 [Tsuda et al., 2005].



XVIII Preface

The stimulating results of gene targeting experiments, in combination with new
imaging techniques, should not let us forget that understanding of the functions of
transcription factors always involves the identification of transcription factor target
genes that are activated or repressed and are responsible for the phenotypic changes.
In this context, the chromatin immunoprecipitation technique, a state-of-the-art
method to examine transcription factor interaction in vivo with chromatin-packed
genes, has increased our knowledge about the interaction of transcription factors
with DNA in its natural chromosomal context. Moreover, the “ChIP on chip” tech-
nique, the combination of chromatin immunoprecipitation with microarray analy-
sis [Kirmizis and Farnham, 2004], will certainly help to identify additional tran-
scription factor targets in the genome.
A recent genome-scale transcription factor expression analysis identified over 300
transcription factors expressed in the brain of developing mice [Gray at al., 2004].
This book covers many but not all transcription factors involved in the development
and function of the nervous system. The balance of death or survival of neurons, for
instance, is regulated by p53 and the forkhead transcription factors. A very impor-
tant issue in brain function are the Ca2+-regulated signaling pathways that are in-
itiated by the influx of Ca2+-ions through L-type voltage-sensitive Ca2+-channels and
the NMDA receptors as a result of neuronal activity and depolarization. In addition
to the here described transcription factors NFAT, CREB, NF-kB, MEF2 and Egr–1
the transcription factors DREAM (downstream response element antagonist mo-
dulator) and CaRF (Calcium-response factor) have to be added to the list of
Ca2+-responsive transcription factors, indicating that neurons have many ways to
connect an increase in the intracellular calcium concentration with enhanced gene
transcription. The proteins described in this book normally bind to DNA via a dis-
tinct DNA-binding domain. They can recruit other proteins, termed co-activators or
co-repressors that bind via protein-protein interaction and often function via alte-
ring the chromatin structure. The discovery that transcription factors are able to
recruit chromatin-modifying enzymes has revolutionized our thinking about the
regulation of gene transcription [Orphanides and Reinberg, 2002] and has focussed
attention on those proteins that modify the chromatin.
Many new and exciting discoveries are anticipated in the near future in the inves-
tigation of transcription factors in the nervous system. This book provides a snaps-
hot of the current knowledge of key transcription factors that are essential for proper
brain development and function. I thank my editorial partner, Dr. Andreas Sendtko
at Wiley-VCH, for the initial suggestion and promotion of the project.
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Color Plates XXVII

Fig. 1.2 Features of Hes bHLH factors. (A) Three conserved domains of Hes
factors, the bHLH, Orange and WRPW domains. (B) Sequence alignment of the
bHLH domain of Hes and related factors. Proline is conserved in the middle of
the basic region of Hes factors (asterisk). (C) Phylogenetic tree of Hes and
related factors. This figure also appears on page 6.
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Fig. 1.7 Premature neuronal differentiation in Hes1:Hes3:Hes5 triple knock-
out mice. The horizontal sections of the neural tube of mouse embryos at day 10.
In the wild type, cell bodies of radial glia (Ki67+) are located in the ventricular
zone while neurons (TuJ1+) reside in the outer layers. In the absence of Hes1,
Hes3 and Hes5, neuronal differentiation is severely accelerated. As a result,
virtually all cells become neurons and neural stem cells are depleted. Adopted
from Hatakeyama et al. (2004). This figure also appears on page 12.



Color Plates XXIX

Fig. 1.11 Roles of Hes1 and Hes3 in the isthmic organizer. (A) Expression
patterns of Hes, Wnt1 and Fgf8 genes. Hes1 and Hes3 are expressed in the
isthmic organizer, which secrets Wnt1 and Fgf8 and specifies the midbrain and
hindbrain. (B) Wnt1 and Fgf8 expression in the isthmic organizer. In the absence
of Hes1 and Hes3, the isthmic cells prematurely lose Wnt1 and Fgf8 expression
and differentiate into neurons. This figure also appears on page 17.
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Fig. 2.1 Schematic representation of the four different vertebrate Pax gene
classes. Pax1/Pax9 consist of a paired domain (PD) and an octapeptide (OP), a
PST-rich transactivating domain (TAD), and are lacking the homeobox domain
(HD). Pax2/5/8 contain a PD, OP and a partial HD followed by a PST-rich TAD.
Pax3/7 are characterized by the presence of a PD, OP, HD and a PST-rich TAD.
Pax4/6 consist of a PD followed by a complete HD and a PST-rich TAD. This
figure also appears on page 24.
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Fig. 2.2 (A) The canonical Pax6 form depicted on top (422 AA) consists of a
PD, which is subdivided in an N-terminal ,PAI’ and a C-terminal ,RED’ subdo-
main (PAI-RED) linked to a HD followed by a TAD, whereas the Pax6(5a) isoform
(436 AA) is characterized by a 14–AA insert into the PAI domain. (B) Overview of
the Pax6 PD-DNA complex. Left: PD-DNA binding [DNA (blue), protein (red)].
Right: HD-DNA binding [DNA (blue), protein (green), numbers indicate the
helices, red: critical AA residue at position 50 of HD] (Reproduced from [7, 42].)
(C) DNA binding of the PD of the canonical Pax6 form occurs predominantly via
the N-terminal PAI (blue). In the Pax6(5a) isoform, DNA-binding of the PAI is
abolished and occurs exclusively via the RED domain to 5aCON sites (middle
panel). The HD (yellow) binds preferentially as dimer to palindromic P2 or P3
sites containing a TAAT core sequence. (Modified after [29–31,176,177].) This
figure also appears on page 26.

Fig. 2.3 Pax6 expression in the developing eye (red) of the mouse [45, 78]. At
earlier stages (E8.5–E9.5), Pax6 expression is seen in the optic vesicle (ov) and
the surface ectoderm (se) in the head region. As development of the eye pro-
gresses (E10.5), Pax6 expression becomes confined to the inner layer of the
optic cup (oc), the lens placode cells which form the lens pit (lp), and the
immediately adjacent regions of the surface ectoderm. At E15.5, Pax6 expression
remains in the neural retina (nr), the lens epithelium (le) and the cornea (cor).
This figure also appears on page 30.
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Fig. 2.5 (A) Sagittal section through the developing brain at E13.5 showing
Pax6 expression in red. The blue dashed lines indicate the planes of sections B
and C, respectively. (B) Frontal section through the telencephalon showing Pax6
expression in the cerebral cortex and in the pallial-subpallial boundary (PSB). (C)
Pax6 expression in the spinal cord occurs in ventral low to dorsal high gradient.
Frontal section of the developing spinal cord with Pax6 expression (red) in the
ventral portion in a ventrallow-dorsalhigh gradient. (Modified after [162].) Abbre-
viations: Cb = cerebellum; Cfr = frontal cortex; DT = dorsal thalamus; EGL =
external granule layer; ET = epithalamus; GE = ganglionic eminence; LV = lateral
ventricle; Ms = mesencephalon; My = myelencephalon; OB = olfactory bulb;
ORE = optic recess; PC = posterior commissure; Pn = pons; PT = pretectum; Sc =
spinal cord; SE = septum; 4V = fourth ventricle; zl = zona limitans intrathala-
mica. This figure also appears on page 34.



Color Plates XXXIII

Fig. 4.2 Multiple complexes composed of LIM-HD factors, Ldb1, SSDP, and
other nuclear factors are involved in the specification of diverse neuronal cell
types. (A) A schematic illustration of pathways that lead from a single neural
progenitor cell to various types of neurons. (B) Mediated by Ldb1, the LIM-HD
factors form multiple types of complexes (a, b, c) that also include SSDP and
possibly additional unidentified factors. These complexes are involved in con-
trolling transcription by binding to specific sites in the regulatory regions of their
downstream target genes. The products of these target genes are thought to
specify diverse neuronal cell types in the developing nervous system. This figure
also appears on page 86.
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Fig. 5.2 The role of SRF in neuronal migration is best understood in the so-
called rostral migratory stream (RMS), which replenishes the olfactory bulb
(OB) with neurons derived from a stem cell pool localized in the subventricular
zone (SVZ). (A) Migration of these neurons (shown by arrows) persists throug-
hout the entire lifespan of organisms. (B,C) Sagittal brain sections (Nissl stai-
ning) derived from control (B) and forebrain-specific SRF-deficient mutants (C).
In (B) the entire length of the RMS, from the SVZ to the olfactory bulb, is visible.
By contrast, in (C) SRF ablation led to the retention of neurons in a migratory
status in the SVZ, giving this brain structure an inflated or broadened (bSVZ)
appearance. Consequently the number of migrating neurons entering the OB
was dramatically reduced in SRF mutants. Hipp. = hippocampus. This figure
also appears on page 101.
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Fig. 5.3 SRF controls guidance and synaptic targeting of hippocampal mossy
fibers. In control mice, mossy fibers emanating dentate gyrus (DG) granule cells
bifurcate in a supra- and infrapyramidal tract. Both branches of the mossy fibers
navigate precisely on either side outside the band formed by CA3 pyramidal
neurons. The infrapyramidal branch crosses the CA3 stratum pyramidale at
some point and joins the main suprapyramidal branch. Control mossy fiber
terminals synapse with dendrites outside the layer of CA3 cell bodies. Conditi-
onal ablation of SRF function results in severe axon guidance defects. Here,
mossy fibers, instead of bifurcating, grow preferentially inside the CA3 layer
between individual CA3 somata. Synaptic targeting of Srf-deficient mossy fibers
occurs aberrantly at CA3 somata and somatic protrusions (B. Knöll et al., un-
published results). This figure also appears on page 102.
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Fig. 6.3 Acetylation and deacetylation of histones determine the chromatin
structure. (A) Chemical composition of the side chains of lysine and acetyl-ly-
sine. Histone acetyltransferases (HAT) catalyze the transfer of an acetyl group
from acetyl coenzyme A to the e-amino group of internal lysine residues of
histone N-terminal domains, removing the positive charge of the e-amino group
at physiological pH. Histone deacetylases (HDAC) catalyze the removal of the
acetyl groups. (B) Acetylation of histones loosens the contact between DNA and
the histone octamer, thus generating an open configuration of the chromatin.
Deacetylation, in contrast, stabilizes the DNA/histone binding, leading to chro-
matin compaction. [Reproduced with modifications from Thiel and Lietz (2004)
with copyright permission of Wiley-VCH.] This figure also appears on page 118.
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Fig. 6.5 Sequential formation of facultative heterochromatin. (A) Recruitment
of histone deacetylases to the transcription unit by transcriptional repressors
such as REST induces deacetylation of histone tails, thus making them suitable
substrates for histone methyltransferases such as SUV39H1 and G9a. These
enzymes transfer methyl groups to the e-nitrogen of lysine residue 9 of histone
H3 using S-adenosyl-l-methionine as methyl donor. (B) The methylated lysine 9
of histone H3 provides a high-affinity binding site for HP1. (C) Dimerization and
oligomerization of HP1 proteins spreads the compaction of nucleosomes, for-
ming facultative heterochromatin. [Reproduced from Thiel et al. (2004) with
copyright permission of Blackwell Publishing, Oxford.] This figure also appears
on page 121.
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Fig. 8.2 Double staining of Lmx1b and 5–HT in embryonic mouse hindbrain.
(A) Lmx1b staining in r5 detected with immunocytochemical staining. (B)
Lmx1b (red) and 5–HT (green) double staining. Arrows indicate double-stained
cells. (C) Nkx2.2 (red) and Lmx1b (green) double staining. Nkx2.2 is mainly
detected in the VZ, whereas Lmx1b is found in postmitotic cells. Arrows indicate
double-stained cells, whereas arrowhead indicates Lmx1b-expressing cells only.
(D) BrdU (red) and Lmx1b (green) double staining, indicating postmitotic ex-
pression of Lmx1b (arrow). Scale bars: 100 mm (A); 25 mm (B); and 50 mm (C, D).
Abbreviations: fp = floor plate; 4V = fourth ventricle; VZ = ventricular zone. This
figure also appears on page 151.
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Fig. 9.1 (A) Sequence similarities of homeodomains and other conserved
motifs of the vertebrate Nkx2 and Nkx6 homeobox genes. (B) Positions and
relative lengths of the homeodomains and other conserved motifs in Nkx genes.
This figure also appears on page 165.
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Fig. 9.2 (A,B) Exemplary expression of Nkx genes in the ventral neural tube.
Neural tube tissue from E4 chicken embryos were subjected to whole-mount
in-situ RNA hybridization with Nkx6.1 (A) or simultaneously with Nkx6.1 and
Nkx2.1 (B). (C) Schematic representation of Nkx expression in the developing
central nervous system. Abbreviations: D (di) = diencephalon; Hy (HY) = hy-
pothalamus; is = isthmus; M (mes) = mesencephalon; MGE = medial ganglionic
eminence; OS = optic stalk; R (r) = rhombomere; sc = spinal cord; sp = secon-
dary prosemere; T = telencephalon; ZL = zona limitans intrathalamica; p2, p3 =
progenitor domains. This figure also appears on page 167.
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Fig. 9.3 (A-F) Expression of Nkx genes in relation to other transcription factors
in E10.5 mouse spinal cord. Tissues were subjected to double immunofluores-
cent staining with antibodies against Nkx proteins and other transcriptions
factors. Nuclei were counterstained with DAPI (in purple). (G) Schematic illus-
tration of the homeodomain code that specifies the identity of spinal neural
progenitor cells. Nested expression of homeodomain transcription factors sub-
divides the ventral neuroepithelium into five distinct progenitor domains
(p0–p3, pMN) and the dorsal neuroepithelium into six domains (dp1–6). While
the ventral progenitor domains give rise to five classes of neurons (V0–V3 ven-
tral interneurons and motor neurons), the dorsal progenitors generate six clas-
ses of dorsal interneurons (dI1–6). Different classes of postmitotic neurons can
be readily identified by their expression of unique combination of other tran-
scription factors, mostly homeodomain proteins. This figure also appears on
page 169.



XLII Color Plates

Fig. 9.4 Up-regulation of Nkx2.2 in Olig2+ oligodendrocyte progenitor cells
(OPCs) in the spinal cord. (A-E) Spinal cord sections from various stages of rat
embryos were subjected to double immunofluorescence staining with anti-Olig2
and anti-Nkx2.2. Prior to E17.5, Olig2 is expressed in OPCs, whereas Nkx2.2
labels p3 progenitor cells and possibly V3 interneurons in the ventral gray mat-
ter. Starting at E17.5, Olig2+ OPCs in the white matter start to co-express Nkx2.2
(the double-positive cells are labeled as yellow). (F) Schematic representation of
the origin and gene expression profile of OPCs in the ventral spinal cord. This
figure also appears on page 175.

Fig. 9.5 Nkx6.2 is expressed in differentiated oligodendrocytes in postnatal
spinal cord. P4 mouse spinal cord was subjected to double immunostaining
with (A) anti-Nkx6.2 and (B) anti-APC antibody (CC1). In the white matter re-
gion, all Nkx6.2+ cells co-express APC which specifically labels differentiated
oligodendrocytes. This figure also appears on page 176.
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Fig. 9.6 A summary of the major molecular pathways in the specification and
differentiation of motor neurons (MNs) and oligodendrocytes (OLs) generated
in the ventral spinal cord. OPCs = oligodendrocyte progenitor cells. This figure
also appears on page 177.
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Fig. 10.2 Sox protein expression in the developing mouse nervous system. (A)
Spinal cord. Areas expressing Sox2 are marked in yellow; regions or cells ex-
pressing Sox9 are highlighted in red. Green indicates Sox10–expressing cells.
Areas labeled in yellow (or yellow and red) correspond to the ventricular zone
(VZ) with its neuroepithelial progenitors; labeled cells in the mantle zone (MZ)
correspond to astrocytes (red) or oligodendrocytes (red and green). Time points
correspond to days of mouse embryogenesis post-coitum (dpc). (B) Schwann
cell lineage. Various phases of Schwann cell development from pre-migratory
neural crest (NC) stem cell to terminally differentiated myelinating Schwann cell
are indicated. Bars indicate expression periods for several important Sox pro-
teins. This figure also appears on page 184.
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Fig. 10.3 Sox protein function in nervous system development. (A) Sox2 over-
expression in the chicken neural tube leads to expansion of the ventricular zone,
whereas loss of Sox2 function causes premature differentiation and a reduction
of pluripotent neuroepithelial progenitors. (B) Loss of Sox9 in the mouse spinal
cord reduces generation of oligodendrocytes (green dots) and astrocytes (red
dots). Instead, motor neurons (blue dots) and V2 interneurons (yellow dots) are
increased in numbers. (C) The Drosophila SoxB proteins SoxNeuro (red) and
Dichaete/fish-hook (green) show an overlapping expression in the early neuro-
ectoderm (NE) from which neuroblasts (NB) arise. In the SoxNeuro mutant,
many lateral (lNB) and intermediate (iNB) neuroblasts are missing, whereas
only midline glia (MG) are lost in the Dichaete/fish-hook mutant. Deletion of
both SoxNeuro and Dichaete/fish-hook in the double mutant additionally leads
to an increased deletion of medial neuroblasts (mNB) pointing to functional
redundancy of both SoxB proteins. Abbreviations: lNE = lateral neuroectoderm;
iNE = intermediate neuroectoderm; mNE = medial neuroectoderm. This figure
also appears on page 186.
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Fig. 11.1 Creb1 gene structure and domain organization of the CREB family of
transcription factors. The members of the CREB family of transcription factors
have a highly conserved leucine zipper (ZIP) and adjacent basic region respon-
sible for DNA-binding (BR), a regulatory kinase inducible domain (KID), and two
glutamine-rich regions, Q1 and Q2, which contribute to constitutive transcrip-
tion activation and are less conserved among different family members. The
percentages of similar amino acids in CREM and ATF1 with the corresponding
bZIP and KID domains of CREB are indicated. The most relevant isoforms of
these proteins and represented and the locations of some important sites are
indicated and discussed in the text. The Creb and Crem genes encode both
activator and repressor variants. The upper part of the figure shows the exonic
organization of the Creb gene, only the exons encoding domains present in the
most relevant forms of CREB are highlighted in color. This figure also appears on
page 209.
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Fig. 11.2 Critical molecular interactions in the CREB activation pathway. CREB
has a highly conserved leucine zipper and adjacent basic region responsible for
binding to CRE sites and a regulatory kinase inducible domain (KID) that, once
phosphorylated, interacts with the KIX domain of CBP. The interactions between
the KID and KIX domain and the bZIP domain and the CRE sequence are known
with atomic details and are represented here using ribbon structural models.
The location of some important domains and sites in CREB and CBP structure
are labeled and discussed in the text. This figure also appears on page 210.
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Fig. 11.3 The multiple functions of CBP. The capability of CBP and p300 to
co-activate transcription depends on four different activities. TF = transcription
factor; PK = protein kinase; Ac = acetyl group. This figure also appears on
page 213.
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Fig. 11.4 Activation of the CREB signaling pathway. Diverse external stimuli,
such as activation of receptors coupled to adenylyl cyclase (AC), such as the G
protein-coupled receptors (GPC-R), or opening of Ca2+ channels (NMDA-R and
VSCC, voltage-sensitive calcium channels), activate protein kinases pathways
that converge on CREB phosphorylation at Ser133. Phosphorylation of this re-
sidue promotes the recruitment of the co-activator CBP and initiates the tran-
scription of targets genes. However, this is an extremely simplified vision of
these regulatory processes. Multiple layers of complexity in the CREB pathway
allow the integration of diverse cytoplasmic signals and the divergence of nu-
clear responses (cartoon adapted from Lonze and Ginty (2002) [9]). This figure
also appears on page 215.
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Fig. 11.6 Molecular signaling for short-term and long-term synaptic facilitati-
on in Aplysia and mammalian hippocampal neurons. Molecular details are dis-
cussed in the text. This figure also appears on page 225.
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Fig. 15.4 RORa-dependent gene expression in developing cerebellum. Mi-
croarray data from Gold et al. [24] are shown here in an alternate view. Whole-
cerebellum RNA from paired staggerer (sg) and nonmutant littermates of several
developmental stages was analyzed on GeneChip arrays (Affymetrix). Data are
normalized across all hybridizations for each gene. Red indicates a relative in-
crease and green a relative decrease in expression compared to the mean of all
measurements. (See Gold et al. [24] for details of data handling and rank orde-
ring of RORa-responsive genes.) This figure also appears on page 319.
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Fig. 15.5 RORa coordinates reciprocal signaling between Purkinje cells and
afferent neurons. Shh signaling from Purkinje cells stimulates proliferation of
granule cell precursors (GPCs) in the external granule cell layers. Granule cells
migrate through the molecular layer (ML) and Purkinje cell layer (PCL) to the
internal granule cell layer (IGL). At the same time, RORa activates genes neces-
sary for receiving innervation from granule cells and reduction of supernumerary
synapses from climbing fibers. This figure also appears on page 320.
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Fig. 16.2 Three-dimensional model of a co-crystal containing IkB, p50, and
p65. The alpha-helical conformation of the p65 NLS (marked by an arrow) is due
to an interaction with IkB-a. After degradation of IkB-a, the NLS loses its alpha-
helical conformation and can be recognized by the nuclear import machinery via
interaction with importin-a. Drawn after pbd: molecule 1IKN (Huxford et al.,
1998). This figure also appears on page 330.
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Fig. 16.3 Canonical pathway of NF-kB activation by tumor necrosis factor
(TNF). The anti-apoptosis (NF-kB) and caspase-mediated apoptosis pathway is
shown. Activation of the TNF receptor by ligand binding is transmitted to the IKK
complex, which phosphorylates IkB family inhibitory molecules (see text for
details). This targets IkB for degradation within the 26S proteasome, freeing
nuclear localization signals on the DNA-binding p65/p50 subunits. After nuclear
import, target gene transcription is initiated. Not all signaling components
depicted in the canonical pathway have been investigated in the nervous system,
but appear to be present in neurons and glia. Proteins are depicted as icons
which illustrate a functional category (receptor, enzyme etc.) as suggested by the
Alliance for Signalling convention (www.signaling-gateway.org). Ub = ubiquiti-
nation; P = phosphorylation. This figure also appears on page 332.
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Fig. 17.2 The critical sequences within the NFATc family of proteins that me-
diate its response to calcineurin and its rapid export from the nucleus. The
N-terminal domain of the protein is necessary and sufficient to allow
Ca2+/calcineurin-dependent nuclear import and GSK3–dependent export and
functions as a potent dominant negative of NFAT function [8]. The SP-repeat and
serine-rich regions [24] contain most of the phosphorylation sites for GSK3 and
PKA, which are in turn dephosphorylated by calcineurin. The two calcineurin
binding sites that probably account for the dominant negative effects of the
N-termini are shown as sites A and B. This figure also appears on page 357.
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Fig. 17.3 Alignment of the sequences of the four NFATc family members and
their splice products. The coloring of the different domains in the proteins are
taken from Fig. 17.2. This figure also appears on page 358.
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Fig. 18.1 Modular structure of the zinc finger transcription factor Egr–1. The
Egr–1 protein contains an extended transcriptional activation domain on the
N-terminus and a DNA-binding domain, consisting of three zinc finger motifs.
Additionally, an inhibitory domain has been mapped between the activation and
DNA-binding domains that functions as a binding site for the transcriptional
co-repressor proteins NAB1 and NAB2. This figure also appears on page 381.
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Fig. 18.2 Intracellular signaling pathways leading to Egr–1 biosynthesis.
Ligand binding to receptor tyrosine kinases leads to receptor dimerization and
intracellular trans-autophosphorylation of key tyrosine residues. The phospho-
tyrosyl residues function as docking sites for SH2–containing adapter proteins
such as Grb2 (growth factor-receptor-bound 2). The nucleotide exchange factor
Sos (son-of-sevenless) is recruited and activates the G-protein Ras. GTP-bound
Ras in turn activates the protein kinase Raf via recruitment to the plasma mem-
brane, leading to the sequential phosphorylation and activation of the protein
kinases MEK and ERK. Ligands that bind to G-protein-coupled receptors (GPCR)
stimulate ERK activation via activation of protein kinase C or transactivation of
the EGF receptor. Protein kinase C can directly or indirectly stimulate the activity
of Raf via phosphorylation. Transactivation of the EGF receptor may be accom-
plished by cytosolic tyrosine kinases of the src-family or via the activation of
membrane-bound metalloproteinases. Likewise, an increase in the intracellular
Ca2+-concentration as a result of P2X7-receptor stimulation triggers Egr–1 bio-
synthesis via transactivation of the EGF receptor and activation of ERK. This
figure also appears on page 382.
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Fig. 20.1 Model of potential mechanisms used by mutant huntingtin (QQQ)
to disrupt Sp1– and CRE-mediated transcription. In normal cells, transcription
factors Sp1 and CREB bind to GC-box and CRE sequences, respectively. Sp1 and
CREB/CBP target TAF4 and recruit TFIID and other components of the general
transcription machinery to form a productive preinitiation complex. In HD cells,
mutant huntingtin may target multiple components of the general transcription
machinery for repression. First, mutant huntingtin can sequester Sp1 and pre-
vent it from binding to GC-box sequences in the promoter. Second, mutant
huntingtin can target TAF4 in the TFIID complex, and therefore impair the re-
cruitment of TFIID by Sp1 and CREB. Third, mutant huntingtin disrupts the
TFIIF complex formation and thus interferes with transcription initiation, pro-
moter escape, and elongation. This figure also appears on page 425.
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Fig. 20.2 Model for regulation of PGC–1a in Huntington’s disease (HD).
Upper panel: In a normal state, PGC–1a regulates metabolic programs and
maintains energy homeostasis in the CNS. Lower panel: In HD, mutant hunting-
tin interferes with CREB and TAF4 regulation of PGC–1a transcription that leads
to inhibited expression of PGC–1a. Inhibition of PGC–1a expression limits the
ability of the vulnerable neurons to adequately respond to energy demands in
HD. Direct interactions of mutant huntingtin with mitochondria may also con-
tribute to defects in energy metabolism in HD. This figure also appears on
page 434.
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Roles of Hes bHLH Factors in Neural Development

Ryoichiro Kageyama, Jun Hatakeyama, and Toshiyuki Ohtsuka

Abstract

Hes genes, mammalian homologues of Drosophila hairy and Enhancer of split genes,
encode basic helix-loop-helix (bHLH) transcriptional repressors. There are seven
members in the Hes family, among which Hes1, Hes3, and Hes5 are expressed by
embryonic neural stem cells. Mutations in these Hes genes lead to up-regulation of
proneural bHLH gene expression and concomitantly premature neuronal differen-
tiation. As a result, neural stem cells are prematurely depleted without proliferating
sufficiently, and without generating later born cell types such as astrocytes and
ependymal cells. In addition, premature depletion of neural stem cells leads to the
disruption of brain structures, because these cells constitute a framework by form-
ing the inner and outer barriers. Thus, Hes genes regulate the generation of cells not
only in the correct number but also in their full diversity and in an organized
manner by maintaining neural stem cells. At later stages, Hes genes promote glio-
genesis. In contrast, proneural bHLH genes induce Hes6, which antagonizes Hes1
activity and promotes neuronal specification. This antagonistic regulation between
Hes1/3/5 and proneural bHLH genes is important for the normal timing of neural
stem cell differentiation. Hes genes are also required for maintenance of the isthmic
organizer, which specifies the midbrain and hindbrain by secreting morphogens.
Thus, Hes genes regulate formation of complex brain structures with appropriate
size, shape, cytoarchitecture and specification by controlling neural stem cells and
the organizing center.

1.1
Introduction

The neural plate consists of neuroepithelial cells, and these cells divide symmetri-
cally to produce more neuroepithelial cells (Fig. 1.1). This cell type is the earliest
form of embryonic neural stem cells (Alvarez-Buylla et al., 2001; Fujita, 2003). After
neural tube formation, neuroepithelial cells become radial glial cells, which have a
cell body in the ventricular zone and long radial fibers extending from the internal
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surface to the pial (outer) surface of the neural tube (Fig. 1.1). This cell type was long
thought of as a specialized glial cell that guides neuronal migration along the radial
fibers, but it has been recently shown that radial glia are embryonic neural stem
cells. Radial glial cells divide asymmetrically, forming one radial glial cell and one
neuron (or a neuronal precursor) from each division. Neurons migrate along the
radial fibers to the outer layers. Radial glial cells are later differentiated into epen-
dymal cells, which form the internal lining of the neural tube (Fig. 1.1) (Spassky et
al., 2005). After production of neurons, radial glial cells give rise to oligodendrocytes
and finally to astrocytes (Fig. 1.1). At around the time of birth, the radial glial cells
disappear, but recent studies have shown that some astrocytes or astrocyte-like cells
are neural stem cells, which remain in the adult brain. Thus, neural stem cells
change their characteristics in both morphology and competency during develop-
ment (Alvarez-Buylla et al., 2001; Fujita, 2003). Because it takes a certain period of
time for neural stem cells to change their characteristics, maintenance of these cells
until later stages is required for generation of cells not only in the correct number
but also in their full diversity.

Another important aspect of neural development is that the nervous system is
partitioned into several compartments such as the midbrain and hindbrain. These
compartments are divided by specialized boundary cells, which secrete morphogens
and specify the adjacent compartments, thus acting as the organizing center. For
example, the isthmus, the boundary demarcating the midbrain and hindbrain, se-
cretes Wnt1 and Fgf8 and thereby regulates midbrain and hindbrain development
(the isthmic organizer, see Fig. 1.11) (Lumsden and Krumlauf, 1996; Joyner et al.,
2000; Mason et al., 2000; Wurst and Bally-Cuif, 2001). Premature loss of the isthmus
leads to mis-specification of the midbrain and hindbrain neurons. Thus, mainte-
nance of the boundary cells is very important for development of region-specific
neurons.

Recent studies have shown that Hes genes, which encode basic helix-loop-helix
(bHLH) transcriptional repressors, play a critical role in maintenance of both neural
stem cells and boundary cells in the developing nervous system. In the absence of
Hes genes, neural stem cells and boundary cells are prematurely lost, leading to
severe impairment of neural development. In this chapter, we describe the struc-
tures, expression, regulation and functions of Hes factors in neural development.

1.2
Structure and Transcriptional Activities of Hes Factors

Hes genes are mammalian homologues of Drosophila hairy and Enhancer of split
[E(spl)] genes, which negatively regulate neural development (Akazawa et al., 1992;
Sasai et al., 1992; Feder et al., 1993). There are seven members in the Hes family (Fig.
1.2B), among which Hes1 and Hes4 are more similar to hairy in structure while the
other members are more similar to E(spl). There are also several Hes-related bHLH
genes such as Hesr/Hey/HRT/Herp/CHF/Gridlock (Iso et al., 2001) and Heslike
(Miyoshi et al., 2004), which form distinct subfamilies (Fig. 1.2B,C). Among the Hes
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family members, Hes1, Hes3 and Hes5 are expressed by neural stem cells in mouse
developing nervous system. Each Hes factor has the following three conserved do-
mains: the bHLH domain; the Orange domain (the helix 3–helix 4 domain); and the
WRPW (Trp-Arg-Pro-Trp) domain, which are essential for transcriptional activities
(Fig. 1.2A).

The bHLH domain involves dimer formation and DNA binding. bHLH factors
form homodimers and heterodimers through the HLH domain while binding to
DNA targets via their basic regions. Strikingly, a proline residue is conserved in the
middle of the basic region of all Hes factors as well as of Drosophila Hairy and E(spl)
proteins (Fig. 1.2A,B, asterisk). It has been suggested that this proline residue may
be involved in the specificity of the target DNA sequences, although the exact sig-
nificance of this conservation remains to be determined. Hes1 binds to the N box
(CACNAG) and the class C site (CACGCG) with a higher affinity than to the E box
(CANNTG) (Sasai et al., 1992; Chen et al., 1997), unlike most other bHLH factors,

Fig. 1.1 Change of morphology and competency of neural stem cells during
development. Neuroepithelial cells divide symmetrically to increase the cell
number. After neural tube formation, neuroepithelial cells become radial glial
cells, which have a cell body in the ventricular zone and long processes exten-
ding from the internal to the outer surface. Radial glial cells divide asymmetri-
cally to produce one radial glial cell and one neuron (or neuronal precursor)
from each division. Neurons migrate along the radial fibers to the outer layers.
After neurogenesis, radial glial cells give rise to oligodendrocytes, ependymal
cells and finally astrocytes.
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Fig. 1.2 Features of Hes bHLH factors. (A) Three conserved domains of Hes
factors, the bHLH, Orange and WRPW domains. (B) Sequence alignment of the
bHLH domain of Hes and related factors. Proline is conserved in the middle of
the basic region of Hes factors (asterisk). (C) Phylogenetic tree of Hes and
related factors. (This figure also appears with the color plates.)



71.2 Structure and Transcriptional Activities of Hes Factors

which bind to the E box with a higher affinity. Hes1 can bind to these sites not only as
a homodimer (Fig. 1.3A) but also as a heterodimer with Hes-related bHLH factors
such as Hesr (Iso et al., 2001). In contrast, when Hes1 forms a heterodimer with
other bHLH factors such as Mash1 and E47, these heterodimers do not bind to DNA
(non-functional heterodimers) (Fig. 1.3B) (Sasai et al., 1992). The HLH factor Id,
which lacks the basic region (Benezra et al., 1990), also forms a heterodimer with
Hes1, but this heterodimer does not bind to DNA either (Jögi et al., 2002).

The Orange domain, located just downstream of the bHLH domain, is suggested
to consist of two amphipathic helices (see Fig. 1.2A). This domain is shown to confer
specificity for bHLH factor interactions (Dawson et al., 1995; Taelman et al., 2004).
For example, the Hes-related bHLH factor Hairy interacts with the bHLH factor
Scute efficiently, while another Hes-related bHLH factor, E(spl)m8, does not, and
this difference in the interaction specificity maps to the Orange domain (Dawson et
al., 1995). This domain is also known to mediate transcriptional repression (Castella
et al., 2000), although a corepressor interacting with this domain is not known.

The WRPW domain is located at or near the carboxyl terminus (see Fig. 1.2A). This
domain acts as a repression domain and interacts with the corepressor TLE/Grg, a
homologue of Drosophila Groucho (Paroush et al., 1994; Fisher et al., 1996; Grbavec
and Stifani, 1996). It is suggested that Groucho mediates long-range transcriptional
repression that can function over distances of several kilobases in Drosophila em-
bryos (Zhang and Levine, 1999). Groucho modifies the chromatin structure by re-
cruiting the histone deacetylase Rpd3 and thereby actively represses transcription
(called “active repression”; Fig. 1.3A) (Chen et al., 1999). In addition to Groucho-
mediated “active repression”, Hes1 represses transcription by forming nonfunc-
tional heterodimers with bHLH activators such as Mash1 and E47, as described

Fig. 1.3 Two different mechanisms of repression by Hes factors. (A) Active
repression. Hes binds to the N box and the class C site. The corepressor
Groucho/TLE/Grg interacts with the WRPW domain of Hes factors and actively
inhibits the chromatin by recruiting the histone deacetylase. (B) Passive repres-
sion. Many bHLH activators form a heterodimer with E47 and activate gene
expression. Hes inhibits bHLH activators by sequestering E47.
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above (called “passive repression”; Fig. 1.3B). Thus, Hes1 represses transcription by
two different mechanisms.

Hes1 activity is controlled post-translationally. The serine residues in the basic
region can be phosphorylated by protein kinase C (PKC) in a phosphatidyl serine-
and ATP-dependent manner, and the phosphorylated Hes1 cannot bind to DNA
(Ström et al., 1997). A similar effect is also induced by protein kinase A. This inhi-
bition of the DNA-binding activity is reversible by treatment with phosphatase.
Another important feature for post-translational modification is polyubiquitination
(Hirata et al., 2002). Polyubiquitinated Hes1 is soon degraded by the proteasome
system, and thus Hes1 protein is very unstable (the half-life is about 22 min) (Hirata
et al., 2002).

Hes1 and Hes5 have the same conserved domains described above. However,
Hes3 has two different forms generated by alternative splicing (Hirata et al., 2000).
One (Hes3b) has a complete basic region like Hes1 and Hes5, while the other
(Hes3a) lacks the amino-terminal half of the basic region. Hes3a thus cannot bind to
DNA, but can inhibit other bHLH factors by forming nonfunctional heterodimers,
whereas Hes3b can do both. Like Hes1 and Hes5, Hes3b is expressed by neural stem
cells while Hes3a is expressed by differentiating or mature Purkinje neurons in the
cerebellum, indicating that Hes3a has a different role in neuronal differentiation
from Hes1, Hes3b and Hes5 (Sasai et al., 1992; Hirata et al., 2001). In this chapter,
Hes3b is designated as Hes3.

1.3
Regulation of Hes Gene Expression

One of the best characterized signaling pathways that regulate Hes gene expression
is Notch signaling (Honjo, 1996; Kageyama and Nakanishi, 1997; Artavanis-Tsa-
konas et al., 1999; Gaiano and Fishell, 2002). Notch, a transmembrane protein, is
activated by the ligands Delta and Jagged, which are also transmembrane proteins
expressed by neighboring cells (Fig. 1.4). Upon activation, Notch is processed to
release the intracellular domain (ICD), which is transferred into the nucleus and
forms a complex with the DNA-binding protein RBP-J. In the Hes1 promoter, there
are two tandem repeats of the RBP-J sites (the core sequence: TGGGAA) at nucle-
otide positions –70 and –84 (relative to the transcription start site). The Hes5 pro-
moter also has two RBP-J sites at nucleotide positions –77 and –293. RBP-J itself is a
transcriptional repressor and represses Hes1 and Hes5 expression by binding to
their promoters (Fig. 1.4). However, when RBP-J forms a complex with Notch ICD,
this complex becomes a transcriptional activator and induces Hes1 and Hes5 ex-
pression (Fig. 1.4). Thus, Notch activation leads to up-regulation of Hes1 and Hes5
expression (Jarriault et al., 1995; Nishimura et al., 1998). Notch is known to inhibit
neuronal differentiation and to maintain neural stem cells (Gaiano et al., 2000). In
the absence of Hes1 and Hes5, however, Notch fails to inhibit neuronal differentia-
tion, indicating that Hes1 and Hes5 are essential effectors of Notch signaling (Ohtsu-
ka et al., 1999).
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In contrast to Hes1 and Hes5, there is no evidence that Hes3 expression is con-
trolled by Notch signaling (Nishimura et al., 1998). Moreover, initial Hes1 expres-
sion occurs before Notch and Delta are expressed, indicating that Notch signaling is
not the sole regulator of Hes expression. Interestingly, the core sequence of the
RBP-J site (TGGGAA) is identical to that of the NF-kB half-site (Brou et al., 1994),
and Hes1 expression is activated by NF-kB signaling while being repressed by IkB,
an endogenous inhibitor of NF-kB (Aguilera et al., 2004). In addition, Hes1 expres-
sion is regulated by cAMP. There are several half-sites (TGAC) of the cAMP-respon-
sive element (CRE) in the Hes1 promoter, and CRE-binding protein phosphorylated
by cAMP-dependent protein kinase induces Hes1 expression (Herzig et al., 2003).
BMP, Shh and Wnt signaling pathways have also been shown to induce Hes expres-
sion (Issack and Ziff, 1998; Nakashima et al., 2001; Solecki et al., 2001). Thus, Hes
expression is controlled by multiple signaling pathways, in addition to Notch signal-
ing.

Another striking feature of the regulation of Hes expression is that Hes1 forms a
negative feedback loop. There are multiple N box sequences in the Hes1 promoter,
and Hes1 can repress its own transcription by directly binding to these N boxes (Fig.
1.5) (Takebayashi et al., 1994). Hes1 promoter activation leads to the synthesis of
Hes1 protein, which in turn represses its own transcription by binding to the N
boxes. When Hes1 transcription is repressed, Hes1 protein disappears rapidly be-

Fig. 1.4 Notch signaling. Delta expressed by neighboring cells activates
Notch. Upon activation, the intracellular domain (ICD) of Notch is cleaved off
the membrane portion and transferred into the nucleus. In the nucleus, the ICD
forms a complex with RBP-J. RBP-J alone represses Hes1 and Hes5 expression by
binding to their promoters, but when it forms a complex with the ICD, this
complex is a transcriptional activator and induces Hes1 and Hes5 expression.
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cause it is very unstable (see above), allowing the next round of Hes1 promoter
activation. As a result, Hes1 autonomously exhibits oscillatory expression with a
periodicity of 2 h (Fig. 1.5), indicating that Hes1 functions as a biological clock with a
2–h cycle (Hirata et al., 2002). This oscillatory expression of Hes1 is widely observed
in many cell types, including neural progenitors. In the presomitic mesoderm, Hes7
expression oscillates with a 2–h periodicity and regulates somite segmentation,
which occurs every 2 h in mouse embryos. In the absence of Hes7, somites are
severely fused, indicating that Hes7 is an essential component of the somite seg-
mentation clock (Bessho et al., 2001, 2003; Hirata et al., 2004). The significance of
the Hes1 clock in neural development, however, remains to be determined.

Fig. 1.5 Oscillatory expression of Hes1 by a negative feedback loop. Hes1
seems to act as a 2–h cycle biological clock in many systems. Activation of Hes1
promoter leads to synthesis of Hes1 mRNA and Hes1 protein, which in turn
represses its own transcription by binding to the Hes1 promoter (negative feed-
back loop). Because Hes1 protein is polyubiquitinated and degraded by the
proteasome system, Hes1 protein disappears rapidly when the transcription is
repressed. Disappearance of Hes1 protein allows the next round of the Hes1
promoter activation. As a result, Hes1 autonomously exhibits oscillatory ex-
pression with a periodicity of 2 h.

1.4
Expression of Hes Genes in the Developing Nervous System

At the initial neuroepithelial cell stage, Hes1 and Hes3 are widely expressed by neural
stem cells (Allen and Lobe, 1999; Hatakeyama et al., 2004). However, Hes3 expres-
sion is gradually down-regulated in the ventral part of the neural tube (Fig. 1.6) and
later disappears from most regions at the radial glial stage except for the isthmus, the
boundary between the midbrain and hindbrain (Allen and Lobe, 1999; Hirata et al.,
2001). As Hes3 expression is down-regulated, Hes5 expression is up-regulated (Fig.
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1.6). Up-regulation of Hes5 expression coincides with that of Notch and Delta ex-
pression, suggesting that Hes5 expression is controlled by Notch signaling while
initial Hes1 and Hes3 expression is not. Hes1 expression is maintained even after
Hes3 expression is repressed, and it is likely that Hes1 expression at later stages may
depend on Notch signaling.

During the early stages of radial glial cells, Hes1 and Hes5 expression is mostly
complementary to each other (Fig. 1.6) (Hatakeyama et al., 2004). For example, Hes5
is strongly expressed in the midbrain and hindbrain but not in the isthmus, while
Hes1 is expressed in the isthmus (Fig. 1.6; see also Fig. 1.11). In the optic vesicle at
early stages, Hes1 but not Hes5 is expressed. Interestingly, in the absence of either
Hes1 or Hes5, expression of the remaining Hes genes is up-regulated in many re-
gions. For example, Hes5 expression occurs ectopically in both the isthmus and the
optic vesicles of Hes1–null embryos. Similarly, Hes1 and Hes5 expression domains
are expanded in the spinal cord of Hes5–null and Hes1–null embryos, respectively.
These results suggest that Hes1 and Hes5 may functionally compensate for each
other. At later stages, the apparent complementary expression patterns of Hes1 and
Hes5 are lost, and these genes seem to be coexpressed by many neural stem cells.

1.5
Maintenance of Neural Stem Cells by Hes Genes

Roles for Hes genes in neural stem cells have been investigated by gain-of-function
and loss-of-function experiments. Mis-expression of Hes1, Hes3 or Hes5 in the em-
bryonic brain inhibits neuronal differentiation and maintains radial glial cells (Is-
hibashi et al., 1994; Hirata et al., 2000; Ohtsuka et al., 2001). Hes1 is known to

Fig. 1.6 Expression patterns of Hes1, Hes3 and
Hes5 in the developing nervous system. Hes1
and Hes3 expression domains are overlapped,
while Hes1 and Hes5 expression domains are
mostly complementary to each other. Adop-
ted from Hatakeyama et al. (2004).
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repress expression of the proneural gene Mash1 by binding to the class C site of the
Mash1 promoter (Chen et al., 1997). Conversely, in the absence of Hes1 and Hes5,
many radial glial cells are not maintained and prematurely differentiate into neu-
rons (Ishibashi et al., 1995; Tomita et al., 1996; Ohtsuka et al., 1999; Cau et al., 2000;
Nakamura et al., 2000; Hatakeyama et al., 2004). In Hes1:Hes5 double-mutant em-
bryos, expression of the proneural bHLH genes Mash1 and Math3 is highly up-regu-
lated, which may lead to premature neuronal differentiation (Hatakeyama et al.,
2004). Furthermore, Hes1(–/–):Hes5(–/–) neurospheres do not expand properly even in
the presence of bFGF and EGF, in contrast to the wild-type neurospheres, which
proliferate extensively (Ohtsuka et al., 2001). Thus, Hes1 and Hes5 regulate mainte-
nance of neural stem cells by preventing premature onset of the proneural bHLH
gene expression in the embryonic brain.

In Hes1:Hes5 double-mutant embryos, some radial glial cells are still maintained,
suggesting that Hes3 may compensate for Hes1 and Hes5 deficiency. Agreeing with
this notion, in the absence of Hes1, Hes3 and Hes5, even neuroepithelial cells are
prematurely differentiated into neurons, in contrast to the wild-type neuroepithelial
cells, which are never differentiated into neurons (Hatakeyama et al., 2004). Further-
more, virtually all radial glial cells are prematurely differentiated into neurons and
become depleted without generating the later-born cell types (later born neurons,
oligodendrocytes, astrocytes and ependymal cells) (Fig. 1.7) (Hatakeyama et al.,
2004). Thus, Hes1, Hes3 and Hes5 are essential to generate cells in correct numbers
and in their full diversity by maintaining neural stem cells until later stages.

Fig. 1.7 Premature neuronal differentiation in Hes1:Hes3:Hes5 triple knock-
out mice. The horizontal sections of the neural tube of mouse embryos at day 10.
In the wild type, cell bodies of radial glia (Ki67+) are located in the ventricular
zone while neurons (TuJ1+) reside in the outer layers. In the absence of Hes1,
Hes3 and Hes5, neuronal differentiation is severely accelerated. As a result,
virtually all cells become neurons and neural stem cells are depleted. Adopted
from Hatakeyama et al. (2004). (This figure also appears with the color plates.)

Strikingly, even in Hes1:Hes3:Hes5 triple-mutant mice, the neuroepithelial cells are
initially formed, indicating that formation of neural stem cells is independent of Hes
gene activities (Fig. 1.8). However, in the absence of Hes genes, neuroepithelial cells
and radial glial cells are prematurely differentiated, indicating that their mainte-



131.5 Maintenance of Neural Stem Cells by Hes Genes

nance depends on Hes gene activities (Hatakeyama et al., 2004). Neural stem cells
thus change their characteristics over time as follows: Hes-independent neuroepi-
thelial cells, Hes-dependent neuroepithelial cells, and Hes-dependent radial glial
cells (Fig. 1.8). Based on their expression patterns, Hes1 and Hes3 are important for
the maintenance of neuroepithelial cells, while Hes1 and Hes5 are required for most
radial glial cells.

Fig. 1.8 Change of characteristics of neural stem cells. Neuroepithelial cells
are formed independently of Hes genes, but their maintenance critically depends
on Hes genes and not on Delta/Notch. Radial glial cells depend on Delta, Notch
and Hes activities. Thus, neural stem cells change their characteristics as fol-
lows: Hes-independent neuroepithelial cells, Hes-dependent neuroepithelial
cells, and Hes-dependent radial glial cells.

It has been shown that there are at least two types of neural stem cells depending on
the developmental stage, namely primitive and definitive (Hitoshi et al., 2004). De-
finitive neural stem cells are derived from later stages and depend on Notch signal-
ing, while primitive neural stem cells are from earlier stages and do not depend on
Notch signaling: rather, they depend on LIF signaling (Hitoshi et al., 2004). Because
initial Hes1 and Hes3 expression in neuroepithelial cells is not controlled by Notch
signaling, this expression could be controlled by LIF signaling or by a related signal-
ing pathway. Primitive neural stem cells thus could be Hes-dependent or Hes-inde-
pendent neuroepithelial cells, while definitive neural stem cells could be Hes-de-
pendent radial glial cells.

Hes-related bHLH genes, Hesr1 and Hesr2, are also expressed by neural stem cells
in the embryonic brain, and mis-expression of Hesr1 or Hesr2 promotes mainte-
nance of neural stem cells (Sakamoto et al., 2003). Hesr expression is also controlled
by Notch signaling, and Hesr and Hes proteins form heterodimers and act as re-
pressors (Iso et al., 2001). Thus, it is possible that Hesr and Hes cooperatively
regulate maintenance of neural stem cells.



14 1 Roles of Hes bHLH Factors in Neural Development

Cytokine signaling is known to regulate neural stem cells. In response to the
activation of cytokine receptors, JAK2 phosphorylates tyrosine residues of STAT3,
and this phosphorylated STAT3 can promote maintenance of neural stem cells.
Interestingly, JAK2–STAT3 signaling depends on Notch signaling (Kamakura et al.,
2004). The Notch effectors Hes1 and Hes5 physically interact with both JAK2 and
STAT3, and this complex facilitates the phosphorylation and activation of STAT3 by
JAK2 (Kamakura et al., 2004), thus highlighting the significance of the cross-talk
between the Notch-Hes and JAK-STAT pathways in neural stem cells.

Neural stem cells are essential for neural development because they give rise to all
cell types, but the analysis of Hes-mutant mice has revealed another important
function of this cell type. Both neuroepithelial cells and radial glial cells have epi-
thelial features: they carry the tight junction and adherens junction at the apical side
and form the basal lamina at the basal side (Fig. 1.9). These apical and basal struc-
tures constitute the inner and outer barriers of the neural tube, respectively. In the
absence of Hes genes, both the apical and basal structures are disrupted due to the
premature loss of neural stem cells, leading to spilling of neurons into the lumen as
well as into the surrounding tissues (Fig. 1.9) (Hatakeyama et al., 2004). Therefore,
neural stem cells are essential for the structural integrity of the nervous system. In
wild-type embryos, by the time neural stem cells disappear, the ependymal cells are
differentiated at the apical side and form the apical junctional complex, while as-
trocytes are differentiated and contribute to the basal lamina formation at the basal
side. Hes genes are required to maintain neural stem cells until formation of epen-
dymal cells and astrocytes and are thus essential for their structural integrity.

Fig. 1.9 Epithelial features of radial glia. Radial glial cells carry the tight junc-
tion and adherens junction at the apical side and form the basal lamina at the
basal side. These apical and basal structures constitute the inner and outer
barriers of the neural tube, respectively. In the absence of Hes genes, both the
apical and basal structures are disrupted due to premature loss of neural stem
cells, leading to spilling of neurons into the lumen as well as into the surround-
ing tissues.
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Proneural bHLH genes such as Mash1override the inhibitory activities of Hes genes
and promote neuronal differentiation. This process involves another member of the
Hes family, Hes6. Hes6 can form a heterodimer with Hes1, but this complex does
not bind to DNA (Bae et al., 2000). Furthermore, Hes6 was shown to inhibit the
interaction between Hes1 and Groucho/TLE/Grg and induce degradation of Hes1
protein (Gratton et al., 2003). As a result, Mash1 is relieved from Hes-induced
inhibition. Thus, Hes6 inhibits Hes1 but supports Mash1 and promotes neuronal
differentiation in the developing brain and retina (Fig. 1.10) (Bae et al., 2000; Koy-
ano-Nakagawa et al., 2000; Gratton et al., 2003). Hes6 expression is induced by
proneural bHLH genes such as Neurogenin (Fig. 1.10) (Koyano-Nakagawa et al.,
2000). Thus, the proneural bHLH genes inhibit Hes1/3/5 genes by inducing Hes6,
while Hes1/3/5 genes inhibit the proneural bHLH genes, indicating that these
bHLH genes regulate each other in a mutually antagonistic manner.

1.6
Promotion of Gliogenesis by Hes Genes

At later stages, when gliogenesis occurs, Hes1 and Hes5 are transiently expressed by
astrocytes in the developing brain (Nakashima et al., 2001; Wu et al., 2003) and by
Müller glial cells in the developing retina (Hojo et al., 2000; Furukawa et al., 2000).
Mis-expression of Hes1 and Hes5 at later stages promotes generation of astrocytes in
the brain and Müller glial cells in the retina (Fig. 1.10) (Hojo et al., 2000; Furukawa et
al., 2000; Ohtsuka et al., 2001; Takatsuka et al., 2004). Conversely, in the absence of
Hes1 or Hes5, production of Müller glial cells is decreased (Hojo et al., 2000; Furu-
kawa et al., 2000; Takatsuka et al., 2004). Thus, Hes1 and Hes5 are involved in
gliogenesis at later stages, indicating that Hes genes exhibit different activities de-
pending on their developmental stage: maintenance of neural stem cells at early
stages and promotion of gliogenesis at later stages. It remains to be determined
whether Hes1 and Hes5 instruct neural stem cells to adopt a glial fate at later stages,
or whether Hes1 and Hes5 just maintain neural stem cells until the gliogenic phase.
Interestingly, it has been shown that the proneural bHLH gene Neurogenin1 (Ngn1)
has two activities: promotion of neurogenesis and inhibition of gliogenesis (Sun et
al., 2001). Ngn1 sequesters the CBP-Smad1 transcriptional complex away from the
glial-specific promoters and recruits the complex to the neuronal-specific promot-
ers, thereby promoting neurogenesis while inhibiting alternative fates. Conversely,
inactivation of the proneural genes Mash1, Ngn2 and Math3 blocks neurogenesis
while enhancing gliogenesis (Tomita et al., 2000; Nieto et al., 2001). Thus, suppres-
sion of the proneural genes could be one of the major mechanisms for Hes1– and
Hes5–induced gliogenesis.
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Fig. 1.10 The bHLH gene network in neural development. Hes1, Hes3 and
Hes5 repress proneural bHLH gene expression and maintain neural stem cells.
In contrast, proneural bHLH genes induce Hes6, which inhibits Hes1 and pro-
motes neuronal differentiation. Hes1/Hes5–expressing cells finally become
glial cells.

In the postnatal retina, Hesr2, but not Hesr1 or Hesr3, is specifically expressed by
Müller glial cells (Satow et al., 2001). Furthermore, mis-expression of Hesr2 pro-
motes generation of Müller glial cells (Satow et al., 2001). It is thus possible that
Hesr2 regulates gliogenesis by forming a heterodimer with Hes1 or Hes5.

1.7
Maintenance of the Isthmic Organizer by Hes Genes

As development proceeds, the nervous system is partitioned into several compart-
ments, which are demarcated by boundary cells. These cells secrete morphogens
and specify the adjacent compartments, thus acting as organizing centers. One such
example is the isthmus, the boundary between the midbrain and hindbrain (Lums-
den and Krumlauf, 1996; Joyner et al., 2000; Mason et al., 2000; Wurst and Bally-
Cuif, 2001). The isthmic cells secrete Wnt1 and Fgf8 and regulate development of
the midbrain and hindbrain (Fig. 1.11). The isthmic cells express Hes1 and Hes3
(Fig. 1.11A) and do not give rise to any neurons. In the absence of Hes1 and Hes3,
however, the isthmic cells prematurely lose Wnt1 and Fgf8 expression (Fig. 1.11B)
and are ectopically differentiated into neurons (Hirata et al., 2001). As a result, the
midbrain and hindbrain neurons are not properly specified. For example, oculo-
motor and trochlear nuclei and dopaminergic neurons of the midbrain and locus
ceruleus neurons of the hindbrain are missing in Hes1:Hes3 double-mutant em-
bryos (Hirata et al., 2001). Thus, Hes1 and Hes3 are essential for maintenance of the
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isthmic organizer and development of the midbrain and hindbrain. Similar func-
tions have been reported for Hes-related bHLH genes Her5 and Her11/Him in
zebrafish isthmus (Ninkovic et al., 2005).

Fig. 1.11 Roles of Hes1 and Hes3 in the isthmic organizer. (A) Expression
patterns of Hes, Wnt1 and Fgf8 genes. Hes1 and Hes3 are expressed in the
isthmic organizer, which secrets Wnt1 and Fgf8 and specifies the midbrain and
hindbrain. (B) Wnt1 and Fgf8 expression in the isthmic organizer. In the absence
of Hes1 and Hes3, the isthmic cells prematurely lose Wnt1 and Fgf8 expression
and differentiate into neurons. (This figure also appears with the color plates.)

1.8
Perspective

It has by now become clear that the bHLH genes Hes1, Hes3 and Hes5 regulate the
maintenance of virtually all neural stem cells. However, many questions are still
unaddressed, regarding Hes functions in neural stem cells. First, neural stem cells
have two important activities – self-renewal and differentiation – but it is not known
how coordinately neural stem cells undertake these two different activities. The
persistent expression of Hes1 induces self-renewal but inhibits differentiation,
while loss of Hes1 induces differentiation but inhibits self-renewal. Thus, both
persistent expression and loss of expression of Hes1 impairs neural stem cell activ-
ities, suggesting that dynamic changes of Hes1 expression seem to be important for
neural stem cells. Because Hes1 expression oscillates with a 2–h periodicity, this
oscillatory expression might help perform the self-renewal and differentiation activ-
ities coordinately. For example, at the cell cycle checkpoint for self-renewal versus
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differentiation, the cells at high levels in Hes1 oscillation could adopt self-renewal,
while those at low levels could adopt differentiation. Clearly, further studies are
required to substantiate this model.

Second, while Hes1, Hes3 and Hes5 functionally compensate for each other, it
remains to be determined whether these three Hes genes have the same activities in
neural stem cells. During early stages, Hes1 and Hes3 are expressed, but at later
stages, Hes3 is down-regulated while Hes5 is up-regulated. It is not known why Hes3
and Hes5 expression is switched during development. Expression of Hes1 and Hes3
at early stages is independent of Notch signaling while that of Hes5 (and probably
Hes1 also) is dependent on Notch signaling at later stages. Furthermore,
Hes1/Hes5–expressing radial glial cells give rise to neurons while Hes1/Hes3–ex-
pressing neuroepithelial cells do not, raising the possibility that Hes1/Hes5 at later
stages allow neurogenesis while Hes1/Hes3 at early stages do not. Thus, Hes genes
could have different activities.

During embryogenesis, Hes-expressing cells remain as neural stem cells but fi-
nally become astrocytes in the brain and Müller glia in the retina, indicating that Hes
genes exhibit different activities depending on developmental stages. These differ-
ent activities could be due to other factors that are coexpressed with Hes, but those
factors specific for neural stem cells and glial cells remain to be analyzed.

Another important issue is that although Hes genes are essential for the mainte-
nance of neural stem cells, they are not required for the initial formation of neural
stem cells. The initial formation of neural stem cells might be regulated by other
Hes-related bHLH genes or by totally different factors. Further analysis of Hes and
related bHLH genes is definitely required to understand the molecular dynamics of
the regulation of neural stem cells.
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The Role of Pax6 in the Nervous System during Development and
in Adulthood: Master Control Regulator or Modular Function?

Nicole Haubst, Jack Favor, and Magdalena Götz

Abstract

Different paired-box transcription factors control various aspects of cell fate during
organ development. Here we focus on the paired-box transcription factor Pax6 that
is mostly expressed in the developing forebrain including the eye, as well as the
cerebellum and spinal cord and in adult neurogenic zones of the brain. In murine
CNS development Pax6 acts as a key regulator of neurogenesis, proliferation and
regionalization, with the former roles largely restricted to the developing forebrain.
The differential use of the two DNA-binding domains of Pax6, the paired and the
homeo domain, in the developing eye and telencephalon as well as differential
splicing of the paired domain that allows regulating cell proliferation with or without
an effect on neurogenesis, are further discussed. Thus, this overview highlights the
molecular mechanisms accounting for the multitude of functions of Pax6 in the
developing nervous system.

2.1
Introduction

The development of an organism requires the appropriate specification of precur-
sors in the different germ layers, their expansion during proliferation, and finally the
correct differentiation of all the distinct cell types of specific organs. A complex
network of transcription factors coordinates these developmental processes.

While some classes of transcription factors mostly act on one developmental pro-
gram, either proliferation or differentiation (e.g., [1]), others also regulate several
developmental aspects simultaneously such as members of the Pax gene family that
influence proliferation, cell differentiation and even subtype specification. This is
one reason why they are often considered to act as master regulators (e.g., [2]). Their
broad, comprehensive function may partly be due to their different DNA-binding
domains that specify different functions.

Transcription factors of the Pax family were named after one of their characteristic
DNA-binding domains, the well-conserved “paired-box”, that was first discovered in
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the Drosophila pair-rule gene paired [3–5]. In addition, these transcription factors
also contain highly conserved DNA-binding sequences related to the homeobox,
hence referred to as paired-type homeobox (HD) (Fig. 2.1). In the mouse, which is
the focus of this chapter, nine members of this family are known, all of which
possess the characteristic paired domain (PD) located close to the N-terminus of the
protein, with the exception of some splice variants (see below). The crystal structure
of the PD of Drosophila paired and the human PAX6 revealed two helix-turn-helix
motifs, a structure also found in homeobox domains (Fig. 2.2B) [6]. Thus, the PDcan
be considered as two covalently associated HDs, connected by a flexible linker [7]. As
described below, alternative splicing – mostly of Pax3, 4, 6, 7, and 8 – allows switch-
ing between the two DNA-binding parts of the PD.

The paired-type HD consists of 60 amino acids (AA) and contains a DNA-binding
motif that recognizes unique target sequences not bound by other HD transcription
factors. Thus, most Pax genes have three DNA-binding motifs [6]. However, as
indicated in Fig. 2.1, Pax1 and 9 lack the paired-type HD, similar to the Pox genes in
Drosophila [8], and Pax2, 5, and 8 only possess a partial HD lacking the DNA-binding
motif, that interacts with other transcriptional regulators to regulate target genes [9].
All Pax genes except 4 and 6 possess a highly conserved eight-AA domain located
between the PD and HD, the octapeptide (OP in Fig. 2.1). This octapeptide has been
shown to recruit transcriptional repressors, such as members of the groucho family,
and its deletion in the Pax2, 5, and 8 genes results in a decrease in their transcrip-
tional repressor activity [10]. However, transcriptional co-regulators of the groucho
family can also interact with the transactivation domain, and hence the repressor or
activator function of some members of the Pax family may be context-dependent
(see below). Generally, Pax2, 5, and 8 act mostly as transcriptional repressors [11],

Fig. 2.1 Schematic representation of the four different vertebrate Pax gene
classes. Pax1/Pax9 consist of a paired domain (PD) and an octapeptide (OP), a
PST-rich transactivating domain (TAD), and lack the homeobox domain (HD).
Pax2/5/8 contain a PD, OP and a partial HD followed by a PST-rich TAD. Pax3/7
are characterized by the presence of a PD, OP, HD and a PST-rich TAD. Pax4/6
consist of a PD followed by a complete HD and a PST-rich TAD. (This figure also
appears with the color plates.)
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while Pax4 and 6 act largely as transcriptional activators [12,13,178], consistent with
the absence of the octapeptide motif in their structure. However, protein-protein
interactions are important to modify their DNA-binding and transcriptional target
gene regulation (e.g., [9,14,15]). For example, the partial HD of Pax2, 5, and 8 inter-
acts with the retinoblastoma protein and TATA-binding proteins, thereby regulating
homeobox domain target genes [9].

Common to all members of this family is their key role in organ development,
often co-regulating cell proliferation and specification of a variety of cell fate deci-
sions. Pax3 acts as a key determinant in premigratory neural crest cell fate as first
discovered from the Splotch locus, a collection of mutations in Pax3 [6, 16]. Further-
more, Pax3 is the crucial fate determinant for cardiac neural crest specification as
well as for myogenesis. An interesting switch occurs between the predominant role
of Pax3 during muscle development, while Pax7 seemingly takes over this role in
adult muscle regeneration [17, 18]. Similarly, essential roles for the development of
entire lineages have been demonstrated for Pax2 in kidney development [19], Pax8 in
thyroid development [20], and Pax5 in development of the hematopoietic B-cell
lineage [11, 21]. Pax1 and Pax9 are key regulators of skeletal development [22, 23].
Finally, Pax4 and Pax6 have been identified as key regulators for endocrine cell fate
in the pancreas [24], and Pax6 plays a key role in eye and central nervous system
development, as will be detailed below. Interestingly, activation of the function of
these Pax genes, as for example by chromosomal translocations, often results in
tumor formation [25, 26]. This observation highlights their dual role in regulating
cell proliferation, normally in a tightly controlled transcriptional context, and in cell
fate specification.

2.2
Molecular Features of Pax6

2.2.1
The Paired Domain

Pax6 contains a PD that can recognize similar DNA sequences as the PDs of Pax2, 3
and 5 [27–31], is linked via a glycine-rich domain to the paired-like HD and followed
by a proline-, serine- and threonine-rich (PST-rich) transactivating domain (TAD) at
the C-terminus (e.g., [32]) (Fig. 2.2A). The murine Pax6 PD consists of 128 AA and is
subdivided into the N-terminal ,PAI’ and the C-terminal ,RED’ subdomains (,PAI-
RED’) (Fig. 2.2A) [27,30,33,34].

The PAI subdomain (AA 1–60) consists of an antiparallel b hairpin, a type II b turn
(AA 13–16) followed by three a-helices (AA 20–60; helices 1, 2, 3) [7] (Fig. 2.2B). The
b hairpin contacts the sugar-phosphate backbone of both DNA strands and spans
the minor groove of the DNA [7], whereas the type II b turn contacts bases in the
minor groove. The three a-helices form a helix-turn-helix (HTH) motif and contact
the major groove of the DNA [7]. N-terminal PAI and C-terminal RED subdomains
are connected via a linker (AA 61–76), which contacts the sugar-phosphate backbone
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of the minor groove over a region of 8 bp. The C-terminal RED subdomain consists
of threea-helices (helices 4, 5, 6) and docks via a HTH motif (formed by helices 5 and
6) against the major groove in the distal portion of the Pax6 binding site. The recog-
nition helix of the RED subdomain in helix 6 fits into the major groove of the DNA
and contacts bases via its N-terminal part. This interaction is stabilized by the phos-
phate contacts of the N-terminal part of helix 5 and the C-terminal part of the linker.
Deletion experiments showed that the N-terminal PAI subdomain is critical for
DNA binding to Pax6 consensus sites (P6CON: ANNTTCAGCa/tTc/gANTt/ga/
cAt/c [29]) (Fig. 2.2C), whereas the C-terminal part contributes to DNA binding by
contacting adjacent nucleotides [30]. Transcriptional activation in vitro is independ-
ent of the HD, since the HD-less Pax2 form is able to activate transcription via
binding to P6CON or 5aCON [29].

2.2.2
The Paired-Type Homeodomain

The paired-type HD closely resembles other HDs, with a globular domain consisting
of threea-helices (60 AA) (Fig. 2.2B, right panel). A flexible N-terminal arm (AA 1–9)
is followed by helix 1 (AA 10–22), a loop structure (AA 23–27), helix 2 (AA 28–37), a

Fig. 2.2 (A) The canonical Pax6 form depicted on top (422 AA) consists of a
PD, which is subdivided in an N-terminal ,PAI’ and a C-terminal ,RED’ subdo-
main (PAI-RED) linked to a HD followed by a TAD, whereas the Pax6(5a) isoform
(436 AA) is characterized by a 14–AA insert into the PAI subdomain. (B) Over-
view of the Pax6 PD-DNA complex. Left: PD-DNA binding [DNA (blue), protein
(red)]. Right: HD-DNA binding [DNA (blue), protein (green), Roman numbers
indicate the helices, red: critical AA residue at position 50 of HD] (Reproduced
from [7, 42].) (C) DNA binding of the PD of the canonical Pax6 form occurs
predominantly via the N-terminal PAI (blue). In the Pax6(5a) isoform, DNA-
binding of the PAI is abolished and occurs exclusively via the RED domain to
5aCON sites (middle panel). The HD (yellow) binds preferentially as dimer to
palindromic P2 or P3 sites containing a TAAT core sequence. (Modified after
[29–31,176,177].) (This figure also appears with the color plates.)
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short turn structure (AA 38–41) and the recognition helix 3 (42–60). Helix 2 and helix
3 form a HTH motif [35]. The recognition helix 3 fits into the major groove of the
DNA. The critical AA residue for DNA binding of the paired-type HD is serine
located at position 50 in the recognition helix (position 9 in helix 3). Variations in the
AA at position 50 can alter DNA-binding [36–39]. Interestingly, the recognition helix
3 mediates not only DNA-binding but also protein-protein interactions with the
RED-subdomain of the PD, a further potential influence of transcriptional activity
[40]. The Pax6 HD binds preferentially as dimer to the palindromic TAAT core motif
P3 (TAAT (N)3 ATTA; 3 bp spacing) [31, 41]. Loss of DNA-binding properties of the
HD leads to defects in eye formation [42], but notably hardly affects forebrain devel-
opment [43]. One of the most ancestral functions of the HD appears to be the
regulation of rhodopsins [44]. Thus, the modular use of the PD or the HD allows
Pax6 to exert specific functions during development.

2.2.3
Different Pax6 Isoforms

The PD of Pax6 is subject to alternative splicing with an insertion of 14 AA (exon 5a;
Pax6(5a)) between helix 2 and helix 3 [45] in the N-terminal PAI subdomain, and
thereby abolishes DNA binding of the PAI subdomain (Fig. 2.2A,C) [30] and binds
specifically to the Pax6(5a) consensus site (5aCON: ATGCTCAGTGA˜ATGTT-
CATTGA [30]) that consists of two 11–bp imperfect repeats and shows no significant
homology to the P6CON site. While the canonical PD of Pax6 is also able to bind to
the 5aCON site and activate transcription in vitro, Pax6(5a) is able to activate tran-
scription also from 5aCON half sites (5aCON½) [30]. Therefore, the ratio of Pax6 to
Pax6(5a) is crucial, and both isoforms act synergistically in the activation of tran-
scription in vitro [46]. Interestingly, Pax6(5a) is expressed at later stages in develop-
ment around the region of the fovea in the eye, whereas canonical Pax6 expression
occurred in the entire inner neuroretina [47]. Accordingly, the Pax6(5a) form is
required for aspects of postnatal differentiation in the eye [48], and an important role
of the same modification of PD DNA-binding was recently discovered in the devel-
oping compound eye of Drosophila [49]. Gene duplication during evolution in Dro-
sophila led to two homologues of the canonical Pax6 form: eyeless (ey) [50] and its
paralogue twin of eyeless (toy) [51]. The Drosophila genes eyegone (eyg) and twin of
eyegone (toe) [52, 53] are characterized by a truncated PD and have been shown to
bind to target gene sequences of the 5aCON site [53], corresponding to the specific
DNA-binding site of the Pax6(5a) isoform. Thus, switching between P6CON and
5aCON targets is achieved by alternative splicing in vertebrates [45,54–57] and by
independent gene transcripts in other animal classes.

Other Pax6 forms lacking the PD (PD-less) have been found in mouse brain [58],
the quail neuroretina [59] and in Caenorhabditis elegans [60]. The murine PD-less
Pax6 form is generated by alternative splicing and is expressed in brain, eye, and
pancreas [58], or results from a CpG island in intron 7 acting as a novel initiation site
of transcription [61]. The PD-less Pax6 still binds to the HD DNA-binding consensus
site but fails to activate reporter constructs and to bind the P6CON [58]. These results
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imply that HD can bind to the DNA, but may require the PD for transactivation. The
in-vitro data would then predict a dominant negative function of this isoform during
development, but this has not yet been tested directly [58]. However, in-vitro data
show also that the PD-less isoform interacts with the full-length Pax6 and thereby
enhances the transcriptional activation of the PD binding sites [62]. Notably, nothing
is known about the specific function of the paired less isoform in vivo.

Additional splice variants of Pax6 (48, 46, 43, 33, and 32 kDa) have been identified
in the quail neuroretina [59]. The 48–kDa form (containing an alternative paired
exon 4a) and the 46–kDa form are exclusively present in the cell nucleus, whereas
the 43–kDa form (lacking exon 5, due to alternative splicing), 33 kDa and 34 kDa
Pax6 proteins are also found in the cytoplasm [59]. Further, three mammalian Pax6
splice variants affecting the PD have been discovered in the adult bovine eye [63].
One form (type 3) contains exon 5a, but lacks exon 6. Another splice variant lacks the
HD and the TAD [63]. Clearly, the modular structure of Pax6 is further modified by
splicing, but little is known so far about their specific function.

2.2.4
Protein-Protein Interactions

The binding of Pax6 to other proteins mediates transcription by other transcription
factors. For example, Pax6 interacts with the TATA-box binding protein (TBP), the
DNA-binding subunit of the basal transcription machinery via the N-terminal arm,
and the first two helices of the Pax6 HD. Also, the C-terminal-activating domain
(TAD) alone can interact with TBP in vitro [14]. Further, the HD of Pax6 can also bind
to the complete pocket domain (A and B) of the retinoblastoma protein (pRB) in
vitro, as shown in chicken embryonic lens nuclear extracts [14]. This mechanism
may mediate the role of Pax genes in the regulation of proliferation (see for example
Pax3 [25], Pax6 [43,64–66]). Pax6 is supposed to interact with the hypophosphory-
lated form of pRB, and hence should preferentially inhibit cell proliferation [14, 43].
During lens development, Pax6 interacts with Sox2 to form a co-DNA-binding com-
plex that controls the expression of Sox2 [67]. Indeed, the interaction between Pax
and Sox genes has been observed for several Pax and Sox transcription factors [6, 68].
In addition, the transcription factor engrailed 1 (En1) interacts with the PD of Pax6
and prevents DNA-binding [69].

2.2.5
Post-Translational Modifications of Pax6

Finally, DNA-binding and transactivation properties of Pax6 may be altered by post-
translational modifications of the Pax6 protein. The TAD of zebrafish Pax6 contains
four proline-dependent kinase phosphorylation sites, three of which are phospho-
rylated in vitro by the mitogen-activated protein kinases (MAPKs), the extracellular-
signal regulated kinase (ERK) and the p38 kinase, but not by Jun N-terminal kinase
(JNK) [70]. One highly conserved residue is serine 413 (Ser413), that is also phos-
phorylated in vivo by p38 or ERK and is critical for the transactivation properties of
Pax6 [70].



292.3 Function of Pax6 in Development

Quail neuroretina nuclear extracts have been shown to contain Pax6 with O-linked
N-acetylglucosaminylation (O-GlcNAc) directly linked to serine or threonine resi-
dues [71]. However, no changes in DNA-binding were detected between the glyco-
sylated and unglycosylated forms, which leaves the possibility that this modification
may affect protein-protein interactions. Glycosylation occurs predominantly at the
PD in the 46– and 48 kDa forms of Pax6 (corresponding to canonical Pax6 and
Pax6(5a)), whereas the 43–, 32/33–kDa isoforms seem not to be glycosylated [71].
Since only the glycosylated isoforms were located in the nucleus, glycosylation may
be a signal to keep the protein in the nucleus [71].

2.3
Function of Pax6 in Development

2.3.1
Function of Pax6 in the Developing Eye

The most famous role of Pax6 is in eye development. Pax6 is not only essential for
normal eye development but is also sufficient, by ectopic expression, to induce the
formation of differentiated ectopic eyes in Drosophila and vertebrates [50,72,73]. In
the vertebrate, eye development depends upon the interaction of the optic vesicle
and the surface ectoderm (Fig. 2.3). Briefly, the optic vesicle develops from an evagi-
nation of the forebrain, expands laterally, and contacts the surface ectoderm in the
head region (Fig. 2.3A,B). Upon contact, the optic vesicle invaginates to form the
two-layered optic cup, while a thickened region of the surface ectoderm (the lens
placode) immediately adjacent to the optic vesicle invaginates to form the lens (Fig.
2.3B,C). During the early phase of eye development, Pax6 is expressed in the optic
vesicle and the surface ectoderm of the head region (red in Fig. 2.3). As development
of the eye proceeds, Pax6 expression becomes confined to the inner layer of the optic
cup (the presumptive neural retina), the lens and the overlying surface ectoderm
(the presumptive cornea). Upon completion of eye development, Pax6 expression
remains in the neural retina, the lens epithelium and the cornea (Fig. 2.3D). In
combination with additional transcription factors, the level and spatial distribution
of Pax6 expression in the developing eye are important for the establishment of the
eye axes. For example, Pax2–Pax6 expression is critical in defining the optic
stalk/optic cup boundary [74], while Pax6–cVax and Tbx5 expression mediates dor-
soventral patterning of the eye [75]. In the absence of Pax6 in homozygous null
mutant mice, the optic vesicle evaginates from the forebrain and expands laterally.
However, the surface ectoderm fails to differentiate to the lens placode, nor does it
invaginate to form the lens pit [76, 77]. The optic vesicle does not invaginate to form
the optic cup [78], and has reduced proliferation and precocious differentiation of
retinal neurons [79].
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Fig. 2.3 Pax6 expression in the developing eye (red) of the mouse [45, 78]. At
earlier stages (E8.5–E9.5), Pax6 expression is seen in the optic vesicle (ov) and
the surface ectoderm (se) in the head region. As development of the eye pro-
gresses (E10.5), Pax6 expression becomes confined to the inner layer of the
optic cup (oc), the lens placode cells which form the lens pit (lp), and the
immediately adjacent regions of the surface ectoderm. At E15.5, Pax6 expression
remains in the neural retina (nr), the lens epithelium (le) and the cornea (cor).
(This figure also appears with the color plates.)

In Pax6 heterozygous mouse mutants, the optic vesicle develops normally, makes
proper contact with the surface ectoderm, and differentiates to an optic cup. How-
ever, the formation of the lens placode is delayed, there is a 50% reduction in the
total number of lens cells, and the lens fails to detach completely from the surface
ectoderm [80]. Mice lacking the Pax6(5a) isoform are viable, express iris hypoplasia,
pupillated structures in the retina, and a reduced number of lens fiber cells and
keratinocytes in the corneal stroma [48]. Expression of Pax6 in the neural retina was
shown to be controlled by an intronic enhancer, designated a, located between Pax6
exons 4 and 5 [81]. In heterozygous Pax6 knock-out mutants in which the Pax6
exons 4, 5 and 6, including the a-enhancer, were replaced by the lacZ reporter gene,
b-galactosidase expression was uniformly distributed throughout the neural retina.
In contrast, Pax6 expression (from the wild-type allele) in the same eyes showed the
normal distal to proximal, high to low gradient in the neural retina [82]. These
results indicate that the a-enhancer functions in regulating spatial-specific Pax6
expression in the retina.

The multitude of Pax6 functions in eye development can be elucidated by chimera
analysis, or by the use of time- and space-specific conditional mutations. Analysis of
Pax6 +/+ 〈〉 Pax6 –/– chimeras indicated that Pax6 –/– cells contribute only in small
numbers to the ganglion cell layer of the neural retina, and their differentiation
appeared abnormal [83]. Higher numbers of Pax6 –/– cells were found in the retinal
pigmented epithelium. Their differentiation was delayed, but was observed to occur
[83]. Conditional inactivation of Pax6 via the Cre-loxP system, in which the Cre
recombinase was under the control of the a-enhancer in retinal progenitor cells at
E10.5 resulted in a hypocellular retina likely due to reduced retinal progenitor cell
proliferation and differentiation [84]. Notably, this effect is opposite to the effect of
Pax6 deletion in the developing telencephalon (see below), indicating the diverse
roles of Pax6 in distinct regions of the developing central nervous system (CNS).
Conditional inactivation of Pax6 in the surface ectoderm at the stage during which
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lens induction occurs still allowed the development of eye structures, but arrested
lens development. Multiple, fully differentiated neural retinae developed in the optic
cup in the absence of the lens, indicating the importance of the lens for proper
retinal morphology [85]. Determination of the retinal pigmented epithelium is de-
pendent on Pax2 and Pax6 activities. Compound Pax2;Pax6 mutants resulted in a
dose-dependent reduction of Mitf expression [86]. The loss of Mitf expression in the
retinal pigmented epithelium was accompanied by the formation of ectopic neural
retina, a phenotype similar to that observed in Mitf –/– mutants [86, 87].

Mutations in Pax6/PAX6 were first associated with the mouse Small eye locus [88]
and in human aniridia patients [89]. Since then, a number of mouse and human
Pax6/PAX6 mutations have been molecularly characterized [42,90,91;
http://pax6.hgu.mrc.ac.uk/]. Most mutant alleles in the mouse are predicted to
result in a truncated gene product. Heterozygous mutants express microphthalmia
and anterior segment abnormalities, including corneal opacity, corneal-lens adhe-
sions, aniridia and anterior polar cataract. Homozygous mutants are anophthalmic
(Fig. 2.4). Since heterozygotes for null mutations express a mutant phenotype, Hill
et al. [88] proposed that the level of Pax6 expression is critical for normal eye devel-
opment. This was further supported by studies in which Pax6 was over-expressed
and mice also developed abnormal eye phenotypes [92]. Similar to the mutations in
mice, the majority of human PAX6 mutations [http://pax6.hgu.mrc.ac.uk/] are pre-
dicted to result in premature termination of translation. Patients heterozygous for
PAX6 mutations have been diagnosed with aniridia, Peters’ anomaly, congenital
cataract, keratitis, or foveal hypoplasia [30,57,93–97]. A patient expressing anoph-
thalmia and CNS defects has been shown to be a carrier of two different PAX6
mutant alleles inherited from the maternal and paternal germlines [93].

In the mouse, four Pax6missense mutations have been identified [42, 91], and two
of these were shown to be in the HD. Pax6 4Neu results in a Ser273Pro substitution at
position 9 of the third a-helix, and was shown to result in greatly reduced binding
activity to its P3 DNA target sequence [42]. Pax6 Leca1 is a Val270Glu substitution, also
in the third a-helix of the HD, and is also predicted to affect DNA-binding activity.
The remaining mouse Pax6 missense mutations are in the PD: Pax6 Leca2

(Arg142Cys) and Pax6 Leca4 (Asn64Lys) are in the sixth and third a-helix, respectively.
Both are predicted to severely disrupt DNA binding [91].

A total of 58 missense mutations are registered in the human PAX6 mutation
database [http://pax6.hgu.mrc.ac.uk/], including 35 in the paired box (at 28 codon
sites), three in the linker region (at two codon sites), three in the homeobox (at three
codon sites), and 11 in the PST-rich region (at 10 codon sites). In addition, there were
two missense mutations at the initiation codon that likely disrupt normal transla-
tion, and four missense mutations at the termination codon. Of the 28 codon sites
mutated in the paired box, the majority (15) are within AA sequences responsible for
protein secondary structure (one each in the first and second b-sheets; three each in
the first and second a-helices; four in the third a-helix; one in the fourth a-helix; and
two in the sixth a-helix). All three missense mutations in the HD affect amino acids
within the a-helix subdomains (one in the second a-helix; two in the third a-helix).
Given the critical importance of the secondary structure in the PD and the HD for
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PAX6 DNA-binding activity (see Pax6 PD DNA-binding, Pax6 HD DNA-binding,
above), these mutated codon sites likely affect PAX6 function. Indeed, the protein
products of some of the mutant alleles were shown to reduce DNA-binding or
transcriptional activation activity (see references cited for the mutant alleles in the
human PAX6 mutation database). Finally, a number of deletions or cytogenetic
rearrangements have been identified in human aniridia patients in whom the PAX6
gene was not disrupted, suggesting that the level of PAX6 expression was affected by
the deletion/disorganization of cis-acting regulatory elements or by position effect
[89,98–101]. These data therefore further support the critical role of Pax6 dosage for
development.

Fig. 2.4 Eye phenotype associated with mouse Pax6 mutations. (A-C) E15 em-
bryos: (A) Pax6 +/+; B, Pax6 3Neu –/+ mutants express microphthalmia and tri-
angular-shaped pupil; (C) Pax6 3Neu –/– mutants express anophthalmia. (D-F) His-
tological sections of eyes from E15 embryos: (D) Pax6 +/+; (E) Pax6 3Neu –/+
mutants express anterior polar cataract with lens-corneal adhesion (arrowhe-
ads); (F) Pax6 3Neu –/– mutants express anophthalmia with remnants of the optic
vesicle (arrowheads). (G) Brain morphology of an E14.5 wild-type; the arrow
indicates an olfactory bulb. (H) Pax6Sey-/– brain lacking the olfactory bulbs (ar-
row). Abbreviations: tel = telencephalon; di = diencephalon; mes = mesence-
phalon; ob = olfactory bulb.
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2.3.2
Function of Pax6 in the Developing Brain

2.3.2.1 Telencephalon
In the forebrain, Pax6 expression starts at embryonic day (E) 8 in the mouse, just
before the telencephalon and diencephalon can be distinguished [45]. Thereafter,
Pax6 expression in the developing telencephalon is restricted to the dorsal telence-
phalon, the pallium, comprising the cerebral cortex with neo-, paleo- and archicor-
tical regions (neocortex, piriform cortex and hippocampus, respectively (Fig.
2.5A,B). Pax6 transcription is controlled by a 5–kb fragment between P1 and P0 in
the dorsal telencephalon [81], where it is expressed with a lateral high and medial
(hippocampal anlage) low gradient [102], while it is weak to absent in the ventral
telencephalon, the subpallium (Fig. 2.5A,B) [103–105]. Accordingly, prominent de-
fects in the telencephalon of mice with a Pax6 truncation lacking the TAD [88, 106]
affecting cell proliferation, migration, differentiation and regionalization are mainly
restricted to the dorsal telencephalon Pax6 expression in the dorsal telencephalon is
restricted to the ventricular zone (VZ) precursor cells, the proliferative cell popula-
tion adjacent to the ventricle, whereas the secondary proliferative cell population, the
subventricular zone (SVZ), located above the VZ, is devoid of Pax6 expression [65].
The reduction of neurogenesis to 50 % of normal in Pax6Sey-/– mice is due to a loss of
the neurogenic potential in VZ cells – as shown by flourescence-activated cell sorting
(FACS) [66] – while SVZ cells are less affected in their neurogenic role [107–109].
The majority of VZ cells are radial glia cells [110–113], and Pax6 proves to be im-
portant for neurogenesis from cells with radial glia or astrocyte properties. For
example, neural stem cells propagated in vitro as neurospheres that exhibit radial
glia properties [110] depend on Pax6 to generate neurons, independent of their
region of origin [114]. Moreover, Pax6 is sufficient to overcome the poor neurogenic
properties of these neurosphere cells and induces more than 80% to differentiate
into functional neurons [114] (see also Berninger and M. Götz, unpublished obser-
vations). As described below, Pax6 also proves to be necessary and sufficient in adult
neurogenesis [178] originating from astroglia-like stem cells [115]. Finally, Pax6 is
even sufficient to induce neurogenesis in non-neurogenic astrocytes, such as those
from the postnatal cerebral cortex [66] or in cells reacting to brain injury of the adult
cortex in vivo (Buffo and M. Götz, unpublished observations). Thus, one prevailing
function of Pax6 is its key role in neurogenesis in the telencephalon in vivo and in
cells expanded from different regions in vitro.

The neurogenic role of Pax6 seems to be tightly linked to its role in proliferation.
Neurons are permanently postmitotic cells, and the generation of neurons results in
a reduction of the precursor pool [116, 117]. Thus, the neurogenic function of Pax6 is
associated with a reduction in the progenitor pool. Indeed, the number of precursor
cells in the developing cortex of Pax6Sey-/– mice is increased compared to wild-type
[43,64–66], while overexpression of Pax6 in cortical cell culture leads to a decrease in
the number of cells generated from a single infected precursor cell [43, 66]. These
observations imply a role of Pax6 in reducing the precursor pool by generating
postmitotic neurons. In the absence of functional Pax6 in Pax6Sey-/– mice, the incre-
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ased number of precursors are located in the SVZ [43] and lack the expression of
normal cortex SVZ genes such as Svet1, Cux2 and Tbr2 [118–120]. Supporting the
hypothesis that SVZ precursors may generate upper layer neurons, these are mostly
absent in the Pax6Sey-/– mice [118,121,122].

Pax6 specifies dorsal and ventral as well as lateral and medial differences in cell
fate, and thereby mediates the patterning of the telencephalon [103, 123] arealization
of the developing cerebral cortex [102,124–126]. Absence of functional Pax6 leads to
a mis-specification of the dorsal telencephalon [127]. Severe defects in patterning are
indicated by the expansion of ventrally expressed transcription factors, as for exam-

Fig. 2.5 (A) Sagittal section through the developing brain at E13.5 showing
Pax6 expression in red. The blue dashed lines indicate the planes of sections B
and C, respectively. (B) Frontal section through the telencephalon showing Pax6
expression in the cerebral cortex and in the pallial-subpallial boundary (PSB). (C)
Pax6 expression in the spinal cord occurs in ventral low to dorsal high gradient.
Frontal section of the developing spinal cord with Pax6 expression (red) in the
ventral portion in a ventrallow-dorsalhigh gradient. (Modified after [162].) Abbre-
viations: Cb = cerebellum; Cfr = frontal cortex; DT = dorsal thalamus; EGL =
external granule layer; ET = epithalamus; GE = ganglionic eminence; LV = lateral
ventricle; Ms = mesencephalon; My = myelencephalon; OB = olfactory bulb;
ORE = optic recess; PC = posterior commissure; Pn = pons; PT = pretectum; Sc =
spinal cord; SE = septum; 4V = fourth ventricle; zl = zona limitans intrathala-
mica. (This figure also appears with the color plates.)
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ple Gsh2, Mash1 or Olig2, into the dorsal telencephalon of Pax6Sey-/– mice
[66,103,104,123,127,128]. The expression of the proneural bHLH (basic helix-loop-
helix) gene Neurogenin2 (Ngn2) is strongly reduced in the cortex of Pax6Sey-/– mice [66,
127], as it is a direct target gene of Pax6 [129]. These defects in the region-specific
transcription factor expression that is required for maintenance of the pallial-sub-
pallial compartment boundary [130] then seem to result first in a loss of region-spe-
cific cell adhesion [128, 131]. In the absence of functional Pax6, the pallial-subpallial
boundary (PSB) that delineates the dorsal and ventral telencephalon is lost or is
mis-specified [128]. The PSB is formed by a fascicle of radial glia cells [110,128,132]
that specifically expresses the reticulon–1 gene [133] and high levels of soluble frizz-
led related protein–2 (SFRP–2) [134]. Further signaling molecules, as for example
the transforming growth factor a (Tgfa), neuregulin 1 (Nrg1), Nrg3, fibroblast
growth factor 7 (Fgf7), are expressed by PSB cells, this region may act as a signaling
center [135]. In the Pax6Sey-/– mice no fasciculation of radial glia cells at this position
can be observed [128], and boundary-specific expression, such as SFRP–2, Nrg1,
Tgfa and reticulon–1, is lost [133–135]. An analysis of Pax6Sey-/– and Tlx–/– mice led to
the conclusion that Pax6 and Tlx might cooperate genetically to establish the PSB
[136]. Alterations of the PSB result not only in defects of amygdala neurons that
seem to be specified in this region [105], but also lead to the failure of region-specific
restriction in cell migration, such that cells from the ventral telencephalon freely
enter the dorsal telencephalon and some cells migrate in the opposite direction
[130]. Moreover, the number of reelin/calretinin-positive cells in the marginal zone
of the Pax6Sey-/– telencephalon is increased, most likely due to increased tangential
migration of these neurons from the enlarged cortical hem structure [137, 138],
while the number of calbindin-positive cells is not altered [139]. Reelin-immuno-
reactive, supposedly mitral cells, also seem to be misrouted and form an aberrant
olfactory bulb-like structure in the ventral telencephalon of Pax6Sey-/– and normal
olfactory bulbs are absent [140, 141].

Patterning of the developing brain specifies distinct regions that then generate
distinct types of neurons. Accordingly, defects in patterning not only result in the
migration of cells that would normally be restricted in a different brain region, but
also causes cell-autonomous defects in neuronal specification. Precursors in the
ventral telencephalon generate mostly diverse populations of GABAergic neurons,
projection neurons of the basal ganglia and interneurons for all telencephalic regi-
ons (for a review, see [142]). In contrast, precursors of the dorsal telencephalon
generate mostly glutamatergic projection neurons. The transcription factors Mash1,
Olig2 and Dlx that normally are restricted in expression to the ventral telencephalon
are expressed in precursors in the dorsal telencephalon of Pax6Sey-/– mice
[66,127,143], and there is a switch from the generation of glutamatergic to GABA-
ergic neurons [130, 144].

As detailed above, the lack of functional Pax6 results in a variety of defects in the
developing cortex, although how exactly Pax6 regulates and coordinates these di-
verse effects is not clear. Recent analysis of specific mouse mutants lacking either a
functional PD (Pax6Aey18–/–) [43] or HD (Pax64Neu-/–) [42] showed that the regulation of
neurogenesis, cell proliferation and patterning occurs mostly via target genes of the
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PD, whereas the HD plays no role in that regard [43]. The loss of a functional PD, as
observed in the mouse mutant Pax6Aey18–/– with a deletion of exons 5 and 6, exhibits all
phenotypes of the Pax6Sey-/– mice, such as increased cell proliferation (especially in
the SVZ), a decrease in neurogenesis, and defects in dorsoventral patterning as well
as a lack of the OBs, while mutation of the HD has no effect [43].

As described above, the PD consists of two independent DNA-binding domains
that can be altered by alternative splicing. Without the splice insert encoded in exon
5a in mice and humans, the PD of Pax6 binds predominantly to the Pax6 consensus
site (P6CON), and also to the 5aCON site [30]. In contrast, upon insertion of 14 AA
encoded by exon 5a, the PD binds exclusively to the 5aCON site. Retrovirally medi-
ated overexpression of each of these forms revealed that the Pax6(5a) isoform exclu-
sively affects cell proliferation without affecting cell fate in cortical progenitors in
vitro, while the Pax6 form with the canonical PD affects both cell proliferation and
neurogenesis simultaneously [43]. Thus, alternative splicing regulates the range of
Pax6 functions. Unfortunately, little is known so far as to when and where Pax6(+5a)
is expressed in the developing brain.

Given the multitude of roles that Pax6 exerts in various developmental aspects in
the eye and the telencephalon, the question is whether it exerts comparable roles in
other regions of the developing CNS.

2.3.2.2 Diencephalon
Pax6 expression in the developing forebrain extends from the telencephalon into the
diencephalon up to the posterior commissure (see Fig. 2.5A) [45], and is regulated by
several enhancer elements [61,81,145,146]. The diencephalon is subdivided by the
zona limitans intrathalamica (ZLI) into a dorsal and a ventral part (Fig. 2.5A). At
E10.5, strong Pax6 expression is detected in the ventral diencephalon, the presump-
tive thalamus, and extends into the anterior hypothalamus in the region of the
preoptic recess of the third ventricle in the mouse embryo [45, 147]. Pax6 is also
expressed in the epithalamus at E13 (Fig. 2.5A), and later in the nuclei habenulae
[45]. Pax6 expression is low in the dorsal thalamus (E10.5–E12.5) and not detectable
at E15.5, while it is high in the pineal gland at all stages (E8–E18.5) [45] and the
secretory glia cells of the subcommissural organ (SCO), a circumventricular struc-
ture at the forebrain-midbrain boundary [147]. Consistent with an important role of
Pax6 in areas of high-levels of expression, the SCO and pineal gland fail to form and
the posterior commissure is abnormal in the Pax6Sey-/– mice [148]. From E 9.5, the
first postmitotic neurons are detectable in the developing diencephalon. These ini-
tial neurons in the ventral thalamus are Pax6– and bIII-tubulin-positive, and pre-
sumably give rise to TH+ dopaminergic A13 neurons of the zona incerta in the
ventral thalamus. In Pax6Sey-/– a subset of these neurons is missing [149, 150]. Be-
sides changes in neuronal subtype specification, proliferation in the developing
diencephalon of the Pax6Sey-/– mice is decreased at E10.5, but not at E14.5 in regions
of Pax6 expression [147], apparently the opposite defect as in the Pax6Sey-/– telence-
phalon [43, 66]. The Pax6Sey –/– diencephalon also shows strong morphological altera-
tions. For example, at E9.5–E10.5 there is a lack of the boundary between dience-
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phalic prosomere 1 and the mesencephalon, implying that there is a critical function
of Pax6 also in the diencephalon in boundary formation [151]. At later stages, fusion
between the medial ganglionic eminence (MGE) and the anterior hypothalamus
(AH) fails to occur in the Pax6Sey-/– mice, and this results in an enlargement of the
third ventricle and a paucity of tissue within the hypothalamus, apparently due to
aberrations in the dorsoventral patterning of the diencephalon [127]. Defects in
axonal pathfinding in the developing diencephalon affect the tract of the postoptic
commissure (tpco) (E9.5–E10.5) [151], and thalamocortical (TCA) and corticofugal
axons (CFA) are aberrant in the Pax6Sey-/– diencephalon (E14.5–E18.5) [152]. Taken
together, in the developing diencephalon Pax6 is involved in the regulation of cell
proliferation and cell fate, even though its overall role in neurogenesis is less obvi-
ous.

2.3.2.3 Cerebellum
In the developing mouse cerebellum, strong Pax6 expression is detectable at
E12.5–E13.5 in the rhombic lip where external granule cells are located (see Fig.
2.5A) [45, 153]. Pax6 is further expressed in the precerebellar neuroepithelium (pcn)
and in two streams of migrating cells that extend from the pcn, the anterior extra-
mural migration stream (aes) and the posterior extramural migration stream (pes)
[153]. Postnatally, Pax6 is expressed in the inner and outer granule cell layer [154]. A
decrease in size of the aes and pontine nucleus and cellular disorganization (lateral
reticular nuclei and the external cuneate nuclei) are observed in Pax6Sey-/– mice while
cell proliferation appears normal [153], although medulloblastoma formation seems
to correlate with the progressive loss of Pax6 expression [155]. Thus, a predominant
role of Pax6 in this region is on cell migration with netrin, slit and robo as some
effector molecules [153, 154] and on cell morphology and polarization during fiber
formation [154].

2.3.2.4 Spinal Cord
In further posterior regions, such as the developing spinal cord, Pax6 is first ubi-
quitously expressed shortly after neural tube closure [156], while restriction to the
ventral part occurs with a ventrallow-dorsalhigh gradient at later stages (Fig. 2.5C) [157].
A ventralhigh-dorsallow gradient of sonic hedgehog (Shh) signaling specifies Nkx2.2
expression that then represses Pax6 [157]. Notably, Pax6 restricts the domain of
Nkx2.2 that expands into the former Pax6 domain in the developing spinal cord of
Pax6Sey-/– mice [157] and can be repressed by Pax6 electroporation [158].

As a common feature in the developing CNS, defects in patterning are associated
with alterations of the neurons generated in the mis-specified region. Accordingly,
the differentiation of motor neurons (MNs) [158–160] as well as V1 interneurons
that are normally derived from Pax6–expressing progenitor cells [157, 161] in the
spinal cord are affected in Pax6Sey-/– mice. No V1 interneurons are generated, and the
number of V2 interneurons is reduced [157]. The appearance of the oligodendrocyte
precursor (OLP) population in the caudal hindbrain and spinal cord is delayed due to
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loss of Pax6, and the site of origin of these OLPs was shifted dorsally [160]. Taken
together, the main function of Pax6 in the developing spinal cord is to translate
patterning into neuronal subtype specification. Thus, the common role of Pax6
throughout the developing CNS is patterning and the specification of neuronal
subtypes, while a generic function in neurogenesis and proliferation is exerted
mostly in the developing forebrain.

2.4
Function of Pax6 in the Adult Brain

Previous expression analysis of Pax6 in the adult brain detected Pax6 mRNA in
similar, but also notably different regions as during development [162]. One of the
regions in the adult mouse brain with the highest number of Pax6–positive cells is
the olfactory bulb (OB), where Pax6 is seen in three locations. Highest expression
levels are in a subtype of olfactory bulb interneurons located in the glomerular layer,
the periglomerular neurons [178]. These interneurons comprise several subsets,
and Pax6 seems to be contained almost exclusively in the dopaminergic subset of
these interneurons [178]. In addition, Pax6–immunoreactivity is detectable in the
granular layer, where it is localized mostly in migrating double-cortin-immunore-
active neurons destined to the glomerular layer [178]. The OB is one of two regions in
the adult mammalian brain where a large number of neurons are generated
throughout the life of the animal (the other region is the dentate gyrus of the hip-
pocampal formation; for a review, see [115]). Adult neurogenesis originates in a zone
lining the lateral wall of the lateral ventricle, the adult subependymal zone. It has
been demonstrated that a subset of astrocytes represents the progenitor cells for
adult neurogenesis that generates rapidly proliferating, transit-amplifying precur-
sors that then give rise to double-cortin-positive neuroblasts [163]. The latter migrate
in chains until they disperse radially into the different layers of the OB [164]. Inter-
estingly, Pax6 is mostly contained in double-cortin-positive neuroblasts, to a lesser
degree in transit-amplifying precursors, and is absent from the astrocyte-like stem
cells [114, 178]. This expression is reminiscent of the neurogenic role of Pax6 in the
developing telencephalon [43,66,114]. Indeed, as described above, Pax6 plays a role
in OB development since an aberrant vesicle forms within the anterior region of the
basal telencephalon instead of a proper olfactory bulb [141, 165], containing reelin-,
calretinin- and calbindin-positive cells; these are possibly remnants of mitral and
tufted cells in the Pax6Sey-/– mice [139, 165]. However, hardly any TH-immunoreac-
tive cells are present in this aberrant vesicle, suggesting that dopaminergic pe-
riglomerular interneurons fail to develop in the Pax6–mutant mice [150]. This may
be due to any of the multiple functions that Pax6 serves in the developing telence-
phalon described above – defects in cell migration, cell fate, or neuronal subtype
specification. In particular, since dorsoventral patterning of the developing telen-
cephalon is disturbed in the Pax6–mutant mice, mis-placement of the OB may also
be due to defects in regionalization. However, overexpression of Pax6 or its deletion
in the adult subependymal zone (SEZ) demonstrated its necessary and sufficient
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role in adult neurogenesis. While overexpression of Pax6 caused virtually all adult
SEZ precursors to assume a neurogenic fate, the expression of a dominant-negative
form of Pax6 (replacement of the transactivator domain with a repressor domain
[154]) or acute deletion of Pax6 by using a Cre/LoxP approach led to a severe reduc-
tion in neuronal precursors, and the few remaining neuroblasts did not differentiate
properly or enter the OB [178]. Thus, Pax6 functions as a transactivator in adult
neurogenesis and during development [43, 154]. Besides its pan-neurogenic role in
adult OB neurogenesis, Pax6 also affects neuronal subtype specification [178]. Over-
expression of Pax6 strongly promotes the acquisition of a dopaminergic periglo-
merular neuronal fate, while interference with Pax6 function at late stages of neu-
roblast differentiation selectively blocks the specification of this type of interneuron,
but not the formation of granule neurons, the second class of interneurons gener-
ated throughout adulthood [178]. In summary, these data support a cell-autonomous
role of Pax6 in the specification of some dopaminergic neurons during development
and in adults [150,151,178], with Pax6 being the first key fate determinant for the
generation of dopaminergic neurons in the adult mammalian brain.

Thus, the role of Pax6 in adult neurogenesis is reminiscent of its functions during
development – cell fate and neuronal subtype specification. However, Pax6 is also
detected in regions of the adult brain where no developmental dysfunction has been
detected in Pax6–mutant mice. For example, Pax6–positive cells are prominent in
the septal region, the zona incerta and entopeduncular nucleus in the diencephalon
and the zona reticularis of the substantia nigra [162]. The latter point is intriguing
with regard to the dopaminergic neuron specification observed in adult neuroge-
nesis, as well as some defects in the formation of dopaminergic neurons during
development of the Pax6Sey-/– mice [150]. Notably, however, neurons of the substantia
nigra seem to form properly in the Pax6–mutant, even though their projections to
the basal ganglia are severely abnormal [150]. However, as Pax6–mutant mice die at
birth, it has so far been impossible to evaluate whether Pax6 plays a role in neuronal
subtype survival or maintenance at later stages. Therefore, the role of Pax6 in sub-
sets of adult neurons remains to be determined by conditional gene deletion [85].

2.5
Mechanisms of Pax6 Function

As described above, the different DNA-binding domains of Pax6 seem to act as
modules dedicated to specific roles. The canonical PD affects patterning and cell fate
in the developing telencephalon via P6CON-regulated targets, while proliferation is
regulated via the 5aCON site. In contrast to the developing eye, HD targets seem to
play a minor role in the developing telencephalon. Thus, the emerging concept is a
modulator function of Pax6. However, so far little is known about the crucial effector
genes of these modular transcriptional regulations. One target of the canonical Pax6
PD (P6CON) in the developing telencephalon and spinal cord regulating patterning
and cell fate is the proneuronal basic helix-loop-helix (bHLH) transcription factor
Ngn2 [129]. Several phenotypes in the telencephalon of Pax6Sey-/– mice could be
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explained by the loss of its target Ngn2, such as the reduction in neurogenesis and
the switch from the generation of glutamatergic neurons to GABAergic neurons.
However, there are also different functions of these two transcription factors. While
the loss of Ngn2 affects primarily the specification of deep layer neurons in the
cortex [121], mostly upper layer neurons are mis-specified in the Pax6Sey-/– cortex
[118, 119]. The extracellular matrix glycoprotein Tenascin-C (TN-C) is expressed in
the VZ of the cerebral cortex and in the region of the PSB. In the Pax6Sey-/– mice, TN-C
expression in the dorsal VZ and the boundary region is lost [128]. Moreover, the cell
surface molecule R-cadherin seems to mediate the role of Pax6 in patterning and the
restriction of cell migration. R-cadherin expression is absent in the cortex of the
Pax6Sey-/– mouse [128], and mediates cell restriction at the border between the dorsal
and the ventral telencephalon [131]. At later stages, cadherin–6 and cadherin–8 are
also reduced in the cortex of Pax6Sey –/– mice [102]. It is not clear however, whether the
regulation of cadherins by Pax6 is direct or indirect. N-CAM, a member of the
immunoglobulin (Ig) -superfamily proteins of cell-surface molecules, is expressed
in most neural precursors and young neurons in the developing CNS, where it is
thought to be important for the mediation of cell-cell interactions. The N-CAM
promotor contains a putative binding site for the canonical PD of Pax6 that is able to
bind and to activate transcription in vitro [166]. Another cell-surface molecule sug-
gested to be regulated by Pax6 is the cell adhesion molecule L1, a cell-surface gly-
coprotein of the Ig-superfamily [167]. Putative binding sites for Pax6 have also been
identified in the promoter of human a5 – and b1-integrin respectively, and overex-
pression of Pax6(5a) positively regulated the transcription of b1-integrin in the lens
fiber cells of the developing eye in vivo [168]. During eye development of Drosophila,
the Pax6 homologue eyeless directly regulates the homeobox-containing gene sine
occulis (so) [169], and its vertebrate homologue Six3 is also expressed in the eye and
may be also under the direct control of Pax6 in Xenopus and mouse [73, 85]. Pax6
regulates crystalline gene expression in the vertebrate eye [170–172] and Maf, a
transcription factor in the developing vertebrate eye, contains at least three Pax6
binding sites in its promotor region and is activated by Pax6 in vitro [173]. Rhodopsin
expression in Drosophila is regulated by eyeless [174, 175], and by PaxB in cnidaria
[44]. Taken together, Pax6 regulates a multitude of different targets including ad-
hesion molecules, lens structural proteins as well as other transcription factors.

2.6
Conclusions and Outlook

Pax6 has been shown to be involved in the regulation of proliferation, neurogenesis,
and patterning in different regions of the developing and adult brain. One intriguing
question that surfaces in this context is: How can all these different functions be
fulfilled in different ways in different tissues, as for example the negative regulation
of proliferation in the telencephalon as opposed to the positive regulation of prolif-
eration in the developing eye or diencephalon? One possible answer to this might be
specific use of the different DNA-binding domains of Pax6, the modularity of which
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is further increased by alternative splicing. Moreover, different Pax6 isoforms or
transcripts can interact with diverse combinations of other transcription factors to
achieve region- and time-specific regulation of transcription to produce a variety of
transcriptional properties. Further variety is achieved by the spatiotemporal specific
use of different promoters and enhancer elements.

Abbreviations

AA amino acid
AH anterior hypothalamus
bHLH basic helix-loop-helix
CFA corticofugal axons
CNS central nervous system
E embryonic day
ERK extracellular-signal regulated kinase
Fgf fibroblast growth factor
HD homeobox domain
HTH helix-turn-helix
Ig immunoglobulin
JNK Jun N-terminal kinase
MAPK mitogen-activated protein kinase
MGE medial ganglionic eminence
MN motor neuron
Nrg neuregulin
OB olfactory bulb
O-GlcNAc O-linked N-acetylglucosaminylation
OLP oligodendrocyte precursor
PD paired domain
PSB pallial-subpallial boundary
PST-rich proline-, serine- and threonine-rich
SCO subcommissural organ
SEZ subependymal zone
SFRP–2 soluble frizzled related protein–2
SVZ subventricular zone
TAD transactivating domain
TBP TATA-box binding protein
TCA thalamocortical axons
Tgfa transforming growth factor a
TN-C tenascin-C
Tpco tract of the postoptic commissure
VZ ventricular zone
ZLI zona limitans intrathalamica
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Phox2a and Phox2b: Essential Transcription Factors for Neuron
Specification and Differentiation

Uwe Ernsberger and Hermann Rohrer

Abstract

The paired-homeodomain transcription factors Phox2a and Phox2b are selectively
expressed in restricted parts of the peripheral and central nervous systems. Phox2a
and Phox2b are required for neuron development, affecting cell cycle exit, subtype-
specific and generic neuronal differentiation. The specification of noradrenergic
neurons is nicely explained by their direct action on the promoter of the dopamine
beta-hydroxylase gene, whereas other Phox2 targets remain to be characterized. The
multiple functions of Phox2 transcription factors in different neuronal lineages
implicate specific co-determinants, acting together with Phox2 in neuron subtype
specification and differentiation. The expression of Phox2a and Phox2b in autonom-
ic visceral reflex circuits suggests that circuit formation is also included amongst the
many important functions controlled by these transcription factors.

3.1
Introduction

The Phox2 transcription factors Phox2a/Arix and Phox2b/NBPhox are important
regulators of cell fate and differentiation in the nervous system. They are expressed
in virtually all neurons of autonomic visceral reflex circuits in both the peripheral
nervous system (PNS) and central nervous system (CNS), and are essential for the
development of these neurons. They were discovered during the search for proteins
which regulated expression from the neural cell adhesion molecule (NCAM) (Val-
arché et al., 1993) and the dopamine-b-hydroxylase (DBH) (Zellmer et al., 1995)
promoter. Characterization of a nuclear protein that binds to a consensus site for
homeobox-containing transcription factors in both promoters and activates expres-
sion from corresponding promoter/reporter constructs led to the identification of
Phox2, alternatively called Arix. With the cloning by homology screen of a related
gene product (Pattyn et al., 1997), the initially identified family member was called
Phox2a/Arix, and the newly described factor Phox2b/NBPhox. They are character-
ized by a paired class homeodomain (HD) with the amino acid Q at position 50,
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classifying the Phox2 proteins as Q50 paired-like proteins (Galliot et al., 1999). For
simplicity, we use the terms Phox2a and Phox2b in this chapter, which focuses
mainly on the physiological functions of Phox2 signaling. Reference is also made to
a previous excellent review detailing Phox2 functions (Brunet and Pattyn, 2002)

3.2
Molecular Characteristics of Phox2 Genes and Proteins

3.2.1
Sequence and Gene Structure Conservation in the Animal Kingdom

Mouse Phox2a and Phox2b share identical homeodomain sequences (Pattyn et al.,
1997). The N-terminal domains are 57% identical, whilst the C-termini are highly
divergent. Zebrafish Phox2a is 66% identical at the amino acid level to mouse
Phox2a (Guo et al., 1999). CEH17 in Caenorhabditis elegans, which is discussed as
nematode Phox2 orthologue, shows 88% identity to the mouse Phox2 homeodo-
main (Pujol et al., 2000). Outside the homeodomain, however, no significant simi-
larities are detected.

The genes for Phox2a and Phox2b are unlinked on mouse and human chromo-
somes (Adachi et al., 2000). The gene structure is similar, with each gene containing
three exons and two introns. The same gene structure is reported for C. elegans
CEH17 (Pujol et al., 2000). In Xenopus, a Phox2a splice variant, XPhox2a.2 has been
characterized that diverges at the exon1/intron1 boundary from XPhox2a (Talikka et
al., 2004).

3.2.2
Transcriptional Activation by Phox2 Proteins

RGS4 and gustucin were identified as Phox2b target genes in a screen for genes
differentially expressed in hindbrain branchial motor neuron precursors of Phox2b
heterozygous or homozygous mutant embryos (Grillet et al., 2003). Although
Phox2b, in collaboration with Mash1, is able to induce RGS4 expression in chick
spinal cord, it is unclear whether Phox2b is activating gene expression directly or
indirectly. Evidence for the direct transcriptional action by Phox2 proteins has been
obtained with promoter constructs derived from DBH, NCAM, Phox2a, and NET
genes. As DBH, Phox2a and NET genes are expressed in a small selected group of
neurons, while NCAM expression is widely detectable throughout the nervous sys-
tem, this set of target genes points at the exciting question of how transcription
factors coordinate expression of pan-neuronal and population-specific genes.

The most detailed analysis of Phox2 action is available for the rat and human DBH
promoter. The DB1 enhancer fragment derived from the rat DBH promoter has
been used to characterize Phox2a (Zellmer et al., 1995). The DB1 fragment contains
two Phox2 binding sites, and mutation of both reduces gene expression from a DB1
reporter construct in PC12 cells. The corresponding region in the human DBH
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promoter, called domain IV, is considered a noradrenergic-specific cis-acting el-
ement, since mutation of the Phox2 binding sites does not diminish reporter gene
expression in non-noradrenergic cell lines (Yang et al., 1998). Both, Phox2a and
Phox2b can activate expression from a domain IV reporter construct. Another Phox2
binding region, domain II, is found between domain IV and the TATA box and
mediates transactivation of reporter constructs by Phox2a and Phox2b (Kim et al.,
1998). Electrophoretic mobility shift analysis indicates that Phox2a dimers can bind
to the domain II sites while monomers bind the domain IV sites (Seo et al., 2002).

In order to understand the regulatory cascades leading to cell type-specific and
physiologically appropriate gene activation, Phox2 interaction with other transcrip-
tion factors and signaling pathways has been analyzed. In non-neuronal cell cul-
tures, transcription from a rat DBH promoter is substantially activated when Phox2a
is present together with cAMP (Swanson et al., 1997). Decrease of the phosphory-
lation status of Phox2a upon stimulation of cAMP-dependent protein kinase (PKA),
coinciding with enhancement of Phox2a DNA binding, is necessary to fully activate
DBH expression (Adachi and Lewis, 2002). In addition, homeodomain binding
motives and cAMP-responsive element (CRE) are found adjacent in domain IV of
the DBH promoter. Phox2a can interact via its N-terminal activation domain with
cAMP-response element-binding protein-binding protein (CBP) to potentiate tran-
scription from the DBH promoter (Swanson et al., 2000). Since co-stimulation with
the cAMP/PKA system is necessary for noradrenergic differentiation in neural crest
cultures (Lo et al., 1999), convergence of Phox2 and CBP action may be required to
induce expression of the DBH gene during neuronal differentiation.

A second protein interacting with Phox2a at the rat DBH promoter is the basic
helix-loop-helix (bHLH) transcription factor Hand2 (Rychlik et al., 2003; Xu et al.,
2003). This stimulates expression from a DBH promoter reporter construct in the
presence of Phox2a independently of its basic DNA-binding domain. Activation is
lost in coexpression assays when the homeodomain sites in the DBH promoter are
removed, demonstrating dependence upon Phox2a-DNA interaction. The issue of
direct protein-protein interaction between Phox2a and Hand2 is controversial
(Rychlik et al., 2003; Xu et al., 2003). Sequential expression of Phox2s and Hand2
during the development of noradrenergic neurons (Howard et al., 2000) points at the
successive recruitment of transcription factors required for sympathetic neuron
specification and noradrenergic differentiation.

Phox2a was originally characterized by its binding to a promoter fragment of the
gene coding for mouse neural cell adhesion molecule (NCAM) (Valarché et al.,
1993). In N2a cells, Phox2a can relieve the inhibitory action of the homeodomain
protein Cux on a NCAM promoter-reporter construct. The importance of Phox2a for
NCAM expression in vivo has still to be clarified. As Phox2a is expressed in a restrict-
ed number of neuronal subpopulations, while NCAM is much more widely detect-
able, the question arises of how such population-specific transcription factors regu-
late widely expressed neuronal genes (Ernsberger, 2004). It is important to note that
inactivation of Phox2 transcription factors in mice affects not only the population-
specific, but also the generic neuronal differentiation program (Dubreuil et al.,
2000). Correspondingly, overexpression of Phox2 transcription factors induces
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ectopic differentiation of neurons expressing population-specific and general neu-
ronal properties (Stanke et al., 1999; Dubreuil et al., 2000; Patzke et al., 2001). How
this coordinated regulation of different sets of neuronally expressed genes is
achieved in molecular detail, remains to be elucidated.

Phox2a and Phox2b show a remarkably similar expression pattern in space (Pattyn
et al., 1997). The onset of expression, however, differs slightly – but significantly –
from either Phox2b expression or Phox2a expression preceding the other, depend-
ing on the neuronal lineage (Pattyn et al., 1997; Ernsberger et al., 2000; Howard et
al., 2000). The presence of a putative binding site for HD transcription factors in the
human Phox2a promoter, the demonstration of Phox2b interaction with this site,
and the transactivation of Phox2a promoter-reporter constructs by Phox2b in HeLa
cells (Flora et al., 2001; Hong et al., 2001) suggests that transactivation of Phox2a
expression by Phox2b may be one denominator of the Phox2a expression pattern.
Despite the similarity of expression patterns, Phox2a and Phox2b promoters appear
remarkably different (Hong et al., 2001, 2004). However, similar to the regulatory
regions in the Phox2a gene, the Phox2b promoter contains a Phox2 binding motive
and is weakly transactivated by Phox2b. This may stabilize Phox2b expression in an
autoregulatory loop.

DBH and tyrosine hydroxylase (TH) – both of which are enzymes in the norepi-
nephrine biosynthesis cascade – are coexpressed in time and space during sympa-
thetic neuron development (Ernsberger et al., 2000). If genes that code for functi-
onally interrelated gene products are also regulated by common mechanisms, they
qualify as members of a synexpression group (Niehrs and Pollet, 1999; Ernsberger,
2004). This is supported by the common induction of DBH and TH by bone mor-
phogenetic protein (BMP) growth factors and Phox2 transcription factors. The ob-
servation of direct transactivation of the TH promoter by Phox2 transcription fac-
tors, however, remains controversial (compare Zellmer et al., 1995, and Yang et al.,
1998). Whether the norepinephrine transporter (NET) is also co-regulated by Phox2
transcription factors is presently unclear. The human NET promoter contains a
homeodomain-binding motif which interacts with Phox2a (Kim et al., 2002), al-
though transactivation was not observed. In addition, there is no correlation be-
tween the onset of NET expression and TH/DBH expression in sympathetic neu-
rons (M. Stanke and H. Rohrer, unpublished results).

Taken together, there is evidence for the direct transactivation by Phox2 transcrip-
tion factors of genes specifically expressed in noradrenergic neurons. Transmitter
phenotype-related genes may be regulated as a synexpression group. Whether ge-
neric neuronal genes may also be directly transactivated by Phox2 transcription
factors has to be examined. Mutual transactivation of Phox2 transcription factors
may serve as a means of establishing transcriptional cascades that stabilize specific
gene expression patterns.
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3.3
Physiological Relevance of Phox2 Transcription Factors

3.3.1
Expression Pattern

Phox2a and Phox2b are selectively expressed in the developing nervous system in
sets of neuronal subtypes that are functionally linked in several ways.

A striking correlation observed during the initial analysis of Phox2a expression
sites was that Phox2a is present in all neurons that permanently or transiently
express noradrenergic properties, in particular DBH (Valarché et al., 1993; Tiveron
et al., 1996; Morin et al., 1997). This includes all noradrenergic centers of the brain –
that is, the locus coeruleus (LC) and the neurons of the A1, A2, A5, and A7 regions.
There is, however, no exclusive correlation with the noradrenergic phenotype in the
CNS as cholinergic branchiomotor and visceromotor neurons in the brainstem and
interneurons in the spinal cord express Phox2a and/or Phox2b (Tiveron et al., 1996;
Pattyn et al., 1997, 2000b; Dubreuil et al., 2000). In the PNS, Phox2a and Phox2b are
expressed by the entire autonomic nervous system – that is, by sympathetic, para-
sympathetic and enteric neurons, including noradrenergic and cholinergic cells
(Tiveron et al., 1996; Pattyn et al., 1997, 1999; Morin et al., 1997; Ernsberger et al.,
2000). In addition, the epibranchial placode-derived cranial sensory ganglia, the
geniculate, petrosal and nodose ganglia, which also contain DBH-positive neurons,
express Phox2a and Phox2b (Tiveron et al., 1996; Pattyn et al., 1997). Thus, Phox2
transcription factors are consistently expressed in DBH-expressing noradrenergic
neurons. In addition, Phox2a and Phox2b may be used in defined groups of non-
noradrenergic neurons such as certain sets of cholinergic motor neurons.

The detection of Phox2 transcription factors at different levels of autonomic reflex
pathways marks another intriguing observation. Autonomic neurons and the pla-
code-derived components of the cranial sensory ganglia represent efferent and af-
ferent parts of visceral reflex pathways. In addition, Phox2a/b are also expressed in
visceral motor neurons of the hindbrain (nucleus ambiguus, salivatory nuclei, dor-
sal nucleus of the vagus nerve), which relay visceral sensory input and autonomic
targets in the parasympathetic and enteric system (for a summary, see Brunet and
Pattyn, 2002). For example, the neurons of the three-relay visceral sensory pathway
comprising the carotid body, petrosal ganglia and the nucleus of the solitary tract
(nTS) express Phox2a/b from the onset of their differentiation (Dauger et al., 2003).
The Phox2a/b-expressing motor neurons of the trigeminal and facial nuclei can be
considered as parts of autonomic reflex circuits when phylogenetic aspects are con-
sidered (Fritzsch and Nortcutt, 1993). The only visceral circuit neurons devoid of
Phox2 expression are the preganglionic neurons of the spinal cord providing input
to Phox2–positive neurons of pre- and paravertebral sympathetic ganglia. Phox2–ex-
pressing neurons that do not participate in autonomic circuits are the cranial motor
neurons of the oculomotor and trochlear nuclei, the dorsal interneurons in the
spinal cord, and the noradrenergic centers LC and A7. But even for the LC there is
evidence supporting the idea that it represents a response system to external stimuli
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and changes in the state of autonomic functions (Moore and Bloom, 1979; Viemari
et al., 2004). Taken together, visceral reflex circuits with the exception of pregangli-
onic sympathetic neurons express Phox2 transcription factors. This observation
provokes the questions of whether and how Phox2a and Phox2b may regulate neu-
ronal connectivity during the development of these circuits.

3.3.2
Effects of Phox2 Gene Mutations

The physiological role of Phox2 transcription factors has been investigated in the
respective knockouts in mice (Morin et al., 1997; Pattyn et al., 1999, 2000a, 2000b,
2003; Dauger et al., 2003; Cross et al., 2004; Viemari et al., 2004) and in Phox2
zebrafish mutants (Guo et al., 1999). Mice deficient for Phox2a survive until birth.
Phox2b knockout embryos die shortly after midgestation, but can be maintained by
the application of noradrenergic agonists until E18.5 (Pattyn et al., 2000b). Thus, the
role of Phox2 factors in the embryonic development of different neuronal lineages
could be analyzed and the results are summarized in the following section.

3.3.2.1 Autonomic Neural Crest Derivatives and Visceral Sensory Ganglia
The lack of Phox2a results in the absence of cranial parasympathetic ganglia and
produces a minor migratory defect in the rostral sympathetic chain (Morin et al.,
1997). In visceral sensory ganglia, the transient expression of DBH is completely
blocked. This result provided the first evidence that Phox2 genes are physiologically
important for noradrenergic differentiation – that is, for DBH expression in vivo. In
addition, the expression of c-ret, the signaling receptor subunit of GDNF-related
ligands, is strongly down-regulated, while the geniculate, petrosal and nodose cra-
nial sensory neurons die.

In the Phox2b knockout an even more dramatic phenotype was observed, with a
complete lack of sympathetic, parasympathetic and enteric neurons, as well as of
visceral sensory neurons and one of their peripheral targets, the carotid body (Pattyn
et al., 1999; Dauger et al., 2003). The development of the ciliary ganglion is already
severely impaired in Phox2b heterozygotes (Cross et al., 2004). The common finding
for autonomic neural crest derivatives in the Phox2b knockout is that the cells mi-
grate to their correct positions, form ganglia, but do not differentiate and subse-
quently die. This has been observed for precursors of the sympathetic ganglia, enter-
ic ganglia and the carotid body (Pattyn et al., 1999; Dauger et al., 2003). Enteric
precursors populate only the foregut, and fail to migrate further.

Noradrenergic differentiation of petrosal neurons is also affected in Phox2b heter-
ozygous mutant embryos, which explains the physiological defects in Phox2b heter-
ozygous mice, an altered response to hypoxemia and hypercapnia at birth (Dauger et
al., 2003).
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3.3.2.2 Central Noradrenergic Neurons
In the absence of Phox2a, the LC never forms, whereas the other noradrenergic
centers in the hindbrain are unaffected (Morin et al., 1997). In contrast, in the
Phox2b knockout all noradrenergic neurons of the brain are missing (Pattyn et al.,
2000a). Recent evidence suggests an essential role of LC neurons in the maturation
of the hindbrain respiratory rhythm generator, thus providing an explanation for the
death of Phox2a knockout mice at birth (Viemari et al., 2004).

3.3.2.3 Autonomic Centers in the Hindbrain
In homozygous Phox2b mutants, the central target of visceral sensory ganglia – the
nTS, which integrates all visceral information – never forms, although nTS precur-
sors expressing Lmx1b and Rnx are initially born (Dauger et al., 2003). Neurons of
the area postrema (AP) that are located dorsal to the nTS, are also missing. Not only
the afferent but also all efferent visceral and branchial motor neurons require
Phox2b for their formation (Dubreuil et al., 2000; Pattyn et al., 2000b). Branchial
motor neurons (bm) innervate muscles derived from the branchial arches, visceral
motor neurons (vm) innervate parasympathetic ganglia. Both bm and vm differen-
tiate from progenitors expressing the homeobox genes Nkx2.2 and Nkx2.9, and are
located ventral to the domain that gives rise to the somatic motor neurons. In mice
lacking Phox2b both the generic and subtype-specific programs of bm/vm motor
neuron differentiation are disrupted at an early stage.

Phox2a is essential for the generation of the rostral sites of Phox2 gene expression –
that is, oculomotor (nIII) and trochlear (nIV) nuclei – but is dispensable for the
formation of bm and vm (Morin et al., 1997).

3.3.3
Human Mutations

The functions shown for Phox2a and Phox2b in mutant mice are to some extent –
but apparently not completely – conserved in man, as revealed by the effects in
Phox2 mutations leading to human congenital diseases. Homozygous mutations in
PHOX2A were shown to result in congenital fibrosis of the extraocular muscle type 2
(CFEOM2) (Nakano et al., 2001; Yazdani et al., 2003). Congenital fibrosis syndromes
were once believed to result from extraocular muscle fibrosis, but are now known to
result from aberrant development of the oculomotor (nIII), trochlear (nIV) and
abducens (nVI) cranial nerve nuclei. The effects observed confirm the critical role of
Phox2a for the development of midbrain motor nuclei. However, it is surprising that
the phenotype resulting from these Phox2a loss-of-function mutations (Yazdani et
al., 2003) is restricted to the ocular and pupillar phenotype, whereas Phox2a in the
mouse is essential for the survival of parasympathetic and sensory neurons and for
survival after birth. This suggests that there are functional differences between the
highly related human and mouse genes (Yazdani et al., 2003).

The importance of Phox2b for autonomic nervous system development and func-
tion in man has been revealed by the demonstration that PHOX2B is causally in-
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volved in the congenital central hypoventilation syndrome (CCHS; Ondine’s curse)
(Amiel et al., 2003; Weese-Mayer et al., 2003; Sasaki et al., 2003). CCHS is a rare
disorder characterized by persistent hypoventilation during sleep, beginning during
the neonatal period. The core phenotype is associated with lower-penetrance anoma-
lies of the autonomic nervous system, including Hirschsprung disease. The most
likely disease mechanism resulting in hypoventilation is an altered integration of
afferent inputs from central and peripheral chemoreceptors in the brainstem
(Gozal, 1998). The cellular and molecular basis of the ventilatory control anomalies
in CCHS are still unclear. The RET-GDNF signaling pathway and the upstream
regulatory genes HASH1 and PHOX2B were strongly implicated due to their im-
portance in the development of visceral circuits. Mutations in several of these genes
were observed in CCHS, with PHOX2B as the major disease-causing gene (more
than 86% of cases) (Katz, 2003; Sasaki et al., 2003; Huang et al., 2005). Most
PHOX2B mutations lead to an expansion of two polyalanine repeats, and there is a
correlation between the severity of the phenotype and the length of the repeat (We-
ese-Mayer et al., 2003). As the phenotype is evident in heterozygous mutations, and
is inherited in an autosomal-dominant manner, the mutations suggest that a domi-
nant-negative variant of the Phox2b protein, blocking the normal protein, is encoded
by the mutated gene. This conclusion is also supported by recent comparisons of
respiratory and pupillary phenotype in Phox2b heterozygous mice and CCHS pati-
ents. Although Phox2b+/– mice have an altered response to hypoxia and hypercapnia,
most likely due to a reduced TH expression in chemoafferent petrosal neurons, this
phenotype is transient and thus only partially models the CCHS phenotype (Dauger
et al., 2003). Haploinsufficiency for Phox2b in mice results in dilated pupils, caused
by a highly atrophic ciliary ganglion (Cross et al., 2004), whereas CCHS patients
display constricted, rather than dilated pupils. Thus, mutations in CCHS lead to a
much stronger phenotype than observed in Phox2b heterozygous mice, including
effects on the superior cervical ganglion that result in pupil constriction.

3.4
Molecular Mechanism of Action in Different Lineages

The Phox2 transcription factors are expressed at the stage of proliferating progenitor
cells, but are mostly maintained in mature, differentiated neurons. They display
distinct functions in different stages. In addition, they act in a context-dependent
manner and affect the development of different characteristics in different lineages.
In the following section, findings on the molecular mechanism of Phox2 action are
described for the individual neuronal subtypes and their progenitors.
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3.4.1
Sympathetic Neurons

The development of sympathetic neurons is controlled by a group of transcription
factors, including Mash1, Phox2b, Phox2a, Gata2/3, and Hand2 that are induced by
BMPs (Goridis and Rohrer, 2002). Mash1 and Phox2b are the first markers of sym-
pathetic neuron development, and are initially expressed in parallel, independently
of each other, as shown by the individual knockouts (Hirsch et al., 1998; Pattyn et al.,
1999). Phox2a, Hand2, and Gata2/3 are more downstream members of this net-
work. The transcription factor Sox10 is required for Mash1 and Phox2b expression,
but represses Phox2a and sympathetic neuronal differentiation, thus inducing neu-
rogenic potential and simultaneously delaying differentiation (Kim et al., 2003). In
the absence of Phox2b, Mash1–expressing cells are detectable in the ganglion pri-
mordia, but this expression is rapidly lost and further differentiation to a sympathet-
ic neuron phenotype (Phox2a, TH, DBH, neurofilament) is prevented (Pattyn et al.,
1999). The undifferentiated precursor cells subsequently die. The lack of noradren-
ergic differentiation of sympathetic precursors (and of noradrenergic precursors in
the hindbrain) in Phox2b-deficient mice, together with the ability of both Phox2a
and Phox2b to transactivate the DBH promotor (see above), provides a direct link
between cell-type specification and neuron subtype differentiation. The function of
Phox2 transcription factors in the specification of noradrenergic sympathetic neu-
rons was also confirmed by overexpression of Phox2a and Phox2b in neural crest
precursor cells, both in vitro and in vivo (Stanke et al., 1999; Patzke et al., 2001). As
Phox2 factors are essential also for the development of other, non-noradrenergic
phenotypes, additional co-determinants are implicated that interact with Phox2 in
the positive control of noradrenergic marker genes in peripheral and central no-
radrenergic neurons. Gata2/3 and Hand2 act together with Phox2a/b in the control
of noradrenergic differentiation in the PNS (Howard et al., 2000; Lim et al., 2000; Xu
et al., 2003; Rychlik et al., 2003; Tsarovina et al., 2004). It should be pointed out,
however, that the action of Phox2 transcription factors in sympathetic precursors is
not restricted to noradrenergic genes, as generic neuronal genes are also affected in
both loss-of-function and gain-of-function experiments (Pattyn et al., 1999; Stanke et
al., 1999; 2004; Patzke et al., 2001). There is both evidence for a direct effect of Phox2
on the expression of generic neuronal properties (Valarché et al., 1993) and for an
indirect action involving Mash1 (Stanke et al., 2004).

3.4.2
Parasympathetic Neurons

Parasympathetic neuron development shares with sympathetic neuron develop-
ment the dependence on Mash1 (Guillemot et al., 1993; Hirsch et al., 1998), and
Phox2b (Pattyn et al., 1999), with an additional requirement for Phox2a for rostral
parasympathetic ganglia (Morin et al., 1997). In addition, BMPs are required for the
development of parasympathetic neurons, at least in avian ciliary ganglia (Müller
and Rohrer, 2002). In the absence of BMPs, neural crest cells migrate normally and
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form ganglion aggregates, but do not express the downstream transcription factors
Mash1, Phox2b and Phox2a, nor other differentiation markers. In Phox2b knockout
mice, parasympathetic ganglia are undetectable at E13.5, and thus it is assumed that
they never form. In the Mash1 knockout, Phox2b-positive parasympathetic ganglia
are present at E13.5 (with the exception of the ciliary ganglion that could never be
detected), but they lack Phox2a, never express any noradrenergic markers, and sub-
sequently disappear (Guillemot et al., 1993; Hirsch et al., 1998).

Parasympathetic neurons display mostly a cholinergic phenotype in the mature
state, but during development they transiently express noradrenergic properties, as
shown in rat (Leblanc and Landis, 1989), mouse (Hirsch et al., 1998) and chick
(Müller and Rohrer, 2002). As TH expression in the chick ciliary ganglion is main-
tained by ectopic expression of the bHLH transcription factor Hand2, it has been
suggested that Hand2 may be responsible for the maintenance of noradrenergic
differentiation in peripheral autonomic neurons (Müller and Rohrer, 2002). This
hypothesis is supported by the finding that Hand2 is expressed in the chick spheno-
palatine ganglion where TH expression is maintained (Dai et al., 2004; F. Müller and
H. Rohrer, unpublished results), but not in the ciliary ganglion, where TH and DBH
are expressed only transiently (Müller and Rohrer, 2002). These data emphasize the
involvement of Phox2 transcription factors in noradrenergic as well as non-no-
radrenergic neuron development, and highlight the importance of additional tran-
scriptional regulators in the final decision on transmitter phenotype.

3.4.3
Enteric Neurons

The enteric nervous system is completely missing in homozygous Phox2b mutant
mice at E13.5. The enteric Phox2b phenotype is characterized by the initial popula-
tion of the foregut by enteric precursors at E10.5, the lack of further caudal migra-
tion, and differentiation. Subsequent cell death is explained by the loss of c-ret
expression (Pattyn et al., 1999). As this phenotype closely resembles the c-ret knock-
out at that stage (Durbec et al., 1996), and since c-ret expression is lost in Phox2–de-
ficient mice, the phenotype can fully be accounted for by its effect on c-ret expres-
sion. The lack of differentiation also includes the absence of TH and DBH, that are
transiently expressed in a subpopulation of enteric neurons in the esophagus
(Baetge et al., 1990; Pattyn et al., 1999). In comparison with sympathetic and para-
sympathetic neurons, much less is known about the initial stages of enteric neuron
development. It remains to be shown whether BMPs are also essential for enteric
neuron specification, which proneural genes (in addition to Mash1) cooperate with
Phox2b, and which co-determinants are involved in the generation of the different
enteric neuron subtypes. The Mash1 knockout affects only a subpopulation of tran-
siently adrenergic neurons located in the foregut (Blaugrund et al., 1996).
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3.4.4
Visceral Sensory Neurons of the Geniculate, Petrosal and Nodose Ganglia

The generation of epibranchial placodes seems to be initiated by BMP–7 derived
from the endoderm (Begbie et al., 1999), and controlled by the winged helix domain-
containing transcription factor Foxi1 (Lee et al., 2003), acting upstream of the pro-
neural genes Ngn2 and Phox2a. The sensory neuron precursors express Phox2a in
the placodes, and slightly later Phox2b, as they delaminate and form ganglion pri-
mordia (Tiveron et al., 1996; Pattyn et al., 1997). In the Phox2a mutant, cranial
placode-derived ganglia are morphologically normal at E10.5. The precursors have
initiated generic neuronal differentiation (b-tubulin, peripherin), but are completely
devoid of subtype-specific differentiation (i.e., DBH expression; Morin et al., 1997).
The converse phenotype is observed in the Ngn2 knockout, with a block in pan-
neuronal differentiation without affecting Phox2a expression (Fode et al., 1998).
Thus, subtype-specific and generic neuronal differentiation seem to be controlled
separately in this lineage, involving Phox2 and Ngn2, respectively. This resembles to
some extent the situation in sympathetic precursor cells, with Mash1 preferentially
controlling aspects of generic neuronal differentiation (Parras et al., 2002; Stanke et
al., 2004; see also Sommer et al., 1995). Phox2a-deficient mice display a reduced
expression of c-ret in the cranial sensory ganglia. As the survival of placode-derived
cranial sensory neurons depends on the neurotrophic action of the GDNF family
(Moore et al., 1996; Baloh et al., 2000), their death in Phox2a mutants may be
explained by reduced c-ret expression. The Phox2b knockout displays a very similar
phenotype. Since Phox2b is controlled by Phox2a, and since Phox2a is unable to
compensate for the lack of Phox2b with respect to noradrenergic differentiation,
Phox2b is the downstream effector in this lineage (Pattyn et al., 1999). As cranial
sensory neurons depend on Ngn2 as a proneural gene, while sympathetic neurons
require Mash1, Phox2b can act within the context of either Mash1 or Ngn2 to induce
the generation of a noradrenergic phenotype.

Besides acting in the early and transient noradrenergic differentiation of epibran-
chial sensory neurons, Phox2 transcription factors seem also to be required for the
later differentiation of dopaminergic chemoafferent neurons in the petrosal gangli-
on (Brosenitsch and Katz, 2002). This differentiation process requires membrane
depolarization during a critical time period, in addition to Phox2 expression. Inter-
estingly, Phox2 is only able to induce TH, but not DBH in these cells. The peripheral
target of dopaminergic chemoafferent neurons in the petrosal ganglion are the
glomus cells in the carotid body, which also depend on Phox2b for their survival. The
molecular and cellular mechanism involved in the action of Phox2 in this context are
not well understood, besides the finding that differentiation of glomus cells, as
reflected by the expression of Phox2a and TH, is blocked in the absence of Phox2b
(Dauger et al., 2003).
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3.4.5
Central Noradrenergic Neurons

The LC, which is the major noradrenergic center of the brain, is generated in the
dorsal rhombombere 1, involving BMP-induced dorsoventral patterning (Vogel-
Höpker and Rohrer, 2002). The initial steps of LC specification are controlled by
Mash1, Phox2a and Phox2b, with Mash1 upstream of Phox2a and Phox2b (Hirsch et
al., 1998; Lo et al., 1998). The similarity to the situation in sympathetic neurons lead
to the hypothesis that the molecular control of noradrenergic differentiation may be
conserved throughout the nervous system. However, this idea cannot be maintained
in view of the many differences in the way that different noradrenergic neurons
acquired their fate and characteristics:
• LC neurons, in contrast to sympathetic neurons depend on both Phox2b and

Phox2a.
• Noradrenergic differentiation of sympathetic precursors depends on Gata2/3

transcription factors (Gata2 in the chick, Gata3 in the mouse) and presumably
also on Hand2, whereas these transcription factors are not expressed in central
noradrenergic neurons (Howard et al., 2000; Lim et al., 2000; Tsarovina et al.,
2004).

• The noradrenergic centers A1, A2, A5, and A7 depend only on Phox2b, not on
Phox2a, like sympathetic neurons. As Hand2 and Gata2/3 are thought to repre-
sent noradrenergic co-determinants, acting together with Phox2a/b in the con-
trol of peripheral noradrenergic gene expression (; Howard et al., 2000; Müller
and Rohrer, 2002; Tsarovina et al., 2004), additional unknown co-determinants
are implicated in central noradrenergic neurons. Thus, the sequence of Phox2a
and Phox2b expression as well as co-regulatory transcription factors may differ
between noradrenergic neuron populations.

3.4.6
Autonomic Centers in the Hindbrain

3.4.6.1 Afferent Visceral Centers
The nTS is generated from dorsal precursors that start to express Phox2b as post-
mitotic cells in the mantle zone (Dauger et al., 2003). In the Phox2b knockout, nTS
cells coexpressing Rnx and Lmx1b are born as in wild-type embryos and are present
in a dorsal position at E11.5. Subsequently, they do not migrate ventrally, are lost,
and nTS and AP never form. The development of the nTS is also dependent on Rnx
(Qian et al., 2001), the action of which, however, is not restricted to visceral reflex
circuits but also includes the development of somatic sensory neurons (Qian et al.,
2002).
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3.4.6.2 Efferent Visceral Centers
Phox2b is required for the formation of all bm and cranial vm, the nuclei of the
trigeminal and facial nerves, the nucleus ambiguus (nA) and the dorsal motor nu-
cleus of the vagus nerve (dmnX) (Pattyn et al., 2000b). These neurons develop nor-
mally in the absence of Phox2a. The bm display voluntary functions in head and jaw
musculature in higher vertebrates, but fulfill visceral functions in fish and amphibia
by controlling breathing through innervation of the gill muscles (Fritzsch and
Northcutt, 1993). For this reason, bm and vm are discussed together in this section.
In the Phox2b knockout, precursors of bm and vm are generated on schedule but the
majority do not differentiate, reflected by the lack of Phox2a, Islet1, Math3, Ebf2, and
Ebf3 expression, and by a maintenance of neuroepithelial markers (i.e., Nkx2.2 and
Mash1; Pattyn et al., 2000b). Most precursors die before they migrate to the mantle
layer. Interestingly, some cells are able to leave the ventricular zone and become
postmitotic, albeit maintaining their neuroepithelial identity. Direct evidence for a
role of Phox2b in the control of cell-cycle exit has been obtained by loss- and gain-
of-function approaches. In particular, forced expression of Phox2b in embryonic
chick spinal cord results in differentiation of ectopic neurons with bm/vm proper-
ties (Dubreuil et al., 2000, 2002). The Phox2b-induced generation of bm/vm involves
the induction of pan-neuronal properties by stimulating the expression of proneural
genes and repressing the expression of inhibitors of neurogenesis (Hes5, Id2). In
parallel, Phox2b affects bm/vm fate specification by controlling the expression of
patterning genes that inhibit (Pax6, Olig2) or allow (Nkx6.1, Nkx6.2) bm/vm devel-
opment (Dubreuil et al., 2002). The expression of Phox2b during normal hindbrain
development in turn is controlled directly by dorsoventral (Nkx2.2) and anteropos-
terior (Hoxb1 and Hoxb2) patterning genes (Samad et al., 2004). The induction of
ectopic Phox2b-positive visceral motor neurons requires the combined actions of
Hox and Nkx2.2 homeodomain proteins (Samad et al., 2004). Taken together,
Phox2b displays multiple functions in bm/vm development, on the one hand acting
in proliferating precursor cells towards a neuronal fate and on the other hand in
controlling general and subtype-specific neuron differentiation. This led to the pro-
posal that Phox2b coordinates cell-cycle exit and the specification of bm/vm neu-
ronal identity.

Phox2b is not only required for the generation of vm and bm, but it also represses
the generation of serotonergic neurons generated from the same Nkx2.2–positive
progenitor cells. Serotonergic neuron generation correlates with the down-regula-
tion of Phox2b and indeed, in the Phox2b knockout the loss of vm/bm is accompa-
nied by premature expression of the serotonergic marker pet–1 (Pattyn et al., 2003).

3.4.7
Oculomotor (nIII) and Trochlear (nIV) Centers

The development of oculomotor and trochlear nuclei depends on Phox2a, expressed
before Phox2b in this lineage (Pattyn et al., 1997). In the Phox2a knockout the
expression of Phox2b is absent at E10.5 and the nuclei never form, as shown by the
lack of Islet–1 expression at E11.5 and the absence of ChAT and peripherin expres-
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sion at later stages (Pattyn et al., 1997). Whether the Edinger-Westphal nucleus that
contains neurons innervating the parasympathetic ciliary ganglion, located close to
nIII, also expresses Phox2a/2b is not clear. Transcription factors interacting with
Phox2a in the development of nIII and nIV are not known. Oculomotor and troch-
lear motor neurons are usually classified as somatic motor neurons, but there are
several properties (e.g., the lack of HB9 and Lim3 expression) that they share with
bm/vm but not with somatic motor neurons (for a discussion, see Pattyn et al.,
2000b).

3.5
Conclusions and Outlook

3.5.1
Distinct or Identical Functions for Phox2a and Phox2b?

Overexpression and promoter studies have provided minimal evidence for distinct
functions of Phox2a and Phox2b. Both are sufficient to elicit the generation of
sympathetic neurons from neural crest precursor cells (Stanke et al., 1999; Patzke et
al., 2001). As there is cross-regulation – that is, Phox2a inducing the expression of
the upstream paralogue Phox2b – it is not possible to draw conclusions on the action
of the individual transcription factors in this experimental paradigm. Promotor
studies have shown that Phox2a and Phox2b share identical homeodomains that
bind to the same promotor sequences (Adachi et al., 2000; Seo et al., 2002) and are
not distinguishable in their ability to transactivate DBH expression in cultured cells
(Adachi et al., 2000; Seo et al., 2002). The only evidence for functional differences
between Phox2a and Phox2b in their ability to transactivate gene expression was
observed at the human Phox2a promotor which is transactivated by Phox2b, but not
Phox2a (Hong et al., 2001).

Stronger evidence for distinct Phox2a and Phox2b functions is derived from
studies in mutant mice. Phox2a and Phox2b are coexpressed in virtually all lineages,
but differ in the order of expression. The Phox2 protein expressed first induces the
expression of the second, which can explain for the most part the phenotypes ob-
served on Phox2a and Phox2b knockout mice. An absence of the Phox2 gene ex-
pressed first results in the lack of the downstream paralogue and in the loss or
atrophy of the ganglia and nuclei. In the absence of the second Phox2 gene, the cells
develop normally due to compensation by the upstream gene in certain neuron
populations. However, some lineages require the action of both Phox2a and Phox2b
– that is, the LC, cranial sensory ganglia and parasympathetic ganglia of the head
(Morin et al., 1997; Pattyn et al., 1997, 1999, 2000a). Thus, Phox2a and Phox2b are
unable to compensate for the loss of the paralogue, and this implicates specific
functions for each factor. With respect to noradrenergic differentiation, only Phox2b
may be functionally relevant, whereas Phox2a may be dispensable, as DBH expres-
sion is completely absent in Phox2b-deficient LC and cranial visceral ganglia,
though Phox2a expression is initially maintained (Pattyn et al., 1999, 2000a). In
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conclusion, whilst there is evidence suggesting functional differences between
Phox2a and Phox2b proteins, this depends heavily on the neuronal lineage and may
be linked to particular cellular functions (i.e., noradrenergic differentiation). In
addition, gene dosage may be important in certain lineages to support maximal
Phox2 effects (Dauger et al., 2003; Cross et al., 2004).

Most recently, the different roles of Phox2a and Phox2b have been addressed by the
generation of knockin mutant mice in which Phox2a is replaced by the Phox2b
coding sequence, and vice versa. In both cases, no full rescue of the functions lost in
the respective knockout was achieved be the replacement gene. These studies have
provided evidence for significant functional differences between the Phox2 genes
(Coppola et al., 2005). Thus, the Phox2 genes that arose by gene duplication from an
ancestral gene (Pujol et al., 2000) appear to have been maintained during evolution,
not only because they have adopted different spatiotemporal expression patterns but
also because they acquired specific properties that are essential in particular neu-
ronal lineages.

3.5.2
Master Control Genes for Noradrenergic Differentiation

Although Phox2a and Phox2b are expressed not exclusively in cells with a noradren-
ergic phenotype, all cells that transiently or permanently express noradrenergic
properties also express Phox2a/Phox2b (Tiveron et al., 1996; Pattyn et al., 1997). This
is explained by the direct transcriptional activation of the DBH gene by Phox2a and
Phox2b, which bind to defined response elements in the promotor regions (Tissier-
Seta et al., 1993; Zellmer et al., 1995; Kim et al., 1998; Yang et al., 1998; Adachi et al.,
2000). Phox2 transcription factors are essential, but are they also sufficient? They are
sufficient in the sense that Phox2 overexpression in trunk neural crest precursors is
able to elicit the generation of noradrenergic neurons. This action is, however,
dependent on the cellular context. Phox2 overexpression in precursor cells located in
peripheral nerves induces noradrenergic neuronal properties (Stanke et al., 1999;
Patzke et al., 2001). In contrast, overexpression in ciliary neuron precursors does not
increase the number of noradrenergic neurons in this parasympathetic ganglion (F.
Müller and H. Rohrer, unpublished results), illustrating restrictions in the no-
radrenergic potential even within the autonomic nervous system. Phox2 overex-
pression in the spinal cord results in the generation of neurons that display proper-
ties of bm/vm (Dubreuil et al., 2000), but not of neurons with noradrenergic prop-
erties (U. Ernsberger and H. Rohrer, unpublished results). Thus, the function of
Phox2 factors at the DBH promoter is essential for noradrenergic differentiation,
but is not sufficient. This points to a requirement of noradrenergic co-determinants
expressed in cells that acquire a noradrenergic phenotype. Hand2 and Gata2/3 are
candidates for such noradrenergic co-determinants in the autonomic nervous sys-
tem (Lim et al., 2000; Müller and Rohrer, 2002; Tsarovina et al., 2004). In peripheral
nerve precursors, Phox2 factors induce noradrenergic neuron differentiation by
eliciting expression of the entire network of transcriptional regulators involved in
peripheral noradrenergic neuron development: Mash1, Hand2, and Gata2/3
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(Stanke et al., 1999, 2004). As Hand2 and Gata2/3 are not expressed in central
noradrenergic neurons, additional factors that interact with Phox2 signaling appear
to be implicated.

3.5.3
Master Control Genes for Autonomic Reflex Circuit Generation

The expression pattern of Phox2a revealed a striking correlation with autonomic
visceral reflex circuits, and this led to the proposal that Phox2a might control the
development of these synaptic pathways (Tiveron et al., 1996). Phox2 genes are
thought to control the initiation or stabilization of contacts between the different
cells of autonomic circuits. But how could the same transcription factor expressed by
two cell types lead to the formation of specific contacts? One possibility might be that
Phox2 genes induce the expression of homophilic cell adhesion factors (e.g., cad-
herins) that would allow specific cell-cell interactions to be initiated and/or stabili-
zed. This hypothesis was initially proposed to explain the specific contacts formed
between proprioceptive sensory neurons and motor neurons in the ventral spinal
cord which coexpress the same ETS transcription factor (Lin et al., 1998). It might be
argued, however, that Phox2 expression is not essential for autonomic circuit for-
mation, as spinal cord visceral motor neurons are integrated into the circuits with-
out expressing Phox2. In addition, considering the differences in the phenotypes of
Phox2a loss-of-function mutations in mice and man (Cross et al., 2004), it is con-
ceivable that Phox2 may control circuit formation in a species-dependent manner.

Although this is one of the most important and interesting issues in the field, to
date it has been impossible to test the role of Phox2 genes in the control of cell-cell
interaction during circuit formation. As Phox2 genes are required for the specifica-
tion and early differentiation of autonomic circuit neurons, these cells are either not
generated at all or die before axons grow out in the absence of Phox2 transcription
factors. The analysis of conditional Phox2 knockout mice is expected to provide the
answers to this important question, however. At present, the only evidence support-
ing a role for Phox2 in neurite outgrowth comes from a Phox2 mutant in C. elegans
(Pujol et al., 2000). In this model organism, the Phox2 orthologue cePHOX2/CEH–
17 Phox is expressed in a small number of head neurons that project towards the tail.
In cePHOX2/CEH–17 mutants, the axon elongation is disrupted without affecting
generic neuronal differentiation (Pujol et al., 2000).

The proposed function of Phox2 genes in circuit formation implies that a set of
Phox2–dependent genes is expressed in all visceral circuit neurons. In a screen for
Phox2b-controlled genes, RGS4 and gustucin were discovered, these being regula-
tors of G-protein signaling and a G-protein, respectively (Grillet et al., 2003). The
expression of RGS4 in most circuit neurons and the function of RGS-family mem-
bers in cell migration and axon navigation are in agreement with Phox2–controlled
circuit formation. Although a RGS4 knockout did not support the proposed role in
circuit formation (Grillet et al., 2005), further studies are required to address this
issue in view of the large number of RGS family members and the possibility of
redundant functions.
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AP area postrema
bHLH basic helix-loop-helix
bm branchial motor neurons
BMP bone morphogenetic protein
CBP cAMP-response element-binding protein-binding protein
CCHS congenital central hypoventilation syndrome
CFEOM2 congenital fibrosis of the extraocular muscle type 2
CRE cAMP-responsive element
dmnX dorsal motor nucleus of the vagus nerve
HD homeodomain
LC locus coeruleus
nA nucleus ambiguus
NCAM neural cell adhesion molecule
NET norepinephrine transporter
nTS nucleus of the solitary tract
PKA protein kinase
TH tyrosine hydroxylase
vm visceral motor neurons
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4
Functions of LIM-Homeodomain Proteins in the Development of
the Nervous System

Yangu Zhao, Nasir Malik, and Heiner Westphal

Abstract

The nervous system is composed of diverse types of neurons that are precisely
positioned and connected to form the highly organized neural circuitry. One great
challenge in developmental neuroscience is to understand the molecular mecha-
nisms that underlie the generation, positioning, and subsequent connection of
these neurons during development. LIM-homeodomain (LIM-HD) proteins form a
group of homeodomain-containing transcription factors that have been conserved
in evolution. Functional analysis of most of these proteins has shown that they play
prominent roles in the specification of diverse neuronal cell types by regulating
various aspects of neuronal development such as precursor cell proliferation, cell
migration, process outgrowth, axonal pathfinding, and synthesis of neurotransmit-
ters. In addition, recent progress in the identification and functional characteriza-
tion of interacting factors and downstream target genes of LIM-HD proteins has
begun to provide valuable insights into mechanisms underlying the action of the
LIM-HD proteins during development.

4.1
Introduction

LIM-homeodomain (LIM-HD) proteins are a group of phylogenetically conserved
transcription factors encoded by a subfamily of homeobox genes. The functions of
these transcription factors have been analyzed in a wide variety of model organisms,
including worms, flies, fish, frogs, chick, and mice. These analyses have revealed
important roles of these proteins in tissue patterning and cell differentiation during
embryonic development. This chapter first presents a brief overview on the structure
and classification of LIM-HD proteins, followed by a review of their functions in the
development of the nervous system. There follows a discussion of recent progress in
the identification and characterization of factors that interact with the LIM-HD
proteins and of downstream target genes that are specifically controlled by these
transcriptional regulators.
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4.2
Common Structural Features and Classification of LIM-HD Proteins

One common structural feature shared by all LIM-HD transcription factors is the
presence of two unique N-terminal motifs, called LIM domains, and a DNA-binding
homeodomain close to the C-terminus of the protein (Fig. 4.1A). LIM is an acronym
derived from the first letters of the three founding members of this group of tran-
scription factors, LIN–11 (Freyd et al., 1990), Islet1 (Karlsson et al., 1990), and
MEC–3 (Way and Chalfie, 1988). The LIM domain is a cysteine-histidine-rich
domain composed of approximately 55 amino acid residues that form double zinc
fingers (Fig. 4.1B). Structural analyses using NMR spectroscopy and X-ray crystal-
lography have shown that each of the two zinc fingers in a LIM domain consists of
two orthogonally packed anti-parallel b-hairpins (Perez-Alvarado et al., 1994; Deane
et al., 2003, 2004). The LIM domains are believed to be involved in mediating inter-
actions between LIM-HD proteins and their cofactors that are required for the tran-
scriptional regulation of downstream target genes.

The LIM-HD proteins are encoded by a large subfamily of homeobox genes that is
composed of seven members in Caenorhabditis elegans, six in Drosophila, and 12 in
mice. Based on amino acid sequence similarities between the homeodomains, the
LIM-HD proteins have been further subdivided into six subgroups (Hobert and
Westphal, 2000; see also Table 4.1). Most of these subgroups are represented by one
gene in invertebrates and two closely related genes in mice, possibly reflecting a
gene duplication event during evolution. Zebrafish and Xenopus laevis occasionally
contain a third member in each subgroup of the LIM-HD proteins.

Fig. 4.1 (A) Schematic illustration showing major functional motifs of a LIM-
HD protein. (B) Characteristic cysteine-histidine-rich amino acid sequence of a
LIM domain that forms the double zinc finger structure.
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4.3
LIM-HD Proteins and the Development of Invertebrate Nervous Systems

The function of LIM-HD proteins in the development of the nervous system has
been initially analyzed in the invertebrates C. elegans and Drosophila. Studies in these
organisms have shown that LIM-HD transcription factors play essential roles in
controlling the generation of specific neuronal cell types and axonal pathfinding in
the developing nervous system.

4.3.1
C. elegans

Whole-genome sequencing has documented the presence of seven genes encoding
LIM-HD proteins in C. elegans. Six of these genes are known to play specific roles in
the differentiation of neuronal cell types, while the seventh gene has not yet been
characterized. The first LIM-HD protein ever identified was MEC–3 (Way and Chal-
fie, 1988). The mec–3 gene is expressed in the six C. elegans neurons responsible for
sensing touch, and all of these cells fail to differentiate properly in mec–3 mutants.

Table 4.1 Classification of LIM-HD proteins in model organisms.

Sub-family Mammals Zebrafish D. melanogaster C. elegans

Lhx1/5 Lhx1
Lhx5

Lim1 (Lhx1a)
Lim6 (Lhx1b)
Lim5 (Lhx5)

Lim1 Lin11

Lhx2/9 Lhx2
Lhx9

BC093288a

33846.2b

Apterous Ttx3

Lhx3/4 Lhx3
Lhx4

Lim3
CN05678a

Lim3 Ceh14

Lhx6/8 Lhx6
Lhx8

Lhx6
Lhx7

Arrowhead Lim4

Islet Islet1
Islet2

Islet1
Islet2
Islet3

Islet/Tailup Lim7

Lmx Lmx1a
Lmx1b

BI843115a

13921.1b

CG4328 c

GA18112 c

Lim6

Mec3 None None None Mec3

The list of zebrafish genes is preliminary, based upon available lite-
rature and on a UCSC Genome Bioinformatics Web Site BLAT search
(http://www.genome.ucsc.edu/cgi-bin/hgBlat?command=start)

a GenBank Accession Number.
b ENSEMBL Gene Prediction Transcript Number.
c There may be only one active Drosophila lmx gene.
References for some zebrafish genes: lim1 (Toyama et al., 1995b);

lim5 (Toyama et al., 1995a); lim6 (Toyama and Dawid, 1997); lim3
(Glasgow et al., 1997); Lhx6/Lhx7 (Jackman et al., 2004)
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Another neuronal cell type expressing mec–3 is the PVD harsh touch sensory neuron
which does not function properly in mec–3 mutants, as the extensive dendritic
branching of this neuron fails to take place in the absence of mec–3 (Way and Chalfie,
1989; Tsalik et al., 2003).

Three other LIM-HD proteins, LIN–11, TTX–3, and CEH–14, play critical roles in
the terminal differentiation and maintenance of neurons that form the thermore-
gulatory circuit in C. elegans. This circuit consists of a sensory neuron (AFD), a
primary interneuron (AIY) that regulates responses to low temperature, and another
primary interneuron (AIZ) that regulates responses to high temperature. The ceh–
14, ttx–3, and lin–11 genes are expressed in the AFD, AIY, and AIZ neurons, respec-
tively, and a loss of function of each of these genes results in defects in terminal
differentiation of each of these neurons and causes behavioral abnormalities indica-
tive of dysfunctional thermoregulation (Hobert et al., 1997, 1998; Cassata et al.,
2000).

The function of LIM-HD proteins has also been analyzed in development of the
chemosensory neurons in C. elegans. There are 11 pairs of chemosensory neurons in
the worm that sense the chemical environment. Among these, AWA and AWC are
odor attractants, AWB is an odor repellant, and ASG is one of the neurons that sense
pheromones. The AWB olfactory neuron expresses the LIM-HD gene lim–4 (Sagasti
et al., 1999). In the absence of lim–4 function, the AWB neuron is transformed to
adopt an AWC neuron phenotype, both morphologically and functionally. Converse-
ly, an ectopic expression of lim–4 in an AWC neuron transforms it into an AWB
neuron (Sagasti et al., 1999). The lin–11 gene is transiently expressed in the AWA
neuron, and it is also expressed in AWC and ASG neurons (Sarafi-Reinach et al.,
2001). In lin–11 mutants, the AWA neuron assumes AWA/AWC hybrid morphology.
Additionally, a mis-expression of lin–11 in all ciliated neurons forces some neurons
to switch to an ASG fate (Sarafi-Reinach et al., 2001). Together, these findings indi-
cate that LIM-HD proteins play important roles in controlling the identity of distinct
chemosensory neurons in C. elegans.

Finally in C. elegans, several types of sensory neurons, interneurons, and motor
neurons express the Lmx sub-group LIM-HD gene lim–6 (Hobert et al., 1999). This
gene controls the specification of two classes of GABAergic motor neurons. In the
absence of lim–6, these neurons fail to form proper axonal projection and lack
expression of the enzyme required for synthesis of the neurotransmitter gamma-
aminobutyric acid (GABA) (Hobert et al., 1999). The C. elegans nervous system
shows multiple examples of neurons that show left/right asymmetry. Two sensory
neurons required for taste – ASE left (ASEL) and ASE right (ASER) – are bilaterally
symmetric but have distinctive functions and gene expression profiles. Lim–6 is
selectively expressed in ASEL and is required for the functional asymmetry between
ASEL and ASER by turning off expression of the G-protein-coupled receptor gcy–5 in
ASEL neurons (Pierce-Shimomura et al., 2001; Chang et al., 2003). In addition, lim–6
allows the ASEL neuron to distinguish sodium from chloride (Pierce-Shimomura et
al., 2001). Lim–6 also interacts with ceh–14 to control specification of the PVT inter-
neuron in the ventral nerve cord (Aurelio et al., 2003). Proteins encoded by these two
genes are required for the proper expression of immunoglobulin genes that, in turn,
are necessary for correct axonal patterning of the PVT neuron.
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4.3.2
Drosophila

In the fruit fly Drosophila, two LIM-HD transcription factors, Lim3, and Islet, have
clearly defined roles in controlling the identity and axonal projection pattern of
motor neurons in the ventral nerve cord. The Drosophila ventral nerve cord contains
three different subtypes of motor neurons that are characterized by their distinct
projection of axons through one of the three different nerves exiting the nerve cord,
the transverse nerve (TN), the intersegmental nerve b (ISNb), and the intersegmen-
tal nerve d (ISNd). The Islet gene is expressed in all these three types of motor
neurons, whereas Lim3 is only expressed in neurons that project axons through the
TN and ISNb (Thor et al., 1999). The Islet gene controls axon pathfinding in all three
nerves (Thor and Thomas, 1997). In mutants lacking Lim3, the ISNb neurons divert
their axons to ISNd, and TN neurons fail to project axons to their proper target.
Mis-expression of Lim3 in ISNd motor neurons reroutes the axon of these neurons
so that they project through ISNb (Thor et al., 1999). These results suggest that Lim3
and Islet function as part of a combinatorial code that controls the specificity of
motor neuron axonal pathway selection.

Unlike the motor neurons, each interneuron cell type in Drosophila expresses only
one LIM-HD gene. The loss of either Apterous, Islet, or Lim3 causes axonal pathfin-
ding defects in each type of the interneuron that expresses these genes, respectively
(Lundgren et al., 1995; Thor and Thomas, 1997; Thor et al., 1999; van Meyel et al.,
2000). In Apterous mutants, the phenotype can be rescued upon expression of a
full-length Apterous transgene, but not by Lim3 or an Apterous construct fitted with
the sequence encoding the LIM domains of the Lim3 protein, indicating non-re-
dundant function of different LIM-HD proteins in controlling axonal pathfinding in
individual interneuron subtypes (O’Keefe et al., 1998).

Apterous and Islet are also involved in the regulation of neurotransmitter synthesis
in several different neuronal cell types in the fly nervous system. Apterous is ex-
pressed in ventral nerve cord (VNC) neurons that use the peptide FMRF-amide as a
neurotransmitter. In Apterous mutants, these neurons are present but fail to pro-
duce FMRF-amide (Schneider et al., 1993; Benveniste et al., 1998). Islet is expressed
in both serotonergic and dopaminergic neurons. In mutant flies lacking Islet func-
tion, these neurons are impaired in the synthesis of serotonin and dopamine, re-
spectively (Thor and Thomas, 1997).

4.4
Functions of LIM-HD Proteins in the Development of Vertebrate Nervous Systems

Compared to invertebrates, the vertebrate nervous system contains a much larger
number and diversity of neurons, and a far more complex neural circuitry. In this
setting, the LIM-HD proteins assume an expanding cell-autonomous role in con-
trolling the differentiation and axonal pathfinding of developing neurons. In addi-
tion, the LIM-HD proteins can affect the patterning of broad regions of the develop-
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ing vertebrate central nervous system (CNS) by controlling the formation of critical
signaling centers and regulation of early neural progenitor cell specification and
proliferation.

4.4.1
The Vertebrate Spinal Cord

Although the spinal cord is a less complex part of the vertebrate CNS, it too contains
many different types of neurons. During development, these neurons are generated
and then precisely connected, either with each other within the spinal cord or with
their input and target cells outside the spinal cord, to form a circuitry that is essential
for the normal sensory and motor functions. This process involves intricate tran-
scriptional regulation by a number of LIM-HD factors.

The expression of LIM-HD factors in the developing spinal cord was initially char-
acterized in chick embryos (Tsuchida et al., 1994). Chick Islet1, Islet2, Lhx1, and
Lhx3 were found to be expressed in different combinations that correlate with both
the location of the cell body and the axonal projections of the various types of motor
neurons in the spinal cord. Similarly, in zebrafish, spinal cord primary motor neu-
rons with distinct cell body positions and axonal projection patterns express unique
combinations of LIM-HD genes. Furthermore, when these neurons were transplan-
ted to a heterologous position within the spinal cord, their LIM-HD gene expression
profile, morphology, and axonal projection pattern changed to resemble those of
neurons residing at the implant site (Appel et al., 1995). These observations suggest
that the identity and axonal projection profile of the different subclasses of spinal
cord motor neurons is controlled by a combinatorial expression of different LIM-HD
proteins.

The function of individual LIM-HD proteins in the development of the spinal cord
has been analyzed primarily by targeted deletion or mis-expression experiments in
mouse and chick embryos. The Islet1 gene is expressed in postmitotic precursor cells
that give rise to all subclasses of motor neurons soon after their exit from the cell
cycle (Ericson et al., 1992). In mutant mice lacking Islet1, cells that are destined to
become motor neurons fail to differentiate properly and instead undergo apoptosis
(programmed cell death). This results in a complete absence of motor neurons in
Islet1 mutants (Pfaff et al., 1996). The closely related Islet2 gene is also expressed in
all subclasses of motor neurons (Tsuchida et al., 1994). In mutant mice lacking Islet2,
the spinal cord motor neurons are generated. However, a subclass of visceral motor
neurons fail to migrate and project their axons properly, reflecting a switch from
visceral to somatic motor neuron character (Thaler et al., 2004).

Two other LIM-HD genes, Lhx3 and Lhx4, have been extensively studied in this
context. These two genes share a high sequence similarity (Zhadanov et al., 1995;
Yamashita et al., 1997). They are coexpressed in all subclasses of motor neurons that
extend their axons ventrally from the neural tube during the time window when
these cells exit the cell cycle. In contrast, Lhx3 and Lhx4 are never expressed in motor
neurons that extend their axons dorsally from the neural tube. In mutant mice with
deletions of both Lhx3 and Lhx4, the motor neurons are generated, but the neurons
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that normally extend axons ventrally switch their identity and instead extend their
axons dorsally (Sharma et al., 1998). Conversely, chick hindbrain motor neurons
that normally project axons dorsally change fate and project axons ventrally upon
ectopic expression of Lhx3 (Sharma et al., 1998). In motor neurons that extend axons
ventrally from the neural tube, Lhx3 and Lhx4 are rapidly down-regulated, but their
expression persists in one subclass that specifically innervates the axial muscles.
This suggests that Lhx3 or Lhx4 may play additional roles in further specifying the
identity and axonal projections at subsequent stages in development of this particu-
lar subclass of neurons. This has been confirmed by a gain-of-function study show-
ing that an ectopic expression of Lhx3 can drive all motor neurons to change their
profile of molecular expression, position of the cell body, and axonal projection to
adopt the identity of the subclass in which the expression of Lhx3 is normally main-
tained (Sharma et al., 2000). These results strongly support the notion that the
LIM-HD factors play essential and sufficient roles in sequential events that control
the identity and axonal projections of specific sets of motor neurons.

Additional evidence supporting the role for LIM-HD proteins in the regulation of
motor neuron axonal pathfinding has been derived from a functional analysis of the
Lhx1 and Lmx1b genes. Lhx1 is specifically expressed in a subclass of motor neurons
of the spinal cord that innervate the dorsal limb muscles (Tsuchida et al., 1994). In a
complementary manner, Lmx1b is selectively expressed in cells in the dorsal limb
mesenchyme (Riddle et al., 1995; Vogel et al., 1995; Chen et al., 1998). In mice
lacking function of either Lhx1 or Lmx1b, the motor neurons that normally express
Lhx1 are specified, but their axonal projections into the limb are randomized. In-
stead of projecting exclusively into the dorsal limb, the axons target the dorsal and
ventral limb with equal probability (Kania et al., 2000). These results indicate that
LIM-HD factors expressed in a subclass of motor neurons and their target cells
coordinately regulate the formation of the precise neural circuitry of the developing
vertebrate nervous system.

In the subclass of motor neurons that innervate dorsal limb muscles, the initial
expression of Islet1 is quickly down-regulated while Lhx1 continues to be expressed.
Conversely, in adjacent motor neurons that innervate ventral limb muscles, Lhx1 is
not expressed but Islet1 remains active (Tsuchida et al., 1994). Gain-of-function
experiments in chick embryos have shown that a mis-expression of either Lhx1 or
Islet1 can cross- repress the other and direct the cells to change both their cell body
position and axonal projection to adopt the identity of the cells that are appropriate
for the gene that is expressed (Kania and Jessell, 2003). It thus appears that Lhx1 and
Islet1 each specify one of these two specific subclasses of motor neurons.

LIM-HD genes are also expressed in interneurons of the spinal cord. There is
evidence that they control the specification of distinct interneurons in a cell-autono-
mous fashion. Lhx3 is normally expressed in V2 interneurons in the ventral spinal
cord. These V2 interneurons can be induced by ectopic expression of Lhx3 in the
dorsal spinal cord (Thaler et al., 2002). Interestingly, when Lhx3 is mis-expressed
together with Islet1 in the dorsal spinal cord, motor neurons rather than interneu-
rons are induced (Thaler et al., 2002). These results suggest that a combinatorial
expression of different LIM-HD proteins is also involved in the distinction between
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motor neurons and interneurons in the spinal cord. In a separate loss-of-function
study, it has been shown that a targeted deletion of Lmx1b, a LIM-HD gene normally
expressed in postmitotic interneurons in the dorsal spinal cord, results in defects
that affect the differentiation and migration of interneurons in the dorsal spinal cord
(Ding et al., 2004).

Interference with LIM-HD gene function in zebrafish has led to similar conclu-
sions. Functional repression of Islet2 results in cell-autonomous defects in the po-
sitioning, neurotransmitter expression, axonal outgrowth and pathfinding of sen-
sory and motor neurons during development of the spinal cord in this vertebrate
organism (Segawa et al., 2001).

4.4.2
The Vertebrate Brain

An incredible number of neural cell types and an elaborate circuitry are required to
accommodate the complex functions of the vertebrate brain. Thus, it is not surpri-
sing that, as in the spinal cord, combinatorial LIM-HD functions appear to be
involved in the control of neuronal cell differentiation and migration in discrete
regions of the developing brain.

Several LIM-HD genes are essential for forebrain development. Lhx5 is expressed
in neural progenitor cells lining the medial wall of the telencephalon, the site of the
developing hippocampus. In mutant mice lacking function of Lhx5, a large number
of neural progenitor cells in the developing hippocampus fail to exit the cell cycle in
time. Those that do exit show defects in neuronal differentiation and migration in
the formation of distinctive layers of the developing hippocampus (Zhao et al.,
1999). The two closely related genes Lhx6 and Lhx8 are expressed in the ventral
telencephalon (Matsumoto et al., 1996; Grigoriou et al., 1998; Asbreuk et al., 2002).
They appear to act downstream of the Nkx2.1 transcription factor to control the
differentiation of neuronal cell types derived from the ventral telencephalon (Sussel
et al., 1999; Marin et al., 2000). A loss-of-function analysis has implicated Lhx8 in the
development of many forebrain cholinergic neurons. Without the function of Lhx8,
the forebrain cholinergic neuron progenitors still form, but their terminal differen-
tiation is impaired (Zhao et al., 2003; Mori et al., 2004). The function of Lhx6 in this
context has been analyzed in tissue explants and dissociated neuronal cell cultures
using RNA interference. After a knock-down of Lhx6 expression, GABAergic inter-
neurons are generated, but their tangential migration from the ventral telencepha-
lon to the cortex is blocked (Alifragis et al., 2004).

Elsewhere in the brain, the activity of the LIM-HD gene Lmx1b has been associated
with dopaminergic neurons in the developing and adult mesencephalon. In Lmx1b
knockout mice, these neurons are initially generated and express the marker tyro-
sine hydroxylase, an enzyme required for the synthesis of dopamine. However, they
fail to express Ptx3, a homeobox gene that is also specific for dopaminergic neurons
of the mesencephalon, and are eventually lost during subsequent stages of develop-
ment (Smidt et al., 2000). Lmx1b is thus involved in a molecular cascade that controls
the development of mesencephalic dopaminergic neurons independent of the speci-
fication of the neurotransmitter phenotype of these neurons.
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Lmx1b is also expressed in postmitotic serotonergic neuron precursor cells and
differentiated serotonergic neurons in the developing hindbrain (Cheng et al., 2003;
Ding et al., 2003). In Lmx1b null mutants, serotonergic neuron precursor cells are
present but fail to migrate to their proper target fields and to express a series of
serotonergic neuron specific markers (Cheng et al., 2003; Ding et al., 2003). Also
involved in the development of hindbrain serotonergic neurons are the transcription
factors Nkx2.2 and Pet1 (Briscoe et al., 1999; Hendricks et al., 2003; Pattyn et al.,
2003). Coexpression of Lmx1b with Nkx2.2, and Pet1 can induce serotonergic neu-
rons ectopically in the spinal cord. This suggests that a combination of these tran-
scription factors is sufficient to drive the generation of serotonergic neurons (Cheng
et al., 2003). Since Nkx2.2 is normally expressed in Lmx1b mutants, and conversely,
the expression of Lmx1b is missing in Nkx2.2 null mutants, Lmx1b appears to act
downstream of Nkx2.2 in a cascade that controls development of the serotonergic
neurons in the hindbrain (Cheng et al., 2003; Ding et al., 2003).

Similar to their roles in the spinal cord, several LIM-HD transcription factors
control development of motor neurons in the hindbrain. For example, much like
their function in the spinal cord, Islet1 is required for the generation of all motor
neurons in the hindbrain (Pfaff et al., 1996), and both Lhx3 and Lhx4 are required to
direct proper axonal projection of those motor neurons in the hindbrain that extend
their axons ventrally (Sharma et al., 1998). In addition, Lhx1/Lhx5 and Lhx3/Lhx4
are required for the correct specification of subsets of reticulospinal neurons in the
chick hindbrain (Cepeda-Nieto et al., 2005).

4.4.3
The Olfactory and Visual Sensory Systems

Recent studies have uncovered important control functions of LIM-HD genes in the
development of the mammalian olfactory and visual sensory systems. Lhx2 is ex-
pressed in the olfactory sensory neurons, and the Lhx2 protein binds to the HD site
present in the promoter region of an olfactory receptor gene (Hirota and Momba-
erts, 2004). In Lhx2 null mutant mice, precursor cells of the olfactory sensory neu-
rons are properly generated. However, these cells fail to express olfactory receptors
and other molecular markers characteristic of olfactory sensory neurons and are
eventually eliminated by cell apoptosis (Hirota and Mombaerts, 2004; Kolterud et al.,
2004). Lhx2 thus plays a critical role in the specification of olfactory sensory neurons.
The Islet2 gene, mentioned above in the context of spinal cord development, is also
expressed in a specific group of retinal ganglion cells that project their axons exclu-
sively to the visual center on the contralateral side of the brain. Analysis of Islet2 null
mutant mice has revealed that this gene is critically involved in a negative regulation
for expression of the transcription factor Zic2 and the receptor tyrosine kinase
EphB1 in these cells, and prevents them from adopting a program to project their
axons ipsilaterally into the brain. This finding reveals an important function of Islet2
in establishing the retinotopic map during development of the visual system (Pak et
al., 2004).
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4.4.4
LIM-HD Genes and Early Patterning Events in the Developing CNS

Up to this point, we have described LIM-HD gene functions involved in the spe-
cialization of neuronal precursors in discrete regions of the nervous system. In
addition, some of these genes appear to affect broader patterning of the developing
nervous system by controlling the formation of critical signaling centers and/or by
regulating the proliferation of large populations of neural progenitor cells.

The LIM-HD gene Lmx1a, affected in three different alleles of the spontaneous
neurological mutant mouse dreher, is required for proper formation of the roof plate
in the developing CNS (Millonig et al., 2000). Consistent with the established role of
the roof plate in mediating signals that control patterning of the dorsal neural tube,
the loss of the roof plate in Lmx1a mutants causes non-cell-autonomous defects in
the specification, migration, and axonal outgrowth of dorsal interneurons in the
spinal cord (Millonig et al., 2000; Millen et al., 2004). Rostrally, at the border between
the mesencephalon and metencephalon, lack of Lmx1a function also results in a
partial loss of the choroid plexus and the rhombic lip, a germinal tissue adjacent to
the roof plate that gives rise to the granule cells in the cerebellum (Millonig et al.,
2000). Loss- and gain-of-function experiments in mouse and chick embryos have
shown that Lmx1a acts cell-autonomously to withdraw neural progenitor cells from
the cell cycle. It appears to play a dual role, directing the progenitors to form roof
plate cells while preventing them from becoming dorsal interneurons in the devel-
oping spinal cord (Chizhikov and Millen, 2004a).

In chick embryos, the closely related Lmx1b gene is also expressed in the roof plate.
Like Lmx1a, Lmx1b can also induce ectopic formation of functional roof plate cells.
Moreover, as Lmx1b can activate the expression of Lmx1a but not vice versa, Lmx1b
appears to act upstream of Lmx1a in chick embryos. Although Lmx1b is not ex-
pressed in the roof plate in mice, it can nevertheless partially rescue development of
the roof plate in Lmx1a mutants, suggesting a functional redundancy between
Lmx1a and Lmx1b in controlling formation of the roof plate in the developing CNS
(Chizhikov and Millen, 2004b).

In addition to the roof plate, Lmx1b is also expressed in the isthmic organizer at the
border between the mesencephalon and metencephalon of chick embryos. A gain-
of-function analysis has shown that Lmx1b is critically involved in the formation and
function of the isthmic organizer by participating in complex regulatory pathways
composed of multiple signaling molecules and transcription factors (Adams et al.,
2000; Matsunaga et al., 2002).

Striking morphological defects in the developing forebrain have been observed in
mutant mice that lack Lhx2 function. In those mutants, the hippocampus and the
neocortex is severely reduced and replaced by excessive medial telencephalic tissues
including choroid plexus and cortical hem (Porter et al., 1997; Bulchand et al., 2001;
Monuki et al., 2001). More detailed marker analysis has revealed that some of the
cells that normally express Lhx2 are still present in the remnant of the dorsal telen-
cephalon in Lhx2 mutants. These cells retain certain characteristics of the dorsal
telencephalic neural progenitors, but they fail to be normally specified to become
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cortical ventricular zone progenitors (Monuki et al., 2001), and their potential to
proliferate is severely impaired (Porter et al., 1997). Lhx2 thus plays an essential role
in patterning of the dorsal telencephalon by controlling the specification and prolif-
eration of the cortical ventricular zone progenitor cells. In addition, the development
of the nucleus of the lateral olfactory tract is selectively curtailed in Lhx2 mutants.
This nucleus is part of the developing amygdala, thus assigning the Lhx2 gene a
hitherto unknown role in controlling the development of this part of the telence-
phalon (Remedios et al., 2004). Several other LIM-HD genes including Lhx5, Lhx6,
Lhx8, and Lhx9 are also expressed in the different nucleus of the amygdaloid com-
plex (Remedios et al., 2004; Choi et al., 2005). The function of these factors in
patterning of this complex remains to be determined.

4.5
Factors that Interact with LIM-HD Proteins

The LIM domains present in LIM-HD proteins mediate interactions with other
proteins and allow for the formation of multi-protein complexes (Fig. 4.2B). So far,
several proteins that are involved in formation of such complexes have been identi-
fied. These include the LIM-domain-binding protein Ldb1 (CLIM2/NLI) and its
Drosophila counterpart Chip, the ubiquitin protein ligase RLIM, a single-stranded
DNA-binding protein SSDP, an intraflagellar transport protein SLB, and the
p300–associated transcriptional activator Mrg1 (Agulnick et al., 1996; Jurata et al.,
1996; Bach et al., 1997, 1999; Glenn and Maurer, 1999; Howard and Maurer, 2000;
Chen et al., 2002; van Meyel et al., 2003).

The best characterized of these is Ldb1, a cofactor that binds selectively to the LIM
domains of the LIM-HD and LIM-only (LMO) classes of nuclear LIM-proteins. The
LIM-binding domain of Ldb1 has been localized to a 38–amino acid portion near the
C-terminus of the protein, and a 200–amino acid portion at the N-terminus of Ldb1
is critical for homodimerization (Jurata and Gill, 1997). These two domains allow for
the assembly of tetramers composed of two molecules of Ldb1 and two molecules of
the same or different LIM-HD proteins (Jurata et al., 1998) (Fig. 4.2B). In addition,
direct interactions between different LIM-HD proteins have been observed which
enables the formation of hexamers composed of two molecules each of Ldb1, Islet1,
and Lhx3 (Thaler et al., 2002) (Fig. 4.2B). Ldb1 and Chip are essential cofactors
mediating LIM-HD activity. A convincing example is the interaction of Chip and the
LIM-HD gene product Apterous during Drosophila wing development. Mutant Chip
proteins lacking either the LIM-interacting domain or the homodimerization
domain interfere with Apterous function in a dominant-negative fashion, unders-
coring the importance of physical interaction between the LIM-HD factor and its
cofactor. The LIM-only protein dLMO can act as a negative regulator of Apterous
activity, possibly by competing for cofactor binding (Milan and Cohen, 1999; van
Meyel et al., 1999).

As a word of caution, the function of Ldb1 and Chip may well extend beyond
mediating the transcriptional regulation exerted by nuclear LIM domain-containing
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proteins. The very severe and early knockout phenotype of Lbd1 null mouse mutants
(Mukhopadhyay et al., 2003) is not matched by knockout phenotypes of mice lacking
one or the other of these nuclear LIM proteins, suggesting possible cofactor activ-
ities in pathways unrelated to LIM-HD factors. In fact, Chip appears to interact with
a number of unrelated HD proteins (Torigoi et al., 2000).

A negative control of LIM-HD activity is exerted by RLIM, a well-studied Ldb1–in-
teracting protein. RLIM is a ubiquitin protein ligase able to target Ldb1 for degrada-
tion through the 26S proteasome pathway. Overexpression of RLIM during chick
wing development results in wing defects that are similar to those caused by inhi-
bition of the LIM-HD factor Lhx2 (Bach et al., 1999). More recent experiments have
demonstrated ubiquitination-dependent association of RLIM with LIM-HD pro-
teins in the presence of Ldb1, allowing for in-vivo scenarios whereby cofactor ex-
change takes place on DNA-bound transcription factors (Ostendorff et al., 2002).

Fig. 4.2 Multiple complexes composed of LIM-HD factors, Ldb1, SSDP, and
other nuclear factors are involved in the specification of diverse neuronal cell
types. (A) A schematic illustration of pathways that lead from a single neural
progenitor cell to various types of neurons. (B) Mediated by Ldb1, the LIM-HD
factors form multiple types of complexes (a, b, c) that also include SSDP and
possibly additional unidentified factors. These complexes are involved in con-
trolling transcription by binding to specific sites in the regulatory regions of their
downstream target genes. The products of these target genes are thought to
specify diverse neuronal cell types in the developing nervous system. (This
figure also appears with the color plates.)



874.6 Downstream Targets of LIM-HD Proteins

Another protein that interacts with LIM-HD proteins, albeit indirectly via Ldb1, is
the single-stranded DNA-binding protein, SSDP (Chen et al., 2002; van Meyel et al.,
2003) (Fig. 4.2B). Ldb1/SSDP/LIM-HD proteins can form a ternary complex that
appears to be important for the regulation of transcription (van Meyel et al., 2003).
The functional significance of this interaction has been revealed through studies in
both Drosophila and Xenopus. The SSDP fly mutants show defects in wing develop-
ment similar to those observed in Apterous and Chip mutants (Chen et al., 2002; van
Meyel et al., 2003). In Xenopus, co-injections of SSDP, Lhx1, and Ldb1 mRNA in
oocytes enhance axis induction compared to injections of only Lhx1 and Ldb1
mRNAs (Chen et al., 2002). The exact role of SSDP in the multi-protein complex that
involves Ldb1 and LIM-HD proteins remains to be characterized.

Several other proteins can interact with LIM-HD transcription factors, but the
functional relevance of these interactions is not well understood. The transcription
factor Mrg1 can bind to Lhx2, and together they activate transcription, possibly by
recruiting the p300 transcription activator and the TATA-binding protein (Glenn and
Maurer, 1999). A separate report describes an interaction of the intraflagellar trans-
port complex protein SLB with Lhx3 and Lhx4, but not with other LIM-HD proteins
(Howard and Maurer, 2000). However, the phenotype of a recently described SLB
mutant mouse does not support the notion that this interaction influences known
functions of Lhx3 and Lhx4 in development (Huangfu et al., 2003).

4.6
Downstream Targets of LIM-HD Proteins

Extensive efforts have been undertaken to determine downstream target genes of
LIM-HD factors via loss- and gain-of-function approaches. In dorsal spinal cord
interneurons, the genes encoding transcription factors Drg11 and Ebf3 are positive-
ly regulated by Lmx1b. In mutants lacking this gene, the expression of Drg11 and
Ebf3 is absent. When Lmx1b is reactivated, these genes can be turned on. In contrast,
the genes encoding transcription factors Zic1 and Zic4 are up-regulated in Lmx1b
mutants, suggesting that these genes are normally repressed by Lmx1b (Ding et al.,
2004). In the retina of Islet2 null mutant mice, the gene encoding the related tran-
scription factor Zic2 is up-regulated, suggesting that Islet2 acts as a repressor for
Zic2 (Pak et al., 2004). In the isthmic organizer, gain-of-function studies have shown
that Lmx1b can induce the expression of the signaling molecule Wnt1 (Adams et al.,
2000; Matsunaga et al., 2002) and the transcription factors Otx2 and Grg4 (Matsu-
naga et al., 2002).

Consistent with the role of LIM-HD proteins in controlling axonal pathfinding,
another set of studies has identified axon guidance molecules as targets that are
regulated by these transcription factors. EphA4 is a receptor tyrosine kinase that is
selectively expressed at a high level in the Lhx1–positive subclass of motor neurons
that innervate the dorsal limb muscles, and at a low level in Islet1–positive neurons
that innervate the ventral limb muscles. This pattern of EphA4 expression is essen-
tial for the proper formation of the topographic axonal projections of the spinal cord
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motor neurons to the limb muscles (Helmbacher et al., 2000; Eberhart et al., 2002;
Kania and Jessell, 2003). Both loss- and gain-of-function analyses have shown that
EphA4 is regulated by Lhx1 and Islet1, as Lhx1 elevates and Islet1 lowers the ex-
pression of EphA4 (Kania and Jessell, 2003). In addition, EphrinA5 – an EphA4
ligand that is expressed at a high level in the ventral and at a low level in the dorsal
limb mesenchyme cells – is considered a possible regulator for axonal projections
from the motor neurons to the limb muscles (Eberhart et al., 2000). The expression
of EphrinA5 in limb muscle mesenchyme is regulated by Lmx1b (Kania and Jessell,
2003). Thus, the proper formation of the motor neuron axonal projections to the
limb muscles is controlled by Lhx1 and Lmx1b through their regulation of Eph and
Ephrin molecules (Kania and Jessell, 2003).

Several LIM-HD transcription factors bind directly and specifically to cis-regulatory
elements of downstream target genes. There is a notable example that this interac-
tion can result in functional target gene activation. The complex of Lhx3 and Islet1
that controls the specification of motor neurons (Thaler et al., 2002) binds to an
enhancer element of the HB9 gene (Lee and Pfaff, 2003), and thereby stimulates the
enhancer activity of a transcription factor that is both required and sufficient to
direct the differentiation of motor neurons in the spinal cord (Tanabe et al., 1998;
Arber et al., 1999; Thaler et al., 1999). As a further example, Lhx2 binds specifically to
the HD site in the promoter region of odorant receptor genes, and may be involved
in regulating the expression of these genes (Hirota and Mombaerts, 2004). In C.
elegans, the LIM-HD factor TTX–3, in conjunction with the paired- HD factor CEH–
10, binds to a conserved 16–base pair cis-regulatory element that has been identified
in a battery of genes involved in the specification of interneurons, including the ttx–3
gene itself. Further work along similar lines of experimentation is needed to deter-
mine whether the activation of groups of target genes that together determine cell
specificity might well be a general mechanism by which LIM-HD factors exert their
function during development of the nervous system.

4.7
Conclusion and Future Directions

Extensive functional studies have revealed important roles for LIM-HD transcrip-
tion factors in the specification of the developing nervous system. The gain or loss of
individual LIM-HD gene functions can result in a complete block of differentiation
and subsequent loss of an entire group of neurons, or else cause more subtle chang-
es in various aspects of neuronal development such as cell migration, process out-
growth, axonal projection, or neurotransmitter synthesis. This variety of phenotypic
responses may reflect the plethora of cell-cell interactions during development of the
nervous system, allowing for interactions between LIM-HD proteins and other tran-
scriptional cascades or signaling pathways that influence context-specific regulation
of downstream target genes (Lee and Pfaff, 2003; Allan et al., 2005). The identifi-
cation of direct downstream target genes that are controlled by the LIM-HD tran-
scription factors in different fields of the developing nervous system constitutes a
major challenge of future studies.
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Abbreviations

LIM-HD LIM-homeodomain
GABA gamma-aminobutyric acid
TN transverse nerve
ISNb intersegmental nerve b
ISNd intersegmental nerve d
CNS central nervous system
SSDP single-stranded DNA-binding protein
VNC ventral nerve cord
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The Roles of Serum Response Factor (SRF) in Development and
Function of the Brain

Bernd Knöll and Alfred Nordheim

Abstract

The transcription factor serum response factor (SRF) regulates target genes with the
help of cofactors which are responsive to either MAPK signaling (cofactors involved:
TCFs) or actin signaling (cofactors involved: myocardin/MAL family proteins). In
the brain, the SRF target genes identified to date belong to the class of the rapidly
and transiently induced immediate-early genes (IEGs) or encode – among others –
cytoskeletal proteins. Based on genetic studies generating conditional SRF deficien-
cy in the mouse forebrain, identified functions of SRF and its cofactors in the
neuronal system include: (i) activation of the IEG response in the hippocampus
upon electroconvulsive shock; (ii) directing neuronal migration; (iii) regulating neu-
rite outgrowth and axonal pathfinding; and (iv) directing features of long-term syn-
aptic potentiation as well as long-term depression during learning and memory
acquisition.

5.1
Characteristics of SRF as a Transcription Factor

Serum response factor (SRF) (Norman et al., 1988) is a widely expressed nuclear
protein which acts as a transcription factor that regulates the expression of many
target genes (Philippar et al., 2004; Zhang et al., 2005). SRF is essential for mam-
malian embryonic development (Arsenian et al., 1998) and belongs to the family of
MADS-box proteins (Schwarz-Sommer et al., 1992), members of which are found in
all eukaryotic systems ranging from yeast to man (Shore and Sharrocks, 1995). In
size, human SRF comprises 508 amino acids, though several splice variants of SRF
have been reported. SRF binds as a homodimer to DNA segments containing palin-
dromic or near-palindromic CC(A/T)6GG sequences (called CArG boxes). The struc-
ture of a DNA-protein co-crystal, consisting of a CArG oligonucleotide and homo-
dimeric coreSRF, was solved at high resolution by X-ray crystallography (Pellegrini et
al., 1995). This structure revealed a novel, interdigitated protein unit which main-
tained specific DNA contacts to a highly bent segment of the double helix.
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SRF exerts its role as a transcriptional regulator largely upon recruitment of, and
interaction with, partner proteins (Shaw et al., 1989; Buchwalter et al., 2004). These
partnerproteins– forexample, the ternarycomplex factors (TCFs)Elk–1/Sap–1/Net1
(Hipskind et al., 1991; Dalton and Treisman, 1992; Giovane et al., 1994) and mem-
bers of the myocardin/MRTF/MAL protein family (Wang et al., 2002; Miralles et al.,
2003), are subject to regulation by signaling cascades (Fig. 5.1). The nuclear Ets-type
TCF proteins respond with high sensitivity to incoming MAPK signals (Gille et al.,
1992), thereby serving as points of convergence to at least three types of MAPK,
namely Erk1/Erk2, JunK, and p38/SAPK. The myocardin/MRTF/MAL family of
SRF partner proteins, on the other hand, inducibly undergo nuclear translocation
for SRF activation upon induction of actin polymerization by Rho GTPase stimula-
tion (Miralles et al., 2003). Accordingly, SRF target genes can be classified according
to their selective responsiveness to either MAPK signaling (class I) or RhoA/actin
signaling (class II) (Gineitis and Treisman, 2001; Murai and Treisman, 2002; Wang
et al., 2004). Class I genes contain the classical immediate-early genes (IEGs) which
are activated rapidly and transiently by, for example, growth factors or neurotrans-
mitters (Greenberg and Ziff, 1984; Misra et al., 1994). Class II genes include,
amongst others, cytoskeletal genes such as actin, vinculin, or SM22a.

Therefore, expression patterns and the activation states of SRF partner proteins
confer temporal and spatial selectivity to SRF function with regard to cell type and
target gene specificity (Buchwalter et al., 2004; Wang and Olson, 2004). Whereas
TCF proteins and MAL appear to be expressed quite ubiquitously, myocardin is
found selectively in muscle cells. As of yet, no brain cell-specific partner protein of
SRF has been identified, although the myocardin/MAL homologue MRTF-B was
shown to be expressed more restrictedly in heart and brain (Wang et al., 2002).

5.2
Neuronal Expression Patterns of SRF and Partner Proteins

The localization of RNA and protein encoded by Srf has been recently investigated
primarily in the postnatal and adult brain of rodents (Stringer et al., 2002). These
authors first described nuclear SRF localization predominantly in neurons of vari-
ous brain regions including cortex, caudate-putamen, amygdala, hippocampus and
cerebellar granule cells. The mesencephalon, thalamus and hypothalamus seem
largely devoid of Srf expression. These results are in line with later reports showing
localization of SRF in the postnatal and adult cornu ammonis and dentate gyrus
regions of the hippocampus (Alberti et al., 2005; Ramanan et al., 2005), striatum and
additionally in the olfactory bulb (Alberti et al., 2005, Knöll et al., unpublished
results). Our own data (unpublished results) further revealed widespread distribu-
tion of Srf RNA in the embryonal brain.

Amongst the cofactors interacting with SRF, distribution of the TCF Elk–1 has
been analyzed in more detail in the brain. One group (Sgambato et al., 1998) report-
ed highest Elk–1 expression levels in the olfactory bulb, cortex (especially the pyri-
form cortex), dentate gyrus and cerebellum, thus largely overlapping with the ex-
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pression domains of its cognate partner SRF. Somewhat weaker Elk–1 expression
levels were found in the cornu ammonis of the hippocampus and in some thalamic
nuclei. Interestingly, and in contrast to SRF, localization of full-length Elk–1 is not
exclusively nuclear, yet soma, dendrites and axon terminals also stain positively
(Sgambato et al., 1998). As reported by others (Vanhoutte et al., 2001), this extra-
nuclear localization of full-length Elk–1 might be the consequence of a truncated
Elk–1 protein (sElk–1), which probably drives nuclear export. In addition, the same
authors demonstrated that sElk–1 competes with, and thereby reduces, the transac-
tivation properties of full-length Elk–1 on SRF. Functionally, this relates to the

Fig. 5.1 Signaling pathways leading to stimulation of serum response factor
(SRF) via activation of SRF partner proteins. Stimulation of cells with serum or
lysophosphatidic acid (LPA) results in SRF activation via at least two signaling
pathways. Activation of the MAP kinase cascade translocates the activated ki-
nases Erk1/2 to the nuclear compartment and directs phosphorylation and the-
reby activation of ternary complex factors (TCFs) (e.g., Elk–1, Sap–1 and Net1).
Hyperphosphorylation of the TCF type of SRF cofactors induces transcriptional
activation of immediate-early genes (IEGs). SRF is intimately embedded in the
regulation of actin dynamics in cells. Stimulation of small Rho GTPases (e.g.,
RhoA) triggers F-actin polymerization via ROCK-LIM kinase or mDia signaling
intermediates (see text). The resulting depletion of G-actin levels in the cyto-
plasm releases a translocation block on the SRF cofactor MAL, enabling its
nuclear accumulation. Here, MAL cooperates with SRF to stimulate expression
of genes such as actin mainly involved in cytoskeletal dynamics. The rise of
G-actin levels in the cytoplasm in turn is assumed to regulate Srf transcription
negatively by sequestering MAL in the cytoplasm.
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ability of sElk–1, but not full-length Elk–1, to stimulate neurite outgrowth of PC12
cells (Vanhoutte et al., 2001).

5.3
SRF Target Genes with Brain Functions

The IEG c-fos has been long known to be induced transcriptionally in the rodent
hippocampus upon induction of seizure (Morgan et al., 1987), and IEG induction
was soon appreciated to be important for brain function (Curran and Morgan, 1987;
Sheng and Greenberg, 1990). Most of the candidate IEGs induced in the brain
contain SRF binding sites in their promoters, although – in stringent functional
terms – the contribution of SRF for neuronal IEG induction has been determined in
only a few examples. Such stringent criteria would include: (i) functional proof by
binding site mutation for a CArG box to be essential for transcriptional control of the
gene in question; (ii) anti-SRF chromatin immune precipitations (ChIP) identifying
the occupancy of an existing CArG box by SRF in neuronal tissues; and (iii) the
demonstration that the putative SRF target gene is dysregulated in SRF-deficient
cells. Additionally, functional CArG boxes can be expected to be conserved in the
genomes of mice and man.

Our general knowledge regarding SRF target genes expanded significantly once
genome-wide searches for CArG box-containing direct SRF target genes were uti-
lized, combined with the aid of SRF-deficient ES cells (Philippar et al., 2004; Zhang
et al., 2005). In the latter two studies, non-neuronal cells were used and – accordingly
– only a limited number of putative SRF target genes with functions related to
neuronal activities are presently known. The SRF target genes presently known to be
important for brain function are summarized in Table 5.1. Most of these genes
display rapid and transient transcriptional induction in an immediate-early fashion.
The majority of these SRF target genes expressed in the brain encode transcription
factors (c-fos, FosB, Fra–1, Srf, Egr–1, Egr–2, and JunB). In addition, structural pro-
teins of the cytoskeleton (Actin, Gelsolin, Arc/Arg3.1) and extracellularly acting
proteins (Sema3A, Cyr61) are encoded by SRF target genes (Zhang et al., 2005, Kim
et al., 2003). It can be assumed safely that in the future many more genes will be
identified whose expression in the brain is dependent upon SRF.

5.4
Essential Requirement for SRF in Neuronal Migration

Cell migration is intimately linked to dynamic changes of the actin cytoskeleton
(Etienne-Manneville and Hall, 2002). The state of actin polymerization is sensed by
SRF via the actin-linked transcriptional co-activator MRTF/MAL (Sotiropoulos et al.,
1999; Miralles et al., 2003), which in turn permits SRF to activate direct target genes,
such as actin itself (Fig. 5.1). Thereby, SRF influences the state of actin polymeri-
zation (Schratt et al., 2002). In so doing, SRF forms part of a feedback mechanism
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Table 5.1 Serum response factor (SRF) target genes related to brain function.

Entry Gene CArG box Functionality of CArG box Reference(s)

Consensus vs.
consensus-like

Conserved vs.
not-conserved

ChIP Reporter
assay

Affected by
SRF defi-
ciency

1 c-fos Consensus Conserved + + + Curran and Morgan (1987);
Arsenian et al. (1998); Ra-
manan et al. (2005)

2 fosB Consensus Conserved n.d. + + Lazo et al. (1992); Ramanan
et al. (2005)

3 junB Consensus Conserved n.d. + + Perez-Albuerne et al. (1993);
Philippar et al. (2004)

4 fra–1 Consensus-like Conserved + + n.d. Adiseshaiah et al. (2005)
5 Srf Consensus Conserved + + + Unpublished data; Spencer

and Misra (1996); Philippar
et al. (2004)

6 egr–1
(krox–24,
zif268)

Consensus Conserved + + + Christy et al. (1988); Jans-
sen-Timmen et al. (1989);
Schratt et al. (2001); Philip-
par et al. (2004); Ramanan et
al. (2005)

7 egr–2
(krox–20)

Consensus Conserved n.d. + + Chavrier et al. (1989); Ran-
gnekar et al. (1990); Rama-
nan et al. (2005); Watanabe
et al. (2005)

8 Nur77 Consensus n.d. + n.d. + Latinkic et al. (1996); Yaku-
bov et al. (2004); Etkin et al.
(submitted)

9 Actin Consensus Conserved + + + Minty and Kedes (1986); Ar-
senian et al. (1998); Manabe
and Owens (2001); Alberti et
al. (2005); Ramanan et al.
(2005)

10 Gelsolin Consensus Not-conserved - n.d. + Alberti et al. (2005)
11 Arc Consensus Conserved n.d. n.d. + Ramanan et al. (2005)
12 Cyr61 Consensus Conserved + + + Latinkic et al. (1991); Kim et

al. (2003); unpublished data
13 Clathrin hc n.d. n.d. n.d. n.d. + Etkin et al. (unpublished re-

sults)
14 pmp–22 Consensus-like Conserved n.d. n.d. + Philippar et al. (2004)
15 psd–95 - - n.d. n.d. + Philippar et al. (2004)
16 Nestin - - n.d. n.d. + Philippar et al. (2004)
17 App Consensus n.d. n.d. n.d. + Philippar et al. (2004)
18 Prp Consensus Conserved n.d. n.d. + Philippar et al. (2004)
19 sema3A Consensus n.d. + + + Zhang et al. (2005)
20 mcl–1 Consensus n.d. + + n.d. Townsend et al. (1999);

Tullai et al. (2004)

This table lists identified SRF target genes, which are expressed in the brain. The indicated chromatin im-
mune-precipitation (ChIP) data were all generated with non-neuronal tissues. Proof for these genes being truly
regulated by SRF in the brain will require further ChIP experiments using neuronal tissue. Entries 1, 2, 6–11,
and 13 are dysregulated in neurons of mouse forebrain-specific Srf deletion mutants; dysregulation of all other
genes listed (except 4 and 20) was studied in non-neuronal SRF-deficient cells. Except for entries 15 and 16, only
direct SRF target genes are listed. CArG boxes present in gene regulatory segments are either consensus
(CC(A/T)GG) or consensus-like (having one nucleotide deviating from CC(A/T)GG). These boxes are either
conserved or not-conserved in mouse and human genomes, as indicated.

n.d. = not determined.
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regulating actin fiber assembly and disassembly. More generally, SRF represents a
relay system to convert dynamical changes in actin polymerization into altered pro-
files of target gene expression.

SRF-deficient murine embryonic stem (ES) cells display impaired induction of
c-fos and Egr–1, proving the essential contribution of SRF for mounting the cellular
IEG response (Schratt et al., 2001). Importantly, SRF deficiency leads to reduced
actin fiber density and an imbalanced equilibrium of globular (G) versus filamen-
tous (F) forms of actin (Schratt et al., 2002). This is accompanied by severely com-
promised in-vitro ES cell migration and adhesion (Schratt et al., 2002).

The essential requirement of SRF for in-vivo neuronal cell migration in the murine
brain is revealed by conditional Srf null mutagenesis (Alberti et al., 2005). Forebrain-
specific, late-prenatal conditional deletion of the “floxed” Srf-flex1 allele causes neu-
rons to accumulate ectopically at the subventricular zone (Fig. 5.2), displaying im-
paired tangential chain migration along the rostral migratory stream (RMS) into the
olfactory bulb. Intracellularly, this migratory defect is accompanied by reduced F-ac-
tin fiber density and lowered expression of the actin-severing protein gelsolin. With
regard to cofilin, another key regulator of actin dynamics and cell migration, a
dramatically elevated inhibitory phosphorylation at Ser 3 is observed. This study
demonstrates that SRF-controlled gene expression directs the structure and dynam-
ics of the actin microfilament, thereby determining cell-autonomous neuronal cell
migration (Alberti et al., 2005).

The essential contribution of the SRF complex to cell migration was also revealed
in a non-neuronal system of Drosophila melanogaster, where mutation of the SRF
partner protein DMRTF/MAL-D led to a severe migration impairment of mesoder-
mal cells (Han et al., 2004) and of border cells (Somogyi and Rorth, 2004).

5.5
SRF and Partner Proteins in Neurite Outgrowth and Axonal Guidance

Similar to cell migration, processes of outgrowth and guidance of newly elaborated
axons rely fundamentally on the dynamic properties of cytoskeletal components.
Here, the polymerization/de-polymerization status of actin filaments and networks
in filopodial and lamellipodial structures of neuronal growth cones, respectively,
covers pivotal roles in steering a navigating nerve fiber towards its respective target
in the brain (Dent and Gertler, 2003).

At present, a possible role of SRF and its partner proteins in neurite outgrowth and
guidance has only been sparsely addressed. A first hint towards SRF-mediated gene
expression in growth cone turning was provided by Mehlen and co-workers (Forcet
et al., 2002). Here, the authors employed the so-called turning assay, an in-vitro
system to follow the response of individual growth cones towards artificially gener-
ated gradients of secreted guidance molecules. A gradient by netrin elicits attractive
growth cone turning, a reaction which is dependent upon MAPK signaling. Impor-
tantly, the stimulation of neurons with netrin led to an increased transcription of a
reporter gene driven by SREs. This suggests, that netrin-mediated axonal guidance
stimulates an SRF-mediated gene expression program.
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Similarly, it was recently demonstrated (Tabuchi et al., 2005) that overexpression of
the RhoA-GEF Tech stimulates SRF-driven reporter expression in primary cortical
neurons. Additionally, the same authors demonstrated translocation of the SRF
cofactor MAL from the cytoplasm to the nucleus in primary neuronal cultures.

The SRF cofactor Elk–1 has been implicated in promoting neurite outgrowth.
Interestingly, in this respect, only a truncated (sElk–1) – but not full-length Elk–1 –
increased the neurite-length of PC12 cells (Vanhoutte et al., 2001). Noteworthy, this
transcription factor not only localized to the nuclear compartment of neurons,
but was also present in the soma, dendrites, and axon terminals (Sgambato et al.,
1998).

We have begun to analyze the function of SRF in neurite outgrowth, axonal guid-
ance and synaptic targeting (B. Knöll et al., unpublished results) by forebrain-spe-

Fig. 5.2 The role of SRF in neuronal migra-
tion is best understood in the so-called rostral
migratory stream (RMS), which replenishes
the olfactory bulb (OB) with neurons derived
from a stem cell pool localized in the subven-
tricular zone (SVZ). (A) Migration of these
neurons (shown by arrows) persists throug-
hout the entire lifespan of organisms. (B,C)
Sagittal brain sections (Nissl staining) derived
from control (B) and forebrain-specific SRF-
deficient mutants (C). In (B) the entire length
of the RMS, from the SVZ to the olfactory bulb,
is visible. By contrast, in (C) SRF ablation led
to the retention of neurons in a migratory
status in the SVZ, giving this brain structure
an inflated or broadened (bSVZ) appearance.
Consequently the number of migrating neu-
rons entering the OB was dramatically redu-
ced in SRF mutants. Hipp. = hippocampus.
(This figure also appears with the color pla-
tes.)
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cific SRF ablation. Here, we focused on the mossy fiber pathway of the hippocampal
projection, a trajectory which is closely associated with various paradigms of learn-
ing and memory, as well as circuitry aberrations described for epileptic seizures
(Morimoto et al., 2004). Neurite outgrowth of these SRF-deficient neurons was
severely impaired in vivo, but was also clearly evident by applying in-vitro neurite
outgrowth assays. Mossy fibers are normally precisely navigated on either side out-
side the CA3 band formed by pyramidal neurons. In Srf mutants, this well-defined
axon guidance process is non-functional (Fig. 5.3). Remarkably, contact-mediated
axonal repulsion exerted by members of the EphA family of axon guidance mol-
ecules was strongly reduced. EphrinA triggered growth cone collapse, initiating
complete breakdown of F-Actin polymers in growth cones in controls, and this
resulted in Srf mutants in the persistence of ring-shaped structures consisting of
F-Actin and also microtubules (B. Knöll et al., unpublished results).

Fig. 5.3 SRF controls guidance and synaptic targeting of hippocampal mossy
fibers. In control mice, mossy fibers emanating dentate gyrus (DG) granule cells
bifurcate in a supra- and infrapyramidal tract. Both branches of the mossy fibers
navigate precisely on either side outside the band formed by CA3 pyramidal
neurons. The infrapyramidal branch crosses the CA3 stratum pyramidale at
some point and joins the main suprapyramidal branch. Control mossy fiber
terminals synapse with dendrites outside the layer of CA3 cell bodies. Condition-
al ablation of SRF function results in severe axon guidance defects. Here, mossy
fibers, instead of bifurcating, grow preferentially inside the CA3 layer between
individual CA3 somata. Synaptic targeting of Srf-deficient mossy fibers occurs
aberrantly at CA3 somata and somatic protrusions (B. Knöll et al., unpublished
results). (This figure also appears with the color plates.)
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Interfering with the activity of the SRF cofactor MAL by electroporation of various
dominant-negative mutants strongly impeded neurite outgrowth and EphA-medi-
ated growth cone guidance. In vivo, mis-routed SRF-deficient mossy fibers aberrant-
ly targeted CA3 pyramidal cell somata or somatic protrusions rather than apical
dendrites for synapse formation (see Fig. 5.3) (B. Knöll et al., unpublished results).

In summary, investigations into SRF-mediated transcriptional programs in neu-
rite outgrowth, axonal guidance and synapse formation are at their earliest stages.
For many other transcriptions factors (e.g., the CREB family), interpretations of
neurite outgrowth or axon guidance phenotypes are often interfered with by a well-
known role of these molecules in preventing neuronal cell death. Notably, this
absence of increased neuronal cell death in Srf mutants (Alberti et al., 2005; Ra-
manan et al., 2005; B. Knöll et al., unpublished results) renders SRF as an ideal
candidate to explore gene expression in processes of axonal growth and pathfinding.

5.6
SRF-Mediated Gene Expression in Learning and Memory

One challenging problem in molecular neurobiology relates to the question of how
the constant stimulation of organisms by diverse (sensory) inputs is manifested in
learning and memory acquisition and, in the same regard, how these two processes
shape or rearrange existing neuronal circuits.

Neuronal activity provided by various sensory inputs has been closely linked to
signaling pathways ultimately funneling in the activation of transcriptional pro-
grams (West et al., 2002). Seminal studies conducted in the laboratory of M. Green-
berg identified Ca2+ as a key signal transducer conveying receptor stimulation at the
synapse to transcriptional activation in the nucleus, as studied in particular for genes
containing SREs (Rivera et al., 1993; Misra et al., 1994; Xia et al., 1996; Johnson et al.,
1997). A signaling cascade leading to the initiation of an activity-dependent tran-
scriptional program has been described in great detail for the SRF cofactor Elk–1
(Choe and Wang, 2002) (Fig. 5.4).

The activation of both ionotropic and metabotropic subtypes of glutamate recep-
tors engage signaling intermediates, eventually resulting in Erk1/2 translocation to
the nucleus, and thereby inducing phosphorylation and activation of Elk–1 (Fig. 5.4).
In turn, Elk–1–mediated IEG induction leads to a rapid increase in RNA levels from
various genes (see Table 5.1). Many of the IEGs activated by SRF/Elk–1 are transcrip-
tion factors themselves, yet recently, genes regulated by SRF and its partners have
been identified in neurons, which code for structural components and regulators of
the actin cytoskeleton (Alberti et al., 2005). In this regard, transcription of actin and
the actin-severing protein gelsolin are regulated by SRF. These findings are particu-
larly interesting in the light of morphological alterations taking place during synap-
se formation. In this respect, dendritic spine formation profoundly relies on dynam-
ic features of the actin cytoskeleton (Zito et al., 2004).

The laboratory of D. Ginty (Ramanan et al., 2005) recently addressed the role of
SRF in activity-dependent IEG expression and memory acquisition by conditional
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SRF ablation in the hippocampus of adult mice. In these SRF mutants, IEG induc-
tion of c-fos, fosB, egr1, egr2, arc, and actB after application of electroconvulsive
shocks was completely abolished. In addition, the authors further reported an in-
triguing lack of IEG induction in Srf mutants following the exploration of a novel
environment. Interestingly, in this study signaling from the synapse to the nucleus
(as judged by Erk1/2 activation) was not affected in Srf mutants. Also, neuronal cell
death in Srf mutants was not elevated, in contrast to mice deficient for transcription
factors of the CREB family. This is in line with our own observations, where condi-
tional forebrain-specific Srf deletion beginning around birth, likewise did not reveal
overt changes regarding neuronal apoptosis in vivo (Alberti et al., 2005; B. Knöll et
al., unpublished results). Nonetheless, in-vitro experiments performed by others
(Chang et al., 2004) ascribed SRF a function in neuronal survival against trophic
deprivation and DNA damage.

In the studies conducted by Ginty and colleagues, SRF was shown to be dispen-
sable for basal excitatory transmission in CA1 pyramidal neurons. However, long-
term synaptic potentiation (LTP), viewed as a cellular basis for learning and memory,
was severely altered (Ramanan et al., 2005). In a further investigation of SRF func-

Fig. 5.4 Neuronal activity-dependent signaling leading to SRF/TCF activation.
Ca2+ influx through ionotropic glutamate receptors (iGluR) eventually activates
and translocates Erk1/2 to the nuclear compartment. Phosphorylation of the
TCF Elk–1 by Erk1/2 strengthens Elk–1 interaction with SRF and stimulates the
transcriptional machinery, resulting in IEG induction. Similarly, additional si-
gnaling cascades involving Protein kinases A and C (PKA, PKC, respectively)
initiated by metabotropic glutamate receptors (mGluR) are also directed to-
wards increasing phospho-Elk–1 levels. Ca2+-activated kinases (CamKs) may
further increase the phosphorylation levels of SRF.
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tion in learning and memory, Dash et al. (2005) inhibited SRF target gene expres-
sion by titrating SRF with SRE-containing oligonucleotides. Using this technique,
these authors described a role for SRF in long-term spatial memory, but not in the
initial memory acquisition. Interestingly, by applying the same strategy to interfere
with Elk–1 activity, these authors obtained no differences in learning and memory
paradigms, arguing that SRF in these instances is bypassing Elk–1 as a partner
protein and instead might recruit other members of the TCF family or myocardin-
related proteins (e.g., MAL, MRTFs) as cofactors.

Generally, the functional significance of Elk–1 in learning and memory has not
been elucidated in sufficient detail. Frequently, implications of Elk–1 in these pro-
cesses rely on correlation between synapse stimulation resulting in Erk1/2 activa-
tion and eventually Elk–1 hyper-phosphorylation (often also paralleled by CREB
activation). Nevertheless, using the phosphorylation status of Elk–1 as a read-out
and indicator for activity, a plethora of contributions of this SRF cofactor in learning
and memory has been reported (Fig. 5.4). Thus, Elk–1 has been implicated in com-
plex behavioral paradigms such as fear conditioning (Cammarota et al., 2000; Sa-
nanbenesi et al., 2002; Ahi et al., 2004), long-term memory of taste (Berman, 2003),
and photic induction involved in regulating circadian rhythms (Kaminska et al.,
1999; Coogan and Piggins, 2003). When investigating LTP-dependent gene expres-
sion in the dentate gyrus of the hippocampus in vivo, Davis et al. (2000) reported that
the induction of LTP is paralleled by the time-course of Elk–1 hyperphosphorylation.

Apart from LTP of synaptic efficacy, long-term depression (LTD) – a weakening of
synaptic transmission – is the second mechanism believed to contribute towards
learning and memory. During LTD, Elk–1 activation was reported in the hippocam-
pal area CA1 (Thiels et al., 2002). A recent study in which Kandel and colleagues
explored the role of LTD, the results showed unambiguously a major contribution of
SRF transcriptional activation to this process (Etkin et al., unpublished results).
When allowed to explore a novel environment, adult mice lacking SRF in the hip-
pocampus have a complete loss of contextual habituation, which is a non-associative
form of learning. This deficit was accompanied by an early impairment in the in-
duction of various forms of LTD, though LTP was found to be largely unaffected – a
finding somewhat at odds (though it might reflect genetic background differences)
with results obtained by others (Ramanan et al., 2005).

In summary, recent reports which in particular have employed the genetic targe-
ting of SRF have revealed a considerable role for SRF-mediated transcriptional ac-
tivation in learning and in the storage of memories. In particular, the intimate link
of SRF towards cytoskeletal and structural alterations in cells should allow fascinat-
ing molecular and cellular insights as to the morphological (re-)organization of
synapse assembly.
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5.7
SRF in Neurological Disorders

To date, as with SRF in normal brain function, few reports are published on the roles
of SRF in neuronal pathology.

Temporal lobe epilepsy emerges as one neuropathological phenomenon in which
SRF might be crucially involved. Morris et al. (1999) described an up-regulation of
SRF protein 24 hours after pilocarpine-induced status epilepticus in rats. In agre-
ement with these findings, kainate-induced epileptic seizures were followed by in-
creased total and phospho-SRF protein levels (Herdegen et al., 1997). Similarly, in
mice deficient for the SRF co-factor Elk–1, we described a mild impairment of IEG
induction after kainate-induced seizures (Cesari et al., 2004). Along with this, Elk–1
phosphorylation in CA3 neurons was elevated in an experimental paradigm for
traumatic brain injury, which is thought to be involved in rearrangements of mossy
fiber projections typically found in temporal lobe epilepsy (Hu et al., 2004). In
summary, reports available so far indicate a role for SRF during epileptic seizures,
which might be further substantiated by addressing this issue in recently estab-
lished postnatal and adult conditional Srf mouse models (Alberti et al., 2005; Ra-
manan et al., 2005).

In addition to a role in epilepsy, a possible link between Elk–1 and Alzheimer’s
disease (AD) was indicated. The stimulation of cortical neurons with sublethal conc-
entrations of beta-amyloid protein interfered strongly with a neurotrophin signaling
cascade and resulted in Elk–1 activation (Tong et al., 2004). Additionally, Elk–1
might function as a transcriptional repressor of the presenilin 1 gene which, if mu-
tated, is a major cause in early-onset AD (Pastorcic and Das, 2003).

5.8
Perspectives

Although SRF was discovered more than 15 years ago, unambiguous functions of
this protein in the brain have been identified only recently, and this is due mainly to
the availability of conditional, brain-specific Srf gene deletions. In light of the ability
of SRF to integrate and convert multiple incoming signals into both rapid and
long-lasting changes of gene expression profiles, this protein serves as an ideal
candidate to regulate a wide range of neuronal functions. These include neuronal
migration, the outgrowth and guidance of axons, and synaptic targeting. Moreover,
accompanying long-term structural changes in the neuronal circuitry can be linked
to SRF, affecting brain function at the anatomical and physiological levels. These
initial data on the roles of SRF in learning and memory acquisition promise new
general insight into both normal and pathological functions of the brain.
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Abbreviations

AD Alzheimer’s disease
ChIP chromatin immune precipitation
ES embryonic stem
IEG immediate-early gene
LTD long-term depression
LTP long-term potentiation
mDia mDiaphanous
RMS rostral migratory stream
SRE serum response element
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6
RE–1 Silencing Transcription Factor (REST):
Regulation of Neuronal Gene Expression via Modification
of the Chromatin Structure

Gerald Thiel and Mathias Hohl

Abstract

Humans, as multicellular organisms, contain a remarkable diversity of cell types
where each cell population must fulfill a distinct function in the interest of the whole
organism. The molecular basis for the variations in morphology, biochemistry, mo-
lecular biology and function of different cell types is the cell type-specific expression
of genes. These genes encode proteins necessary for executing specialized functions
of each cell type within an organism. The transcription factor RE–1 silencing tran-
scription factor (REST) plays a key role in the establishment of the neuronal phe-
notype. REST functions as a transcriptional repressor of neuronal genes in non-
neuronal tissues. Target genes of REST encode neuronal receptors, ion channels,
neuropeptides, synaptic vesicle proteins, transcription factors and adhesion mol-
ecules, underlining the important role of REST in controlling the neuronal pheno-
type. The widespread expression of REST in non-neuronal tissues is in good agre-
ement with the role of REST as a negative regulator of neuron-specific gene tran-
scription. Thus, a negative regulatory mechanism, involving strong expression of
REST in non-neuronal cells and marginal expression of REST in neurons, controls
the establishment of the neuronal phenotype. On the molecular level, REST recruits
histone deacetylases and methyltransferases to its target genes, indicating that a
modulation of the chromatin structure is crucial for neuronal gene transcription.

6.1
Tissue-Specific Gene Expression: The Molecular Basis for the Function of a Multicellular
Organism

The human genome contains approximately 30 000 protein-coding genes. One of
the main emphases in the postgenomic era is the elucidation of control mechanisms
of gene expression. This topic sheds light on the fundamental mechanisms of uti-
lization and regulation of the genetic information. During development, many dif-
ferent cell types are generated that carry, with the exception of developing lympho-
cytes, the same genetic information. Tight control of gene expression is required for
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acquisition of distinct cellular identities by the differentiating cells. Only a fraction
of the genes in the genome is expressed in every cell type. Those genes encode
proteins necessary for the survival of the cell – that is, metabolic enzymes or struc-
tural proteins. In contrast, a portion of the genes is transcribed only in particular cell
types. The tissue-specific expression of these genes is the molecular basis for the
striking differences of the many cell types found in a multicellular organism. The
differential expression of tissue-specific genes is thus responsible for the develop-
ment of a variety of cell types such as neurons, lymphocytes, endothelial cells, he-
patocytes, myocytes and astrocytes, that all together build up the organism.

Alterations in gene expression are, therefore, the basis for the understanding of
multicellular organisms. Neurons differ from other cells of an organism by contain-
ing a specific set of proteins that are crucial for the execution of the specialized
functions of the nervous system. These proteins are encoded by genes that must be
expressed in a neuron-specific manner. The regulatory mechanisms that control
gene expression in neurons are therefore fundamental for the development and
function of the brain. Many neuronal genes are expressed throughout the nervous
system, indicating that transcription factors are required that ensure continuous
active control of neuron-specific gene transcription in every neuron throughout
adulthood. One regulator protein has been discovered, in the analysis of neuronal
gene expression, that may fulfill this role. The zinc finger protein, RE–1 silencing
transcription factor (REST), also termed neuron-restrictive silencer factor (NRSF),
functions as a negative regulator of neuron-specific gene transcription (Chong et al.,
1995; Schoenherr and Anderson, 1995), in contrast to most of the transcription
factors discussed in this book, which are positive regulators. Together with the
expression pattern of REST in non-neuronal tissues, it was suggested that REST
represses neuronal genes in non-neuronal cells.

6.2
Modular Structure of REST

A transcriptional repressor is typically composed of a DNA-tethering domain that
anchors the protein to DNA, and a repressor domain. The REST protein displays a
modular structure (Fig. 6.1). The DNA-binding domain has been localized within
the cluster of eight zinc fingers at the N-terminus. Recently, it was shown that zinc
finger 7 of REST is crucial for DNA binding (Shimojo et al., 2001). In addition,
signals for nuclear targeting, nuclear entry, and for the release from the transloca-
tion machinery are embedded within zinc fingers 2 to 5 (Shimojo et al., 2001). Two
repressor domains were identified, encompassing the N-terminal 83 and the C-ter-
minal 56 amino acids, respectively (Tapia-Ramı́rez et al., 1997; Thiel et al., 1998;
Naruse et al., 1999). The C-terminal repressor domain includes a single zinc finger
motif. Both repressor domains are transferable to a heterologous DNA-binding
domain and function from proximal and distal positions (Thiel et al., 1998, 2001;
Leichter and Thiel, 1999). Several splice variants of REST are known (Palm et al.,
1998) that encode proteins with five or four zinc finger motifs. Two variants of REST,
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termed REST4 and REST5, were only detected in neuronal tissues. These transcripts
are generated by alternative splicing of a neuron-specific exon (exon N) located
between exons V and VI. REST4 retains the N-terminal repression domain and five
of the eight zinc fingers that function as a DNA-tethering domain. The neuron-spe-
cific exon adds the amino acid sequence CDLVG, followed by an in-frame stop
codon, to the REST4 protein C-terminal of the fifth zinc finger (Palm et al., 1998)
(Fig. 6.1). The expression levels of REST4 in the brain are low, and do not exceed 1%
in comparison to the full-length REST protein (Palm et al., 1998). The neuron-spe-
cific splicing of REST is conserved in human, mouse and rat (Palm et. al., 1999). The
biological function of REST4 is controversial. While transcriptional repression activ-
ity was attributed to the REST isoforms by Palm et al. (1998), Shimojo et al. (1999)
described REST4 as a de-repressor. These authors suggested that REST4 binds to
the full-length REST protein and silences the silencing activity of REST. Our results,
obtained following expression of a “humanized” REST4 in neuroblastoma cells,
revealed that hREST4 is neither a transcriptional repressor nor a de-repressor
(Magin et al., 2002). Likewise, an analysis of REST function in small-cell lung cancer
cells showed that none of the splice forms of REST had a significant effect on
REST-mediated transcriptional repression (Gurrola-Diaz et al., 2003). The core se-
quence NNCAGCACCNNGCACAGNNNC has been proposed to be required for
REST binding to DNA (Schoenherr et al., 1996). The binding motifs of neuronal
genes known to be regulated by REST are illustrated in Fig. 6.2.

Fig. 6.1 The modular structure of REST. A cluster of eight zinc fingers in the
N-terminal region functions as DNA-binding domain. Repressor domains have
been mapped on the N- and C-termini of the molecule (Tapia-Ramı́rez et al.,
1997; Thiel et al., 1998). In addition, a repeat-region was identified with so far
unknown function (Chong et al., 1995; Schoenherr and Anderson, 1995). The
modular structure of the REST4 splice variant is also depicted.

6.3
Biological Activity of REST

The biological activity of REST was analyzed by many investigators using transient
transfections of reporter genes. The fact that transcriptional repression via REST is
measurable using this approach argues for some kind of nucleosomal structure of
the transfected plasmids. In line with this, it has been reported that in transiently
transfected cells, nucleosomes are deposited onto non-replicated DNA, but the over-
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all structure may be incompletely organized in comparison to cellular chromatin
(Smith and Hager, 1997). If the nucleosomal structure matters for transcriptional
repression via REST, then naked DNA would not provide any result. However,
quantitative differences between transiently transfected plasmids versus integrated
transcription units are likely when the chromatin assembly is not complete. Despite
the problems of transient transfections, this approach has revealed valuable infor-
mation aiding in the characterization of the biological activity of REST. It has been
shown, for instance, that the REST binding site within the proximal 5’-flanking
region of the human synapsin I promoter is sufficient for the neuron-specific ex-
pression of a synapsin I promoter/reporter gene (Schoch et al., 1996; Thiel et al.,
1998). Deletion of this site abolished neuron-specific expression mediated by the
synapsin I promoter entirely, allowing constitutively acting elements of the promot-
er to direct expression in a non-tissue specific manner (Schoch et al., 1996). These
experiments revealed that the synapsin I promoter worked perfectly in non-neuro-
nal cells, as far as the REST binding site had been deleted. This observation indicates
that REST normally represses synapsin I promoter activity. This is in agreement
with the proposed function of REST as a transcriptional repressor of neuronal genes
in non-neuronal tissues.

REST functions as a transcriptional repressor that is able to block the transcription
of strong heterologous promoters of viral and eukaryotic origin when REST binding
sites are provided in the transcription unit (Lönnerberg et al., 1996; Bessis et al.,
1997; Tapia-Ramirez et al., 1997; Thiel et al., 1998). Moreover, REST functions very
effectively as a transcriptional repressor at a distance; that is, REST is able to repress
transcription despite the location or orientation of the binding site within a gene
(Thiel et al., 1998). Thus, REST fulfils the criteria of a transcriptional silencer bind-
ing protein that functions in a similar, but opposite manner as enhancer binding
proteins; that is, REST blocks transcription whether located upstream or down-
stream of a gene, in either orientation and in both a distance- and gene-independent

Fig. 6.2 REST binding sites in neuronal genes. The binding motif is termed
repressor element–1 (RE–1) or neural-restrictive silencer element (NRSE). The
sequences are taken from Schoenherr et al. (1996), Kemp et al. (2003), and
Martin et al. (2003).
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manner. The biological activity of REST is therefore an “active” repression of tran-
scription. The ability of REST to block transcription of many genes from any posi-
tion within a transcription unit, fits very well with the locations of naturally occur-
ring REST binding sites, indicating that the actual binding position of REST within a
neuronal gene clearly plays no role in its biological activity.

6.4
Mechanism of Transcriptional Repression by REST: Modulation of the Chromatin Struc-
ture

A critical determinant in the regulation of eukaryotic genes is the structural organi-
zation of DNA in chromatin. The fundamental unit of chromatin is the nucleosome,
with two molecules each of the histones H2A, H2B, H3 and H4 building the core
histone, and approximately 146 base pairs of DNA wrapped 1.65 turns around the
histone octamer. The single nucleosomes are linked by short stretches of DNA and
the linker histone H1. The N-terminal regions of the core histones are often modi-
fied by acetylation, methylation or phosphorylation. The acetylation of histones in-
volves the transfer of an acetyl group from acetyl coenzyme A to the e-amino group
of a lysine residue (Fig. 6.3A). Histone acetylation is of major importance for the
regulation of gene transcription because this modification reduces the net positive
charges of the core histones, leading to a decrease in their binding affinity for DNA.
The termini are subsequently displaced from the nucleosome, after which the nu-
cleosome unfolds and provides access for transcription factors. Thus, transcripti-
onal activation occurs only after the repressive histone-DNA interaction has been
destabilized by histone acetylases (Wade et al., 1997). Deacetylation of histones by
histone deacetylases, in contrast, removes the acetyl group from the e-amino group
of lysine residues of histones, thereby allowing ionic interactions between the nega-
tively charged DNA phosphate backbone and the positively charged amino termini
of the core histones. This results in a more compact chromatin structure that is not
easily accessible for the transcriptional machinery (Fig. 6.3B). While histone acety-
lation and hyperacetylation has been correlated with transcriptionally active chro-
matin, histone deacetylation is thought to be involved in the repression of transcrip-
tion. Histone acetylation and deacetylation are major regulatory mechanisms of
transcription that function by modulating the accessibility of transcription factors to
their binding site on DNA. Consequently, a common feature of mammalian tran-
scriptional repressors is the promoter-specific recruitment of histone deacetylases
(Ng and Bird, 2000; Free et al., 2001).

REST is unique in having two repressor domains that are distinct in their primary
structure (Tapia-Ramı́rez et al., 1997; Thiel et al., 1998). It has been shown that the
repressor domains of REST interact with distinct nuclear factors (Leichter and Thiel,
1999), suggesting that two different modes of action are used by REST. This obser-
vation was confirmed by the finding that the N-terminal, but not the C-terminal
repressor domain of REST recruits a Sin3A/histone deacetylase complex into the
vicinity of the promoter (Huang et al., 1999; Naruse et al., 1999). Transcriptional
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Fig. 6.3 Acetylation and deacetylation of histones determine the chromatin
structure. (A) Chemical composition of the side chains of lysine and acetyl-ly-
sine. Histone acetyltransferases (HAT) catalyze the transfer of an acetyl group
from acetyl coenzyme A to the e-amino group of internal lysine residues of
histone N-terminal domains, removing the positive charge of the e-amino group
at physiological pH. Histone deacetylases (HDAC) catalyze the removal of the
acetyl groups. (B) Acetylation of histones loosens the contact between DNA and
the histone octamer, thus generating an open configuration of the chromatin.
Deacetylation, in contrast, stabilizes the DNA/histone binding, leading to chro-
matin compaction. [Reproduced with modifications from Thiel and Lietz (2004)
with copyright permission of Wiley-VCH.] (This figure also appears with the
color plates.)
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repression effected via the C-terminal repression domain of REST, however, was not
impaired by the histone deacetylase inhibitor trichostatin A (Huang et al., 1999;
Naruse et al., 1999). The C-terminal repression domain of REST was shown to bind
to the corepressor protein CoREST (Andrés et al., 1999), a protein that has been
found in a complex with the trichostatin A sensitive histone deacetylase 1 (Humph-
rey et al., 2001). Accordingly, it was later shown that the C-terminal repression
domain of REST also functions via recruitment of histone deacetylases (Ballas et al.,
2001). The recruitment of histone deacetylases to neuronal genes by REST results in
the removal of acetyl groups from the core histones. Consequently, the neuronal
genes are embedded into more tightly packed chromatin that is inaccessible for
transcriptional activators. In neurons, REST is expressed at extremely low concen-
trations. As a result, the chromatin has an open configuration, allowing transcrip-
tional activators to bind and to initiate transcription of neuronal genes. Therefore,
gene transcription of neuronal genes is the result of a relief of repression. Accord-
ingly, neuronal genes normally repressed by REST are expressed following inhibi-
tion of histone deacetylases (Huang et al., 1999; Naruse et al., 1999; Lietz et al., 2003)
(Fig. 6.4). However, the de-repression of neuronal genes by histone deacetylase
inhibitors depends on the cell type and the chromatin structure of the gene under
investigation. The fact that REST functions via recruitment of histone deacetylases
suggests that transcriptional repression via REST is independent of the nature of the
activator proteins bound to the promoters of REST’s target genes, thus confirming
the results obtained with an activator-specific transcriptional repression assay (Lietz
et al., 2001).

Fig. 6.4 Activation of synapsin I and synaptophysin gene transcription in P19
teratocarcinoma cells. (left panel) P19 teratocarcinoma cells were differentiated
via aggregation and treatment with retinoic acid for 4 days, than plated and
cultured for a further 5 days in the presence of cytosine b-d-arabinofuranoside.
(right panel) P19 cells were treated for 24 h with the histone deacetylase inhi-
bitor trichostatin A (TSA) or with the vehicle, dimethylsulfoxide (DMSO). Cy-
toplasmic RNA from undifferentiated (A, denoted ”-“), neuronally differentiated
(A, denoted ”+“), DMSO-treated (B, denoted ”-“) and TSA-treated (B, denoted
”+“) P19 cells were isolated and analyzed by RNase protection mapping using
cRNAs specific for synapsin I, synaptophysin, b-actin and glyceraldehyde-phos-
phate dehydrogenase (GAPDH), respectively. [Reproduced from Lietz et al.
(2003) with copyright permission of Blackwell Publishing, Oxford.]
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REST has been characterized as a dual-specific repressor (Thiel et al., 2004), that
induces transcriptional repression not only via recruitment of histone deacetylases
but also via gene silencing using heterochromatin protein–1 (HP1) -induced heter-
ochromatin formation. The corepressor protein, CoREST, that binds to the C-ter-
minal repression domain of REST and forms complexes with histone deacetylases 1
and 2, is also able to attract HP1 (Lunyak et al., 2002). DNA methylation was shown
to be required to silence the voltage-gated sodium type II channel (Nav.1.2) -enco-
ding gene in Rat–1 cells (Lunyak et al., 2002) and the GluR2 glutamate receptor and
the muscarinic acetylcholine receptor type IV encoding genes in hippocampal
neural stem cells (Kuwabara et al., 2004). The involvement of the methyl-CpG bind-
ing protein MeCP2 in REST-mediated gene silencing indicates that both the pres-
ence of a REST binding site and a specific DNA methylation pattern are of impor-
tance in silencing neuronal genes via the corepressor protein CoREST. In contrast,
inhibition of DNA methyltransferase activity failed to de-repress muscarinic acetyl-
choline receptor type IV transcription in lung fibroblasts (Wood et al., 2003), sug-
gesting that cell type-specific factors control the responsiveness of this gene to DNA
methylation. Finally, histone methylation has been found to regulate the silencing
activity of REST towards neuronal genes. REST recruits the histone dimethylase
G9a to neuronal genes that triggers the methylation of the lysine residue 9 of histone
H3 (Roopra et al., 2004). Interestingly, the recruitment of G9a by REST does not
involve the CoREST protein (Roopra et al., 2004). Methylation of H3Lys9 provides a
high-affinity binding site for the HP1 family of proteins. HP1 plays an essential role
in the establishment and maintenance of the transcriptionally silent state of heter-
ochromatin. HP1 binds to the H3mLys9 epitope through the “chromo domain”.
Subsequent oligomerization of HP1 causes the formation of a higher-ordered chro-
matin compaction (Fig. 6.5).

6.5
Lessons from the REST Knockout Mouse

The analysis of neuronal gene expression in transgenic mice containing an inacti-
vated REST gene revealed that only the tubulin bIII-encoding gene was aberrantly
expressed (Chen et al., 1998). In the myotome, no conversion of presumptive muscle
cells into neurons was observed. The homozygous REST(–/–) knockout mice exhib-
ited embryonic lethality that was preceded by widespread apoptotic cell death, be-
ginning at embryonic days 9.5 and 10 (Chen et al., 1998). Unfortunately, lethality
occurred at that time when neuronal genes are first expressed, making it impossible
to interpret the neuronal gene expression pattern in the absence of REST. Neverthe-
less, the loss of REST function did not induce precocious neurogenesis in neural
precursor cells or a transformation of non-neuronal cells into neurons. Thus,
“... should the master regulator rest in peace ?” (Hemmati Brivanlou, 1998). These
data obtained from the analysis of REST-knockout mice imply that REST does not
control the induction of neurogenesis. Rather, REST may be required after neural
versus non-neural fate determination. A conditional knockout of the REST gene in
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Fig. 6.5 Sequential formation of facultative heterochromatin. (A) Recruitment of his-
tone deacetylases to the transcription unit by transcriptional repressors such as REST
induces deacetylation of histone tails, thus making them suitable substrates for his-
tone methyltransferases such as SUV39H1 and G9a. These enzymes transfer methyl
groups to the e-nitrogen of lysine residue 9 of histone H3 using S-adenosyl-l-methi-
onine as methyl donor. (B) The methylated lysine 9 of histone H3 provides a high-
affinity binding site for HP1. (C) Dimerization and oligomerization of HP1 proteins
spreads the compaction of nucleosomes, forming facultative heterochromatin. [Re-
produced from Thiel et al. (2004) with copyright permission of Blackwell Publishing,
Oxford.] (This figure also appears with the color plates.)
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mice will be helpful in analysis of the tissue-specific expression of pan-neuronal
genes such as the synapsin I and synaptophysin genes in the absence of REST.

6.6
Cell Type-Specific Regulation of REST Target Genes

The analysis of three neuroblastoma cell lines revealed that the expression levels of
REST and synapsin I were in a direct inverse relationship; that is, increased levels of
REST mRNA were accompanied by a reduced synapsin I mRNA concentration and
vice versa (Lietz et al., 1998). It was concluded that the concentration of REST in
neurons and neuronal cells is of major importance for REST function and for the
expression of neuronal genes. Likewise, a recent analysis of the expression levels of
REST in neuronal and (neuro)endocrine cells and in fibroblasts revealed elevated
levels of REST in non-neuronal cells such as fibroblasts, and low levels of REST in
tissues that express REST-regulated genes. The REST-regulated target genes enco-
ding synaptophysin and secretogranin II were found to be expressed in neuronal
and (neuro)endocrine cells, but not in fibroblasts, indicating that the expression of
REST was inversely proportional to the levels of synaptophysin and secretogranin II
mRNA (Hohl and Thiel, 2005). A detailed analysis of REST expression in the rat
nervous system, using in-situ hybridization and RNase protection mapping techni-
ques, revealed that REST is expressed in neurons of the adult nervous system,
although at much lower amounts than in undifferentiated neuronal progenitor cells
(Palm et al., 1998). This observation indicates that low levels of REST are tolerable
for allowing neuron-specific gene transcription. Higher levels of REST, however,
would lead to an impairment of neuron-specific gene transcription. A constitutive
expression of REST in developing neurons of the spinal cord of chicken embryos
repressed the expression of two endogenous target genes of REST, N-tubulin and
NgCAM, indicating that neuronal gene expression is disrupted by increasing conc-
entration of REST. Moreover, commissural neurons expressing REST showed a
significantly increased frequency of axon guidance errors, although neurogenesis
was not entirely prevented by REST (Paquette et al., 2000). These data indicate that
down-regulation of REST during neurogenesis is necessary for proper neuronal
development. In contrast, the continuous presence of the transcriptional repressor
REST in non-neuronal tissues seems to be required to prevent neuronal gene tran-
scription in non-neuronal cells, thus ensuring continuous active control of the dif-
ferentiated state (Blau, 1992).

We have tested the accessibility of REST target genes in different cell types using a
dominant-positive mutant of REST that binds to the REST cognate DNA-binding
site and competes with wild-type REST for DNA binding. This mutant does not
contain a repression domain, and is therefore unable to recruit histone deactylases
to neuronal genes. Instead, the presence of an activation domain actively promoted
transcription of NRSE-containing neuronal genes in transient transfection experi-
ments (Lietz et al., 2001, 2003; Magin et al., 2002). An analysis of REST-target genes
transcription, embedded in their natural location in the chromatin, revealed that the
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REST mutant strongly stimulated synaptophysin and secretogranin II gene transcrip-
tion in pituitary, neuronal, and pancreatic cells (Hohl and Thiel, 2005). The results of
these experiments confirm that REST is a key transcription factor controlling syn-
aptophysin and secretogranin II gene expression. Transcription of the connexin36
gene was strikingly enhanced in pancreatic cells, but activation of the REST mutant
was not sufficient to induce connexin36 expression in neuronal and pituitary cells.
These data indicate that the connexin36 gene is a genuine target for REST in endo-
crine pancreatic cells, but not in neuronal cells or pituitary corticotrophs. Thus, cell
type-specific factors are essential in determining whether REST is able to regulate a
particular gene with REST-binding sites in the regulatory region. These data shed
light on the fact that the concentration of REST is not the only determinant that
controls REST target gene expression. Rather, cell type-specific modifications of the
chromatin structure are most likely critical for REST to gain access to the REST-
binding sites in neuronal genes. Likewise, REST is neither bound to the inactive
muscarinic acetylcholine receptor type IV gene in lung fibroblasts, nor to the inac-
tive ANP gene in PC12 cells (Wood et al., 2003), which suggests that repression of
REST-target genes in differentiated cell types does not always require a permanent
repression via REST. In this context, it is of interest that the expression of a REST-
VP16 fusion protein converted C2C12 myoblasts to a physiologically active neuronal
phenotype (Watanabe et al., 2004). However, expression of REST-VP16 failed to
convert the fate of fully differentiated muscle fibers, suggesting that the REST target
genes were not more accessible for the REST mutant. Thus, the concept that REST
binds permanently to REST target genes in non-neuronal cells to allow a permanent
repression of neuronal genes in these tissues requires re-evaluation. The compa-
rable analysis of REST target gene expression in neuronal and neuroendocrine cells
revealed that the actual concentration of REST is not always exactly correlated with
the expression level of neuronal genes. Rather, the cell type-specific microenviron-
ment, including the cell-specific expression of transcription regulators as well as the
cell type-specific structure of the chromatin, is crucial for the ability of REST, to
control gene transcription.

6.7
The Role of REST in the Differentiation of Neural Stem Cells

Establishment of the neuronal phenotype requires a down-regulation of REST ex-
pression in differentiating neuronal progenitor cells in order to switch neuronal
gene transcription from a repressed state to an active state. Accordingly, the expres-
sion level of REST was shown to be largely reduced in P19 teratocarcinoma cells
following neuronal differentiation (Bai et al., 2003). Likewise, forced expression of a
REST mutant that activated neuronal gene transcription converted neural stem cells
into mature neurons (Su et al., 2004). In addition, a small modulatory, non-coding,
double-stranded RNA has been identified in neural stem cells that interacts with the
REST transcriptional machinery and triggers maturation of the neuronal phenotype
(Kuwabara et al., 2004). This RNA that matches to the REST binding sequence
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(NRSE/RE–1) in an antisense orientation, has been proposed to convert REST from
a transcriptional repressor to an activator (Kuwabara et al., 2004). The means by
which a transcriptional repressor protein such as REST that contains no transcrip-
tional activation domain, but two distinct “active” repression domains able to recruit
histone deacetylases, histone methyltransferases and the heterochromatin-forming
HP1 protein, could activate transcription awaits further explanation.

6.8
Involvement of REST in Brain Dysfunction and Disease

Injection of the glutamate receptor agonist kainic acid in the brain induces seizures
that are accompanied by massive neuronal cell death, in particular in the hippocam-
pus. It has been shown that this treatment is accompanied by an increase in the
REST mRNA concentration in hippocampal and cortical neurons (Palm et al., 1998).
This observation indicates that REST is part of the neuronal activity-implied pro-
cesses in the brain that trigger a suppression of REST-controlled target genes. One of
the target genes of REST encodes the GluR2 subunit of glutamate receptors that
controls Ca2+ permeability, single channel conductance and rectification of AMPA-
type glutamate receptors (Myers et al., 1998). The fact that GluR2 governs AMPA
receptor Ca2+ permeability indicates that changes in the expression level of the re-
ceptor profoundly influence neuronal survival. Likewise, global ischemia has been
shown to induce an up-regulation of REST mRNA and protein (Calderone et al.,
2003), suggesting that the de-repression of REST may function as a device to
counteract insult-induced neuronal death.

Huntington disease, an autosomal dominant disorder, is caused by a CAG repeat
expansion that is translated into an abnormally long polyglutamine tract in the
huntingtin protein. While the wild-type huntingtin protein is mainly expressed in
the cytoplasm, due to a nuclear export signal on the C-terminus, the mutant accu-
mulates in the nucleus, suggesting that alterations in gene transcription are induced
as a result of huntingtin mutations. Recently, it was shown by co-immunoprecipi-
tation assays that huntingtin interacts with REST. The huntingtin/REST complex is
sequestered in the cytoplasm, thus impairing the silencing activity of REST towards
neuronal genes. In contrast, mutated huntingtin binds with lower affinity to REST,
leading to higher levels of REST in the nucleus and silencing of neuronal genes by
REST, for instance the gene encoding brain-derived neurotrophic factor (Zuccato et
al., 2003). Thus, mutations of huntingtin negatively influence neuronal gene tran-
scription.
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6.9
Conclusion and Prospects

REST target genes encode neuronal receptors and channel proteins, neuropeptides
and synaptic vesicle proteins, transcription factors and adhesion molecules, under-
lining the important role of REST in the elaboration of the neuronal phenotype.
Future analysis of REST target genes will have to combine a cell type-specific ex-
pression analysis accompanied by a cell type-specific analysis of the chromatin struc-
ture, in order to determine the impact of REST in the control of neuron-specific gene
transcription. A conditional knockout of the REST gene in mice will be helpful to
analyze the tissue-specific expression of pan-neuronal genes in the absence of REST.
Gain-of-function experiments – that is, overexpression of REST in neurons – should
provide information about the REST concentration that is tolerable by a neuron
without losing its cell type-specific phenotype and function. Naturally, the elucida-
tion of the regulatory network governed by REST will provide a handle to better
understand what is going wrong in disease states. Finally, regulatory mechanisms
controlling REST expression, and in particular the down-regulation of REST ex-
pression in differentiating neuronal progenitor cells, would be of special interest in
order to learn how the regulator is regulated.

Note added in proof

A recent study elucidated the fundamental role of REST in orchestrating the pro-
gression of pluripotent cells to lineage-restricted neural progenitors (Ballas et al.,
Cell 121: 645–657).

The REST-binding protein CoREST has recently been shown to play an essential
role in the demethylation of the histone 3 lysine 4 residue (Lee et al., Nature 437:
432–435).
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7
Roles of Tlx1 and Tlx3 and Neuronal Activity in Controlling
Glutamatergic over GABAergic Cell Fates

Qiufu Ma and Le-ping Cheng

Abstract

Glutamatergic and GABAergic are two principal excitatory and inhibitory neurons,
respectively, in the vertebrate nervous system. Recent studies have gained signifi-
cant insights into the mechanisms by which neurons make the choice between these
two fundamental neuronal cell fates. First, region-specific transcription factors such
as the Tlx class homeobox genes are expressed in newly formed postmitotic neurons
and act as binary genetic switches in selecting a glutamatergic over a GABAergic cell
fate. Second, patterns of neuronal activity are able to modulate excitatory and inhibi-
tory transmitter phenotypes in a homeostatic manner. However, the means by
which neuronal activity interfaces with intrinsic switch genes to regulate transmitter
phenotypes remains to be elucidated.

7.1
Introduction

Neurotransmitters are the chemicals that transmit signals from one neuron to the
next across synapses. Since their discovery in the 1950s, glutamate and gamma-
aminobutyric acid (GABA) have stood out as the two predominant excitatory and
inhibitory neurotransmitters, respectively, in the vertebrate nervous system [1].
Most neurons release either glutamate or GABA, but rarely both, indicating that
these two transmitter phenotypes define a major functional subdivision in neuronal
cell type [2, 3]. Until very recently, the molecular and cellular mechanisms by which
neurons choose an excitatory versus an inhibitory cell fate was poorly understood
[4–6].

Neurotransmitter phenotypes are defined by expression of the enzymes respon-
sible for transmitter synthesis and the transporters that package the transmitters to
the synaptic vesicles. Glutamate is an amino acid which exists in every cell. Recent
studies have led to the identification of a family of vesicular glutamate transporters,
including VGLUT1, VGLUT2 and VGLUT3 [2,3,7–14]. VGLUT1 and VGLUT2 are
expressed in largely non-overlapping subsets of glutamatergic neurons, thus serving
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as prospective markers for two separate groups of excitatory neurons [3,8–11,15,16].
VGLUT3 is expressed in cells which are generally considered to release a classical
transmitter different from glutamate, including subpopulations of inhibitory neu-
rons, cholinergic interneurons, monoamine neurons, and glia [14, 17]. GABAergic
neurons are defined by the expression of two glutamate decarboxylases,
GAD67/Gad1 and GAD65/Gad2, which convert glutamate into GABA and serve as
the prospective markers for GABAergic neurons [18]. In addition, all GABAergic
neurons express the vesicular inhibitory amino acid transporter Viaat/VGAT that
packages GABA into synaptic vesicles [18].

In this chapter, recent progress in understanding how excitatory and inhibitory
transmitter phenotypes are regulated is reviewed, with particular focus on the devel-
opment of the dorsal spinal cord. Specifically, the roles of the Tlx family of home-
obox genes and patterns of neuronal activity in regulating excitatory versus inhibi-
tory cell fates will be discussed. The fundamental questions asked include:
• What are the molecular logistics underlying mutually exclusive development of

the glutamatergic and GABAergic neurons?
• Are there binary genetic switches that lead to all-or-none decisions in selecting

transmitter phenotypes?
• Are generic neurotransmitter phenotypes specified by universal transcriptional

programs, or by distinct sets of transcription factors in different brain areas?
• How does neuronal activity interface intrinsic transcription factors to regulate

transmitter phenotypes?

7.2
The Dorsal Horn of the Spinal Cord

The dorsal horn of the spinal cord is the first-order relay station that processes and
transmits somatic sensory information, such as the senses of pain, temperature,
touch, and itching [19, 20]. Anatomically, the dorsal horn is organized in a lamina-
specific fashion [20–22]. For example, nociceptive and thermoceptive afferents in-
nervate the most superficial lamina, whereas mechanoceptive afferents project to
the more ventral dorsal horn lamina [20,21,23–25]. Based on transmitter phenoty-
pes, dorsal horn neurons can be grouped into two major categories: (a) excitatory
neurons that use glutamate for fast neurotransmission; and (b) inhibitory neurons
that utilize GABA (or glycine) for fast neurotransmission. All long-range ascending
projection neurons are glutamatergic and excitatory, whereas local interneurons can
be either excitatory or inhibitory [26–29]. The dorsal horn is not a passive relay
station, but rather integrates excitatory and inhibitory synaptic inputs from periph-
eral sensory afferents and hindbrain descending afferents [24]. The balance of ex-
citation and inhibition serves as a gate to determine whether the somatic sensory
information – and particularly the nociceptive sensory information that leads to the
perception of pain – is relayed to the brain, or not [30, 31]. Dis-inhibition under
pathological conditions can lead to chronic pain disorders, the management of
which remains a major medical problem [32]. An understanding of how excitatory
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and inhibitory transmitter phenotypes in the dorsal spinal cord are regulated is,
therefore, of both scientific and clinical importance.

7.3
Neurogenesis in the Dorsal Spinal Cord

During the past decade, significant progress has been made in understanding the
molecular logic that governs the generation of dorsal horn neurons. The neural
precursors are patterned by signals derived from the roof plate, and along the dor-
soventral axis are divided into consecutive domains distinguished by complementa-
ry expression of proneural genes, Math1, Neurogenin1/Neurogenin2 (Ngn1/Ngn2),
and Mash1 (Fig. 7.1) [33–38]. These neuronal determination genes encode basic
helix-loop-helix (bHLH) types of transcription factors that are both necessary and
sufficient to promote neurogenesis [39–50]. Neurogenesis in the dorsal spinal cord
then undergoes two phases. From embryonic day E10.5 to E11.5, six classes of
neurons are formed along the dorsoventral axis, with the most dorsal Math1+ pre-
cursors giving rise to DI1 cells, the dorsal Ngn1/2+ cells to DI2 cells, the more
ventral Mash1 + precursors to DI3, DI4, and DI5 cells, and the most ventral Ngn1/2 +

domain to DI6 cells (Fig. 7.1) [34–38,51–53]. These early-born neurons tend to mi-
grate ventrally and settle in the deep lamina of the dorsal horn, or even in the ventral
spinal cord [35–38]. From E11.5 to E13.5, the remaining Mash1 + precursors give rise
to two intermingled groups of cells, DILA and DILB [51–53]. These late-born neu-
rons migrate dorsally and occupy a major portion of the dorsal horn, including
lamina 1–III [51–53]. Each of these dorsal horn neurons can be defined by a com-
binatorial code of transcription factors [36–38]. However, a majority of dorsal horn
neurons can be distinguished by non-overlapping expression of two homeobox
genes, Pax2 (DI4, DI6 and DILA) and Tlx3 (DI3, DI5, and DILB) [4, 52].

With recent isolation of prospective markers for glutamatergic neurons (VGLUT2
for dorsal horn excitatory neurons), the transmitter phenotypes of a variety of dorsal
horn neurons at various embryonic stages (from E10.5 to E13.5) have been charac-
terized. DI1, DI2 and Tlx3+ cells are glutamatergic, whereas Pax2+ cells are GABA-
ergic (Fig. 7.1) [4] (also L.-P. Cheng and Q. Ma, unpublished data). The formation of
GABAergic and glutamatergic neurons is, therefore, subject to complex but precise
spatial and temporal control. Glutamatergic neurons (DI1–3 and DI5) and GABA-
ergic neurons (DI4 and DI6) initially form in alternating stripes along the dorso-
ventral axis. During the late phase of neurogenesis, GABAergic neurons (Pax2+

DILA cells) and glutamatergic neurons (Tlx3+ DILB cells) develop sequentially from
the Mash1+ domain, although there is a period during which the formation of these
two classes of neurons overlaps [4] (also L.-P. Cheng and Q. Ma, unpublished data).
Before discussing the function of Tlx3 in determining glutamatergic transmitter
phenotype, brief overview will be provided regarding the identification, structure,
and expression of the Tlx family of homeobox genes.
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Fig. 7.1 Generation of glutamatergic and GABAergic neurons in the dorsal
spinal cord.
(A) Patterns of neurogenesis in the dorsal spinal cord. Neuronal precursor cells
in the dorsal ventricular zone (VZ) is patterned by signals released from the roof
plate (RF), and can be distinguished by complementary expression of proneural
genes: Math1, Ngn1/2 and Mash1. Neurogenesis in the dorsal spinal cord un-
dergoes two phases. From embryonic day E10.5 to E11.5, six classes of neurons
(DI1–DI6) are formed along the dorsoventral axis. These early-born neurons first
migrate to the marginal zone (MZ) and then settle in the deep lamina of the
dorsal horn, or even in the ventral spinal cord. From E11.5 to E13.5, the Mash1 +

precursors sequentially give rise to two intermingled groups of cells, DILA and
DILB. These late-born neurons migrate dorsally and occupy a major portion of
the dorsal horn, including laminae 1–III. (B) Neurotransmitter phenotypes of
dorsal horn neurons. In the superficial lamina of the E13.5 dorsal horn, gluta-
matergic neurons can be marked by the expression of Tlx3 (DI3, DI5, and DILB),
whereas GABAergic neurons can be marked by the expression of Pax2 (DI4, DI6,
and DILB). Two other early born neurons (DI1 and DI2) also belong to gluta-
matergic neurons.
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7.4
The Tlx Family of Homeobox Proteins

In the mammalian genome, the Tlx family of homeobox genes is composed of three
members, Tlx1 (also called tcl3 and Hox11), Tlx2 (also called Hox11L1, Ncx, Enx),
and Tlx3 (also called Hox11L2 and Rnx) [54–67]. The founding member Tlx1 was
identified by the association of frequent Tlx1 chromosomal translocation with the
development of T-cell acute lymphoblastic leukemia (T-ALL) [54,55,58,60]. Tlx2 and
Tlx3 were isolated by virtue of their sequence homology to Tlx1 [56,68,69]. A close
homologue called Clawless has also been identified in Drosophila [70, 71]. Tlx genes
encode a novel family of homeobox proteins that harbors an unusual threonine at
position 47 in the homeodomain instead of the more usual isoleucine or valine (Fig.
7.2) [56]. Structure-function analysis shows that Tlx1 possesses both activation and
repression activities [56,72–74].

Fig. 7.2 The Tlx family of the homeobox genes. There are three members in
mammalian genome (Tlx1–3), and one close homologue in the Drosophila
genome (Clawless). These Tlx genes encode a novel family of homeobox proteins
that harbors an unusual threonine at position 47 (*) in the homeodomain in-
stead of the more usual isoleucine or valine.

In-situ hybridization showed that Tlx genes are dynamically expressed during
mouse development. Tlx1 is expressed in the developing embryo in the branchial
arches, cranial sensory ganglia, hindbrain, spinal cord, and spleen
[51,57,59,62,63,66,69]. Tlx2 is expressed in a subset of developing neural crest-de-
rived tissues such as the dorsal root ganglia (DRG), the cranial sensory ganglia,
sympathetic ganglia, and the enteric nerve ganglia [64,66–68]. Tlx3 is expressed in
the developing cranial ganglia, DRG, sympathetic ganglia, cerebellum, hindbrain,
and spinal cord [51,65,66,75,76]. Tlx gene knockout mice manifest different phe-
notypes, each reflecting the principal and unique site of expression. The Korsmeyer
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and Rabbitts groups have shown that Tlx1 mutant mice do not develop spleen [57,
62]. The Korsmeyer and Hatano groups demonstrated that Tlx2 mutant mice devel-
op intestinal neuronal dysplasia, whereas Buchwald’s group found that Tlx2 mutant
mice are embryonic lethal due to gastrulation defects [61,64,67]. The reason for the
apparent discrepancy between these two independent studies remains unknown.
Subsequently, the Korsmeyer and Onimaru groups showed that Tlx3 mice die at
birth due to the failure of central respiratory control [65].

7.5
Tlx Gene Expression Marks Sensory Circuits

In 1998, Lumsden’s group first pointed out that Tlx1 and Tlx3might be expressed in
both peripheral sensory ganglia as well as various relay nuclei in the chick hindbrain
[66]. Subsequent analysis in the mouse central nervous system (CNS) showed that
Tlx3 is expressed in the developing cerebellum, the nucleus of the solitary tract
(NTS), the trigeminal nuclei (NTG), the noradrenergic centers, and the dorsal spinal
cord, while Tlx1 is expressed in a subset of Tlx3 + neurons in the trigeminal nuclei
and the dorsal spinal cord [51,75,76]. NTS is the major relay station for the visceral
sensory afferents, and is crucial for cardiovascular and respiratory control [19, 77].
NTG and the dorsal spinal cord are the relay stations for somatic sensory informa-
tion processing [19]. Collectively, Tlx gene expression is detected in both peripheral
sensory neurons as well as the postsynaptic targets in the central relay stations.
Furthermore, combinatorial expression of Tlx3 with two other transcription factor
genes, Phox2b [78] and DRG11 [79], distinguishes the somatic (Tlx3 +DRG11 +) versus
visceral (Tlx3 +Phox2b +) sensory circuits [51, 75]. The Tlx proteins thus belong to
those transcription factors, the expression of which marks neuronal connectivity
[78–80]. In agreement with a potential role for Tlx genes in assembling sensory
circuitry, visceral afferents fail to make a stop in the place where the presumable
relay station NTS is located [75]. Similarly, nociceptive afferents fail to enter the NTG
and the dorsal horn [51]. Noticeably, Tlx3 is also required for specification of the
noradrenergic neurotransmitter in the hindbrain [75]. As discussed below, within
sensory relay stations, Tlx genes determine the excitatory over the inhibitory trans-
mitter phenotype.

7.6
Tlx Genes Serve as Binary Switches between Glutamatergic and GABAergic Transmitter
Phenotypes

There was an interesting journey before we revealed that Tlx3 expression specifically
marks the glutamatergic neurons in the dorsal spinal cord. The initial investigations
were conducted to characterize the phenotypes in Tlx1 and Tlx3 double-mutant
dorsal spinal cord. Tlx3 single mutants showed a partial phenotype due to compen-
sation by Tlx1; for clarity, Tlx1/3 double mutants are referred to as Tlx mutants [51].
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The journey started with the finding that the expression of GluR2 in the dorsal spinal
cord was eliminated in Tlx mutants. GluR2 belongs to AMPA class glutamate re-
ceptors [81], and its expression is elevated robustly in a subset of neurons in the
superficial laminae of the dorsal horn [82]. GluR2 messenger RNA undergoes an
editing process, such that the edited GluR2 protein replaces the glutamine residue
with arginine in the fourth transmembrane domain, and renders AMPA receptors
calcium-impermeable [81]. Earlier studies by Spitzer’s group showed that calcium
influx is able to promote the expression of GABAergic neuron markers in cultured
frog spinal cord neurons [83]. It was considered that a loss of GluR2 in Tlx mutants
would render more neurons calcium-permeable which, according to the results of
Spitzer et al., would allow more neurons to differentiate into GABAergic neurons.
Indeed, a dramatic increase in GABAergic neurons was observed in the Tlx mutant
dorsal horn [4]. GluR2 mutant mice generated in Roder’s laboratory [84] were then
acquired and analyzed for GABAergic neuron development. Surprisingly, there was
no increase of GABAergic neurons in GluR2 mutants! In other words, the hypoth-
esis that a loss of GluR2 would lead to increased GABAergic differentiation was
tested, and results according to the hypothesis – that GABAergic neuron expansion
would occur – was obtained. However, the hypothesis turned out to be incorrect,
that the expansion of GABAergic neurons is not involved with the loss of GluR2.
Thus, a key function of Tlx proteins had been serendipitously discovered – the
suppression of GABAergic differentiation.

The second important clue came from the finding that Tlx3+ neurons are inter-
mingled with those dorsal horn neurons marked by the expression of Pax2 [4].
Earlier studies of the cerebellum had shown that Pax2 expression is associated with
GABAergic neurons [85]. It was then confirmed that Pax2+ neurons in the superficial
dorsal horn at embryonic stages E11.5 and E13.5 were also GABAergic [4]. At this
point, the identity of Tlx3+ neurons was unknown. Edwards and several other groups
had identified VGLUT1–3 as being prospective markers for glutamatergic neurons,
and found that glutamatergic neurons were intermingled with GABAergic neurons
in most parts of the nervous system. With these lines of information, it was not
difficult to postulate that Tlx3 expression might mark glutamatergic neurons, and
this hypothesis was quickly verified by the co-localization of Tlx3 with VGLUT2 [4].

Genetic studies then demonstrated that Tlx genes act as a binary genetic switch
that determines glutamatergic over GABAergic transmitter phenotypes [4]. Loss of
Tlx1 and Tlx3 results in a complete elimination of VGLUT2 expression in the super-
ficial laminae of the dorsal horn. Meanwhile, expression of all known GABAergic
neuron markers, including Gad1/2 and Viaat, is dramatically expanded in Tlx
mutant dorsal horn. Finally, overexpression of Tlx3 in the chick neural tube is able to
suppress GABAergic and promote glutamatergic differentiation. The “on and off” of
Tlx genes are sufficient to cause a switch between excitatory versus inhibitory cell
fate, implying a binary decision between these two cell fates.

The generation of excess GABAergic neurons in Tlx mutants also explains why
Tlx3–deficient mice die from central respiratory control deficits [4, 65]. Electrophy-
siological recordings from a Tlx3 mutant hindbrain slice preparation by Onimaru’s
group revealed that rhythm-generating respiratory neurons in the ventral hindbrain
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exhibited rapid, shallow and arrhythmic firing patterns [65]. Tlx3 is, however, not
expressed in the ventral hindbrain area, whereas respiratory neurons are located
[75]. It was hypothesized that, in Tlx3 mutants, a transformation of Tlx3–dependent
hindbrain glutamatergic neurons into GABAergic neurons could, in principle, pro-
vide excess GABAergic inputs to the respiratory circuitry, and this in turn could
disrupt the normal rhythms of respiratory neurons. In an amazing coincidence, by
the time Dr. Onimaru was asked to test this possibility, his group had already inde-
pendently found that the arrhythmic firing by respiratory neurons could be fully
rescued after incubation with bicuculline, a potent GABA receptor antagonist [4]!
These genetic and electrophysiological studies demonstrated that mutation of a
region-specific switch gene which determines the glutamatergic over the GABAer-
gic neuron cell fates can create an imbalance of excitation and inhibition and lead to
profound behavioral consequences.

7.7
Binary Decision between GABAergic and Glutamatergic Cell Fates is a Common Theme

Tlx1/3 are the first transcription factors shown to be required for the specification of
glutamatergic transmitter phenotype. However, an earlier study had implied that
cerebral cortical precursor cells, which normally give rise to glutamatergic projec-
tion neurons, contain an intrinsic genetic program that suppresses GABAergic dif-
ferentiation [86]. Cortical precursors express the neuronal determination genes
Ngn1 and Ngn2 [33,42,86], whereas precursors in the ventral forebrain express an-
other neuronal determination gene Mash1 [87]. Mash1 + precursors develop into
GABAergic neurons, a fraction of which migrates dorsally to become cortical inhibi-
tory interneurons [88, 89]. In Ngn1 and Ngn2 double mutants, Mash1 is de-repressed
in cerebral cortical precursors, which in turn leads to ectopic formation of GABA-
ergic neurons, implying that Ngn1 and Ngn2 are required to inhibit a GABAergic
differentiation program in cortical precursors by suppressing the expression of
Mash1 [86]. The most recent studies from the groups of Schuurmans and Guillemot
demonstrated that Ngn1 and Ngn2 are additionally required for the specification of
the glutamatergic transmitter phenotype during an early phase of cortical neuro-
genesis [5]. Furthermore, the homeobox gene Pax6 and the nuclear hormone re-
ceptor gene Tlx (different from the Tlx class homeobox gene mentioned above) are
required to promote glutamatergic and to suppress GABAergic differentiation dur-
ing a late phase of cortical neurogenesis [5]. The binary choice between excitatory
and inhibitory cell fates appears, therefore, to be a common theme in the vertebrate
brain, occurring in the dorsal spinal cord, likely in the hindbrain, in the cerebral
cortex and in the hippocampus. The evolvement of these binary genetic switches
explains why glutamatergic and GABAergic neurons develop in a largely mutually
exclusive fashion in the vertebrate brain.
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7.8
Coupling of Generic Transmitter Phenotypes and Region-Specific Neuronal Identities

Glutamate and GABA are two principal excitatory and inhibitory transmitters used
in most parts of the mammalian nervous system. Available data suggest that speci-
fication of these generic neurotransmitter phenotypes is not controlled by universal
transcriptional programs, but rather is controlled by region-specific sets of transcrip-
tion factors. First, VGLUT1 and VGLUT2 are expressed in complementary terri-
tories in the vertebrate brain [3,8–11,15,16]. Second, no Tlx1 or Tlx3 expression is
detected in the forebrain areas [51,65,66,75]. Conversely, the Dlx class homeobox
genes, which are implicated in controlling GABAergic differentiation in the fore-
brain, are not expressed in the hindbrain or the spinal cord [90] (also L.-P. Cheng and
Q. Ma, unpublished data). Conceivably, region-specific factors might bind to distinct
enhancer elements in the promoters of Gad1/2 and VGLUT2 genes. This control
mechanism is analogous to the use of distinct neuronal determination genes
(Math1, Ngn1/2, and Mash1) in controlling neurogenesis in different brain regions.

The involvement of region-specific transcription factors couples the following two
developmental processes: specification of generic transmitter phenotypes, and the
establishment of region-specific neuronal identities. For example, Tlx1/3 are addi-
tionally required to activate many molecules associated with dorsal horn glutama-
tergic neurons, including the AMPA receptor GluR2, the axonal guidance molecule
Sema3C, and multiple transcription factor genes [4, 51] (also L.-P. Cheng and Q. Ma,
unpublished data). Moreover, Tlx genes are required to prevent dorsal horn gluta-
matergic neurons from expressing a set of molecules preferentially expressed in the
dorsal horn GABAergic neurons, such as the kainite receptors GluR6 and GluR7, as
well as the transcription factor gene Pax2 [4]. The near-systematic cell fate transfor-
mation caused by Tlx mutation is remarkable, considering the fact that Tlx1 and
Tlx3 are expressed in postmitotic neurons. The onset of Tlx1 and Tlx3 expression
most likely represents a major readout after neuronal precursors integrate intrinsic
and extrinsic signaling programs. In other words, Tlx genes operate at – or close to –
the top of the hierarchy in controlling dorsal horn glutamatergic neuron differentia-
tion. These findings also indicate that the distinct features of a defined group of
neurons are not controlled independently, in a piecemeal fashion, but rather are at
least partially controlled through coherent genetic programs.

7.9
The Plasticity of Neurotransmitter Phenotypes

The plasticity of neurotransmitter phenotypes was first observed in cultured periph-
eral sympathetic neurons [91, 92]. Subsequent in-vivo studies demonstrated that a
subset of sympathetic neurons undergoes a switch of transmitter phenotypes in
response to target-derived signals, from noradrenergic to cholinergic [93]. Accumu-
lating data have also implied an activity-dependent plasticity of excitatory and inhibi-
tory transmitter phenotypes in the vertebrate nervous system [94]. Spitzer’s group
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showed that in the frog spinal cord at the tadpole stages, newly born neurons gen-
erate distinct patterns of spontaneous Ca2+ spike activity [6, 94]. Remarkably, neu-
rons with different Ca2+ spike patterns express one of four classical transmitters:
glutamate, glycine, GABA, and acetylcholine [6]. Early in-vitro culture studies
showed that increased Ca2+ spike frequency is able to promote GABAergic neuron
differentiation [83]. Most recently, Spitzer’s group also showed that activity can
regulate excitatory and inhibitory transmitter phenotype in a homeostatic fashion
[6]. An increase in neuronal activity by the overexpression of voltage-gated rat brain
Na+ channel rNav2a leads to an increased number of neurons expressing inhibitory
neurotransmitters (GABA or glycine), and a decreased number of neurons express-
ing excitatory neurotransmitters (glutamate or acetylcholine). Conversely, a decre-
ase in neuronal activity by overexpression of human inward rectifier K+ channels
(hKir2.1) results in exactly inverse results: more excitatory and less inhibitory neu-
rons. Interestingly, activity-dependent plasticity of excitatory and inhibitory trans-
mitter phenotypes can only occur in a specific critical period after the birth of neu-
rons [6].

Can activity regulate excitatory/inhibitory transmitter phenotype in the mamma-
lian nervous system? Indeed, the results of several studies have suggested that this
might be the case. In the rat hippocampus, the presumable “glutamatergic” granule
cells in the dentate gyrus undergo a transient GABAergic phenotype during devel-
opment, and in adult animals, enhanced excitability under seizures can promote
GABAergic transmitter phenotype development – an effort which appears to retain
the constancy of neuronal network activity [95–98]. Interestingly, neurogenesis per-
sists to adulthood in the hippocampus [99], and it will be interesting to determine
whether only immature neurons are competent for activity-dependent modulation
of transmitter phenotype, in agreement with the existence of a critical period for
activity-dependent modulation in the frog spinal cord. Dynamic change of inhibitory
transmitter phenotype is also reported in the mammalian spinal cord. For example,
there is a progressive reduction of GABAergic neurons in the rat spinal cord during
prenatal and postnatal development [100, 101]. Moreover, numbers of GABAergic
neurons in the dorsal horn can be dynamic under chronic pain conditions [26, 32],
although it remains to be determined if the change of GABAergic neurons reflects a
loss of the cells or a switch of transmitter phenotypes.

7.10
Summary and Unsolved Problems

Two important principles have emerged in regulating glutamatergic versus GA-
BAergic transmitter phenotypes. First, there are region-specific genetic switches
such as Tlx1 and Tlx3 in the dorsal spinal cord and Ngn1 and Ngn2 in the cerebral
cortex that select a glutamatergic over a GABAergic cell fate. Loss or gain of these
switch genes is able to cause a switch in transmitter phenotypes. Second, neuronal
activity is able to modulate excitatory and inhibitory transmitter phenotypes in a
homeostatic fashion, at least in the frog spinal cord and in adult mammalian hip-
pocampus.
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One question remaining to be solved is to determine if there are switch-like genes
that select a GABAergic over a glutamatergic cell fate – a function which is in
opposition to that of the Tlx genes. The potential existence of such switch genes is
indirectly implied from the finding that a decrease in neuronal activity causes a
switch from a GABAergic to a glutamatergic cell fate in frog spinal cord. Pax2 is
required for the differentiation of GABAergic neurons in the mouse spinal cord, but
is incapable of suppressing glutamatergic differentiation, and thus it is not involved
in the cell fate choice process per se. The Dlx class homeobox genes have been
implicated in controlling GABAergic neuron development in the forebrain, but their
potential role in suppressing glutamatergic differentiation has not yet been exami-
ned.

The biggest unsolved question is to understand how neuronal activity interfaces
with intrinsic transcription factors to control transmitter phenotypes. Our working
model is that specification of transmitter phenotypes might undergo two distinct
phases. The first phase is genetically “hardwired”, and is controlled by the expres-
sion of intrinsic transcription factors that serve as molecular switches. In the spinal
cord, expression of Tlx1 and Tlx3 is subject to precise spatial and temporal control.
Moreover, transmitter phenotypes are among the earliest neuronal identities speci-
fied, occurring shortly after cells migrate out of the ventricular zone [4,102,103].
Even if early spontaneous neuronal activity is required for initial transmitter phe-
notype specification, the pattern of neuronal activity could be subject to genetic
control. For example, it would be interesting to determine if Tlx-like switch genes
could control the expression of ion channels that are responsible for the generation
of spontaneous neuronal activity. During the critical period, neuronal activity might
then cause the plasticity of transmitter phenotypes by modulating the expression or
function of those intrinsic postmitotic switch genes, such as Tlx1 and Tlx3. To test
this hypothesis, it is crucial to perform genetic fate mapping to determine if there are
dorsal horn neurons transiently expressing Tlx1 and Tlx3, and to see if such neurons
undergo a transition from a glutamatergic to a GABAergic cell fate. It is also worth-
while determining if increased neuronal activity by ectopic expression of sodium
channels in the mouse spinal cord would cause a suppression of Tlx gene expression
and a subsequent transformation from a glutamatergic to a GABAergic cell fate, as
did Spitzer’s group in the developing frog spinal cord.

The finding that there are region-specific molecular programs controlling the ex-
pression of excitatory and inhibitory transmitter phenotypes might be of potential
clinical importance. For example, Tlx genes are expressed in the superficial laminae
of the dorsal horn that is crucial for the transmission of nociceptive/painful sensory
information. It is, therefore, important to determine if Tlx genes are required for the
maintenance of the glutamatergic transmitter phenotype in the adult dorsal horn
neurons. If they do, then a drug interfering Tlx-mediated transcription program
could in principle be used to treat chronic pain disorders by attenuating dorsal horn
neuron excitability. Such drugs would have less pronounced side effects than N-me-
thyl-d-aspartate (NMDA) receptor antagonists or GABA receptor agonists, which
affect the function of the entire nervous system [32].
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Abbreviations

bHLH basic helix-loop-helix
CNS central nervous system
DRG dorsal root ganglia
GABA gamma-aminobutyric acid
NMDA N-methyl-d-aspartate
NTG trigeminal nuclei
NTS nucleus of the solitary tract
T-ALL T-cell acute lymphoblastic leukemia
VGLUT vesicular glutamate transporter
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Transcriptional Control of the Development
of Central Serotonergic Neurons

Zhou-Feng Chen and Yu-Qiang Ding

Abstract

The central serotonergic neurons [5–hydroxytryptamine (5–HT) neurons] are sever-
al clusters of neurons located bilaterally along the midline and in the adjacent reti-
cular formation of the brainstem. These neurons project widely to almost every part
of the brain and spinal cord, and thereby modulate a variety of developmental pro-
cesses and animal behaviors. A deregulation of the 5–HT level in the central nervous
system might contribute to numerous psychiatric disorders, including fear, aggres-
sion, depression, and anxiety, and to pain modulation. The recent identification of
5–HT-specific transcription factors and the genetic manipulation of these factors in
mice have begun to unveil molecular mechanisms underlying the specification,
differentiation, survival, and maintenance of the central 5–HT neurons. This chap-
ter summarizes some of recent advances about transcriptional control of 5–HT
neuron development, and highlights the results from gene-targeting experiments in
mice. The discussion concentrates on two classes of transcription factors. One class,
represented by Nkx2.2 and Mash1, is expressed in 5–HT progenitor cells residing
within the ventricular zone. The second class, represented by Lmx1b and Pet1, is
expressed in 5–HT postmitotic neurons only. The comparison of different mutant
lines that lack an individual transcription factor has permitted us to speculate about
their relationship during the development of 5–HT neurons. Finally, behavioral
study of knockout mice with impaired 5–HT systems have shown the involvement of
some transcription factors in the etiology of psychiatric abnormalities.

8.1
Introduction

The 5–hydroxytryptamine (5–HT) system in the central nervous system (CNS) com-
prises several groups of morphologically distinct neurons that are mainly distribut-
ed in the midline region of the brainstem along the rostrocaudal neuroaxis. They are
clustered in the raphe nuclei of the brainstem, and some are dispersed in the adja-
cent reticular formation (Tork, 1990; Jacobs and Azmitia, 1992). One widely used
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nomenclature for central 5–HT neurons was originally proposed by Dahlstrom and
Fuxe (1964), who classified them into nine clusters (B1–B9) on the basis of their
anatomical architecture and location (Fig. 8.1). Caudal 5–HT neurons (B1–B4) are
located in the medulla oblongate, whereas rostral 5–HT (B5–B9) neurons reside in
the pons and the caudal-most part of the midbrain. Another commonly used no-
menclature for 5–HT neurons is based on their anatomical architecture in the raphe
nuclei of the brainstem (Tork, 1990; Jacobs and Azmitia, 1992) (Table 8.1). The 5–HT
neurons probably possess the most complex projection network in the CNS: three
major descending 5–HT efferents emanating from B1–B4 neurons project to the
spinal cord, whereas B5–B9 neurons send their efferents through five major ascend-
ing routes to almost every region of the CNS (Tork, 1990; Jacobs and Azmitia, 1992).
These neurons release 5–HT that interacts with at least 14 5–HT receptors, most of
which are G-coupled receptors to initiate a downstream second message signal
transduction pathway (Martin et al., 1998; Pauwels, 2000).

Fig. 8.1 Schematic diagram of the organization of 5–HT neurons in the brains-
tem during early mouse embryonic development and at adult stage. The deve-
loping hindbrain comprises a series of repeated segments called rhombomeres.
Beginning at E10.5, 5–HT neurons are generated from r1–r3 and subsequently
from r5–r7 (green). No 5–HT neurons are generated from r4 (pink). In the adult
brainstem, nine clusters (B1–B9) of 5–HT neurons are classified in raphe nuclei
according to their distinct locations and structures. Caudal 5–HT neurons
(B1–B4) project to the brainstem and the spinal cord, whereas rostral 5–HT
neurons (B5–B9) project to all parts of the brain. r1 may give rise to the dorsal
raphe nucleus (B7/B6), whereas r2–r3 may generate the rest of rostral 5–HT
neurons (B5, B8, and B9). By contrast, caudal 5–HT neurons (B1–B4) probably
originate in r5–r7. The ontogenic relationship between rhombomeres, except r1,
and 5–HT neurons remains unclear. Abbreviations: r = rhombomeres; 4V =
fourth ventricle.
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Through extensive projections, 5–HT exerts modulatory function in the neurotrans-
mission of many types of neurons, and its dysregulation has been implicated in
numerous psychiatric disorders, such as anxiety, aggression, and depression, and in
pain modulation (Nelson and Chiavegatto, 2001; Millan, 2002).

During early embryonic development, the distinction among different groups of
5–HT neurons is much less clear. The 5–HT neurons are among the earliest-born
neurons that are generated in the CNS. In mice, 5–HT neurons are generated be-
tween E10.5 and E12.5 as a stream of cells exits the cell cycle and migrates to settle
down either near the midline of the ventral hindbrain or to the more lateral region
that constitutes the reticular formation (Ding et al., 2003; Pattyn et al., 2004). The
axons of 5–HT neurons do not cross the midline, and fuse until the late stages of
embryonic development and early postnatal stages. Like the development of other
neurons in the neural tube, the development of 5–HT neurons follows a well-de-
fined spatiotemporal sequence. The generation of rostral 5–HT neurons precedes
caudal 5–HT neurons along the brainstem axis. Moreover, before the generation of
5–HT neurons, visceral motor neurons (vMNs) are derived from the same domain
of the ventral VZ; the vMNs are derived between E9.5 and E10.5 (Pattyn et al., 2003).
A few 5–HT cells appear in the rostral-most part of the pons between E10.5 and
E10.75. By E11.5, an increasing number of 5–HT neurons appear in the more caudal
part of the pons and the rostral part of the medulla. At E12.5, almost all of distinct
classes of 5–HT neurons are present in the brainstem (Ding et al., 2003). Anatomi-
cally, the embryonic hindbrain is composed of a series of segments called rhom-
bomeres (r) (Lumsden and Krumlauf, 1996). Most 5–HT neurons derive from r2–r3
and r5–r7 (Pattyn et al., 2003). Rhombomere 1 gives rise to the dorsal raphe nuclei
(presumptive B7 and B6 neurons), whereas r4, from which no 5–HT neurons are
generated, serves as a spacer dividing rostral from caudal 5–HT neurons (Pattyn et
al., 2003). The relationship among B clusters, 5–HT nuclei, and embryonic rhom-
bomeres is listed in Table 8.1.

Table 8.1 Classification of 5–HT neurons and ontogenic relationship between
B nuclei and rhombomeres.

Location B nuclei Raphe nuclei Rhombomere

Caudal B1 Nucleus raphes pallidus r5–r7
Caudal B2 Nucleus raphes obscurus r5–r7
Caudal B3 Nucleus raphes magnus

Rostral ventrolateral medulla
Lateral paragigantocellular reticular nucleus

r5–r7

Rostral B4 Central gray of the medulla oblongata r2–r3
Rostral B5 Pontine median raphe nucleus r2–r3
Rostral B6 Pontine dorsal raphe nucleus r1
Rostral B7 Midbrain dorsal raphe nucleus r1
Rostral B8 Midbrain median raphe nucleus

Caudal linear nuclei
r2–r3?

Rostral B9 Medial lemniscus r2–r3?
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The generation of diverse ventral cell types, including somatic motor neurons and
vMNs along the neural axis, requires floor plate- and notochord-derived signals
(Tanabe and Jessell, 1996; Briscoe et al., 1999; Jessell, 2000). The induction and
specification of 5–HT neurons may depend on Sonic hedeghog (Shh), which acts
through a number of transcription factors (Hynes and Rosenthal, 1999; Goridis and
Rohrer, 2002). Because Shh expression is not limited to the hindbrain, other region-
specific secreted factors may also participate in the specification of 5–HT neurons.
The transcription factor Nkx2.2 can specify the ventral cell types in the developing
spinal cord in response to Shh signaling; thus Nkx2.2 may have an analogous role in
specifying 5–HT neurons in the hindbrain (Ericson et al., 1997; Briscoe et al., 1999;
Gaspar et al., 2003). However, the manner in which these signaling molecules are
converted into a combinatorial transcriptional code that confers the identity of 5–HT
neurons is still unknown.

8.2
Transcription Factors in the Development of 5–HT Neurons

Over the past few years, an increasing number of transcription factors have been
identified in 5–HT neurons and their precursors. To date, at least six transcription
factors have been identified in the development of 5–HT neurons (Hendricks et al.,
1999, 2003; Cheng et al., 2003; Ding et al., 2003; Craven et al., 2004; Pattyn et al.,
2003, 2004) (Table 8.2). These transcription factors can be divided into several classes
according to their spatiotemporal expression profile. Nkx2.2 and Mash1 are ex-
pressed in 5–HT progenitor cells, and their expression stops as soon as 5–HT pro-
genitors exit the cell cycle and become postmitotic. By contrast, Gata2 is expressed
in both the VZ and postmitotic cells (Nardelli et al., 1999). Finally, Gata3, Pet1, and
Lmx1b are mainly expressed in postmitotic 5–HT neurons. Among the six transcrip-
tion factors, only Pet1 is exclusively expressed in 5–HT neurons. Researchers have
shown that the other five transcription factors are important developmental regula-
tors of the specification of distinct neuronal types in the CNS (Guillemot et al., 1993;
Ericson et al., 1997; Briscoe et al., 1999; Nardelli et al., 1999; Ding et al., 2004). These
results strengthen the idea that similar mechanisms used by these transcription
factors in other neuronal types may be adopted in the development of 5H-T neurons,
or vice versa.

8.3
Transcription Factors Expressed in 5–HT Progenitor Cells

8.3.1
Nkx2.2

Nkx2.2 is a homeodomain-containing transcription factor that plays an essential
role in the specification of the ventral cell type in response to Shh signals in the
spinal cord and hindbrain (Ericson et al., 1997; Briscoe et al., 1999). Nkx2.2 is the
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earliest transcription factor that has been shown to be required for the specification
of 5–HT neurons (Briscoe et al., 1999; Cheng et al., 2003; Ding et al., 2003; Pattyn et
al., 2003). In the developing hindbrain, Nkx2.2 is restricted to the VZ (Pattyn et al.,
2003). Between E9.5 and E10.5, it is coexpressed with two other transcription factors,
Nkx2.9 and Phox2b, that are important for the generation of vMNs. The extinction of
Phox2b and Nkx2.9 expression in the ventral-most domain of the hindbrain is ac-
companied by the cessation of vMN generation, and is a prerequisite for the initia-
tion of the generation of 5–HT neurons from the same domain (Pattyn et al., 2003).
In the absence of Phox2b, production of 5–HT neurons is premature, in addition to
the failure of vMN generation. Thus, Nkx2.2may serve as one of the intrinsic factors
upstream of Phox2b to instruct the switch of vMN progenitor cells into 5–HT neu-
ronal progenitor cells.

In Nkx2.2 mutants, Nkx2.9 expression expands to the ventral-most part, and 5–HT
neurons fail to be generated to a large degree. These findings are consistent with the
idea that Nkx2.2 is necessary for the specification of 5–HT neurons (Ding et al.,
2003; Pattyn et al., 2003). Nkx2.9 is unable to rescue the deficiency of Nkx2.2 with
regard to the generation of 5–HT neurons; this finding suggests that Nkx2.2 may be
endowed with a 5–HT-specific property. Intriguingly, not all 5–HT neurons depend
on Nkx2.2 for their specification. Nkx2.2 is dispensable in r1 because 5–HT neurons
derived from r1 are not affected by the Nkx2.2 mutation (Ding et al., 2003; Pattyn et
al., 2003). These data suggest that a discrete mechanism underlies the specification
of 5–HT neurons in r1. Perhaps other unidentified r1–specific factors are involved.

In the ventral hindbrain, Nkx2.2 possesses dual function with regard to the gen-
eration of motor neurons and 5–HT neurons. Nkx2.2 is crucial for the generation of
vMNs by initiating Phox2b expression that in turn represses 5–HT fate before the

Table 8.2 Summary of the phenotype of knockout mice lacking individual tran-
scription factor in 5–HT neurons.

Genes Expression 5–HT defects KO lethality 5–HT-specific
TFs

Reference(s)

Nkx2.2 VZ 100% except in r1 P0 Lost except in r1 Ding et al. (2003);
Pattyn et al. (2003)

Mash1 VZ Almost 100% P0 All lost Pattyn et al. (2004)
Gata2 VZ, postmito-

tic
100% E10–12.5 All lost Cravenetal. (2004)

Lmx1b Postmitotic 100% P0 All lost Cheng et al.
(2003); Ding et al.
(2003)

Pet1 Postmitotic 70% Mostly viable Unknown Hendricks et al.
(2003)

Gata3 Postmitotic Mostly in the
caudal

E11.5–13.5 Unknown Pattyn et al. (2004);
van Doorninck et
al. (1999)

KO = knockout; TF = transcription factor; VZ = ventricular zone.
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onset of the neurogenesis of 5–HT neurons in the ventral-most part of the hind-
brain. In the absence of Phox2b, Nkx2.2 adopts a default pathway to promote 5–HT
fate.

8.3.2
Mash1

Mash1 is a mouse homologue of the Drosophila proneural genes achaete-scute, and a
basic helix-loop-helix (bHLH) transcription factor that normally functions as either a
homodimer or heterodimer (Bertrand et al., 2002). Mash1 is one of the earliest-iden-
tified transcription factors involved in the determination of neuronal fate in verte-
brates (Guillemot et al., 1993). Moreover, it has emerged as a key fate determinant
for many types of neurons in the nervous system (e.g., noradrenergic neurons, 5–HT
neurons, and telencephalic neurons) (Blaugrund et al., 1996; Goridis and Brunet,
1999; Fode et al., 2000; Parras et al., 2004). The function of Mash1 in the develop-
ment of central 5–HT precursor cells, however, has been explored only recently
(Pattyn et al., 2004). During development, Mash1 expression is restricted to the VZ
and is coexpressed with Nkx2.2 throughout the generation period of vMNs and 5–HT
neurons (Pattyn et al., 2004). In the developing hindbrain, Mash1 is the only known
proneural bHLH transcription factor expressed in the domain of 5–HT progenitor
cells.

The requirement for Mash1 in the development of 5–HT neurons has been shown
at two levels. First, in Mash1 knockout mice, vMNs are generated normally, whereas
all postmitotic transcription factors (Lmx1b, Pet1, Gata2, and Gata3) fail to be de-
tected in the developing brainstem (Pattyn et al., 2004). Even though it is dispensable
for the generation of vMNs, Mash1 is essential for the differentiation of 5–HT pro-
genitor cells. Second, the examination of two components of the Notch signaling
pathway, Dll and Hes5, in Mash1 mutants has revealed the loss of these two genes in
the domain of 5–HT neuronal progenitor cells (Pattyn et al., 2004). Thus, Mash1 is
required for mediating the Notch signaling pathway that leads to 5–HT neuroge-
nesis, and the absence of Mash1 results in defective neurogenesis for 5–HT neu-
rons.

When the Mash1 coding sequence is replaced by another proneural gene, Ngn2,
only about 15% of 5–HT neurons are found as compared with the wild-type control
mice, despite a rescued neurogenesis as indicated by normal expression of Dll and
Hes5. This finding indicates a partial block of the differentiation of 5–HT neurons
(Parras et al., 2002; Pattyn et al., 2004). The observation that the function of Mash1 in
the specification of 5–HT neurons cannot be completely substituted by other bHLH
factors, despite their shared similar bHLH domain, suggests that Mash1 possesses
5–HT neuron-specific characteristics. Because the lack of Mash1 does not lead to an
alteration of Nkx2.2 that is unable to activate Mash1, Mash1 is unlikely to exert its
function by regulating Nkx2.2. Instead, Mash1 may act in parallel with Nkx2.2 to
specify 5–HT neurons. Other cofactors may also be required because electropora-
tion of DNA plasmids that express either gene or both fails to induce 5–HT neurons
(Pattyn et al., 2004). Therefore, although both genes are necessary, neither Nkx2.2
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nor Mash1 is sufficient for inducing the generation of 5–HT neurons, even in the
absence of Phox2b (Pattyn et al., 2004).

8.4
Transcription Factors Expressed in the Ventricular Zone and Postmitotic 5–HT Neurons

8.4.1
Gata2 and Gata3

Gata2 and Gata3 are members of the GATA family that contain zinc fingers which
bind to the consensus core (A/T)GATA(A/G) (Patient and McGhee, 2002). Among
six GATA family members identified in vertebrates, Gata2 and Gata3 are important
for the development of 5–HT neurons (van Doorninck et al., 1999; Craven et al.,
2004; Pattyn et al., 2004). In the developing hindbrain, the expression of Gata2
precedes that of Gata3 (Nardelli et al., 1999). The onset of Gata2 expression occurs at
E9.0, most notably in r4 and transiently in r2. By E10.5, Gata2 expression has ex-
panded to all rhombomeres and is detected in progenitor cells in the VZ and in the
postmitotic cells. By contrast, Gata3 expression is weak in the VZ and mainly occu-
pies the region outside the ventral VZ (Nardelli et al., 1999).

Gata2–null mice exhibit severe anemia and die between E10 and E11 (Tsai et al.,
1994). One team has analyzed the neural development in the developing hindbrain
of Gata2mutants and revealed several defects in neurogenesis (Nardelli et al., 1999).
The team, however, did not examine the development of 5–HT neurons (Nardelli et
al., 1999). The early lethality of Gata2 mutants precluded detailed analysis of 5–HT
neuronal development. For this problem to be avoided, in-vitro explant culture of E8
ventral hindbrain was used, and the tissue was examined at the equivalent of E13.5,
when all 5–HT neurons are generated. In contrast to those in the control mice, 5–HT
neurons were completely missing in Gata2 mutants, even in the presence of Gata3
(Craven et al., 2004). Thus, Gata2 could be a critical factor for the specification of
5–HT neurons.

In-ovo electroporation of Gata2 into chick embryos also suggests that the role of
Gata2 in the development of different clusters of 5–HT neurons may differ (Craven
et al., 2004). Overexpression of Gata2 in r1 induced Pet1 and Lmx1b, but not in r2–r3
and r5–r7. Therefore, Gata2 is necessary and sufficient for the development of 5–HT
neurons in r1, whereas in r2–r3 and r5–r7 it is only necessary but not sufficient.
Because the capacity of Gata2 to induce other 5–HT-specific transcription factors is
restricted to r1 (Craven et al., 2004), Gata2 may be a key factor that helps to confer
r1–specific 5–HT phenotype in addition to its generic function in the specification of
5–HT neurons.

Gata3 + cells are almost completely co-localized with 5–HT in the caudal raphe
nuclei, whereas in the rostral part of hindbrain, only 46% of Gata3 + cells are over-
lapped with 5–HT staining (van Doorninck et al., 1999). Gata3 mutants die between
E9.5 and E12.5 and exhibit multiple defects, including brain and spinal cord abnor-
malities, abnormal liver hematopoiesis, and bleeding (Pandolfi et al., 1995). Two
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teams have rescued the early lethal phenotype to analyze the development of 5–HT
neurons in the absence of Gata3. The analysis of chimeric mice composed of Ga-
ta3 –/–/Gata3 +/+ wild-type cells shows that the development of 5–HT neurons is com-
promised in the caudal, but not in the rostral, raphe nuclei of the hindbrain (van
Doorninck et al., 1999). In line with this chimeric study, rescued Gata3 mutant
embryos by noradrenergic agonists showed an 80% loss of 5–HT+ neurons in the
most caudal part of the hindbrain, whereas a less severe loss of 5–HT in the more
rostral part of the hindbrain was found (Pattyn et al., 2004).

In Gata3 mutants rescued by a noradrenergic agonist, the expression of Pet1,
Lmx1b, and Gata2 was largely normal at E13.5 (Pattyn et al., 2004). However, a
partial loss of Gata3 was observed in the caudal part of the hindbrain of Lmx1b
mutants (Ding et al., 2003). Although these data suggest that Lmx1b and Pet1may lie
either upstream of or parallel to Gata3, the possibility cannot be excluded that the
loss of Gata3 in Lmx1b mutants could also be due to a gradual loss of 5–HT neuronal
identity in general, rather than to the loss of a regulation by Lmx1b.

The reports of Gata3 expression in Gata2 mutants are conflicting. In one study, no
Gata3 expression was detected in the hindbrain of Gata2 mutants (Nardelli et al.,
1999), whereas in the others, Gata3 expression was not affected at a similar stage
(Pata et al., 1999; Craven et al., 2004). By contrast, Gata2 expression remains unal-
tered in Gata3mutants (Craven et al., 2004). Gata2 can activate Gata3when Gata2 is
overexpressed in the chick neural tube, but not vice versa. Therefore, these results
suggest that Gata3 functions either downstream or independent of Gata2 and
Lmx1b. Despite these studies, the epistatic relationship among these genes is still
not well understood, and further work is required to resolve some of the discrepan-
cies.

8.5
Transcription Factors Expressed in Postmitotic 5–HT Neurons

8.5.1
Lmx1b

Lmx1b is a member of the LIM (Lin–11 from Caenorhabditis elegans, Isl–1 from the
rat, and Mec–3 from C. elegans) homeodomain (LIM-HD) transcription factor family
that has been implicated in many aspects of developmental and biological processes
(Curtiss and Heilig, 1998; Dawid et al., 1998; Bach, 2000). The LIM-HD motif com-
prises two zinc fingers that mediate protein-protein interaction and can bind the
same domain or different class of protein; thus, diverse interactions are allowed
among proteins (Bach, 2000; Matthews and Visvader, 2003). Many LIM-HD tran-
scription factors are particularly important in the regulation of the specification and
differentiation of the nervous system (Curtiss and Heilig, 1998).

Lmx1b is a mouse orthologue of the chicken Lmx1 that is required for the limb bud
development (Chen et al., 1998). Its chromosome location syntenically matches a
dominantly inherited human disease called nail-patella syndrome (NPS) (Chen et
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al., 1998; Dreyer et al., 1998). In the CNS, Lmx1b is widely expressed in a variety of
neuronal types, including the dorsal spinal cord, dopaminergic neurons, and the eye
(Kania et al., 2000; Pressman et al., 2000; Smidt et al., 2000; Asbreuk et al., 2002;
Ding et al., 2004). Lmx1b is one of the earliest known transcription factors to be
expressed in postmitotic 5–HT neurons (Cheng et al., 2003; Ding et al., 2003).

Bromodeoxyuridine (BrdU) tracing experiments show that most of Lmx1b-ex-
pressing cells are not stained for BrdU. Although most Lmx1b + cells are postmitotic,
a few Lmx1b + cells are also stained for BrdU and co-localized with Nkx2.2 (Ding et al.,
2003). This observation raises the possibility that Lmx1b may serve as a “brake”
signal to instruct 5–HT precursor cells to cease their proliferation. At E14.5, all 5–HT
neurons are also stained for Lmx1b in the ventral hindbrain (Fig. 8.2). The domain of
Lmx1b expression in the floor plate is dispensable for the development of 5–HT
neurons (Ding et al., 2003). The expression of Lmx1b is persistent not only in all
postmitotic 5–HT neurons through embryonic development but also in the adult
brain (Z.-F. Chen, unpublished results). This suggests that Lmx1b may have multi-
ple functions in different stages of 5–HT neuronal development.

Fig. 8.2 Double staining of Lmx1b and 5–HT in embryonic mouse hindbrain.
(A) Lmx1b staining in r5 detected with immunocytochemical staining. (B)
Lmx1b (red) and 5–HT (green) double staining. Arrows indicate double-stained
cells. (C) Nkx2.2 (red) and Lmx1b (green) double staining. Nkx2.2 is mainly
detected in the VZ, whereas Lmx1b is found in postmitotic cells. Arrows indicate
double-stained cells, whereas arrowhead indicates Lmx1b-expressing cells only.
(D) BrdU (red) and Lmx1b (green) double staining, indicating postmitotic ex-
pression of Lmx1b (arrow). Scale bars: 100 mm (A); 25 mm (B); and 50 mm (C, D).
Abbreviations: fp = floor plate; 4V = fourth ventricle; VZ = ventricular zone. (This
figure also appears with the color plates.)
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In Lmx1b-null mutants, most of the 5–HT neuron-specific markers are lost from the
beginning (Cheng et al., 2003; Ding et al., 2003) (Fig. 8.3). Thus, Lmx1b could play an
essential role in the specification of 5–HT neurons. The transient expression of Pet1
in E11.5 Lmx1b mutants suggests that the fate of 5–HT neurons may be partially
specified (Cheng et al., 2003). The overexpression of Lmx1b in the ventral hindbrain
of embryos by in-utero electroporation, however, fails to induce more 5–HT neurons
(Y.-Q. Ding et al., unpublished data). Thus, the early function of Lmx1b appears to be
necessary but not sufficient for the specification of 5–HT neurons. In contrast,
co-electroporation of Lmx1b, Pet1, and Nkx2.2 together in the chick neural tube
induces ectopic 5–HT neurons (Cheng et al., 2003). Although mechanisms involv-
ing 5–HT neural development between chick and mouse may vary to a certain
degree (Craven et al., 2004), the previous data suggest that multiple transcription
factors may work in a coordinated fashion to specify 5–HT neurons. In Lmx1b
mutants, 5–HT neurons are eventually lost, and this loss suggests that Lmx1b may
also be a survival factor for more differentiated 5–HT neurons.

Fig. 8.3 Loss of 5–HT-specific markers in Lmx1b mutant embryos. (A, B) 5–HT
staining in wild-type (A) and Lmx1b mutant embryos (B). (C, D) Pet1 expression
in wild-type (C) and mutant embryos (D). (E, F) Sert expression in wild-type (E)
and Lmx1b mutant embryos (F). Scale bars: 100 mm.
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Lmx1b mutants die at birth as a result of multiple defects, including kidney defects
(Chen et al., 1998). In order to overcome perinatal lethality problem, we have recent-
ly deleted Lmx1b only in 5–HT neurons by using a conditional knockout approach
(Z.-F. Chen, unpublished results). The preliminary results of these studies indicate
that some 5–HT neurons are initially generated and progressively lost in Lmx1b-con-
ditional knockout mice. These findings indicate a role for Lmx1b in maintaining the
survival of 5–HT neurons. However, it has not been determined whether the loss of
5–HT neurons in the absence of Lmx1b could be attributed to abnormal apoptosis.

In addition to binding to proteins that interact with DNA, the LIM-HD is capable of
binding to proteins that regulate the cytoskeleton, thereby mediating the morpho-
genesis of neurons (Bach, 2000). In the dorsal spinal cord, Lmx1b is critical for the
migration of the dorsal horn neurons (Ding et al., 2004). Lmx1b most likely has a role
in the morphogenesis of 5–HT neurons during development. The persistent ex-
pression of Lmx1b in fully differentiated 5–HT neurons suggests that Lmx1b may be
required for maintaining the mature phenotype or synaptic activity of 5–HT neu-
rons in the CNS. A temporal deletion of Lmx1b in the raphe nuclei at a postnatal
stage may help to answer this question.

The downstream targets of Lmx1b remain unknown. In Lmx1b mutants, several
5–HT-specific differentiation markers such as the serotonin transporter (SERT) fail
to be expressed. However, this lack of expression is more likely due to a general
blockade of the differentiation program of 5–HT neurons than to a loss of direct
regulation of these terminal differentiation genes by Lmx1b. How the loss of Lmx1b
results in a disruption of a genetic program for 5–HT neuronal development re-
mains to be elucidated. In the developing dorsal horn, Lmx1b orchestrates expres-
sion of multiple downstream transcription factors (Ding et al., 2004). Similarly,
Lmx1b may have an analogous role in the development of 5–HT neurons.

8.5.2
Pet1

Pet1 (pheochromocytoma 12 ETS [E26 transformation-specific]) is a member of the
ETS (E26 transformation-specific) family that consists of more than 40 members in a
variety of organisms (Graves and Petersen, 1998; Wasylyk et al., 1993). The ETS
transcription factors contain a DNA-binding domain of about 85 amino acids that
bind to a core consensus GGAA/T (Graves and Petersen, 1998; Sharrocks, 2001;
Oikawa and Yamada, 2003). Many ETS family members exhibit cell type-specific
expression patterns and are required for the proliferation and differentiation of
diverse cell types such as hematopoietic cells and vascular endothelial cells (Oikawa
and Yamada, 2003). ETS factors are also involved in the determination and specifi-
cation of neuronal connectivity during neural development (Arber et al., 2000). In
the CNS, ETS proteins are components of the signal transduction pathway and are
able to activate downstream effector genes (Koo and Pfaff, 2002). For example, two
ETS family members, PEA3 and ER81, are expressed in proprioceptive neurons in
the dorsal root ganglia and their central targets, and are important for the establish-
ment of neuronal connectivity between primary afferents and their central targets in
the spinal cord (Arber et al., 2000; Livet et al., 2002).
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Pet1 was originally cloned from the adrenal chromaffin-derived phaeochromocy-
toma (PC12) cell line and has been found in rat, mouse, and human brains (the fev
gene) (Fyodorov et al., 1998; Pfaar et al., 2002; Maurer et al., 2004). A Pet1–specific
binding sequence has been identified in upstream regions of several 5–HT specific
genes that are required for 5–HT synthesis, binding, or transportation: 5–HT1a
receptor, serotonin transporter (Sert), tryptophan hydroxylase (TPH) gene, aromatic
L-amino acid decarboxylase gene (AADC) (Hendricks et al., 1999). Co-transfection
of the reporter gene that contains several Pet1 binding sites with Pet1–binding
domain showed a Pet1–dependent transcriptional activity by the reporter gene
(Hendricks et al., 1999). Thus, Pet1 appears to modulate the transcription activities
of several effector genes that define the differentiated 5–HT neuronal phenotype,
probably through a synergic interaction with other cofactors, which appears to be a
common mechanism for many ETS factors (Oikawa and Yamada, 2003). Mechanis-
tically, Pet1 most likely functions as a transcriptional activator, even though its
transactivation activity of downstream targets is relatively weak (Hendricks et al.,
1999). On the other hand, the human homologue of Pet1, Fev, has been shown to act
as a transcriptional repressor via its alanine-rich carboxy-terminal domain (Maurer
et al., 2003). Whether Pet1 contains similar repressor activity, however, is unclear.

Unlike other transcription factors, Pet1 is found exclusively in postmitotic 5–HT
neurons. Such a highly restricted expression pattern in the CNS for a transcription
factor is not common, because the repeated use of the same transcription factor in
distinct types of cells is a recurring theme in the nervous system. Recently, a 1.8–kb
genomic fragment immediately upstream of the Pet1 coding region has been shown
to be able to direct the expression of the LacZ gene, which recapitulates expression of
Pet1 (Scott and Deneris, 2005). The 1.8–kb lacZ transgene’s failure to show its
activity in some of 5–HT neurons in Pet1–null background indicates that Pet1 ex-
pression itself is required for maintaining the full activity of this enhancer in 5–HT
neurons (Scott and Deneris, 2005). Nonetheless, the characterization of a 5–HT-spe-
cific 1.8–kb enhancer paves the way for the identification of transcription factors
acting upstream of Pet1. Determining whether Lmx1b, Gata2, and Gata3 interact
with this element will be interesting. The unique expression pattern of Pet1 is remi-
niscent of that of the homeodomain-containing transcription factor Pitx3, which is
exclusively found in the midbrain dopaminergic neurons where Lmx1b expression
is also found (Smidt et al., 2000; Burbach et al., 2003). Also, putative Pitx3 binding
sites are found in the promoter of tyrosine hydroxylase (TH), a enzyme which is
critical for dopamine biosynthesis, and Pitx3 can activate the TH gene through a
high-affinity binding site (Lebel et al., 2001). Both Pet1 and Pitx3 appear to act in late
steps of neuronal differentiation of two different neurotransmitter neurons. Such
striking similarities between Pitx3 and Pet1 suggest that, in addition to shared
transcription factors, tissue-specific factors might also have a key role in conferring
the neurotransmitter-specific identity. Pet1 might have been uniquely recruited by
5–HT neurons to promote 5–HT-specific characteristics during evolution.

In Pet1 knockout mice, about 70% of 5–HT cells fail to differentiate (Hendricks et
al., 2003). The differentiation capacity of the remaining 5–HT neurons is compro-
mised because the neurons lack TPH, which may require Pet1 for its activation
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(Hendricks et al., 2003). In the absence of Pet1, the surviving 5–HT neurons may be
attributed to some compensation effects contributed by unknown cofactors, which
is in marked contrast with Lmx1b knockout mice in which all 5–HT neurons fail to
differentiate (Ding et al., 2003). One notable observation in Pet1 knockout mice is
that Lmx1b expression appears normal up until the late stage of embryonic develop-
ment (Z.-F. Chen, unpublished data). The developmental role of Pet1 has not been
examined in detail, and the step at which the development of 5–HT neurons is
blocked remains unclear. Pet1 is more likely to act at late steps of differentiation of
5–HT neurons.

Strikingly, Pet1 knockout mice survive to adulthood. Recently, we have generated
Lmx1b conditional knockout mice using the loxP-cre strategy. Lmx1b conditional
knockout mice virtually lack 5–HT neurons after they are born. However, despite
their smaller size during the first month compared with their wild-type littermates,
Lmx1b conditional knockout mice are all viable (Z.-F. Chen, unpublished results).
Therefore, 5–HT neurons are at least dispensable for prenatal development, where-
as they are required for early postnatal development. These results are probably
surprising given the well-documented role of 5–HT in a variety of developmental
processes (Whitaker-Azmitia et al., 1996; Azmitia, 2001). Whether a compensation
mechanism might have come into play in the absence of 5–HT remains unclear.

Pet1 knockout mice exhibit aggressive behaviors. Moreover, Pet1 knockout mice
show increased anxiety-like behaviors (Hendricks et al., 2003). These two abnormal
phenotypes are reminiscent of those of some 5–HT receptor knockouts (Gaspar et
al., 2003; Gingrich et al., 2003). Given the multiple roles of 5–HT in numerous
psychiatric disorders, these animals will also likely exhibit other behavioral deficien-
cies. One issue that remains to be addressed is how Pet1 contributes to the develop-
ment of abnormal behaviors. This may be an indirect effect by influencing the
development of the 5–HT system, or Pet1 may consolidate 5–HT phenotypes during
adulthood directly. Regardless of the underlying mechanism, the importance of Pet1
in the development and maintenance of mature neural morphology as well as
normal behaviors has been established. This opens up an exciting possibility that an
abnormal transcription regulation of the 5–HT system may also contribute to the
etiology of some psychiatric diseases in humans.

8.6
The Relationship between Lmx1b and Pet1

Pet1 binds to the cis-regulatory elements of several 5–HT effector genes, and thus
probably lies at the end of the transcriptional cascade underlying the terminal differ-
entiation and maturation of 5–HT neurons (Hendricks et al., 1999). By contrast,
potential downstream targets of Lmx1b are unknown. Lmx1b may have an analo-
gous regulatory role to that in the dorsal horn, where it controls multiple transcrip-
tion factors (Ding et al., 2004), although the possibility that Lmx1b might regulate
some 5–HT differentiation genes directly by binding to their cis-regulatory elements
cannot be excluded. At all levels of the hindbrain, Lmx1b expression precedes that of
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Pet1; thus, Lmx1b may act one or two steps earlier than Pet1 in the genetic cascade.
However, Lmx1b is unnecessary for the initiation of Pet1 expression because Pet1 is
transiently expressed in Lmx1b mutants at E11.5 (Cheng et al., 2003). Ectopic ex-
pression of Lmx1b or Pet1 consistently fails to initiate the expression of either gene.
Because Pet1 is lost after E11.5 in the absence of Lmx1b, Lmx1b may be required for
maintaining expression of Pet1. Alternatively, the loss of Pet1 may not be due to a
lack of a regulatory relationship between Pet1 and Lmx1b. Instead, it may reflect a
loss of 5–HT identity in Lmx1b-null neurons in general or a switch of neuronal
phenotype. Nevertheless, no evidence of up-regulation of any other neuronal mark-
ers is found in Lmx1b-null neurons (Z.-F. Chen, unpublished results), and this lack
of evidence does not support any switch of neuronal type. Lmx1b expression is not
affected in Pet1 mutants during early development, and thus the two genes probably
do not act in parallel (Z.-F. Chen, unpublished results). Taken together, the available
evidence suggests that Pet1 and Lmx1b function neither in a simple linear cascade
nor in parallel, as was previously proposed (Cheng et al., 2003; Ding et al., 2003).
Lmx1b may be required to maintain Pet1 expression, but not vice versa. Given that
many LIM-HDs function through protein-protein interaction, Lmx1b may cooperate
with other LIM-interacting factor(s) to initiate Pet1 expression.

8.7
Conclusions

Gene-targeting approaches have begun to unravel the components of a transcripti-
onal program that dictates the specification and differentiation of 5–HT neurons
during development. Figure 8.4 illustrates a tentative 5–HT-specific transcriptional
cascade, although it is far from complete. In the VZ, Gata2 and Mash1 are important
regulators of the development of 5–HT neurons in r1–r3 and r5–r7, whereas Nkx2.2
is essential for 5–HT progenitor cells that originate only in r2–r3 and r5–r7. In the
postmitotic neurons, Gata2 appears to act upstream of Lmx1b, Pet1, and Gata3.
Gata3 may cross-regulate Gata2. Pet1 functions probably in the last steps of the
cascade that leads to the activation of terminal differentiation program of 5–HT
neurons. The maintenance of Pet1 depends on Lmx1b; so does Gata3 in the caudal
part of the brainstem (Fig. 8.4).

These studies have provided a strong basis for future studies, and accumulating
evidence suggests that several principles exist regarding the transcriptional control
of the formation of 5–HT neurons. First, transcription factors that are expressed in
both 5–HT progenitor cells and postmitotic cells constitute an integral part of a
genetic program that governs the specification of 5–HT progenitor cells. Second, a
transcription factor may have pleiotropic functions manifested at different stages
with regard to different aspects of 5–HT neuronal development. Third, although the
loss of a single transcription factor could result in a loss of all 5–HT-specific markers,
only combinatorial expression of a myriad of transcription factors is both necessary
and sufficient to activate the generation of 5–HT neurons. Finally, the cellular diver-
sity and complexity of 5–HT neurons may be attributed to region-specific transcrip-
tion factors.
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Among all neurotransmitter systems in the CNS, the 5–HT system is probably the
best understood in terms of underlying molecular mechanisms, due mainly to the
findings of genetic studies of a variety of mutant mice. Despite the rapidity of
progress during the past few years, however, our understanding of the molecular
machinery that functions during the development of 5–HT neurons is, at best, in its
infancy. We are far from completely understanding how the combinatorial and
sequential action of a myriad of transcription factors is translated into a mature
5–HT neuronal phenotype. Among the many challenges, one of particular impor-
tance and immediate significance is an elucidation of the action mechanisms of
these transcription factors, in particular with respect to discrete cellular processes
during early specification and differentiation of 5–HT neurons. Dissection of the
genetic hierarchy of these transcription factors and assessment of their cross-regu-
lation in the execution of a developmental program and in the acquisition of 5–HT
phenotype are important. Because transcription factors often assume roles in many
aspects of the neuronal phenotype, in addition to their developmental functions
(Goridis and Brunet, 1999), another challenge will be to determine whether they
might contribute to elaboration and maturation of 5–HT functional circuitry, such
as axonal growth and synaptic activities. Region-specific factors or cofactors also
need to be identified so that the complexity and heterogeneity of 5–HT neurons can
be understood. Finally, temporal- and spatial-specific gene ablation strategies
should be used to unravel the distinct roles of transcription factors at different stages
of 5–HT neuronal development and maturation. These temporal and spatially
knockout mice should eventually aid in our understanding of the transcription
control of the psychiatric abnormalities involved in the 5–HT system.

Fig. 8.4 Summary of transcriptional cascade controlling the development of
5–HT neurons. In r1, Mash1 and Gata2 are essential for the specification of 5–HT
neurons, whereas in r2–r3 and r5–r7, Nkx2.2 is also required. The relationship
among Mash1, Gata2, and Nkx2.2 has not yet been determined. In postmitotic
progenitor cells, Gata2 acts upstream of Lmx1b, Pet1, and Gata3 at least in cells
that originated in r1. In other rhombomeres, Gata2 may require additional un-
identified transcription factor (not shown) to activate Lmx1b. Gata2 and Gata3
are able to regulate each other. The maintenance of Pet1 and Gata3 expression
depends on Lmx1b. The initiation of Pet1 expression may require Gata2 and
other unidentified transcription factors (not shown). In addition to Pet1, other
unidentified transcription factors may also activate some of the 5–HT terminal
differentiation genes.
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Abbreviations

5–HT 5–hydroxytryptamine
AADC aromatic L-amino acid decarboxylase gene
bHLH basic helix-loop-helix
BrdU bromodeoxyuridine
CNS central nervous system
LIM-HD LIM homeodomain
NPS nail-patella syndrome
SERT serotonin transporter
TH tyrosine hydroxylase
TPH tryptophan hydroxylase
vMN visceral motor neuron
VZ ventricular zone
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9
Role of Nkx Homeodomain Factors in the Specification
and Differentiation of Motor Neurons and Oligodendrocytes

Jun Cai and Mengsheng Qiu

Abstract

Motor neurons and oligodendrocytes are derived from the same pool of neural
progenitor cells (pMN domain) in the ventral spinal cord. Homeodomain transcrip-
tion factors of the Nkx family play important roles in the control of cell fate specifi-
cation and differentiation of these two cell types. During early neural development,
Nkx6.1 and Nkx6.2 genes promote the development of somatic motor neurons and
oligodendrocytes, whereas Nkx2.2 suppresses the development of somatic motor
neurons in the spinal cord but promotes visceral motor neuron development in the
hindbrain. At later stages, Nkx6.1 and Nkx6.2 are expressed in differentiating viscer-
al motor neurons and control their migration and axonal projections. In addition,
Nkx2.2 and Nkx6.2 are expressed in differentiating and mature oligodendrocytes,
respectively. While Nkx2.2 controls the terminal differentiation of oligodendrocytes,
Nkx6.2 appears to regulate the formation of paranodal structures during myelina-
tion process.

9.1
Introduction

During the past decade, major progress has been made in our understanding of the
origins and molecular specification of motor neurons and oligodendrocytes in the
central nervous system (CNS). Recent studies have indicated that the development
of motor neurons and oligodendrocytes is under the genetic control of the home-
odomain (HD) transcription factors of the Nkx family. During early neural develop-
ment, several members of the Nkx2 and Nkx6 families (e.g., Nkx2.2, Nkx2.9, Nkx6.1,
Nkx6.2) are specifically expressed in or immediately adjacent to the ventral neuro-
epithelial cells (Qiu et al., 1998) that sequentially give rise to motor neurons and
oligodendrocytes. Misexpression of these Nkx genes can disrupt the development of
both motor neurons and oligodendrocytes. In addition, at later stages, these Nkx
genes are selectively expressed in differentiating motor neurons or oligodendrocytes
and control later aspects of their differentiation. In this chapter, attention will be
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focused on the structural features and expression patterns of vertebrate Nkx2 and
Nkx6 HD factors and their roles in the ventral neural patterning and the develop-
ment of motor neurons and oligodendrocytes.

9.2
Structural Features of Nkx Homeobox Genes Involved in Ventral Neural Patterning

In the developing Drosophila embryo, two homeobox genes, NK2/vnd (ventral nerv-
ous system defective) and NK6, are specifically expressed in ventral neuroblasts
(Nirenberg et al., 1995; Uhler et al., 2002). To date, at least eight homologues of NK2
and three homologues of NK6 genes are found in vertebrates, and many of these are
similarly expressed in the ventral region of the developing CNS. Like other home-
odomain transcription factors, all Nkx homeobox genes contain a 60–amino acid
(aa) helix-turn-helix DNA-binding motif termed the homeodomain (HD) (Laughon
and Scott, 1984). There is a high degree of sequence similarity in this motif among
members of the same family. For example, HD sequences of Nkx2 genes are highly
homologous to each other and to the Drosophila NK2 gene, with a more than 80% of
sequence identity for Nkx2.1, Nkx2.2, and Nkx2.9 (Fig. 9.1). Similarly, HDs of the
Nkx6 family have nearly identical sequences, and Nkx6.1 and Nkx6.2 differ from
each other in this region by only three conservative amino acid changes (Fig. 9.1).

The HD structure presumably functions to recognize and bind to specific regu-
latory sequences of their downstream target genes. Similar to many other HD fac-
tors, Nkx genes bind preferentially to TATA-rich sequences. Binding site selection
studies have demonstrated that the optimal binding site for Nkx2.2 is TTAAG-
TACTT (Watada et al., 2000). Similar studies showed that Nkx6.1 binds to TTAAT-
TAC (Mirmira et al., 2000) and Nkx6.2 to TAATTA (Awatramani et al., 1997) at high
affinities. These consensus binding sequences are frequently found in regulatory
regions of their presumptive downstream target genes, such as myelin basic protein
for Nkx2.2 (Wei et al., 2005).

Interestingly, all six Nkx genes and their Drosophila homologues share a conserved
decapeptide sequence, the TN (tinman) domain, in the N-termini of proteins. The
TN domain has a high sequence similarity to the Engrail homology–1 (eh1) domain,
which functions as a Groucho co-repressor interacting domain (Jimenez et al.,
1997). Therefore, Nkx2 and Nkx6 proteins exert their effects in ventral neural pat-
terning by functioning as transcriptional repressors via physical associations with
Groucho/TLE co-repressors (Muhr et al., 2001). The TN domain is also found in
many other HD transcription factors (about 36) (Muhr et al., 2001) and some basic
helix-loop-helix (bHLH) factors such as Olig2 (Mizuguchi et al., 2001; Novitch et al.,
2001), suggesting that transcriptional repression involving the Groucho co-repress-
ors is a common mechanism for regulation of cell fate specification and differentia-
tion by many developmentally regulated transcription factors. Consistent with this
notion, inhibition of the Groucho expression/activity in the spinal cord results in a
deregulation of gene expression pattern in the neural tube (Muhr et al., 2001). These
findings also imply that activation of downstream neural identity genes by many HD
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Fig. 9.1 (A) Sequence similarities of homeodomains and other conserved motifs of
the vertebrate Nkx2 and Nkx6 homeobox genes. (B) Positions and relative lengths of
the homeodomains and other conserved motifs in Nkx genes. (This figure also ap-
pears with the color plates.)
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factors in the neural tube is achieved through the spatially controlled repression of
transcriptional repressors – a derepression strategy of neuronal fate specification
(Muhr et al., 2001).

In addition, Nkx2 and Nkx6 genes contain unique sequence domains, specifically
the NK–2 domain for Nkx2 genes and NK–6 domain for Nkx6 genes. The NK–2
domain is a conserved 17–aa motif found in the C-termini of fly NK2 gene and all
vertebrate Nkx2 genes (Fig. 9.1). Gene transcription studies showed that the NK–2
domain functions as an intramolecular regulator of the C-terminal activation
domain in Nkx2.2 (Watada et al., 2000). Although it has been implicated that the
NK–2 domain could regulate the ability of Nkx2 proteins to activate expression of
downstream genes during development, the in vivo role of this domain remains to be
defined by further molecular and genetic studies. The NK–6 domain is present in
the C-termini of vertebrate Nkx6 proteins, but not of the Drosophila NK6 gene (Uhler
et al., 2002). In vitro DNA binding assays have suggested that this domain functions
as a mobile binding interference domain (BID), as it can dramatically reduce the
DNA-binding affinity of Nkx6.1 HD protein (Mirmira et al., 2000). This finding has
raised the possibility that differences in the NK–6 domain may contribute to the
differential levels of repressor activity of Nkx6.1 and Nkx6.2 genes in neural devel-
opment. It has been shown previously that Nkx6.2 has a weaker repressor activity
than Nkx6.1 (Vallstedt et al., 2001). The physiological importance of the NK–6
domain requires further in vivo functional characterization.

9.3
Selective Expression of Nkx Homeobox Genes in the Ventral Neural Tube

During early neural development, at least six HD factors of the Nkx2 family (Nkx2.1,
Nkx2.2, Nkx2.9) and Nkx6 family (Nkx6.1, Nkx6.2, Nkx6.3) are selectively expressed
in the ventral regions of the developing CNS (Qiu et al., 1998). Among Nkx2 genes,
Nkx2.1 expression is first detected in the ventral forebrain (the primordial of ventral
hypothalamus), but later also in the medial ganglionic eminence (MGE) of the
forebrain (Fig. 9.2). Nkx2.2 and Nkx2.9 are expressed in the ventral neural tube
along the entire neural axis, from the forebrain to the spinal cord. In the forebrain
region, the Nkx2.2–expressing cells define the dorsal-ventral boundary (Shimamura
et al., 1995). In the spinal cord and hindbrain regions, Nkx2.2 is expressed in the
ventral-most neural progenitor cells immediately dorsal to the Shh-expressing floor
plate cells. Expression of Nkx2.9 is more dynamic and complicated in the developing
neural tube. First, it is expressed in the floor plate, but later its expression gradually
shifts dorsally and begins to overlap with that of Nkx2.2 in the spinal cord (Pabst et
al., 1998; Briscoe et al., 1999).
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Fig. 9.2 (A,B) Exemplary expression of Nkx genes in the ventral neural tube.
Neural tube tissue from E4 chicken embryos were subjected to whole-mount
in-situ RNA hybridization with Nkx6.1 (A) or simultaneously with Nkx6.1 and
Nkx2.1 (B). (C) Schematic representation of Nkx expression in the developing
central nervous system. Abbreviations: D (di) = diencephalon; Hy (HY) = hy-
pothalamus; is = isthmus; M (mes) = mesencephalon; MGE = medial ganglionic
eminence; OS = optic stalk; R (r) = rhombomere; sc = spinal cord; sp = second-
ary prosemere; T = telencephalon; ZL = zona limitans intrathalamica; p2, p3 =
progenitor domains. (This figure also appears with the color plates.)

Similarly, three members of the Nkx6 family are also expressed in the ventral neural
tube with a spatially and temporally restricted pattern (Fig. 9.2). Nkx6.1 is expressed
on the ventral one-third of neuroepithelium flanking the floor plate along the entire
neural axis, except for the forebrain region (Qiu et al., 1998). Nkx6.2 HD protein,
formerly named Gtx as glial- and testis-specific homeobox gene (Komuro et al.,
1993), has pattern of expression similar to that of Nkx6.1 in the midbrain and
hindbrain (Qiu et al., 1998), but its expression in mouse spinal cord is restricted to a
small number of neural progenitor cells (p1 domain) immediately dorsal to the
Nkx6.1+ cells (Vallstedt et al., 2001). Unlike Nkx6.1 and Nkx6.2, Nkx6.3 is not ex-
pressed in neural epithelial cells in the ventricular zone. Instead, its expression is
only detected in a subset of postmitotic motor neurons in the caudal hindbrain
(Nelson et al., 2005).

Previous studies have demonstrated that the ventral expression of the Nkx genes is
directly under the influence of the Shh protein secreted from the ventral midline
structures, first the notochord and then the floor plate (Echelard et al., 1993). Ex-
pression of Nkx2.1, Nkx2.2, Nkx2.9, Nkx6.1 and Nkx6.2 can be induced in the un-
differentiated neuroepithelial cells by the notochord tissue and the recombinant Shh
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protein, but inhibited by the dorsal midline signal BMP7 protein (Pabst et al., 1998;
Qiu et al., 1998; Cai et al., 1999; Briscoe et al., 2000). The induction of Nkx gene
expression by Shh is region-specific and concentration-dependent, and can also be
modulated by other extracellular factors. For example, Nkx2.1 can only be induced in
the anterior neural explants, whereas Nkx2.2 can be induced in neural tissues from
the entire neural axis (Qiu et al., 1998), indicating that the posterior neural tissue is
competent for the expression of Nkx2.2, but not of Nkx2.1. In spinal cord explant
culture, whilst a low concentration of Shh protein can induce the expression of
Nkx6.1, the induction of Nkx2.2 expression requires a higher concentration of Shh
activity (Briscoe et al., 2000). Moreover, the notochord – but not purified Shh protein
– can induce Nkx6.1 expression in the anterior neural plate, suggesting that the
notochord produces additional factors that can regulate ventral patterning in the
caudal neural tube.

9.4
Nkx Genes are Class II Components of the Homeodomain Protein Code for Ventral
Neural Patterning and Cell Fate Specification

The roles of Nkx genes in ventral neural patterning and cell fate specification have
been extensively studied in the developing spinal cord. It has been suggested that, at
early stages, Shh protein forms a concentration gradient in the ventral neural tube
and functions as a morphogen to either repress or induce expression of HD proteins
in a concentration-dependent manner (Roelink et al., 1995; Briscoe et al., 2000). The
HD factors can be subdivided into class I and class II proteins based on their differ-
ential regulation by Shh signaling. The class I proteins (such as HD factors of the
Pax, Dbx and Irx families) are expressed by the neural progenitor cells in the absence
of Shh signaling, and their expression is repressed by Shh activity. In contrast,
expression of class II proteins (such as the Nkx proteins) is induced by the Shh
signal. Since each progenitor HD protein has a different threshold response to Shh
concentration gradient, different HD proteins are expressed at different dorsoven-
tral positions, thus creating a nested pattern of gene expression along the dorsoven-
tral axis (Fig. 9.3). In general, the more ventral the boundary of class I protein
expression is in vivo, the higher the concentration of Shh protein is required for
repression of gene expression in vitro. Conversely, the more dorsal the boundary of
class II protein expression is in vivo, the lower the concentration of Shh protein is
required for induction of expression in vitro (Briscoe et al., 2000).

The boundaries of HD proteins are sharply delineated and maintained by cross-
regulatory interactions between complementary pairs of class I and class II proteins.
For example, Nkx2.2 and Pax6 share a common expression boundary, and expres-
sion of Nkx2.2 can repress that of Pax6, and vice versa (Briscoe et al., 2000). Cross-
repressive interactions are similarly observed between other pairs of HD proteins,
such as Nkx6.1/Dbx2 and Nkx6.2/Dbx1 (Briscoe et al., 2000; Vallstedt et al., 2001). It
has been documented that mutations in dorsal misexpression of Nkx proteins can
suppress Dbx expression, whereas mutations in Nkx6 genes can cause the ventral
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expansion of the Dbx gene expression (Briscoe et al., 2000; Sander et al., 2000;
Vallstedt et al., 2001).

Based on the nested expression profile of progenitor HD proteins, the ventral
neural progenitor cells can be subdivided into five distinct progenitor domains
(pMN, p0–p3), with each domain expressing a unique combination of HD factors
and generating a specific neuronal subtype the identity of which can be readily
identified by the expression of other transcription factors, many of which are also
HD factors (Fig. 9.3G). Specifically, Nkx2.2 is expressed in p3 progenitor domain
immediately dorsal to the floor plate, from which arise the Sim1+ V3 ventral inter-
neurons. Nkx6.1 is expressed in a broader region in the ventral spinal cord, includ-
ing the p3, pMN, and p2 domains. While the pMN domain generates motor neu-
rons, the p2 domain gives rise to V2 ventral interneurons (Briscoe et al., 2000).
Nkx6.2 is predominantly expressed in the p1 progenitor domain from which the
En1+ V1 ventral interneurons are produced (Vallstedt et al., 2001).

Fig. 9.3 (A-F) Expression of Nkx genes in relation to other transcription factors
in E10.5 mouse spinal cord. Tissues were subjected to double immunofluores-
cent staining with antibodies against Nkx proteins and other transcriptions
factors. Nuclei were counterstained with DAPI (in purple). (G) Schematic illus-
tration of the homeodomain code that specifies the identity of spinal neural
progenitor cells. Nested expression of homeodomain transcription factors sub-
divides the ventral neuroepithelium into five distinct progenitor domains
(p0–p3, pMN) and the dorsal neuroepithelium into six domains (dp1–6). While
the ventral progenitor domains give rise to five classes of neurons (V0–V3 ven-
tral interneurons and motor neurons), the dorsal progenitors generate six clas-
ses of dorsal interneurons (dI1–6). Different classes of postmitotic neurons can
be readily identified by their expression of unique combination of other tran-
scription factors, mostly homeodomain proteins. (This figure also appears with
the color plates.)
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Recent studies have demonstrated the direct roles of the progenitor HD proteins in
ventral neuronal fate specification. Misexpression of many HD proteins frequently
alters the identities of ventral progenitor domains and their derived neuronal sub-
types. For instance, dorsal expression of Nkx2.2 induces ectopic Sim1+ V3 inter-
neurons (Briscoe et al., 2000), whereas loss of Nkx2.2 expression abolishes the
development of V3 neurons (Briscoe et al., 1999), indicating that Nkx2.2 is the fate
determinant of V3 interneurons. Similarly, Nkx6.1 and Nkx6.2 are involved in the
specification of motor neurons and other ventral interneurons, as described below.

9.5
Nkx Genes Control the Fate Specification and Differentiation of Motor Neurons

9.5.1
Nkx6.1 and Nkx6.2 have Redundant Activities in Promoting Somatic Motor Neuron Fate
Specification

The role of Nkx6 proteins in motor neuron specification and differentiation has
been under intensive investigation. Functional studies have shown that Nkx6.1 spe-
cifies the pMN identity in the absence of Irx3 but confers the p2 domain identity in
combination with Irx3, consistent with its expression in these two ventral progenitor
domains. Specifically, ectopic expression of Nkx6.1 can induce the formation of
motor neurons or V2 interneurons depending on whether Irx3 is co-expressed (Bris-
coe et al., 2000). In keeping with the gain-of-function studies, loss of Nkx6.1 function
causes a marked reduction of HB9+ somatic motor neurons (sMNs) that innervate
somite-derived skeletal muscles and V2 interneurons in both the spinal cord and the
hindbrain regions (Sander et al., 2000; Vallstedt et al., 2001). Concurrently, expres-
sion of markers for more dorsal interneurons V1 and V0 is ventrally expanded.
Thus, Nkx6.1 functions to promote motor neuron development but to repress V0–V1
interneuron development. The Nkx6.2 is normally expressed in the p1 progenitor
domain, and its primary function is to specify the V1 interneuron fate (Vallstedt et
al., 2001). Nkx6.2–null mutation disrupts V1 interneuron development, but has no
effect on motor neuron development (Cai et al., 2001; Vallstedt et al., 2001). Interest-
ingly, in Nkx6.1mutant spinal cord, Nkx6.2 expression is up-regulated in the ventral
neural progenitor cells that normally express Nkx6.1 but not Nkx6.2 (Vallstedt et al.,
2001). The up-regulation of Nkx6.2 in the pMN domain partially compensates for
the loss of Nkx6.1 function. Therefore, the development of sMNs is only partially
inhibited in the spinal cord of Nkx6.1–/– single mutants (Sander et al., 2000; Vall-
stedt et al., 2001). In Nkx6.1–/–Nkx6.2–/–(Nkx6 –/–) compound mutants, there is a
virtual complete loss of sMNs (Vallstedt et al., 2001). Interestingly, Drosophila Nk6
and zebrafish Nkx6.1 proteins have similar functions in promoting motor neuron
development (Cheesman et al., 2004), providing another classical example that evo-
lutionarily conserved genes are homologous not only in sequences, expression pat-
terns, but also in functions.
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Recent studies have established that the bHLH transcription factor Olig2 is an
important downstream mediator of Nkx6 in the control of motor neuron develop-
ment. During early spinal cord development, Olig2 is specifically expressed in the
pMN domain of the ventral neuroepithelium (Lu et al., 2000; Zhou et al., 2000).
Molecular and genetic studies have indicated that Olig2 is directly responsible for
sMN fate specification (Mizuguchi et al., 2001; Novitch et al., 2001). Mutation in the
Olig2 gene abolishes the development of motor neurons in mouse embryos (Lu et
al., 2002; Takebayashi et al., 2002; Zhou and Anderson, 2002). Conversely, dorsal
misexpression of Olig2 in embryonic chicken spinal cord induced ectopic formation
of sMNs at early stages of spinal cord development (Mizuguchi et al., 2001; Novitch
et al., 2001). Therefore, the Olig activity is both necessary and sufficient for sMN
development in the spinal cord (Rowitch et al., 2002). Although Olig2 has been
implicated as a component of the progenitor transcriptional code (Mizuguchi et al.,
2001; Novitch et al., 2001), several lines of evidence suggest that Olig2 acts down-
stream of Nkx6 genes in specifying motor neuron fate. First, expression of Olig2 in
the pMN domain is slightly later than that of Nkx6 proteins. Nkx6.1 is among the
earliest expressed transcription factors in the ventral spinal cord (Qiu et al., 1998).
Second, dorsal misexpression of Nkx6.1 in embryonic chicken spinal cord can in-
duce Olig2 expression, but not vice versa (Liu et al., 2003). Third, Olig2 expression in
the pMN domain is abolished in the spinal cord of Nkx6 double mutants (Cai et al.,
2005; Vallstedt et al., 2005). In contrast, mutation of Olig2 does not affect Nkx6.1
expression in the ventral spinal cord (Lu et al., 2002). Together, these data suggest a
linear regulatory pathway from Nkx6 to Olig2 to sMNs in the developing spinal cord.

Intriguingly, this linear relationship does not appear to be reserved in the hind-
brain region. In the caudal hindbrain of Nkx6 compound mutant, there is an intact
Olig2 expression but a complete loss of somatic motor neurons, suggesting that
Nkx6 may function in parallel with Olig2 to control sMN development in this region
(Pattyn et al., 2003a). In addition, in the rostral hindbrain, such as at the r3 level,
sMNs do not develop and Olig2 is not expressed, despite the early expression of both
Nkx6.1 and Nkx6.2 proteins in the ventral neural tube (Pattyn et al., 2003a). There-
fore, the regulation of Olig2 expression and sMN fate by Nkx6 proteins is more
complicated in the rostral region of the CNS.

9.5.2
Nkx2.2 Represses Somatic Motor Neuron Fate but Promotes Visceral Motor Neuron
Fate

While Nkx6.1 and Nkx6.2 have redundant activities in promoting motor neuron fate
by activating Olig2 expression, Nkx2.2 acts to negatively regulate Olig2 expression
and motor neuron development in the spinal cord. Loss of Nkx2.2 function results in
a ventral expansion of Olig2 gene expression (Qi et al., 2001), and therefore ectopic
production of motor neurons at the p3 position (Briscoe et al., 1999). Conversely,
dorsal misexpression of Nkx2.2 can inhibit Olig2 expression in the pMN domain,
but promotes the expression of V3 interneuron marker Sim1 (Novitch et al., 2001;
Zhou et al., 2001). By suppressing Olig2 expression in the ventral spinal cord, Nkx2.2
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expression acts to define the ventral boundary of Olig2 expression and sMN genera-
tion. The dorsal boundary of Olig2 expression appears to be defined by expression of
Irx3 homeodomain factor. Irx3 is a potent repressor of Olig2, and ventral ectopic
Irx3 expression can dramatically inhibit Olig2 expression (Novitch et al., 2001).

Unlike in the spinal cord, where the Nkx2.2–expressing neuroepithelial cells give
rise to V3 interneurons, the Nkx2.2+ progenitor cells in the hindbrain produce
visceral motor neurons (vMNs) (Mizuguchi et al., 2001; Pattyn et al., 2003a) that
innervate either autonomic ganglion (general visceral) or branchial arch-derived
muscles (special visceral). While sMNs are only produced from the caudal hind-
brain, vMNs are generated from the entire hindbrain ventral to sMNs. The expres-
sion of Nkx2.2 in the hindbrain progenitor cells activates the expression of Phox2b, a
homeodomain transcription factor required for the generation of the hindbrain
vMNs (Pattyn et al., 2000). Interestingly, despite the fact that Nkx2.2 is sufficient to
induce vMN fate, the Nkx2.2 function is not absolutely required for the development
of vMNs (Pattyn et al., 2003b), possibly due to a functional redundancy from a
related transcription factor, such as Nkx2.9. It is known that Nkx2.9 is also expressed
in vMN progenitor cells in the ventral hindbrain (Pabst et al., 1998), and mutation of
Nkx2.9 affects the development of a subset of Phox2b+ vMNs (Pabst et al., 2003).

9.5.3
Nkx6 Proteins Control the Migration and Axonal Projection of Hindbrain vMN

Although Nkx6.1 and Nkx6.2 proteins are co-expressed in the vMN neural pro-
genitor cells in the hindbrain, their redundant activities are dispensable for the vMN
generation, but are instead necessary to prevent these cells from differentiating into
interneurons (Pattyn et al., 2003a). In addition, expression of Nkx6.1 and Nkx6.2 is
maintained in differentiating postmitotic vMNs, suggesting that Nkx6 proteins may
direct some later aspects of their differentiation. Consistent with this idea, the mi-
gration and axonal projection properties of some vMNs (e.g., the facial branchi-
omotor neurons) are impaired in mice lacking Nkx6.1 or Nkx6.1/6.2 function
(Müller et al., 2003; Pattyn et al., 2003a). The aberrant axonal growth in Nkx6.1
mutant is associated with ectopic expression of the GDNF receptor Ret and netrin
receptor Unc5h3, two molecules that have been implicated in neuronal migration or
axonal guidance (Müller et al., 2003). Nkx6.3 is also expressed in a subset of post-
mitotic vMNs (Nelson et al., 2005), but its role in the later aspects of neuronal
differentiation remains to be examined by future studies. Interestingly, the Droso-
phila Nkx6 protein also plays a direct role in promoting axonogenesis, besides its
function to specify ventrally projecting motor neuron fate (Broihier et al., 2004).
Nkx6 is necessary for the expression of the neural adhesion molecule Fasciculin III,
and axon growth of Nkx6–expressing motor neurons is severely compromised in
Nkx6 mutant fly embryos (Broihier et al., 2004). Therefore, Nkx6 proteins have
evolutionarily conserved functions in promoting motor neuron fate specification
and axonogenesis.
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9.6
The Role of Nkx Genes in Oligodendrocyte Development

9.6.1
Nkx6 Proteins Promote Olig2 Expression and Ventral Oligodendrogenesis in the Spinal
Cord

Oligodendrocytes are myelinating macroglial cells found in all regions of the CNS.
Despite their wide distribution, recent studies have established that early oligoden-
drocyte progenitor cells (OPCs) are produced from specific loci of the ventral neural
tube (Miller, 2002). In the spinal cord region, early OPCs are produced from the
pMN domain after the neurogenesis stage (Sun et al., 1998; Fu et al., 2002). There-
fore, oligodendrocytes and motor neurons are derived from the same pool of ventral
neural progenitor cells but during different time windows (Richardson et al., 1997).
It is believed that during neurogenesis stages, Olig2 promotes sMN specification
and differentiation in collaboration with other bHLH proteins, Neurogenin 1 and 2
(Ngn1 and Ngn2). However, during gliogenesis, the expression of Ngn proteins in
neural progenitor cells is down-regulated in the pMN domain and in the absence of
Ngn expression, Olig2 expression promotes oligodendrocyte genesis instead. In sup-
port of its dual roles in motor neuron and oligodendrocyte development, Olig2
expression is necessary (Lu et al., 2002; Takebayashi et al., 2002; Zhou et al., 2002)
and sufficient (Mizuguchi et al., 2001; Novitch et al., 2001; Sun et al., 2001; Zhou et
al., 2001) for induction of both cell fates.

Since Nkx6.1 and Nkx6.2 regulate Olig2 expression in the ventral spinal cord and
Olig2 activity is directly responsible for oligodendrocyte development, the role of
Nkx6 proteins in oligodendrogenesis has been recently investigated by our labora-
tory. As in motor neuron development, Nkx6.1 and Nkx6.2 have redundant activities
in the regulation of ventral oligodendrogenesis in the spinal cord. While oligoden-
drocyte specification and differentiation is normal in Nkx6.2 single mutants (Cai et
al., 2001), Olig2 expression in the pMN domain is severely reduced in Nkx6.1mutant
embryos and as a result, the production of OPCs is markedly reduced and delayed
(Liu et al., 2003). In Nkx6.1/Nkx6.2 double mutants, OPC generation from the pMN
domain is abolished (Cai et al., 2005; Vallstedt et al., 2005). Together, these data
indicate that Nkx6.1 and Nkx6.2 have redundant activities in the regulation of Olig2
gene expression and ventral oligodendrogenesis in the spinal cord. However, at later
stages, a separate population of Olig1/2+ OPCs arises from the dorsal neural pro-
genitor cells in Nkx6 double mutants. This late phase of dorsal oligodendrogenesis
occurs independently of Nkx6 regulation and Shh signaling (Cai et al., 2005; Vall-
stedt et al., 2005).

In keeping with the loss-of-function studies, ectopic expression of Nkx6.1 in em-
bryonic chicken spinal cord can induce a dorsal expansion of Olig2 expression and
the transient expression of OPC marker gene Sox10 during early oligodendroge-
nesis stages (Liu et al., 2003). However, at later stages, forced expression of Nkx6.1
protein can repress Olig2 gene expression and OPC production, suggesting a stage-
dependent regulation of Olig2 expression by Nkx6 activity.
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9.6.2
Nkx6 Proteins Suppress Olig2 Expression and Ventral Oligodendrogenesis in the Rost-
ral Hindbrain

Interestingly, in the rostral hindbrain region, ventral Olig2 expression and OPC
generation are not compromised in Nkx6.1 single (Liu et al., 2003) and Nkx6 double
(Vallstedt et al., 2005) mutants. In this region, sMNs do not develop and vMNs are
generated from Nkx2.2–expressing ventral neural progenitor cells (Pattyn et al.,
2003a). Olig2+ OPCs arise from the Nkx2.2+ pMNv domain that first gives rise to
vMNs and serotonergic neurons during neurogenesis stage. In the absence of Nkx6
genes, expression of both Nkx2.2 and Olig2 in this region is dorsally expanded and
OPC production is enhanced (Vallstedt et al., 2005). Therefore, Nkx6 proteins act to
suppress Olig gene expression and ventral oligodendrogenesis in the anterior hind-
brain, in contrast to their role in promoting Olig2 expression and oligodendroge-
nesis in the spinal cord region. The molecular mechanism underlying the differen-
tial regulation of Olig2 expression at different rostrocaudal levels is currently un-
known, and it may involve the expression or activity of other region-specific cofac-
tors.

9.6.3
Nkx2.2 Controls the Terminal Differentiation of Oligodendrocytes

Recent molecular and genetic studies have suggested that Nkx2.2 is directly involved
in oligodendrocyte differentiation and maturation. Nkx2.2 is initially expressed in
the p3 domain and its derived V3 interneurons (Briscoe et al., 1999; Liu et al., 2003).
However, at later stages, its expression is up-regulated in the pMN-derived OPCs
and differentiating oligodendrocytes (Fig. 9.4) (Xu et al., 2000). In the developing
chicken spinal cord, the Olig1/2+ OPCs acquire Nkx2.2 expression before they mi-
grate from the ventricular zone, whereas in the rodents the Nkx2.2 up-regulation
occurs after OPCs migrate from the ventricular zone (Fig. 9.4) (Fu et al., 2002).
Following oligodendrocyte differentiation in the white matter, Nkx2.2 expression is
rapidly down-regulated (Xu et al., 2000). At present, the functional significance
underlying the species difference in the timing of Nkx2.2 up-regulation in OPCs is
not clear. Neither is any knowledge available of the molecular mechanism under-
lying the up- and down-regulation of Nkx2.2 in cells of oligodendrocyte lineage.

Nevertheless, molecular and genetic studies have shown that Nkx2.2 activity is
required for the normal differentiation of oligodendrocytes. Inhibition of Nkx2.2
activity by antisense treatment or by targeting mutation can significantly inhibit
oligodendrocyte differentiation (Qi et al., 2001; Fu et al., 2002). Conversely, overex-
pression of Nkx2.2 in NIH3T3 cells can promote a weak expression of reporter gene
from the proteolipid protein (PLP) promoter in co-transfection assay (Qi et al., 2001).
Moreover, overexpression of Nkx2.2 in combination with Olig2 in embryonic chick-
en spinal cord is capable of inducing ectopic and precocious differentiation of oli-
godendrocytes and myelin gene expression (Zhou et al., 2001). Interestingly, ectopic
expression of Nkx2.2 alones is not sufficient to drive myelin basic protein
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(MBP)/PLP gene expression from their natural promoters (Zhou et al., 2001), in-
dicating that the activation of myelin gene expression by Nkx2.2 requires a cofactor,
such as Olig2 or the oligodendrocyte-specific transcription regulator Sox10 (Zhou et
al., 2001; Stolt et al., 2002; Zhang et al., 2005).

Consistent with the concept that Nkx2.2 regulates myelin gene expression, there
are two Nkx2.2 DNA-binding sites located in the MBP promoter region (Wei et al.,
2005). However, in contrast to the earlier studies in mutant mice and in embryonic
chicken spinal cord as described above, Nkx2.2 expression in the oligodendrocyte
cell line CG4 represses MBP expression (Wei et al., 2005). One plausible explanation
for these conflicting observations is that Nkx2.2 expression alone represses myelin
gene expression, but activates MBP expression in collaboration with Olig2 which is
normally expressed in OPCs.

9.6.4
Nkx6.2 Homeobox Gene Regulates the Oligodendrocyte Myelination Process

Although many transcription factors that control oligodendrocyte specification and
differentiation have been identified and characterized, understanding the transcrip-
tional control of the oligodendrocyte myelination process is still in its early stages. It
has been shown recently that the Nkx6.2 molecule is involved in this later process.
Earlier studies showed that the Nkx6.2 factor was specifically expressed in differen-
tiating OPCs and mature oligodendrocytes in postnatal CNS, and suggested that
Nkx6.2 may regulate myelin gene expression and oligodendrocyte differentiation

Fig. 9.4 Up-regulation of Nkx2.2 in Olig2+ oligodendrocyte progenitor cells
(OPCs) in the spinal cord. (A-E) Spinal cord sections from various stages of rat
embryos were subjected to double immunofluorescence staining with anti-Olig2
and anti-Nkx2.2. Prior to E17.5, Olig2 is expressed in OPCs, whereas Nkx2.2
labels p3 progenitor cells and possibly V3 interneurons in the ventral gray mat-
ter. Starting at E17.5, Olig2+ OPCs in the white matter start to co-express Nkx2.2
(the double-positive cells are labeled as yellow). (F) Schematic representation of
the origin and gene expression profile of OPCs in the ventral spinal cord. (This
figure also appears with the color plates.)
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(Kumuro et al., 1993; Awatramani et al., 1997). However, subsequent studies indi-
cated that Nkx6.2 is expressed in mature oligodendrocytes (Fig. 9.5) (Southwood et
al., 2004), and its activity is not required for myelin gene expression, as expression of
myelin genes MBP and PLP is not affected in Nkx6.2–null mice (Cai et al., 2001).
Instead, it is required for the normal development of myelin sheets in the white
matter of the CNS. Nkx6.2 mutant mice have abnormal paranodal structures and
develop neurological deficits (Southwood et al., 2004). The paranodal defect in
Nkx6.2 mutants is associated with the abnormal expression of several cell adhesion
molecules that are involved in axon-glial interactions (Southwood et al., 2004), sug-
gesting that Nkx6.2 regulates the myelination process by directly influencing the
expression of its downstream target genes. This function is analogous to that of
Nkx6.1 in controlling cell-surface receptor expression and axonal outgrowth (Müller
et al., 2003), and that of Drosophila Nkx6 gene in regulating cell adhesion molecule
expression and axonal guidance (Broihier et al., 2004). In this regard, Nkx6 proteins
appear to have an evolutionarily conserved function in regulating cell-surface mol-
ecule expression and cell-matrix or cell-cell interactions.

Fig. 9.5 Nkx6.2 is expressed in differentiated oligodendrocytes in postnatal
spinal cord. P4 mouse spinal cord was subjected to double immunostaining
with (A) anti-Nkx6.2 and (B) anti-APC antibody (CC1). In the white matter re-
gion, all Nkx6.2+ cells co-express APC which specifically labels differentiated
oligodendrocytes. (This figure also appears with the color plates.)

In summary, the related Nkx genes possess related and evolutionarily conserved
functions in controlling the development of motor neurons in both invertebrates
and vertebrates (Fig. 9.6). In addition, the Nkx genes play important functions in
regulating the development of oligodendrocytes, ranging from their specification,
differentiation to their myelin formation process (Fig. 9.6). Since the Nkx genes are
not known to play any significant roles in glial development in invertebrates, it
appears that they have acquired these novel functions in the CNS development
during animal evolution.
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Abbreviations

CNS central nervous system
bHLH basic helix-loop-helix
BID binding interference domain
HD homeodomain
MBP myelin basic protein
PLP proteolipid protein
sMN somatic motor neuron
vMN visceral motor neuron
OPC oligodendrocyte progenitor cell

Fig. 9.6 A summary of the major molecular pathways in the specification and
differentiation of motor neurons (MNs) and oligodendrocytes (OLs) generated
in the ventral spinal cord. OPCs = oligodendrocyte progenitor cells. (This figure
also appears with the color plates.)
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Sox Transcription Factors in Neural Development

Michael Wegner and C. Claus Stolt

Abstract

Transcription factors of the Sox family of proteins are important regulators in both
the central and the peripheral nervous systems of vertebrates. They are essential for
the development of neurons and glia. During neural development, Sox proteins are
required for such diverse processes as establishment and maintenance of neural
stem cell characteristics, fate specifications and lineage decisions, terminal differ-
entiation and maintenance of differentiated phenotypes. They are especially suited
for participation in many tasks as they have the capacity to cooperate functionally
with many different transcription factors, influence DNA conformation of many
regulatory regions as architectural proteins, and recruit co-activators and chromatin-
modifying complexes. Co-expression of Sox proteins during neural development
sometimes allows functional compensation, whereas in other situations co-ex-
pressed Sox proteins appear to modulate each others’ function. Comparison with
the fruitfly Drosophila melanogaster furthermore reveals that some functions of Sox
proteins during neural development are strongly conserved between vertebrates and
invertebrates and are thus evolutionarily ancient. In other cases, vertebrate Sox
proteins appear to have been newly recruited to regulate processes in neural devel-
opment that are specific or specifically important to vertebrates.

10.1
The Sox Family of Transcription Factors

Sox proteins and their corresponding genes have been found throughout the animal
kingdom, but are absent in plants, fungi, and protozoa (Wegner, 1999). They belong
to the superfamily of HMG-group proteins, all of which are characterized by pos-
session of a high-mobility-group domain as DNA-binding domain (Laudet et al.,
1993). In many proteins, this high-mobility-group recognizes specific DNA struc-
tures, whereas in Sox proteins, it recognizes and binds specific DNA sequences.
This sequence-specific variant of the high-mobility-group domain was first identi-
fied in the Sry protein, a mammalian protein required for male sex determination.
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Its DNA-binding domain – the so-called Sry-box – is the hallmark of all Sox proteins
and, when further abbreviated to Sox, has given the family its name (Wegner, 1999).
Most Sox proteins possess the typical structure of a transcription factor with sepa-
rable DNA-binding and transactivation domains. Nevertheless, Sox proteins very
often appear to rely for their function on the presence of additional transcription
factors which function as partner proteins and jointly bind with Sox proteins to
composite transcriptional regulatory elements (Kamachi et al., 2000). Upon binding
to DNA, Sox proteins also introduce a strong bend in the molecule. Therefore, they
have the capacity to shape the overall three-dimensional conformation of a promoter
or an enhancer. Sox proteins may thus function not only as transcription factors but
also as architectural proteins during transcription (Werner and Burley, 1997).

In model invertebrates such as Caenorhabditis elegans and Drosophila melanogaster,
there are no more than eight Sox genes (Wegner, 1999; Bowles et al., 2000). This
number has increased in vertebrates through gene duplications so that there are
20–24 different Sox genes (Schepers et al., 2002; Koopman et al., 2004). Sox proteins
are particularly well studied in vertebrates. Although Sox proteins are important
regulators of many developmental processes (Wegner, 1999), many Sox proteins
have been detected in the developing peripheral (PNS) and central (CNS) nervous
systems. These correlate with specific regulatory functions in neural development.
Sox proteins are also strongly expressed in several brain tumor entities (Lee et al.,
2002; Ueda et al., 2005), although their role in tumors is less well-defined than their
role during development.

10.2
Sox Proteins and Neural Competence

When ectoderm is induced to become neuroectoderm at the dorsal side of the
vertebrate embryo, Sox proteins are already present. Sox proteins are thus one of the
earliest markers of the developing CNS. In fact, they are required for neuroectoderm
induction, sometimes as instructive, but mostly as permissive factors and mediators
of neural competence.

In Xenopus, for instance, SoxD and Sox2 are first widely expressed throughout the
ectoderm and during gastrulation become restricted to the prospective neuroecto-
derm concomitant with an increase in expression levels (Mizuseki et al., 1998a,
1998b; Kishi et al., 2000). Sox1 and Sox3 are additionally expressed in the prospective
neuroectoderm. After commitment to the neural fate, these Sox proteins remain
strongly expressed in neural plate and early neural tube. Among them, only SoxD
exhibits an instructive neuralizing activity upon overexpression in animal caps or
embryos. Nevertheless, neural induction will not take place in Xenopus embryos
when function of Sox1, Sox2, and Sox3 is inhibited through ectopic expression of a
dominant-negative version of the Sox2 protein, thus pointing to a permissive role of
these Sox proteins. Whereas Sox1, Sox2, and Sox3 are present in all vertebrates,
SoxD is specific to amphibians.
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Intriguingly, species-specific variations exist in the order of appearance and the
exact expression domains of Sox1, Sox2, and Sox3. In the mouse, Sox2 and Sox3 are
expressed pan-ectodermally until neural induction. Neural induction is then
marked by the specific appearance of Sox1 in cells committed to a neural fate. Sox2
and Sox3 become concomitantly confined to the neural primordium (Collignon et
al., 1996; Pevny et al., 1998; Wood and Episkopou, 1999).

In all vertebrate species so far analyzed, Sox1, Sox2, and Sox3 function as permis-
sive factors and establish neural competence. Forced expression of each of these Sox
proteins in mouse embryonic stem cells, for instance, does not interfere with self-
renewal, but promotes development into neuroectoderm as soon as embryonic stem
cells are released from self-renewal (Zhao et al., 2004). On the basis of these expe-
riments, it is also assumed that Sox1, Sox2, and Sox3 perform similar functions
during neural induction. These three Sox proteins are also highly related in their
primary sequences and protein structures, and are jointly designated as SoxB1 pro-
teins (Fig. 10.1).

Fig. 10.1 Schematic representation of Sox proteins with importance for neural
development. Sox proteins can be divided into several groups. Particularly im-
portant for neural development are SoxB (divided into SoxB1 and SoxB2), SoxC,
SoxD and SoxE proteins. Within a group, Sox proteins share conserved domains
(highlighted in gray) as common structural features, including transactivation
domains (TA), transrepression domains (TR, only in SoxB2), dimerization do-
mains (Dim), and coiled coil domains consisting of a leucine zipper (LZ) and an
adjacent glutamine-rich region (Glu). The vertebrate members of each Sox
group are listed.

The permissive role of SoxB1 proteins in establishing neural competence has not
only been observed in the neuroectoderm, but also in other parts of the ectoderm
which contribute as placodes to sensory organs and several ganglia of the PNS. In
particular, both sensory and epibranchial placodes have been shown in fish and
chicken to rely on the presence of Sox3 (Köster et al., 2000; Abu-Elmagd et al., 2001;
Ishii et al., 2001). As expected for a competence factor, Sox3 gene expression is first
observed in a region broader than the later placode. Interestingly, the exact dose is
critical, as too-low and too-high amounts both interfere with proper placode for-
mation (Köster et al., 2000).
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10.3
Sox Proteins and the Neuroepithelial Stem Cell

Sox1, Sox2, and Sox3 are all present throughout neural plate and early neural tube
(Rex et al., 1994; Collignon et al., 1996; Wood and Episkopou, 1999). At later phases
of neural tube development, when determination and differentiation processes set
in, SoxB1 proteins become restricted to the cells immediately adjacent to the ven-
tricle (Fig. 10.2A). These ventricular zone cells are highly proliferative and not speci-
fied to a certain cell fate. They give rise to all neuronal and macroglial cell types, and
thus represent the stem cells of the developing CNS. Confinement of SoxB1 proteins
to the ventricular zone thus suggests that SoxB1 expression correlates with the
undifferentiated, pluripotent state.

Fig. 10.2 Sox protein expression in the developing mouse nervous system. (A)
Spinal cord. Areas expressing Sox2 are marked in yellow; regions or cells ex-
pressing Sox9 are highlighted in red. Green indicates Sox10–expressing cells.
Areas labeled in yellow (or yellow and red) correspond to the ventricular zone
(VZ) with its neuroepithelial progenitors; labeled cells in the mantle zone (MZ)
correspond to astrocytes (red) or oligodendrocytes (red and green). Time points
correspond to days of mouse embryogenesis post-coitum (dpc). (B) Schwann
cell lineage. Various phases of Schwann cell development from pre-migratory
neural crest (NC) stem cell to terminally differentiated myelinating Schwann cell
are indicated. Bars indicate expression periods for several important Sox pro-
teins. (This figure also appears with the color plates.)
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An active role of SoxB1 proteins in maintaining these cells in the undifferentiated
state was recently proven (Bylund et al., 2003; Graham et al., 2003). Overexpression
of any of the three SoxB1 proteins in the developing chicken spinal cord led to an
increase of neural progenitor cells and a concomitant decrease of neuronal differen-
tiation (Fig. 10.3A). Inhibition of SoxB1 proteins, on the other hand, led to cell cycle
arrest and depletion of the progenitor pool. Cells underwent premature neuronal
differentiation without, however, obtaining a full terminally differentiated pheno-
type. This suggests that SoxB1 proteins during this period prevent neuronal differ-
entiation, but that their loss alone is not sufficient for neuronal differentiation.

Expression of SoxB1 proteins and markers of the postmitotic neuronal phenotype
appear mutually exclusive at early times of development. Whereas SoxB1 proteins
are therefore usually not co-expressed with neuronal proteins, there is a significant
overlap between SoxB1 proteins and proneural proteins which are the main factors
in neuronal specification. Unlike Notch proteins, SoxB1 proteins do not regulate
proneural gene expression (Bylund et al., 2003). Expression of proneural genes in
the presence of SoxB1 proteins allows neural progenitor cells to be predisposed to a
certain fate which may be rapidly adopted once SoxB1 expression falls below thresh-
old levels.

Rather than interfering with proneural gene expression, SoxB1 proteins suppress
the function of proneural proteins, just as proneural proteins suppress SoxB1 func-
tion. As a consequence, each group is able to repress the target genes of the other
group. The underlying molecular mechanism has not been elucidated so far. How-
ever, it appears clear that SoxB1 proteins exert their effects in neural progenitors by
activating rather than repressing transcription (Bylund et al., 2003). Which genes
exactly are activated by SoxB1 proteins in neural progenitor cells is just beginning to
be elucidated. Potential target genes include nestin (Tanaka et al., 2004) and the Hes1
gene (Kan et al., 2004).

The behavior of SoxB1 proteins in overexpression studies (Bylund et al., 2003;
Graham et al., 2003) and their strongly overlapping expression in the early develop-
ing neural tube indicate that these proteins exhibit significant functional redundan-
cy and may largely compensate for each others’ loss during early neural develop-
ment. Accordingly, neuroepithelial progenitor cells develop normally in a hypo-
morphic Sox2 mutant (Ferri et al., 2004). Sox1– and Sox3–deficient mice also have
only mild defects in embryonic CNS development (Malas et al., 2003; Rizzoti et al.,
2004)

However, redundancy between SoxB1 proteins appears to be lost postnatally. Sox2,
for instance, is not only expressed in embryonic neural progenitor cells, but is also
found in all known neurogenic regions of the adult brain, including areas adjacent to
the lateral ventricles, the rostral migratory stream, and the dentate gyrus of the
hippocampus. In these regions, Sox2 is present in the majority of proliferating
ependymal and subependymal cells as well as in migrating neuroblasts, arguing that
it marks adult neural stem cells and their immediate progeny (Ellis et al., 2004; Ferri
et al., 2004; Komitova and Eriksson, 2004). Whether other SoxB1 proteins are also
expressed in adult neural stem cells in situ has not been stringently analyzed. How-
ever, strongly reduced expression of Sox2 alone is sufficient to cause profound
defects in adult ventricular and hippocampal neurogenesis (Ferri et al., 2004).
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Fig. 10.3 Sox protein function in nervous system development. (A) Sox2 over-
expression in the chicken neural tube leads to expansion of the ventricular zone,
whereas loss of Sox2 function causes premature differentiation and a reduction
of pluripotent neuroepithelial progenitors. (B) Loss of Sox9 in the mouse spinal
cord reduces generation of oligodendrocytes (green dots) and astrocytes (red
dots). Instead, motor neurons (blue dots) and V2 interneurons (yellow dots) are
increased in numbers. (C) The Drosophila SoxB proteins SoxNeuro (red) and
Dichaete/fish-hook (green) show an overlapping expression in the early neuro-
ectoderm (NE) from which neuroblasts (NB) arise. In the SoxNeuro mutant,
many lateral (lNB) and intermediate (iNB) neuroblasts are missing, whereas
only midline glia (MG) are lost in the Dichaete/fish-hook mutant. Deletion of
both SoxNeuro and Dichaete/fish-hook in the double mutant additionally leads
to an increased deletion of medial neuroblasts (mNB) pointing to functional
redundancy of both SoxB proteins. Abbreviations: lNE = lateral neuroectoderm;
iNE = intermediate neuroectoderm; mNE = medial neuroectoderm. (This figure
also appears with the color plates.)
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10.4
Sox Proteins and the Neural Crest Stem Cell

In contrast to the pluripotent neuroepithelial stem cells of the CNS, neural crest
stem cells which give rise to most parts of the PNS, do not express SoxB1 proteins
(see Fig. 10.2B). SoxB1 proteins rather appear to be confined to later stages of PNS
development (Le et al., 2005), and even prevent the acquisition of a neural crest stem
cell fate as evident from in-ovo electroporation experiments of the chicken neural
tube. Expansion of the Sox2 expression domain upon electroporation leads to a gain
of CNS progenitors at the expense of neural crest cells (Wakamatsu et al., 2004).

This does not mean that Sox proteins do not have a role in neural crest stem cells.
Here, SoxE proteins seem to be in many respects what SoxB1 proteins are for the
early pluripotent CNS progenitors. SoxE proteins also consist of three highly related
Sox proteins, namely Sox8, Sox9, and Sox10 (see Fig. 10.1). All SoxE proteins are
expressed in the neural crest, though with different kinetics.

The first SoxE protein expressed in the neural crest is Sox9 (Fig. 10.2B). An analy-
sis of Xenopus embryos indicates that Sox9 expression is induced by Wnt signals in
the prospective neural crest region (Lee et al., 2004). In Xenopus, Sox9 is required for
neural crest induction already before the neurula stage. In the absence of Sox9, the
generation of neural crest cells is strongly reduced and the neuroepithelium is
significantly expanded (Spokony et al., 2002). When, on the other hand, Sox9 is
ectopically expressed by in-ovo electroporation in the early neural tube of chicken,
neuroepithelial cells start to express neural crest markers, although they fail to
delaminate as would be expected for neural crest cells (Cheung and Briscoe, 2003).
Thus, Sox9 and Sox2 are not only reciprocally expressed in neural crest versus
neuroepithelial cells, their presence also has opposite effects on the chosen cell fate.
It is an attractive, but yet unproven assumption that both proteins influence each
other’s expression or activity.

Comparable to Sox2 function in the neuroepithelium, Sox9 function during neural
crest induction and in the early neural crest appears to be that of a transcriptional
activator rather than a transcriptional repressor, as is evident from the fact that a
chimera between the DNA-binding domain of Sox9 and the VP16 transcriptional
activation domain rather than a chimera with the engrailed repressor domain
mimics Sox9 function.

Sox9 expression is persistent in those cranial neural crest cells that, as derivatives
of pharyngeal arches 1 and 2, give rise to the craniofacial skeleton (Mori-Akiyama et
al., 2003). This argues that Sox9 functions in at least some neural crest cells beyond
the induction event. In most other regions of the neural crest, Sox9 expression is
transient (Spokony et al., 2002), probably due to an autoregulatory feedback loop
(Lee et al., 2004). In the trunk neural crest, for example, Sox9 expression is restricted
to the pre-migratory stage during which it is important for survival (Fig. 10.2B). Sox9
also provides the necessary competence for the epithelial-mesenchymal transition
in neural crest cells (Cheung et al., 2005). Its expression therefore is a prerequisite
for delamination and migration, although Sox9 itself does not appear to be involved
in these later processes. These rather seem to be under the control of additional
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transcription factors which coordinately function with Sox9 and include the
Slug/Snail zinc finger proteins as the major regulators of epithelial-mesenchymal
transition, and FoxD3 as the inductor of required changes in cell-adhesion proper-
ties. Interestingly, all these transcription factors are originally independently in-
duced, whereas later they develop a complex cross-regulatory network where each
reinforces the expression of the other (Cheung et al., 2005).

Shortly before neural crest cells delaminate, they start to express a second SoxE
protein, namely Sox10 (see Fig. 10.2B). Thus, even in areas where Sox9 expression is
extinguished before delamination, the presence of SoxE proteins persists. Taking
into account that in-ovo electroporation studies in the chicken neural tube have
additionally shown that all SoxE proteins are functionally similar during neural crest
formation (Cheung and Briscoe, 2003), it can be assumed that Sox10 and Sox9 at
least in part provide functional continuity in neural crest stem cells. The relative
contribution of these two transcription factors appears to vary between species and
between different regions of the body. In general, the influence of Sox10 is stronger
in Xenopus than in mouse or in chicken (Honore et al., 2003). In the mouse, Sox9 is
particularly important for early neural crest development in the trunk, and less so in
cranial territories (Mori-Akiyama et al., 2003; Cheung et al., 2005). For Sox10, the
situation is reversed (Herbarth et al., 1998; Southard-Smith et al., 1998).

Similar to Sox9 in the pre-migratory neural crest, Sox10 is essential for the survival
of migrating neural crest stem cells (Kim et al., 2003). Sox10 expression maintains
neural crest stem cells in a pluripotent state, and prevents premature neuronal
differentiation (Kim et al., 2003). Interestingly, Sox10 does not simply exert its nega-
tive effect on neuronal differentiation by maintenance of the pluripotent state as
these two functions possess different dosage requirements for Sox10. Whereas
neural crest stem cells maintain their neurogenic potential in the presence of only
one functional Sox10 allele, inhibition of neuronal differentiation shows haploin-
sufficiency (Kim et al., 2003). Little is known so far about the interaction of SoxE
proteins with proneural genes in neural crest stem cells. However, it appears that
Sox10 is necessary for the initial induction of such factors as Mash1 and Phox2b in
post-migratory neural crest cells near the dorsal aorta that begin their development
into autonomic neurons. These proteins in turn repress Sox10 expression and thus
allow neurogenesis to proceed (Kim et al., 2003).

Overlapping with the expression of SoxE proteins in neural crest stem cells is the
expression of Sox5 (see Fig. 10.2B), which belongs to the SoxD group (see Fig. 10.1,
not to be confused with the previously mentioned Xenopus SoxD protein). Its ex-
pression slightly follows Sox9 expression, and is part of the transcriptional regula-
tory network that is active in neural crest stem cells (Perez-Alcala et al., 2004). As a
consequence, ectopic Sox5 expression in the chicken neural tube leads to increased
expression of many other neural crest transcription factors and to an expansion of
the neural crest. Under native conditions, levels of Sox5 expression vary between
different neural crest regions, with the largest amounts being found in the cranial
neural crest (Perez-Alcala et al., 2004).

Furthermore, SoxD functions might not be restricted to neural crest cells, but may
also be important for neuroectodermal development. Such a possibility is at least
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suggested by experiments in the P19 cell model of neuroectoderm development.
This murine embryonic carcinoma cell line acquires neuroectodermal characteri-
stics upon treatment with retinoic acid. During this treatment, expression of the
SoxD protein Sox6 is transiently up-regulated, as is the expression of Sox1 (Pevny et
al., 1998; Hamada-Kanazawa et al., 2004a). Intriguingly, forced expression of Sox6
induces neural determination in P19 cells in a manner similar to the known neu-
roectodermal competence factor Sox1, whereas down-regulation of Sox6 prevents
neural determination even in the presence of retinoic acid (Hamada-Kanazawa et al.,
2004b). The relationship between SoxD on the one hand, and SoxE or SoxB1 pro-
teins on the other hand, has not yet been analyzed in the neural crest or in the
neuroectoderm.

10.5
Sox Proteins in Neural Determination and Lineage Decisions

During early neural development, expression of SoxB1 and SoxE proteins counte-
racts specification to a neuronal fate. To allow neuronal specification, expression of
SoxB1 or SoxE proteins must be extinguished, which occurs at least partly through
direct inhibition of Sox gene expression by proneural factors.

In contrast, the presence of SoxB1 and SoxE proteins is permissive for the devel-
opment of glial cells (Britsch et al., 2001; Graham et al., 2003). In the PNS, for
instance, Sox10 expression is not extinguished in all neural crest-derived cells once
they have reached their destination (see Fig. 10.2B). All glial cells of the PNS, includ-
ing the satellite glia of peripheral ganglia, the Schwann cells and the glia of the
enteric nervous system, continue to express Sox10 (Kuhlbrodt et al., 1998b; Paratore
et al., 2002; Young et al., 2003; Maka et al., 2005). The importance of Sox10 for glial
fate decisions in the PNS is highlighted by the loss of all peripheral glia in Sox10–de-
ficient mice from earliest times (Britsch et al., 2001). Although neural crest cells are
found at positions where they are expected to develop into glia, none of the charac-
teristic glial markers is turned on in Sox10–deficient mouse embryos. This observa-
tion has also been reproduced in zebrafish in the Sox10–deficient colourless mutant
(Dutton et al., 2001), thus arguing that Sox10 is likely required for glial fate specifi-
cation in the PNS of all vertebrates. Sox10 exerts at least some of its effects on
peripheral gliogenesis through stimulation of erbB3 expression and activation of
neuregulin signaling, as evident from the absence of erbB3 expression in the devel-
oping PNS of Sox10–deficient mice and the phenotypic overlap in the PNS of erbB3–
and Sox10–deficient mice (Riethmacher et al., 1997; Britsch et al., 2001).

This role of Sox10 in pan-glial fate specification is restricted to the PNS. Sox10
expression in the CNS does not occur in all glial cells (Stolt et al., 2002). Even in
oligodendrocytes, where Sox10 is prominently expressed (see Fig. 10.2A), its ex-
pression follows the original specification event (Stolt et al., 2003).

Instead, Sox9 appears to possess a central role in fate specification of CNS glia
(Stolt et al., 2003). Compared to Sox10, Sox9 is expressed earlier and more widely in
the neural tube as it can be found in neuroepithelial progenitor cells throughout the
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ventricular zone from mid-embryogenesis onwards (see Fig. 10.2A). Sox9 expres-
sion thus overlaps strongly with expression of SoxB1 proteins in the neural tube.
However, SoxB1 proteins significantly precede Sox9 as they are detected from ear-
liest times, whereas Sox9 expression starts when neuronal differentiation has set in
already. Sox9 expression thus slightly pre-dates the main phase of gliogenesis in the
neural tube. Expression throughout the ventricular zone is also compatible with a
role of Sox9 in pan-glial specification, as the different glial cell types arise from
different regions along the dorsoventral axis of the spinal cord. In fact, neural tube-
specific deletion of Sox9 in the mouse indicates that Sox9 might be part of a switch
mechanism that diverts neuroepithelial progenitor cells from neurogenesis to glio-
genesis (see Fig. 10.3B). Glial cell numbers in the CNS are strongly reduced in the
absence of Sox9, whereas neuronal cell numbers are simultaneously increased (Stolt
et al., 2003). This reciprocal relationship is particularly evident for oligodendrocytes
and motor neurons, both of which are generated in the pMN domain as a defined
ventral region of the ventricular zone. Normally, the generation of motor neurons
precedes the specification of oligodendrocytes. However, in the absence of Sox9, the
generation of motor neurons is prolonged and their number is increased by roughly
the same amount as oligodendrocyte numbers are decreased. The loss of glial cells
in the Sox9–deficient neural tube and spinal cord was, however, not complete. Sev-
eral possible explanations exist for the incomplete deletion. Most likely, conditional
deletion by CRE recombinase is a contributing factor, as efficiency and timing of
Sox9 deletion exhibit a considerable variability and may allow Sox9 expression to be
continued in some cells past the point of specification. Once specified, glial cells
may then no longer rely on Sox9. Additionally, Sox9 is not the only SoxE protein
expressed in the ventricular zone of the neural tube. Sox8 is also expressed (Stolt et
al., 2005). Although its expression lags behind, exhibits a ventral-to-dorsal gradient,
and is lower than Sox9, an analysis of compound mutant mice clearly points to an
additional involvement of Sox8 in glial specification (Stolt et al., 2005). Thus, there is
evidence that SoxE proteins contribute to the same function in vivo. Nevertheless,
the situation is more complicated for SoxE proteins than for SoxB1 proteins in the
developing CNS as their expression patterns and expression levels are more diver-
gent. Sox8, in particular, appears to be only a modifying factor with little influence
on its own.

10.6
Sox Proteins in Glial Differentiation

Expression of SoxE proteins continues in many glial cells past the original specifi-
cation event. In the PNS, Sox10 remains expressed throughout development of
Schwann cells (see Fig. 10.2B) and satellite glia, and can even be found in the
terminally differentiated glial cells of the PNS (Kuhlbrodt et al., 1998b; Britsch et al.,
2001). The same appears to hold true for the SoxD protein Sox5 in peripheral glia
(Perez-Alcala et al., 2004). In contrast, Sox2 is transiently up-regulated in Schwann
cell precursors and immature Schwann cells (see Fig. 10.2B), before it disappears
again from this cell lineage upon terminal differentiation (Le et al., 2005).
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Analysis of SoxE protein expression in the CNS also confirms that glial expression
persists well beyond the specification event. Sox8 has been detected at later phases of
mouse embryonic development in various types of glia, including oligodendrocytes
and various types of radial glia, such as Bergmann glia of the cerebellum (Cheng et
al., 2001; Sock et al., 2001; Stolt et al., 2004). Sox9 occurs in astrocytes and Bergmann
glia of the adult CNS (Pompolo and Harley, 2001), while Sox10 continues to be
expressed in the terminally differentiated oligodendrocytes (Stolt et al., 2002).
Whether these later phases of SoxE protein expression correlate with specific func-
tions in glial cells is much more difficult to analyze than the early functions, and they
might be obscured by partially overlapping expression.

Studies on oligodendrocyte development of Sox10–deficient mice have been most
informative (Stolt et al., 2002). In these mice, oligodendrocytes develop normally
even in the absence of Sox10 until terminal differentiation. Most likely, oligoden-
drocytes can cope for a long time with the loss of Sox10 because they still express the
related Sox9 (see Fig. 10.2A). At the time of terminal differentiation, Sox9 expression
is naturally extinguished in oligodendrocyte development so that Sox10 now be-
comes the single decisive factor for further development (Stolt et al., 2003). Due to
this constellation, a specific function of Sox10 in terminal differentiation of oligo-
dendrocytes and particularly in myelination is revealed. At least two genes that code
for major myelin proteins of the CNS are under direct transcriptional control of
Sox10 (Stolt et al., 2002). These are the genes for myelin basic protein (MBP) and for
proteolipid protein (PLP). In the case of the MBP gene, multiple binding sites for
Sox10 are present within the promoter region that confers oligodendrocyte-specific
expression of transgenes in vivo. Each of these binding sites contributes to promoter
activation so that MBP gene expression should be exquisitely sensitive to levels of
Sox10 protein.

Sox10 also appears to regulate myelin gene expression in Schwann cells, as the
promoters of the genes for Myelin protein zero (MPZ) and for Connexin–32 are
under direct transcriptional control of Sox10 (Peirano et al., 2000; Bondurand et al.,
2001). Interestingly, a functionally relevant binding site for Sox10 within the Con-
nexin–32 promoter is mutated in some patients with peripheral neuropathy of the
Charcot-Marie-Tooth type I disease, further corroborating a role for Sox10 in ter-
minal differentiation of Schwann cells and in maintenance of the differentiated
phenotype. In agreement with such an assumption, a subset of heterozygous
human Sox10 mutations led to peripheral neuropathies and central leukodystrophy
(Touraine et al., 2000; Inoue et al., 2004) in addition to the typical symptoms of a
Shah-Waardenburg syndrome. The latter are observed in all patients with hetero-
zygous Sox10mutations, represent neural crest defects, and likely reflect the general
role of Sox10 in the early neural crest (Pingault et al., 1998; Southard-Smith et al.,
1999). Whereas Sox10 supports terminal differentiation of Schwann cells and mye-
lination, Sox2 appears to repress these processes (Le et al., 2005). From its expres-
sion in Schwann cell precursors and immature Schwann cells (see Fig. 10.2B), Sox2
is thus proposed to prevent premature Schwann cell differentiation.
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10.7
Sox Proteins in Neuronal Differentiation

Apart from the established role in glial differentiation, there is evidence for an
additional involvement of Sox proteins in neuronal development. In particular, all
three SoxC proteins (see Fig. 10.1) are prominently expressed throughout the devel-
oping CNS and PNS (Rex et al., 1994; Hargrave et al., 1997; Jay et al., 1997; Kuhlbrodt
et al., 1998a; Cheung et al., 2000). In the CNS, expression of the SoxC proteins Sox4
and Sox11 follows SoxB1 proteins. When progenitor cells leave the ventricular zone
and enter neuronal lineages, they start to express SoxC proteins. This expression is
transient and becomes extinguished when neurons acquire their differentiated phe-
notype. A similar transient peak of SoxC protein expression has also been observed
in developing sensory neurons of peripheral ganglia. This has led to the hypothesis
that SoxC proteins may regulate neuronal maturation throughout the nervous sys-
tem. In light of this expression pattern, the detection of high levels of Sox4 and Sox11
in medulloblastomas of the cerebellum is intriguing as it might indicate that these
tumors correspond to the transformed state of immature neuronal cells (Lee et al.,
2002). Loss-of-function studies in mice deficient for either Sox4 or Sox11 have so far
failed to corroborate an essential function for either protein in nervous system
development (Cheung et al., 2000; Sock et al., 2004). Given the strongly overlapping
expression of both Sox proteins (Cheung et al., 2000) and their biochemical similar-
ity (Kuhlbrodt et al., 1998a), one SoxC protein may be able to functionally compen-
sate the loss of the other.

Given the fact that SoxB1 proteins interfere with neuronal specification during the
early phases of CNS development, it is surprising to find these proteins expressed in
specific neuronal subpopulations in the postnatal mouse brain. It is currently not
known whether SoxB1 expression in these neuronal subpopulations persists
throughout development, or whether SoxB1 expression reappears after transient
shut-down. What is clear, however, is the fact that expression of each SoxB1 gene
results from the combined action of many separate enhancers with different spatial,
temporal or cell type-specific activities (Zappone et al., 2000; Brunelli et al., 2003;
Uchikawa et al., 2003).

In the adult CNS, Sox2 is expressed not only in adult neural stem cells, but also in
some pyramidal cells of the cerebral cortex, a subset of striatal neurons and most
abundantly in thalamic neurons such as those in the periventricular nuclei (Ferri et
al., 2004). Furthermore, mice with strongly reduced Sox2 levels show neurological
abnormalities indicative of a dysfunctional dopaminergic system, and a neurode-
generative phenotype that includes parenchymal shrinkage, degenerating neurons
and neurons with perinuclear inclusions. Taking into account that not all CNS
regions are equally affected, and that affected areas correspond to those regions
where Sox2 is persistently expressed in adult neurons, it is at least tempting to
speculate that the observed phenotype is caused by loss of Sox2 function in post-
mitotic neurons.

Hints for a role of SoxB1 proteins in maintenance of mature neurons additionally
come from mouse models with Sox1– or Sox3–deficiencies. Sox1, for example, is
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highly expressed in postmitotic GABAergic neurons of the olfactory tubercle and the
nucleus accumbens of the ventral striatum (Malas et al., 2003). Sox1 deletion leads to
a severe loss of the normally Sox1–expressing neurons, and consequently to a major
focal neuroanatomical defect in the ventral forebrain. The resulting disruption of
local neuronal circuits is the cause of enhanced synaptic excitability and sponta-
neous epileptiform discharges in the piriform cortex. As a result, Sox1–deficient
mice suffer from epilepsy with seizure origin in the limbic forebrain.

Sox3, on the other hand, occurs in several neuronal populations of the ventral
hypothalamus, including neurons of the arcuate nucleus and the median eminence.
Loss of Sox3 in the mouse leads to defects in specific midline structures of the CNS
including the hypothalamus and the corpus callosum (Rizzoti et al., 2004). Whereas
dysgenesis of the corpus callosum is mainly a developmental defect, hypothalamic
defects persist postnatally. There is not only a reduced proliferation of cells in the
developing hypothalamus and infundibulum which may in turn cause defects in
pituitary formation during embryogenesis. Additionally, growth hormone-releasing
hormone (GHrH)-positive neurons of the adult hypothalamus are compromised in
number, activity and/or connectivity. This postnatal neuronal defect strongly con-
tributes to the hypopituitarism observed in Sox3–deficient mice and human patients
with Sox3 mutations (Laumonnier et al., 2002; Rizzoti et al., 2004). The mental
retardation additionally observed in affected human patients also argues in favor of
defects in mature neurons.

10.8
Sox Proteins and their Molecular Mode of Action

As outlined above, Sox proteins perform many different functions in the developing
nervous system. In particular, it is intriguing that one and the same Sox protein is
active in different roles. Sox10, for instance, is involved in maintaining the pluri-
potent state of the neural crest stem cell, in glial cell fate specification, lineage
progression of various glial cell types and in terminal differentiation of glia (Peirano
et al., 2000; Britsch et al., 2001; Stolt et al., 2002; Kim et al., 2003). SoxB1 proteins on
the other hand, are equally involved in maintaining the pluripotency of neuroepi-
thelial progenitors and the identity of specific groups of mature neurons (Bylund et
al., 2003; Graham et al., 2003; Malas et al., 2003). This does not even take into
account that many Sox proteins have additional roles outside the nervous system
(Wegner, 1999). Although it is formally possible that each Sox protein contributes to
its many functions by always regulating the same target genes, this appears rather
unlikely given the highly differing contexts. In some cases, there even exists direct
evidence that different target genes are activated by the same Sox protein in a tissue-
or cell type-specific manner. Sox10, for instance, activates Mitf-M expression selec-
tively in melanocytes, but not in glial cells, whereas other targets such as myelin
genes are up-regulated by Sox10 in glia, but not in melanocytes (Bondurand et al.,
2000, 2001; Peirano et al., 2000; Potterf et al., 2000; Stolt et al., 2002).
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Thus, it appears more likely that the function of Sox proteins is highly context-de-
pendent and inherently flexible. An important feature of transcriptional regulation
by Sox proteins is the strict requirement for partner proteins (Kamachi et al., 2000).
These partner proteins vary among tissues and thus alter Sox protein activity in a
tissue-specific manner.

Partner proteins have been best studied for Sox2. They include the paired domain
transcription factor Pax6 (Kamachi et al., 2001) and the POU homeodomain tran-
scription factors Oct–3/4 and Brn–2 (Yuan et al., 1995; Tanaka et al., 2004). Lens-spe-
cific activation of Sox2 target genes such as g–crystallin in the chicken is achieved
with Pax6 as partner, whereas Sox2–dependent gene activation in epiblast and em-
bryonic stem cells requires cooperation with Oct–3/4 as evident from many target
genes, including fibroblast growth factor–4, upstream transcription factor, nanog and
Sox2 itself (Yuan et al., 1995; Nishimoto et al., 1999; Tomioka et al., 2002; Catena et
al., 2004; Kuroda et al., 2005). As indicated by a recent study on the nestin gene, Brn–2
and related POU homeodomain proteins appear to take over the role of partner
proteins in neuroepithelial progenitor cells of the CNS (Tanaka et al., 2004). In the
case of Sox10, identified partner proteins include Pax3 in neural crest stem cells
(Bondurand et al., 2000; Potterf et al., 2000) and Mitf in neural crest-derived mela-
noblasts (Ludwig et al., 2004).

Very often, Sox proteins and their partners bind next to each other to composite
elements in the gene regulatory region that mediates tissue-specific gene expression
(Yuan et al., 1995; Nishimoto et al., 1999; Bondurand et al., 2000; Potterf et al., 2000;
Kamachi et al., 2001; Tomioka et al., 2002; Tanaka et al., 2004; Kuroda et al., 2005).
When bound, Sox proteins and their partners engage in additional protein-protein-
contacts with glue-like surface patches that stabilize the complex and combine their
transactivation domains to a super-transactivation domain (Remenyi et al., 2003).

However, there is evidence that such a requirement for adjacent binding sites is
not absolute (Ludwig et al., 2004). Sox proteins have the ability to strongly bend DNA
and, through their action as architectural proteins, shape the three-dimensional
structure of larger regulatory regions, thereby bringing transcription factors into
close contact with each other and with themselves that bind to sequence elements far
apart in the primary DNA sequence of these regulatory regions.

Adding another level of complexity, Sox proteins have been observed to interact
with several transcriptional co-activators. In particular CBP/p300 appears to be an
important interactor as it has been identified to interact both with SoxE and SoxB1
proteins (Nowling et al., 2003; Tsuda et al., 2003). Thus, Sox proteins may not only
interact directly with other transcription factors bound to the same promoter and
shape the overall conformation of the enhanceosome, but might also recruit co-
activator complexes, including those that modify or remodel chromatin.

Another striking feature of Sox proteins in the developing nervous system is their
strongly overlapping expression. This immediately raises the question of the rela-
tionship between these co-expressed Sox proteins. In those cases where Sox proteins
of the same subgroup are co-expressed, such as SoxE proteins in the oligodendrocyte
lineage or SoxB1 proteins in the neuroepithelium, there is considerable evidence for
at least partial functional redundancy (Bylund et al., 2003; Graham et al., 2003; Stolt
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et al., 2003, 2004, 2005; Maka et al., 2005). Less clear is the relationship between
co-expressed Sox proteins that belong to different subgroups such as Sox2 and Sox9
in the late neuroepithelium (Collignon et al., 1996; Stolt et al., 2003) or Sox2, Sox5
and Sox10 in Schwann cell precursors and immature Schwann cells (Kuhlbrodt et
al., 1998b; Perez-Alcala et al., 2004; Le et al., 2005).

Data from tissue culture experiments indicate that Sox proteins from different
subgroups have biochemically distinct characteristics (Kuhlbrodt et al., 1998a,
1998b; Kamachi et al., 1999). The nuclear export sequence identified in SoxE pro-
teins, for instance, is not conserved in most other Sox proteins (Gasca et al., 2002;
Rehberg et al., 2002), raising the possibility that nucleocytoplasmic shuttling is
restricted to a subset of Sox proteins. Additionally, some Sox proteins such as SoxD
proteins exist as constitutive dimers (Lefebvre et al., 1998), whereas most other Sox
proteins are constitutive monomers (Peirano and Wegner, 2000). SoxE proteins on
the other hand seem to be able to switch between both states (Peirano and Wegner,
2000). The existence as monomers or dimers in turn impacts on the DNA-binding
characteristics of Sox proteins. Additional data indicate that choice of partner pro-
teins also differs between subgroups (Kamachi et al., 1999). Although these data do
not exclude the possibility that Sox proteins from different subgroups may perform
similar functions under certain circumstances, functional differences should be
commonly expected for co-expressed Sox proteins from different subgroups.

These functions may in many cases be independent of each other. However, it can
be imagined that Sox proteins influence each others’ function when co-expressed.
Evidence for such a functional interaction between Sox proteins from different
subgroups has not yet been reported from the developing nervous system, but has
been observed in chondrocytes where Sox9 first activates expression of SoxD pro-
teins which then engage with Sox9 in a multiprotein complex that activates several
Sox9 target genes much more strongly than Sox9 alone (Lefebvre et al., 1998; Akiy-
ama et al., 2002).

It is also interesting that most Sox proteins have so far been primarily described as
transcriptional activators, even in circumstances where they repress certain devel-
opmental pathways. The inhibitory activity of SoxB1 proteins on neuronal differen-
tiation of neuroepithelial progenitors is, for instance, mediated by transcriptional
activation (Bylund et al., 2003). The main exception to this rule so far appear to be
SoxB2 proteins (see Fig. 10.1), which are also abundantly expressed in the develop-
ing nervous system along with SoxB1 proteins (Rex et al., 1997; Ohba et al., 2004).
Instead of the transactivation domain present in the carboxy-terminal region of
SoxB1 proteins, SoxB2 proteins carry a transrepression domain. At least part of their
repressive function comes from direct interference with co-expressed SoxB1 pro-
teins (Uchikawa et al., 1999), thus yielding further evidence for the existence of
functional interactions between different Sox proteins.
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10.9
Conservation of Sox Protein Function in Nervous System Development

All vertebrate Sox proteins discussed in this chapter have orthologues in the nema-
tode C. elegans and the fruitfly D. melanogaster as model invertebrates (Schepers et
al., 2002). In general, there is one single Sox protein per vertebrate Sox subgroup.
For example, instead of Sox8, Sox9 and Sox10 as SoxE proteins there is only Sox100B
in D. melanogaster and ce-SoxE in C. elegans (Bowles et al., 2000). Only SoxB proteins
are present in higher numbers and are represented, for instance, in D. melanogaster
by four proteins including Dichaete/fish-hook and SoxNeuro (Nambu and Nambu,
1996; Russell et al., 1996; Bowles et al., 2000; Buescher et al., 2002; Overton et al.,
2002). Thus, it is interesting to ask whether Sox protein function in the nervous
system is conserved between vertebrates and invertebrates. Given the fact that Sox
proteins have so far been poorly studied in C. elegans, this comparison must be
confined to D. melanogaster.

Both Dichaete/fish-hook and SoxNeuro are strongly expressed in the developing
nervous system of the fruitfly in a highly dynamic pattern. Similar to vertebrate
SoxB1 proteins, they are thus not only expressed in early neuroectodermal cells and
neuroblasts, but also late in specific groups of differentiated neurons (Sanchez-
Soriano and Russell, 2000). Drosophila SoxB proteins do not induce neuroectoderm
formation, but are essential for consecutive neuroectoderm specification and neu-
roblast formation (Buescher et al., 2002). Correspondingly, SoxB proteins exhibit a
fairly broad, and partially overlapping expression pattern during early stages of
neural development. SoxNeuro is expressed throughout all three regions of the
ventral neuroectoderm (i.e., the lateral, intermediate and medial neuroectoderm),
whereas large amounts of Dichaete/fish-hook are restricted to the medial region (see
Fig. 10.3C). Similar to their vertebrate counterparts, both Drosophila SoxB proteins
exhibit largely redundant functions during these early phases, although there is also
evidence for the existence of region-specific unique functions (Overton et al., 2002).
As a consequence of functional redundancy, each SoxB protein can compensate loss
of the other in those areas where they are co-expressed. Thus, neuroblast formation
is severely affected in the lateral and intermediate neuroectoderm of SoxNeuro-
deficient flies, but not in the medial region (Buescher et al., 2002; Overton et al.,
2002). Additional strong defects in the medial neuroectoderm and therefore pan-
neural hypoplasia become visible only when both SoxNeuro and Dichaete/fish-hook
are deleted (see Fig. 10.3C). Loss of Dichaete/fish-hook alone, on the other hand,
does not interfere strongly with neuroblast formation in any region of the CNS.
Rather, Dichaete/fish-hook mutants exhibit defects in a specific cell population that
selectively expresses Dichaete/fish-hook (see Fig. 10.3C) and is located in the ventral
midline (Nambu and Nambu, 1996; Russell et al., 1996; Sanchez-Soriano and Rus-
sell, 1998). As a consequence of these midline glia defects, the ganglia of the ventral
nerve cord fuse and axon scaffold organization is aberrant. Similar to their verte-
brate counterparts, Drosophila SoxB proteins exert their function in the developing
CNS in cooperation with other transcription factors including ventral nerve cord
defective (vnd), intermediate neuroblast defective (ind) and ventral veinless (vvl)
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(Sanchez-Soriano and Russell, 1998; Buescher et al., 2002; Overton et al., 2002; Zhao
and Skeath, 2002). Homologues of these POU-, Nkx- and Gsh-like homeodomain
proteins are known partners (or at least good candidates for partners) of mammalian
SoxB1 proteins in the vertebrate nervous system. Further supporting the similarity
to mammalian SoxB1 proteins, there also appears to be a functionally relevant cross-
talk with proneural proteins of the Achaete-scute complex. Given this significant
conservation of SoxB protein function in neural development, it is not surprising
that mammalian Sox2 is able to rescue SoxB-deficiency in the fly, as is evident from
ectopic overexpression studies of Sox2 in Dichaete/fish-hook mutants (Sanchez-
Soriano and Russell, 1998).

In contrast to this strong conservation of SoxB function, SoxE function does not
appear to be conserved. As of today, there is no evidence from gain-of-function or
loss-of-function studies, nor from its expression pattern, that Sox100B plays any role
in the fly’s nervous system (Hui Yong Loh and Russell, 2000). Thus, neural functi-
ons may have been acquired fairly late by SoxE proteins in vertebrates during the
evolution of vertebrate-specific traits such as the neural crest. Given the fact that
most parts of the PNS are derived from the neural crest, its development may differ
strongly from development of the PNS in flies. Another vertebrate-specific trait is
the strong expansion of glial cells. Whilst there are fewer glial cells than neurons in
the invertebrate nervous system, human CNS glia outnumber their neuronal coun-
terparts by one order of magnitude. Additionally, glial functions are much more
diversified in the vertebrate nervous system. Thus, it is not surprising that these
hugely different demands for glial cell numbers and glial cell types may have led to
the establishment of a new and efficient regulatory network that is different from
that in the fly and other invertebrates, and uses as its cornerstones SoxE proteins
which, in the absence of more ancient functions (Hui Yong Loh and Russell, 2000),
might have been the perfect proteins to be entrusted with new and vertebrate-spe-
cific functions. Intriguingly, these new SoxE-based regulatory networks show many
features which are analogous to those in the SoxB1–dependent network of early CNS
development, including the requirement for similar partner proteins, the interac-
tion with proneural genes, and the existence of functional redundancies, arguing
that transcriptional regulation by Sox proteins follows general principles after all.
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Abbreviations

CNS central nervous system
GHrH growth hormone-releasing hormone
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MPZ myelin protein zero
PLP proteolipid protein
PNS peripheral nervous system
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The Role of CREB and CBP in Brain Function

Angel Barco and Eric R. Kandel

Abstract

In this chapter, the various functions in the nervous system of the CRE-binding
protein (CREB), its paralogues CREM and ATF1, and its co-activator the CREB-bind-
ing protein (CBP), are reviewed. A wide array of techniques, including mouse trans-
genesis, gene targeting, genome-wide analyses and behavioral and electrophysio-
logical studies, have revealed an important role for the CREB activation pathway in
different brain functions. These studies have clarified our understanding of the
mechanisms whereby CREB activity is regulated and have provided essential clues
about how the same family of transcription factors can mediate such apparently
distinct biological functions as memory storage, neuroprotection, and drug addic-
tion.

11.1
Introduction

The intracellular second messenger cAMP mediates signal transduction in re-
sponse to a variety of external stimuli and can exert important long-term effects by
regulating gene expression. This regulation is achieved through the activation of
DNA-binding proteins that bind to a specific DNA sequence called the cAMP-re-
sponsive-element (CRE). These DNA elements are present in one or more copies in
the promoter of target genes. The prototypic member of this family of regulatory
molecules is the CRE-binding protein (CREB). Although CREB was first identified
in 1987 and cloned through studies investigating the expression and regulation of
the neuropeptide hormone gene somatostatin [1], it was later found to contribute to
the regulation of many other cellular responses, including metabolism control, cell
proliferation, cell differentiation, apoptosis, and spermatogenesis. CREB also par-
ticipates in many processes related to signaling in the nervous system. Indeed, the
CREB pathway for regulation of transcription probably represents the transcripti-
onal cascade whose function in the adult brain has been most extensively studied.

The CREB-binding protein (CBP) was initially described in 1993 as a co-activator of
CREB required for induction of CRE-driven transcription [2]. Subsequent studies
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demonstrated that CBP also interacts with other transcription factors, and thereby
participates in other essential biological processes, including the control of a variety
of neuronal responses.

In this chapter, we describe selected aspects of our understanding of the functions
of the CREB activation pathway in the nervous system, focusing in particular on the
roles of CREB and CBP proteins. A number of excellent articles have reviewed this
area [3–9]. Here, we will focus on the central nervous system, where CREB has been
implicated, in the mechanisms of activity-dependent synaptic plasticity [10, 11],
neurogenesis [12], neuronal survival [13, 14], synaptic refinement during develop-
ment [15], drug addiction [16, 17], circadian rhythm [18], and depression [19].

11.2
The CREB Family of Transcription Factors

11.2.1
CREB Family Members and Close Friends

The genes Creb, Crem, and Atf–1 encode for a group of highly homologous proteins
that is frequently referred as the CREB family of transcription factors. This family is
characterized by a conserved basic region/leucine zipper (bZIP) domain that bind to
CRE sites found in one or several copies in the promoters of many genes (Figs. 11.1
and 11.2). CREB and ATF1 are the two most abundant CRE-binding proteins ex-
pressed in neurons, and are expressed ubiquitously throughout the nervous system
and elsewhere. In contrast, CREM is expressed primarily in the neuroendocrine
system [3]. However, these three proteins are not the only transcription factors
known to bind to CRE sites. Other factors also bind to these sites and contribute to
regulate cAMP-mediated gene expression. These other factors share many structur-
al features with the CREB family, and the larger group is frequently referred to as the
ATF/CREB family of transcription factors. This larger family includes not only the
CREB family, as a subgroup, but also other bZIP proteins such as ATF2, ATF3, and
ATF4. Different ATF/CREB proteins can form selective heterodimers with each
other, and also with other transcription factors such as AP–1 and C/EBP that do not
belong to this family but share a bZIP DNA-binding domain. Members of different
families may compete for the same DNA sites and form heterodimers with mem-
bers of other families. As has occurred in other fields of biology, the nomenclature
and organization of these families was often dictated for the history of their discov-
ery rather than for their sequence homology. An exhaustive discussion on the no-
menclature of the ATF/CREB family members has been prepared by Hai and Hart-
man [20].



20911.2 The CREB Family of Transcription Factors

Fig. 11.1 Creb1 gene structure and domain organization of the CREB family of
transcription factors. The members of the CREB family of transcription factors
have a highly conserved leucine zipper (ZIP) and adjacent basic region respon-
sible for DNA-binding (BR), a regulatory kinase inducible domain (KID), and two
glutamine-rich regions, Q1 and Q2, which contribute to constitutive transcrip-
tion activation and are less conserved among different family members. The
percentages of similar amino acids in CREM and ATF1 with the corresponding
bZIP and KID domains of CREB are indicated. The most relevant isoforms of
these proteins and represented and the locations of some important sites are
indicated and discussed in the text. The Creb and Crem genes encode both
activator and repressor variants. The upper part of the figure shows the exonic
organization of the Creb gene, only the exons encoding domains present in the
most relevant forms of CREB are highlighted in color. (This figure also appears
with the color plates.)

11.2.2
Structural Features of the CREB Family of Transcription Factors

A number of structural features can be recognized in most members of the CREB
family of transcription factors [6] (see Fig. 11.1). A well-conserved bZIP domain at
the carboxy-terminus enables the dimerization between different family members
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and the specific binding to CRE sites. Other well-conserved domains mediate the
interaction with the RNApol II complex and with modulators and co-activators of the
transactivation activity (see Fig. 11.2). Thus, the central kinase-inducible domain
(KID) contains sites for phosphorylation by protein kinase A (PKA) and other ki-
nases, and is flanked by two glutamine-rich domains, designated Q1 and Q2 that
contribute to basal transactivation activity. The Q2 domain interacts with the
TAFII130 subunit of TFIID, recruits the transcription machinery to the promoter,
and stabilizes the binding to CRE sites. The mode of action of Q1 remains unclear.
The KID contains several serine residues that are critical for the regulation of CREB
activity, since their phosphorylation state depends upon neuronal stimulation and

Fig. 11.2 Critical molecular interactions in the CREB activation pathway. CREB
has a highly conserved leucine zipper and adjacent basic region responsible for
binding to CRE sites and a regulatory kinase inducible domain (KID) that, once
phosphorylated, interacts with the KIX domain of CBP. The interactions between
the KID and KIX domain and the bZIP domain and the CRE sequence are known
with atomic details and are represented here using ribbon structural models.
The location of some important domains and sites in CREB and CBP structure
are labeled and discussed in the text. (This figure also appears with the color
plates.)
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regulates the binding of the transcriptional co-activator CBP. The interaction be-
tween these two proteins is believed to trigger the inducible transcriptional activity
of CREB, as will be discussed later in detail. Constitutive (Q1 and Q2) and inducible
(KID) domains act synergistically in response to the wide array of stimuli that trigger
CREB-dependent gene expression.

The structures of the two most functionally relevant domains of CREB – the KID
and bZIP domains – have been solved respectively by NMR [21, 22] and X-ray dif-
fraction techniques [23], and are now known in atomic detail. This structural knowl-
edge has enabled a better understanding of CREB function and regulation, and may
allow the rational design of mutant variants of CREB or drugs targeted to this protein
(Fig. 11.2).

11.2.3
Gene Structure and the Regulation of Expression of CREB Family Members

The Creb, Crem, and Atf–1 genes have a complex structure, with multiple exons and
introns [3, 24]. As observed in many other proteins, the exons that make up these
genes are modular in nature, encoding domains with differentiated biological func-
tion, such as binding to DNA, transactivation or interaction with co-activators (Fig.
11.1). Whereas Atf–1 encodes only one major protein product, the Creb and Crem
genes support the expression of multiple splice isoforms. The alternative splicing of
CREB and CREM RNAs generates transcripts encoding variants that exhibit distinct
capabilities to activate or repress transcription [3, 6]. This is achieved by splicing out
domains necessary for transactivation but which are not required for dimerization
or DNA binding. Thus, these shorter variants act as repressors that compete for CRE
sites as homodimers or that form less active heterodimers. Most alternatively spliced
exons in the CREB gene introduce stop codons that result in the termination of
translation and lead to the synthesis of truncated proteins without DNA-binding
bZIP domains (Fig. 11.1). Given that the CREB promoter contains one CRE site, this
alternative splicing may serve to interrupt the autofeedback loop of CREB regulation
on its own promoter [25].

In the case of CREM, the situation is even more complex due to:
• the existence of two alternative spliced bZIP domains encoded in this gene

provides additional diversity to the capability and specificity of DNA binding and
dimerization with other bZIP proteins (Fig. 11.1);

• the alternative use of a translation initiation codon leads to the synthesis of
truncated protein; and

• the presence of an alternative, intronic promoter containing several CRE sites
drives the expression of a truncated CREM protein, ICER, which exerts strong
repressor activity on CRE-dependent transcription. ICER is induced in response
to stimulation of the cAMP pathway, but at the same time, represses this path-
way, what makes it a good candidate for participating in desensitization me-
chanisms.

The interaction of these different repressor and activator isoforms of CREM seems
to be crucial during spermatogenesis, but their significance in the nervous system is
unclear.



212 11 The Role of CREB and CBP in Brain Function

11.3
The CREB Binding Protein

11.3.1
Structure and Multifunction

CBP obtained its name, CREB binding protein, because it was originally identified
as an interaction partner for CREB [2]. During the following years, many other
transcription factors were found to interact physically with CBP or with its homolo-
gous p300 [26]. Currently, more than 100 proteins have been found to interact with
p300/CBP [8]. Although the primary sequence of P300 and CBP are more than 70%
similar, and they have many common interaction partners, these two proteins also
appear to have distinct functions and cannot always replace one another [27].

Several structural and functional domains have been identified in CBP (see Fig.
11.2):
• three cysteine/histidine-rich regions (CH1 to CH3) that bind zinc and are in-

volved in protein-protein interactions;
• an histone acetyltransferase (HAT) domain, in the center of the protein;
• a bromodomain (BD) that binds acetylated lysines both in acetylated nucleoso-

me histones and in acetylated transcription factors [28];
• two transactivation domains located in either end of the protein; and finally
• multiple specific interaction domains for different transcription factors such as

the KIX domain that mediates CBP interaction with CREB phosphorylated at
Ser133, but that do not contain recognizable domains conserved in other pro-
teins.

CBP and p300 carry out a variety of functions related to transcription activation and
regulation (Fig. 11.3):
1. Both proteins are co-activators that bridge DNA-binding transcription factors to

components of the basal transcription machinery, such as the TATA-box-bind-
ing protein (TBP) and the RNApol II complex.

2. The large size of both p300 and CBP (over 2400 amino acids) enables interaction
with several proteins at the same time, and thereby to serve as molecular scaf-
folds that bring a variety of different proteins together to the promoters. For
example, the interaction of CBP with MAPKs and the E-Cdk2 complex, pro-
motes not only the phosphorylation of CBP but also the phosphorylation of
several CBP-interacting transcription factors [185].

3. p300/CBP are both enzymes that catalyze the transfer of acetyl groups to lysine
residues located in the N-terminus of histones – a process that has been associ-
ated with enhanced transcription. This enzymatic activity adds a new dimension
to the function of CBP as co-activator, since such marking of the chromatin may
produce long-term transcriptional effects at specific loci.

4. More recently, CBP was found also to acetylate proteins other than histones.
This is the case of the tumor suppressors p53 [29] and pRb [30], diverse transcrip-
tion factors [31, 32], and components of the RNApol II complex (TFIIE and
TFIIF). The functional relevance of this activity in the regulation of the CREB
pathway is unknown [33].
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Fig. 11.3 The multiple functions of CBP. The capability of CBP and p300 to
co-activate transcription depends on four different activities. TF = transcription
factor; PK = protein kinase; Ac = acetyl group. (This figure also appears with the
color plates.)

Given the many activities of p300/CBP and their interaction with so many transcrip-
tion factors, it is not surprising that many critical physiological functions, from cell
differentiation to apoptosis, depend on the action of these proteins. Indeed, studies
of mouse null mutants in p300 and CBP have demonstrated that at least three out of
the four alleles of cbp and p300must be active during embryogenesis, or the embryos
die during early development. Even hemizygotic mutations in either one of these
genes have important phenotypic consequences in the development and function of
various tissues and organs, including the brain (see Section 11.6.1).
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11.4
The CREB Activation Pathway

11.4.1
Post-Translational Regulation of CREB Activity

The phosphorylation of CREB can be triggered by a wide variety of signaling pro-
cesses, such as an increase of Ca2+ through activation of voltage- or ligand-gated
channels, an increase in cAMP levels after activation of G-coupled receptors, and an
activation of receptor tyrosine kinases by growth factors (Fig. 11.4) [9]. The extent of
CREB activation is, therefore, initially affected by proteins, such as cAMP phos-
phodiesterases or Ca2+-binding proteins, that participate in the regulation of these
triggering events. The convergence of multiple intracellular cascades on CREB po-
sitions this transcription factor in a ideal situation to integrate different stimuli and
regulate neuronal responses. Strikingly, the same stimuli, such as Ca2+-dependent
signals or N-methyl-d-aspartate receptor (NMDA-R) signaling, may activate both
CREB kinases and CREB phosphatases, leading respectively to the phosphorylation
or dephosphorylation of this protein [34]. Furthermore, the final effect of the stimu-
lation depends not only on the nature of the stimulus but also on the cellular context
where the stimulation took place. Thus, the synaptic activation of NMDA-R induces
CREB phosphorylation and CREB-dependent gene expression, while its extrasynap-
tic activation shuts off CREB activity by dephosphorylation [35].

The phosphorylation of CREB promotes the recruitment of CBP to the promoter
and mediates transcription initiation [2,36–38]. Structural analyses have revealed the
molecular details of this interaction and have shown that the phosphorylation of
Ser133 of CREB stabilizes its interaction with specific residues in the KIX domain of
CBP [22]. Mutations that prevent Ser133 phosphorylation inhibit stimulus-induced
CREB activation, while mutations that favor the interaction with CBP lead to CREB-
dependent gene expression in the absence of stimulation [39] (see Fig. 11.2). The
phosphorylation state of CREB is regulated by the opposing actions of different
protein kinases and phosphatases. Both types of enzymes are selectively activated in
response to different patterns of neuronal activation. Thus, in-vivo studies in the
hippocampus have demonstrated that the activation of kinases controls the forma-
tion of long-term potentiation, whereas phosphatases are activated during long-term
depression [40]. Dozens of different kinases have been reported to phosphorylate
CREB in vitro, although only a few have been probed to contribute to CREB-depend-
ent transcription regulation in vivo. Among them, the PKA, RSK/MAPK and CaM
kinase pathways appear specifically to phosphorylate CREB at Ser133 after neuronal
stimulation [6, 41]. On the other hand, protein phosphatase 1 and 2A (PP1 and
PP2A) appear to be the major CREB phosphatases [42–44]. These enzymes can be
activated in response to increased PKA activity as well as Ca2+ cascades by the de-
phosphorylating phosphorylated dopamine and cAMP responsive phosphoprotein
(DARP32), which is in turn a substrate of calcineurin [45].

CREB contains additional consensus recognition sites for kinases that suggest a
regulation that is more complex than a simple phosphorylation at Ser133 switch.
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The elevation of nuclear Ca2+ induces phosphorylation at both Ser 133 and Ser142 by
CaM kinases, and this phosphorylation can, in place, mediate a new phosphoryla-
tion event at Ser143 by casein kinase II (CKII) [46]. Although previous studies
suggested that phosphorylation at Ser142 had a negative effect on CREB-dependent
expression by physically disrupting the interaction between CREB and CBP [21],
more recent investigations have demonstrated positive regulation by phosphoryla-
tion at this site and have suggested that some forms of CREB-dependent gene
expression may not require the direct recruitment of CBP by phospho-CREB, but
require an alternative, still unknown, mechanism [18, 46].

Fig. 11.4 Activation of the CREB signaling pathway. Diverse external stimuli,
such as activation of receptors coupled to adenylyl cyclase (AC), such as the G
protein-coupled receptors (GPC-R), or opening of Ca2+ channels (NMDA-R and
VSCC, voltage-sensitive calcium channels), activate protein kinases pathways
that converge on CREB phosphorylation at Ser133. Phosphorylation of this re-
sidue promotes the recruitment of the co-activator CBP and initiates the tran-
scription of targets genes. However, this is an extremely simplified vision of
these regulatory processes. Multiple layers of complexity in the CREB pathway
allow the integration of diverse cytoplasmic signals and the divergence of nu-
clear responses (cartoon adapted from Lonze and Ginty (2002) [9]). (This figure
also appears with the color plates.)
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11.4.2
Regulation of CBP Function

Additional regulatory mechanisms for stimulus-induced CREB-dependent gene ex-
pression reside in its cofactor, CBP. CBP itself is a target of several post-transcrip-
tional modifications that modulate its activity. Thus, the transactivation potential of
CBP is increased by PKA, CaMKIV and p42/44 MAPKs, while the ability to recruit
specific transcription factors selectively increases after PKC phosphorylation [47].
Furthermore, CBP is phosphorylated at Ser301 by CaM kinases [48] and is methy-
lated at Arg residues by the methylase CARM1 [49]. Whereas CBP phosphorylation
contributes to CBP-dependent transcription, its methylation appears to block its
interaction with CREB and prevent CREB-dependent gene expression. The signifi-
cance of these regulatory steps in CREB-dependent gene expression in vivo is, how-
ever, still unclear.

CBP is in limited supply within the cell, and CREB competes with other transcrip-
tion factor for CBP binding sites. Due to this competition, CREB activity can be
indirectly inhibited by the action of transcription factors that are neither functionally
nor structurally related to the CREB pathway. This seems to be the case for several
viral proteins that sequester CBP from its cellular partners [50].

11.4.3
Other Modulators of the CREB Pathway

In order to appreciate fully the complexity of the regulation of the CREB pathway, it
is necessary to better understand other family members and their interactors. The
regulated expression and alternative splicing of CREB/CREM adds an additional
mechanism for the differential regulation of CREB-dependent gene expression. The
expression of transcripts encoding different repressor isoforms of CREM is restrict-
ed to specific brain areas [51]. This finding suggests that the presence of CREM
antagonists may contribute to determine the region-specific differences observed in
CREB-dependent transcription. In particular, the inducible cAMP early repressor
(ICER), a group of four proteins produced by an intronic promoter in the CREM
gene, appears to play a pivotal role in the regulation of the time-course of expression
of various CREB-dependent genes, thereby contributing to CREB function in differ-
ent processes, from circadian rhythm control to apoptosis. Most of these are related
to – but not restricted to – the neuroendocrine system [52]. Other CREB-related
protein or even structurally unrelated transcription factors can also contribute to
modulate CREB function. For example, ACT, a small LIM protein which is ex-
pressed in testis, interacts with CREM and CREB and may activate transcription
bypassing the requirements for phosphorylation and CBP interaction [53]. Further
studies will be necessary, however, to determine the relevance of these modulatory
mechanisms of CREB function in the brain.
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11.4.4
CRE-Binding Activity and CREB Downstream Genes

The comparative study of cAMP-responsive promoters and a number of biochemi-
cal assays have led to the identification of the consensus palindromic sequence
recognized with high affinity by CREB: TGACGTCA. However, the promoters of
many cAMP-responsive genes that can also recruit CREB to the promoter often
contain only a half-site TGACG sequence.

In-vitro assays [54] and chromatin immunoprecipitation (ChIP) studies in vivo [55]
have shown that phosphorylation at CREB does not affect its binding to some CRE
sites. By contrast, other studies have shown that phosphorylation may enhance the
binding affinity of CREB, although unphosphorylated CREB can still bind to the
CRE [56, 57].

Recent studies have revealed that some CRE sites are occupied under basal con-
ditions, whereas others are occupied only after cAMP stimulation. Moreover, differ-
ent cell types express different sets of target genes in response to CREB activation,
suggesting that the availability of the promoter for CREB binding is likely different
in different cell types. These differences can be due to the specific methylation of
some CRE sites that blocks the binding of CREB [58].

Even in a given cell the activation of gene expression by CREB is complex. The
electrical or chemical stimulation of a neuron may trigger or enhance the expression
of a number of genes which, based on their time-course of induction, can be clas-
sified as immediate early genes (IEGs), intermediate, and delayed-response genes.
In each of these groups, there are genes that contain CREs in their promoter and are
potentially regulated by CREB. However, their time-course and pattern of expres-
sion do not correlate precisely with each other and with the kinetics of CREB phos-
phorylation. This is the case of c-fos and BDNF, two well-known CREB-dependent
genes. Whereas c-fos peaks within minutes of stimulation and declines quickly, the
induction of BDNF is much slower and reaches a maximum within a few hours,
when c-fos has returned to basal levels. Since the transcription of either one of these
genes correlates precisely with CREB phosphorylation at Ser133, it is suggested that
additional transcription factors or modulators might participate in the induction of
these genes.

Earlier studies, both in vitro and in vivo, demonstrated the participation of CREB in
the regulation of the expression of more than 100 genes, while the current wide-
spread application of transcriptional profiling tools, such as high-density expression
microarrays, has identified even more potential targets. However, it is still not clear
how many of these putative downstream genes are really regulated under physio-
logical conditions [6, 9]. The current list of target genes is heterogeneous, and in-
cludes genes with very diverse functions, from transcription and metabolism regu-
lation to cell structure or signaling (Table 11.1). Many CREB targets, such as c-fos,
egr1 or C/EBPb, are themselves transcription factors, the induction of which may
trigger a second wave of gene expression. These indirect targets cannot be clearly
distinguished using expression arrays, and this limitation has encouraged the use of
more sophisticated screening methods.
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Table 11.1 Non all-inclusive list of putative CREB target genes categorized into
functional groups.

Structural aA-crystallin; E-cadherin; Fibronectin; ICAM–1; Light neurofilament tra-
cheobronchial mucin; Neurofilament 68 kDa (NF-L); Non-muscle myosin heavy
chain.

Cellular metabo-
lism and trans-
port

S-adenosylmethionine decarboxylase; Amino levulinate synthase (ALA-S); Aqu-
aporin–2 (AQP–2); Aryl hydrocarbon receptor; Branched-chain a-keto acid de-
hydrogenase complex; Carnitine palmitoyl transferase; Cyclooxygenase–2
(COX–2); Cystic fibrosis transmembrane conductance regulator (CFTR); Cytoch-
rome c; Glucose transporter 2 (GLUT2); Glutamine synthetase (GS); Glutathi-
one-S-transferase A3 subunit; Heme oxygenase–1 (HO–1); Hexokinase 2; HMG-
CoA synthase; High-mobility-group CoA synthase; Kv3.1 K+- channel; Lactate
dehydrogenase; Na+/K+-ATPase a; Neuron-specific enolase (NSE); Ornithine de-
carboxylase; Phosphoenolpyruvate carboxykinase (PEPCK); Pyruvate carboxyla-
se; Pyruvate dehydrogenase kinase 4; Secretogranin II; Serine dehydratase; Sper-
mine synthase; Superoxide dismutase 2 (SOD2); Type II deiodenase; Ubiquitin-
conjugating enzyme; Uncoupling protein–1 (UCP1); Uncoupling protein–2
(UCP2); Uncoupling protein–3 (UCP3).

Signal transducti-
on

14–3–3–e; Amphiregulin; Bcl–2; BRCA1; Cardiotrophin; Class I MHC; Class II
MHC b chain; Cyclin A; Cyclin D1; Cyclin-dependent kinase 5; Cytotoxic T-cell
protease 4; DNA polymerase-b; Fibroblast growth factor–6 (FGF–6); Flt–1;
GADD34; GEM; Glucose-regulated protein 78; Huntingtin; Immunoglobulink
3’ enhancer; Inducible nitric oxide synthase (iNOS); Inhibin a; Insulin; Insulin-
like growth factor I (IGF-I); Interleukin–2; Interleukin–6; Leptin; Migration in-
hibitory factor; Mitogen-activated protein kinase kinase phosphatase (MKP–1);
Neurofibromatosis 1 (NF–1); Neuronal nitric oxide synthase (nNOS); NoxA;
P15INK4b; PDE4D; Proliferating cellular nuclear antigen (PCNA); Proliferin;
Prostaglandin synthase–2 (PGS2); Retinoblastoma; Serum and glucocorticoid
inducible kinase; Spermatid nuclear transition protein; T-cell receptor-a; Trans-
forming growth factor-b2 (TGF-b2); TrkB; Tumor necrosis factor-a.

Neurotransmission Acetylcholinesterase (AchE); a1–GABAA receptor; b1-adrenergic receptor;
b2-adrenergic receptor; Angiotensinogen; Arylalkylamine N-acetyltransferase
(AA-NAT); Brain-derived neurotrophic factor (BDNF); Cardiotrophin–1 (CT–1);
Calcitonin gene-related peptide (CGRP); Cholecystokinin (CCK); Chromogranin
A; Chromogranin B; Corticotropin-releasing hormone; Dopamine b-hydroxylase
(DbH); Follistatin; Galanin; Galanin receptor1 (GalR1); Gastric inhibitory poly-
peptide receptor (GIPR); Glycoprotein hormone a subunit; Gonadotropin-re-
leasing hormone receptor (GnRHR); Human chorionic gonadotropin-a (hCG-
a); Inducible nitric oxide synthase (iNOS); Inhibin A; Murine gastrin-releasing
peptide receptor (mGRP-R); Neurotensin/neuromedin N (NT/N); Norepine-
phrine transporter (NET); Pituitary adenylyl cyclase activating polypeptide (PAC-
AP); Preprotachykinin A; Prodynorphin; Proenkephalin; Proglucagon; Prohor-
mone convertase; Secretogranin; Secretogranin II; Somatostatin; Somatostatin
receptor (ssr–2); Substance P receptor; Synapsin I; tPA; Tyrosine aminotrans-
ferase; Tyrosine hydroxylase; Vasoactive intestinal polypeptide (VIP); Vasopres-
sin (AVP); Vesicular monoamine transporter (VMAT).

Transcription Activating transcription factor–3 (ATF–3); C/EBP-b; c-fos; c-jun; c-maf; CREB;
Egr–1; Epidermal growth factor–1; Fra1; Glucocorticoid receptor; ICER; JunB;
JunD; Krox–20; Microphthalmia; mPer1; mPer2; NF-IL6; Nur77; Nurr1; OCA-B;
Pit–1; PPAR g-coactivator 1; STAT3.
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Euskirchen and coworkers have recently reported the result of a ChIP-on-chip
screening for CREB target genes in chromosome 22, which represents about 1% of
the human genome. In this technique, chromatin is immunoprecipitated using a
CREB antibody, DNA is amplified by PCR and hybridized to a microarray displaying
promoter sequences that, given the current limitations of this technology, only in-
cluded selected sequences of chromosome 22 thought to be part of promoters. This
study revealed 215 binding sites corresponding to 192 loci [59]. Most of these sites
did not correspond to classical CREs but rather to shorter variants, and were located
in regions not corresponding to known promoters. Only a subset of these candidate
genes located in chromosome 22 was affected by forskolin in cultured cells.

Another recent screening for CREB target genes [60], also based on ChIP-on-chip
technology but with a genome-wide scope, showed that CREB may occupy at least
4000 promoter sites in vivo, depending on the methylation state of the proximal CRE
sites. Although the profiles of CREB occupancy were very similar in different
human tissues, only a small proportion of CREB target genes were induced in any
cell type, most likely due to the differential recruitment of CBP to those promoters.
This result confirms that the phosphorylation of CREB on Ser133 is not sufficient to
predict transcriptional activation, and the presence of additional CREB regulatory
partners is required.

Using a different experimental approach, Impey and colleagues applied serial
analysis of chromatin occupancy (SACO), a new technique that combines ChIP and
SAGE methodologies, to the identification of all the genes regulated by CREB in rat
PC12 cells [61]. In agreement with previous studies, these studies revealed that most
(63%) of the CRE sites occupied by CREB in the basal condition identified in the
analysis were located in or near transcriptionally active regions. Indeed, many of the
identified sequences mapped into the promoter region of previously proposed
CREB-regulated genes, although some well-characterized CREB-dependent genes
were not identified in this screening, confirming again that at some promoters the
binding of CREB is not constitutive. Other interesting findings were the frequent
occurrence of functional CRE in bidirectional promoters, and the possible regula-
tion by CREB of the expression of antisense transcripts and miRNAs.

The new availability of the complete mouse and human genome sequences and the
development of advanced bioinformatics tools for their analysis have enabled new
approaches to be made to this problem. In order to identify new putative target
genes, Conkright and colleagues used a hidden Markov model (HMM) focused on
known CREB binding sites [55], and confirmed that functional CRE sites are usually
located proximal to the transcription start site and that the capability to drive cAMP-
responsive transcription is reduced when the CRE site is moved far from the TATA
box. Only those promoters with a TATA box proximal to the CRE site exhibited a
strong up-regulation in response to forskolin, an activator of adenyl cyclases that
increases intracellular levels of cAMP and activates the CREB pathway. Strikingly,
when the authors inserted a TATA motif into a TATA-less promoter bearing CRE
sites, they found an enhanced activation of the promoter in response to forskolin,
showing that external sites contribute greatly to the functionality of CRE sites. The
results of this study also confirmed that CREB occupancy of the CRE site does not
guarantee transcriptional activation by CREB.
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The application of these new, unbiased, genome-wide screening approaches to
neurons or specific brain tissues will eventually unravel the CREB regulon and will
greatly improve our understanding of how transcription regulation affects brain
function.

11.5
Functions of the CREB Activation Pathway in the Nervous System

CREB has been involved in many aspects of nervous system function. In a given
neuron, the complex combination of context-specific signals and the differential
expression and activation of transcription factors and modulators enables the par-
ticipation of the CREB pathway in a specific yet large variety of biological processes.
Furthermore, the tremendous cellular complexity of the brain enables the same
cellular mechanism (e.g., a synaptic plastic change) to underlie very different phe-
notypic effects. We have outlined above how the nature and intensity of the synaptic
stimuli can lead to activation of various signaling pathways and the differential
phosphorylation of CREB, CBP and possibly other molecular partners [41,46,62]. In
combination with the unique chromatin configuration and molecular environment
of different neuronal types these inductive events may determine the activation of
different cell type- or tissue-specific patterns of gene expression.

The following sections will discuss first, the contribution of the CREB pathway to
the control of intracellular homeostasis and neuronal responses (Fig. 11.5), and
second, the participation of CREB directly in some complex functions of the nervous
system. The final point for discussion will be how malfunction of the CREB acti-
vation pathway leads to important pathological conditions in the nervous system.

11.5.1
Regulation of Cellular Responses by the CREB Pathway

CREB participates in the regulation of neuronal responses to a variety of stimuli,
such as changes in intracellular levels of cAMP and calcium, or the binding of
neurotrophins or cytokines to their membrane receptors. Although, the activation of
the CREB pathway has been involved in a number of different steps along the life of a
neuron, from neurogenesis to neuronal death, two major cascades of gene expres-
sion have been delineated. The first cascade relates CREB to neuronal survival and
protection through the transcriptional control of neurotrophins and anti-apoptotic
genes, such as Bcl–2 or BDNF. The second cascade presents CREB as a critical
component of the molecular switch that controls the duration of synaptic plasticity
changes by regulating the expression of BDNF, tPA, EGR1 and other genes neces-
sary for the formation of new synapses and the strengthening of existing synaptic
connections. These two pathways converge on more than just CREB; other mol-
ecules, such as ERK or BDNF, appear to play critical roles in both processes, sug-
gesting that the gene expression programs for activity-dependent survival and activ-
ity-dependent plasticity may largely overlap. In addition, CREB function has been
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also involved in other cellular functions, such as neurogenesis and axonal out-
growth. The participation of CREB in these processes is less well understood in
molecular terms, and is likely connected to one of the two major expression cascades
discussed above. Thus, although the consequences of CREB activation are diverse,
most of them seem to relate to a few specific activation cascades.

11.5.1.1 CREB is Important for Neuronal Survival and Neuroprotection
Strong evidence supports a role for the CREB pathway in neuronal survival. Indeed,
CREB-mediated gene expression is necessary and sufficient for the survival of sev-
eral neuronal subtypes in vitro [13,63,64]. Riccio and coworkers screened for candi-

Fig. 11.5 CREB is involved in a variety of processes in the nervous system.
Complex brain functions and diverse neuropathologies (in gray) have been re-
lated to CREB function. This variety of systemic responses is a consequence of
the central role of the CREB pathway in controlling neuronal responses (in
orange). Some of these processes are closely related and changes in one of them
may influence to others.
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date survival genes regulated by CREB, and found that bcl–2 was induced in sym-
pathetic neurons and PC12 cells in response to NGF and in cortical neurons in
response to BDNF [64]. Bcl–2 belongs to a large family of related proteins that
regulate apoptosis, and its promoter contains a consensus CRE site required for
CREB-regulated transcription in response to injury and neurotrophin-induced neu-
ronal survival signals [65]. Other pro-survival factors regulated by CREB, such as the
neurotrophin BDNF, are also likely contribute to this protective effect.

These in-vitro studies have been recently validated in vivo using CREB-deficient
mice. CREB–/– mutant mice die shortly after birth. Interestingly, dorsal root ganglia
(DRG) sensory neurons from these mice showed a complete requirement of CREB
activity for survival, whereas neurons of the CNS were not compromised after elimi-
nation of CREB [66]. However, when both CREM and CREB are eliminated in the
same cell, survival is compromised even in the case of CNS neurons. Thus,
CREB–/–/CREM–/– double mutants exhibit a marked cell loss due to apoptosis in
specific brain structures that results in perinatal lethality [67]. Even when CREB and
CREM are eliminated in adult mice, there is a progressive neurodegeneration of
specific CNS structures, such as cortex, hippocampus, and striatum [67]. These
studies suggest that although CREB and CREM can compensate for each other in
neurons of the CNS, CREB cannot be replaced in peripheral sensory neurons. The
studies also show that the presence of at least one of these two transcription factors is
essential for neuronal survival.

ATF1, the third member of the CREB family, also plays a critical role in cell surviv-
al. CREB–/–/ATF1–/– double mutants die very early during development, prior to
implantation, and even CREB–/–/ATF–1+/– mice die at day E9.5, much earlier than
CREB–/–single mutant [68].

Recent studies have revealed NMDA-R upstream of CREB as important regulators
for both normal transmission and for initiating pathological damage. Indeed, gluta-
mate toxicity is a common source of neuronal damage during stroke. A normal burst
of excitatory synaptic transmission results in modulable forms of synaptic plasticity,
growth, and survival. An abnormally intense burst of activity may result in excess
calcium flux and excitotoxicity. Both processes are mediated by NMDA-R signaling
to CREB. Bading and colleagues have solved this dichotomy at the molecular level.
These authors found that, in dissociated hippocampal neurons, the activation of
extrasynaptic NMDA-R caused a transient phosphorylation of CREB without the
corresponding CRE-dependent gene expression and led to neuronal death. In con-
trast, the activation of synaptic NMDA-R produced a robust phosphorylation of
CREB in Ser133, promoted survival, and prevented apoptosis of the dissociated
hippocampal neurons [35]. This situation, described in cultured neurons, may have
its in-vivo counterpart during the refinement of neuronal circuits that takes place in
development.

CREB is not only required for neuronal survival, but it may also participate in
defensive responses to injury. The activation of CREB under conditions of oxidative
stress or hypoxia is a critical component of the cell defensive response, and leads to
the expression of genes that prevent neuronal apoptosis [14, 67]. Models of global or
focal ischemia models have shown that the hippocampal neurons most resistant to
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an ischemic challenge are those with the highest level of phosphorylated CREB [69,
70]. In agreement with these results, the expression of a CRE-reporter construct is
enhanced after ischemic insult [71]. A variety of studies have demonstrated that the
expression of a constitutively active CREB variant or overexpression of CREB pro-
tected different types of neurons from apoptotic death, whereas dominant-negative
CREB mutants have the opposite effect [72–74].

11.5.1.2 CREB is Required for Axonal Outgrowth and Regeneration
Studies conducted both in vitro and in vivo have demonstrated a role for CREB in
axonal and dendritic outgrowth that seems to be independent of its function in
neuronal survival, although the gene expression cascades for these two processes
may overlap at some points. It is possible to distinguish at least two different aspects
of CREB function on axon outgrowth. First, CREB activation promotes the forma-
tion of dendrites and growth of cone bodies in cultures of embryonic neurons or
neuroblastoma cells [72, 75], and probably also during development of the nervous
system, since deficient CREB mutants display reduced growth of cortical dendrites
[76] and defects in axonal projections [66]. Second, several studies have revealed a
role for cAMP in preventing the inhibition of axonal regeneration in the CNS [77–79],
a process that may have important implications for the recovery after lesions of the
adult brain or spinal cord. In a recent set of experiments using recombinant ade-
novirus and transgenic mice, Filbin and colleagues demonstrated that CREB acti-
vation is required to overcome the inhibition of axon growth by myelin and can, by
itself, promote axonal regeneration in vivo [75]. The enzyme arginase I, which is
downstream of CREB, and the synthesis of polyamines seem to be the critical effec-
tor molecules that mediate CREB actions on axonal regeneration.

11.5.1.3 CREB has a Role in Neurogenesis and Neuronal Differentiation
CREB regulates the differentiation of a variety of cellular types, from hepatocytes,
spermatocytes and cells of the immune system to neurons. In the nervous system,
CREB plays an important role in controlling proliferation, differentiation, and sur-
vival of newborn neurons. Thus, CREB is activated in Schwann cells during devel-
opment of the peripheral nervous system [80, 81] and the proliferation of DRG cells
seems to be altered in CREB null mice [66].

CREB may also be involved in regulating neurogenesis in the adult hippocampus.
The neuronal progenitors residing in the dentate gyrus of adult animals can differ-
entiate to neurons, and are thought to contribute to repairing the brain after injury.
The increase in production of new neurons after cerebral ischemic stroke correlates
with the activation of CREB-dependent transcription. Moreover, the immature neu-
rons in the dentate gyrus labeled with BrdU also are positive for pCREB [12]. In
agreement with this idea, a recent study by Zhu and coworkers showed that the
inhibition of the CREB pathway blocked neurogenesis, whilst its enhancement led
to an increased number of new neurons [82].
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Neurogenesis in the dentate gyrus is regulated by activity, learning, and stress.
Indeed, some of the candidate molecules thought to regulate neurogenesis are
common to other CREB functions. Thus, CREB is activated through NMDA-R sig-
naling after focal ischemia, and regulates the expression of BDNF that in turn
provides an adequate growth environment for the residential precursor cells in
dentate gyrus.

11.5.1.4 CREB Activity Contributes to Synaptic Plasticity and the Growth of New
Synapses
The term “synaptic plasticity” refers to a variety of activity-dependent processes that
result in short-term or long-term changes in synaptic strength. The long-lasting
changes in the strength of synaptic connections, such as long-term potentiation
(LTP) in the mammalian hippocampus or long-term facilitation (LTF) in Aplysia
sensory-neurons, are thought to underlie learning and memory storage and to
depend on specific alterations in patterns of gene expression [10].

Studies conducted three decades ago in the sea snail Aplysia first established the
critical role of the cAMP signaling pathway in long-term facilitation, and the long-
term strengthening of synaptic connections that takes place during simple forms of
learning and memory in this animal [83]. LTF requires new gene expression, and
correlates with the formation of new synapses between the presynaptic and post-
synaptic neurons [84], suggesting that the new gene products participate in the
formation of these new synaptic connections. The first evidence that pointed to
CREB as the transcription factor regulating these processes came in 1990 from
studies in cultured Aplysia sensory neurons in which the intracellular injection of
CRE decoy oligonucleotides blocked LTF [85]. Indeed, studies in cultured Aplysia
neurons have provided the most refined view of the role of CREB in synaptic plas-
ticity (Fig. 11.6).

The neurotransmitter serotonin is liberated by modulatory neurons in Aplysia that
regulate the strength of the gill-withdrawal reflex in response to a noxious stimulus.
Serotonin in turn activates the enzyme adenylyl cyclase (AC) through its interaction
with receptors in the membrane of sensory neurons. In dissociated Aplysia sensory
neurons, a single pulse of serotonin induces a short-term facilitation lasting mi-
nutes to hours and mediated by an intracellular increase of cAMP level that releases
the catalytic subunit of cAMP-dependent PKA from the regulatory subunits. The
liberated catalytic subunits can then phosphorylate substrates in the presynaptic
terminals, such as channels and proteins involved in exocytosis, leading to enhanced
transmitter availability and release.

Repeated pulses of serotonin cause a persistent increase in the level of cAMP and
the recruitment of MAPK activity. Activated PKA and MAPK move to the neuron’s
nucleus and phosphorylate CREB–1 protein, activating this protein as well as remov-
ing the repressive action of CREB–2, an inhibitor isoform of CREB [86]. CREB–1 in
turn controls the transcription of several immediate-early response genes, such as
ubiquitin hydrolase that contribute to the stabilization of the short-term process [87]
and the transcription factor C/EBP that initiates a second wave of gene expression
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[88, 89]. The bursts of gene expression triggered by CREB not only stabilize the
transient strengthening of synaptic connections, but also lead to the growth of new
synapses. In agreement with this model, the injection of phospho-CREB–1 into
cultured sensory neurons can by itself initiate long-term synaptic change [90, 91],
while the inhibition of ApCREB–2 repressor enhances long-term facilitation [92].

Some of these results reproduced in vitro what can also be observed in vivo using
noxious stimuli, such as electric shocks to the Aplysia tail, that trigger the release of
serotonin by interneurons that synapse onto sensory neurons.

Fig. 11.6 Molecular signaling for short-term and long-term synaptic facilitati-
on in Aplysia and mammalian hippocampal neurons. Molecular details are dis-
cussed in the text. (This figure also appears with the color plates.)
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Most of the upstream signaling cascade leading to CREB activation appears to be
conserved through evolution, and many aspects of the role of CREB in synaptic
plasticity described in invertebrates have been also observed in the mammalian
brain (Fig. 11.6). Although this discussion will focus on the evidence involving
CREB in synaptic plasticity in the hippocampus, other brain structure also use
CREB for synaptic plasticity changes. CREB function has been related to the regu-
lation of learned fear in the amygdala, motor learning in the cerebellum, and drug
abuse in the striatum and diverse regions of the cortex. The activation cascades
controlling CREB phosphorylation and the CREB downstream genes mediating the
stabilization of the plasticity changes in other brain regions are likely to be similar to
those in the hippocampus.

In hippocampal neurons, synaptic release of glutamate triggers the influx of Ca2+

through NMDA-R [10] and is thought to increase intracellular levels of cAMP in two
ways: (a) through the action of Ca2+-activated adenylyl cyclases [93]; and (b) by the
activation of a dopaminergic modulatory system acting through D1/D5 receptors
coupled to adenylyl cyclase. When the stimulation reaches a given threshold, the
elevated levels of intracellular Ca2+ and cAMP activate protein kinases and this leads
to the phosphorylation of CREB and the consequent expression of CREB-regulated
genes. In agreement with this view, both CREB phosphorylation in CA1 pyramidal
neurons and the induction of a CRE-driven lacZ reporter construct are triggered by
electrical stimuli that induce L-LTP [44,94–96]. The induction of other transcription
factors, such as c-fos or EGR–1 [97, 186], and the activation of other kinase cascades,
as may be the case for NF-kb [98], also contribute to transcriptional regulation
during synaptic plasticity.

A number of genetic studies in mice have confirmed the role of CREB in synaptic
plasticity in the mammalian brain (Table 11.2). However, the situation in mammals
is more complex than in invertebrates. Silva and colleagues first reported that LTP
and long-term memory were defective in mice homozygous for a partial knockout of
CREB [99]. However, several groups have had difficulty in replicating these phe-
notypes. The LTP deficit in this line of a/d CREB knockout mice has been found to
be sensitive to gene dosage and genetic background, indicating that the activity of
other genes can compensate for loss of CREB [100]. These discrepancies may be due
to compensatory effects between different CRE-binding proteins, since knocking
out a specific CREB isoform leads to the overexpression of other CRE-binding pro-
teins, such as CREM and the CREB b isoform, that may compensate the deficiency
in CRE-dependent activity and lead to very mild or nonexistent phenotypes [101,
102]. Indeed, a particularly comprehensive analysis using four different strains of
CREB-deficient mice, from hypomorphic mutants to neuron-restricted knockouts,
failed to demonstrate any deficit in both LTP and LTD in the Schaffer collateral
pathway when classical stimulation protocols were used. Although these negative
results contrast with the original report by Bourtchuladze et al. [99], they are consist-
ent with other studies of LTP in the hippocampus and amygdala [100, 103, 104, 127].
These results show that although CREB itself often is not sufficient for synaptic
plasticity in the mammalian brain due to the compensation by other CRE-binding
proteins in CREB-deficient neurons, there is nonetheless strong evidence for a
critical role for the CREB pathway in mammalian synaptic plasticity.
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Table 11.2 CREB and CBP-deficient mutant mice.

Mouse strain Phenotype Reference(s)

CREB–/–

(null mutation)
http://www.informatics.jax.org/searches/allele.cgi?7148
Perinatal death
Axonal growth defects and degeneration of peripheral neurons

66, 164

CREBaD = CREBad–/ad–

(hypomorphic mutation)
http://www.informatics.jax.org/searches/allele.cgi?3853
Up-regulation of CREBb and CREM
Non clear effects in CRE-driven gene expression
Controversial LTP and memory phenotypes
Complex addiction phenotype

99–102,126,
127,131,136,
163,165–169

CREBcomp = CREBad–/–

(hypomorphic/null mutati-
on)

Normal hippocampal LTP
More severe behavioral defects than CREBaDmice

100,127

CREB(S142A)
(knockin point mutation)

http://www.informatics.jax.org/searches/allele.cgi?7824
Altered circadian rhythms

18

CREBCaMKCre7

(postnatal forebrain restric-
ted knockout)

http://www.informatics.jax.org/searches/allele.cgi?7157
Up-regulation of CREM
Normal hippocampal LTP and LTD
No effect in some hippocampus-dependent tasks

127

CREBNesCre

(CNS restricted knockout)
Dwarf phenotype
Up-regulation of CREM
Normal hippocampal LTP and LTD
No effect in some hippocampus-dependent tasks, enhanced
tygmotaxis, impaired CTA

127

CREM–/–

(null mutation)
http://www.informatics.jax.org/searches/allele.cgi?7154
http://www.informatics.jax.org/searches/allele.cgi?6044
Impaired cardiac function and spermatogenesis
Altered emotional and locomotor responses

170–173

CREBCaMKCre7/CREM–/– Progressive neurodegeneration in the hippocampus and dor-
solateral striatum

67

CREBNesCre/CREM–/– Perinatal death. Extensive apoptosis of postmitotic neurons 67
ATF–/–

(null mutation)
http://www.informatics.jax.org/searches/allele.cgi?21286
No neurological phenotype

68

CREB–/–/ATF–/– Early embryonic death (before implantation) 68
CREB–/–/ATF+/– Embryonic death (around E9.5) 68
CaMKII-CREBA133

(dominant negative trans-
gene)

Normal LTP in amygdala and hippocampus
Mild fear conditioning impairment in one out of three lines

103

CaMKII-tTA/tetO-KCREB
(inducible dominant nega-
tive transgene)

Impaired spatial learning and memory
Deficits in some, but not all, forms of LTP

104,105

CaMKII-CREBIR

(tamoxifen inducible re-
pressor transgene)

http://www.informatics.jax.org/searches/allele.cgi?32759
Impaired consolidation of fear memories

128

CaMKII-tTA/tetO-VP16CREB
(inducible constitutively
active transgene)

Lower threshold for L-LTP in hippocampus
Enhanced ocular dominance plasticity in visual cortex
Reduced inhibition by MAG and myelin

75,106,137

NSE-tTA/tetO-CREB
(inducible overexpression
of wt protein)

Altered response to cocaine administration 174–176

NSE-tTA/tetO-mCREB
(inducible dominant nega-
tive transgene)

Anti-depressant-like effect
Inhibition of the differentiation and maturation of newborn
neurons

176–178
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In order to tackle the requirement of the CREB pathway for synaptic plasticity,
without the problems associated with the compensation effect of individual CRE-
binding proteins, mouse mutants were required that had complete inhibition of
CRE-driven gene expression. This was achieved by Pittenger and colleagues, who
generated mutant mice expressing KCREB, a dominant-negative form of CREB that
prevent its binding to DNA and that can also quench other factors capable of asso-
ciating with CREB. These authors found that the expression of this inhibitor led to
clear deficits in different forms of LTP [104, 105].

The role of CREB in synaptic plasticity has been further explored using the con-
verse approach of examining its sufficiency, instead of its necessity. Using trans-
genic mice that express a constitutively active CREB variant, VP16–CREB, in CA1
pyramidal neurons, Barco et al. found that enhanced expression of CRE-driven
genes favored the formation and stability of LTP [106]. Similarly to what has been
described for long-term facilitation in Aplysia neurons [91], this study suggested that
the products generated after activation of the CREB pathway provide the required
support for synaptic strengthening. However, they also showed that the long-term
persistence of synaptic strengthening in the mammalian brain requires, in addition
to CREB transcription, the concurrence of inductive local events that mark active
synapses and stabilize the synaptic changes. Although, the identities of the effector
molecules regulated by CREB activity and the molecular mechanisms that underlie
the facilitation of LTP are still under investigation, Malenka and colleagues used
recombinant Sindbis viruses to confirm that expression of constitutively active
CREB favored LTP formation, and suggested that this was the result of enhanced
NMDA-R expression and the generation of new, silent synapses [107]. Other CRE-
driven genes up-regulated by VP16–CREB, such as BDNF, which contribute to
neuronal growth, may also participate in this process [106].

Table 11.2 (continued)

PcP2–CREB
(overexpression of wt pro-
tein)

Unaltered LTP
Impaired habituation to Rotarod

179

CBP–/–

(null mutation)
http://www.informatics.jax.org/searches/allele.cgi?3040
Embryonic death (around E11)

180

CBP+/– Skeletal abnormalities
Long-term memory and LTP deficits

114,181

CBPD–/–

(truncated protein)
http://www.informatics.jax.org/searches/allele.cgi?3041
Embryonic death (around E10)

182

CBPD+/– Skeletal abnormalities
Long-term memory deficit

140,183

P300–/–

(null mutation)
http://www.informatics.jax.org/searches/allele.cgi?2245
http://www.informatics.jax.org/searches/allele.cgi?25406
Embryonic death (around E10)

184

CaMKII-tTA/tetO-CBPDN
(inducible dominant nega-
tive transgene)

Long-term memory deficit 115

CaMKII-CBPD1
(dominant negative trans-
gene)

Long-term memory deficit
Deficits in some forms of LTP

141
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11.5.1.5 CBP, Epigenetics and Long-Term Changes in Neuronal Function
Although, epigenetic mechanisms were widely known to be involved in the forma-
tion and long-term storage of cellular information in response to transient environ-
mental signals, the discovery of their putative relevance in adult brain function is
relatively recent [86, 108].

During the past few years, a number of studies have explored in detail the chro-
matin modifications that take place in specific promoters after neuronal stimulation
in different systems and paradigms [86,109–111]. Furthermore, several human neu-
rological disorders characterized by severe mental retardation have been directly
related to chromatin remodeling. These include Coffin-Lowry syndrome (CLS),
X-linked alpha-thalassemia (ETRX), Rett’s syndrome (RT) and the Rubinstein-Taybi
syndrome (RTS) [112]. In fact, RTS is caused by mutations in the cbp gene [113]. The
recent characterization of several types of CBP-deficient mice has shown that the
HAT activity of CBP is directly involved in late-phase LTP and memory. In turn,
these studies have also shown a therapeutic effect in these mutant mice of inhibiting
histone deacetylases (HDAC) [114, 115] (see also Section 11.6.2). Moreover, two
other recent studies have shown that the induction of LTP and formation of long-
term memory in wild-type mice were also enhanced by this family of drugs [33, 116].

All these findings support a critical role for chromatin remodeling in synaptic
plasticity and neuronal function. The epigenetic marking of chromatin mediated by
CREB activation and CBP function might well underlie the long-term transcripti-
onal effects in specific loci required for long-term modification of synaptic function
and have, in consequence, lasting effects on diverse aspect of behavior.

11.5.2
Regulation of Systemic Responses by the CREB Pathway

Given the important cellular functions of CREB activity it is not surprising that this
transcription factor had been involved in a variety of systemic responses ranging
from memory to addiction and from circadian rhythms to regeneration (see Fig.
11.5). In some cases, the same molecular process seems to be operative in different
neuronal cell types and thereby to contribute to different types of brain functions.
For example, the role of CREB in memory appears to depend on long-lasting chang-
es in synaptic plasticity in specific hippocampal neurons, whereas its participation
in drug addictions depends on plastic changes in neurons of the nucleus accum-
bens. In other cases, the different functions might really depend on the activation of
different downstream genetic programs. For example, CREB is activated in hippo-
campal neurons under different circumstances, such as after behavioral training or
ischemic injury; it is likely that its activation would lead to two different gene pro-
grams, the first one required for synaptic plasticity-related to memory, the second
participating in neuroprotection.
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11.5.2.1 CREB and Memory
Substantial evidence in experimental systems ranging from mollusks to humans
indicates that the CREB pathway is a core component of the molecular switch that
converts short- to long-term memory. This conclusion is based on independent and
parallel evidence that CREB is involved in synaptic plasticity. However, given that
synaptic plasticity is widely believed to underlie the formation of long-term mem-
ories, it is likely that the same molecular mechanisms that underlie the participation
of CREB in synaptic plasticity would also explain the contribution of CREB to learn-
ing and memory storage.

As reviewed above, studies in the sea snail Aplysia first established the importance
of the cAMP and CREB signaling pathway in simple forms of learning and memory
in this organism [83, 85]. Parallel findings obtained in other experimental systems
soon confirmed the role of CREB as a core component of the molecular switch that
converts short- to long-term memory. Thus, dunce and rutabaga, two of the first
memory mutants identified by genetic screenings in Drosophila [117], were found to
be caused by mutations on genes that participate on the cAMP signaling pathway
[118–120]. Genetic manipulation in transgenic flies showed that opposing forms of
CREB (activator versus repressor) produce opposite effects on long-term memory
(enhancement versus suppression) [121, 122]. These findings in the fly have been
recently challenged however by Perazzona et al., 2004, who confirmed the blocking
effect in LTM of the CREB repressor, but could not replicate the enhancing effect of
the CREB activator.

In the mammalian brain, CREB is phosphorylated [123] and the expression of a
CRE-driven lacZ reporter construct [124] and diverse CREB downstream genes are
induced in CA1 neurons after training in hippocampus-dependent tasks. The cor-
relative evidence, therefore, closely resemble that described for synaptic plasticity in
the hippocampus [44,94–96].

Genetic and pharmacological studies have revealed that the activation of the CREB
pathway is not just a consequence but rather plays an active role in learning and
memory in mammals. A large number of behavioral studies have focused on the
analysis of the learning and memory phenotype of CREB mutant mice. Mice ho-
mozygous for a deletion of the a and d isoforms of CREB were originally reported to
have a specific deficit in long-term memory, as revealed in several memory tasks
[99]. This seminal study represented the first evidence for a direct role of CREB in
memory formation in rodents, and it was soon confirmed by experiments in rats, in
which the intra-hippocampal infusion of CREB antisense oligos caused deficits in
spatial learning [125]. However, further analyses of the CREB hypomorphic mutants
showed that the spatial memory defect was sensitive to gene dosage and genetic
background [100, 126]. Indeed, the comprehensive analysis of hippocampal functi-
on by Balschum and colleagues using four different strains of CREB-deficient mice
(including the CREBad–/– hypomorphic mutant) discussed previously in the context of
synaptic plasticity, failed to demonstrate any specific deficit in the most classical
hippocampus-dependent tasks, including contextual fear conditioning and spatial
learning in the water maze [127]. The apparent deficits in the Morris water maze
found in some CREB mutants were better explained by an increment in thygmotaxis
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behavior rather than impaired spatial learning. These discrepancies extend beyond
hippocampal function. In the amygdala, where synaptic plasticity processes that are
putatively regulated by CREB, have been associated with the formation of fear mem-
ories, some studies have shown that CREB-deficient mutants exhibited impaired
fear conditioning [99,100,126], whereas others failed to reveal significant deficien-
cies in this task [103, 127].

These controversial results suggest that either CREB function is dispensable for
certain forms of explicit memory or, more likely, that CREB deficiency can be com-
pensated by the action of other CRE-binding factors. As discussed for synaptic plas-
ticity (see Section 11.5.1.4), the existence of different CRE-binding proteins that can
compensate each other for the regulation of CRE-driven gene expression together
with the parallel role of CREB in neuronal survival complicates the evaluation of the
specific role of CREB in learning and memory in mammals.

The application of approaches designed to overcome the obscuring effects of com-
pensation has enabled a more precise examination of the role of CREB on learning
and memory. Thus, Pittenger and colleagues showed that the induction of a domi-
nant-negative CREB mutant in the dorsal hippocampus produces spatial memory
deficits that could be reversed after turning off the transgene [104]. Silva and co-
workers showed that the inducible and transient repression of CREB function spe-
cifically blocks the consolidation of long-term fear memories [128]. Josselyn and
colleagues have shown, using recombinant herpes viruses, that the acute overex-
pression of CREB in amygdala facilitated the formation of these types of memories
[129], whereas the expression of a dominant-negative CREB mutant inhibited them
[130].

CREB has been also involved in other forms of memory, including some hippoc-
ampus-independent tasks. Genetic manipulation studies using recombinant viru-
ses or mutant mice have shown that inhibition of CREB leads to deficits in object
recognition [104], social transmission of food preferences [131, 132], and conditional
taste or odor aversion [127, 133].

In conclusion, the effort of several dozens of research groups during the past ten
years has greatly strengthened and refined our understanding of the role of the
CREB-dependent transcription in learning and memory, and have also defined the
CREB pathway as an attractive target for drugs aimed at improving memory [134].
These studies have also revealed that the role of the CREB pathway in memory in the
mammalian brain is more complex than was initially announced, most likely due to
the outstanding versatility of function focus of this chapter.

11.5.2.2 CREB and Circadian Rhythms
The discovery of the induction of immediate early genes and the phosphorylation of
CREB in neurons of the anterior hypothalamus, and in the suprachiasmatic nucleus
(SCN), in a circadian, time-dependent manner supports a role for CREB-dependent
gene expression in the re-setting of the mammalian internal clock in response to
light. Other CRE-binding proteins work with CREB in synchronization of the cir-
cadian clock. Thus, circadian control over ICER expression is observed in the SCN
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and different neuroendocrine structures such as the pineal and pituitary glands.
Regulation of CREB is thought to act on the pineal gland through a genetic loop that
involves the daily cycling of CREB and ICER in the promoters of target genes. This
daily cycling is thought to be responsible for the rhythmic fluctuations of melatonin,
a hormome implicated in the maintenance of the diurnal circadian cycle in syn-
chrony with the day-night cycle. As discussed for other aspects of CREB function,
this correlative evidence has been validated by an interesting gene-targeting study
[18]. Light and glutamate strongly induce phosphorylation at Ser142 in addition to
Ser133. Knockin mice bearing a mutation that blocks this phosphorylation showed
light-induced phase shifts of locomotion and an attenuated expression of c-Fos and
mPer1, two genes known to participate in circadian rhythm control in the SCN.
These results not only provide genetic evidence supporting a role of CREB in the
entrainment of the mammalian clock, but also reveal novel phosphorylation-de-
pendent mechanism of regulation of CREB activity that contributes towards an
explanation of its varied responses.

11.5.2.3 CREB Function and Development
Diverse developmental processes in the nervous system have been associated with
CREB function. These effects (which are also discussed elsewhere in this chapter)
can be divided into two major groups: (a) those due to CREB function in neuronal
progenitors and non-neuronal types; and (b) those due to CREB activation in devel-
oping and mature neurons.

Brain development does not conclude with the birth of the animal. The outstand-
ing capability of the nervous system for integration and processing of external sti-
muli rely not only on late developmental processes that refine the neuronal circuits
by early experiences, but also on learning in the adult brain. CREB function has been
involved in both processes, including different aspects of developmental plasticity,
such as ocular dominance in the visual cortex or the formation of anatomical maps
in the barrel cortex. Thus, CREB-mediated gene expression is activated by patterns
of whisker deprivation in the barrel cortex [135] and following monocular depriva-
tion in the visual cortex [15, 136]. Moreover, CREB seems to play an active role
regulating these processes; thus, enhancing the activity of CREB by expressing a
constitutively active mutant reverses the decline of plasticity in the visual cortex that
takes place during maturation of the juvenile brain [137].

11.6
Dysregulation of CREB Function and Disease in the Nervous System

Since CREB function is involved in so many critical processes in the nervous system,
it is not surprising that the consequences of malfunction in its pathway are quite
severe. The participation of CREB in signaling cascades that regulate both neuronal
survival and plasticity and the connections between these two processes have already
been discussed. Some pathological conditions (e.g., drug addiction or memory loss)
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are more likely caused primarily by failures of synaptic plasticity, whereas other
conditions (e.g., neurodegeneration in Huntington disease) are likely due to a defect
in neuroprotection. However, given the frequent cross-talking between these two
pathways – for example, some neurodegenerative disorders can originate in failures
of plasticity, and neuronal loss may have significant effects in synaptic plasticity – it
can be difficult to assign a given pathology associated with malfunction of the CREB
pathway specifically to either one of them.

11.6.1
CREB and Addiction

Addictive behaviors are generated in response to repeated exposure to drugs of
abuse, and can be defined as the loss of control over the use of drugs. Although drugs
of abuse are chemically divergent molecules with different activities, their actions
converge in a common pathway: the activation of the mesolimbic dopamine system
and its forebrain target, particularly the nucleus accumbens. Addiction can be a
life-long condition responsible for permanent behavioral abnormalities caused by
stable changes in specific brain regions. Recent studies have highlighted the simi-
larities at the cellular and molecular level between learning and memory and addic-
tion. Both processes depend on stimulus-induced, long-lasting changes in neuronal
function that correlate at the cellular level with changes in synaptic plasticity at the
molecular level with the activation of CREB-dependent gene expression. Therefore,
addiction can be considered a pathological manifestation of abnormal synaptic plas-
ticity in specific brain nuclei.

CREB-dependent gene expression seems to be involved in both the acute respon-
ses to substance abuse and the development of addiction [16, 17]. The regions of the
CNS known to be involved in addiction, such as the locus coeruleus and nucleus
accumbens, show significant increases in CREB phosphorylation and CRE-medi-
ated gene expression after exposure to diverse drugs ranging from cocaine to etha-
nol. Moreover, in CREB mutant mice, a direct role for CREB in addiction has been
found, the peculiarities of which vary with the substance abused, the protocol of
drug administration, and the brain region involved in the addiction. Overall, these
studies suggest that CREB-dependent gene expression may be generally involved in
addiction, although its precise role may not be the same under all circumstances.

11.6.2
Mental Retardation

At least two human mental retardation disorders have been directly related to the
CREB activation pathway [138]. As mentioned above, mutations in the cbp gene lead
to a complex autosomal-dominant disease, the Rubinstein-Taybi syndrome, charac-
terized by mental retardation, diverse skeletal abnormalities and a high incidence of
neoplasia. The analysis of samples from patients with this syndrome suggested that
the loss of the HAT activity of CBP may make an important contribution to this
pathology [139]. The recent characterization of four mouse models for Rubinstein-
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Taybi syndrome has confirmed this view and demonstrated a direct role of the HAT
activity of CBP and the activation of the CREB pathway in this form of mental
retardation [114,115,140,141]. In CBP hemizygous mutants, the deficits in some
forms of long-term memory correlated with altered chromatin acetylation, and also
with a defect in the late phase of hippocampal long-term potentiation (L-LTP) that
demonstrated a hippocampal-based component of the disorder [114]. These studies
also revealed that CBP may participate in these processes by mechanisms other than
co-activation of CREB-dependent gene expression. Specifically, two of these studies
revealed a critical role for the HAT activity of CBP and highlighted the importance of
epigenetic mechanisms, such as histone acetylation, in neuronal plasticity and
memory [114, 115].

Mutations in the gene encoding RSK2, one of the kinases regulating CREB phos-
phorylation state, also leads to a congenital mental retardation syndrome, the Cof-
fin-Lowry syndrome [138]. An interesting study in human patients correlated their
cognitive performance with the cellular capacity to activate RSK2 activity, thus pro-
viding evidence for a role for RSK2 and CREB phosphorylation in human learning
and memory.

11.6.3
CREB and Age-Related Memory Impairment

The capacity for memory formation declines with age, a process that has been
euphemistically termed “benign senescent forgetfulness” or age-associated memo-
ry impairment (AAMI). The molecular and cellular events underlying this condition
remain unclear, although recent studies have shown that dysregulation of CREB and
CBP expression may contribute to the spatial memory deficits of some aged subjects
[142, 143]. Interestingly, Bach and colleagues found that rolipram, an inhibitor of a
phosphodiesterase that enhances CREB-dependent gene expression, prevented
memory decline in old mice [144]. This effect is likely due to the extensively dis-
cussed direct role of CREB in synaptic plasticity. However, one intriguing possibility
is that enhancing the CREB pathway may prevent memory loss in old animals by
reducing neuronal apoptosis or enhancing neurogenesis. These findings encourage
the investigation in therapeutic approaches target on the CREB pathway to amelio-
rate age-related memory deficits [134].

11.6.4
CREB and Neurodegenerative Diseases

The recent finding of the role of CREB-dependent gene expression in neuroprotec-
tion and neuronal survival suggests that disruption of this particular genetic path-
way may have a critical role in the pathogenesis of some neurological disorders. The
putative protective roles of CREB during stroke and spinal cord lesions were dis-
cussed previously. In addition, dysfunction in transcriptional regulation seems to
play a central role in Huntington disease (HD) and other forms of polyglutamine
pathogenesis, and may be involved in early alterations in Alzheimer’s disease.
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11.6.4.1 Huntington Disease
Dysfunction in transcriptional regulation in the CREB pathway appears to play a
central role in pathogenesis in the family of neurodegenerative diseases known as
polyglutamine repeat disorders. The most relevant member of this family is HD, a
neurodegenerative disorder characterized by motor abnormalities, cognitive dys-
function and other psychiatric symptoms, caused by polyglutamine expansions in
the huntingtin protein. At least nine dominantly inherited neurodegenerative dis-
eases are also associated with expansions of a polyglutamine-encoding sequence,
including spinocerebellar ataxias (SCAs) [145]. These expansions make the mutant
protein toxic to neurons, possibly through abnormal interactions with the polyglu-
tamine tracts of other, normal proteins. HD pathogenesis appears to involve the
sequestration of CBP. The C-terminus of CBP, as observed in other transactivation
domains, is very rich in glutamine residues that interact with the polyglutamine
expansions of mutant huntingtin [146, 147]. As a consequence, CBP may be seque-
strated in the cytoplasmic aggregates and depleted from the cell nucleus, resulting in
abnormal transcriptional activity and cellular toxicity, although this effect is not
observed in all experimental models of HD [148–150]. Conversely, p300 does not
contain long poly-Q tracks and does not co-aggregate with the mutant proteins.

Given the critical role of CREB-dependent gene expression in neuroprotection, a
severe reduction in functional CBP levels may have severe consequences on neu-
ronal survival and, therefore, play a critical role in the pathogenesis of polyglutamine
disorders. Indeed, mice lacking CREB and CREM show progressive neurodegene-
ration that strikingly resembles that observed during HD [67]. Also consistent with
this model, the overexpression of CBP partially rescues the cell death-accompanying
expression of mutant huntingtin in neurons [151], whereas the expression of mutant
huntingtin leads to a reduction on HAT activity in vivo [152]. Moreover, the admin-
istration of histone deacetylase (HADC) inhibitors ameliorates poly-Q-dependent
neurodegeneration in Drosophila and HD mouse models [153–155]. Overall, these
data suggest that the reduction on available CBP may lead to neurodegeneration by
affecting both the co-activation of CREB-dependent gene expression required for
neuronal survival and CBP function on chromatin remodeling.

11.6.4.2 Alzheimer’s Disease
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder caused by the
toxic accumulation of the amyloid b-peptide (Ab) in neurons and characterized by an
initially mild, cognitive impairment followed by severe cortical dysfunctions in later
stages. Recent studies in animal models of AD have revealed that the onset of
behavioral deficits takes place before the first neuropathological manifestations of
the disease, such as the formation of plaques. Shelanski and coworkers have in-
volved the PKA/CREB pathway in the early manifestations of AD, and demonstrated
that Ab treatment of cultured hippocampal neurons leads to the inactivation of PKA
and reduced activation of CREB in response to glutamate [156]. These effects were
reversed by rolipram or forskolin, compounds that enhance the cAMP-signaling
pathway. Moreover, the protective effect of rolipram has been recently confirmed in
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vivo using an Alzheimer mouse model [157]. Although there is no direct evidence
that CREB dysfunction contributes to neuronal loss in later stages of AD, the rel-
evance of CREB-dependent gene expression preventing neuronal apoptosis and
favoring neuronal survival suggest that enhancement of the PKA/CREB pathway
might be beneficial for the treatment of AD.

11.6.5
CREB and Mental Disorders: Depression and other Disorders of Mood

Although our understanding of the molecular bases of depression and other mood
disorders is still incomplete, recent studies have provided new insights into the
long-term adaptations that underlie the therapeutic effects of treatment with anti-
depressants, such as 5–hydroxytryptamine (5–HT) and norepinephrine (NE). These
studies have revealed a critical role of the cAMP cascade [158]. Both the expression
and the activity of CREB are increased by chronic antidepressant treatment [159,
160], suggesting that CRE-driven expression may be one of the targets for these
treatments. In agreement with this view, the overexpression of CREB in hippocam-
pus using recombinant herpes virus produced an antidepressant-like effect in be-
havioral models of depression [161]. However, studies in CREB null mutants and in
mice with altered expression of CREB do not support this view [162, 163]. These data
suggest that the functional consequences of the regulation of CRE-dependent tran-
scription by antidepressants may be both region-specific and time-dependent.

How does CREB mediate these effects? Among the putative targets, the brain-de-
rived neurotrophic factor (BDNF) is a good candidate for mediating CREB function
as anti-depressant. Stress and other environmental insults can induce neuronal
atrophy, and the trophic action of BDNF may increase the survival and function of
affected neurons. Additional studies are still needed to confirm this model and to
understand fully the role of the CREB pathway in mood disorders and antidepres-
sant treatment.

11.7
Conclusions

High-throughput technologies for the analysis of gene expression are revealing the
expression programs orchestrated by CREB, and pointing to specific effector mol-
ecules that mediate CREB actions in different cell types and physiological contexts.
At the same time, technical advances in mouse genetics have allowed one generation
of mouse strains with altered CREB function. The anatomical and temporal restric-
tion of the genetic manipulation, combined with the multidisciplinary approach
used in the characterization of these mutant mice, have allowed one to address
fundamental biological questions related to CREB function unapproachable by pre-
vious efforts, such as the molecular nature of memory or addiction. These advances
might also, in the near future, enable new therapeutic approaches to tackle nervous
diseases that were once thought incurable.
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Abbreviations

5–HT 5–hydroxytryptamine
AAMI age-associated memory impairment
AC adenylyl cyclase
AD Alzheimer’s disease
BD bromodomain
BDNF brain-derived neurotrophic factor
bZIP basic region/leucine zipper
CBP CREB-binding protein
ChIP chromatin immunoprecipitation
CLS Coffin-Lowry syndrome
CRE cAMP-responsive-element
CREB CRE-binding protein
DARP dopamine and cAMP responsive phosphoprotein
DRG dorsal root ganglia
ETRX X-linked alpha-thalassemia
HDAC histone deacetylase
HAT histone acetyltransferase
HD Huntington disease
HMM hidden Markov model
ICER inducible cAMP early repressor
IEGs immediate early genes
KID kinase-inducible domain
LTF long-term facilitation
LTP long-term potentiation
NE norepinephrine
NMDA-R N-methyl-d-aspartate receptor
PKA protein kinase A
PP protein phosphatase
RT Rett’s syndrome
RTS Rubinstein-Taybi syndrome
SACO serial analysis of chromatin occupancy
SCA spinocerebellar ataxia
SCN suprachiasmatic nucleus
TBP TATA-box-binding protein
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CCAAT Enhancer Binding Proteins in the Nervous System:
Their Role in Development, Differentiation,
Long-Term Synaptic Plasticity, and Memory

Cristina M. Alberini

Abstract

The CCAAT enhancer binding protein (C/EBP) family of transcription factors is
expressed in several cell types, and is implicated in acute phase responses, stress,
and terminal differentiation. In the central nervous system (CNS), C/EBPs are ex-
pressed in neurons, where they play a role in developmental neurogenesis, neuronal
differentiation, and apoptosis. They are also expressed in glia, where they participate
in the regulation of energy metabolism and in responses to inflammation. Finally,
as part of the gene cascade regulated by cAMP and cAMP response element binding
protein (CREB), C/EBP family members play critical roles during long-term synap-
tic plasticity and memory formation.

12.1
The CCAAT Enhancer Binding Proteins (C/EBPs)

C/EBP is a family of transcription factors that comprise six isoforms defined by
distinct genes known as C/EBPa, C/EBPb, C/EBPg, C/EBPd, C/EBPe, and C/EBPz.
Because they were discovered in different laboratories, these genes initially received
different names. To avoid confusion, a systematic nomenclature was proposed by
Cao et al. [1], in which all members were named C/EBP followed by a Greek letter
indicating the chronological order of their discovery (Table 12.1).

The first C/EBP (now known as C/EBPa) was discovered by Landschulz et al. in rat
liver nuclei [2] and characterized as a heat-stable DNA-binding protein that bound
selectively to the CCAAT motif of several viral promoters, as well as to the core
homology domains of many viral enhancers. Later, several homologous proteins
that perform a variety of functions in different cell types were identified [3–11].

The C/EBP family belongs to the superfamily of transcription factors known as
“b-zip” which, in addition to C/EBP, includes Gcn4, c-Jun, c-Fos and cAMP re-
sponse element binding protein (CREB) [9, 10]. B-zip indicates the presence of a
bipartite structural motif, consisting of a DNA contact region rich in basic amino
acids (basic region), and a dimerization interface characterized by a set of amphi-
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pathic alpha-helices in which heptad repeats of leucine are exposed on one side of
the helix. This alpha-helix motif intercalates with similar repeats of a dimer partner
to produce a domain known as the “leucine zipper”, in which the helices are held
together by hydrophobic interactions between leucine residues that form a coiled-
coil interaction. In addition to this domain, members of the C/EBP family also
include an N-terminal transactivating region [10–14].

While the b-zip domain is highly conserved among the members of the C/EBP
family (〉90%) and the b-zip superfamily, the N-terminal activation domains greatly
diverge (〈20% sequence identity). C/EBPs – and b-zip proteins in general – function
as dimers, and dimerization is required for DNA binding, which is mediated by the
basic region. The basic region assumes an a-helical structure when bound to the
DNA [15, 16], and its sequence dictates the specificity of binding to the DNA consen-
sus sequence [17]. A model representing a C/EBP homodimer bound to the DNA is
shown in Fig. 12.1.

Because the b-zip domain is highly conserved, different C/EBPs are able to form
homo- and heterodimers. Moreover, because the trans-activation potential of the
various members differs, heterodimerization can produce a variety of complexes
that regulate the target gene expression by different mechanisms. These complexes
can form different binding structures that target different genes. Alternatively, some
isoforms (e.g., C/EBPz) can act as dominant negative inhibitors. Lastly, these com-
plexes can regulate target gene expression by switching their function from activator
to inhibitor. C/EBP can heterodimerize either with other members of the C/EBP
family, or with members of different b-zip or other types of transcription factor
families, including CREB, Fos, NF-kB, Gcn4, and Myc. Heterodimer formation
enhances the number of target sequences to which C/EBP can bind in different
promoters [18–32].

With the exception of C/EBPz, the C/EBPs interact with the recognition sequence,
identified as the dyad symmetrical repeat RTTGCGYAAY, where R represents A or G

Table 12.1 Nomenclature of C/EBP genes (modified from [11]).

Gene Alternative name Species References

C/EBPa C/EBP,c-C/EBP–1 Rat, mouse, human, chicken, bovine, Xenopus laevis,
Rana catesbeiana, zebrafish

1,2,18,87–90

C/EBPb NF-IL–6, IL–
6–DPB, LAP,
CRP2, NF-M,
AGP/EBP,
ApC/EBP

Rat, mouse, human, chicken, bovine, Xenopus laevis,
Aplysia californica, Paralichthys olivaveus (Japanese
flounder)

1,3–6,18,70,90–93

C/EBPg Ig/EBP–1 Rat, mouse, human, chicken, fish 7,90
C/EBPd NF-IL–6b, CRP3,

CELF, RcC/EBP–2
Rat, mouse, human, Rana catesbeiana, bovine,
ovine, zebrafish

1,18,89,90,94–96

C/EBPe CRP–1 Rat, mouse, human, ovine, fish 18,93,97–100
C/EBPz CHOP–10,

GADD153
Rat, mouse, human, hamster 8,101,102
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and Y represents C or T. However, the binding site may also include several vari-
ations, indicating that C/EBPs are pleiotropic DNA binding factors. C/EBPz repre-
sents an exception because two proline residues in its basic regions disrupt the
a-helical structure and its ability to dimerize with other family members, resulting
in a heterodimer that cannot bind to the C/EBP binding site in the promoter of target
genes [8]. On the other hand, these heterodimers recognize different consensus
sequences in the promoters of a subset of genes activated under stress conditions
[33]. Thus, C/EBPz can function either as a dominant negative inhibitor of C/EBP
function or as a direct activator of stress genes.

The gene structure of C/EBPs is very simple: C/EBPa, b, g, and d are intronless,
while C/EBPe and z contain two and four exons, respectively [1,3,4–8,11,18]. How-
ever, each of the six C/EBP genes can generate the expression of several proteins by
alternative use of translation initiation codons in the same mRNA molecule, alter-
native use of promoters, and differential splicing. Thus, more C/EBP isoforms are
expressed than there are encoding sequences [11] (Fig. 12.2).

Fig. 12.1 Schematic structural model of the C/EBPb bound to DNA. Two al-
pha-helix b-zip domains dimerize and form an inverted Y-shaped structure. The
activation domains from each monomer binds to half of the palindromic DNA-
binding site. (Reproduced from [11].)



246 12 CCAAT Enhancer Binding Proteins in the Nervous System

Fig. 12.2 Schematic representation of the C/EBP family members. AD = acti-
vation domain; RD = negative regulatory domain. (Modified from Ramji and
Foka [11].)

Additionally, post-translational modifications of C/EBP play an important role in
directing their function and stability.

C/EBPs are expressed in various tissues, including the CNS, adipose, liver, intes-
tine, lung, adrenal gland, peripheral blood mononuclear cells, and placenta. They
play key roles in differentiation, inflammatory response, liver regeneration, metabo-
lism, synaptic plasticity, memory, and in a variety of cellular functions including
stress, growth, and apoptosis.

A number of reviews have described in detail the regulation and functional roles of
C/EBPs in a variety of tissues [11,13,34–41]. This chapter will provide an overview of
the current knowledge about the expression and functions of C/EBP family mem-
bers in the nervous system. Specifically, the focus will be on the role of C/EBPs in
CNS development, differentiation, long-term synaptic plasticity, and memory.
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12.2
The Role of C/EBPs in Development and Differentiation

12.2.1
C/EBPs Play a Critical Role in Neurogenesis

C/EBPa, b, d, and z are all expressed in neurons [42–47]. In the following section,
some of the most important studies will be discussed that provide evidence for a role
of C/EBPs in the CNS and, more specifically, in neuronal development and differ-
entiation.

Development of the cerebral cortex takes place through sequential generation of
neurons and glia. In the mouse cortex in vivo, neurogenesis occurs during embry-
onic life, while the majority of gliogenesis takes place postnatally. These differential
temporal processes appear to be regulated by specific growth factors, since growth
factors can alter the sequence of maturation events. For example, ciliary neurotro-
phic factor (CNTF) prematurely induces astrocyte formation [48, 49], while fibrob-
last growth factor 2 (FGF2) is necessary for neurogenesis [50], and platelet-derived
growth factor (PDGF) and neurotrophins enhance neurogenesis in the presence of
FGF2 [51–53].

According to the recent findings of Menard et al. [54], C/EBPs and mitogen-acti-
vated-protein-kinase kinase (MEK) are required for growth factor-regulated cortical
neurogenesis. Neural stem cells are multipotent precursors that are capable of self-
renewal and give rise to neuronal and glial progenitors. It is not clear how neuronal
versus glial fate is determined, but it appears to depend on the combination of both
intrinsic cellular mechanisms and environmental signals. In order to identify sig-
naling pathways that promote cortical neurogenesis, Menard et al. [54] used cultured
cortical progenitors isolated from embryonic mouse brain at a time when neuro-
genesis begins. These cells become neurons when cultured in the presence of FGF2,
and neurogenesis is enhanced when cultures are supplemented with PDGF
[51–53,55–57]. These authors found that neuronal differentiation is mediated by the
activation of the extracellular-signal-related kinase (ERK) and C/EBP transcription
factors. The application of PDGF to FGF2–treated cultures resulted in an increase in
phosphorylation of ERK, a downstream substrate of MEK. The expression of a domi-
nant-negative form of MEK inhibited the expression of neuronal genes even in the
presence of FGF2 and PDGF, suggesting that MEK plays a key role in the activation
of neuronal-specific pathways.

These investigators also found that cortical progenitors express C/EBPa, b, and d.
When C/EBP was prevented from binding to the C/EBP-DNA consensus sequence
by the transfection of an acidic form of C/EBP (A-C/EBP), differentiation of the
neurons was suppressed, and the cells were retained in an undifferentiated precur-
sor state. In addition, inhibition of the C/EBPs strongly increased differentiation
towards glia in precursors treated with FGF2 and CNTF; this suggested that, in
cortical progenitor cells, C/EBP transcriptional activity promotes neurogenesis
while it inhibits gliogenesis. The authors discovered that a key mechanism by which
C/EBPb promotes neuronal differentiation during neurogenesis is via phosphory-



248 12 CCAAT Enhancer Binding Proteins in the Nervous System

lation of the residue Thr217 by the action of the p90 ribosomal S6 kinase (Rsk). In
fact, the expression of a C/EBPbmutant that mimics phosphorylation at the Thr217
site enhanced the neuronal differentiation of precursor cells. As Rsk is known to be
activated by MEK, these results indicate that activation of the MEK-Rsk pathway and
C/EBPs (e.g. C/EBPb) are key events that lead to neurogenesis. Thus, in light of all
these results, Menard et al. [54] concluded that the C/EBPs in neuronal precursor
cells, as in adipocytes [41], likely act as “differentiation” factors that are responsible
for the expression and regulation of specific (in this case, neuronal) genes in re-
sponse to growth factor signaling.

Further evidence that C/EBPs are involved in the differentiation of neuronal cells
has been provided by Cortes-Canteli et al. [43]. These authors found that, similar to
hepatocytes [5], lymphocytes [58], and adipocytes [1, 59], C/EBPb expression pro-
motes differentiation in neuronal cells. Overexpression of C/EBPb in the N2A
neuroblastoma cell line produced a differentiated phenotype with extension of very
long neurites, while, conversely, the neurite outgrowth and the differentiated phe-
notype was inhibited by the expression of the dominant-negative isoform C/EBPz.
These morphological changes were found to be accompanied by an increase in the
expression of genes associated with the differentiated state, which appeared to be
mediated by C/EBPa. Interestingly, this differentiation required the activation of
the phosphatidylinositol 3 kinase (PI3k) signaling pathway, which is known to play
an important role in cell growth and survival.

12.2.2
C/EBPs Play a Critical Role in Neuronal Cell Death

Additional findings that confirmed the role of C/EBPs in terminal differentiation
also indicated that members of this family of transcription factors, when overex-
pressed in conditions of growth arrest, are capable of promoting cell death. This is
not surprising, as it is known that differentiation is generally accompanied by arrest
of the cell cycle. In fact, in N2A neuroblastoma cells that have been deprived of
serum for 24 hours, the overexpression of C/EBP b is accompanied by an increase in
cell death [43]. This cell death correlates with the activation of p53 and an increase in
p21 – two cell-cycle-related proteins known to play a role in apoptosis. Thus, these
findings, – like those described above of Menard et al. [54], – indicate that C/EBPs
play a critical role in neuronal differentiation. In addition, they suggest a new role for
C/EBPs in neurons, namely the activation of apoptosis.

A role of C/EBPs in neuronal apoptosis has also been proposed by Marshall et al.
[60], who extended the investigation of the C/EBPs role in differentiation and apop-
tosis to cerebellar granular cells. These authors found that, in cultured cerebellar
granular cells, the cytoplasmic or nuclear localization of C/EBPb is differentially
regulated by calcium influx through either L-type calcium channels or NMDA re-
ceptors, respectively. In fact, the L channel-dependent calcium influx correlated with
an increase in Ca-calmodulin kinase IV (CaMKIV) and a decrease in C/EBPb nu-
clear levels while, conversely, the NMDA-mediated influx correlated with an en-
hancement of C/EBPb nuclear levels and resulted in excitotoxic cell death via the
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activation of the calcium-dependent phosphatase calcineurin. In agreement, sup-
pression of C/EBPs function via expression of a C/EBP dominant negative designed
to inhibit the DNA-binding activity of all C/EBPs [61], produced a significant in-
crease in cell survival. Conversely, the overexpression of C/EBPb triggered a signifi-
cant increase in cell death. The expression of C/EBPb appeared to play a critical role
in mediating cell death, as its antisense or siRNA-mediated knock-down produced
an increase in cell survival. As the C/EBPb knock-down attenuated NMDA receptor-
mediated death, the authors concluded that NMDA receptor stimulation must be
involved in the expression, translocation, and/or activation of C/EBPb. In conclu-
sion, Marshall et al. proposed that C/EBPs, and specifically C/EBPb, are critically
involved in neuronal apoptosis. However, this conclusion is intriguing as, in prin-
ciple, it is in disagreement with the idea that C/EBPs mediate neurogenesis [54].

How can the opposing roles of C/EBPs in either neurogenesis or neuronal apop-
tosis be explained? One possible reason might lie in the nature of the differentiation
process itself. Since differentiation requires exit from the cell cycle, a differentiated
cell likely needs to activate survival mechanisms in order to avoid cell death. Taken
together, the results of these studies showed that C/EBPs in neurons, as in many
other tissues, act as terminal differentiation factors. Thus, it is reasonable to believe
that, under conditions of depletion of growth or survival-promoting factors, the
expression of C/EBPs enhances cell death as a result of the induced differentiation
state and, perhaps, not because C/EBPs directly regulate the expression of apoptotic
genes.

12.2.3
C/EBP Expression in Glia

Glia cells have also been found to express C/EBP family members, and the isoforms
better characterized in these cells are C/EBPb and C/EBPd. These factors have been
found to be expressed in astrocytes and gliomas. The laboratory of Magistretti [62]
first described the expression of both isoforms in cortical astrocytes and showed that
their level of expression can be regulated in response to the vasoactive intestinal
peptide (VIP), VIP-related neuropeptide pituitary adenylate cyclase-activating pep-
tide (PACAP), or noradrenaline (NA). Specifically, C/EBPb and C/EBPdwere found
to be induced by VIP, PACAP, or NA via the cAMP second-messenger pathway, and
their expression behaved like that of cAMP-inducible immediate-early genes (IEGs),
as indeed the induction of their mRNA occurred in the presence of a protein syn-
thesis inhibitor. Moreover, the analysis of the glycogen metabolism elicited in as-
trocytes by NA led the authors to suggest that, in these and in other cell types,
C/EBPb and d regulate the expression of energy metabolism-related enzymes.

The same authors extended the C/EBPb and d analysis to other neuromodulators,
and reported that these acute-phase proteins are also produced in response to pro-
inflammatory cytokines in reactive astrocytes, especially in those surrounding the
amyloid plaques of Alzheimer’s disease brains. For example, lipopolysaccharides
(LPS), interleukin 1b (IL–1b), and tumor necrosis factor a (TNFa) are all able to
induce the expression of the C/EBPb and d genes in mouse primary astrocytes, and
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this induction precedes the expression of acute-phase genes. Therefore, it appears
that in the brain, as in the liver, C/EBPb and d are critical transcription factors
involved in inflammation and the regulation of energy metabolism.

As indicated by the results discussed above, the data available thus far seem to
emphasize that the cAMP- and MAP-dependent kinase pathways are important for
the regulation of the expression of both C/EBPb and d in the brain, as well as in other
tissues including blood, liver, and adipose. Moreover, they also indicate that both
factors often function in the same cells and/or in response to the same activation
signals. Cytokines, growth factors, neurotransmitters, and neuromodulators are all
capable of mediating the expression of C/EBPb and C/EBPd in the CNS. For exam-
ple, the activation of beta-adrenergic receptors and glucocorticoids seems to act
synergistically in regulating the synthesis of nerve growth factor (NGF) in the brain
and in C6–2B glioma cells, and the expression of NGF in the brain seems to be under
the control of the C/EBPb, C/EBPd and CREB transcription factors [63]. These
results extended and supported previous findings showing that the NGF-mediated
differentiation of pheochromocytoma PC12 cells to neuronal cells is accompanied
by the regulation of C/EBPb expression, and also suggested that C/EBPb plays an
important role in neurotrophin signaling [44].

These data are in many ways very similar to those described below, showing that
C/EBPs are regulated by the cAMP-dependent and MAP-dependent pathways dur-
ing long-term synaptic plasticity responses. Thus, they suggest that common mo-
lecular pathways mediate both development/differentiation and long-term synaptic
plasticity responses.

Several questions remain to be addressed in the area of CNS or neuronal differen-
tiation and development and the role of C/EBPs:
• What is the role of each C/EBP family member during CNS and neuronal/glia

differentiation?
• At which stage of development are they important?
• What are the target genes regulated by C/EBPs in these processes?
• And, finally, which neurotransmitter or growth factor receptors are involved in

the C/EBP-dependent responses?

12.3
The Role of C/EBPs in Synaptic Plasticity and Memory

The first demonstration that C/EBPs are expressed in neurons and involved in
long-term synaptic plasticity underlying memory formation came from studies in
the invertebrate Aplysia californica. The simplicity of the Aplysia nervous system and
the large size of its neurons allowed the establishment of an in vitro culture system
capable of reproducing the synaptic responses occurring in vivo during simple forms
of memory. Thus, this system helped pioneer the identification and characterization
of molecules and molecular mechanisms underlying memory formation [64–66].

In Aplysia, a simple form of memory is the sensitization of the gill and siphon
withdrawal reflex. This response occurs when the animal receives a noxious stimu-
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lus, such as a tail shock, and therefore learns to enhance its defensive behavior to
subsequent neutral stimuli. The defensive response consists of inking and the with-
drawal of its siphon and gill, a spout present on the dorsal part of the animal that is
used to expel seawater and waste. The duration of gill and siphon withdrawal is used
as a measure of the memory. Intensity and duration of this withdrawal is a function
of the number of shocks received: a short-term sensitization is induced by a single
shock, lasts for a few minutes and depends on post-translational modifications,
whereas multiple shocks induce a long-term sensitization that lasts for weeks and
requires new protein and RNA synthesis. Short-and long-term memories are medi-
ated by short- or long-term synaptic facilitation of the neurotransmitter release,
respectively.

Castellucci et al. [67] and Montarolo et al. [68] found that it is possible to study in
vitro the changes induced in vivo during behavioral sensitization by isolating and
culturing the main monosynaptic component of the circuit that contributes to be-
havioral sensitization. When this sensory-motor neuron circuit is treated with ser-
otonin (a neurotransmitter known to mediate sensitization) it undergoes cellular
and synaptic changes similar to those associated with the behavioral response of
sensitization. These changes culminate in an increase of the neurotransmitter re-
lease (facilitation) at the sensory-motor synapse that can easily be measured and
quantified by electrophysiological recording. A single serotonin application to the
culture evokes a facilitation that last only a few minutes and requires post-transla-
tional modifications, while repeated applications of serotonin result in a long-term
facilitation that lasts for days and requires new RNA and protein synthesis. Both
short- and long-term facilitation are mediated by the activation of the cAMP-protein
kinase A (PKA) signaling pathway. However, only long-term facilitation depends on
transcription and translation.

C/EBP was the first transcription factor identified and found to be required in
long-term facilitation. This discovery was inspired by the finding of Dash et al. [69]
that the activation of cAMP in Aplysia cultures leads to the expression of genes that
are under the control of cAMP response elements (CRE), and that this CRE-depend-
ent gene expression is required for long-term facilitation. By screening an expres-
sion library with C/EBP DNA-binding sequences, Alberini et al. [70] cloned C/EBP
from Aplysia CNS (ApC/EBP) and found that this factor is expressed in neurons.
ApC/EBP in Aplysia CNS is present as two splicing isoforms of the same intronless
gene. The spliced fragment is a very short sequence in the N-terminal activation
domain. Similar to the other C/EBPs, ApC/EBP carries a conserved C-terminal b-zip
domain and a very divergent activation domain at the N-terminus. Interestingly,
among the mammalian C/EBP isoforms, ApC/EBP appears to be more similar to
the C/EBPb, and, interestingly, they show conserved consensus sequences for the
phosphorylation mediated by MAP kinase and CaM Kinase II.

ApC/EBP expression in Aplysia neurons is undetectable in the resting condition;
however, its transcription and translation are induced in a typical IEG manner
following serotonin stimulation. This induction can be mediated by cAMP activa-
tion, but it also occurs following injury.
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ApC/EBP is an essential transcription factor of long-term facilitation, as its knock-
down mediated by antisense DNA or by blocking antibodies results in impaired
long-term facilitation, but has no effect on short-term facilitation [70]. The require-
ment for ApC/EBP during long-term facilitation in cell culture lasts for a relatively
long time (more than 9 hours), suggesting that the ApC/EBP-dependent transcrip-
tional phase essential for long-term facilitation is long-lasting. Further studies by
Lee et al. [71] confirmed these finding by showing that blocking the expression of
ApC/EBP by RNA interference (RNAi) disrupts long-term facilitation without affect-
ing short-term facilitation. Interestingly, these authors also showed that the expres-
sion of ApC/EBP in cultured sensory neurons is sufficient for mediating the con-
solidation of short-term into long-lasting facilitation. In fact, the application of a
single pulse of serotonin on sensory neurons overexpressing ApC/EBP produces
long-term facilitation, instead of short-term facilitation [71]. Hence, one of the roles
of ApC/EBP is probably to mediate structural changes of the synapses, which are
believed to represent the storage of information.

Therefore, C/EBP family members are an essential component of the transcrip-
tional phase required for long-term synaptic plasticity in an in vitro model of memo-
ry formation. In summary, under conditions that induce synaptic plasticity in the
CNS, these transcription factors are:
• regulated as IEGs;
• required for a relatively long time, unlike many other regulatory IEGs;
• induced in response to the activation of the cAMP signaling pathway;
• necessary and sufficient for transforming short-term into long-lasting plasticity;

and
• induced via cAMP increase and following CREB activation.

These findings indicated that a cascade of gene expression, in which transcription
factors regulate the expression of other transcription factors that, in turn, regulate
the expression of effector genes, is an essential molecular signature for long-term
memory formation [70, 72]. This conclusion is important in that it suggests that the
nature of gene-expression required for long-term memory formation is very similar
to that of a cell “differentiation” process, where epigenetic mechanisms are respon-
sible for mediating long-lasting changes in gene expression. More recent studies
investigating changes in chromatin structure and its post-translational modificati-
ons has supported the validity of this hypothesis [73, 74].

Parallel studies that identified several genes important for Aplysia long-term facili-
tation also confirmed the gene cascade hypothesis. CREBs family members were
cloned and characterized and found to be regulated by post-translational modifica-
tion as a consequence of the cAMP activation [74–76]. These post-translational mo-
difications precede the induction of IEGs, among which is ApC/EBP, and both
families of b-zip transcription factors are required for long-term facilitation but are
dispensable for short-term facilitation. Members of both families are capable of
transforming short- into long-term facilitation, suggesting that the activation of this
pathway is sufficient to stabilize synaptic plasticity underlying long-term memory
formation.
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Subsequently, it was shown that mammalian C/EBP isoforms – specifically
C/EBPb and C/EBPd – are critical for memory formation in mammals, demonstrat-
ing that the role of the cAMP-CREB-C/EBP-dependent pathway in memory forma-
tion is evolutionarily conserved [46,77–79]. In rat brain, the expression of C/EBPb
and C/EBPd occurs in the same cell populations in which CREB is phosphorylated
at Ser133 (pCREB), a post-translational modification essential for the activation of
the CREB-dependent transcriptional activity [46]. Using an inhibitory avoidance (IA)
task, in which animals remember to avoid a context previously associated with a foot
shock, Taubenfeld et al. [46] found that training leads to a significant increase of
Ser133 CREB phosphorylation in the hippocampus, followed by the induction of
C/EBP b and C/EBPd expression. pCREB increases significantly immediately after
training, and this enhanced phosphorylation is sustained for at least 20 hours. On
the other hand, C/EBPb and C/EBPd expression are significantly augmented sev-
eral hours after training, specifically between 6 and 9 hours; this increase is sus-
tained for at least 28 hours and returns to control levels by 48 hours after training.
The training-induced increase of pCREB, C/EBPb and C/EBPd is likely regulated by
modulatory neurotransmitter systems because it requires an intact fornix [80],
though the nature of the modulation(s) involved is still unclear. Notably, the C/EBPb
isoform plays an essential role in the hippocampus during IA memory consolida-
tion. Indeed, if the hippocampal induction of C/EBPb expression is blocked by
injections of antisense DNA into the hippocampi of trained rats, IA retention is
completely disrupted. In agreement with its profile of induction, the requirement
for hippocampal C/EBPb during IA memory consolidation is transient, but lasts for
more than a day, indicating that the transcription phase regulated by C/EBPb and
mediating memory formation is activated for a relatively long time [77].

Hence, as we have pointed out above, C/EBP and CREB family members partici-
pate in a fundamental, evolutionarily conserved cascade of events required for the
consolidation of new memories [81, 82] (Fig. 12.3).

Similar to the findings obtained in Aplysia cultures, C/EBPb expression regulation
in the hippocampus during mammalian memory formation is under the control of
CREB and can be evoked by the Ca2+ and cAMP-induced intracellular pathways. In
fact, blocking CRE-dependent gene expression before contextual fear conditioning
training completely inhibits the increase of C/EBPb in hippocampi of mice [83].

C/EBPd also plays a critical role in memory formation, but apparently by acting in
an opposite direction compared to that of C/EBPb, implying that distinct C/EBP
isoforms exert different roles in memory formation. In mice, the knockout of
C/EBPd results in a selective enhancement of contextual fear conditioning, but has
no effect on water maze memory [78]. Similarly, an enhancement in memory and
long-term plasticity can also be induced when a broad dominant-negative inhibitor
of C/EBP (EGFP-AZIP), which preferentially interacts with several inhibiting iso-
forms of both C/EBP and of ATF4 (a distant member of the C/EBP family of tran-
scription factors), is selectively expressed in the forebrain [79]. This suggests that the
relief of C/EBP or C/EBP-like-mediated inhibitory mechanisms lowers the thresh-
old for hippocampal-dependent synaptic long-term potentiation (LTP) and memory
storage in mice. On the other hand, it should be kept in mind that because of the
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spatial and temporal limitations of the knockout approach and the unspecific tar-
geting of general C/EBP inhibitors, it is possible that the enhancement of memory is
a result of compensatory effects or the targeting of other C/EBP inhibitor isoforms.

The cAMP and Ca2+-dependent signal transduction pathways have a prominent
role in the regulation of expression of C/EBPs in neurons and neuronal long-term
synaptic plasticity. The first example of this regulation was observed, as described
above, in the pheochromocytoma PC12 cell line, where C/EBPb has been found to
promote neuronal differentiation. In these cells, C/EBPb is expressed in the cyto-
plasm and translocates to the nucleus upon cAMP stimulation [84]. Although the
contribution of the translocation of C/EBPs has not yet been investigated, interest-
ingly, C/EBPs have been found to be expressed in the cytoplasm of Aplysia and rat
hippocampal neurons, suggesting that translocation may be a mechanism for func-
tionally linking the distal (synaptic) compartment to nuclear functions, in particular,
gene expression. However, it is clear that, in hippocampal neurons, the overall
expression and binding activity of C/EBPs are increased by the activation of the
cAMP and Ca2+ [45].

Another level of regulation of the C/EBP function in neurons is through the activ-
ity of kinases, among which MAP kinase, CaM Kinase II and IV, and protein kinase
C play a critical role [85]. These kinase-dependent regulations participate in both the

Fig. 12.3 Schematic representation of the CREB-C/EBP pathway activated
during long-term memory.
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activation of C/EBPs as transcription factors as well as the control of their degrada-
tion. For example, ApC/EBP is degraded through the ubiquitin-proteasome path-
way, but its phosphorylation via MAPK prevents its proteolysis [85]. Thus, it seems
that phosphorylation of ApC/EBP by MAPK synergistically acts on two levels to
ensure that C/EBP-dependent gene expression is sufficiently prolonged during the
consolidation phase. As pointed out above, it is interesting to note that the same
MAPK or its related kinases are also critical for the activation of C/EBPb in devel-
opmental neurogenesis [54], axonal injury [86], and following terminal differentia-
tion [43, 60].

Since C/EBPs are transcription factors, it is important to determine which target
genes they regulate. This question intrigues the field of molecular neuroscience as
well as other fields in which C/EBPs play important roles. Advancing knowledge in
transcription regulation suggests that the specificity of target gene expression de-
pends on the convergence of different signaling pathways, which act in concert over
space and time to dictate the pattern of the expressed target genes. This knowledge
will hopefully be available in the near future and should clarify why C/EBPs – factors
discovered in the induction of acute-phase response in liver – are also fundamental
for long-term memory formation.

Abbreviations

CaMK Ca2+-calmodulin-dependent protein kinase
CNS central nervous system
CNTF ciliary neurotrophic factor
CRE cAMP response element
CREB cAMP response element binding protein
EBP enhancer binding protein
ERK extracellular-signal-related kinase
FGF fibroblast growth factor
IA inhibitory avoidance
IEG immediate-early gene
IL interleukin
LPS lipopolysaccharide
LTP long-term potentiation
MEK mitogen-activated-protein-kinase kinase
NA noradrenaline
NGF nerve growth factor
NMDA N-methyl-d-aspartate
PACAP pituitary adenylate cyclase-activating peptide
PDGF platelet-derived growth factor
PI3k phosphatidylinositol 3 kinase
PKA protein kinase A
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RNAi RNA interference
Rsk ribosomal S6 kinase
TNF tumor necrosis factor
VIP vasoactive intestinal peptide
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13
The Role of c-Jun in Brain Function

Gennadij Raivich and Axel Behrens

Abstract

The transcription factor AP–1 consists of a variety of dimers composed of members
of the Jun and Fos families of proteins. However, it is the up-regulation of c-jun that
is a particularly common event in the developing, adult, and also injured nervous
system that serves as a model of transcriptional control of brain function. In view of
the long list of excellent in-depth overviews on different members of the Jun family
and associated molecules, the primary aim of this chapter is to focus on c-jun spe-
cifically and to discuss evidence for the involvement of this transcription factor in
ischemia and stroke, in seizures, during learning and memory, or following axonal
injury and during successful regeneration. Functional studies employing in-vivo
strategies using gene deletion, targeted expression of dominant-negative isoforms
and pharmacological inhibitors all suggest a bipotential role of c-jun, in mediating
neurodegeneration and cell death, as well as in plasticity and repair. Phosphoryla-
tion of c-jun, and the activation of its upstream kinases, is required in many (but not
in all) forms of these events, with only a partial overlap of the jun-, JNK- or JNKK(n)-
dependent functions. Moreover, a better understanding of the non-overlapping
roles could considerably increase the potential of pharmacological agents to improve
neurological outcome following trauma, neonatal encephalopathy and stroke, and
neurodegenerative disease.

13.1
Introduction

Up-regulation of the c-Jun protein, the principal component of the AP–1 transcrip-
tion factor, is a common event in the developing, adult, and injured nervous system.
Initially noted as the counterpart of c-Fos in the brain transcription factor response
to the convulsants pentylenetetrazole and picrotoxin (Morgan et al., 1987; Saffen et
al., 1988), over the past 17 years increased c-jun gene expression, protein and phos-
phorylation has been noted under a variety of conditions. These include neuronal
differentiation and survival during normal embryonic and postnatal development
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(Mellström et al., 1991; Kockel et al., 1997) and in transplantation (Dragunow et al.,
1991). C-Jun expression is strongly increased in seizures (Morgan and Curran, 1998;
Gall et al., 1990; Gass et al., 1993), addiction (Hayward et al., 1990; Freeman et al.,
2001), pain (Wisden et al., 1990; Herdegen et al., 1991a; Naranjo et al., 1991) and,
more selectively in some (but not other) cases of long-term potentiation and/or
depression and memory formation (Abraham et al., 1993; Tischmeyer et al., 1994).
Last, but not least, enhanced activity of c-Jun is a common and critical event in
cerebral ischemia and stroke (Kindy et al., 1991; Wessel et al., 1991), axotomy and
other forms of trauma (Herdegen et al., 1991b,c; Jenkins and Hunt, 1991), as well as
in the post-traumatic repair (Chaisuksunt et al., 2003; Raivich et al., 2004).

In most cases, this enhanced expression of c-jun gene, protein and function is not a
solitary event, but can be accompanied by an induction of transcription factors that
are related to c-Jun (e.g., Jun-B, Jun-D), the Fos family members (Fos, FosB, Fra–
1/2), or the ATF-family members (for a review, see Herdegen and Leah, 1998),
allowing the formation of functionally different heterodimers. Moreover, differen-
ces in the regulation of these complementary molecules after inducing events –
whether it is the hypoxic ischemic insult, axotomy, long-term potentiating para-
digms, addictive or antipsychotic substances – could also play a role in the time-de-
pendent expression of its multiple downstream targets. However, in view of the long
list of excellent in-depth overviews on the different members of the c-Jun family and
associated molecules (Morgan and Curran, 1988; Dragunow et al., 1989; Nestler,
1993; Herdegen and Leah, 1998; Gelderblom et al., 2004), the primary focus of this
chapter is to focus on c-Jun specifically and to review the evidence for the direct
involvement of this transcription factor in the developing, adult, and injured nerv-
ous system.

13.2
C-Jun Phosphorylation and Upstream Signaling

A key regulatory component in the post-translational function of c-Jun is the serine
and threonine phosphorylation of the N-terminal transactivational domain of this
transcription factor. N-terminal phosphorylation does correlate with the growth rate
of fibroblasts (Castellazi et al., 1991) and the transcriptional activation of AP–1
promoters (Radler-Pohl et al., 1993). However, it has only moderate effects on the
transactivation by c-Jun homodimers (Baker et al., 1992), and does not affect di-
merization or DNA-binding (Binetruy et al., 1991; Smeal et al., 1992). This point that
phosphorylation of c-Jun only incurs moderate effects is clearly supported by the
much more severe phenotype of global c-jun deletion that is embryonic lethal (Hill-
berg et al., 1993), compared with the much milder phenotype of the junAA mice
where the two N-terminal Ser63 and Ser73 photoacceptor sites are replaced with
alanine residues (Behrens et al., 1999). However, phosphorylation of c-Jun does
modulate c-Jun’s intrinsic affinity for promoter sites (Hirai et al., 1990). Both the
constitutive and induced phosphorylation of N-terminal sites is specific to c-Jun,
because in JunB and JunD it is impeded by amino acids on either the docking or the
phosphorylation sites (Franklin et al., 1992; Karin, 1995).
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13.2.1
Mitogen-Activated/Stress-Activated Protein Kinase (MAPK/SAPK) Level

In vitro, phosphorylation of Ser63 and Ser73 following TNF, anisomycin and alky-
lating agents is catalyzed by the family of c-Jun N-terminal kinases JNK1, JNK2, and
JNK3 that are also known as stress-activated protein kinases (SAPKs). However,
differential splicing gives rise to a total of ten different variants known so far (Ca-
sanova et al., 1996; Gelderblom et al., 2004). Together with ERK and p38, JNKs
belong to the group of mitogen-activated protein kinases (MAPKs). JNKs and p38s
are involved in the regulation of growth arrest, apoptosis, and proliferation induced
by stress signals (e.g., UV irradiation, heat- or cold-shock, osmotic stress), cytokines
(e.g., interleukin (IL)–1 or tumor necrosis factor-a (TNFa)) (Ichijo, 1999), as well as
by G protein-coupled receptor agonists such as thrombin (Collins et al., 1996).

13.2.2
MAP Kinase Kinase (MEK/MKK) and MAP Kinase Kinase Kinase (MEKK) Level

Stress-activated JNKs are regulated by two specific MAPK kinases or MKKs: MKK4
(also known as SEK1 and JNKK1), and MKK7 (also known as SEK2 and JNKK2);
MKK4 and MKK7 phosphorylate and activate JNKs (Hagemann and Blank, 2001).
One layer above, MKK4 and 7 are themselves activated by the MEK kinases (MEKK)
MEKK1, 2, 3, and 4 for MKK4 and MEKK1–3 for MKK7. In addition, MKK7 can be
activated by the mixed lineage kinase MLK3 (Hehner et al., 2000). For the other three
MAPK components, ERK1 and ERK2 are both activated by MEK1 and 2; the more
recently discovered ERK5 by MEK5 (Zhou et al., 1995), and the p38 is activated
directly by MKK3 and MKK6 (Hagemann and Blank, 2001). Most of the direct target
specificity appears to have been lost by this stage, since all or a selection of MEKK1–4
can also activate MEK1–2, the activators of ERK1/2, MKK3 and 6, the activators of
p38, and MEK5, the activator of ERK5 (for a review, see (Hagemann and Blank,
2001).

13.2.3
Scaffolding Proteins

The recently discovered scaffold proteins provide a means to recover specificity of
the top-bottom signaling by bringing together specific and consecutive members of
the signaling cascade. The JNK Interacting Protein 1, abbreviated as JIP1, provides a
scaffold for the MLK3/MKK7/JNK module (Yasuda et al., 1999), and JSAP1, an
alternatively spliced isoform of JIP3, for MEKK1, MKK4 (SEK) and JNK3 (Akechi et
al., 2001). Other scaffolding proteins such as beta-arrestin 2 are specific for JNK3,
bringing it together with its upstream kinases – the apoptosis signal-regulating
kinase 1 (ASK1) and MKK4 (McDonald et al., 2000). MEKK2 may also serve a dual
function of an activator and scaffold, binding JNK1 and MKK7, and directly activat-
ing MKK7 (Cheng et al., 2000).
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Many of these signaling components are particularly strongly expressed in the
brain, spinal cord and peripheral neurons, underscoring their importance for the
regulation of JNK activity, and indirectly that of c-Jun, throughout the nervous sys-
tem (English et al., 1995; Casanova et al., 1996; Gupta et al., 1996; Kim et al., 1999;
Lee et al., 1999; Zhang et al., 2003a,b; Nateri et al., 2004). Importantly, the scaffold-
ing proteins, JIP1, JIP2 and JSAP1 also provide the main adaptor molecules for the
cargo of the kinesin motors mediating the microtubule-associated axonal transport
between neuronal cell bodies and neurite terminals (Verhey et al., 2001), as well as
that of the MEKK/MLK, MKK, JNK and ATF2 components (Lindwall and Kanje,
2005).

13.2.3.1 Multimodal Effects of Deletion
Despite the potential streamlining effects of the scaffolding proteins there is consid-
erable variation in the effects of interfering with different levels of the upstream
signaling cascade terminating with c-Jun during neural development. Thus, com-
plete excision of neural c-jun, or the exchange of N-terminal Ser63 and Ser73 resi-
dues with alanines does not result in a visible change in the overall CNS morphology
or gross numeric differences in selected neuronal populations (Behrens et al., 1999;
Raivich et al., 2004).

The deletion of JNK1 leads to a disruption in the formation of the anterior com-
missure (Chang et al., 2003), but with only minor additional effects in mutants
lacking JNK1, JNK2 or JNK3 alone, or combinations of JNK1 and JNK3 or JNK2 and
JNK3 (Gelderblom et al., 2004). The deletion of JSAP–1 causes an axon guidance
defect of the telencephalic commissures (Kelkar et al., 2003), with a partial rescue
following transgenic expression of JIP1 in embryonic glial cells (Ha et al., 2005).
Excision of exons 3 through to exon 8 of the 12 exon-containing JIP1 gene causes
very early embryonic lethality, before the formation of the nervous system
(Thompson et al., 2001), and simply underscores the non-redundancy of the JIP
scaffolding and motor adaptor molecule for many different, and early, embryogenic
processes. A selective deletion of just the JIP1 exon 3, that contains the JNK binding
domain (JBD) is compatible with life, but interferes with stress-induced induction of
JNK and with excitotoxic hippocampal neuron cell death (Whitmarsh et al., 2001).
Mice with a more recent deletion of exon 2 and upstream part of exon 3 (Delta
JIP1–ex2/u3), as reported by Im et al. (2003), are also viable and show a phenotype
similar to the Delta JIP1–ex3 mutants (Whitmarsh et al., 2001).

Mutant mice with a combined deletion of JNK1 and JNK2 develop exancephaly,
with precocious degeneration in the forebrain (Kuan et al., 1999; Sabapathy et al.,
1999). Effects on neuroepithelial cell death are complex, with an early reduction of
apoptotic PCD in the lateral hindbrain at embryonic day 9, followed by an increase at
day 10 in the forebrain and hindbrain areas. Loss of upstream activators of JNK,
MKK4, and MEKK4 show a simple increase in apoptosis (Ganiatsas et al., 1998;
Nishina et al., 1999; Chi et al., 2005), suggesting supplementary targets of upstream
activity, above that of JNK. Interestingly, deletion of only MEKK4, but not of the
more downstream MKK4, interferes with neural tube closure (Chi et al., 2005).
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The multimodality of the effects described for the JNKs and their upstream regu-
lator enzymes in the mammalian nervous system is probably due to their involve-
ment in many other cellular transduction events. For example, the three JNKs are
also involved in the direct regulation of other nuclear transcription factors such as
ATF2 and ELK1 and the mitochondria-associated Bc2 and BH3–only proteins (Gel-
derblom et al., 2004). In line with the latter function, JNK2 translocates to the mit-
ochondria following stimulation with the oxidative stressor 6–hydroxy-dopamine,
followed by release of cytochrome c and cell death. These actions are prevented by a
transfection with dominant negative JNK2 (Eminel et al., 2004).

JNK1 also plays an important role in the maintenance of neuronal microtubules
and cytoskeletal integrity. MAP2 and MAP1B polypeptides are hypophosphorylated
in Jnk1–/– brains, resulting in a compromised ability to bind microtubules and pro-
mote their assembly (Chang et al., 2003). In the case of MKK4 and MEKK4, these
signaling enzymes can also lead to the activation of p38 (Hagemann and Blank,
2001).

In contrast to mammals, the deletion of jun in a simpler organism such as Dro-
sophila melanogaster shows the same phenotype as that of its upstream regulators
during the phenomenon termed “dorsal closure” (Kockel et al., 1997; Riesgo-Esco-
var and Hafen, 1997). In this morphogenetic process, ectodermal cells of the lateral
epithelium stretch in a coordinated fashion to internalize the amnioserosa cells and
close the embryo dorsally, a process that relies on the AP–1 dependent, local syn-
thesis of decapentaplegic (dpp), the Drosophila homolog of transforming growth
factor beta. Embryos lacking jun activity fail to show localized synthesis of dpp and
display a profound dorsal closure phenotype (Kockel et al., 1997).

The same phenotype is also observed in animals with mutated basket (bsk), the
Drosophila homolog of JNK1, and hemipterous (hep), the homolog of MKK7 (Riesgo-
Escovar and Hafen, 1997), indicating a simple signaling cascade from hep to bsk to
jun to dpp (Hou et al., 1997). Here, the maintenance of the same phenotype across
several key signaling layers in Drosophila, and its loss in the mouse embryogenesis
may reflect the growing complexity of the jun upstream signaling in the vertebrate
nervous system.

13.3
Development

In the rat, c-jun is widely expressed during embryogenesis, starting with neurulation
(Benett et al., 1997). High neuroepithelial levels were also observed for upstream
kinases JNK2 alpha 1, MKK4 and MEKK4 (Ishikawa et al., 1997; Chi et al., 2005).
Following neural tube closure and the ensuing formation of the marginal zone, high
levels of nuclear phosphorylated jun are expressed on neuroblasts migrating out of
the neuroepithelial layer in the forebrain and hindbrain regions. In the developing
hindbrain, c-jun expression depended on the transcription factor MafB, but not on
KROX20 transcription factor (Mechta-Grigoriou et al., 2003). Jun and MafB also
form a heterodimer, participate in the regulation of HoxB3, and may play a role in
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the hindbrain patterning (Mechta-Grigoriou et al., 2003) At somewhat later stage, in
the late embryonic nervous system of the rodent (E15–E19 in mouse, E15–E21 in
rat), particularly high levels are present on sympathetic, sensory and motor neurons.

Postnatally, a comparative analysis in rat central nervous system showed the high-
est levels at day 15 (P15) and thereafter declining to the low adult levels (Wilkinson et
al., 1989; Mellström et al., 1991). Postnatal levels of c-Jun are greatest in the visual
areas, but c-Jun is also present in the olfactory epithelium, ventricular layers (espe-
cially of the telencephalon), and in restricted sites in the mid- and hindbrain, includ-
ing cranial and spinal visceromotor and somatic motor neurons, which display a
basal level of c-Jun expression in the adult (Wilkinson et al., 1989; Herdegen et al.,
1991c; Kalla et al., 2001). Despite the particularly high levels of c-Jun in the cat visual
cortex, this expression was not affected by visual exposure, unlike that of many other
immediate-early genes such as egr1, c-fos, and junB (Rosen et al., 1992), suggesting
that this part of the cortical c-jun expression profile is not activity-driven.

What, therefore, is the function of c-jun during embryonic and postnatal develop-
ment? In vitro, NGF withdrawal leads to an accumulation of P-Jun. Overexpression
of c-Jun induces cell death in PC12 cells, and dominant-negative Jun (DN-jun)
prevents this form of neuronal cell death (Ham et al., 1995). Moreover, coexpression
of DN-jun with the JNK-blocking JBD domain of JIP1 shows involvement of the
same pathway in the JNK and jun-mediated death (Eilers et al., 2001; Harding et al.,
2001). Inhibition with CEP–1347 of mixed lineage kinases, the upstream inducers of
p38 and JNK, also promotes the survival of embryonic sensory, sympathetic and
motor neurons, as well as the PC12 cells (Borasio et al., 1998; Maroney et al., 1999).
The results of more recent studies also showed that neurite outgrowth in PC12 cells
depends on EGR/jun complex (Levkovitz and Baraban, 2002).

The in-vivo data are more complex. Confirming the situation in vitro, all apoptotic-
looking, postnatal sympathetic neurons expressed c-jun, suggesting that c-jun is
involved with the commitment to die (Messina et al., 1996). Phosphorylation of
c-Jun during embryonic programmed cell death (PCD) in motor neurons showed
direct correlation with experimental procedures that would later increase PCD, such
as limb removal (Sun et al., 2005). Procedures increasing survival (neuromuscular
activity blockade) reduced the number of the phospho-Jun-positive (PJ+) motor neu-
rons. Finally, PCD-rescue by deletion of the more downstream proapoptotic gene
Bax, causes a transient increase in the number of the PJ+ motor neurons, indicating
that activation of c-Jun signaling is potentially necessary, but not sufficient for the
induction of motor neuron PCD (Sun et al., 2005).

Nevertheless, deletion of c-fos and c-jun, the primary AP1 components, does not
enhance the normal cell death in the developing CNS (Roffler-Tarlov et al., 1996).
C-Jun is not needed for developmental cell death or axonal outgrowth in the embry-
onic retina (Herzog et al., 1999; Grimm et al., 2001). Moreover, neural excision of the
floxed c-jun gene, with neuroepithelial expression of the cre recombinase using the
nestin promoter (nestin::cre), did not result in an overt change in brain morphology.
Interestingly, an absence of neural jun did cause any slight increase in the number
of facial motor neurons, but was apparently without any effect on other motor nuclei
or on sensory ganglia (Raivich et al., 2004).
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Unlike the situation in vitro, this may reflect a partially redundant role of c-jun
during late mouse neural development that is reminiscent of the D-jun function in
eye and wing development in Drosophila. There, jun participates in a separate sig-
naling pathway that is comprised of Ras, Raf, and Rolled, an ERK kinase (MEK1/2)
homolog that can also phosphorylate jun. In contrast to the strict requirement for
Jun in dorsal closure, its role in the eye is redundant but can be uncovered by
mutations in other signaling components (Weber et al., 2000; Kockel et al., 2001).
Similar redundancy may also serve as a second line of defense in the formation of
the vertebrate CNS and contribute to the precision of neuronal differentiation and
the establishment of synaptic connections.

13.4
Novelty, Learning and Memory, and Addiction

There is considerable evidence pointing to enhanced expression of c-jun in the
physiological function of the adult brain, during conditions associated with novelty,
short- and long-term memory formation and pain-causing or rewarding behavior
(Wisden et al., 1990; Herdegen et al., 1991a; Abraham et al., 1993; Papa et al., 1993).
These regulatory patterns may implicate c-jun in contributing to synaptic plasticity.
For example, inhibition of c-jun function using overexpression of a dominant-nega-
tive isoform in Drosophila, has been shown to inhibit synaptic plasticity, by a reduc-
tion in synaptic strength as well as synaptic bouton number, via CREB as well as
ADF1 and FasII mechanisms in the larval neuromuscular junction (Sanyal et al.,
2002).

13.4.1
Novelty and Pain

First-time exposure to spatial novelty stimuli in mazes induced extensive c-Fos- and
c-Jun immunoreactivity in the reticular formation, the caudate-putamen complex,
the hippocampus (granular and pyramidal neurons), the cerebellum (granular neu-
rons), and all layers of somatosensory cortex. Maximal c-jun expression was ob-
served at 2–6 hours after the event, with a strong reduction in evoked expression
with habituation, in repeatedly exposed animals (Papa et al., 1993). Spinal cord
up-regulation of this known to lead to a strong up-regulation of immediate-early
genes, including the transcription factors c-fos, c-jun, and krox–24 (Wisden et al.,
1990; Herdegen et al., 1991a). This up-regulation has been postulated to convert
short-term stimulations into long-lasting responses in dorsal-horn neurons, and can
be blocked by a pretreatment with strong analgesics such as morphine (Presley et al.,
1990; Tolle et al., 1994; Giorgi et al., 1997).

The learning paradigms involving food grain picking and passive avoidance in
newly hatched chicks cause an almost four-fold increase in c-jun mRNA and protein
levels in the chick forebrain, particularly in the lateral intermediate ventral hyper-
striatum (Anokhin and Rose, 1991) and lateral paraolfactory nucleus (Freeman and
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Rose, 1999). In mice, memory processing training in an appetitive bar-pressing task
and apamin also induces a spatially selective induction of c-jun, along with c-fos, in
the hippocampal CA1, CA3, and dentate gyrus regions (Heurteaux et al., 1993a).
Interestingly, continuous training with trace eyeblink conditioning for 24 hours or
longer periods can actually induce a down-regulation in c-jun levels (Donahue et al.,
2002).

13.4.2
Learning

Application of antisense oligonucleotides for c-jun, but not those for junB, has been
shown to inhibit sequence-specific learning following aversive stimulus using the
foot shock-motivated brightness discrimination (Tischmeyer et al., 1994). However,
complete deletion of the c-jun gene using its neural excision with nestin::cre did not
interfere with spatial learning in the Morris water maze or with fear conditioning
paradigms (Raivich et al., 2004).

There is also only an imperfect correlation between hippocampal long-term poten-
tiation (LTP) and jun expression, with the latter detected in some (Cole et al., 1990;
Worley et al., 1993) but not in other studies (Wisden et al., 1990; Abraham et al.,
1992). This imperfect correlation also holds true for the N-terminal jun kinases.
Mice deficient for JNK2 show impaired hippocampal LTP (Chen et al., 2005). Inter-
estingly, the pharmacological inhibition of hippocampal JNK with SP600125 en-
hances short-term memory but appears to block the long-term memory formation
and retrieval of an inhibitory avoidance task (Bevilaqua et al., 2003).

In addition to these direct effects, the activation of c-Jun-N-terminal kinase is also
critical in mediating the blocking effects of amyloid beta (Costello and Herron, 2004)
or the lipopolysaccharide-induced cytokines on hippocampal LTP (Curran et al.,
2003; Barry et al., 2005). It is possible that these stimulatory or neurotoxin-mediated,
blocking effects are produced by different JNK isoforms acting on distinct and non-
overlapping downstream targets. Similar disparity is known from studies in stroke
and ischemia models, where deletion of JNK2 or JNK3 confers protection, and
deletion of JNK1 actually enhances the forebrain tissue loss (Kuan et al., 2003;
Brecht et al., 2005).

13.4.3
Addiction

Strong up-regulation of c-Jun during initial exposure to addictive stimuli such as
cocaine or its withdrawal following long-term habituation, was observed in locus
coeruleus (Hayward et al., 1990) and nucleus accumbens (Hope et al., 1992), but not
in striatum, which shows a targeted expression of other, related IEG/transcription
factors such as c-Fos and JunB (Moratalla et al., 1993; Couceyro et al., 1994). Inter-
estingly, transgenic, doxycycline-regulated expression of the dominant-negative
form of c-Jun (Delta c-Jun) in the striatum and certain other brain regions of adult
mice decreases their development of cocaine-induced conditioned place preference,
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suggesting reduced sensitivity to the rewarding effects of cocaine (Peakman et al.,
2003). These behavioral effects were accompanied by a block in the ability of chroni-
cally administered cocaine to induce three known targets for AP–1 in the nucleus
accumbens: the AMPA glutamate receptor subunit GluR2; the cyclin-dependent
protein kinase Cdk5; and the transcription factor nuclear factor-kappaB (NF-kB).
However, inhibition of the AP–1 function had no effect on cocaine-induced loco-
motor activity or sensitization, indicating the dissociation between the rewarding
and locomotor effects (Peakman et al., 2003).

13.5
Seizures and Excitotoxicity

The wave of excitation during generalized seizures, whether through electroshock,
trauma or chemical excitotoxins, in most cases flows from the dentate gyrus to CA1
and then to CA3/4 and cerebral cortex (Gass et al., 1993). First increases in mRNA
encoding inducible transcription factors are detectable in the dentate gyrus, with the
strongest appearance of junB, c-fos and krox–24 occurring within 10–15 minutes
(Lanaud et al., 1993; Yount et al., 1994). They are then enhanced in the hippocampal
CA1 and CA3 areas, and in the cortex (White and Gall, 1987; Cole et al., 1990).
Protein increases are considerably slower, probably due the inhibition in peri- and
post-ictal protein synthesis. The amount of mRNA declines to basal levels within
1–2 hours in the dentate gyrus and 2–4 hours in the CA1/3 areas. Compared with
the other induced transcription factors, the up-regulation of c-Jun is on the whole
more moderate, but also more prolonged, for 24–72 hours (Sonnenberg et al., 1989;
Cole et al., 1990; Kaminska et al., 1994). Chronic electroconvulsive seizures may
down-regulate the expression of inducible transcription factors such as Fos and Jun
(Winston et al., 1990; Brecht et al., 1999). Nevertheless, constitutively epileptic E1
animals show higher cortical and hippocampal AP1 transcription factor levels than
their non-epileptogenic ddY parents (Yoneda et al., 1993).

There is considerable evidence pointing to a functional role of jun, its JNK-medi-
ated phosphorylation and associated scaffolding proteins in seizure activity and
excitotoxic effects. Neuronal injury is known to cause increased c-jun N-terminal
kinase activity coupled with N-terminal phosphorylation of c-Jun (Herdegen et al.,
1998; Schauwecker, 2000). Transgenic deletion of JNK3 protects against kainic acid-
mediated excitotoxicity, reducing seizure activity and preventing the associated
apoptosis of hippocampal neurons (Yang et al., 1997; Brecht et al., 2005). Similar
protective effects were also observed in the junAA mice, where the phosphorylatable
Ser63 and Ser73 residues are replaced with alanines (Behrens et al., 1999). In line
with the critical JNK activation which permits function of the scaffolding proteins
such as JIP1, deletion of the JNK binding domain containing exon3 of JIP1 inter-
feres with the kainic acid-mediated JNK activation and promotes hippocampal
neuron survival (Whitmarsh et al., 2001). A broader excision of JIP1 exons, begin-
ning with exon 3 and including exon 8, is not compatible with even early embry-
ogenesis in the homozygous mice (Thompson et al., 2001). However, the hemizy-
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gous Delta ex3/8JIP1 animals with a 50% reduced gene dosage of the normal JIP1
protein show a surprising increase in the activation of JNK and in the hippocampal
vulnerability to systemic application of kainic acid. This points to protective and
JNK-down-regulating effects of JIP1, that are located outside of the JBD domain in
exon 3 (Magara et al., 2003).

13.6
Ischemia, Stroke, and Brain Trauma

13.6.1
Biochemical Regulation

As in seizures and excitotoxic injuries, brain ischemia, elicited through: (1) the
occlusion of a local terminal artery (e.g., medial cerebral artery); (2) a combination of
unilateral carotid occlusion followed by hypoxia; (3) a four-vessel occlusion in rat; or
(4) a bicarotid occlusion in gerbil, will cause a very rapid up-regulation of inducible
transcription factors, such as fos, c-jun, junB and NGFI-A/egr1, as well as other
transcription factors and immediate-early genes (Kindy et al., 1991; Woodburn et al.,
1993; Dragunow et al., 1994; Herdegen and Leah, 1998). Similar induction of tran-
scription factors, including that of c-Jun, is also observed in traumatic brain injury
(Raghupathi et al., 1995; Kobori et al., 2002), and in early postnatal hypoxic-ischemic
(HI) brain (Munell et al., 1994), a commonly used model of human neonatal ence-
phalopathy following pre- or peri-natal hypoxia (Vannucci and Vannucci, 2005).

On the mechanistic level, a minimal hybridization signal for either immediate-
early gene is detected in animals perfused with fixative immediately following isch-
emia, suggesting that cellular energy levels may have to be restored to a certain level
before efficient de-novo mRNA synthesis can occur (Wessel et al., 1991). Moderate
HI injury following unilateral carotid occlusion and hypoxia induced c-Jun in the
damaged regions (Dragunow et al., 1993). However, this extended into non-dam-
aged regions on the unoccluded side following severe HI associated with necrotic
cell death. In the damaged forebrain regions, c-Jun (and to a lesser extent
c-Fos/FRAs) showed a prolonged expression in neurons undergoing delayed, but
not necrotic, cell death; this suggested that they may be involved in the biochemical
cascade that causes selective delayed neuronal death (Dragunow et al., 1994). This
late neuronal cell death is normally associated with the appearance of nuclear DNA
breaks using in-situ TUNEL staining and the regular DNA laddering on gel elect-
rophoresis (Dragunow et al., 1994; Macaya et al., 1998), the latter being the classical
tell-tale sign of the apoptotic form of PCD.
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13.6.2
Role of Jun

At present, the evidence tying the up-regulation of c-jun to the post-ischemic, PCD is
still indirect. Application of ATP-sensitive K-channel openers prevents the expres-
sion of ischemia-induced transcription factors as well as the hippocampal neuron
cell death (Heurteaux et al., 1993b). Similar effects were also observed using antago-
nists of the NMDA-type glutamate receptor antagonists dizocilpine and MK–801
(Woodburn et al., 1993; Collaco-Moraes et al., 1994), as well as that of dexametha-
sone in perinatal HI injury (Macaya et al., 1998). On the other hand, some neuro-
protective agents such the kappa opiate receptor agonist enadoline or post-ischemic
brain cooling did not inhibit the increased levels of c-jun, suggesting that either the
induction per se is not detrimental, or that enadoline and brain cooling act at differ-
ent, further downstream levels (Woodburn et al., 1993; Akaji et al., 2003). Interest-
ingly, short-term exposure to ischemia, a procedure known to induce an ischemia-
tolerant state, is associated with a strong and persistent induction of c-jun, but not
other transcription factors such as fos, fosB, junB, junD, or KROX–24 (Sommer et
al., 1995).

13.6.3
Functional Role of JNK Cascade

In contrast to c-jun, there is considerable evidence for the involvement of N-terminal
jun kinase. Activity-wise, analysis of the mitogen-activated protein kinases in post-
ischemic brain reveals a strong and rapid increase in the levels of activated, phos-
phorylated JNK as well as ERK1/2, but not that of the p38 stress kinase (Herdegen et
al., 1998; Otani et al., 2002). This is accompanied by a rapid activation of MKK4 and
its upstream kinase ASK1 within 10 minutes of reperfusion following global isch-
emia (Zhang et al., 2003a), but also showing a second maximum at three days, that is
associated with a peak in neuronal cell death. MKK7 and MLK3 are already induced
directly at the resumption of reperfusion, and remain activated during the entire
tested period of three days (Pan et al., 2005; but see also Zhang et al., 2003b). In the
context of scaffolding proteins, one study has reported an increase of beta-arrestin–1
following a 90–minute HI insult in 12–day postnatal rats (Lombardi et al., 2004). The
JIP1 protein also appears constitutively present, but there is a massive increase in its
association with activated MKK7, within 30 minutes of reperfusion following global
ischemia (Li et al., 2005).

As with c-jun, there are several indirect lines of evidence pointing to the involve-
ment of the JNK cascade in mediating hypoxic and/or ischemic brain damage in
vivo. Thus, protective hypothermia and preconditioning ischemia enhance the phos-
phorylation and activation of the mitogen-activated protein kinases ERK1 and 2, but
not that of JNK (Gu et al., 2000; Hicks et al., 2000); the preconditioning effect appears
mediated by inhibition of MLK3 via NMDA receptor-mediated Akt1 activation (Yin
et al., 2005). A similar effect via glutamate receptors, MLK3 and JNK3 is also ob-
served with oligonucleotide-mediated inhibition of PSD95 (Pei et al., 2004). More-
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over, the protective effects of FK506 (Martin-Villalba et al., 1999), Ca-permeable
AMPA receptor antagonists (Zhang et al., 2003a) or the MLK3 inhibitor K252a (Pan
et al., 2005) are all associated with decreased phosphorylation of c-jun, JNK and the
components of the upstream cascade.

13.6.4
Direct Evidence

Information on the critical role of the JNK family comes from the data on the in-vivo
application of a global JNK inhibitor (Borsello et al., 2003; Hirt et al., 2004), the
deletion of the JIP1 scaffolding protein (Im et al., 2003), and selective deletion of
JNK1 and JNK3 (Kuan et al., 2003; Brecht et al., 2005). In the case of D-JNKI–1, a cell
penetrating JNK-inhibitor which interferes by blocking the JNK binding domain,
the systemic or the local, intracerebroventricular application of D-JNKI–1 strongly
inhibited the post-ischemic neuronal cell death following medial cerebral artery
occlusion (MCAO). This protective effect was consistent, present after transient or
permanent MCAO, in postnatal day 14 as well as in adult rats, and was still observed
when the peptide was given as long as 12 hours after the insult, indicating consid-
erable therapeutic time window (Borsello et al., 2003; Hirt et al., 2004; Gao et al.,
2005). Similar neuroprotective effects were also shown with the ATP-binding site
competitive JNK inhibitor AS601245 (Carboni et al., 2005) and the anthrapyrazolone
blocker SP600125 (Gao et al. 2005).

Experiments using genetically modified mice also show a more than 80% reduc-
tion in infarct size following transient MCAO in mice lacking JIP1 exon2/3, com-
pared with their littermate controls (Im et al., 2003). This study underscores the
importance of JIP1 in the post-ischemic induction of the JNK activity and its pro-
degenerative effects following ischemic brain injury. However, it is unclear which of
the JNK isoforms is mediating this damaging effect. Studies using genetic deletions
of JNK1, JNK2, and JNK3 have come to somewhat differing results. Transgenic
deletion of JNK3, but not JNK2, leads to a two-fold increase in the number of animals
surviving without lesion at five days after HI insult following unilateral carotid
occlusion and exposure to 7.5% oxygen (Kuan et al., 2003).

In the second JNK deletion study (Brecht et al., 2005), the absence of JNK1 in
animals with a permanent occlusion of the medial cerebral artery caused a signifi-
cant, two-fold increase in cortical tissue loss. The absence of JNK3 had no effect. The
absence of JNK2 caused a slight but not significant reduction in tissue loss, and
combination of JNK2 and JNK3 also caused a moderate but not significant loss, as
with JNK2 alone (Brecht et al., 2005). As an ad hoc explanation, both studies (Kuan et
al., 2003; Brecht et al., 2005) used different experimental models and outcome me-
asures. However, unlike the JIP1 study (Im et al., 2003), it is important to note that
the latter experiments also used non-littermate controls. This procedure can intro-
duce an additional measure of variability in modifying the experimental outcome,
even if performed on apparently the same background (Werner et al., 2001).
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13.7
Axotomy

13.7.1
Regulation

Disruption or disconnection of the main axonal process is known to cause a strong
increase in the neuronal c-jun expression (Herdegen et al., 1991c; Jenkins and Hunt,
1991). Although the levels of both mRNA and protein are augmented, the increase is
considerably slower than that observed following ischemia or seizure activity, in the
range of 12 to 24 hours. In line with the axonal transport hypothesis, the slower
increase may be mediated by the interruption in retrograde fast axonal transport that
is needed to maintain neurons (Leah et al., 1991, 1993; Makwana and Raivich, 2005),
due to the time needed for the signal to travel between the lesion site and the
neuronal cell body. The application of neurotrophic factors (NGF, NT4, GDNF,
FGF2), all of which are normally transported retrogradely from the innervation
target sites to the neuronal cell body, has been shown to inhibit the up-regulation of
c-Jun in axotomized neurons (Hughes et al., 1997; Blottner and Herdegen, 1998;
Vaudano et al., 2001). A similar up-regulation of c-Jun is also known to occur in
neurodegenerative diseases such as amyotrophic lateral sclerosis affecting spinal
and cranial motor neurons (Jaarsma et al., 1996), and which are associated with a
disturbance in retrograde axonal transport (Breuer et al., 1987; Kieran et al., 2005).
Interestingly, there is increasing evidence that the retrograde transport of activated
N-terminal jun kinases, their upstream activators and scaffolding and transport
proteins, may in itself play a key role in transmitting the injury signal from the lesion
site to the neuronal cell body (Cavalli et al., 2005; Lindwall and Kanje, 2005).

Up-regulation of c-jun, and other inducible transcription factors coexpressed after
injury appears to play a vital role in transforming a normal, differentiated neuron
performing its physiological function into an injured cell capable of mounting a
successful regenerative response (Herdegen and Leah, 1998; Makwana and Raivich,
2005). The increase in c-jun is present in all neuronal groups that project through
peripheral nerves and are capable of successful regeneration, including sensory
neurons, sympathetic neurons, motor neurons, and visceral motor neurons inner-
vating autonomic ganglia (Rutherfurd et al., 1992; Koistinaho et al., 1993; Herdegen
et al., 1993).

Neurons in the CNS that do not project through peripheral nerves, do show an
up-regulation of c-jun, but mostly only transiently and/or following axotomy very
near to the neuronal cell body (Dragunow, 1992; Mason et al., 2003; Schmitt et al.,
2003). Several lines of evidence point to a tight correlation between the ability to
regenerate and the post-traumatic expression of c-jun. Ola or WLDs mutant mice,
that show a four-week delay in anterograde or Wallerian degeneration in injured
peripheral nerves, also show a much more transient expression of c-jun in injured
sensory and motor neurons (Gold et al., 1994). The transplantation of peripheral
nerves, which serves as a regeneration-stimulating substrate to many central neu-
rons, is associated with a strong up-regulation of c-jun axotomized retinal ganglion
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cell neurons (Hull and Bahr, 1994; Robinson, 1995), as well as those in the striatum,
thalamus, substantia nigra, brainstem, and cerebellum (Anderson et al., 1998).
Moreover, antibody-mediated inactivation of central neurite growth inhibitory pro-
teins is also associated with an up-regulation of c-jun in the axotomized Purkinje cell
neurons (Zagrebelsky et al., 1998). At present, it is unclear if the local inflammatory
response plays a role. Local inflammation following intraganglionic Clostridium
diphtheriae injection caused a strong induction in previously uninjured neurons (Lu
and Richardson, 1995); on the other hand, the almost complete inhibition of local
inflammation in macrophage colony-stimulating factor (MCSF)-deficient animals
did not affect normal c-jun induction in motor neurons following facial nerve cut-
ting (Kalla et al., 2001).

13.7.2
Functional Role: Only Partial Overlap with Jun and JNK

In-vivo analysis of c-jun points to a bipotential or a double role of c-jun, in its ability to
enhance cell death as well as successful axonal regeneration (Herdegen et al., 1997;
Dragunow et al., 2000). As found in in-vitro investigations (Ham et al., 1995; Eilers et
al., 2001; Harding et al., 2001), functional in-vivo and in-situ studies concur that
enhanced expression of c-jun induces cell death. Striatal injection of an adenovirus
vector dominant-negative form of c-jun delayed the death of dopaminergic neurons
after transection of the medial forebrain bundle (Crocker et al., 2001). Similar in-
hibition was also observed in axotomized retinal ganglion cell neurons injected with
short interfering RNA (siRNA) against c-jun (Lingor et al., 2005). Purkinje cell pro-
moter (L7) -driven overexpression of c-jun also enhanced their cell death in orga-
notypic cell cultures (Carulli et al., 2002). These results were confirmed in a recent
study where removal of c-jun activity by cutting out the floxed jun gene in the CNS
using nestin-driven cre recombinase completely abolished neuronal cell death fol-
lowing facial axotomy (Raivich et al., 2004).

In addition to cell death, an absence of c-jun following nerve transection also
interfered with the cell body response to axonal injury. C-Jun-deficient motor neu-
rons were atrophic, and failed to activate neighboring microglia, to recruit blood-
borne lymphocytes, or to show perineuronal axonal sprouting. Compared with con-
trols that did not express cre, the neural jun-deficient mice displayed a four-fold
decrease in the speed of regeneration, the reinnervation target muscle and function-
al recovery. Expression of CD44, galanin, and a7b1 integrin – molecules known to be
involved in regeneration and to carry AP–1 responsive elements in their promoter
regions – was greatly impaired, suggesting a mechanism for c-Jun-mediated axonal
growth (Raivich et al., 2004). Taken together, these results identify c-Jun as a central
regulator of axonal regeneration and the overall neuronal cell body response in the
injured CNS.

Although axotomy activates the JNK system (Herdegen et al., 1998; Masui et al.,
2002), only part of the effects appears to be mediated through c-jun. Thus, replace-
ment of the two N-terminal serine phosphoacceptor sites (Ser63, Ser73) with alanine
inhibited PCD in retinal ganglion cell neurons after optic nerve cutting (Yoshida et
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al., 2002), but had no effect on adult facial motor neurons (Brecht et al., 2005; G.
Raivich and A. Behrens, unpublished results). Interestingly, the deletion of JNK3
protects motor neurons and dorsal root ganglia sensory neurons against neonatal
axotomy-induced death, but through mechanisms that are independent of c-jun
phosphorylation (Keramaris et al., 2005). On the whole, these data reinforce the
notion of only a partial overlap between the jun, and the JNK-mediated mechanisms
(Gelderblom et al., 2004), pointing to a considerable, independent role of these
injury-activated signaling kinases.

13.8
Conclusions

The strong neuronal expression of c-jun is a consistent feature of gene expression
during embryogenesis, following injury as well as during other forms of stimulation
in the adult organism. c-Jun is intensely up-regulated in ischemia and stroke, in
seizures, during learning and memory, or following axonal injury and during suc-
cessful regeneration. Functional studies employing in-vivo strategies using gene
deletion, targeted expression of dominant-negative isoforms and pharmacological
inhibitors all appear to confirm the bipotential role of c-jun, in mediating neuro-
degeneration and cell death, as well as in plasticity and repair. The phosphorylation
of c-jun, and the activation of its upstream kinases, is required in many – but not in
all – forms of these events, pointing to a complex picture, with only a partial overlap
of the jun-, JNK-, or JNKK(n)-dependent functions. Here, a better understanding of
the non-overlapping roles could considerably increase the potential of pharmaco-
logical agents to improve neurological outcome following trauma, neonatal ence-
phalopathy and stroke, or neurodegenerative disease.

Abbreviations

ASK1 apoptosis signal-regulating kinase 1
HI hypoxic-ischemic
JBD JNK binding domain
JIP1 JNK interacting protein
LTP long-term potentiation
MAPK mitogen-activated protein kinase
MCAO medial cerebral artery occlusion
MCSF macrophage colony-stimulating factor
MEK/MKK MAP kinase kinase
MEKK MAP kinase kinase kinase
PCD programmed cell death
SAPK stress-activated protein kinase
siRNA short interfering RNA
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Expression, Function, and Regulation of Transcription Factor
MEF2 in Neurons

Zixu Mao and Xuemin Wang

Abstract

Myocyte enhancer factor 2 (MEF2), a transcription factor originally identified as
playing a critical role in muscle differentiation, has been shown to play diverse roles
in an increasing number of non-muscle cells. The results of recent studies have
suggested that MEF2 is highly expressed in neurons and is critically involved in the
regulation of several important neuronal functions. Studies on MEF2 in neurons
have broadened the cellular processes which are controlled by MEF2 and revealed
novel regulatory mechanisms by which MEF2 is modulated. In this chapter, the
findings of MEF2 in neurons including its expression, function, and regulation by
several signal transduction pathways are discussed, and some of the recent progress
in identifying the mechanisms through which MEF2 activity is fine-tuned in cells is
summarized.

14.1
Introduction

Transcriptional regulation underlies the basis of diverse neuronal functions, includ-
ing differentiation, maturation, survival, and plasticity. The diverse ability that tran-
scription factor myocyte enhancer factor 2 (MEF2) displays in receiving and inte-
grating signals from several important regulatory pathways suggests that it may play
a dynamic role in neurons. Indeed, the results of recent studies have provided a
growing body of evidence to implicate MEF2 in the regulation of these fundamental
processes in neurons. In this chapter, our current understanding of MEF2, its bio-
chemical properties, expression, function, and regulation in neurons is described.
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14.2
The MEF2 Family of Transcription Factors

14.2.1
MEF2 Genes and Transcripts

Early studies of muscle differentiation revealed the presence of a DNA-binding
activity that specifically recognizes an A/T DNA sequence present in the regulatory
region of many muscle-specific genes (for a review, see Black and Olson, 1998).
Subsequent cloning experiments identified MEF2 as the factor that binds to the
A/T-rich sequence. Four vertebrate MEF2s – MEF2A, B, C, and D – have been
identified (Pollock and Treisman, 1991; Yu et al., 1992; Breitbart et al., 1993; McDer-
mott et al., 1993; Martin et al., 1994). Using unique MEF2 cDNA sequence on the
DNA of human-rodent hybrid clones, the location of MEF2A to D has been mapped
to human chromosomal regions 15q26, 19p12, 5q14, and 1q12–q23, respectively
(Hobson et al., 1995). Together, these findings verify the existence of at least four
distinct loci for members of this gene family.

All four vertebrate mef2 gene transcripts are alternatively spliced among coding
region exons to give rise to splicing variants (Fig. 14.1). MEF2A, C, and D have highly
similar gene structure and alternative splicing patterns in their coding exons.
MEF2A and D mRNAs have four potential distinct coding regions. For MEF2C,
there are eight potential variants because of the existence of an alternative cryptic
splice acceptor within exon 9 that gives rise to g variants. Recent findings have begun
to shed light on the potential functions of these alternatively spliced domains (see
below).

Fig. 14.1 Structure of MEF2 gene product. a, b, and g indicate alternative
splicing exons (g is MEF2C-specific).

14.2.2
Structure of MEF2 Proteins

The four MEF2 proteins, A-D, share a highly homologous N-terminal region (over
95% similarity) that spans the first 86 amino acid residues. This is followed by a
divergent large C-terminal transcriptional activation domain (TAD) (Fig. 14.2). The
N-terminal region is further divided into two subdomains (Black and Olson, 1998).
Amino acid residues 1 to 56 comprise the so-called MADS domain due to its se-
quence homology to transcription factors MCM1, Agamous, Deficiens, and Serum
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response factor. The MADS domain is a highly conserved structure motif that re-
gulates homeotic fate, growth, and differentiation of many organisms (Yun and
Wold, 1996; Ng and Yanofsky, 2001). The domain is required for mediating MEF2
hetero- or homo-dimerization, the binding of MEF2 to specific DNA sequence, and
the interaction between MEF2 and other transcription factors and regulators
(McKinsey et al., 2002). The next 30 or so amino acid residues share sequence
homology among the four MEF2 isoforms themselves, thus acquiring the name of
the MEF2 domain. Similar to MADS, MEF2 domain participates in mediating high-
affinity DNA binding and MEF2 dimer formation (McDermott et al., 1993; Molken-
tin et al., 1996a). Together, these two subdomains constitute the entire structural
requirement for specific DNA binding by MEF2.

Fig. 14.2 Schematic structure of MEF2 protein. TAD = transactivation domain;
iD = inhibitory domain; NLS = nuclear localization signal; P = phosphorylation
site; A = acetylation site; SUMO = sumoylation site.

Several groups have reported the crystal structure of N-terminal MEF2 (Huang et al.,
2000; Santelli and Richmond, 2000). Studies of MEF2A amino acid 2–78 bound to its
consensus DNA sequence show that, in contrast to SRF and MCM1, the MADS
domain in MEF2 binds to relatively unbent DNA (Santelli and Richmond, 2000).
The binding specificity is achieved through selecting a narrow minor groove and
making specific contacts with two base pairs per half-site. The MEF2 domain pro-
vides the primary contacting basis for MEF2–MEF2 dimer formation and interac-
tion with other regulators. Indeed, the crystal structure of the MADS-MEF2 domain
of human MEF2B bound to DNA and a motif of its transcriptional repressor Cabin1
reveals that Cabin1 binds to a hydrophobic groove on the MEF2 domain (Han et al.,
2003).

The larger C-terminal part of the MEF2 molecule is the region required for
MEF2–mediated transcription transactivation. Although the overall sequence ho-
mology in this region is low among the four MEF2 isoforms, it is interspersed with
several short stretches of segments with some degree of homology and containing
conserved key residues (Molkentin et al., 1996a; Yu, 1996). Several subdomain struc-
tures in TAD have been identified which appear able to activate transcription inde-
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pendently (Molkentin et al., 1996a; Yu, 1996). At least one of these, TAD2, is con-
served among MEF2 isoforms, and can be further delineated into several conserved
regions. How precisely these subdomains regulate MEF2 transcription activity is not
entirely clear. However, they may very well contain sites of post-translational modi-
fication which are important for mediating interaction between MEF2 and co-re-
gulatory molecules. Recent studies have demonstrated clearly that transcription
activation property of MEF2 is highly regulated (Han and Molkentin, 2000; McKin-
sey et al., 2002). Novel sites of regulation which reside outside the previously defined
transactivation subdomains are being discovered, suggesting that the structure-
function relationship of the C-terminus of MEF2 is far more complicated than our
current diagram depicts.

A bipartite nuclear localization sequence (NLS) is present near the very end of the
C-terminal region. Its presence and pattern of distribution seem to be conserved
among MEF2 isoforms (Borghi et al., 2001). Deletion studies have suggested that
MEF2 NLS is functionally required to properly target MEF2 and its interacting
protein HDAC4 to the nucleus. Although MEF2 is a nuclear transcription factor,
reports have been made that it may not reside constitutively in the nucleus, or it may
shuttle between the nuclear and cytoplasmic compartments under certain conditi-
ons (see below).

14.2.3
Specific Interaction Between MEF2 and DNA

MADS proteins recognize a canonical A/T-rich cis-element. Analysis of the regula-
tory region of MEF2 target genes in muscle allows the identification of the core motif
of MEF2 binding sequence as CT(A/t)(a/t)AAATAG (Yu et al., 1992). Interestingly,
in-vitro studies using a pool of degenerate oligonucleotides suggest that although
MEF2s present in the brain lysates bind to this same core motif, they seem to have
additional sequence constraints outside this core motif that are not observed in
sequences selected with muscle extracts (Andres et al., 1995). Since very few MEF2
targets in neurons have been identified, it remains to be determined whether MEF2
may indeed prefer a slightly different binding sequence in neurons than in muscle
cells.

Point mutation and deletion analysis demonstrates conclusively that MEF2 and
MADS domains mediate dimerization and DNA binding (Nurrish and Treisman,
1995; Molkentin et al., 1996a). Such studies indicate that the N-terminal half of the
MADS domain and entire MEF2 domain are mainly responsible for DNA binding.
The C-terminal half of MADS domain contributes primarily to the control of di-
merization. This conclusion is further refined by the crystal structure analysis show-
ing that protein-DNA contacts are confined to amino acids 1 to 36 (Santelli and
Richmond, 2000). The structure difference between the MEF2 domain and the
equivalent domain in other MADS box proteins such as SRF and MCM1 accounts
for the absence of cross-reactivity in DNA binding among them. Interestingly, mu-
tation studies reveal the presence of amino acid residues in MEF2 domain that are
not required for DNA binding but are essential for site-specific transcription, sug-
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gesting a functional interdependence between MEF2 domain and TAD (Molkentin
et al., 1996a).

14.3
Expression of mef2 in Neurons

Early tissue survey studies following the initial cloning of MEF2s confirmed that the
transcripts of MEF2 isoforms are expressed at high levels in muscle. However, what
is also evident from these earlier experiments is that MEF2 transcripts and proteins
are not restricted to muscle but are expressed at different levels in non-muscle
tissues, particularly in brain (McDermott et al., 1993). In fact, shortly after its initial
identification in muscle, MEF2C was also independently cloned from brain (Leifer
et al., 1993), underscoring its presence in the central nervous system (CNS). Indeed,
all MEF2 isoforms are expressed at variable levels in distinct, but overlapping, pat-
terns in the CNS during embryogenesis, as well as in the adult.

14.3.1
Expression of mef2 Transcripts in the Central Nervous System

mef2C is the first mef2 isoform the expression of which in the CNS was investigated
in some detail. Northern blot studies showed that mef2C mRNA is expressed at
variable levels in various parts of rat and human brain, including the cerebral cortex,
cerebellum, and basal ganglia (Leifer et al., 1993). More detailed in-situ hybridization
analysis revealed that mef2C transcript shows a striking laminar distribution in the
cerebral cortex with consistently stronger signals in the outer layers of the neocortex
than in the infragranular layers and striatal neurons. This general pattern of highly
variable and region-specific expression of mef2C transcript in the CNS is also seen
in other mef2 isoforms and in quail, mouse, and Drosophila (Ikeshima et al., 1995;
Lyons et al., 1995; Schulz et al., 1996; Xue et al., 2000). Studies of the four mef2 gene
transcripts in the mouse CNS perhaps offer the most comprehensive illustration of
the dynamic nature of their expression. In mouse brain, each of the four mef2 genes
is expressed in the front cortex, midbrain, thalamus, hippocampus, and hindbrain
by 13.5 days pre-coitus (dpc). The temporal and spatial patterns of each mef2 gene
evolve during embryogenesis, which appears to follow the gradients of neuronal
maturation and correlates with withdrawal of neurons from the cell cycle (Schulz et
al., 1996). Together, studies of mef2 gene expression suggest a role of this subfamily
of MADS proteins in neuronal differentiation. The expression of mef2 genes in the
CNS is summarized in Table 14.1.
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14.3.2
Expression of MEF2 Proteins in Neurons

Although the pattern of mef2 transcripts in the CNS is consistent with neuronal
expression, direct proof of this point came from a combination of immunohisto-
chemical analysis of brain tissues and immunocytochemical analysis of cultured
neurons. MEF2C immunoreactivity in brain slice shows a laminate pattern with
stronger staining in the outer cortical layers that is consistent with the observed
pattern of its transcript (Leifer et al., 1994). Immunocytochemistry studies of pri-
mary culture of cortical and cerebellar granule neurons showed co-localization of
MEF2 and neuronal marker TuJ–1, demonstrating clearly the neuronal nature of the
MEF2–positive cells (Mao et al., 1999). Consistent with this observation, MEF2C
does not co-localize with glia marker GFAP. More importantly, anti-MEF2C anti-
body does not stain proliferating neuronal precursors identified in culture by BrDU,
suggesting that MEF2C-positive neurons are postmitotic. Consistent with this, a
high level of MEF2C protein is expressed at embryonic day (E) 17 to 21 in the cortical
plate where postmitotic neurons further differentiate and mature. In contrast, there
is little MEF2C expression in the ventricular zone where the dividing neuronal
precursors reside. The exact point at which postmitotic neurons start to express
MEF2C is still unclear. Close examination of E17 to E21 rat brain seems to suggest
that some neurons may start to express MEF2C soon after they leave the ventricular
zone and begin to migrate along the radial glial cells. The level of MEF2C begins to
decline in the cortical region sometime after birth and is reduced to a low level by 2
weeks after birth.

In the cerebellum, MEF2A and D proteins appear to be the dominant species,
although MEF2C is also expressed (Leifer et al., 1994; Mao et al., 1999). There,
MEF2A and D are detectable at the inner half region of the external granule layer of
P6 rat brain, where the granule neuron precursors have stopped dividing and are
preparing to migrate through the Purkinje layer into the internal granule layer.
MEF2A and D are expressed at high levels by the internal granule neurons (Mao et
al., 1999). Interestingly, Purkinje neurons also express high levels of MEF2s.

Table 14.1 MEF2 gene expression in mouse brain

Adult E14.5
2A 2B 2C 2D 2A 2B 2C 2D

Cerebral cortex + +++ +++ ++ – ++ +++ ++
Cerebellum + – + ++ – – + +
Hippocampus +++ +/– ++ +++ – + +++ +
Thalamus +++ – ++ ++ ++ + + +
Midbrain – ++ +++ ++ + – ++ ++

E14.5, embryo day 14.5
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Taken together, the results of these studies suggest that the MEF2 proteins largely
follow the patterns of their transcripts in the CNS and are robustly expressed in
postmitotic neurons. However, to date, there have not been any comprehensive
immunohistochemical studies that systemically examine the expression of each
MEF2 protein in the CNS.

14.4
Function of MEF2 in Neurons

The robust expression of MEF2 transcripts and proteins in neurons correlates well
with the strong MEF2 activity determined by either DNA binding or MEF2–depend-
ent reporter gene assays, suggesting that MEF2s in neurons are functional.

14.4.1
The Role of MEF2 in Neuronal Differentiation

Several lines of evidence suggest that MEF2 may regulate neuronal differentiation.
First, the expression patterns of mef2 genes correlate closely with neuronal matura-
tion during development of the CNS (see above). Second, the expression of MEF2
proteins increases significantly following exit of cell cycles in developing neurons
and remains at high levels during early stages of development (Mao et al., 1999). Its
level in neurons decreases after the early stage of development. Third, the increase
in MEF2 levels coincides with an increase in the expression of neuronal markers
such as TuJ1. Fourth, MEF2 protein interacts physically with the neurogenic basic
helix-loop-helix (bHLH) transcription factor MASH–1, a protein implicated in the
development of neurons, to synergistically regulate target gene expression (Black et
al., 1996; Mao and Nadal-Ginard, 1996). Fifth, in chemical-induced neuronal differ-
entiation of P19 cells, the expression of specific isoforms of MEF2s correlates with
the onset of neuronal differentiation (Mao and Nadal-Ginard, 1996). Furthermore,
forced expression of MEF2C induces the expression of MASH1, neuN, as well as
neurofilament protein NF68 in aggregated P19 cells, and facilitates their differentia-
tion into neurons (Skerjanc and Wilton, 2000). However, these data remain largely
correlative. More direct evidence to link MEF2 to mechanisms of neuronal differen-
tiation is still lacking.

14.4.2
The Role of MEF2 in Neuronal Survival

Searching the function for MEF2 has uncovered an unexpected role of MEF2 in
neuronal survival. The first clue that MEF2 regulates the survival of neurons came
from experiments where several dominant-negative mutants of MEF2 were overex-
pressed in primary cortical neurons cultured from E17 rat brain to block the func-
tion of endogenous MEF2 (Mao et al., 1999). The inhibition of MEF2 induced neu-
ronal apoptosis. Inhibition of MEF2 by the same approach in E14 cortical neurons
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during neurogenesis and differentiation induced neuronal death with a kinetic that
parallels the expression of endogenous MEF2. The role of MEF2 in neuronal surviv-
al was tested in cerebellar granule neurons cultured in the presence of membrane-
depolarizing concentration of potassium chloride (25–30 mM), a well-characterized
model which is used widely to mimic neuronal activity-dependent survival. Similar-
ly, inhibition of MEF2 also blocked neuronal activity-induced survival of primary
cerebellar granule neurons. Conversely, enhancing MEF2 function by over-expres-
sion of a constitutively active form of MEF2 rescued neurons from survival factor-
withdrawal induced death. Together, these results suggest that MEF2 is both neces-
sary and sufficient for the survival of different types of neurons.

The key observation that MEF2 is an important regulator of neuronal survival was
subsequently re-confirmed by several studies using other neuronal survival para-
digms. For example, reducing MEF2 activity during retinoic acid induced-neuronal
differentiation of P19 cells also resulted in neuronal apoptosis (Okamoto et al.,
2000). Similarly, MEF2 is required for BDNF-mediated survival of E17 cortical (Liu
et al., 2003) and newly generated cerebellar granule neurons (Shalizi et al., 2003).
The concept that MEF2 regulates cellular survival has also been extended to other
types of cells. For example, the deletion of big mitogen-activated protein kinase 1
(BMK1; also known as ERK5) led to apoptosis of endothelial cells due to the loss of
positive regulation of MEF2C by ERK5. The enhancement of MEF2 protected end-
othelial cells from apoptosis (Hayashi et al., 2004).

While MEF2 prevents neuronal death in several of the survival paradigms tested, it
was interesting to note that its activity is not always required for the survival of
neurons. The first example of this was an observation made when a dominant-nega-
tive MEF2 was expressed in E14 primary cortical neurons (Mao et al., 1999). In this
experimental paradigm, neuronal apoptosis was much delayed compared to the E17
model. This delay coincided with a window period when neuronal precursors ex-
press little or no endogenous MEF2, suggesting that MEF2 is not required for the
survival of neuronal precursors or neurons at a very early stage of development.
Consistent with this, MEF2 was shown to protect E17 cortical neurons against
BDNF withdrawal-induced death, though it does not seem to offer protection for P0
(postnatal day 0) cortical neurons (Liu et al., 2003). Similarly, MEF2 activity is re-
quired for BDNF-enhanced survival of newly generated (cultured for 3 days in vitro
from P6 rat) but not older (8 days in vitro) cerebellar granule neurons (Shalizi et al.,
2003). These latter two studies exemplify that MEF2 may not mediate the survival of
more mature neurons. Collectively, these findings suggest that there may be a criti-
cal window during the early stages of neuronal development when MEF2 function is
required for neuronal survival. Whether there are other window periods or condi-
tions under which MEF2 activity is required for survival remains to be determined.
Taken together, these findings provide additional support that the survival effect of
MEF2 observed is specific and most likely reflects a genuine function of endogenous
MEF2.

How exactly MEF2 promotes neuronal survival is not entirely clear. One possibility
is that MEF2 promotes survival of neurons by regulating the expression of surviv-
al-related genes. One recent study supported this simple and straightforward hy-
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pothesis. For example, in response to BDNF, MEF2 has been shown to participate in
the regulation of neurotrophin–3 (nt3) gene expression (Shalizi et al., 2003). NT3 is a
well-characterized neurotrophic factor that is known to play an important role in
supporting neuronal survival. This provides an example that MEF2 directly enhan-
ces the expression of pro-survival genes. However, the close temporal correlation of
neuronal differentiation and the narrow window when MEF2 functions to promote
survival raises the possibility that the roles of MEF2 in these two processes may be
intricately related. It is possible that MEF2’s role in promoting differentiation may
contribute, in part, to neuronal survival. Promoting differentiation by MEF2 in a
timely and orderly manner may help guard neurons against improper triggering of
death mechanisms. On the other hand, it is also likely that activating adequate
survival mechanisms by MEF2 may be a prerequisite for proper neuronal differen-
tiation. Further experiments are needed to delineate these different possibilities.

14.4.3
Regulatory Targets of MEF2 in Neurons

In contrast to the wealth of information available on the regulatory targets of MEF2
in muscle, relatively little is known about the identities of the MEF2–controlled
genes in neurons. However, some published studies have suggested that MEF2
participates in the regulation of neuronal-specific or enriched genes. Using the
neuronal differentiation of P19 cells as a model, it has been shown that forced
expression of MEF2C in P19 cells aggregated with dimethyl sulfoxide facilitates
neurogenesis (Skerjanc and Wilton, 2000). This correlates with increased expressi-
on of several neuronal proteins including neuronal-specific transcription factor
MASH1 and neurofilament protein NF68, suggesting that MEF2C may regulate
their expression during neuronal differentiation. However, it remains to be deter-
mined whether MEF2C promotes the expression of these genes through direct
activation of their promoters.

Two potential direct targets of MEF2 have been reported in neurons. The first
example is the regulation of NR1 subunit of N-methyl-D-aspartate (NMDA) subtype
of glutamate receptor, a protein which is critically involved in neuronal develop-
ment, plasticity, and cell death (Krainc et al., 1998). Analysis of the promoter of NR1
reveals the presence of a MEF2 DNA binding site in its regulatory region. MEF2
cooperates with transcription factor SP1 to synergistically activate the NR1 promot-
er. However, the role of MEF2 may be relatively limited in NR1 regulation since
disruption of its DNA binding site only moderately reduces NR1 promoter activity in
neurons. Nevertheless, this study highlights the versatility of MEF2 in controlling
gene expression in conjunction with other factors. This theme is echoed by a later
study on the regulation of the nt3 gene by MEF2 (Shalizi et al., 2003). There, MEF2 is
proposed to cooperate with transcription factor CREB at the NT–3 promoter to
regulate its expression in response to BDNF stimulation.

In addition to tissue-specific genes, MEF2 has also been shown to regulate the
expression of genes expressed more broadly. For example, promoter analysis dem-
onstrates that MEF2 mediates the expression of the c-jun gene in several cell types,
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including HeLa cells, Jurkat T cells, and monocytic cells (Han and Prywes, 1995;
Ornatsky and McDermott, 1996; Coso et al., 1997). However, whether and under
what condition MEF2 may regulate the expression of c-jun in neuronal cells remains
to be determined. Undoubtedly, the control of many of the important regulatory
targets by MEF2 may be cellular context and stimulus-specific. The importance of
this is underscored by the finding that in T cells, MEF2 promotes apoptosis by
up-regulating a pro-apoptotic gene nur77 (Youn et al., 1999). Clearly, target selection
by MEF2 in itself is a point of regulation. With the development and improvement of
microarray, chromatin immunoprecipitation, and bioinformatic approaches, one
should expect to see rapid advance in identifying direct MEF2 targets in neurons.

14.5
Regulation of MEF2 in Neurons

One of the most exciting areas in MEF2 research is the advance in our understand-
ing of how MEF2 activity is regulated in cells. Although many of the basic regulatory
mechanisms were initially revealed in non-neuronal systems, some of them have
been verified to regulate MEF2 in neurons. In addition, regulatory mechanisms that
are revealed in and may be (to some degree) unique to neurons have also begun to
emerge. Collectively, these studies demonstrate convincingly that multiple signal-
ing pathways converge on MEF2. This leads to timely and precise regulation of
MEF2 activity in response to a diverse array of stimuli. The regulation of MEF2
function is quite complex, and is coordinated at multiple levels. This may involve
steps that control mRNA alternative splicing, translation, transactivation domain
activity, DNA binding, subcellular localization, and stability, which are modulated
through MEF2 phosphorylation, acetylation, sumoylation, and interaction with oth-
er cofactors.

14.5.1
Regulation of MEF2 Transactivation Potential

Structurally, the transactivation domain located at the C’ portion of MEF2 consti-
tutes the majority of the mass of the MEF2 molecule. Therefore, it is probably not
surprising that this domain has also received the most attention. It is quite evident
that the activity of TAD is highly regulated. Regulation of TAD may involve Ca2+

signal, p38 MAPK signaling pathway, ERK5 pathway, or cyclin-dependent kinase 5
(Cdk5), depending on the stimuli and paradigms used.

A yeast two-hybrid screening with p38 MAPK as bait first revealed that p38 MAPK
directly phosphorylates MEF2C (Han et al., 1997; Han and Molkentin, 2000). Later
studies confirmed that each of the four p38MAPK isoforms (a, b, g, and d) can
phosphorylate MEF2 at multiple sites. For example, MEF2C is phosphorylated at
Thr293, Thr300, and Ser387, and MEF2A at Thr312 and 319, respectively (Zhao et
al., 1999). Phosphorylation of MEF2A and C by p38 MAPK enhances their tran-
scriptional activation activity in a MEF2–dependent reporter gene assay. The effi-
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cient target of MEF2A and C by p38 is mediated by a conserved docking domain
present between amino acids 266 to 282 in MEF2A, and between amino acids 249 to
264 in MEF2C (Yang et al., 1999). Interestingly, MEF2D lacks this p38 docking
domain in its sequence, providing an explanation as to why MEF2D is not a p38
target. However, the new member of MAPK family, ERK5, directly phosphorylates
multiple isoforms of MEF2 including MEF2D (Yang et al., 1998; Marinissen et al.,
1999; Kato et al., 2000). Similar to the regulation by p38 MAPK, phosphorylation by
ERK5 also increases the transcriptional potential of MEF2.

The relevance of p38 MAPK-mediated regulation of MEF2 in neurons was first
confirmed in a study in which the role of this pathway was tested in an activity-de-
pendent survival model (Mao et al., 1999). Neuronal activity-induced survival of
cerebellar granule neurons was blocked by the inhibition of p38 MAPK pathway via a
dominant negative p38 MAPK. Conversely, neuronal death following neuronal ac-
tivity withdrawal was attenuated by constitutive activation of MKK6–p38MAPK-
MEF2 pathway. More importantly, p38 MAPK-mediated survival requires phos-
phorylation and activation of MEF2. Overexpression of a MEF2 mutant that cannot
be phosphorylated by p38 blocked membrane depolarization- and p38 MAPK-in-
duced neuronal survival. This study established the role of p38 MAPK-MEF2 in
neuronal survival, a conclusion later confirmed in the neurogenesis model of P19
cells (Okamoto et al., 2000).

The regulation of MEF2 by ERK5 was first shown in Chinese hamster ovary (CHO)
cells. For MEF2C, ERK5 phosphorylates Ser387 to activate its transcriptional activity
(Yang et al., 1998; Marinissen et al., 1999; Kato et al., 2000). In contrast to p38 MAPK,
ERK5 also interacts with and directly phosphorylates MEF2D in addition to MEF2A
and C. However, there are conflicting reports on whether phosphorylation of
MEF2D by ERK5 regulates its activity. One study showed that phosphorylation of
MEF2D at Ser179 by ERK5 is required for its enhanced transcriptional activity in
response to EGF stimulation in transfected HeLa cells. However, other studies
indicated that phosphorylation of the same site cannot account for ERK5–mediated
enhancement of MEF2D transcription potential in response to PMA/ionomycin
treatment in DO11.10 hybridomas. Additional transfection studies performed in
COS cells demonstrated that ERK5 specifically up-regulates the activity of MEF2A
and C, but not of MEF2D. The reason for these differences is not clear, although it is
possible that the regulation of MEF2D by ERK5 may be stimulus or cellular context-
dependent.

Two separate studies have addressed the issue of whether ERK5 regulates MEF2 in
neurons. Using a BDNF-mediated survival model, it was shown that BDNF protects
E17 cortical neurons against trophic withdrawal-induced death in an ERK5–depend-
ent mechanism. The transfection of a dominant-negative ERK5 mutant blocked
BDNF-induced survival. Overexpression of a constitutively active form of MEF2,
MEF2C-VP16, attenuated the neuronal death induced by the dominant-negative
ERK5. Blocking MEF2 function also attenuated BDNF-induced, ERK5–dependent
survival. Together, these data demonstrate that ERK5–mediated survival effect of
BDNF requires the activity of its downstream target MEF2. This conclusion is sup-
ported by the findings of a second study that specifically investigated the role of the
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ERK5–MEF2 pathway in newly generated cerebellar granule neurons. Similar to the
findings made in cortical neurons, disruption of the ERK5–MEF2 signaling pathway
blocked BDNF-induced survival of young cerebellar granule neurons.

The results of the above studies have demonstrated the positive regulation of
MEF2 by phosphorylation. The clue that phosphorylation may also negatively regu-
late MEF2 came from a study where MEF2A protein was observed to migrate at a
slower rate in cerebellar granule neurons upon withdrawal of neuronal activity sup-
port (Mao and Wiedmann, 1999; Li et al., 2001). The slow migration of MEF2A is due
to hyperphosphorylation, which correlates with reduced MEF2 activity, suggesting
that hyperphosphorylation inhibits its function. Subsequent studies identified Cdk5
as a negative regulator of MEF2 in neurons (Gong et al., 2003). Neurotoxins activate
nuclear Cdk5 kinase activity. Activated Cdk5 directly phosphorylates MEF2 at a
conserved serine residue present in the C’ transactivation domain (Ser 408 and
Ser444 for MEF2A and D, respectively). Phosphorylation of MEF2 by Cdk5 inhibits
its transcriptional potential and induces neuronal apoptosis. Overexpression of a
MEF2 mutant that is resistant to Cdk5–mediated phosphorylation rescues MEF2–de-
pendent gene transcription activity and prevents neurons from oxidative stress- or
excitotoxin glutamate-induced death. This study establishes phosphorylation and
inhibition of MEF2–dependent survival function by Cdk5 as a critical mechanism
that mediates toxin-induced neuronal death. Interestingly, unlike neuronal activity
withdrawal, the activation of Cdk5 by neurotoxins does not seem to alter the pattern
of MEF2 migration, suggesting that the hyperphosphorylation of MEF2 observed
following neuronal activity withdrawal may be due to the activities of yet-to-be-iden-
tified additional negative regulators. Although the identity of these kinases remains
to be revealed, the phosphatase that counters the inhibitory effect of these kinases
has been identified. In cerebellar granule neurons, the calcium-sensitive protein
phosphatase calcineurin seems to be required to maintain MEF2 in a hypophos-
phorylated and active state. Inhibition of calcineurin alone is sufficient to recapitu-
late neuronal activity withdrawal-induced hyperphosphorylation and inhibition of
MEF2, suggesting that calcineurin either directly or indirectly de-phosphorylates
MEF2 in neurons.

In addition to phosphorylation, recent studies have shown that MEF2 transcripti-
onal activity is also regulated by other means of modification. For example, acetylase
p300 interacts with MEF2 and enhances MEF2 function by acetylating lysine resi-
dues at its C-terminal transactivation domain (Ma et al., 2005). Mutation of these
lysines affects MEF2 transcriptional activity and its synergistic effect with another
transcription factor myogenine. Overexpression of these mutants blocks myogenic
differentiation. Similarly, the C-terminal domain of MEF2C and D has been shown
recently to be modified by SUMO2 and SUMO3 (Gregoire and Yang, 2005). Su-
moylation inhibits MEF2 transcriptional activity. The SUMO protease SENP3 re-
verses this inhibitory effect and augments the myogenic activity of MEF2. Together,
these findings encourage an examination of the role of other modifications of MEF2
in neurons.



29714.5 Regulation of MEF2 in Neurons

14.5.2
Regulation of MEF2 DNA Binding

Biochemical studies have identified two phosphorylation sites in the N terminus of
MEF2. Casein kinase II phosphorylates the conserved Ser59 in the MEF2 domain to
increase MEF2 DNA binding (Molkentin et al., 1996b). However, phosphorylation
of this site appears to be constitutive instead of inducible. Protein kinase A (PKA)
phosphorylates the conserved Thr20 residue present in the MADS domain in vitro
(Wang et al., 2005). A recombinant MEF2 fragment phosphorylated at Thr20 by PKA
in vitro shows enhanced activity by in-vitro DNA-binding assay. Although it is not
clear whether Thr20 is phosphorylated in vivo, activation and inhibition of the
cAMP-PKA signaling pathway correlates well with the increase and decrease in
MEF2 DNA binding activity, respectively, consistent with the notion that cAMP-
PKA pathway functions to regulate MEF2 in neurons.

In addition to phosphorylation, MEF2 DNA-binding activity is also regulated
through interaction with other proteins. For example, the repressor protein Ki–1/57
binds to the N terminus of MEF2C to inhibit its DNA binding. MEF2 is acetylated by
transcription co-activator p300 in vitro and in cells. Although the acetylation sites are
mapped to the transactivation domain of MEF2, acetylation of these conserved sites
enhances not only its transcriptional activity but also its DNA binding potential (Ma
et al., 2005). These sites are functionally important, since overexpression of non-
acetylatable MEF2 mutants inhibited myogenic differentiation. These studies un-
derscore the complexity of intra-molecular/inter-domain regulation of MEF2 func-
tion.

14.5.3
Regulation of MEF2 Stability

Recent studies have demonstrated that the control of MEF2 stability represents a key
mechanism of regulation in neurons. Neuronal activity withdrawal or neurotoxic
stress induces a clear and gradual decline of MEF2 protein levels in cerebellar gran-
ule neurons, which accompanies neuronal apoptosis (Tang et al., 2005). This ap-
pears to involve in part a caspase-dependent degradation step in vivo, since the
inhibition of caspase protects MEF2 from degradation (Li et al., 2001). Further
studies showed that co-incubation of MEF2 generated in vitro with several caspases
results in specific cleavage of various MEF2 isoforms. However, in contrast to the
efficient degradation in neurons, the cleavage of MEF2 generated in vitro seems to be
highly inefficient, generating very limited degradation products (Okamoto et al.,
2002). The results of a recent study provide an explanation for this. It appears that for
MEF2 to be cleaved efficiently by caspase–3, it must be phosphorylated by Cdk5
(Tang et al., 2005). One model that emerged from this study was that excitotoxin
activates Cdk5, which leads to Cdk5–dependent phosphorylation of MEF2A and D.
This phosphorylation facilitates caspase-mediated degradation of MEF2 (Fig. 14.3).
Blocking Cdk5 by either a dominant-negative Cdk5 mutant or its pharmacological
inhibitor attenuated MEF2A and D degradation. A MEF2 in which the Cdk5 phos-
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phorylation site was mutated became highly resistant to caspase-induced degrada-
tion, both in vitro and in neurons, and was more efficient than wild-type MEF2 in
rescuing neurons from neurotoxin- or Cdk5–induced apoptosis. Consistently,
MEF2C isoform which is not phosphorylated by Cdk5 in granule neurons in re-
sponse to excitotoxicity was not cleaved. These findings suggest that Cdk5 and cas-
pases are coordinated to regulate MEF2 stability, thereby controlling the viability of
cells upon neurotoxic insult. The means by which phosphorylation by Cdk5 makes
MEF2 a better caspase substrate are still unclear, although it is conceivable that such
phosphorylation leads to a change in MEF2 conformation that allows better access to
the cleavage sites by caspases.

Fig. 14.3 Model of neurotoxin-induced phosphorylation and degradation of MEF2.

Phosphorylation-dependent regulation of MEF2 stability is certainly not limited to
neurons. Biochemical studies have shown that phosphorylation of MEF2 at sites
distinct from the Cdk5 site by yet-to-be-identified kinase(s) also regulates MEF2
stability in non-neuronal cells. For example, Ser255 of MEF2A becomes phospho-
rylated when p38MAPK activity is enhanced. Mutation of Ser255 to aspartic acid
destabilizes MEF2A and leads to its degradation in COS7 cells (Cox et al., 2003). It is
not known if, and under what conditions, Ser255 is phosphorylated in neurons.
Neither is it clear whether Ser255 phosphorylation-induced degradation involves
caspase. However, this study serves as a reminder that regulation of MEF2 stability
may be a far more delicate process.

14.5.4
Regulation of MEF2 Subcellular Localization

MEF2 proteins normally reside in the nuclear compartment in most cells examined,
although its proper targeting to the nucleus requires the nuclear localization signal
present in the C terminus of MEF2 (Yu, 1996). Interestingly, it was reported that in
embryonal rhabdomyosarcoma cells MEF2 is present in the cytoplasm. In these
cells, the withdrawal of serum induces nuclear translocation of MEF2, providing a



29914.5 Regulation of MEF2 in Neurons

unique example of cytoplasm to nuclear shuttling of MEF2 (Chen et al., 2001). One
study examined the effect of transforming growth factor b (TGF-b) on the differen-
tiation of myogenic cells and reported that, when these cells are grown at high
density, TGF-b induces a nucleus to cytoplasm translocation of MEF2 (De Angelis et
al., 1998). However, this translocation has not been observed by others under similar
experimental conditions (Quinn et al., 2001). To add another layer of complexity,
interaction of MEF2 with its co-regulators can alter its subnuclear localization. For
example, the co-expression of a steroid receptor cofactor GRIP–1 was found to re-
cruit MEF2 into a punctate subnuclear structure, which is disrupted by cyclin
D-Cdk4 (Lazaro et al., 2002). Taken together, the results of these studies point to
cytoplasm-nucleus shuttling and subnuclear localization as a potentially important
mechanism to regulate MEF2 function. However, the role that this mechanism
might play in neurons remains to be determined.

14.5.5
Regulation of MEF2 by Alternative Splicing

Early studies of different splicing variants of MEF2C in brain and muscle showed
that exon b is preferentially expressed in brain, but not in muscle (McDermott et al.,
1993), providing the first example of tissue-specific alternative splicing. Further
evidence to support this conclusion came from studies that showed exon a2 of
MEF2D to be specifically expressed in differentiated, but not in undifferentiated,
muscle tissue or myogenic cells. More recent studies showed that MEF2s with exon
b seem to be more potent in activating MEF2 responsive reporter gene expression
than MEF2s without exon b, suggesting that alternative splicing variants may pro-
cess distinct regulatory capabilities in vivo (Zhu et al., 2005). As discussed above,
Cdk5 is a critical regulator that directly phosphorylates MEF2A, C, and D. Coinci-
dentally, the conserved putative Cdk5 phosphorylation site in MEF2C resides in the
alternative splicing exon g, a domain unique to MEF2C (Gong et al., 2003). This
raises the possibility that, depending upon whether exon g is present, MEF2C may
respond to Cdk5 regulation differently in neurons.

14.5.6
Regulation of MEF2 by Interaction with Co-Regulators

An important aspect of MEF2 regulation is achieved through its interaction with a
diverse array of cofactors. These include specific transcription factors, general tran-
scriptional activators and repressors, and adaptor/chaperon proteins.

Studies from many laboratories have shown that MEF2 can interact with many
different transcriptional factors to synergistically regulate target gene expression in
a variety of cellular models. Almost exclusively, this interaction is mediated through
the MADS-MEF2 domain of MEF2. Rather than a complete summary of all the
transcription factors that have been shown to interact with MEF2, two examples of
MEF2 interaction with neuronal specific and with broadly expressed transcription
factors are provided to illustrate the versatility of MEF2 in neurons. MEF2 interacts
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with the bHLH transcription factor MASH1 to regulate gene expression. This inter-
action is mediated through the MADS-MEF2 domain of MEF2 and bHLH region of
MASH1 (Black et al., 1996; Mao and Nadal-Ginard, 1996). This interaction allows
MEF2 and MASH1 to activate gene expression through their respective DNA-bind-
ing sites in a cooperative and synergistic manner. Interestingly, MEF2 can also
cooperate with MASH1 through protein interaction alone without having to bind to
DNA, thereby providing an operation mode that potentially could significantly
expand its regulatory targets. To underscore the importance of cooperativity, MEF2
can also cooperate with the broadly expressed transcription factors SP1 and CREB to
regulate the promoters of the neuronal gene NMDA receptor subtype NR1 and
trophic factor NT3, respectively (Krainc et al., 1998; Shalizi et al., 2003).

Transcription repressor histone deacetylases (HDACs) silence gene expression
through deacetylating the N-terminal tails of core histones, which causes ensuing
chromatin condensation (McKinsey et al., 2001). HDACs are classified into three
groups (I, II, and III) based on their homology to distinct yeast HDACs. Members of
class II HDACs (HDACs 4, 5, 7, and 9) interact with MEF2 through its MADS-MEF2
domain. This interaction brings HDACs close to MEF2 target genes and represses
their expression. A truncated form of HDAC 9, termed MEF2–interacting transcrip-
tion repressor (MITR), lacks intrinsic HDAC activity. It binds MEF2 and inhibits its
gene transcription by recruiting additional co-repressors HDACs or CtBP (Zhang et
al., 2001). The interaction between HDACs and MEF2 is regulated by calcium/cal-
modulin-dependent protein kinase (CaMK). CaMK IV and I directly phosphorylate
two conserved serines at the N-terminus of class II HDACs. This creates docking
sites for intracellular chaperone protein 14–3–3. The binding of 14–3–3 to HDACs
disrupts its interaction with MEF2, resulting in the nuclear export of HDACs and
releasing MEF2 from repression (McKinsey et al., 2000). In addition to its chaperone
role, 14–3–3 can also associate with MEF2D directly and enhance its activity. The
role of the HDAC-mediated regulation of MEF2 has just begun to be explored in
neurons. In cerebellar granule neurons, the withdrawal of neuronal activity induces
a rapid cytoplasm-to-nuclear translocation of HDAC5 (Linseman et al., 2003). Blo-
cking CaMKII expression mimics this effect. This is accompanied by loss of MEF2
activity and neuronal viability, suggesting that HDAC plays a role in silencing
MEF2–dependent gene expression in activity withdrawal-induced death.

14.5.7
Regulation of MEF2 by Calcium Signaling

Many of the regulatory mechanisms described above are sensitive to calcium signal-
ing, linking calcium-dependent pathways to MEF2–mediated gene response
(McKinsey et al., 2002). Calcium-dependent regulation of MEF2s is briefly summa-
rized below, with some of their functional relevance in neurons remaining to be
demonstrated.

CaMK, in response to a calcium signal, regulates MEF2 by at least two mecha-
nisms. First, CaMKIV and I phosphorylate and remove the repressive effect of
HDACs on MEF2. Second, CaMKIV may also directly phosphorylate MEF2D and
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enhance its function. However, the specific sites of regulation in MEF2D have not
been identified and there is also no evidence that CaMKIV directly regulates other
MEF2 isoforms.

Calcineurin, a calcium/calmodulin-sensitive protein phosphatase, signals to
MEF2 in response to neuronal activity. Membrane depolarization promotes neu-
ronal survival by a calcineurin-dependent mechanism that involves the dephos-
phorylation of MEF2A and D, thus keeping them in a hypophosphorylated and
active state (Mao and Wiedmann, 1999; Li et al., 2001). Calcineurin-dependent regu-
lation of MEF2 appears to be responsible for a hypertrophic response in functionally
overloaded and electrically stimulated mouse muscle cells. Calcineurin activates
MEF2 by facilitating NFAT nuclear translocation, which associates with MEF2 and
recruits coactivator p300 (Youn et al., 2000). Whether calcineurin can directly de-
phosphorylate MEF2 remains to be definitively determined.

Calmodulin regulates MEF2 by several mechanisms. It associates with and dis-
rupts the MEF2–HDAC complex (Youn et al., 1999); facilitates CaMK-dependent
phosphorylation of HDACs; and binds to Cabin1, a transcriptional repressor, and
possibly prevents Cabin1 from associating with and inhibiting MEF2. Interestingly,
Cabin1 also inhibits MEF2 through several mechanisms: (a) by recruiting class I
HDACs to MEF2; (b) by attenuating calcineurin function; and (c) by preventing the
association between MEF2 and ERK5.

MAP kinases are sensitive to calcium signals. In cerebellar granule neurons, mem-
brane depolarization activates voltage-sensitive calcium channels and causes calci-
um influx. This induces a p38 MAPK-dependent activation of MEF2 (Mao et al.,
1999). Blocking either p38 or MEF2 inhibits calcium-mediated survival. A calcium
signal has also been shown to stimulate the interaction between ERK5 and MEF2 in
T cells (Kasler et al., 2000). In neurons, MEF2 function is required for ERK5–medi-
ated neuronal survival.

14.6
Future Studies

It is clear that MEF2 is a dynamic molecule, and is a key target of many signaling
pathways. Its pattern of expression in brain raises many interesting functional ques-
tions that remain to be answered. Definitive proof as to if and how MEF2 may be
involved in neuronal differentiation is still lacking. The mechanisms by which
MEF2 supports neuronal survival need to be fully explored, and the target genes of
MEF2 in neurons remain to be identified. Different roles of various MEF2 isoforms
and splicing variants in neurons also require further study. Some of the key regu-
latory mechanisms initially identified in other cell types should be verified in neu-
rons, and an understanding these in developing and mature neurons should allow
us to assess the function of MEF2 under both physiological and pathological con-
ditions.
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bHLH basic helix-loop-helix
CaMK calcium/calmodulin-dependent protein kinase
CHO Chinese hamster ovary
CNS central nervous system
dpc days pre-coitus
HDAC transcription repressor histone deacetylase
MEF2 myocyte enhancer factor 2
MITR MEF2–interacting transcription repressor
NLS nuclear localization sequence
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nt3 neurotrophin–3
PKA protein kinase A
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RORa: An Orphan that Staggers the Mind

Peter M. Gent and Bruce A. Hamilton

Abstract

RORa is a nuclear receptor family member closely related to the retinoic acid recep-
tors. A spontaneous null mutation of the mouse Rora gene in the staggerer mouse
blocks the differentiation of cerebellar Purkinje cells, resulting in a hypoplastic
cerebellum and congenital ataxia. Recent studies have identified several direct tran-
scriptional targets of RORa in developing Purkinje cells, including a mitogenic
signal to granule cell precursors, Sonic hedgehog, and genes required for postsynaptic
reception of granule parallel fiber inputs, including metabotropic glutamatergic and
calcium second messenger components. RORa is also implicated in transcriptional
control of the circadian clock in suprachiasmatic nucleus and for physiological func-
tions in several peripheral tissues, including regulation of circulating apolipopro-
teins. The ligand binding domain of RORa has been found in complex with choles-
terol and cholesterol derivatives, but the extent to which such binding represents a
conventional ligand interaction is not clear.

15.1
Introduction

Retinoic acid-related Orphan Receptor alpha (RORa, also known as RZRa or
NR1F1) is an orphan member of the nuclear receptor superfamily, one of three
paralogous genes in mammals (RORa, RORb, and RORg) closely related to the
retinoic acid receptors. Of the three ROR genes, RORa is the most conserved across
currently sequenced vertebrates, and is presently the most extensively studied, ow-
ing both to pioneering studies of Giguere and colleagues and to a well-characterized
classical mutation in mice, staggerer, which provided 30 years of phenotypic data
prior to its identification with RORa. RORa has a highly complex expression pattern
in many tissues, but is most thoroughly studied through its critical role in the
differentiation of cerebellar Purkinje neurons. RORa is also thought to play a role in
circadian behavior and is required in peripheral tissues, the endocrine effectors of
which may secondarily impact the nervous system, particularly with regard to lipid
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metabolism and the production of apolipoproteins. Analyses of RORa physiological
function must therefore be made with care in order to distinguish direct effects of
RORa activities from indirect effects, and from effects whose proximity to RORa is
not yet established. In this chapter, the biochemical properties of RORa, the phe-
notypes of both classical and targeted mutations, and current understanding of the
organization of its target genes are summarized and discussed.

15.2
Identification and Biochemical Properties of RORa

15.2.1
Identification

RORa was identified independently by Giguere and Becker-Andre and their colle-
agues in homology screens for novel RAR and RXR-related genes [1, 2]. RORa
proteins contain a C4 zinc finger DNA-binding domain (DBD) and a HOLI domain
and AF–2 motif typical of nuclear hormone ligand-binding domains (LBDs). Initial
studies identified homology between the DNA-binding domains and, to a lesser
extent, the ligand-binding domains of RORa and RARa, Rev-Erba, and the Droso-
phila nuclear receptor DHR3 [2]. Two additional RAR-related orphan receptors,
RORb and RORg, have been characterized [3, 4], as well as invertebrate homologues
DHR3 in Drosophila [5, 6] and CHR3 in Caenorhabditis elegans [7]. The genomic
location of RORawas mapped to chromosome 15 in humans and chromosome 9 in
mice in 1995 [8], and identified as the gene mutated in the classical staggerer muta-
tion in 1996 [9].

15.2.2
Isoforms

Four isoforms of RORa have been identified in humans, but only two are known in
mice (Fig. 15.1). Each of the four isoforms has a different N-terminal domain created
by alternate promoter usage and exon splicing, but share a DNA-binding domain,
hinge region, and ligand-binding domain [2]. Both murine isoforms, RORa1 and
a4, are expressed within the cerebellum [10]. The extent to which the isoforms are
functionally differentiated in vivo is not yet clear, but in-vitro studies by Giguere
identified different DNA binding preferences for each isoform and characterized the
role of interaction of the isoform-specific N-terminal domains with the DNA-bind-
ing domain to provide binding specificity [2, 11].
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15.2.3
RORa Binding and Response Elements

RORa binds as a monomer to a subset of canonical RGGTCA half-sites typical of its
group of nuclear receptors, with efficiencies that depend primarily on 5’ sequence
context. Unlike many other nuclear receptors in its family, RORa does not require
dimerization with itself or other receptors for binding or activity [2, 12]. Mutagenesis
studies showed that the replacement of four residues in the DBD of RORa to the
residues found in the highly homologous Rev-erba DBD allow mutant RORa to
form a homodimer, providing a structural basis for this distinction [13]. For native
RORa isoforms, bound half-sites are sufficient for transactivation in transfection
assays [2]. An RORa response element (RORE) was characterized by Giguere et al.
using a PCR-based strategy and electrophoretic mobility shift assays (EMSAs) [2].

Fig. 15.1 Structure of RORa gene and protein. (A) The human genome ex-
presses four RORa isoforms, covering 732 kb, that differ in their first and second
exons, encoding proteins that differ in amino-terminal extensions before the
canonical DNA binding domain. (B) The mouse genome expresses two RORa
isoforms, homologous to human a1 and a4, covering 735 kb. Displays are
based on public genome assemblies at http://genome.ucsc.edu. (C) Domain
structure of human RORa1 protein predicted by SMART (http://smart.embl-
heidelberg.de) indicates the composition by exon. Arrows point to locations of
insertions in gene-targeted alleles [57, 58]; the thick line denotes staggerer de-
letion [9]. (This figure also appears with the color plates.)
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These experiments showed that RORa binds as a monomer to a single RGGTCA
consensus half-site motif, but prefers half-sites preceded by a six-base AT-rich region
(together called the extended half-site). Isoform-specific interactions between the
variable N-terminal domains and the DBD may alter preference for DNA binding.
Thus, RORa1 and RORa2 – the two isoforms most extensively characterized
[2,11,12] – show different consensus sequences for extended half-site preference.
The RORa1 consensus site, which is of interest here due to its role in the cerebell-
um, was identified as DWWWNWAGGTCA, where D is an A, T, or G and W is an A
or T [2].

15.2.4
Crosstalk Between Factors

The high degree of conservation between the DNA-binding domains of RORa and
related nuclear receptors raises the possibility of crosstalk among nuclear receptor
signaling pathways at RORa response elements [14]. RORa1, Rev-erba and Rev-
erbb bind to the same response element in vitro, and overexpression of Rev-erb a/b
in a luciferase reporter assay is sufficient to repress transcription at an RORE acti-
vated by RORa [14]. As discussed below, opposing activities of Rev-erba and RORa
have subsequently been proposed to play a role in regulating circadian rhythm as a
functional output of such crosstalk [15–18]. In another example, RORa-dependent
activation of a gF-Crystallin promoter driving luciferase in P19 cells is repressed by a
RAR/RXR heterodimer in the absence of retinoic acid [19]. Similarly, RORa cross-
talk with PPARa/RXR has also been reported in activation of transcription at a
peroxisome proliferator response element (PPRE) upstream of the enoyl-CoA hydra-
tase/3–hydroxyacyl-CoA dehydrogenase gene [20].

RORa also intersects with nuclear receptor-mediated thyroid hormone (TH) sig-
naling in the cerebellum. Messer showed that exogenous TH is capable of stimulat-
ing precocious cell division by granule cell precursors in the external germinal zone
of early postnatal wild-type, but not staggerer (RORa-deficient) cerebellum [21]. TH
receptors are also reported to activate the transcription of Purkinje cell protein 2
(Pcp2), both in vitro and in vivo [22, 23]; however, this activation is absolutely depend-
ent on RORa [9, 24]. Additional overexpression and in-vitro experiments with addi-
tional TH response elements further indicate some level of crosstalk between RORa
and TH signaling [25, 26]. Chin and colleagues have shown effects of TH on RORa
expression levels in vivo, and suggested this as at least one level of interaction be-
tween these pathways [27]. A similar relationship between DHR3, a homologue of
RORa and ecdysone receptor signaling has been reported in Drosophila [6].

15.2.5
Ligands or Cofactors?

RORa is somewhat unusual among characterized nuclear receptor family members
in that it appears to be constitutively active and does not require exogenous ligand to
function in mammalian or yeast cells [2, 28]. Surprisingly, a crystal structure of
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RORa LBD overexpressed in insect SF9 cells showed that cholesterol bound in the
ligand-binding domain of RORa. Mass spectrometry, mutagenesis, and cholesterol
depletion experiments support the idea that cholesterol functions as an important
cofactor for RORa [29]. Exchange experiments showed that cholesterol derivatives
can also bind to RORa, whilst X-ray crystallography, luciferase reporter assays, and
mutagenesis experiments suggest that cholesterol sulfate stimulates RORa activity
better than cholesterol [29–31]. It seems unlikely that cholesterol acts as a regulatory
ligand in the classical sense as its ubiquity might make regulating its interaction
with RORa difficult, and mice engineered to lack cholesterol do not show RORa-re-
lated phenotypes [32]. It is worth noting, however, that RORa has independently
been reported to regulate the expression of several apolipoproteins [33–37]. Thus, it
is enticing to consider that having some level of sensitivity to cholesterol (or its
derivatives) could facilitate RORa acting as a sensor in this pathway.

15.2.6
Co-activators

RORa contains a C-terminal Activation Function 2 (AF–2) helix in the C terminus of
the ligand-binding domain. This creates a binding pocket that interacts with highly
conserved LXXLL motifs and is required for cofactor recruitment and transactiva-
tion [11,28,38–41]. Several nuclear receptor co-activators have been reported to inter-
act with RORa in vitro and in cell culture experiments (Table 15.1). These provide a
useful guide for likely interactions in vivo, but further studies are needed to decode
which interactions occur on endogenous regulatory sequences in vivo, under what
conditions, and which are physiologically important.

In studies conducted in our laboratory by Gold et al., chromatin immunoprecipi-
tation (ChIP) was used to identify several co-activators present in vivo on RORa
target promoters within developing mouse cerebella [24]. Co-activators p300, Tip60,
GRIP1, SRC1, and b-catenin were each found on at least one tested promoter by
ChIP from control but not from staggerer mice. As the latter lack RORa, this indi-
cates that RORa is required for the recruitment of these co-activators to those sites
on endogenous promoters that are RORa-responsive in vivo. b-catenin also co-
immunoprecipitated with RORa from native extracts of cerebellum. Whether RORa
recruits these factors directly or through intermediary factors in vivo has not been
shown, but protein interactions in vitro suggest that direct contact in vivo is likely.
Interestingly, the findings showed that RORamediates recruitment of different sets
of cofactors to different promoters (see Table 15.1). Functional requirements for
several of the co-activators that co-localize to the Pcp2 promoter were further dem-
onstrated in a cell culture model. CV–1 cells were co-injected with a Pcp2–lacZ
reporter and an RORa expression plasmid with or without blocking antibodies
against individual cofactors. As predicted by ChIP data, blocking antibodies to
RORa-dependent cofactors b-catenin, SRC–1, and Tip60, but not CBP or p/CIP,
eliminated RORa-induced lacZ expression driven by the Pcp2 promoter.
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15.2.7
Co-repressors

The AF–2 domain is also responsible for recruiting the co-repressor hairless (Hr),
which can repress transcriptional activity by protecting RORa from proteosomal
degradation, thus blocking the exchange of cofactors and recycling of the activator
complex [40, 42]. Notably, Hr interaction with RORa allows concurrent interaction
of the same domain with co-activators [40]. This is unlikely to play a role in the
classical cerebellar phenotypes of staggerer mice as Hr is not co-expressed with
RORa in Purkinje cells [43], but may mediate important effects in other sites of
RORa expression. In-vitro data indicate that, under certain conditions, RORa can
interact with N-CoR and SMRT, although it is unclear whether this holds true under
physiological conditions [38]. It remains to be seen whether other co-repressors may
act in concert with RORa independently of Rev-erb to shape gene expression in the
cerebellum.

Table 15.1 Co-activators associated with by RORa.

RORa co-acti-
vators

Cerebellar promo-
ters

Other promoters Method Reference(s)

SRC1 Pcp2 ChIP 24
GST, TH 40,92

b-Catenin Pcp2 ChIP 24
Pcp4 ChIP 24
Shh ChIP 24

Tip60 Pcp2 ChIP 24
Pcp4 ChIP 24
Slc1a6 ChIP 24

p300 Shh ChIP 24
Slc1a6 ChIP 24

CPT1 Luc 82
Caveolin–3 Luc 82

GST, TH 41,81
GRIP1/SRC2 Slc1a6 ChIP 24

Caveolin–3 Luc 82
Reverba Luc 92

GST, MS,
TH

28,30,40,41

PGC1 CPT1 Luc 82
p/CIP/SRC3 GST 40
TRIP11 TH 28
TIF1 TH 28
PBP/DRIP205 GST, TH 28,41

Abbreviations: ChIP = chromatin immunoprecipitation; GST = GST
pull down; Luc = co-transfection with Luciferase Reporter; MS = mass
spectrometry; TH = two- hybrid.
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15.2.8
Activation and Regulation of RORa Expression

Comparatively little is known about which factors initiate RORa expression; how-
ever, the nexus between factors that modulate later RORa expression and some
recently described targets of RORa are provocative. Factors that turn on RORa
expression in postmitotic Purkinje cells (by embryonic day (E)12.5 in mice [24]) have
not yet been identified, but physiological regulation of RORa expression by both
hypoxia and calcium has been reported. As discussed below, RORa regulates a
number of calcium-handling genes during neuronal development. Under hypoxic
conditions, neuronal calcium concentrations show both short-term and long-term
effects on cellular physiology [44–46]. HIF1a stimulates RORa expression under
hypoxic conditions in cell culture [47–49], and HIF1a itself is activated in part by
changes in cytosolic calcium [50, 51]. Intriguingly, RORa activity has also been
reported to be calcium-sensitive [39]. Mice with a loss of calcium/calmodulin-de-
pendent protein kinase IV (CaMKIV) show staggerer-like phenotypes, and CaMKIV
is a potent activator of RORa activity in cell culture. CaMKIV does not directly
phosphorylate RORa, but the addition of peptides containing AF–2 interacting
LXXLL motifs inhibited the CaMKIV stimulatory effect on RORa, suggesting that
the kinase may act indirectly on cofactors [39].

These observations may provide testable hypotheses for extending the physiologi-
cal logic of RORa-mediated gene expression patterns. For example, if HIF1a mo-
dulates RORa expression to induce the same calcium-responding genes reported in
cerebellum development [24], this might provide a simple mechanism for coupling a
developmental gene expression module to later physiological processes and provide
a further rationale for the genome-wide architecture of response to this transcription
factor. Calcium-dependent activation of RORa could likewise provide an important
homeostatic feedback mechanism by increasing the expression of calcium buffers
such as Calbindin and other calcium-handling gene products. Further studies to
identify both transcriptional and post-transcriptional control of RORa activity are
clearly needed, and data relating to the concentration-dependent effects of RORa
would be desirable to place the importance of RORa regulation in a physiological
context.

15.2.9
RORa Expression in the Nervous System

In-situ hybridization detects RORa expression first in developing cerebellum and
later in other brain and peripheral sites. RORa expression is first detectable in newly
postmitotic Purkinje cells by E12.5, and continues through adulthood (Fig. 15.2).
This is among the earliest markers for Purkinje cells. Later, RORa is expressed in
interneurons of the molecular layer (basket and stellate cells), which derive from the
same ventricular germinal zone. RORa is next apparent in the developing thalamus
and later in the olfactory bulb, suprachiasmatic nuclei, and other areas of the central
nervous system, including some regions of the cortex [9,24,52–57].
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Fig. 15.2 In-situ hybridization of RORa to sectioned embryos shows no appar-
ent expression at E11.5, but substantial expression in newly postmitotic Purkinje
cells at E12.5. Commercially obtained 10 mm sections processed as described in
[9]. Scale bars = 200 mm.

15.3
Role of RORa in the Developing Cerebellum

The role of RORa in vivo was initially characterized in the spontaneous mutant
staggerer (sg) in 1962 by Sidman et al., and has been extensively characterized by
multiple groups since. Positional cloning of staggerer some 34 years later identified
the mutation as a genomic deletion that removes a single exon encoding part of the
hinge between the DBD and LBD of RORa, causing a frameshift and premature
termination [9]. Three other groups subsequently confirmed this finding indepen-
dently [10,57,58]. The identification of staggerer has allowed three decades of phe-
notypic data to be re-interpreted in terms of RORa function.

Homozygous staggerer mice display a severe, nonprogressive congenital ataxia and
cerebellar hypoplasia [59]. Cerebella of mice lacking RORa are characterized by a
thin molecular layer, a disordered Purkinje cell layer, and a near-absence of granule
cells (Fig. 15.3). Experiments using wild-type ˘ staggerer chimeric mice showed that
staggerer is intrinsic to Purkinje cells, as genetically mutant granule cells can be
rescued by wild-type Purkinje cells in vivo, but mutant Purkinje cells always show the
typical immature, stunted morphology [60–62]. Staggerer Purkinje cells appear blo-
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cked in differentiation according to morphological, biochemical, and synaptic cha-
racteristics. They retain embryonic cell surface markers including lectin-binding
properties [63, 64], and apparent failure to switch N-CAM from the E to A isoform
[65]. Staggerer Purkinje cells fail to form mature synaptic arrangements and do not
develop the dendritic arbor and tertiary spiny branchlets characteristic of mature
nonmutant Purkinje cells [66, 67]. In particular, staggerer mice fail to prune super-
numerary climbing fibers from the inferior olive that innervate Purkinje cells early
in development and that in normal mice are pruned after Purkinje cells receive
parallel fibers from the granule cells [68, 69]. Granule cells, which are reduced in
number to begin with, are unable to form synapses on Purkinje cells, despite being
able to synapse with stellate and basket cells [66, 67]. Thus, staggerer Purkinje cells
are competent to receive innervation from climbing fibers, but not subsequent in-
nervation from parallel fibers, and fail to undergo subsequent refinements to form
mature synaptic arrangements.

Fig. 15.3 Purkinje cell defects in staggerer cerebellum revealed by Calbindin
D28 (Calb1) staining. In-situ hybridization to antisense Calb1 probe illustrates
ectopic positioning of surviving Purkinje cells in staggerer compared with a he-
terozygote control. Of note is the reduced Calb1 expression in staggerer mice.
Confocal microscopy of Purkinje cells labeled with an anti-Calbindin monoclonal
antibody illustrates the extreme poverty of dendritic arbor in the mutant.

Given the Purkinje cell-intrinsic nature of the staggerer mutation, defects in cere-
bellar granule cells of the mutants should be viewed as indicators of defective
RORa-dependent Purkinje-granule (or possibly molecular layer-granule) cell signal-
ing. These effects begin early and affect several steps in cerebellum development.
Granule precursors in the external germinal zone (EGL) are unable to respond to
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exogenous thyroid hormone, which induces proliferation in wild-type mice [21].
This indicates that normally RORa in Purkinje cells is required to retransmit an
endogenous thyroid hormone signal to granule cells. Gene expression and slice
culture experiments suggest that this mitogenic signal is most likely sonic hedgehog
[24]. Perhaps as a consequence of this impaired signaling, the EGL persists longer in
staggerer than wild-type mice [59,67,70] and fewer granule cells are produced. From
this combination of impaired granule cell genesis and synaptic incompetence, Pur-
kinje and granule neurons fail to establish mutual trophic support. Granule cells in
staggerer cerebella degenerate during postnatal development, and by P30 most Pur-
kinje cells (and subsequently the inferior olivary cells) are also lost [66,67,71]. Inter-
estingly, heterozygous mice, despite having apparently normal cerebellar develop-
ment, exhibit accelerated Purkinje cell atrophy and loss with age, indicating a con-
tinued role for RORa in cerebellar maintenance during normal aging [72]. Condi-
tional alleles of RORa would be useful in confirming a pure maintenance, rather
than latent developmental, origin and Purkinje cell autonomy for these age-related
phenotypes.

These observations in staggerer and knockout mice indicate that RORa promotes
Purkinje cell differentiation and coordinates the differentiation of other cell types by
activating pathways necessary for signaling between Purkinje cells and their affer-
ents. These RORa-dependent intercellular signaling pathways are necessary for
numerical matching between communicating cell types during development. Ob-
servations in heterozygous mice indicate that RORa is also required for mainte-
nance of Purkinje cell states.

15.4
Roles of RORa in Other Tissues

15.4.1
Suprachiasmatic Nuclei

The results of recent investigations have indicated that RORa may play a role in
generating circadian rhythm in the suprachiasmatic nuclei (SCN), a key brain center
for regulating circadian behavior [73]. RORa mRNA levels oscillate in a circadian
fashion within the SCN, but not in other tissues [15,17,18]. Staggerer mice show
altered free-running activity period lengths in constant dark after 12–hour
light/12–hour dark cycle entrainment, and heterozygous mice appear to re-entrain
to alternate light cycles faster than wild-type controls [17, 18]. Opposing activities of
RORa and Rev-erba appear to regulate expression of Bmal1 in the SCN [16–18].
Bmal1 heterodimerizes with Clock as part of the established transcriptional control
of the SCN circadian pacemaker [74, 75]. Overexpression of RORa1 or RORa4 can
up-regulate Bmal1 more than 10–fold, while dominant-negative RORa1 suppresses
Bmal1 oscillations in a luciferase reporter assay in NIH3T3 cells [17, 18]. Endoge-
nous RORa can bind to a Bmal1–RORE oligonucleotide probe, and mutagenesis of
Bmal1 promoter shows that two ROREs are required for in-vitro interactions be-
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tween RORa and Bmal1 and for transcriptional oscillation in cell culture. Hoge-
nesch and colleagues provide evidence that RORa levels are dysregulated in Clock
mutants and propose a model in which Clock/Bmal1 activates RORa and Rev-erba
to form a transcriptional feedback loop in SCN [17]. Whether this circadian role for
RORa interacts directly with its roles in regulating other sets of target genes (see
below) remains an interesting question.

15.4.2
Peripheral Tissues

Several reports implicate RORa in lipid homeostasis outside the nervous system.
Staggerer mice fed a high-cholesterol and high-fat diet develop severe atherosclerosis
compared to nonmutant controls, possibly due to decreased ApoA-I levels in stagger-
er [33, 37]. RORa is required for regulation of triglyceride levels through transcrip-
tional activation of ApoA-V and ApoC-III, which show potential ROREs that bind
RORa in vitro [34–36]. A role for RORa in suppressing the inflammatory response
[76–79] may also contribute to the development of atherosclerosis in staggerer mice.

Additional RORa-dependent activities in bone, skeletal muscle, immune system
and vascular function have been reported. Staggerer mice show reduced bone min-
eral content, and RORa is up-regulated in mesenchymal stem cells during osteo-
genic differentiation. Expression of RORa in cell culture activates the promoters of
mouse bone sialoprotein and represses osteocalcin [80]. RORa may also act in
muscle development. Expression of caveolin–3 and muscle carnitine palmitoyl-
transferase–1 (CPT1) can be manipulated in opposite directions by transfection of
either putative dominant-negative or full-length RORa in cultured muscle cells [81,
82]. RORa is expressed in vascular cells, and a role for RORa in vascular function
has been reported based on observations of smooth muscle dysfunction and incre-
ased ischemia-induced angiogenesis in staggerer mice [47,83,84]. Additional charac-
terization of the role of RORa outside the cerebellum will no doubt be highly inter-
esting as the important aspects of these RORa functions are more finely elucidated.

15.5
In-Vivo Identification of RORa Targets

15.5.1
Genetic Program Controlled by RORa in the Cerebellum

The strongest evidence for direct transcriptional activation of specific target genes by
RORa in vivo comes from studies in the developing cerebellum. To define the genet-
ic circuit regulated by RORa during Purkinje cell differentiation, Gold et al. initiated
a systematic search for transcriptional targets of RORa in developing cerebella [24].
Commercial high-density oligonucleotide arrays were used to profile RNA expres-
sion levels in cerebellum every two days from E15.5 through P4 in both staggerer and
sex-matched wild-type littermates. A variety of statistical analyses, including stand-
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ard ANOVA tests, detected statistically significant changes between staggerer and
wild-type mice at several developmental stages in this perinatal window (Fig. 15.4).
Focusing analysis on the earliest gene expression changes primarily identified
genes required in cell proliferation and intracellular calcium signaling as down-
regulated in the absence of RORa. Integrating this genomic data with developmen-
tal timing allowed Gold et al. to identify a logic to this set of candidate target genes.
As illustrated in Fig. 15.5, RORa stimulates expression of sonic hedgehog (Shh), a
potent mitogen for proliferating granule cell precursors, and simultaneously sti-
mulates the expression of genes involved in calcium second messenger handling
downstream of metabotropic neurotransmitter receptor pathways in Purkinje cells,
including genes for the glutamate transporter EAAT4 (Slc1a6), its cytoplasmic
anchor (Spnb3), Calbindin (Calb1), the IP3–gated intracellular calcium channel
(Itpr1), its interaction partner (Cals1), a calcium channel-interacting GoLoco protein
(Pcp2), and a calmodulin kinase partner (Pcp4). RORa is also required for the ex-
pression of a second mitogenic signal, kit ligand (Kitl, or Steel factor). It is unclear
what function this signal may have, as cerebellar phenotypes have not been reported
in Kitl mutant mice, but the cognate receptor is expressed on adjacent cells [85].

15.5.2
Direct or Indirect Targets?

To test whether these genes are direct targets of RORa, Gold et al. analyzed several
promoters with ChIP experiments. Promoters for five out of five genes tested, but
not control promoters, were precipitated from the cerebella of normal mice by anti-
bodies to RORa. Importantly, ChIP experiments from littermate staggerer animals
did not precipitate these promoters with RORa, confirming both RORa specificity
of the assay and RORa-dependence of several co-activators, notably TIP60, p300 and
b-catenin, at some of these sites. Interestingly, each promoter showed unique sets of
co-activator recruitment (see Table 15.1). Itpr1 is unique in that none of the tested
cofactors was found at the RORa bound site. Direct action of RORa on genes for
both outgoing mitogenic signals to afferent cells and signal transduction machinery
required to receive incoming signals from afferents cells led Gold et al. to propose a
reciprocal signaling circuit as a logic for the early targets of RORa in the developing
cerebellum.

15.5.3
Developmental Signaling Genes

RORa activity on the Shh promoter is of particular interest. Shh is a potent mito-
gen/morphogen, the expression of which in multiple tissues is tightly regulated.
Mechanisms that stimulate Shh expression in discrete elements of its normal pat-
tern are not fully understood, and its regulatory factors for its expression in Purkinje
cells had not been previously reported. The secretion of Shh from Purkinje cells is
responsible for providing a mitogenic signal to granule cell precursors in the exter-
nal germinal zone. ChIP experiments showed RORa binding at both a proximal
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Fig. 15.4 RORa-dependent gene expression in developing cerebellum. Mi-
croarray data from Gold et al. [24] are shown here in an alternate view. Whole-
cerebellum RNA from paired staggerer (sg) and nonmutant littermates of several
developmental stages was analyzed on GeneChip arrays (Affymetrix). Data are
normalized across all hybridizations for each gene. Red indicates a relative in-
crease and green a relative decrease in expression compared to the mean of all
measurements. (See Gold et al. [24] for details of data handling and rank orde-
ring of RORa-responsive genes.) (This figure also appears with the color plates.)
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promoter (probe ∼1 kb upstream of the start site) and a distal enhancer (∼15 kb
upstream). Interestingly, RORa is required for the recruitment of identical sets of
co-activators detected at each of these two sites (p300 and b-catenin). Recruitment of
b-catenin by RORa to both sites on the Shh locus is especially intriguing in light of
the possibility that Wnt1 signaling by granule progenitors in the rhombic lip or
possibly granule-dependent Wnt3 expression by Purkinje cells [86, 87] could create
either feedback or relay pathways through the canonical Wnt/b-catenin pathway (see
Fig. 15.5).

15.5.4
Calcium Signaling and Synaptic Function Genes

Characterization of the staggerer mouse shows that RORa has a cell-autonomous
role in preparing Purkinje cells to receive input from afferent granule neurons. Both
gene expression and ChIP data indicate genes required for both metabotropic post-
synaptic function and downstream calcium signaling are up-regulated by RORa.

Fig. 15.5 RORa coordinates reciprocal signaling between Purkinje cells and
afferent neurons. Shh signaling from Purkinje cells stimulates proliferation of
granule cell precursors (GPCs) in the external granule cell layers. Granule cells
migrate through the molecular layer (ML) and Purkinje cell layer (PCL) to the
internal granule cell layer (IGL). At the same time, RORa activates genes neces-
sary for receiving innervation from granule cells and reduction of supernumerary
synapses from climbing fibers. (This figure also appears with the color plates.)
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ChIP on the promoters of Itpr1, Pcp2, Pcp4, and Slc1a6 showed direct interaction
with RORa. Calcium regulator genes Calb1 and Cals1 have not yet been tested for
direct interaction with RORa, nor the metabotropic glutamate receptor Grm1 and
the cytoskeletal anchor Spnb3. The role of RORa in the activation of calcium ho-
meostasis genes is especially interesting in light of the reported ability of CaMKIV to
stimulate RORa activity [39], and the possibility of a regulatory feedback loop
through calcium signaling. In order to explain the coordinate regulation of Shh and
postsynaptic signaling genes by RORa, Gold et al. propose that RORa coordinates
expression of interacting synaptic function and calcium signaling gene sets that
work together to allow differentiation of Purkinje cells such that they become com-
petent to receive innervation from afferent neurons (see Fig. 15.5).

15.6
Implication of RORa in SCA1 Disorder

One of the more intriguing observations made by Gold et al. is a substantial overlap
between genes down-regulated in spinocerebellar ataxia type 1 (SCA1) transgenic
mice [88] and those down-regulated in staggerer, raising the possibility that po-
lyglutamine repeat expansions in Ataxin–1 may interfere with transcriptional acti-
vation by RORa [24]. Subsequent profiling experiments with the SCA1 model have
increased the extent of overlap between these two conditions [89]. It is unclear at this
point whether this effect is due to direct interaction between RORa and ataxin–1. An
alternative possibility is that key cofactors, or possibly RORa regulators, are seques-
tered by aggregates of the polyglutamine repeat expanded ataxin–1 protein
[88,90,91], removing them from the available pool needed to maintain RORa activ-
ity. While more work is needed to clarify the mechanistic connection, current data
provide an intriguing nexus between the developmental pathways regulated by
RORa and the pathogenesis of mature onset disease in SCA1. Whether this relates
directly to maintenance functions of RORa also remains to be seen.

15.7
Summary

The orphan nuclear receptor RORa plays an increasingly clear role in the biology of
several key systems. How these different functions might relate to each other, if at
all, will require further characterization of the non-cerebellar genetic networks regu-
lated by RORa. RORa coordinates sets of genes required for differentiation of Pur-
kinje cells and their signaling to other differentiating cell types in the developing
cerebellum. By regulating genes involved in developmental signaling and postsy-
naptic function, RORa is able to stimulate proliferation of granule cell precursors,
allow Purkinje cells to become competent to receive synapses from those same
granule cells, and allow activity-dependent synaptic arrangements to progress. Out-
side of the cerebellum, RORa is implicated in many functions including circadian
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rhythm, bone development, inhibition of inflammatory response, and lipid metabo-
lism. Future studies of the role and function of RORawill continue to illuminate the
role of this important receptor in these and perhaps other functions, as well as
providing additional details into both how RORa itself is regulated and the me-
chanisms by which it activates its many downstream targets.

Abbreviations

CaMKIV calcium/calmodulin-dependent protein kinase IV
ChIP chromatin immunoprecipitation
CPT1 carnitine palmitoyltransferase–1
DBD DNA-binding domain
EGL external germinal zone
EMSA electrophoretic mobility shift assay
LBD ligand binding domain
PPRE peroxisome proliferator response element
RORa Retinoic acid-related Orphan Receptor alpha
RORE RORa response element
SCA1 spinocerebellar ataxia type 1
SCN suprachiasmatic nuclei
TH thyroid hormone
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The Role of NF-kB in Brain Function

Barbara Kaltschmidt, Ilja Mikenberg, Darius Widera, and Christian Kaltschmidt

Abstract

Nuclear factor kappa B (NF-kB) is an inducible transcription factor which is detected
in neurons and glia. NF-kB is composed of three subunits: two DNA-binding and
one inhibitory subunit. Activation of NF-kB takes place in the cytoplasm and results
in degradation of the inhibitory subunit, thus enabling nuclear import of the DNA-
binding subunits. Within the nucleus many target genes could be activated. A
physiological function of NF-kB was shown for innate immune response and a
pathophysiological function for cancer. For brain function, recent genetic models
have identified a novel role for NF-kB in neuroprotection against various neurot-
oxins. Furthermore, genetic evidence for a role of NF-kB in learning and memory is
now emerging. In this chapter our current understanding of neuronal NF-kB in
response to synaptic transmission and potential physiological or pathophysiological
modulators of NF-kB activity in the brain will be summarized. Synaptic NF-kB
activated by glutamate and Ca2+ will be discussed in the context of retrograde signal-
ing. The controversial role of NF-kB in neurodegenerative diseases will be discussed
in the light of a model explaining the physiological amount of NF-kB activation.

16.1
Introduction

Nuclear factor kappa B (NF-kB) was discovered in David Baltimore’s laboratory as an
inducible transcription factor in lymphocytes (Nabel and Baltimore, 1987). NF-kB is
involved in many biological processes such as inflammation and innate immunity,
development, apoptosis and anti-apoptosis. Recent evidence also suggests an in-
volvement in neuronal plasticity.
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16.2
The NF-kB/Rel Family of Transcription Factors

The NF-kB/Rel family contains five members of DNA-binding proteins: p50, p52,
p65 (RelA), c-Rel, and RelB (Baeuerle and Baltimore, 1996) (Fig. 16.1). A common
denominator of all family members is an N-terminal 300 amino acids-long Rel-ho-
mology domain (RHD). The RHD contains essential sequence motifs for specific
DNA-binding, homologous and heterologous dimerization, regulation of nuclear
import and for the interaction with IkB proteins. The transcription factor NFAT
(nuclear factor of activated T-cells) also contains a RHD, and is therefore sometimes
also regarded as a member of the NF-kB/Rel family (Nolan and Baltimore, 1992).
Rel-Proteins are transcription factors binding to specific DNA-sequences (kB el-
ements with the consensus sequence: 5’-GGGACTTTCC3’). The kB element was
detected first in the enhancer of the kB element-light chain of immunoglobolins in
B-cells (Sen and Baltimore, 1986). Inducible NF-kB resides in the cytoplasm in a
latent DNA-binding form. There are five DNA-binding isoforms: RelB, c-Rel, p65
(RelA), p50, and p52, the latter two being proteolytic products of larger precursors.
Surprisingly, p50 and p52 are the products of specific protein degradation within the
proteasome. In some proteins, the proteasome only degrades specific parts of the
protein and leaves the rest intact. This process, termed the regulated ubiquitin
proteasome-dependent pathway (RUP), was recently reviewed (Rape and Jentsch,
2004). The C-terminal part of the NF-kB p50 precursor p105 is degraded by the
proteasome in RUP-dependent manner. Degradation occurs either co- or post-trans-
lationally. Mechanistically, a protection of degradation via dimerization has been
suggested. The dimerization of NF-kB can occur between two nascent polypeptide
chains, emerging from successive ribosomes on the mRNA (Lin et al., 1998). This
complex method of processing might add further ways of regulation, especially in
neurons where proteasome activity seems to be regulated by synaptic activity (Eh-
lers, 2003). Within the cell, NF-kB is composed of two identical or non-identical
subunits, although interestingly not all possible subunit compositions have been
detected within cells. NF-kB subunits may be classified into two groups based on the
presence of a transactivation domain (TAD): Class I contains p50 and p52 without a
TAD, whilst Class II includes Rel-B, c-Rel, and p65 (RelA), which contain TADs that
are capable of activating transcription without the help of other NF-kB subunits.
Homo- and hetero-dimers of Class I subunits might act as repressors of transcrip-
tion. The p50 and p65 heterodimers are detected most frequently. The domain
structure and size of NF-kB subunits are depicted in Fig. 16.1.

16.2.1
The IkB Proteins: Inhibitors of NF-kB

DNA-binding occurs as a dimer, whereas the latent non-DNA-binding NF-kB com-
plex contains an inhibitory subunit called IkB. Later, more IkB subunits were de-
scribed (see Fig. 16.1.). Well-characterized inhibitory subunits include IkB-a, IkB-b,
IkB-g(p105), IkB-d(p100), IkB-e, and IkB-z (Whiteside and Israel, 1997; Yamazaki et
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al., 2001). Bcl–3 and the precursors of p50 and p52 (p105 or p100) could also act as
inhibitory proteins (Karin and Ben-Neriah, 2000). Two IkB proteins, Cactus and
Relish, were also present in Drosophila.

All IkB proteins contain several ankyrin repeats, which constitutes the ankyrin
repeat domain (ANK; see Fig. 16.1). One ankyrin repeat contains 33 amino acids,
and was initially detected within the protein Ankyrin, which has the function of a
linker protein connecting membrane proteins with the cytoskeleton. ANKs are de-
tected in many proteins such as membrane channel proteins, enzymes, toxins,
signal cascade proteins, and transcription factors. The alpha-helical stack of ANK

Fig. 16.1 Domain structure of NF-kB subunits. Domain motifs were assigned
using EMBL SMART (http://smart.embl-heidelberg.de). Protein size is given on
the right as amino acids. RHD = Rel homology domain; NLS = nuclear locali-
zation signal; IPT = Ig-like, plexins, transcription factors; ANK = ankyrin repeats;
DEATH = DEATH domain, found in proteins involved in cell death (apoptosis).
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repeats provides a specific protein interaction interface (see Fig. 16.2, alpha-helical
stacks at the right). The ANK of IkB proteins is responsible for the interaction with
the RHD of NF-kB/Rel proteins. Interaction of ANK with the RHD mediates the
interaction with the nuclear localization signal (NLS) in its alpha-helical confor-
mation (Jacobs and Harrison, 1998) (see Fig. 16.2.). This interferes with the inter-
action of the NLS and the nuclear import machinery and keeps the NF-kB/IkB
complex within the cytoplasm. After degradation of IkB, the NLS forms a random
coil structure which is recognized by importin-a. Interestingly, this structure struc-
tural switch of the NLS sequence forms the basis for an activity-specific antibody
(Kaltschmidt et al., 1995a).

Only IkB-a, IkB-b, and IkB-e contain the domain essential for stimulus-dependent
degradation of the N-terminal regulatory region. Expression of all IkB proteins, with
respect to IkB-b , is directed by NF-kB (Karin and Ben-Neriah, 2000). IkB-a and
IkB-b associates preferentially with dimers containing either c-Rel or p65.

Fig. 16.2 Three-dimensional model of a co-crystal containing IkB, p50, and p65. The
alpha-helical conformation of the p65 NLS (marked by an arrow) is due to an interaction
with IkB-a. After degradation of IkB-a, the NLS loses its alpha-helical conformation and
can be recognized by the nuclear import machinery via interaction with importin-a.
Drawn after pbd: molecule 1IKN (Huxford et al., 1998). (This figure also appears with the
color plates.)
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16.3
Canonical NF-kB Activation

The canonical pathway of NF-kB activation via tumor necrosis factor (TNF) (Bonizzi
and Karin, 2004; Schmitz et al., 2004) will be presented here to summarize part of
the general knowledge on activation mechanisms (Fig. 16.3).

Within the nervous system, TNF (a 17–kDa protein) is able to bind to TNF recep-
tors (TNF-Rs) expressed on both the glia and on neurons (Bruce et al., 1996). Ex-
pression of the TNF-a gene is subject to autoregulation via activated NF-kB (Collart
et al., 1990), with two different receptors – p55 (TNF-R1) and 75 (TNF-R2) – having
been identified. The p55 receptor is thought to be the major NF-kB activating TNF-R
(Kolesnick and Golde, 1994). Initially, it was shown that TNF-mediated signaling via
NF-kB could protect neurons against excitotoxic stress and against neurotoxic amy-
loid b (Cheng et al., 1994; Barger et al., 1995; Kaltschmidt et al., 1999a). In respect of
this, it is noteworthy that the NF-kB and CREB signaling pathways are the major
neuroprotective pathways identified as being protective against Alzheimer’s disease
(for a detailed discussion, see Mattson, 2004). A reduction of this protective NF-kB
activation within Alzheimer patients’ brains around late plaque stages might be one
of the reasons for increased neurodegeneration (Kaltschmidt et al., 1999a). Presum-
ably, part of the neuroprotective pathway mediated by NF-kB is due to the inhibition
of the caspase-mediated apoptotic pathway (see Fig. 16.3).

Central to NF-kB activation seems to be the IkB kinase complex (IKK), which
catalyzes the signal-dependent phosphorylation of the NF-kB inhibiting IkB. Thus,
the IKK complex initiates NF-kB activation via phosphorylation of IkB, which is a
signal for degradation. An amazing wealth of information has accumulated describ-
ing how receptor activation might be connected to IKK activation. There are themes
of ubiquitination after activation of the trimeric TNF receptor. Binding of soluble or
cell-bound TNF leads to activation of the latent trimerized TNF receptors. These
receptors share an intracellular so-called death domain (DD) with several other TNF
receptors such as TRAIL receptors or DR3, DR6 and various other receptors with
non-TNF ligands such as the CD 95 (Apo/Fas) receptor or the p75 low-affinity nerve
growth factor receptor. TNF-RI is unique in its composition of intracellular interac-
tion proteins (Wajant et al.). Genetic ablation of TNF-R1 (p55) exacerbates traumatic
brain injury and correlates with a reduced NF-kB activation (Bruce et al., 1996).
Recent data have suggested that the TNF-R2 is responsible for a persistent NF-kB
activation and neuroprotection (Yang et al., 2002; Marchetti et al., 2004).

Trimerization of the non-signaling TNF-R complex is mediated by a N-terminal
pre- ligand assembly domain. TNF binding activates the pre-assembled receptor
trimer via release of silencer of death domains (SODD) from the intracellular death
domains (for a discussion, see Henkler and Wajant, 2004). However, debate persists
as to the physiological role of SODD. The trimeric death domains appears to func-
tion as an assembly platform for further intracellular interactors such as the adapter
protein, TRADD. TRADD, In turn, appears to enable a bifurcation in either the
apoptotic pathway, leading to caspase activation, or in the anti-apoptotic NF-kB-de-
pendent pathway, which involves the transcription of genes encoding survival fac-
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Fig. 16.3 Canonical pathway of NF-kB activation by tumor necrosis factor
(TNF). The anti-apoptosis (NF-kB) and caspase-mediated apoptosis pathway is
shown. Activation of the TNF receptor by ligand binding is transmitted to the IKK
complex, which phosphorylates IkB family inhibitory molecules (see text for
details). This targets IkB for degradation within the 26S proteasome, freeing
nuclear localization signals on the DNA-binding p65/p50 subunits. After nuclear
import, target gene transcription is initiated. Not all signaling components
depicted in the canonical pathway have been investigated in the nervous system,
but appear to be present in neurons and glia. Proteins are depicted as icons
which illustrate a functional category (receptor, enzyme etc.) as suggested by the
Alliance for Signalling convention (www.signaling-gateway.org). Ub = ubiquiti-
nation; P = phosphorylation. (This figure also appears with the color plates.)
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tors. Apoptosis or anti-apoptosis involve TRADD in the context of different signaling
complexes (Micheau and Tschopp, 2003). The initial receptor-bound complex (see
Fig. 16.3) might contain TRADD, c-IAP1/2, RIP, and TRAF2 (Danial and Korsmey-
er, 2004). This provides a signaling scaffold for the activation of NF-kB. An apoptotic
pathway could be triggered by FADD, which might interact with RIP and TRADD in
a non-receptor-bound cytoplasmic complex. With its N-terminal domain, TRADD
could facilitate the interactions with TRAF1 and TRAF2. Anti-apoptotic proteins are
targeted to the receptor complex (e.g., cIAP–1 and cIAP–2), and this may be the
reason for the relatively good protection of activated TNF-R1 signaling against apop-
tosis. Several studies with murine neuronal cultures have used human TNF-a,
which has been shown to activate the TNF-R1 (Cheng et al., 1994; Carlson et al.,
1999).

The IkB kinase complex might provide a common denominator of many NF-kB
activating stimuli culminating on NF-kB activation within the nervous system such
as TNF, LPS, IL–1, NGF or glutamate-mediated signaling (for a review, see O’Neill
and Kaltschmidt, 1997).

Crucial to NF-kB activation is the phosphorylation of IkB. This is most commonly
due to interaction of activated IkB-kinase complex (IKK) with IkB. The IKK complex
is composed of two catalytic subunits (IKK-a and IKK-b), a receptor-targeting/oli-
gomerization subunit NEMO, and a recently discovered IkB-a targeting subunit
ELKS (Ducut Sigala et al., 2004). Activation of the IKK complex might be regulated
by multiple mechanisms (Schmitz et al., 2004). A classical phosphorylation of an
activation loop has been reported for the main IkB phosphorylating kinase IKK-b at
Ser177 and Ser181 (Delhase et al., 1999). This might be either due to autophos-
phorylation or due to upstream kinases. Surprisingly, genetic evidence for an in-
volvement in the TNF pathway could be provided only for the upstream kinase
MEKK3 (Yang et al., 2001). Other activation mechanisms dependent on oligomeri-
zation of the IKK complex have also been described (Tegethoff et al., 2003; Agou et
al., 2004). NEMO-mediated recruitment of the IKK complex to the T-cell receptor
complex has been identified as an activation mechanism (Weil et al., 2003). Also
surprisingly, the membrane localization of NEMO could activate the IKK complex
(Weil et al., 2003). NEMO, the regulatory subunit of the IKK complex, is inducibly
ubiquitinated. The receptor-bound complex containing TRAF2 and TRAF5 is able to
recruit the IKK complex to the membrane-bound TNF receptor, and this leads to
activation via IKK oligomerization (Chen et al., 2002). IkB is recruited to the IKK
complex via an interaction with ELKS (Ducut Sigala et al., 2004). The activated IKK
complex may then catalyze phosphorylation of Ser32 and Ser36 on the IkB-a mol-
ecule.

As summarized above, activation of the IKK complex seems to rely on multime-
rization. Ubiquitination of NEMO might be an essential prerequisite of the activa-
tion process, since deubiquitinating enzymes such as CYLD (Kovalenko et al., 2003;
Trompouki et al., 2003) are essential to deactivate the IKK complex. These ubiqui-
tination pathways seem to be independent of the proteasomal degradation, but will
modulate the oligomeric state. Other deubiquitination and ubiquitination activity is
found to be encoded in the protein A20, which could target RIP for degradation
(Heyninck and Beyaert, 2005).
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Ubiquitin is a small (86 kDa) protein used to tag proteins either for degradation or
for signaling (multimerization). Ubiquitin is conjugated to the amino groups of
lysine residues on target proteins by a cascade of enzymes called E1, E2, and E3
(Ciechanover and Schwartz, 2004). A SCF (Skp–1/Cul/F box) -type multisubunit E3
ubiquitin ligase holoenzyme contains the phospho-IkB-specific acceptor subunit
bTrCF, and is responsible for IkB poly-ubiquitination (Yaron et al., 1998). Interest-
ingly, one of the frequently used pharmacological inhibitors of NF-kB activation,
pyrrolidone dithiocarbamate (PDTC), acts as an inhibitor of the IkB ubiquitin-ligase
complex (Hayakawa et al., 2003). The signal for the ubiquitin-ligase appears to be the
phosphorylation of Ser32 and Ser36 on IkB-a.

Within the nervous system, inducible NF-kB is most frequently composed of two
DNA-binding subunits (e.g., p50 or p65) that are either constitutively active or form
a complex with the inhibitory subunit IkB-a (Bakalkin et al., 1993; Kaltschmidt et al.,
1993, 1994, 1995a, 1995b, 1997; Rattner et al., 1993; Guerrini et al., 1995). There are
reports of other kB-binding activities such as brain-specific transcription factor
(BETA), which is specifically detected in gray matter extracts (Körner et al., 1989),
developing brain factors (DBFs), which were reported to be highly enriched in the
developing cortex (Cauley and Verma, 1994), and neuronal kB binding factor
(NKBF) with different target sequence requirements (Moerman et al., 1999). To date,
these other kB binding factors have not been assigned to specific genes, nor could
they be tested directly in reporter gene assays. On the other hand, it seems to be
accepted that there is an additional level of complexity, added by overlapping mutu-
ally exclusive or synergistically acting binding sites for other transcription factors. In
glia and neurons, a sustained NF-kB activation for up to 72 hours was observed,
though novel data suggest that this might be due to a differential use of IkB isoforms
a and b. For glial cells, it has been reported that sustained NF-kB activity induced via
interleukin (IL)–1 was still present even after the level of IkB-a protein returned that
found pre-stimulation. In contrast, IkB-a protein levels remained low, suggesting
that IkB-b is the negative regulator for sustained NF-kB activation (Bourke et al.,
2000). In contrast to this, a biphasic response which is repressed by IkB-a was
reported for TNF-stimulated neural cells (Kemler and Fontana, 1999). IkB proteins
are essential regulators of nuclear import, which can interact with the NLS to induce
an alpha-helical conformation (Huxford et al., 1998; Jacobs and Harrison, 1998).
Interestingly, IkB-a only interacts with the NLS of p65, whereas IkB-b interacts with
both the NLS of p50 and p65 (Malek et al., 1998). This conformation cannot be
recognized by the nuclear import receptor importin alpha (Jacobs and Harrison,
1998), and in contrast the IkB free nuclear localization signal assumes a random coil
conformation, which is the basis for the interaction with importin (see Fig. 16.2).
Recently, it was shown that the NLS of p50 and p65 were recognized mainly by
importin a3 (Fagerlund et al., 2005). A fresh view on import/export suggests an
additional complexity as the trimeric p50/p65 IkB-a complex is shuttled between
nucleus and cytoplasm (Malek et al., 1998). However, the nucleocytoplasmic shutt-
ling of the trimeric complex of p50, p65 and IkB-a could not be observed (Fagerlund
et al., 2005). In addition to inhibition by IkB, there seems to be a novel mechanism to
terminate NF-kB signaling, namely promoter-specific degradation of p65 via nu-
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clear proteasomes (Saccani et al., 2004). Whereas much knowledge on the mecha-
nisms of TNF-mediated signaling has been acquired from non-neuronal cells, a
systematic analysis of the TNF pathways within the nervous system has not yet been
carried out.

In a microarray study using U373 human glioblastoma cells, it could be shown that
many genes responded to TNF (〉880 from 7500 tested) with a more than two-fold
induction rate (Schwamborn et al., 2003). In this study, several novel TNF-respon-
sive genes (about 60% of the genes regulated by a factor ≥3) were detected. A com-
parison of the TNF-induced gene expression profiles of U373, with profiles from
3T3 and HeLa cells revealed a striking cell-type specificity. Several of the TNF-in-
duced genes were repressed by the inhibitor of IKK, PDTC, and these might there-
fore constitute novel target genes. It is not easy to discriminate between a role for
NF-kB in glia or neurons in vivo, although cell type-specific knockout models might
help to clarify this issue. A remaining problem might be the penetrance of cell
type-specific knockouts, as this might not result in a deletion in all of the targeted cell
types. Therefore, neuron-specific expression of transdominant negative IkB was
used to analyze the role of neuronal NF-kB in vivo (Fridmacher et al., 2003).

16.3.1
Activators of NF-kB

Over many years, a wide range of activators of NF-kB have been identified (Table
16.1). Some of these are specific to the nervous system, such as the neurotransmitter
glutamate which acts as an NF-kB activator via the main ionotropic glutamate re-
ceptors, or the neurotrophins, which display an amazing specificity. NGF activates
NF-kB via the p75 receptor (Carter et al., 1996), whereas other cytokines (e.g., NT–3
or NT4/5) do not activate. In microglia, all neurotrophins activate NF-kB (Nakajima
et al., 1998). Taken together, there is clearly much complexity in the system, as one
molecule such as TNF can either activate or repress NF-kB in neurons (Kaltschmidt
et al., 1999a), and there are also cell type-specific effects.

Table 16.1 Examples of molecules which activate NF-kB in the nervous system.

Molecule Cell type Reference(s)

Glutamate Neurons Guerrini et al. (1995)
Kainate Neurons Kaltschmidt et al. (1995b)
NMDA Neurons Lipsky et al. (2001)
TNF Neuroblastoma Drew et al. (1993)
TNF Neurons Barger et al. (1995), Kalt-

schmidt et al. (1999b)
TNF Astrocytes Sparacio et al. (1992)
TNF Microglia Lee et al. (2000)
IL–1 Glia cells O’Neill and Kaltschmidt

(1997)
IL–1 Neurons Grilli et al. (1996)
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Table 16.1 (continued)

sAPP Neurons Barger and Mattson (1996)
sAPP Microglia Barger and Harmon (1997)
Ab Neurons Behl et al. (1994), Kaltschmidt

et al. (1997)
Ab Astrocytes Kaltschmidt et al. (1997)
Ab/IFN g Microglia Bonaiuto et al. (1997)
ATP Microglia Ferrari et al. (1997)
ATP/IL–1 Astrocytes John et al. (2001)
Adenosine Neurons Basheer et al. (2001)
LPS Microglia Bauer et al. (1997)
LPS Astrocytes Pistritto et al. (1999)
EPO Neurons Digicaylioglu and Lipton

(2001)
Bradykinin Neurons Schwaninger et al. (1999)
SDF–1 Astrocytes Han et al. (2001)
EGF Astrocytes Zelenaia et al. (2000)
VEGF Neuroblastoma Jin et al. (2000)
NGF Neurons Wood (1995)
NGF Schwann C. Carter et al. (1996)
NGF Oligodendrocyte Yoon et al. (1998)
CNTF PNS neurons Middleton et al. (2000)
LIF PNS neurons Middleton et al. (2000)
IL–6 PNS neurons Middleton et al. (2000)
CT–1 PNS neurons Middleton et al. (2000)
BDNF Microglia Nakajima et al. (1998)
NT–3 Microglia Nakajima et al. (1998)
NT4/5 Microglia Nakajima et al. (1998)
IGF–1 Neuroblastoma Heck et al. (1999)
ADNF Neuroblastoma Glazner et al. (2000)
PEDF Neurons Yabe et al. (2001)
H2O2 Neurons Kaltschmidt et al. (1999b)
H2O2 Oligodendrocyte Vollgraf et al. (1999)
Gangliosides Neurons Pyo et al. (1999)
Glutaredoxin Neurons Daily et al. (2001)
Focal cerebral ischemia Neurons Schneider et al. (1999)
RAGE-dependent diabetic
neuropathy

Neurons Bierhaus et al. (2004)

Non-Ab amyloid Neurons Tanaka et al. (2002)
Amitriptyline Neurons Bartholoma et al. (2002)
Desipramine Neurons Bartholoma et al. (2002)
Fluoxetine Neurons Bartholoma et al. (2002)
IL–1 Neurons Pizzi et al. (2002)
Lack of prion protein Neurons Brown et al. (2002)
Selenium deficiency Neurons Savaskan et al. (2003)
Intracellular calcium Neurons Lilienbaum and Israel (2003)
AMPA Neurons de Erausquin et al. (2003)
BDNF Neurons Burke and Bothwell (2003)
NGF Neurons Burke and Bothwell (2003)
NT–3 Neurons Burke and Bothwell (2003)
NT–4/5 Neurons Burke and Bothwell (2003)
Pre-myelination Schwann cells Nickols et al. (2003)
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Table 16.1 (continued)

Dehydroepiandrosterone
(DHEA)

PC–12 Charalampopoulos et al.
(2004)

Allopregnanolone (Allo) PC–12 Charalampopoulos et al.
(2004)

Sleep deprivation Neurons Brandt et al. (2004)
FAIM Neurons Sole et al. (2004)
TGF-b1 Neurons Zhu et al. (2004)

NMDA = N-methyl-d-aspartate; TNF = tumor necrosis factor; IL–1 =
interleukin–1; sAPP = secreted beta-amyloid precursor; Ab = beta-
amyloid; IFN g = interferon g; LPS = lipopolysaccharide; EPO = ery-
thropoietin; SDF–1 = stromal-derived cell factor–1 alpha; EGF = epi-
dermal growth factor; AMPA = alpha-amino–3–hydroxy–5–methyl–
4–isoxazolepropionic acid.

16.3.2
Repressors of NF-kB

Several anti-inflammatory cytokines known from the immune system (e.g., TGFb or
IL–10) also inhibit NF-kB in the nervous system (Table 16.2). Mechanistically, it is
less clear how these molecules act in the nervous system, but one possibility might
be the induction of IkB transcription (Arsura et al., 1996). Some molecules are
already known to be activators, but appear to act in higher concentrations as repress-
ors. Interestingly, the lipid peroxidation product 4–hydroxy–2,3–nonenal inhibits
both constitutive and inducible NF-kB activity (Camandola et al., 2000).

Table 16.2 Examples of molecules which repress NF-kB in the nervous system.

Molecule Cell type Reference(s)

IL–4 Astrocytes Pousset et al. (2000)
IL–10 Astrocytes Pousset et al. (2000)
IL–10 Neurons Bachis et al. (2001)
IL–10 Microglia Ehrlich et al. (1998)
TGFb Microglia Hu et al. (1999)
TGFb Neurons Kaltschmidt and Kaltschmidt

(2001)
TNF/H2O2 Neurons Ginis et al. (2000)
TNF Neurons Kaltschmidt et al. (1999b)
NO Neurons Togashi et al. (1997)
NO Microglia Colasanti and Persichini

(2000)
Hydroxy-nonenal Neurons Camandola et al. (2000)
Glucocorticoids Neurons Braun et al. (2000)
Ab Neurons Kaltschmidt et al. (1997)
Melatonin Neurons Lezoualc’h et al. (1998)
Corticotropin- releasing-
hormone

Neurons Lezoualc’h et al. (2000)
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Table 16.2 (continued)

Aspirin Neurons Grilli et al. (1996)
Triflusal Glia Acarin et al. (1998)
LY341122 Neurons Stephenson et al. (2000)
Ganglioside Astrocytes Massa (1993)
PDTC Neurons Kaltschmidt et al. (1995b)
PDTC Microglia Bauer et al. (1997)
Vitamin E Neurons Behl (2000)
Dexanabinol (cannabino-
id)

Neurons Juttler et al. (2004)

Hypericin Neurons Kaltschmidt et al. (2002)
Selegiline Neuroblastoma Sharma et al. (2003)
Methylpyridinium
(MPP(+))–

Neuroblastoma Halvorsen et al. (2002)

Silymarin Microglia Wang et al. (2002)
Mutant preseniline–1 Neurons Kassed et al. (2003)
Caffeic acid phenethyl
ester (CAPE)

Neurons Amodio et al. (2003)

Selenite Neurons Rossler et al. (2004)
BAY 11 7082 Neurons Gutierrez et al. (2005)

16.3.3
Synaptic NF-kB

It has been proposed by Routtenberg (Routtenberg, 2000) that synaptic plasticity
leads to information storage as the result of a synaptic dialogue. The first step would
be glutamate release from the presynaptic site, followed by a modification of the
presynaptic release process. This process is thought to require a retrograde messen-
ger, which travels along the axon to switch on gene expression, in order to replenish
the presynaptic protein supply. We, and others, consider that NF-kB might be cru-
cially involved in this important process of synaptic plasticity, and the evidence for
this which has been accumulated to date is reviewed in the following section (Fig.
16.4).

The ability of NF-kB to transmit information from active synapses to the nucleus is
supported by several studies demonstrating the presence of NF-kB in synapses
(Kaltschmidt et al., 1993; Meberg et al., 1996; Meffert et al., 2003). Synaptosomes
contain presynaptic proteins, that are sealed and stabilized by the postsynaptic den-
sity. Inducible forms of NF-kB have been found in synaptosomal preparations (Kalt-
schmidt et al., 1993). Low-salt extracts prepared from synaptosomes contain NF-kB
proteins, such as p50 and p65, together with IkB-a. Synaptophysin co-fractionates
with NF-kB proteins during purification, whilst co-localization of synaptophysin
and NF-kB proteins has also been detected in rat cerebral cortex (Kaltschmidt et al.,
1993). In cortical extracts, NF-kB DNA-binding can be activated with the detergent
desoxycholate (DOC), resulting in two specific DNA-binding complexes with differ-
ent sensitivities for DOC. Supershifting and inhibition with recombinant IkB-a
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showed a bona fide DNA-binding complex that includes the p65 and p50 subunit.
Similar complexes were detected using hippocampal synaptosomal preparations
(Meberg et al., 1996; Meffert et al., 2003). In addition, Meberg and coworkers re-
ported a robust increase in p65 mRNA after long-term potentiation, in vivo. It is
possible that this is part of a feed-forward mechanism leading to increased DNA-
binding to kB elements during long-term potentiation. Recently, an important influ-
ence of NF-kB on long-term suppression of synaptic transmission was also reported
(Albensi and Mattson, 2000). Purkinje cell synapses were analyzed using light mi-
croscopy and en-passant synapses were found to contain NF-kB (Guerrini et al.,
1995). Using electron microscopy, NF-kB- and IkB-a-like immunoreactivities with-
in dendrites, including dendritic spines and postsynaptic densities, of neurons in
the hippocampus and the cerebral cortex (Suzuki et al., 1997) were reported. With
the help of an activity-specific anti-p65 antibody, it was possible to detect activated
NF-kB in granule cell dendrites within the fascia dentata of rat hippocampus (Kalt-
schmidt et al., 2000a). NF-kB is activated in neurons by glutamate and depolariza-
tion (Guerrini et al., 1995; Kaltschmidt et al., 1995b). In Drosophila melanogaster, the
NF-kB homologue Dorsal co-localizes with the IkB homologue Cactus within the

Fig. 16.4 Potential activation pathways of NF-kB activation machinery within
the synapse. Presynapse (left) and postsynapse (right) might be discriminated
due to different calcium channels. Both, presynapse and postsynapse seem to
contain the necessary components. The importance of presynaptic and post-
synaptic activation mechanisms requires clarification.
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nervous system. Both proteins are detected at high levels in postsynaptic sites of
glutamatergic neuromuscular junctions (Cantera et al., 1999). Thus, NF-kB is uti-
lized as a retrograde messenger in both presynaptic and postsynaptic compartments
(see Fig. 16.4). Memory consolidation in crab also involves the activation of NF-kB-
like activity (Freudenthal et al., 1998). Activated NF-kB was detected in Aplysia axons
(Povelones et al., 1997) and in rat (Sulejczak and Skup, 2000). In rat, traumatic brain
injury first causes an activation of axonal NF-kB, whilst at a later stage activated
NF-kB is detected in neuronal nuclei. Activation was detectable for up to one year
after brain injury (Nonaka et al., 1999). As an injury signal, sensed by synapses, Ab
from diffuse plaques is able to activate synaptic NF-kB (Ferrer et al., 1998). This
might explain the activation of NF-kB in neurons around diffuse plaques, which is
lost in neurons around later plaque stages (Kaltschmidt et al., 1999a). Recently, the
transport of NF-kB in living neurons was analyzed (Wellmann et al., 2001; Meffert et
al., 2003). To enable an analysis of the translocation of GFP-tagged p65 in living
hippocampal neurons, a GFP tag was fused to the p65 subunit of NF-kB, and it was
then confirmed that this fusion protein (GFP-p65) retained its functionality as a
transcription factor. GFP-p65 was present in the nuclei of neurons, but after over-
expression together with IkB-a the distribution of the protein changed from nuclear
to neuritic (in dendrites and axons). A return of GFP-p65 from a neuritic to a nuclear
distribution was observed in glutamate-stimulated hippocampal neurons, and Mef-
fert and colleagues reported a similar result (Meffert et al., 2003). Glutamate-in-
duced movement of GFP-p65 was detected in hippocampal neurons. When using
small quantities of GFP-p65 expression vectors, endogenous IkB was able to keep
the fusion protein in a neuritic/cytoplasmic localization, although glutamate ago-
nists were able to overcome the localization to neurites and activate a nuclear locali-
zation. Interestingly, a recent study suggested a crucial involvement of NF-kB activ-
ity in BDNF-induced neuritic arborization (Gutierrez et al., 2005). Synaptic localiza-
tion was crucially dependent on p65 (Meffert et al., 2003). In KO p65 animals, which
are viable when crossed to a TNF-RI background, no synaptic NF-kB activity was
detected (Meffert et al., 2003). Interestingly, the redistribution of GFP-p65 was de-
pendent on a functional NLS (Wellmann et al., 2001). This NLS-dependent retro-
grade transport has already been described for Aplysia axons (Schmied and Ambron,
1997). Recently, it was reported that axonal injury led to increased retrograde trans-
port of NLS peptides, this transport being mediated by an importin a/b complex
interacting with the retrograde motor protein dynein (Hanz and Fainzilber, 2004).
NF-kB activation by the neurotransmitter glutamate was identified in cerebellar
granule cells (Kaltschmidt et al., 1995b; Guerrini et al., 1995, 1997; Lilienbaum and
Israel, 2003). Constitutive activity of NF-kB was initially identified within neurons
from the hippocampus and the cerebral cortex, using EMSA and immunofluores-
cence with an antibody specific for the activated p65 and with reporter gene assays
(Kaltschmidt et al., 1993, 1994; Schmidt-Ullrich et al., 1996; Bhakar et al., 2002;
Fridmacher et al., 2003). It was suggested that constitutive NF-kB activity is the
result of synaptic activity (Kaltschmidt et al., 1994, 1995b; O’Neill and Kaltschmidt,
1997). Basal constitutive NF-kB activity in neurons could be repressed by specific
inhibitors of action potential generation, glutamate receptors and L-type calcium
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channels (Meffert et al., 2003). The blockade of constitutive active NF-kB was most
effective through inhibition of N-methyl-d-aspartate (NMDA) receptors using APV.
Blockade of L-type calcium channels with nimodipine was also effective. This sug-
gests that an extracellular influx of Ca2+ either through NMDA receptors or via L-type
Ca2+ channels could activate NF-kB. Potential presynaptic and postsynaptic activa-
tion mechanisms for NF-kB are depicted in Fig. 16.2, and there is some evidence for
a presynaptic NF-kB activation machinery. The proteasome and ubiquitination en-
zymes could be detected in the presynapse (Speese et al., 2003), and presynaptic
mechanisms might involve the localized action of the IKK complex and voltage-
gated Ca2+ channels, activated during action potential propagation. Calcium/cal-
modulin-dependent protein kinase II (CaMKII) is present in the presynapse, awai-
ting calcium ion-mediated activation (Ninan and Arancio, 2004), whilst also within
the postsynapse a potential NF-kB activation machinery is in place. Activation by
NMDA suggests a postsynaptic signaling where at least some isoforms of CamK
(mainly isoform 2) have been reported to be associated with the NMDA receptor.
Autophosphorylation of aCaMKII at Thr286 by Ca2+ influx through NMDA recep-
tors (Ouyang et al., 1997) switches the kinase into a calcium/calmodulin-independ-
ent active status. It has been shown that CamKII can activate NF-kB in neurons
(Lilienbaum and Israel, 2003; Meffert et al., 2003). The means by which the activated
CamK activates NF-kB has not yet been identified, although a contribution of the
proteasomal degradation machine seems likely. Indeed, activation of the postsynap-
tic proteasomal degradation has been shown to occur after the induction of neuronal
activity (Ehlers, 2003). The role of calpain remains conflicting, as it appears to be
active in IkB degradation in cerebellar granule cells (Scholzke et al., 2003), but not in
matured hippocampal cultures (Meffert et al., 2003).

Activation of NF-kB by glutamate in the cerebellum and constitutive activity within
the basal forebrain neurons could be also detected in mice containing NF-kB re-
porter genes (Schmidt-Ullrich et al., 1996; Guerrini et al., 1997; Bhakar et al., 2002).
There are spurious reports on the failure to activate NF-kB in neurons by glutamate
(Moerman et al., 1999). A potential reason for these negative results might be the
inverted U-shaped activation curve of NF-kB (see Kaltschmidt et al., 1999a) or the
sensitivity of the EMSA method, which might be only used to detect activated NF-kB
in brain neurons, when isolated nuclei were prepared (Kaltschmidt et al., 1994).
Another reason for these conflicting results might be different culture conditions.

It is concluded that NF-kB is capable of being a signal transducer, transmitting
information from, for example active synapses to the nucleus, in addition to its
well-known role as a transcription factor. In this way, NF-kB might be involved in
translating short-term signals from distant sites in neurites into long-term changes
in gene expression, and this may have a key role in plasticity, development, and
survival. Indeed, it has been shown that p65–/– on a TNF-RI–/– background results in a
severe learning deficit (Meffert et al., 2003). There are two other mouse models
where NF-kB was repressed via tetracycline-regulated expression of transdominant
negative IkB: (1) a model with CamKII promoter-driven expression of tTA in basal
forebrain neurons (Fridmacher et al., 2003); and (2) a model with prion promoter-
driven tTA expression in neurons and glia (work of Warner Greene and coworkers,
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see Ben-Neriah and Schmitz, 2004). Both have a modulation of learning and memo-
ry. For an extensive discussion see the recent comprehensive review by (Meffert and
Baltimore, 2005). In accordance with Meffert and coworkers, we have found that
repression of NF-kB by IkB in neurons resulted in behavioral deficits and a reduc-
tion in LTP and LTD induction. These effects could be correlated with a strongly
reduced CREB phosphorylation (B. Kaltschmidt, A. Israel, C. Kaltschmidt, S. Memet
and coworkers, submitted). On the other hand, IkB expression driven by the prion
promoter-expressed tTA resulted in enhanced learning in older animals (Meffert
and Baltimore, 2005). These might be two sides of the same coin. On the one side, a
repression of neuroinflammation in elder age via inhibition of pathological NF-kB
hyperactivation, might enhance learning, whereas on the other side neuronal NF-kB
at physiological levels is needed for learning.

Initial reports of the neuroprotective role of TNF (Cheng et al., 1994) were followed
by suggestions of a neuroprotective role for NF-kB. DNA decoy with NF-kB binding
sites competed in cultured neurons with NF-kB activity induced by TNF and abol-
ished neuroprotection (Barger et al., 1995; Mattson et al., 1997). Similarly, the sur-
vival of adult sensory neurons is dependent on TNF-mediated NF-kB activation
(Fernyhough et al., 2005). In cerebellar granule cells, which have a low basal NF-kB
activity (Kaltschmidt et al., 1995b), an inverted U-shaped dose-response for TNF-
mediated NF-kB activation could be detected. An inverted U-shaped protection
curve was also reported when TNF-mediated protection was analyzed against
NMDA excitotoxicity (Carlson et al., 1999). A low dose of Ab was able to activate
NF-kB and to protect against a high cytotoxic dose of Ab. This led to the discovery of
an essential role for NF-kB in preconditioning (Kaltschmidt et al., 1999b; Blondeau
et al., 2001; Ravati et al., 2001). Preconditioning describes an old observation worded
by Paracelsus as “Alle Ding’ sind Gift und nichts ohn’ Gift; allein die Dosis macht,
das ein Ding’ kein Gift ist.” (all things are poisons, only the dose makes the poison).
In this line, a toxin in a low dose could activate a cellular response program, which
later on protects against a high dose of toxin. It is considered that the mechanisms
might be similar to a process described by David Baltimore as intracellular immu-
nization (Baltimore, 1988) against virus infection. The preconditioning effect of
NF-kB might be completely abolished by overexpression of transdominant IkB-a.
On the other hand, there are toxic stimuli such as staurosporine where repression of
NF-kB activation was protective (Kaltschmidt et al., 2002). This might be a general
concept, which was first described in non-neuronal cells: the nature of the apoptotic
stimulus dictates the pro- or anti-apoptotic action of NF-kB (Kaltschmidt et al.,
2000b). Genetic evidence suggests that constitutive NF-kB activity is essential for
neuronal survival (Bhakar et al., 2002). Similarly, pharmacological repression of the
IKK complex (Aleyasin et al., 2004; B. Kaltschmidt et al., unpublished results) results
in neuronal death. Transgenic overexpression of transdominant IkB-a sensitizes
neurons against excitotoxic lesions (Fridmacher et al., 2003), whilst NF-kB activa-
tion protects neurons against Ab toxicity (Barger et al., 1995; Kaltschmidt et al.,
1999a). This might be a neuroprotective mechanism which is perturbed during
Alzheimer’s disease (Mattson, 2004). On the other hand, there exist several diseases
where NF-kB hyperactivation is disease-promoting; examples include ischemia
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(Schneider et al., 1999), Parkinson’s disease (Hunot et al., 1997), and conditions
where NF-kB-dependent p53 transcription mediates neuronal death (Aleyasin et al.,
2004). The situation of p53–mediated death seems in some paradigms also to rely on
a repression NF-kB activity (Culmsee et al., 2003).

To solve this dilemma, an optimal activation hypothesis is proposed similar to the
NMDA receptor activation (Hardingham and Bading, 2003). A too-low activation of
NF-kB in neurons is disastrous, as is a too-high activation (hyperactivation). The
optimal basal constitutive level in neurons is maintained by synaptic activity which
activates NF-kB and is repressed by one of its target genes IkB or CYLD in an
autoregulatory fashion. A potential protective role of NF-kB in neurons should be
discriminated from a potential degenerative role in glia.
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Calcineurin/NFAT Signaling in Development and Function
of the Nervous System

Isabella A. Graef, Gerald R. Crabtree, and Fan Wang

Abstract

The four genes that encode the cytoplasmic subunits of NFAT-transcription com-
plexes (NFATc proteins) are both transcription factors and signaling molecules.
Calcium stimuli in neurons lead to the activation of calcineurin (CaN) phosphatase
activity and the rapid dephosphorylation of NFATc proteins. Once in the nucleus,
these proteins assemble on DNA with nuclear partner proteins (NFATns) and form
active transcription complexes. This mechanism allows NFAT complexes to func-
tion as coincidence detectors and signal integrators. The specificity of Ca2+ signaling
at a transcriptional level might arise from combinatorial assembly of diverse NFAT
complexes. Rapid export from the nucleus following rephosphorylation by GSK3
insulates NFAT transcription from transient Ca2+ fluxes and plays a critical role in
the decoding of Ca2+ signals. Recent studies have indicated that NFAT signaling and
transcriptional control play roles in axon outgrowth, synaptogenesis, memory for-
mation and possibly in laying down common tracks for nerves and vessels during
development. Genetic studies in mice and humans indicate that NFAT signaling
might play a role in schizophrenia and the developmental defects of Down syn-
drome.

17.1
Biochemistry of NFAT Signaling

17.1.1
Biochemical Basis of Coincidence Detection and Signal Integration by NFAT Transcrip-
tion Complexes

The NFAT-signaling pathway was defined by a reverse biochemical approach to
understand the sequence of events conveying signals from the cell membrane to the
nucleus. This approach resulted in the delineation of the pathway shown in Fig.
17.1. The downstream DNA target sequences were first identified, followed by the
biochemical purification of the protein complex (NFAT complex) bound to these
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target sequences [1–9]. NFATc proteins and their response elements were then used
to elucidate many of the remaining steps in the pathway shown in Fig. 17.1. In these
studies, the ability of NFAT complexes to activate transcription was found to require
the coincidence of a Ca2+ signal with a PKC and/or ras signal. The basis of this
two-signal requirement was found by biochemical reconstitution experiments to be
the assembly of NFAT complexes on the essential regulatory sequences. To detect
these NFAT complexes, it is critical to use specialized nuclear extracts that were
designed to detect the activity on functional NFAT sites. This procedure is described
in detail at the website: Crablab.stanford.edu.index.html. The Ca2+ signal is required
for the translocation of a Ca2+/CaN and cyclosporine A (CsA)-sensitive subunit
(NFATc) into the nucleus, while a ras or PKC signal was necessary to induce or
activate the nuclear subunit (NFATn) [3, 5]. The cooperation between these two
activities was shown by biochemical reconstitution as well as by experiments with
pharmacologic stimulators of the pathway [5, 6]. The structural basis of this coinci-
dence detection is the specialized DNA binding domain of the four genes that
encode the cytosolic subunits of these complexes, NFATc1–c4. The NFATc proteins
show only weak binding to DNA in vitro and thus usually require a partner protein
(NFATn) to bind tightly to DNA and form a transcriptionally active complex [10, 11].
Hence, combinatorial assembly of NFAT complexes probably plays a critical role in
determining the specificity of transcribed target genes.

The cytoplasmic to nuclear translocation of the four proteins (NFATc1–c4), which
make up the cytosolic subunits of the NFAT transcriptional complex, requires a
sustained increase of intracellular Ca2+ levels. The function of the Ca2+ release-acti-
vated Ca2+ (CRAC) channel, which opens in response to depletion of intracellular
stores through the IP3 receptor [12–15] is essential for prolonged Ca2+ signaling in
many cell types. Somatic cell mutants defective for the regulation of the CRAC
channel generate brief pulses of Ca2+ that are not sustained. In these somatic cell
mutants, NFATc family members are not maintained in the nucleus and hence are
unable to activate NFAT-dependent transcription of target genes [16]. More recent
experiments have indicated that other types of Ca2+ channels such as L-type voltage-
gated Ca2+ channels are also capable of activating NFAT-dependent transcription
[17–19].

Initial biochemical reconstitution experiments, using cytosolic and nuclear ex-
tracts, characterized the nuclear subunits of NFAT transcription complexes as re-
quiring transcription and being constitutively localized in the nucleus [5]. Later
studies indicated that NFATc proteins can form complexes with a rather wide variety
of different proteins including AP–1, GATA, MEF2 and others that contribute their
DNA-binding affinity to the complex [20–23]. To date, partner proteins whose null
phenotypes match the predominant NFATc1–4 phenotypes have not been described.
The identification of these proteins will likely be critical to gain a thorough under-
standing of the versatility and full range of gene regulation by this family of tran-
scription factors.
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17.1.2
The Mechanism of Nuclear Entry of NFATc Proteins.

The defining feature of the NFATc family is the Ca2+/CaN-sensitive translocation
domain (Fig. 17.2) that is present in each of the four proteins (Fig. 17.3) [23–25]. This
∼300 amino acid domain, located N-terminal to the DNA-binding domain, is enco-
ded by a single exon in all four NFATc proteins [25]. This domain contains two
conserved motifs, a serine-rich region (SRR) at its amino-terminus and a repeated

Fig. 17.1 Biochemical aspects of NFAT signaling. NFAT signaling can be acti-
vated by receptors that trigger an increase in intracellular Ca2+ including neu-
rotrophins, netrins, as well as Ca2+ channels such as L-type voltage-sensitive
Ca2+ channels (VSCC) and NMDA receptors. In addition, genetic studies in mice
indicate that gap junctions can activate NFATc translocation and NFAT-depen-
dent transcription. Calcineurin dephosphorylates a number of phosphoserines
in the N-terminus of the NFATc1–c4 proteins, exposing nuclear import sequen-
ces and leading to nuclear entry. This pathway is inactivated by nuclear kinases
such as PKA and GSK3 as well as by a group of proteins that block the activity of
calcineurin such as DSCR1. The powerful calcineurin inhibitor, cyclosporine A,
binds to cyclophilins to form dominantly acting inhibitory complexes that block
calcineurin activity. FK506 binds to FKBP to form dominantly acting inhibitory
complexes for calcineurin at nanomolar concentrations. The NFATn proteins are
a collection of transcription factors that respond to map kinase signaling as well
as to other signaling pathways and bind cooperatively to DNA with NFATc pro-
teins.
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motif, the SP repeat, made up of SPXXSPXXSPSSD/ES [26, 27]. The SRRs and the
SP repeats are the site of phosphorylation, which make interactions directly with the
nuclear localization sequences (NLS) in NFATc proteins, thereby preventing nuclear
entry in resting cells. CaN dephosphorylates critical serines in these motifs, thus
triggering nuclear entry of NFATc proteins [26,28,29]. Efficient dephosphorylation
requires a docking interaction between NFAT and CaN [30–32]. The major docking
site for calcineurin is located in the translocation domain and has the consensus
sequence PxIxIT (Fig. 17.2). Dephosphorylation of critical phosphoserines in the
SRR and SP-repeats by CaN leads to the exposure of the NLS. These studies imply
that an allosteric change might alternatively expose and conceal the NLS sequences
in NFATc and accompany dephosphorylation of the SRR and the SP repeats by CaN.
To date, this suspected allosteric regulatory mechanism has not been documented
by structural studies. The N-terminal translocation domain is unstructured in so-
lution, and possibly interacts with the C-terminal domain, indicating that structural
studies will be needed on the entire protein to define this switching mechanism [33].

17.1.3
Discrimination of Calcium Signals and the Nuclear Exit of NFATc Proteins

A fine balance between nuclear import and export determines the cytoplasmic-
nuclear ratio, and thus the activity of NFATc proteins. Nuclear export appears to
depend on: (a) an NES, which is competent for exporting heterologous nuclear
proteins to the cytoplasm [34]; and (b) the same group of serines that are essential for
nuclear import. The export receptor for phospho-NFATc is most likely Crm1, the
target of the small molecule leptomycin B [34–36]. Phosphorylation of these serines
in NFATc1/NFATc4 occurs by a two-step mechanism involving sequential phos-
phorylation by a priming kinase followed by GSK3. When these kinases are active,
the cytosolic subunits are retained for only a few minutes in the nucleus and are
quickly exported to the cytosol. This mechanism assures that most brief Ca2+ signals,
such as those that occur during heart muscle contraction or certain rapid neuronal
responses, for example, will not activate NFAT-dependent gene transcription. It
appears that GSK3 must be inactivated for an effective transcriptional stimulus.
Normally, nuclear GSK3 is under the control of AKT and PI–3 kinase signaling
[37–41]. In this pathway, which may start with a ras signal, AKT phosphorylates
GSK3b on Ser9, thereby inactivating it and allowing accumulation of NFATc family
members in the nucleus. Thus, concomitant signals by AKT and Ca2+ can lead to
continuous nuclear localization of NFATc proteins, and transcription of target genes
if an additional NFATn partner protein is present. Perhaps the best evidence for this
mechanism of nuclear retention comes from the observation that mice with muta-
tions in NF–1 (a ras-GAP that inactivates ras) show reduced NFATc1 export from the
nucleus. This would be consistent with a model in which increased ras activity leads
to inhibition of GSK3 (through PI–3 kinase and AKT) and thus to a reduction of
NFATc1 export [42].

One issue that has remained unanswered is the nature of the priming kinases for
the NFATc family. GSK3 is an unusual kinase in that it requires prior phosphory-
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lation of its substrates by another kinase. In the case of NFATc1 and c4 it is relatively
clear that these additional phosphorylations provided by GSK3 are essential for
nuclear export [17, 43]. Immunodepletion of GSK3 depletes all of the second export
kinase activity for NFATc1 and c4 from nuclear extracts of neurons [17, 43]. In
contrast, depletion of protein kinase A (PKA) leads only to partial reduction of the
priming kinase activity [43, 44]. Clearly, the critical priming kinase must be nuclear,
but its identity has not been determined.

In addition to the critical regulatory nuclear kinases, several cytoplasmic mainte-
nance kinases have also been identified, including JNK, Casein-kinase-II, and others

Fig. 17.2 The critical sequences within the NFATc family of proteins that me-
diate its response to calcineurin and its rapid export from the nucleus. The
N-terminal domain of the protein is necessary and sufficient to allow
Ca2+/calcineurin-dependent nuclear import and GSK3–dependent export and
functions as a potent dominant negative of NFAT function [8]. The SP-repeat and
serine-rich regions [24] contain most of the phosphorylation sites for GSK3 and
PKA, which are in turn dephosphorylated by calcineurin. The two calcineurin
binding sites that probably account for the dominant negative effects of the
N-termini are shown as sites A and B. (This figure also appears with the color
plates.)
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[45–48]. These kinases may participate in the discrimination of Ca2+ signals by phos-
phorylating NFATc proteins in the cytoplasm, thus providing constant opposition to
brief Ca2+ signals that might transiently activate CaN. Consequently, at least three
mechanisms appear to be involved in the discrimination of Ca2+ signals, thereby
insulating transcription of NFAT target genes against Ca2+ transients:

Fig. 17.3 Alignment of the sequences of the four NFATc family members and
their splice products. The coloring of the different domains in the proteins are
taken from Fig. 17.2. (This figure also appears with the color plates.)
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• the requirement for a nuclear partner to assemble NFAT transcription comple-
xes;

• the rapid nuclear export of NFATc proteins by GSK3 and a priming kinase; and
• the group of cytoplasmic maintenance kinases that oppose brief

Ca2+-dependent activation of CaN.

17.1.4
Combinatorial Assembly of NFAT Transcription Complexes Determines Specificity of
Ca2+ Responses.

One paradox of Ca2+ as a second messenger and signaling molecule is the issue of
specificity: how could a molecule so ubiquitous and used for so many purposes play
such an important role as the mediator of highly specific transcriptional responses?
The answer to this question has been very elusive [49, 50]. In the case of NFAT-de-
pendent transcription, a partial solution to this problem is the very rapid export of
these proteins from the nucleus, which insulates transcription from brief Ca2+ si-
gnals. NFATc proteins have a remarkable ability to sense dynamic changes in in-
tracellular Ca2+ and frequencies of Ca2+ oscillations in cells [16,51–53]. Another con-
tributor to specificity is probably the requirement for the concomitant activation of a
second signaling pathway that inactivates GSK3–dependent export from the nucleus
and is needed for the NFATc1–c4 proteins to accumulate to levels sufficient for
transcriptional activation. These explanations, however, do not provide an under-
standing of the more complex question of how very specific patterns of transcription
are produced in different cell types.

Much of the transcriptional specificity of Ca2+ signaling may be due to the need for
different nuclear partners to form NFAT transcription complexes. As mentioned
above, NFATc proteins probably do not bind very effectively to DNA in vivo by them-
selves. The structural and biochemical data indicate that NFAT transcriptional com-
plexes function as signal integrators and coincidence detectors.
Ca2+/calmodulin-dependent activation of CaN [3] is required in all cell types, while
the second signal can be either tissue- or context-specific [22, 23]. One nuclear
partner identified at an early stage was AP–1, specifically JunB, sequences of which
were obtained from purification using a DNA-binding site [20, 54]. However, recent
results have called into question the significance of AP–1 as a general partner. The
phenotypes of mice lacking components of AP–1 do not recapitulate the phenotypes
of mice lacking NFATc1–c4. These studies and the highly tissue-specific nature of
the target genes such as brain-derived neurotrophic factor (BDNF), vascular endo-
thelial growth factor (VEGF) and interleukin (IL)–2 have called attention to the need
for a definitive purification of the tissue-specific, cooperating NFATn proteins
[3,55,56].

Another layer of specificity of NFAT transcriptional responses to Ca2+ signaling is
likely imposed by the state of chromatin at the time the signal is received. Much of
the genome is inaccessible to signaling pathways. This inaccessibility probably mir-
rors the inaccessibility of large regions of non-expressed DNA to nucleases in the
conventional nuclease sensitivity assays. For many years, the nature of the mol-
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ecules that determine this inaccessibility have been an enigma. However, recently a
neuron-specific ATP-dependent chromatin remodeling complex (nBAF) was discov-
ered that could play a part in at least some of the tissue-specific patterns of acces-
sibility in neurons [57].

17.1.5
Dedication of CaN to NFATc Family Members

One surprising result that has emerged from studies of mice with mutations in the
different NFATc proteins is the high degree of similarity to the phenotypes of mice
with mutations in the subunits of CaN phosphatase complexes [22,56,58–60]. CaN is
a three-subunit enzyme made up of a catalytic subunit encoded by three genes, a
regulatory subunit that binds Ca2+, encoded by two genes, and calmodulin. Overex-
pression studies using a constitutively active form of the catalytic subunit of CaN
and studies with the purified enzyme suggested that CaN would dephosphorylate
many substrates. Hence, one would expect minor parallels between the phenotypes
of CaN-deficient mice and NFATc-deficient mice. However, to date there has been
remarkable overlap between these two phenotypes in developmental studies, sug-
gesting that during embryonic development CaN function is in some way dedicated
to NFATc1–c4. The basis of this high enzyme-substrate specificity is probably ex-
plained by the observation that CaN binds to NFATc proteins remarkably tightly.
This was initially observed based on the ability of the N-terminal translocation
domain of CaN to function as a dominant negative of calcineurin activity [8]. Two
binding sites within the translocation domain have been defined that underlie the
interaction between CaN and the NFATc family (see Fig. 17.2) [30,33,61]. These
bindings sites are probably sufficiently tight that much of CaN becomes dedicated to
NFATc proteins during embryonic neural development when NFATc3 and NFATc4
are highly expressed. In the adult brain, CaN is expressed at very high levels and
hence cannot be dedicated to the much less abundant NFATc1–c4. The relative
change in abundance of the NFATc protein during neural development probably
accounts for a shift in CaN function from transcriptional control in embryos to other
aspects of neural function in the adult nervous system.

17.1.6
Evolution of the Genes that Encode the Cytosolic Components, the NFATc Family

We are accustomed to thinking of signaling pathways as ancient and highly con-
served. However, NFAT signaling and transcriptional control is perhaps the only
membrane-to-nucleus signaling pathway that was created at the dawning of verte-
brate life. NFATc proteins with the characteristic Ca2+/CaN-sensitive translocation
domain are not present in any invertebrate genome, but are present in the sequen-
ced genomes of all vertebrates. The creation of these genes most likely occurred by
the recombination of an exon encoding a Ca2+/CaN-sensitive translocation domain
into proximity with exons encoding a rel domain [25]. This exon shuffling apparently
occurred about 500 million years ago since all vertebrate genomes contain two to



36117.2 Roles of NFAT Signaling in Axonal Outgrowth and Synaptogenesis

four genes encoding the cytoplasmic NFAT subunits, which contain the vertebrate-
specific translocation domain. In contrast, the genomes of all currently sequenced
invertebrates including sea urchins, flies, worms, and yeast lack homologues of the
NFATc family of transcription factors. Interestingly, the appearance of vertebrates
also coincided with the appearance of a group of new receptors and ligands includ-
ing neurotrophins, neurotrophin receptors, VEGF, the T-cell receptor, the B-cell
receptor and others. Signaling by each of these receptors is critically dependent on
NFATc family members. These observations suggest that, with the beginning of
vertebrate life, calcium signals were redirected to a new transcriptional program.
This event might have allowed the new receptors and ligands that also emerged at
the origin of vertebrates to initiate organogenesis characteristic of vertebrates. One
exception is netrins, which require CaN and NFATc2/c3/c4 to attract commissural
axons to the midline [60]. Why should netrins [unc6], which are clearly not a verte-
brate invention, need NFAT signaling? The answer may lie in the longer trajectories
taken by vertebrate axons. The axons of mice lacking CaN or c2/c3/c4 are much
slower in advancing, but do show some measurable rate of advance. Perhaps the
NFAT pathway creates a turbo-charged growth cone that is able to transverse the
relatively long pathways needed for the uniquely long axonal paths that are features
of the vertebrate nervous system?

17.2
Roles of NFAT Signaling in Axonal Outgrowth and Synaptogenesis

The generation of the precise neuronal network laid down during embryonic devel-
opment requires that axons navigate accurately to their appropriate targets, often
traversing long distances before reaching their correct synaptic partner. The proper
formation of these connections relies on the neural growth cone to correctly respond
to guidance cues and to activate an intricate network of downstream genes. A variety
of extracellular cues, including netrins and neurotrophins, stimulate, inhibit, and
guide process extension and branching by binding receptors present on the devel-
oping neuron [62–64]. The axonal growth cone interprets positive and negative guid-
ance cues and generates signals that determine both the course as well as the rate of
axon outgrowth. The growth cone contains a variety of signal transducing receptors
that mediate the response to morphogenetic cues and are coupled to second mes-
senger pathways. Several of these second messengers affect the organization of the
cytoskeleton, thereby regulating growth cone turning. However, for these guidance
cues to be effective in the complex and dynamic field of embryonic morphogenetic
signals, the immediate turning events must be coupled with more elaborate re-
sponses in the nucleus. Although some of these transcriptional processes may be
activated autonomously in neurons simply as a consequence of an early specifica-
tion event, in other cases their action may be regulated by late environmental si-
gnals. Coupling neuronal transcription to extracellular signals allows morphoge-
netic events such as branching to emerge from the coordination of internal pro-
grams of neuronal development with extracellular signals. These considerations
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raise the question of what sort of mechanisms might coordinate developmental
programs with extrinsic signals and how might these signals be conveyed from the
cell membrane to the nucleus.

NFATc family members function in the control of neuronal morphogenesis by
conveying netrin and neurotrophin signals to the nucleus, leading to the direct
activation of genes essential for rapid neurite outgrowth.

Profound defects in sensory axon projections from both cranial ganglia as well as
dorsal root ganglia (DRG) were observed in embryos with combined deletions of
NFATc2/c3/c4 (Fig. 17.4) [60]. Moreover, these outgrowth defects were phenocopied
by pharmacological inhibition of CaN function during early embryonic develop-
ment in utero. While both CaN and NFATc proteins were necessary for neurotro-
phin-stimulated growth of embryonic sensory neurons, neurotrophin-independent
neurite outgrowth was unaffected by lack of CaN/NFAT signaling. The defect of
sensory axon outgrowth appeared to be cell-autonomous. Trigeminal ganglia from
NFATc triple mutants or wild-type ganglia, when cultured in the presence of CsA
and FK506, were severely compromised in their ability to extend axons in vitro in
response to exogenously added neurotrophins (Fig. 17.4).

Several other axonal projections in the NFAT triple-mutant embryos were also
defective. The central branches of spinal sensory neurons from the DRG failed to
project longitudinally upon reaching the dorsal spinal cord at the dorsal root entry
zone. As a result, the longitudinal tract or dorsal funiculus was absent in triple-
mutant embryos.

NFATc triple-mutant embryos also displayed profound disturbances in commiss-
ural axon growth [60]. TAG–1–positive axons that emanate from commissural in-
terneurons were much shorter in the NFAT mutant neural tubes, and no TAG–
1–positive axons reached the floorplate and crossed the midline in NFAT triple
mutants. The extension defects of commissural axons of NFATc triple-mutant mice
are similar to defects found in mice mutant in netrin–1 or its receptor, DCC [65, 66].
Inhibition of CaN with FK506 and CsA completely blocked the rapid netrin-induced
axon extension from E13 rat dorsal spinal cord explants, while not affecting slow
netrin-independent outgrowth. This indicates that the observed inhibitory effect
does not represent a general inhibition of outgrowth, but rather inhibition of out-
growth stimulated by netrin/DCC signaling [65, 67]. As had been shown in the case
of neurotrophin signaling, netrin is also capable of directly activating NFAT-depend-
ent transcription in cultured cortical neurons [60]. Intracellular Ca2+ transients elicit-
ed by neurotrophins and netrins have an important role in regulating growth cone
motility and axonal growth [68–70], and may provide a link to the activation of
CaN/NFAT-dependent transcription. CaN/NFAT signaling thus appears to direct a
transcriptional program of axonal outgrowth in response to extracellular cues (Fig.
17.5). Several important questions remain to be addressed including:
• Whether additional axon guidance and outgrowth cues signal through

CaN/NFATc?
• How guidance and growth signals from distal neuronal compartments, such as

the growth cone, are propagated to the nucleus to activate NFAT-dependent
transcription?
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Fig. 17.4 NFAT signaling is essential for axonal outgrowth from the trigeminal
ganglia as well as from the dorsal root ganglia (not shown). (A) Schematic
representation of the outgrowth of axons from trigeminal ganglia at E10.5. (B,C)
Anti-Neurofilament stains of E10.5 control (B) and NFATc2/c3/c4 triple mutant
embryos (C). (D,E) Outgrowth of axons from trigeminal explants from (D) con-
trol and (E) NFATc2/c3/c4 triple mutant embryos. These studies show that
NFAT signaling functions cell-autonomously in neurons, but do not exclude
additional roles in the cells surrounding the extending axon (see Fig. 17.6).
(Reproduced, with modifications, from [60].)
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• What is the identity of the core transcriptional programs that control rapid axon
extension in response to these guidance and growth factors?

Fig. 17.5 Neurotrophins use calcineurin and NFATc proteins to control the
expression of genes that enhance neurite outgrowth in response to guidance
signals. Inset: NFAT signaling in sensory neurons appears restricted to a role in
neurite and axonal outgrowth and does not appear to be involved in cell survival,
which is dependent upon CREB.

The establishment of synapses plays a central role in the creation of functional
neuronal circuits. The arrival of an axon at a target cell initiates a series of mor-
phogenic events that lead to the development of a synapse. The establishment of a
mature synapse requires the bidirectional exchange of signals between the nerve
and its target tissue. Signaling through Ca2+, CaN and NFATc has been shown to be
critical in coordinating cell-cell interactions and in shaping the response of the two
communicating cells during development [22, 59]. Therefore, it is exciting that
recent findings point to a role of CaN/NFATc signaling in presynaptic differentiation
[71]. The process by which an axonal growth cone is transformed into a presynaptic
terminal is not well understood. Recent studies in zebrafish embryos demonstrated
that CaN/NFAT signaling is critical for remodeling the axon tips of olfactory sensory
neurons into presynaptic terminals. During synaptogenesis, large, filopodia-rich
growth cones are transformed into small presynaptic terminals lacking filopodia.
Pharmacologic or genetic inhibition of the CaN/NFAT pathway significantly impai-
red this remodeling process. Thus, activation of NFAT is probably required for these
morphological changes. The challenge for the future will be to understand the inte-
gration of CaN/NFAT signaling together with molecules, such as FGF22, Wnt–7a,
neuroligin, SynCAM and thrombospondin, which are known to regulate synapto-
genesis.
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17.3
A Possible Role for NFAT Signaling in Defining Pathways for Both Vessels and Peripheral
Nerves

The similarity of the paths followed by peripheral nerves and blood vessels was first
noted by Leonardo da Vinci. Later, this observation led to the speculation that vas-
culogenesis and neurogenesis may use common guidance principles to sculpt the
delicate patterning of nerves and vessels to meet the needs of the developing em-
bryo. The arteries and veins of adult mammals follow precise anatomical paths that
show relatively little variation between individuals. This stereotyped anatomy sug-
gests that some form of guidance must be provided to the growing vessel. Such
guidance cues are likely to involve both positive cues that direct vessels into specific
regions, and negative cues that prevent major vessels from developing within struc-
tures that require a very specific pattern of vascularization. This is highly reminis-
cent of how neuronal connections form during embryonic development. Develop-
ing axons follow positive and negative guidance cues and extend to their appropriate
target regions in a highly stereotyped and directed manner, making very few errors
of navigation [64].

Both the nervous and vascular systems are faced with similar tasks during devel-
opment; they must both navigate precisely within the three-dimensional space of the
developing embryo, and both are highly branched networks consisting of separate
afferents and efferents. Indeed, they often co-align and follow common anatomic
paths that are not simply a matter of mechanical barriers. For example, the phrenic
nerve, artery and vein run tightly together over a long path with no obvious physical
barriers, suggesting that this coordination may be achieved by crosstalk between the
two tissues [72–76].

Recent evidence indicates that the similarities between the two systems might
extend also to the molecular level, and that they share not only their anatomic but
also their molecular pathways (Fig. 17.6). For example, signaling pathways that
previously had only been appreciated for their role in patterning and differentiation
of the nervous system have proven critical for the morphogenesis of the vascular
system, and vice versa. This list includes the Notch, ephrin-Eph, plexin-semaphorin,
Slit-Robo, netrin, neurotrophin and VEGF signaling pathways [77–90]. Most inter-
estingly, several of these receptors utilize Ca2+/CaN/NFATc to communicate their
signals to the nucleus [55,60,91,92]. This aspect of CaN/NFATc signaling is even
more intriguing in light of the defect seen in patterning of both the vascular and
nervous system seen in NFATc-mutant mice.

Mice with null mutations of NFATc3 and NFATc4, as well as mice bearing a mu-
tation in the regulatory subunit of CaN, CnB, die at midgestation due to severe
vascular patterning defects. In the mutant embryos, intersomitic vessels form inap-
propriate branches and invade the somites. Furthermore, excess vessels also pen-
etrate the neural epithelium. These results indicate that signaling through Ca2/CaN
/NFATc3/c4 mediates a negative signal that prevents the aberrant growth of vessels,
presumably either by modulating the response of the growing vessel to guidance
cues or by controlling the regional expression of vascular guidance cues (Fig. 17.6).
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In the mutant embryos, in-situ hybridization for VEGF mRNA showed enhanced
expression in both somites and the neural tube, which suggested that regionally
specific NFAT signaling represses VEGF expression and could thereby modulate the
pathway of vessels in certain tissues [58]. On the other hand, in endothelial cells
VEGF directly activates the CaN/NFATc pathway [91]. Loss of the normal segmented
blood vessel pattern reminiscent of the one seen in the NFATc3/c4– and CnB-
mutant mice has been described in mutants of the ephrin-Eph, plexin-semaphorin
and netrin pathways [83,84,86, 93–96]. The similarity of the nature of the defect seen
in the NFATc mutants and in the mice carrying mutation of the netrin receptor
unc5b [86], is particularly exciting when taken together with the observation that the
NFATc proteins are downstream effectors of netrin/DCC signaling in the develop-
ing nervous system [60]. It is worthy of note, with respect to the role of NFATc
signaling in neuronal development, that VEGF has been shown, in addition to its
central role in vascular development, to promote neuronal or glial cell survival,
proliferation, and axonal outgrowth [96–98].

NFAT signaling is often essential in two communicating cells or tissues, and
coordinates the gene expression necessary for, or resulting from, this communica-
tion [22]. For example, bidirectional NFAT signaling is essential for the morphoge-
nesis of the heart valves [56]. Therefore, it is stimulating to speculate that the
CaN/NFATc pathway could be a critical effector in the bidirectional communication
between vessels and nerves, and might contribute to the control of a genetic pro-
gram which directs the congruent development of vessels and nerves (Fig. 17.6).

Fig. 17.6 NFAT signaling represses VEGF expression locally to pattern path-
ways for vessels and nerves. Although NFAT signaling regulates a large number
of secreted proteins in the developing embryo, a model is presented with VEGF,
which is repressed by calcineurin-NFAT signaling [56, 58] by direct binding of
NFAT complexes to essential regulatory regions within this gene. The upstream
receptors, which might activate this pathway locally, are not known. An alter-
native to a localized cytokine or growth factor is the possibility that an NFATn
could be a segmental or localized homeodomain protein or other transcription
factor. Thus, a localized external signal might not be directly required.
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17.4
Roles of NFAT Signaling in Later Development: Responses to Spontaneous Activity

Changes in the efficacy of synaptic transmission are important for neuronal func-
tion. Activity-dependent modification is thought to be central to both the refinement
of neuronal connections in the immature nervous system and memory storage in
the mature brain. Many presynaptic and postsynaptic proteins have been implicated
in altering synaptic strength, and it has been well established that information
processing of signals in the nucleus followed by the activation of gene transcription
is required for long-lasting changes of synaptic efficacy.

Although the requirement for CaN in learning and memory is firmly demon-
strated, the exact mechanisms underlying its role are not fully understood. CaN can
regulate both short- and long-term changes in neuronal plasticity [99–107]. Within
neurons, CaN is enriched in dendritic spines and postsynaptic densities in the cell
body [108–110]. Because of its high affinity and low dissociation constant for Ca2+

and its co-localization with NMDARs, CaN is among the first of the postsynaptic
enzymes to be activated after Ca2+ influx [111], and is the predominant Ca2+ -regu-
lated protein phosphatase in neurons.

NFATc4 is expressed within hippocampal neurons and initiates gene expression in
response to synaptic activity. Under basal conditions, NFATc4 is phosphorylated and
resides in the cytoplasm. Many Ca2+ channels (including L-type, N-type, and P/Q-
type Ca2+ channels, as well as NMDA-and AMPA-type glutamate receptors) can
cause a marked elevation in the bulk intracellular Ca2+ levels. However, most of these
are ineffective at directly activating NFAT and only Ca2+ entry through both N-me-
thyl-d-aspartate receptors (NMDARs) and L-type voltage-gated Ca2+ channels can
trigger translocation of NFATc4 from the cytosol to the nucleus (Fig. 17.7) [17]. The
translocation step is dependent upon CaN-mediated dephosphorylation of NFATc4,
which causes the unmasking of multiple nuclear localization signals and triggers
rapid transport through the nuclear pore complex. Neuronal activity not only trig-
gers nuclear translocation of NFATc4 but it additionally regulates NFATc4–depend-
ent transcription by delaying nuclear export of NFAT through L-type channel-medi-
ated inhibition of GSK3 [17]. The result is prolonged NFATc4 activation and incre-
ased NFAT-dependent gene expression. Although L-type channels contribute only a
minor component to the synaptic Ca2+ currents, they seem to play a major role in
coupling synaptic excitation to activation of transcriptional events, that contribute to
synaptic plasticity. The privileged roles of the NMDA receptor and the L-type chan-
nel in the activation of CaN and NFAT-dependent transcription has not yet been
determined, but may be attributable in part to their, subcellular distribution at or
near synapses, and the prolonged Ca2+ influx that they induce. The latter is required
to overcome the rapid export of NFATc proteins from the nucleus.
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Fig. 17.7 Calcineurin-NFAT signaling in hippocampal neurons responds to
L-type channels and NMDA receptor stimulation and regulates genes such as
the IP3R1 that could form a positive feedback mechanism. This pathway may be
involved in the pathogenesis of schizophrenia or Down syndrome.

Long-lasting, transmission-dependent changes in synaptic strength are thought to
form the basis for neuronal changes that contribute to various forms of memory and
learning [112]. In the hippocampus, two forms of long-term synaptic plasticity have
been demonstrated: long-term potentiation (LTP) and long-term depression (LTD).
In the CA1 region of the hippocampus, both LTP and LTD can be induced at the
same synapses by different frequencies of stimulation; low-frequency stimulation at
1–5 Hz induces LTD, while high-frequency stimulation at 100 Hz induces LTP.
Long-lasting forms of synaptic plasticity and memory require de novo gene expres-
sion [113, 114]. The Ca2+-activated serine-threonine phosphatase CaN has been
shown to be involved in the induction of these two forms of synaptic plasticity in the
hippocampus [100–105,107]. Remarkably, NFATc4 translocation in CA1/CA3 hip-
pocampal neurons is more pronounced in response to low-frequency stimuli (5 Hz)
as compared to high-frequency stimulation (Fig. 17.7) [17].

The interplay between the regulated nuclear import and export of NFATc4 in hip-
pocampal neurons represents a pathway parallel with others for transcriptional con-
trol by Ca2+, including Ca2+-dependent phosphorylation and dephosphorylation of
CREB. The participation of multiple pathways may be important for the proper
decoding of Ca2+ transients that differ in intensity, duration, temporal pattern, or
mode of Ca2+ entry, allowing these signals to be translated into activation of distinc-
tive sets of genes.

The preferential activation of NFAT-dependent transcription by low-frequency
stimulation has also been observed during the communication between motor neu-
rons and myofibers. Signals that are exchanged between a motor neuron and its
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target muscle initiate the formation and assembly of a highly differentiated presy-
naptic nerve terminal and the muscle’s highly specialized postsynaptic apparatus.
The pattern of motor nerve activity determines whether skeletal muscle fibers devel-
op fast- or slow-twitch properties [115]. Recent studies have revealed a key role for
CaN signaling in the induction of a program of gene expression associated with the
slow-twitch myofibers [116–118]. More specifically, it has been shown that NFAT
acts as a nerve activity sensor and controls activity-dependent fiber type specification
in skeletal muscle [119]. NFAT activity is induced by electrostimulation with a tonic
low-frequency impulse pattern, mimicking the firing pattern of slow motor neu-
rons, but not with a phasic high-frequency pattern typical of fast motor neurons
[119].

Neurotrophins (NTs) are important regulators of NFAT-dependent transcription
within neurons. NTs were initially described as target-derived trophic factors, and
have more recently been found to be regulated by synaptic activity and to, in turn,
modulate neuronal excitability, synaptic transmission, and synaptic structure
[120–123]. They can thus act as synaptic modulators and link synaptic activity with
long-term functional and structural modification of synaptic connections. In par-
ticular, BDNF has received much attention for its potential role in activity-dependent
synaptic plasticity within the hippocampus. BDNF induces the translocation of
NFAT family members from the cytoplasm to the nucleus of cortical neurons. In
addition, BDNF is a powerful activator of endogenous NFAT-dependent transcrip-
tion in both cortical neurons and CA3/CA1 hippocampal neurons [55, 60], and is
completely blocked by inhibition of CaN phosphatase. The phosphorylation of Trk-
receptors creates docking sites for adaptor proteins that couple these receptors to
intracellular signaling cascades, including the ras/MAPK, PI3K/Akt pathway and
the PLCg1 pathways. Examination of the downstream signal transduction pathways
revealed that the interaction of Trk receptors with PLCg1 and SHC was required for
activation of NFAT-dependent transcription [60]. A requirement for the Shc-interac-
tion site might reflect the requirement for ras /MAPK or PI3K activation for the
induction of the nuclear components of NFAT transcription complexes, which are
PKC/ras-dependent [5]. The requirement for the PLCg1 interaction site of the Trk
receptors may relate to PLCg’s ability to stimulate Ca2+ release via the generation of
IP3. A large number of different receptors respond to stimulation by generating the
second messenger IP3. IP3 triggers the release of Ca2+ from the endoplasmic reticu-
lum by binding to the IP3 receptor, thereby causing the rapid influx of extracellular
Ca2+ via CRAC channels. In addition, Ca2+ release from IP3-sensitive stores can
cooperate with Ca2+ influx via voltage-gated and receptor-operated calcium channels.
Interestingly, CaN/NFAT signaling appears to directly regulate the expression of the
neuronal-specific, IP3 type 1 receptor (IP3R1) [17,55,124], both in response to L-type
Ca2+ channel- or BDNF-induced NFAT-dependent transcription. Moreover, BDNF
activation of NFAT-dependent transcription will also lead to increased BDNF mRNA
and protein production, evoking yet another positive feedback loop. Thus, NFAT-
controlled gene expression in neurons can provide a positive feedback mechanism
capable of altering the amplitude or spatial organization of Ca2+ signals. Such posi-
tive feedback loops could lead to long-lasting modulation of spatial and temporal
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patterns of neuronal activity and be critical for the refinement of synaptic connec-
tions that occur during neural development.

17.5
The Role of NFAT in Neuronal Survival

During development, neurons are produced in numbers exceeding those seen in the
adult brain. Thus, programmed cell death plays an important role in shaping the
nervous system. Neuronal cell survival can be modulated by survival factors such as
neurotrophins or by spontaneous activity of a neuron itself. The removal of afferents
or the blockade of neuronal activity in turn leads to an increase in programmed cell
death, suggesting that the depolarization of neurons normally favors survival. De-
polarization may increase survival by increasing the sensitivity of neurons to neu-
rotrophic factors [125], or by enhancing the endogenous synthesis of these factors
[126]. In accordance with this, culture of several types of neurons in elevated extra-
cellular K+ concentration leads to enhanced survival. In cerebellar granule neurons,
NFATc4 plays a critical role in mediating growth factor- and activity-dependent sur-
vival. In the presence of high K+ in the culture medium, NFATc4 was found in the
nucleus of cerebellar granule cells. Upon serum withdrawal and low K+ conditions,
which lead to the subsequent induction neuronal cell death, NFATc4 was exported to
the cytoplasm. Genetic knockdown of NFATc4 by RNA interference triggered the
apoptosis of granule neurons even under survival conditions of serum growth fac-
tors and neuronal activity, while expression of a constitutively active form of NFAT
protected granule neurons against cell death. Together, these findings suggest that
NFATc4–dependent transcription plays a critical role in promoting the survival of
neurons, and also suggests a direct role for NFAT proteins in regulating the expres-
sion of pro-survival genes in cerebellar granule cells [127]. The anti-apoptotic kinase
Akt might enhance neuronal survival by controlling at least two different transcrip-
tion factors. On one hand it promotes the nuclear export of the pro-apoptotic tran-
scription factor FOXO3, while on the other hand it increases the amount and/or
time of NFATc4 in the nucleus by inactivating the NFAT export kinase GSK3 [128].

In contrast to the role of NFAT-dependent transcription in the survival of cerebellar
granule cells, in-vitro and in-vivo neurotrophin-mediated survival of embryonic sen-
sory neurons does not require signaling via CaN/NFAT [60]. Mice with mutations of
NFATc2/c3/c4 did not display any significant increase in neuronal cell death. The
lack of effect on cell death is also evident in culture experiments, as blocking
CaN/NFAT signaling with FK/CsA provides a reversible block of sensory axon
growth from explants in collagen, and does not increase sensory neuron death in
low-density dissociated cultures on laminin. Although neurons lacking NFAT sig-
naling are unable to extend axons efficiently in response to neurotrophins, they do
not appear to be comprised in the ability of neurotrophins to promote survival.
However, mice with mutations in CREB were found to have defects in neurotro-
phin-induced survival both in vivo and in vitro [129]. CREB responds to both cAMP
and Ca2+ signals and activates transcription of genes essential for cell survival. A
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straightforward synthesis of these results is to propose that neurotrophin signals
split into a survival pathway requiring CREB and an outgrowth pathway through
CaN and NFATc proteins (see Fig. 17.5). This precise parsing of signals could allow
independent control of survival and axonal extension by factors encountered along
the paths of axons to their targets. These factors might regulate pathways that inter-
sect with neurotrophin or netrin signaling downstream of their receptors. Such
independent control of survival and axonal extension could provide a coincidence
detection mechanism, allowing the elimination of neurons whose axons wandered
onto an incorrect path. This argument is supported by previous studies in mice with
mutations in the pro-apoptotic Bcl–2 family member, Bax. Neuronal cell death in the
absence of neurotrophins occurs by apoptosis, and requires the actions of Bax [130].
The targeted deletion of Bax rescues the survival of DRG neurons in NGF- or TrkA-
deficient mice. However, the rescued neurons show a dramatic reduction of periph-
eral sensory connections [131, 132], implying that the signaling mechanisms con-
trolling outgrowth are different from those controlling survival. In future, it will be
interesting to determine which other neuronal subtypes utilize the CaN/NFAT path-
way to modulate cell survival, which upstream signals regulate CaN/NFAT, which
NFAT nuclear partner proteins are involved, and which downstream targets are
affected.

17.6
Small Molecule Inhibitors of CaN are Powerful Probes of Neuronal Development

17.6.1
The Mechanism of Action of FK506 and Cyclosporine A

During the 1980s, the drugs FK506 and cyclosporine A (CsA) revolutionized trans-
plant surgery, making possible successful organ transplantation that had been im-
possible or ineffective before their use [133]. Despite the great importance of these
drugs, their mechanism of action was unknown until it was discovered that they
inhibited NFAT signaling and the activation of NFAT-dependent genes by blocking
the activity of CaN [4,134,135]. These drugs have an almost unique mechanism of
action. Their highly lipophilic nature allows them to pass through the cell mem-
brane, the placenta or the blood-brain barrier. Once inside the cell, they bind to the
FKBP or cyclophilin class of prolyl isomerases (immunophilins). This interaction is
diffusion-limited and of high affinity (about 0.5 nM). The composite surface created
by the combination of drug and immunophilin then directly interacts with CaN (see
Fig. 17.1) and prevents substrate access [136–140].

Both FK506 and CsA are natural products synthesized by microorganisms, which
produce these molecules to block CaN activity in their competitors. This also might
explain why both of these chemically dissimilar drugs bind to a prolyl isomerase.
Both molecules are very hydrophobic, which allows them to pass through any mem-
brane by lipid permeation. The prolyl isomerase pocket is one of the most hydro-
phobic pockets in the cell, and hence is ideally suited to the task of binding these
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drugs. The fact that both compounds completely inhibit CaN activity and NFAT-de-
pendent transcription at concentrations far lower than would be necessary to inhibit
prolyl isomerase activity present in cells [4, 135], shows that the inhibition of prolyl
isomerase activity has little to do with their mechanism of action at low drug conc-
entrations. At higher concentrations (10 mM and above), they intercalate into mem-
branes, as do most hydrophobic drugs, leading to a wide variety of nonspecific
actions. When used at low concentrations, the drugs appear to be two of the most
specific inhibitors available. In many ways, these small molecules sparked the origin
of the field of chemical biology to probe biologic mechanisms [138, 139]. Indeed,
present studies indicate that the phenotypes produced by drug administration to
either pregnant or adult mice parallels those produced by deleting the CaN gene
[56,58,60]. This test of specificity has been equaled by few (if any) other drugs. These
observations strongly indicate that, at low concentrations, FK506 and CsA might
have a single target in the mammalian genome.

17.6.2
Use of CsA and FK506 in Studies of Neural Development and Function

The unusual mechanism of action of these drugs underlies some relatively unin-
tuitive aspects of their use. Perhaps the most unintuitive aspect is that the correct
concentration to inhibit a CaN-dependent process will vary with the cell type and the
developmental window studied. This is because the concentrations of CaN, FKBP
and cyclophilin vary widely between different cell types and developmental time
points. For example, lymphocytes contain about 5000 molecules of CaN per cell, and
about one million molecules of FKBP or cyclophilin. Hence, a small amount of drug
that occupies only a few percent of the total FKBP or cyclophilin molecules will be
sufficient to completely inhibit CaN in a lymphocyte. In neurons, where CaN ex-
pression levels are relatively high (estimated at about 1% of total cellular protein in
hippocampal neurons), much higher levels of the drugs are necessary to achieve full
inhibition of CaN activity. The high concentration of CaN in the brain is likely to be
the reason that few patients treated with these drugs suffer neurological side effects,
unless accidentally the drug reaches high levels in the central nervous system. In
such cases the patients may develop transient and reversible memory loss, cortical
blindness or psychosis as a result [140, 141].

One-way to circumvent the difficulty of dealing with high concentrations of CaN in
neurons (often exceeding the concentration of either FKBP or cyclophilin) is to use
both FK506 and CsA to fully inhibit CaN activity. This will result in the formation of
two types of drug-isomerase complexes, each able to bind to the active site in CaN
and preclude substrate access. Indeed, the use of both drugs is essential to block the
activity of CaN in embryonic neurons [17, 60].
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17.6.3
Assessing CaN Activity

As mentioned above, one problem with using inhibitors of CaN or conditional
knockout of its subunits is that it is difficult to know if the enzymatic activity is fully
inhibited or ablated, as the produrance time for the mRNA and protein are rather
long in neurons (24–48 h). Fortunately, a simple assay was devised to determine if
any remaining activity of calcineurin was present in a cell. The NFATc proteins are
hyperphosphorylated in the absence of CaN activity. Hence, if CaN activity is com-
pletely blocked, a large shift in the mobility of the particular NFATc family members
can be observed by Western blotting. This approach has been very effective for
checking the activity of CaN in neurons or other tissues of the developing embryo
where it is very difficult to inhibit [58].

17.7
NFAT Signaling and Transcriptional Control in Human Disease

17.7.1
Possible Defects in NFAT Signaling in Human Schizophrenia

The hypothesis that CaN-NFAT signaling might play a role in schizophrenia origi-
nally came from studies of transplant patients treated with CsA. A small percentage
of patients had a neurological reaction that appeared to be similar to schizophrenia
[140–144], but was reversible upon discontinuation of the drug. However, these
cases were rare and it was not clear that a causal association existed between inhi-
bition of CaN activity and the development of a schizophrenia-like syndrome. More
recently, however, human genetic studies have suggested that a well characterized
schizophrenia locus on human chromosome 8p21.3 may encompass the gene en-
coding one of the three catalytic subunits of CaN, CaN-A3 or -Ag [145]. In addition,
one of the other human schizophrenia loci is near the gene for NFATc2 on human
chromosome 20q13 [146]. Thus, the possibility exists that a defect in signaling me-
diated by CaN-A g and NFATc2 could be associated with an increased risk of schizo-
phrenia. This notion is reinforced by the finding that mice with a knockout of the
CaN-Ag gene show critical aspects of schizophrenia [147]. In a more recent study of
457 cases of schizophrenia in Japan compared to 429 controls, no association could
be detected, indicating that perhaps ethnic background might provide modulators of
this association [148].

17.7.2
Down Syndrome and NFAT Signaling

The discovery that the Down Syndrome Critical region (DSCR) encodes a gene,
DSCR1 (also called MCIP1 or calcipressin), which encodes a competitive CaN in-
hibitor with nanomolar binding affinity, led to the hypothesis that the inhibition of
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CaN might play a role in Down syndrome. DSCR1 was discovered in a search for
proteins that were located in the 3 Mb “critical region” thought to contain the genes,
which when overexpressed 1.5–fold rise to the symptoms of Down syndrome [149,
150]. DSCR1 was the first gene to be found in this region, and was rediscovered in a
search for CaN inhibitors in muscle as MCIP [151] and also in yeast [152]. DSCR1
overexpression blocks NFATc translocation in a number of cell types, and is a pow-
erful inhibitor of NFAT-dependent transcription in several cell types. Remarkably,
Olson and colleagues discovered that DSCR1 or MCIP1 was regulated by NFAT
transcription complexes through a cluster of 15 tandem NFAT-binding sites within
the second intron of the DSCR1 gene [153]. The transcriptional regulation of an
inhibitor of the CaN/NFAT pathway by NFAT itself contributes further to the com-
plex positive and negative feedback controls that modulate this pathway. As positive
and negative feedback mechanisms tend to be unstable, these findings raise the
possibility that attenuation of NFAT signaling during development might contribute
to the pleiotropic developmental defects observed in patients with Down syndrome.

17.8
Conclusion

Understanding the roles of NFAT signaling in the development and function of the
nervous system were probably delayed by the unfortunate name given to this path-
way, which implied that it was somehow restricted to activated T-lymphocytes. With
the discovery of a number of essential roles in the development and function of the
nervous system, perhaps a better name would be Neural Factor Activated by Trk.
Although many further studies need to be done, investigations into the many modu-
lators of the pathway including CaN, GSK3, DSCR1 and others, as well as the many
NFAT target genes, should provide fresh insights into aspects of axonal guidance,
synaptogenesis, and synaptic plasticity. Finally, the pathway and its modulators will
likely be useful and important for understanding the pathogenesis of several human
diseases of the nervous system.

Abbreviations

BDNF brain-derived neurotrophic factor
CaN calcineurin
CRAC Ca2+ release-activated Ca2+

CsA cyclosporine A
DRG dorsal root ganglia
DSCR Down Syndrome Critical Region
IL interleukin
LTD long-term depression
LTP long-term potentiation
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NT neurotrophin
PKA protein kinase A
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VEGF vascular endothelial growth factor
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Stimulus-Transcription Coupling in the Nervous System:
The Zinc Finger Protein Egr–1

Oliver G. Rössler, Luisa Stefano, Inge Bauer, and Gerald Thiel

Abstract

The biosynthesis of the zinc finger transcription factor Egr–1 is stimulated by many
extracellular signaling molecules including hormones, neurotransmitters, and
growth and differentiation factors, indicating that the Egr–1 gene is a convergence
point for many intracellular signaling cascades. Moreover, synaptic activity induces
the expression of Egr–1, suggesting that Egr–1 orchestrates activity-regulated neu-
ronal transcriptional programs. The Egr–1 protein links cellular signaling cascades
with changes in the gene expression pattern of Egr–1–responsive target genes. Many
biological functions have been attributed to Egr–1. In the nervous system, Egr–1
may control neuronal plasticity, neuronal cell death, and the proliferation of astro-
cytes.

18.1
Introduction

The zinc finger transcription factor Egr–1 (Sukhatme et al., 1988), also known as
zif268 (Christy et al., 1988), NGFI-A (Milbrandt, 1987), Krox24 (Lemaire et al., 1988)
and TIS8 (Lim et al., 1987), has been independently discovered by several investiga-
tors searching for genes essential for growth, proliferation, or differentiation. The
Egr–1 gene belongs to a group of early response genes, as stimulation with many
environmental signals including growth factors, hormones, and neurotransmitters
strongly and rapidly, induces Egr–1 gene expression. The Egr–1 gene therefore func-
tions as a convergence point for many signaling cascades, and regulation of the Egr–1
gene has been used as a model system to study stimulus-transcription coupling.
Egr–1 couples extracellular signals to long-term responses by altering gene expres-
sion of Egr–1 target genes. The gene products of those target genes are then respon-
sible for the physiological alterations that result from cellular stimulation and Egr–1
biosynthesis. In theory, the research on Egr–1 merges two broad fields of molecular
research, described as “signal transduction” and “control of gene expression”.
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18.2
Modular Structure of Egr–1

Transcription factors have a modular structure; that is, the different functions such
as DNA-binding, activation or repression of transcription can be attributed to dis-
tinct regions within the molecule. The modular structure of Egr–1 is depicted in Fig.
18.1. The DNA-binding domain of Egr–1 contains three zinc finger motifs. The
structure of a complex formed between these three zinc fingers and its cognate
DNA-binding site has been solved (Pavletich and Pabo, 1991) and subsequently used
as a framework for understanding how zinc fingers recognize DNA (Jamieson et al.,
1996; Elrod-Erickson and Pabo, 1999). Each zinc finger domain consists of an anti-
parallel b-sheet and an a-helix held together by a zinc ion and hydrophobic residues.
The structure of the Egr–1 zinc finger domain provided the framework for design of
novel DNA-binding proteins (Greisman and Pabo, 1997). Egr–1 preferentially binds
to the GC-rich sequence 5’-GCGGGGGCG–3’ (Christy and Nathans, 1989b; Cao et
al., 1993). The transcription factors Sp1 and Sp3 also bind with their zinc finger
DNA-binding domains to GC-rich sequences. A comparison of Sp1/Sp3 and Egr–1
binding specificities to DNA reveals that the DNA-binding sites of Egr–1 (GCG GGG
GCG = A B A) and Sp1 (GGG GCG GGG = B A B) are similar and appear as a
rearrangement of one another (A B A versus B A B) (Kriwacki et al., 1992). The
similarity of the DNA-binding sites of Sp1, Sp3, and Egr–1 has triggered the hypoth-
esis that they compete for the same DNA-binding site. A detailed analysis of
Sp1/Sp3 and Egr–1–responsive genes has revealed that there are genuine Sp1/Sp3
or Egr–1 controlled genes showing no cross-regulation by Sp1/Sp3 and Egr–1
through the same DNA-binding site (Al-Sarraj et al., 2005). However, this does not
exclude that some genes contain overlapping Sp1/Egr–1 or Sp3/Egr–1 binding sites
where competition for a DNA-binding occurs. This has been shown, for example, for
the human angiotensin-converting enzyme gene (Day et al., 2004; Al Sarraj et al.,
2005).

The transcriptional activation domain of Egr–1 is, in contrast to its DNA-binding
domain, not as well characterized. Gashler et al. (1993) mapped an extensive N-ter-
minal activation domain, and similar results have been reported by the present
authors (Thiel et al., 2000). An inhibitory domain between the activation domain and
the DNA-binding domain was identified that functions as a binding site for two
transcriptional cofactors termed NGFI-A binding proteins 1 and 2 (NAB1, NAB2)
(Russo et al., 1995; Svaren et al., 1996). Both NAB1 and NAB2 block the biological
activity of Egr–1 (Russo et al., 1995; Svaren et al., 1996; Thiel et al., 2000). A fusion
protein consisting of NAB1 and a heterologous DNA-binding domain was shown to
function very well as a transcriptional repressor (Thiel et al., 2000), indicating that
NAB1 only needs to be recruited to the transcription unit, either by protein-protein
or by DNA-protein interaction, to repress transcription. The discovery of the co-re-
pressor proteins NAB1 and NAB2 produced a further level of complexity for the
understanding of the function of Egr–1 because induction of transcription of the
Egr–1 gene may have no biological effect when the transcriptional activator function
of Egr–1 is neutralized by NAB1 or NAB2. The concentrations of both co-repressors
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in a particular cell is thus of extreme importance for Egr–1 function. In PC12 cells,
for instance, overexpression of NAB2 inhibits nerve growth factor-induced differen-
tiation (Qu et al., 1998). The expression of the NAB2 gene is controlled by Egr–1
(Ehrengruber et al., 2000), indicating that Egr–1 controls its biological activity in a
negative feedback loop via the synthesis of NAB2.

18.3
Intracellular Signaling Cascades Converging at the Egr–1 Gene

Originally, induction of Egr–1 biosynthesis was observed following the stimulation
of receptor tyrosine kinases triggering the activation of mitogenic signaling cas-
cades. Later, it was thoroughly demonstrated that Egr–1 is synthesized following
stimulation of epidermal growth factor (EGF) receptor, platelet-derived growth
factor receptor, fibroblast growth factor (FGF) receptor, or Trk neurotrophin recep-
tors (Milbrandt, 1987; Mundschau et al., 1994; Kaufmann and Thiel, 2001; Rössler
and Thiel, 2004). Integral parts of this signaling cascades are receptor tyrosine ki-
nases, adapter proteins such as Grb2 (growth factor receptor-bound–2) or Shc (Src-
homology–2 containing), the nucleotide exchange factor Sos (son-of-sevenless), the
G-protein Ras and a cascade of protein kinases in the order Raf → MEK (mitogen-
activated protein kinase (MAPK) kinase and extracellular signal regulated protein
kinase kinase) → ERK (extracellular signal-regulated protein kinase) (Fig. 18.2).
This pathway is known as the ERK/MAPK cascade.

Fig. 18.1 Modular structure of the zinc finger transcription factor Egr–1. The
Egr–1 protein contains an extended transcriptional activation domain on the
N-terminus and a DNA-binding domain, consisting of three zinc finger motifs.
Additionally, an inhibitory domain has been mapped between the activation and
DNA-binding domains that functions as a binding site for the transcriptional
co-repressor proteins NAB1 and NAB2. (This figure also appears with the color
plates.)



382 18 Stimulus-Transcription Coupling in the Nervous System: The Zinc Finger Protein Egr–1

Fig. 18.2 Intracellular signaling pathways leading to Egr–1 biosynthesis.
Ligand binding to receptor tyrosine kinases leads to receptor dimerization and
intracellular trans-autophosphorylation of key tyrosine residues. The phospho-
tyrosyl residues function as docking sites for SH2–containing adapter proteins
such as Grb2 (growth factor-receptor-bound 2). The nucleotide exchange factor
Sos (son-of-sevenless) is recruited and activates the G-protein Ras. GTP-bound
Ras in turn activates the protein kinase Raf via recruitment to the plasma mem-
brane, leading to the sequential phosphorylation and activation of the protein
kinases MEK and ERK. Ligands that bind to G-protein-coupled receptors (GPCR)
stimulate ERK activation via activation of protein kinase C or transactivation of
the EGF receptor. Protein kinase C can directly or indirectly stimulate the activity
of Raf via phosphorylation. Transactivation of the EGF receptor may be accom-
plished by cytosolic tyrosine kinases of the src-family or via the activation of
membrane-bound metalloproteinases. Likewise, an increase in the intracellular
Ca2+-concentration as a result of P2X7-receptor stimulation triggers Egr–1 bio-
synthesis via transactivation of the EGF receptor and activation of ERK. (This
figure also appears with the color plates.)

Ligands that bind and activate G-protein-coupled receptors (GPCRs) are also potent
inducers of the Egr–1 biosynthesis. Distinct intracellular signaling cascades connect
GPCR-stimulation with enhanced Egr–1 transcription. These pathways share a final
activation of the protein kinase ERK. Stimulation of Gq-coupled GPCR can activate
ERK via a protein kinase C-dependent pathway involving direct or indirect activation
of Raf (Kolch et al., 1993; Schonwasser et al., 1998; Corbit et al., 2003) (see Fig. 18.2).
The signal transduction of muscarinic acetylcholine receptors in neuroblastoma
cells functions via this scheme (Grimes and Jope, 1999; O. Rössler and G. Thiel,
unpublished observations). Stimulation of GPCR can also induce a “transactivation”
of receptor tyrosine kinases, in particular of the EGF receptor (Daub et al., 1997;
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Wetzker and Böhmer, 2003). As a result, the ERK/MAPK signaling cascade is acti-
vated, leading to the biosynthesis of Egr–1. In human glioma cells, stimulation of
the G-protein-coupled neurokinin receptor–1 by substance P induces the biosyn-
thesis of Egr–1. The up-regulation of Egr–1 synthesis is completely blocked by
AG1487, an EGF receptor-specific tyrosine kinase inhibitor (Al-Sarraj and Thiel,
2002), indicating that transactivation of the EGF receptor is essential for substance
P/neurokinin 1 receptor-induced activation of Egr–1 biosynthesis. Several mecha-
nisms have been proposed to explain the cross-talk between GPCR-stimulation and
subsequent receptor tyrosine kinase activation (Leserer et al., 2000; Wetzker and
Böhmer, 2003). An increase in the intracellular Ca2+ concentration, for example, can
activate the Ca2+-dependent cytosolic tyrosine kinase Pyk2 that may trigger transac-
tivation of the EGF receptor. Alternatively, GPCR-stimulation may activate mem-
brane-bound metalloproteinases, leading to the liberation of EGF receptor ligands.
Thus, several routes are available in the cell for the signal transfer from GPCR to
ERK/MAPK, and cell type-specific differences are obvious.

Finally, we recently discovered that stimulation of the ionotropic receptor P2X7 by
ATP or ATP analogues induces the biosynthesis of Egr–1. The signaling cascade
following P2X7 receptor stimulation involves an influx of Ca2+, transactivation of the
EGF receptor, and the subsequent activation of the ERK/MAPK cascade. In addition,
Ca2+/calmodulin-dependent protein kinases may also be involved in the signal trans-
fer from the P2X7 receptor to the Egr–1 gene (L. Stefano, O.G. Rössler and G. Thiel,
manuscript in preparation). In summary, the fact that ligands that stimulate either
receptor tyrosine kinases, GPCR, or ionotropic receptors also stimulate Egr–1 bi-
osynthesis indicates that the Egr–1 gene functions as a point of convergence of
intracellular signaling cascades involved in stimulus-dependent regulation of gene
transcription.

18.4
The Egr–1 Promoter

Transcription factors bound to the genetic elements within the 5’-flanking region of
the Egr–1 gene are targets for the signaling cascades that regulate stimulus-induced
Egr–1 transcription. The landmark transcriptional regulatory elements within the
human Egr–1 promoter are depicted in Fig. 18.3. Most importantly, the human
Egr–1 promoter contains five serum response elements (SREs) encompassing the
consensus sequence CC(A/T)6GG, also termed CArG box (Christy and Nathans,
1988a; Sakamoto et al., 1991; Bauer et al., 2005). Two kinds of transcription factors
are required for SRE-mediated activity – the serum response factor (SRF), and the
ternary complex factor. The ternary complex factors Elk–1 (Ets-like protein–1),
SAP–1 and SAP–2/Net/ERP contact DNA and also bind to the SRF. Elk–1 is a major
nuclear target of mitogen-activated protein kinases, and Elk–1 phosphorylation
leads to enhanced DNA-binding activity, ternary complex formation and SRE-me-
diated transcription (Shaw and Saxton, 2003). Thus, Elk–1 connects the activation of
mitogen-activated protein kinases with enhanced transcription of genes containing
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SREs in their regulatory region. Accordingly, expression of a constitutively active
mitogen-activated protein kinase kinase, the kinase responsible for the phosphory-
lation and activation of extracellular signal-regulated protein kinase (ERK), strongly
stimulates Egr–1 promoter activity (Kaufmann et al., 2001). Likewise, synthesis of
Egr–1 mRNA induced by serum, platelet-derived growth factor, or phorbol 12–my-
ristate 13–acetate was shown to be almost completely dependent on the activation of
the Ras-Raf-MEK-ERK signaling pathway (Gineitis and Treisman, 2001). Transcrip-
tional activation of Egr–1 is often preceded by an activation of Elk–1. In stimulated
glutamatergic corticostriatal neurons, for example, a strict spatiotemporal connec-
tion between Elk–1 activation and Egr–1 mRNA synthesis has been demonstrated
(Sgambato et al. 1998). Likewise, nitric oxide (NO) donor-induced activation of Elk–1
preceded transcription of the Egr–1 gene in human neuroblastoma cells (Cibelli et
al., 2002).

Fig. 18.3 Control elements of the human Egr–1 gene. The transcriptional start
is indicated by the arrow. The 5’-flanking region contains a TATA box, five serum-
response elements (SRE), encompassing the sequence CC(A/T)6GG and bind-
ing sites for ternary complex factors (Ets) belonging to the Ets family of tran-
scription factors. The Ets binding sites are characterized by a conserved GGAA
core. A cyclic AMP response element (CRE) is present that contains one mis-
match in comparison to the consensus sequence. Egr–1 also binds to its own
promoter via the EBS site. The sequence is available from the public database
(accession # AJ245926.1 and X12617.1).

The SREs occur in two clusters in the Egr–1 promoter – a distal 5’ cluster of three
SREs and a proximal 3’ cluster of two SREs. In addition, multiple binding sites for
ternary complex factors (Ets) are adjacent to the CArG boxes having the Ets consen-
sus core sequence GGAA/T (Fig. 18.3). In-vitro protein-DNA-binding experiments
revealed that Elk–1 and SAP–1 are able to form ternary complexes with the SRF on
both the proximal and distal SRE clusters of the Egr–1 promoter (Watson et al.,
1997). The formation of a quaternary complex occurred on the distal SREs due to the
presence of two ternary complex binding sites flanking two CArG boxes (SREs # 3
and 4). The proximal SRE cluster encompassing a single Ets binding site was able to
recruit a ternary, but not a quaternary, complex in vitro. These differences shed light
on the fact that the proximal and distal SRE clusters have a different impact on
stimulus-induced gene transcription of the Egr–1 gene, despite the fact that both the
distal as well as the proximal SRE clusters couple enhanced ERK activity with tran-
scriptional up-regulation. The biological diversity of the five SREs of the Egr–1
promoter has been noticed by us and others in recent years. In human neuroblas-
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toma cells, for instance, NO donors induced Egr–1 gene transcription only when the
distal SREs were present in the transcription unit (Cibelli et al., 2002). The upstream
SREs also represent a convergence point for shear stress, phorbol ester or urea
administration, leading to an up-regulation of Egr–1 gene transcription (Cohen et
al., 1996; Schwachtgen et al., 1998; Bauer et al., 2005). The proximal SREs, in con-
trast, are required for induction of Egr–1 gene transcription by epidermal growth
factor or thrombin (Tsai et al., 2001; Wu et al., 2002; Bauer et al., 2005).

The Egr–1 promoter contains a cAMP response element (CRE) that encompasses
the sequence 5’-TCACGTCA–3’. This motif shows a one base difference in com-
parison to the canonical CRE sequence 5’-TGACGTCA–3’. The functionality of this
element has been a matter of controversy. The fact that forskolin, an activator of
adenylate cyclase, did not stimulate Egr–1 promoter activity in human U87 glioma
cells (Meyer et al., 2002) was used as an argument that the CRE in the context of the
Egr–1 promoter does not function as a cAMP-inducible enhancer element. Rather,
the CRE was suggested to control Egr–1 gene transcription via activation of the
p38/stress-activated protein kinase–2–mediated signaling cascade (Rolli et al.,
1999). However, activation of adenylate cyclase by forskolin up-regulated Egr–1
biosynthesis in PC12 cells and pancreatic b-cells (Josefsen et al., 1999; Tsai et al.,
2001), indicating that the Egr–1 gene is responsive to elevated cAMP concentrations.
These examples shed light on the fact that a genetic element such as the CRE within
the Egr–1 promoter is not per se active or inactive, but rather reflects cell type-specific
differences in the concentrations of signaling molecules or transcriptional activators
or repressors. Using a constitutively active mutant of CREB, it was shown unequi-
vocally that the Egr–1 promoter is a target for CREB (Bauer et al., 2005). In contrast, a
constitutively active ATF2 mutant only weakly elevated Egr–1 promoter activity (J. Al
Sarraj et al., 2005), indicating that CREB, but not ATF2, belongs to the major regu-
lators of Egr–1 gene transcription.

Interestingly, the Egr–1 protein can bind to its own gene, via the EBS sequence
5’-CGCCCCCGC–3’. As a result, Egr–1 down-regulates the transcription of its own
gene (Cao et al., 1993). Although the molecular mechanism of this repressive activity
is unknown, this is a further negative feedback loop, in addition to the induction of
NAB2 synthesis by Egr–1, that allows only a transient – but not a sustained – syn-
thesis of Egr–1.

18.5
Lessons from Egr–1–Deficient Mice

Transgenic mice containing an inactivated Egr–1 gene have been generated (Lee et
al., 1996; Topilko et al., 1997; Mataga et al., 2001). Egr–1–/–-homozygous mice are
viable, but have a reduced body size. The homozygous mice are infertile due to
defects in hormone regulation. The pituitary gland showed a reduced size, in par-
ticular affecting the anterior lobe. Homozygous Egr–1–/–-mice had a clear reduction
in the number of growth hormone-positive cells, and luteinizing hormone
(LH)b-expression was completely blocked (Lee et al., 1996; Topilko et al., 1997). A
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histological examination of hippocampal anatomy using cellular, neuronal, and pre-
synaptic markers revealed that the basic neuronal architecture of the hippocampus
is not affected by inactivation of the Egr–1 gene (Jones et al., 2001). However, behav-
ioral tasks as well as plasticity-related tests revealed that loss of Egr–1 has a tremen-
dous impact on the consolidation of memories and the reconsolidation of recogni-
tion memory and long-lasting synaptic enhancement in the hippocampus (Wei et al.,
2000; Jones et al., 2001; Bozon et al., 2003; Lee et al., 2004; see also below). The
relatively mild phenotype of Egr–1–/–-mice may be the result of functional redundan-
cy. The Egr–1–related transcription factors Egr–2, Egr–3, and Egr–4 (Joseph et al.,
1988; Patwardhan et al., 1991; Crosby et al., 1992) that bind with their zinc finger
domains to Egr–1 target genes may compensate for the loss of Egr–1 function.
Alternatively, Egr–1 may be part of a cellular stress response program, as shown by
the fact that cellular stressors such as radiation, oxygen deprivation, or reactive
oxygen intermediates are powerful inducers of Egr–1 biosynthesis. Thus, the loss-
of-function phenotype may only be obvious in stressful situations where Egr–1
governs a coordinated program of gene transcription that allows the stressed cells to
acquire an adaptive phenotype.

18.6
Egr–1 Regulates Synaptic Plasticity in the Nervous System

The expression of Egr–1 in the nervous system is regulated by synaptic activity.
Accordingly, high-frequency stimulation of excitatory synapses of the hippocampus
activates Egr–1 biosynthesis (Cole et al., 1989). Egr–1 functions as a signaling mol-
ecule downstream from the NMDA receptor, and contributes to long-lasting synap-
tic enhancement in the hippocampus (Wei et al., 2000). Clear evidence has been
provided that Egr–1 controls synaptic plasticity. The Egr–1 gene is rapidly transcri-
bed in hippocampal neurons following the induction of long-term potentiation.
Experiments performed with mutant mice with a targeted disruption of the Egr–1
gene revealed that Egr–1 is essential for the maintenance of late long-term poten-
tiation and expression of long-term memory (Jones et al., 2001), indicating that Egr–1
plays a key role in the transition from short- to long-term synaptic plasticity. Loss of
Egr–1 expression, however, does not affect short-term memory processes, as shown
by the ability of homozygous Egr–1–/–-mice to perform olfactory discrimination in
social transmission of food preference, and visual discrimination in an object rec-
ognition task (Jones et al., 2001). In addition to its role in the consolidation of new
memory, Egr–1 has recently been shown to be involved in reconsolidation of recog-
nition memory following reactivation (Bozon et al., 2003). Experiments involving
the infusion of antisense oligonucleotides into the hippocampus of rats confirmed
the role of Egr–1 in the reconsolidation of long-term contextual fear memory, but
questioned the involvement of Egr–1 in the consolidation process (Lee et al., 2004).
Infusion of Egr–1 antisense oligonucleotides into the amygdala was shown to inter-
fere with learning and memory processes of fear (Malkani et al., 2004), indicating
that Egr–1 plays in the amygdala an important role in long-term learning and memo-
ry of fear.
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Hippocampal neurons respond to different sensory stimuli including noxious or
painful somatosensory stimulation, indicating that the hippocampus is involved in
the formation of spatial memory associated with potentially dangerous sensory ex-
perience. An analysis of activity-dependent expression of Egr–1 in hippocampal
neurons revealed that Egr–1 is required for tissue-injury-induced plastic changes in
the hippocampus (Wei et al., 2000). These data indicate that Egr–1 may serve as a
regulator of nociception or pain-related plasticity within the hippocampus.

18.7
Correlation Between Proliferation of Astrocytes and Egr–1 Biosynthesis

Since the discovery of the Egr–1 gene as an “early growth response gene” (Sukhatme
et al., 1988), research has been directed towards the function of Egr–1 in growth and
proliferation. Egr–1 biosynthesis is strongly stimulated by signals that activate the
mitogen-activated/extracellular signal-regulated protein kinase ERK (Kaufmann et
al., 2001), the protein kinase that is activated following mitogenic stimulation. In the
nervous system, a key feature of astrocyte reactivity is their proliferative response.
Mitogens such as EGF and basic-FGF (bFGF) stimulate DNA synthesis in glioma
cells and primary astrocytes via activation of the ERK/MAPK signaling cascade
(Kaufmann and Thiel, 2001; Riboni et al., 2001; O. Rössler, S. Mayer, G. Thiel,
unpublished observations). Amplification and/or mutations of the EGF receptor
have been frequently reported in human malignant gliomas, the most common
primary tumor of the adult central nervous system. EGF stimulation of astrocytes
and glioma cells strongly enhances Egr–1 biosynthesis (Kaufmann and Thiel, 2001;
O.G. Rössler, S. Mayer, G. Thiel, unpublished observations). Hence, Egr–1 is most
likely an important “late” component of the EGF-initiated signaling cascades in
glioma cells, and functions as a “third messenger” connecting growth factor stimu-
lation with changes in gene transcription. Moreover, the expression of the EGF
receptor is controlled by Egr–1 via the sequence 5’-GCGGGGGCC–3’, encompas-
sing nucleotides –433 to –425 of the EGFR gene promoter (Nishi et al., 2002).

Glial cells synthesize high levels of bFGF that in turn stimulates autocrine growth
(Riboni et al., 2001). Interestingly, the human bFGF gene is transactivated by Egr–1
via two Egr–1 binding sites in the proximal promoter of the human bFGF gene
(Biesiada et al., 1996; Wang et al., 1997). These sites, which encompass the sequen-
ces 5’-CTCCCCCGC–3’ and 5’-GCGGGGGTG–3’, deviate by one nucleotide from
the consensus sequence. The stimulation of bFGF synthesis by Egr–1 indicates the
existence of a growth stimulatory autocrine loop, since stimulation of the bFGF
receptor by its cognate ligand in turn enhances Egr–1 synthesis via ERK (Wang et al.,
1997) (Fig. 18.4).
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Fig. 18.4 An autocrine loop involving receptor tyrosine kinase-triggered Egr–1
biosynthesis may regulate cell growth. Stimulation of the receptor tyrosine ki-
nases such as the EGF or bFGF receptors triggers the biosynthesis of Egr–1.
Egr–1, in turn, binds to the regulatory region of the EGF receptor gene, leading to
an up-regulation of EGF receptor expression. Egr–1 also transactivates the gene
encoding bFGF, leading to an enhanced biosynthesis of the growth factor bFGF.

The fact that mitogenic stimulation by EGF or bFGF includes an activation of ERK
(Tournier et al., 1994; Kaufmann and Thiel, 2001), the kinase that strongly stimu-
lates Egr–1 gene transcription, implies that the induction of Egr–1 biosynthesis is an
integral part of the mitogenic pathway and continues the mitogenic signaling cas-
cade via stimulation of growth factor or growth factor receptor synthesis. However, it
is worth stating that there are reports to the contrary, attributing to Egr–1 a growth
inhibitory function. Egr–1 has been characterized as a tumor suppressor for human
glioma cells, based on the fact that Egr–1 overexpression negatively regulates tumor
growth (Huang et al., 1995). Likewise, the expression levels of Egr–1 are significantly
down-regulated in astrocytomas and glioblastomas (Calogero et al., 2001). Addition-
ally, adenoviral-mediated expression of Egr–1 almost completely abolished the
growth of tumor cells in vitro (Calogero et al., 2004). Mechanistically, it has been
proposed that Egr–1 transactivates the transforming growth factor (TGF)–b1 gene.
Newly synthesized TGF-b1, in turn, stimulates the synthesis of the cyclin-dependent
protein kinase inhibitor p21WAF1/Cip1, leading to cell cycle arrest (Calogero et al., 2001).
Further studies are required to solve the discrepancy between the proposed growth-
promoting role of Egr–1 for astrocytes and a growth-suppressing role for brain
tumor cells.
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18.8
Egr–1: A “Pro-apoptotic Protein” for Neurons?

Despite the discovery of Egr–1 as a growth-promoting protein, several reports have
been published in recent years describing Egr–1 as a “pro-apoptotic protein” (Liu et
al., 1998). In particular, the failure of attempts to generate PC12 cells overexpressing
Egr–1 (Qu et al., 1998) suggests that Egr–1 either represses growth or promotes
apoptosis.

Which role, if any, Egr–1 plays within apoptotic signaling cascades in neurons is
currently not known. According to one scenario, direct transactivation of the PTEN
gene by Egr–1 should explain the apoptotic activity of Egr–1. PTEN (phosphatase
and tensin homologue deleted on chromosome 10) is a lipid phosphatase that cle-
aves the 3’-phosphate from phosphatidylinositol 3,4,5–trisphosphate
(PtdIns(3,4,5)P3) to generate phosphatidylinositol 4,5–bisphosphate (PtdIns(4,5)P2)
(Fig. 18.5). PTEN opposes the action of phosphoinositide 3–kinase (PI3–kinase) that
phosphorylates the 3’-OH group of the inositol ring in inositol phospholipids.
PI3–kinase regulates cell survival via activation of protein kinase B/Akt, and consti-
tutive activation of PI3–kinase induces cellular transformation. Thus, PTEN func-
tions as a tumor suppressor protein by antagonizing the PI3–kinase/Akt signaling
cascade. Egr–1 was proposed to directly regulate expression of the PTEN gene via a
functional 5’-GCGGCGGCG–3’ Egr–1 binding site within the 5’-untranslated
region (Virolle et al., 2001). A correlation was observed between the biosynthesis of
Egr–1 induced by UV or g-radiation and an up-regulation of PTEN mRNA and
protein. In mouse embryonic fibroblasts, derived from Egr–1 knockout-mice, PTEN
was not synthesized following UV-radiation, and UV-induced apoptosis was blocked
(Virolle et al., 2001). This study, which defines Egr–1 as a positive activator of the
PTEN gene, places Egr–1 in the regulatory circuit for growth inhibition and apop-
tosis. The relationship between Egr–1 biosynthesis and PTEN expression in neu-
rons has not been analyzed. Likewise, other proposed scenarios to explain an apop-
totic activity of Egr–1, involving a cross-talk between Egr–1 and p53/p73 or c-Jun
(Levkovitz and Baraban, 2001; Pignatelli et al., 2003), require further experimental
proof. The activity of Egr–1 may also depend on the cell type and the nature of the
cytotoxic stimulus. Thus, results obtained with non-neuronal cells may not be di-
rectly transferable to the environment of the nervous system.

Injection of the excitotoxin kainic acid is used as an in-vivo experimental model of
temporal lobe epilepsy. Epileptic seizures are manifest in specific brain regions,
including the piriform and entorhinal cortex, amygdaloid complex and hippocam-
pus. Injection of kainic acid is accompanied by a strong and rapid up-regulation of
Egr–1 in the hippocampus, cortex, and amygdala (Honkaniemi and Sharp, 1999;
Mataga et al., 2001). The expression of Egr–1 lasts for 24 hours in the CA1 and CA3
subfield of the hippocampus (Honkaniemi and Sharp, 1999), the brain area that is
massively damaged by kainate. The kainate-induced up-regulation of Egr–1 may
represent a stress response, where the expression of Egr–1 target genes is intended
to protect the stressed cells from the neurotoxic challenge. Alternatively, the expres-
sion of Egr–1 may be an integral part of an apoptotic signaling cascade in neurons
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that coordinates transcription of the genes encoding pro-apoptotic proteins. Expe-
riments performed with transgenic mice harboring an inactivated Egr–1 gene re-
vealed that the presence or absence of Egr–1 has no effect on the rate of kindling, an
experimental model of epileptogenesis, and associated mossy fiber sprouting in the
hippocampus (Zheng et al., 1998).

18.9
Conclusions and Future Prospects

Considerable progress has been made in the identification of intracellular signaling
pathways leading to Egr–1 expression. This progress is the first step to understand-
ing how stimulation of the cells of the nervous system influences the gene expres-
sion pattern. To gain better insight into the function of Egr–1 in the nervous system,
it will be necessary to identify the target genes for Egr–1 in neurons, astrocytes, and
microglia cells. The identification of those target genes should provide clues about
the functions of Egr–1 in orchestrating synaptic activity-induced neuronal tran-
scriptional programs. Moreover, we expect to learn more about the role of Egr–1 in
the regulation of genes encoding growth-promoting or apoptosis- inducing proteins.
The availability of Egr–1 knockout mice will be very helpful in investigating changes

Fig. 18.5 Biological activity of the lipid phosphatase PTEN. Activation of
growth factor receptor tyrosine kinases triggers the activation of phosphoino-
sitide 3–kinase (PI3–K). Phosphatidylinositol phosphates are composed of a
glycerol moiety and a membrane-associated phosphatidic acid, linked to a cy-
tosolic phosphorylated inositol group. PI3–K phosphorylates phosphatidylino-
sitol 4,5–bisphosphate at the D3 position, generating phosphatidylinositol
3,4,5–trisphosphate (PtdIns(3,4,5)P3). This metabolite functions as an activator
of protein kinase B/Akt, leading to enhanced cell survival and/or cell growth. The
lipid phosphatase PTEN removes the D3 phosphate from PtdIns(3,4,5)P3 and
therefore opposes the action of PI3–kinase.
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in physiological parameters in the absence of Egr–1. However, additional questions
are sometimes raised by these mouse models, mainly because it is difficult to ex-
clude that other transcription factors, related to Egr–1, may compensate for the loss
of Egr–1. Therefore, the analysis of Egr–1–lacking cells derived from Egr–1–/–-mice
must be supplemented by a dominant-negative approach to exclude compensation
by related transcription factors.
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The Presenilin/g-Secretase Complex Regulates Production of
Transcriptional Factors: Effects of FAD Mutations

Nikolaos K. Robakis and Philippe Marambaud

Abstract

First described for its b-amyloid-producing function, the presenilin (PS)-dependent
g-secretase complex has since been shown to catalyze the e-cleavage of type I trans-
membrane cell surface proteins producing soluble peptides containing the intra-
cellular domains (ICDs) of the cleaved proteins. These peptides act as regulators of
gene expression, suggesting that the PS/g-secretase processing of cell-surface pro-
teins is a key factor in surface-to-nucleus signal transduction and communication.
Signal-induced gene expression mediates neuronal responses to environmental
changes, and is a key event in neuronal survival and synaptic function. Many of the
cell-surface proteins cleaved by the PS/g-secretase system are cell-surface receptors
involved in diverse functions ranging from development and differentiation to cell-
cell adhesion and communication. Thus, the cleavage controlled by the
PS/g-secretase system may be used to transmit information to the interior of the cell,
including the nucleus, about specific changes taking place in the extracellular envi-
ronment. Familial Alzheimer’s disease (FAD) mutations may interfere with this
flow of information by inhibiting the e-cleavage of cell-surface proteins and thus
down-regulating production of biologically active ICDs. Here, we discuss how the
study of the genetic and molecular aspects of Alzheimer’s disease (AD) reveals a
dual role for the PS/g-secretase complex in transcriptional regulation and in AD
pathogenesis.

19.1
Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder of the central
nervous system (CNS) leading to the most common form of dementia. The neuro-
pathology of AD is characterized by large numbers of brain neuritic plaques (NPs),
neurofibrillary tangles (NFTs), and neuronal loss in the striatum and cortex of the
CNS. NPs are complex extracellular structures containing at their core amyloid
depositions of fibrillar A b-protein (Ab) surrounded by reactive astrocytes, microglia,
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and dystrophic neurites. NFTs accumulate intracellularly and consist mainly of
paired helical filaments of over-phosphorylated tau protein (Selkoe, 2001). The
pathogenesis of the disease is complex, and it may be driven by both environmental
and genetic factors. Most AD cases are sporadic and occur after the ages of 65 or 70
years. Sporadic late-onset AD has no clear genetic or environmental etiology, al-
though inheritance of the E4 allele of apolipoprotein E represents a genetic risk
factor for late-onset dementia (Pericak-Vance et al., 1991). A small percentage of all
AD cases (ca. 5%) have a clear genetic etiology and are classified as familial AD
(FAD); this usually occurs at an earlier age and follows a more rapid, progressive
course than the sporadic form of AD. Three genetic loci have been linked to early-
onset FAD, including the genes encoding the amyloid precursor protein (APP), the
precursor of the Ab peptides (Goldgaber et al., 1987; Kang et al., 1987; Robakis et al.,
1987; Tanzi et al., 1987), PS1 (Sherrington et al., 1995), and PS2 (Levy-Lahad et al.,
1995; Rogaev et al., 1995). The brain histopathology and clinical course of the dis-
ease, however, seem similar in all AD cases, suggesting the involvement of common
cellular mechanisms in all forms of AD.

Our understanding of the molecular basis of AD has benefited from observations
that many mutations linked to FAD increase production of the Ab-peptides that
aggregate to form the amyloid depositions. These observations supported the amy-
loid plaque theories of AD, including the cerebrovascular (Glenner, 1988) and the
neuritic plaque (Hardy and Higgins, 1992) theories that form the basis of most
strategies aimed at treating this disorder. Nevertheless, the amyloid theories remain
controversial because of the weak correlation between brain amyloid load and sev-
eral parameters of neurological dysfunction, including degree of dementia, loss of
synapse, loss of neurons, and the distribution of neuronal and cytoskeletal abnor-
malities in the brain (Terry et al., 1981; Braak and Braak, 1991; Dickson et al., 1995;
Neve and Robakis, 1998). Moreover, amyloid depositions at levels similar to those
seen in AD are often detected in normal individuals who have no evidence of cog-
nitive impairment (Davies, 2000; Neve and Robakis, 1998; Roses, 1994). These dis-
crepancies prompted the development of the soluble oligomer Ab theories of AD,
which proposed that soluble oligomers of extracellular (Klein et al., 2001) or intra-
cellular (Wilson et al., 1999) Ab42 not detected by the classical amyloid stains, rep-
resent the neurotoxic forms of Ab. Indeed, recent reports have suggested that sol-
uble oligomeric Ab may interfere with synaptic plasticity and memory formation
(Dodart et al., 2002; Walsh et al., 2002; Cleary et al., 2005). Although the soluble Ab
theories are also consistent with the data that FAD-linked mutations increase the
production of Ab peptides, no correlation has been found between Ab increase and
age of onset associated with specific FAD mutations. The identification of neuro-
toxic soluble Ab oligomers specific to AD may provide strong support to the soluble
Ab theories of AD (for reviews, see Hardy and Selkoe, 2002; and Robakis, 2003).
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19.2
Processing of APP and FAD

Most cellular APP is processed through the non-amyloidogenic secretory pathway
that cleaves APP within the Ab sequence (Anderson et al., 1991). This cleavage is
catalyzed by several constitutive and inducible proteases, collectively called
a-secretases, including TACE (TNFa converting enzyme or ADAM–17) and ADAM–
10, both members of the disintegrin and metalloprotease family of proteases (Bux-
baum et al., 1998; Lammich et al., 1999; Lopez-Perez et al., 2001). In the amyloido-
genic pathway, sequential processing of APP by the endoproteolytic activities of
b-secretase and g-secretase leads to the production of Ab peptides. b-Secretase is a
membrane-bound aspartyl protease, named BACE1, that is homologous to the pep-
sin family (Citron, 2004). This protease acts at the N-terminus of the Ab sequence of
APP, liberating an amyloid precursor of 99 residues, termed C99. This APP frag-
ment contains the entire Ab sequence plus the transmembrane and cytoplasmic
domains of APP (Fig. 19.1). In the amyloidogenic processing, C99 is further pro-
cessed by the PS/g-secretase complex at several sites located close to the middle of
the transmembrane sequence of APP, producing various Ab peptides each contain-
ing 39 to 43 amino-acid residues. The major cleavages however, take place either
after Val40, producing the 40–amino acids Ab40, the most abundant Ab peptide, or
after Ala42, producing the highly fibrilogenic peptide Ab42 that represents about
10% of all Ab (Fig. 19.1). The PS/ g-secretase system has an unusual aspartyl pro-
tease activity formed by a multicomponent high molecular-weight complex that
includes presenilins, nicastrin, APH–1, and PEN–2 (for a review, see Haass, 2004).

Fig. 19.1 Secretase processing of amyloid precursor protein (APP), illustrating
the sites of b- and g––secretase cleavages important for the production of Ab
peptides, and e-cleavage that is the final step in the production of biologically
active intracellular domains (ICD).
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Recentevidenceshowsthat, inadditionto theamyloidogenicg-cleavagesofAPP, the
PS/g-secretase system promotes the e-cleavage of several type I transmembrane
proteins, including APP, Notch1 receptor, E-cadherin, N-cadherin and CD44
(Schroeter et al., 1998; De Strooper et al., 1999; Gu et al., 2001; Sastre et al., 2001; Yu
et al., 2001; Lammich et al., 2002; Marambaud et al., 2002; Weidemann et al., 2002).
The e-cleavage results in the release of soluble cytosolic peptides containing the
intracellular domains (ICDs) of the cleaved substrate proteins. Although this cleav-
age is also sensitive to g-secretase inhibitors, it takes place further downstream from
the amyloidogenic g-cleavages at a site closer to the membrane/cytoplasm interface
than the g-cleavages (see Fig. 19.1). In certain cases, like E- and N-cadherin, the
e-cleavage is greatly stimulated by calcium influx (Marambaud et al., 2002, 2003). To
date, at least 16 cell-surface type I transmembrane proteins and one multipass trans-
membrane receptor have been shown to be processed by the PS/g-secretase system,
producing soluble peptides containing the ICD sequence of the cleaved proteins.
Research conducted during the past few years has shown that these peptides may
migrate to the nucleus where they act as regulators of gene expression, while others
remain in the cytoplasm where they may regulate the metabolism of transcription
factors.

Several groups have reported evidence that many PS1 FAD mutations inhibit the
processing of type I transmembrane proteins and receptors, including N-cadherin,
APP and Notch–1, at the e-cleavage site, thus reducing production of the ICDs (Song
et al., 1999; Nakajima et al., 2000; Chen et al., 2002; Moehlmann et al., 2002; Ma-
rambaud et al., 2003; Walker et al., 2005). These data support an alternative hypoth-
esis of AD based on the observation that ICD peptides may have important biological
functions, and that inhibition of their production in neuronal cells may be detrimen-
tal to neuronal function and survival (Fortini, 2003; Robakis, 2003). Thus, recent
findings on the transcriptional and signal transduction properties of the ICD pep-
tides are important not only because they shed light on the biological function of the
PS/g-secretase proteolytic system but also because they implicate transcriptional
and signaling dysregulations in the mechanisms of AD neurodegeneration. Below,
we discuss several paradigms illuminating the biological function of these peptides
and their potential involvement in AD.

19.3
The Presenilins

Mutations in the genes encoding PS1, and its close homologue PS2, are responsible
for most genetic forms of AD. To date, 135 mutations have been found in the PS1
gene and 10 in the PS2 gene (see http://molgen-www.uia.ac.be/ADMutations). As a
result, the biological functions of these proteins and their potential involvement in
neurodegeneration have been the subject of intense investigation. The genes en-
coding PS1 and PS2 are located on chromosomes 14 and 1, respectively (Levy-Lahad
et al., 1995; Rogaev et al., 1995; Sherrington et al., 1995). PS1 is ubiquitously ex-
pressed, and in the brain it is found at high levels in neuronal cells (Sherrington et
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al., 1995; Elder et al., 1996). Both proteins are multipass transmembrane peptides
containing nine hydrophobic regions, and although their exact membrane topology
is still under investigation, a commonly accepted model features eight transmem-
brane domains where the N- and C-termini are both located in the cytoplasm (Doan
et al., 1996; Li and Greenwald, 1996; De Strooper et al., 1997). PS1 holoprotein
contains 467 residues, and in the cell it undergoes constitutive endoproteolysis
between the transmembrane domains VI and VII, by an unknown catalytic activity
termed presenilinase (Thinakaran et al., 1996; Campbell et al., 2003). This endo-
proteolytic event may occur in the endoplasmic reticulum (ER), and leads to the
formation of a stable PS heterodimer (Podlisny et al., 1997; Ratovitski et al., 1997;
Capell et al., 1998; Zhang et al., 1998). Although early studies indicated that pre-
senilins are mostly localized in the ER and Golgi (Kovacs et al., 1996; Walter et al.,
1996), more recent studies showed that in several cell systems and in tissues PS1 is
also found at the cell surface (Georgakopoulos et al., 1999; Ray et al., 1999a). Indeed,
in cells that form cadherin-dependent cell-cell contacts – such as confluent epithelial
cells and neuronal synapses – PS1 is found at the plasma membrane where it
co-localizes and interacts directly with the adhesion receptor E-cadherin (Georga-
kopoulos et al., 1999; Baki et al., 2001). These data are important because they
demonstrate that PS1 is found in a subcellular compartment where g-secretase-me-
diated cleavages of cell-surface receptors occur (Chyung et al., 2004). PS1 fragments,
which may constitute the biologically active form of PS, are found in complexes with
many cellular proteins including APP (Weidemann et al., 1997; Xia et al., 1997),
Notch–1 (Ray et al., 1999b), b-catenin (Zhou et al., 1997; Tesco et al., 1998; Yu et al.,
1998; Georgakopoulos et al., 1999), cadherins (Georgakopoulos et al., 1999; Baki et
al., 2001), and telencephalin (Annaert et al., 2001). Many of the proteins that form
complexes with PSs have been shown to be cleaved by the g-secretase activity at the g-
or e-sites, or both. In addition to their g-secretase-related functions, presenilins have
been shown to have g-secretase-independent functions, including stabilization of
the adherens junctions (Baki et al., 2001), destabilization of b-catenin (Kang et al.,
2002), and the stimulation of the PI3K/Akt cell survival pathway (Baki et al., 2004).

19.4
The Notch1 ICD (NICD) Mediates Transcriptional and Developmental Functions
Associated with Notch1 Receptor

Upon ligand binding, Notch1 protein is cleaved by the PS/g-secretase system to
produce the biologically active peptide NICD, which has been shown to migrate to
the nucleus where it acts as a transcriptional cofactor of the CSL protein family (Iso
et al., 2003). In Notch signaling, CSL (also known as RBP-Jk) promotes transcription
of target genes such as the HES (Hairy/Enhancer of Split) gene family of basic
helix-loop-helix transcriptional regulators. HES, a downstream effector of Notch
signal transduction, regulates cell fate decision by controlling cell cycle and differ-
entiation. Genetic screening revealed that sel–12, the PS homologue of Caenorhab-
ditis elegans (Levitan and Greenwald, 1995), is a facilitator lin–12, the worm homo-
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logue of Notch1 (Levitan et al., 1996; Baumeister et al., 1997). Loss of sel–12 function
results in an egg-laying defect phenotype due to a deficient lin–12 signaling. PS1
expression rescues this defect (Levitan et al., 1996; Baumeister et al., 1997). PS-null
mutants of Drosophila display developmental defects resembling those observed in
flies lacking Notch (Struhl and Greenwald, 1999; Ye et al., 1999). These mutants
produce no NICD, which suggests that the phenotype caused by the PS1 mutations
may be due to the inhibition of NICD (De Strooper et al., 1999; Song et al., 1999;
Struhl and Greenwald, 1999; Ye et al., 1999). In mice, PS1 deficiency leads to peri-
natal lethality (Shen et al., 1997; Wong et al., 1997). The PS1 knockout mice display
developmental abnormalities consistent with loss of Notch function (Shen et al.,
1997; Wong et al., 1997). To examine the effects of a PS1 loss-of-function in late
embryogenesis, a brain-specific PS1 transgene was used to rescue the embryonic
lethality at the perinatal stage (Wang et al., 2003). The authors reported that lack of
PS1 expression in the kidneys of these mice results in nephrogenesis defect and in
reduced expression of several Notch target genes, such as Hesr1, Delta like–1 (Dll1),
and Jag1 (Wang et al., 2003). On the other hand, kidney defects could also result from
dysfunction of cadherin-based adhesion due to the absence of PS1 (see below).

Immunopurification of PS1–containing complexes led to the discovery of nicastrin
as a cofactor of the PS/g-secretase system (Yu et al., 2000). Nicastrin suppression in
Drosophila and C. elegans leads to defects resembling the phenotypes induced by
presenilin deficiency (Goutte et al., 2000; Yu et al., 2000; Chung and Struhl, 2001; Hu
et al., 2002; Lopez-Schier and St Johnston, 2002). Two other cofactors of the
PS/g-secretase system, APH–1 (anterior pharynx-defective phenotype) and PEN–2
(presenilin enhancer), were identified by screening for enhancers of a presenilin-
dependent Notch-deficient phenotype (Francis et al., 2002; Goutte et al., 2002). Sup-
pression of APH–1 or PEN–2 in C. elegans promotes an egg-laying defect similar to
the phenotype caused by sel–12 loss-of-function mutations (Levitan and Greenwald,
1995; Goutte et al., 2002). Together, these studies indicate that PS1 plays a funda-
mental role in vivo in Notch-mediated transcription and signaling during embryonic
development. Although these data suggest the involvement of NICD in these Notch-
related functions, rescue experiments to test whether NICD is able to rectify these
defects have not been reported.

19.5
Transcriptional Function of the APP ICD (AICD)

Similar to Notch–1, APP seems to regulate transcription via the release of its
PS/g-secretase-derived intracellular domain, AICD. Fe65 is a multidomain nuclear
adaptor protein that regulates transcription by binding to nuclear histone acetyl-
transferase Tip60. Fe65 binds the cytoplasmic domain of intact APP in the cytosol,
thus preventing its nuclear translocation and transcriptional activity (Minopoli et al.,
2001). Upon e-cleavage of APP and AICD release, Fe65 dissociates from APP and
translocates to the nucleus where it binds Tip60 and the nucleosome assembly factor
SET to promote transcription (Cao and Sudhof, 2001; Cupers et al., 2001; Kimberly
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et al., 2001; Telese et al., 2005). It is not clear, however, whether AICD itself trans-
locates to the nucleus to form a transcriptionally active complex with Fe65 and Tip60
(Baek et al., 2002) or is degraded in the cytoplasm (Cao and Sudhof, 2004).

Several candidate gene targets of the AICD-dependent transcription complex have
been proposed, such as the IL–1b-regulated gene KAI1 (Baek et al., 2002), ace–1 and
ace–2 (Bimonte et al., 2004). The ace–1 and ace–2 genes code for the two major
acetylcholinesterase activities in the worm, and mutations in the Fe65 homologue in
C. elegans FEH–1 were found to reduce expression of ace–1 and ace–2. FEH–1 binds
the APP homologue APL–1, and in the worm down-regulation of either FEH–1 or
APL–1 leads to identical phenotypes of dysregulation of pharyngeal activity (Zam-
brano et al., 2002). AICD may also act as a transcriptional repressor in Notch signal-
ing by binding the cytosolic adaptor proteins Numb and Numb-like (Roncarati et al.,
2002). Furthermore, cytoplasmic fragments of APP bind to and promote the pro-
teasomal degradation of the nuclear factor PAT1 (Gao and Pimplikar, 2001). This
latest observation resembles the mechanism of transcriptional regulation by N-cad-
herin, where the g-secretase-derived intracellular domain of N-cadherin binds to the
transcriptional co-activator CBP to promote its proteasomal degradation, ultimately
leading to repression of CBP-dependent gene expression (see below). Together, the
available data suggest that AICD plays a central role in the transcriptional regulation
of specific genes.

19.6
PS1 and b-Catenin-Mediated Transcription

The use of the yeast two-hybrid system and of co-immunoprecipitation techniques
has led to the identification of catenins as PS1 interacting proteins (Zhou et al., 1997;
Tesco et al., 1998; Yu et al., 1998; Georgakopoulos et al., 1999). The PS1 sequence
that mediates the complex with b-catenin has been mapped within PS1 residues 330
to 360 (Saura et al., 2000; Soriano et al., 2001). b-Catenin plays a dual role in cell-cell
adhesion and in transactivation. Indeed, b-catenin is a component of the cadherin-
based adherens junctions, where it functions to link cell-surface cadherins to the
actin cytoskeleton (see also below). Furthermore, b-catenin functions as a down-
stream effector for the Wnt/wingless signaling cascade, where it interacts with tran-
scription factors of the lymphoid enhancer binding factor (LEF)/T-cell-specific factor
(TCF) family, regulating gene expression and cell-fate decisions during embryonic
development (Ben-Ze’ev and Geiger, 1998). Mutations in various components of the
b-catenin signaling pathway leading to increased activation of b-catenin transcrip-
tional activity are frequently observed during tumor progression (Roose and Clevers,
1999). Several lines of evidence indicate that PS1 represses b-catenin signaling. PS1
deficiency in Drosophila results in the cytosolic accumulation of the b-catenin ho-
mologue, armadillo (Noll et al., 2000), and genetic screening identified Drosophila
PS1 as a Wnt/wingless signaling repressor (Cox et al., 2000). Furthermore, loss of
PS1 expression in embryonic fibroblasts leads to b-catenin accumulation and to an
increase in LEF-dependent cyclin D1 transcription (Soriano et al., 2001). Strikingly,
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reduced expression of PS1 in an animal model leads to enhanced b-catenin signal-
ing and skin tumorigenesis (Xia et al., 2001). PS1 was proposed to promote
b-catenin phosphorylation and degradation in the ubiquitin/proteasome system via
a mechanism that bypasses the canonical Wnt/Axin/APC pathway (Kang et al.,
2002). It is still not clear, however, what is the mechanism of association of PS1 and
b-catenin. That both proteins bind directly to cadherins (Baki et al., 2001) suggests
that cadherins may mediate the physical and functional interactions between PS1
and b-catenin (Serban et al., 2005).

19.7
PS1 is a Critical Regulator of Cadherin-Dependent Cell-Cell Adhesion
and Signal Transduction

By using immunocytochemistry and immunoprecipitation techniques, PS1 was
found in adherens junctions, where it interacts with several members of the cad-
herin/catenin cell-cell adhesion complex (Georgakopoulos et al., 1999; Baki et al.,
2001). Classic cadherins, including epithelial (E)– and neural (N)-cadherins, belong
to the cadherin superfamily of cell adhesion molecules. Through calcium-depend-
ent homophilic interactions between their extracellular domains, these cell-surface
proteins mediate cell-cell adhesion and control morphogenesis and structural integ-
rity of almost all solid tissues (Gumbiner, 1996). Cadherin-based adherens junctions
(AJ) are specialized forms of cellular adhesive contacts at which cadherins form
complexes with cytosolic catenins which in turn bind the actin cytoskeleton. PS1
binds directly the juxtamembrane domain of E-cadherin and stabilizes the E-cad-
herin complexes with b- and g-catenins (Baki et al., 2001). Moreover, PS1 stabilizes
the cytoskeletal association of the AJ complexes and increases calcium-dependent
cell-cell aggregation (Baki et al., 2001). In contrast, during embryonic development
or under conditions of cell-cell dissociation, PS1 promotes a g-secretase-dependent
proteolysis of E-cadherin leading the disassembly of AJs (Marambaud et al., 2002).
As previously reported for APP and Notch, E-cadherin processing is severely affect-
ed by knockout of the PS1 gene in mouse embryos and by the g-secretase inhibitor,
L–685,458 and at least some of the phenotypes of PS1–knockout mice may be due to
cadherin malfunction. Unlike APP and Notch, which are cleaved within the trans-
membrane domain, the g-secretase activity cleaves E-cadherin at the predicted mem-
brane/cytosol interface (Marambaud et al., 2002).

The remodeling of cell-cell interactions is a central determinant for several func-
tions, including morphogenesis, tissue repair, cell migration or cell death, and im-
plies disassembly of the cadherin-based AJ (Nelson and Nusse, 2004). The major
catalytic activities involved in the degradation of cell-surface cadherins are the matrix
metalloproteinases (MMPs). Under conditions of cell-cell dissociation, E-cadherin is
cleaved by an unknown MMP to produce a membrane-bound C-terminal fragment
termed E-Cad/CTF1. E-Cad/CTF1, which is anchored to the actin cytoskeleton
through its association with b- and a-catenins, is then cleaved by g-secretase to
produce a soluble C-terminal ICD fragment, termed E-Cad/CTF2. This process
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dissociates b- and a-catenins from the AJ complexes, thereby increasing their cyto-
solic pools (Marambaud et al., 2002). Thus, the PS1–dependent g-secretase activity
plays a critical role in AJ disassembly and in the regulation of the soluble levels of the
transcriptional factor b-catenin. PS1 has therefore two distinct functions in cell-cell
adhesion and dissociation: (a) it binds cadherins, thus stabilizing the cadherin/ca-
tenin complex and stimulating cell-cell adhesion; and (b) under conditions of cell-
cell dissociation, PS1 promotes the g-secretase cleavage of E-cadherin leading to AJ
disassembly.

In the CNS and during the early postnatal period, cadherins promote brain cir-
cuitry through their involvement in axon guidance, target recognition, and synap-
togenesis (Tepass et al., 2000). Cadherins are also expressed in mature synapses
where they constitute a main structural component and may regulate synaptic plas-
ticity (Murase and Schuman, 1999; Huntley et al., 2002). Indeed, N-cadherin was
found to control synaptic strength by affecting long-term potentiation (LTP), the
most studied form of synaptic plasticity of the hippocampus (Tang et al., 1998).
Changes in synaptic strength that coordinate synaptic plasticity implies a remode-
ling of the synaptic architecture and most likely disassembly of cadherin-based AJ at
the synapse (Murase and Schuman, 1999). PS1 was found in complexes with brain E-
and N-cadherins, and has been localized at synaptic contacts (Georgakopoulos et al.,
1999). Recent results show that stimulation of the NMDA receptor (NMDAR) pro-
motes the g-secretase processing of N-cadherin in primary neurons, suggesting a
physiological relevance of this pathway during synaptic activation (Marambaud et
al., 2003).

NMDAR is a glutamate- and voltage-gated channel which is permeable to calcium
ions. This receptor is localized on the postsynaptic membrane at excitatory synapses
and plays a central role in synaptic transmission (Platenik et al., 2000). Activation of
NMDAR promotes signaling cascades leading to phosphorylation and activation of
CREB transcription factor (Greengard, 2001), a mechanism that controls synaptic
plasticity and may underlie learning and memory (Kandel, 2001). CREB transcrip-
tional activity depends on its ability to recruit the transcriptional cofactor CBP
(CREB binding protein) (Impey and Goodman, 2001). Recent studies conducted by
our group revealed that N-Cad/CTF2, the N-cadherin ICD derived through the
g-secretase-dependent e-cleavage of N-cadherin, promotes proteasomal degradation
of CBP, thus inhibiting CREB transcriptional function. Indeed, N-Cad/CTF2 binds
endogenous CBP and promotes its translocation to the cytoplasm where CBP is
ubiquitinated and degraded in the proteasome (Marambaud et al., 2003). Consistent
with its role in CBP metabolism, N-Cad/CTF2 suppresses CRE-mediated transac-
tivation and c-fos expression, two indicators of CREB-mediated transcription. In
contrast, genetic and pharmacological approaches aimed at inhibiting PS1–depend-
ent g-secretase activity decreased N-Cad/CTF2 production and stimulated CREB-
mediated transcription (Marambaud et al., 2003). Together, these data show that the
PS1/g-secretase system regulates the activity of the CBP/CREB transcription path-
way, and reveal novel mechanisms that involve processing of cell-surface transmem-
brane proteins in the regulation of gene expression (for a review, see Rao and Fink-
beiner, 2003).
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Numerous FAD-linked PS1 mutations were found to severely inhibit the
g-secretase cleavage of N-cadherin, resulting in an up-regulation of CBP/CREB-me-
diated transcriptional activity (Marambaud et al., 2003). These novel findings, to-
gether with the observation that FAD-linked PS1 mutations overstimulate LTP
(Parent et al., 1999; Schneider et al., 2001), raise the possibility that by inhibiting
cleavage of synaptic N-cadherin PS, FAD mutants may impair neuronal signaling
and transcription thus affecting synaptic plasticity and neuronal survival. Recently,
conditional knockout mice lacking both presenilins in the postnatal forebrain were
generated in order to study presenilin function in the adult brain. The authors
reported that presenilin deficiency at 2 months of age, leads to a defect in hippocam-
pal learning and memory by affecting LTP and NMDAR-dependent synaptic activity.
These defects were accompanied by a selective decrease in synaptic levels of
NMDAR subunits (NR1 and NR2A) and of aCaMKII (Saura et al., 2004). Further-
more, CBP and c-Fos expression was reduced in these mice, which suggests that
presenilins act in the adult brain as positive regulators of CRE-dependent transcrip-
tion. These results challenge the conclusion that CRE-dependent gene expression is
increased in PS1–/– embryonic brains (Marambaud et al., 2003). Although these two
studies are difficult to compare (adult versus embryonic brains; and PS1&2 –/– versus
PS1 –/– genotypes), the possibility cannot be excluded that depending on the devel-
opmental or degenerative states, presenilins promote different signaling events
leading either to a transcriptional stimulation by facilitating CBP expression (Saura
et al., 2004), or to a transcriptional repression by stimulating CBP proteasomal
degradation (Marambaud et al., 2003).

Dysregulation of CRE-dependent transcription is believed to contribute to the neu-
ronal dysfunction in polyglutamine-related neurodegenerative disorders such as
Huntington disease (HD) (Ross, 2002). Recent studies have demonstrated that HD
transgenic mice, which develop massive neurodegeneration, exhibit an overstimu-
lation of CRE-dependent transcription in neurons (Obrietan and Hoyt, 2004). An
abnormal increase in CRE-dependent transcription may therefore contribute to the
neurodegeneration of AD and hence may follow a pathogenic mechanism similar to
those observed in other neurodegenerative disorders.

19.8
Conclusions

Emerging evidence indicates a central role for presenilins in diverse signaling path-
ways leading to transcriptional regulation. PS1 destabilizes the transcription factor
b-catenin, stimulates PI3K/Akt signaling, and controls the release of transcriptional
cofactors derived from the g-secretase-dependent cleavages of cell-surface proteins
including APP, cadherins, and Notch receptor. These observations illuminate the
important roles that PSs play in intercellular communication, signal transduction,
and gene expression. Moreover, findings that FAD-linked mutations inhibit the
production of factors involved in cell-surface-to-nucleus communication and in
gene expression provide support for the hypothesis that transcriptional dysregula-
tion contributes to the neurodegeneration and memory defects characteristic of AD.
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Abbreviations

AD Alzheimer’s disease
AJ adherens junctions
APP amyloid precursor protein
CBP CREB binding protein
CNS central nervous system
CRE cAMP-responsive-element
ER endoplasmic reticulum
FAD Familial Alzheimer’s disease
HD Huntington disease
ICD intracellular domain
LEF lymphoid enhancer binding factor
LTP long-term potentiation
MMP matrix metalloproteinase
NFT neurofibrillary tangle
NMDA N-methyl-d-aspartate
NMDAR N-methyl-d-aspartate receptor
NP brain neuritic plaque
TCF T-cell-specific factor
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Transcriptional Abnormalities in Huntington’s Disease

Dimitri Krainc

Abstract

Huntington’s disease (HD) is an inherited neurodegenerative disease caused by a
glutamine repeat expansion in huntingtin protein. Transcriptional dysregulation
has emerged as a potentially important pathogenic mechanism in HD. Regulation
of transcription in eukaryotic cells involves an orchestrated interplay of chromatin-
packed genes and protein complexes that control chromatin dynamics, transcripti-
onal initiation, and transcription elongation. In HD, mutant huntingtin may inter-
fere with several of these processes to cause transcriptional dysregulation. Mutant
huntingtin-directed transcriptional repression involves gene-specific activator pro-
teins such as Sp1 and CREB and selective components of the core transcription
apparatus, including TFIID and TFIIF. In addition, the interference of chromatin
modification by mutant huntingtin has been demonstrated through the use of his-
tone deacetylase (HDAC) inhibitors. Deregulation of gene transcription by mutant
huntingtin leads to repression of target genes involved in pathogenesis of HD such
as dopamine D2 receptor. In addition, mutant huntingtin causes disruption of mit-
ochondrial function by inhibiting gene expression of PGC–1a, a transcriptional
co-activator that regulates several metabolic processes, including mitochondrial bio-
genesis and respiration. Mutant huntingtin represses PGC–1a expression by inter-
fering with the CREB/TAF4 transcriptional pathway critical for the regulation of
PGC–1a promoter. Inhibition of PGC–1a expression by mutant huntingtin leads to
defects in energy metabolism and dysfunction of neurons that are most vulnerable
to metabolic stress, such as striatum. Such disruption in energy homeostasis in HD
may lead to early abnormalities in multiple cellular functions, and ultimately results
in neurodegeneration. These studies suggest that transcriptional deregulation may
occur before the development of disease symptoms in HD.
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20.1
Introduction

Huntington’s disease (HD) is a progressive and fatal neurological disorder that is
characterized phenotypically by involuntary movements and psychiatric disturban-
ces (Vonsattel and DiFiglia, 1998). The gene huntingtin, which is mutated in HD
patients, contains an expanded polyglutamine repeat within exon 1 of the gene. The
number of polyglutamine diseases continues to grow, and they share several
common features, including neurodegeneration, a dominant pattern of inheritance
and genetic anticipation (Zoghbi and Orr, 2000). Despite the widespread tissue
distribution of the protein for each of these disease genes, the affected region is
primarily the brain, and the regions of neuronal loss are somewhat selective and
specific for each given disease (Zoghbi and Orr, 2000). In HD, mutant huntingtin is
expressed ubiquitously but selective cell loss is observed in the brain, particularly in
the caudate and putamen of the striatum (Vonsattel and DiFiglia, 1998)

The functional significance of the expanded polyglutamine tract is not well under-
stood. Most other proteins containing polyglutamine-rich regions function as tran-
scription factors (Alba and Guigo, 2004). Interactions of mutant huntingtin with
several transcription factors have been demonstrated, suggesting that mutant hun-
tingtin may be directly involved in regulation of gene transcription (Sugars and
Rubinsztein, 2003).

20.2
Mutant Huntingtin Interferes with Specific Components
of General Transcriptional Machinery

It has been well established, first in the case of Sp1 (Courey and Tjian, 1988) and
subsequently with other transcription factors, that activation domains are often
composed of glutamine-rich protein interfaces (Gerber et al., 1994). Thus, transcrip-
tion factor interactions with other cellular factors may be disrupted by mutant hun-
tingtin bearing polyQ expansions. Indeed, mutant huntingtin has been shown to
interact directly with a number of nuclear transcription factors (Okazawa, 2003).
Recent DNA microarray studies detected changes in gene expression profiles in HD
transgenic mice at early stages, suggesting that transcription of select genes had
already been altered even when mice showed only minimal abnormalities (Luthi-
Carter et al., 2002a, 2002b). Analysis of the affected regulatory sequences revealed
that select Sp1–dependent transcription pathways were disrupted. This hypothesis
is consistent with recent in-vivo observations that mutant huntingtin may target Sp1
and its co-activator TAF4 (Tanese et al., 1991; Chen et al., 1994) through direct
protein-protein interactions to disrupt transcription (Dunah et al., 2002; Li et al.,
2002). Remarkably, in primary striatal neurons, co-expression of Sp1 and TAF4
resulted in a significant rescue of mutant huntingtin-induced inhibition of tran-
scription (Dunah et al., 2002). These studies suggested that a soluble form of mutant
huntingtin may interfere with specific components of activated and general tran-
scriptional machinery in the early stages of HD.
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Human TAF4 is one of at least 12 TATA-binding protein (TBP)-associated factors
(TAFIIs) in TFIID (Albright and Tjian, 2000). The transcription initiation factor
TFIID is recruited to the core promoter through its interaction with specific acti-
vators such as Sp1, and binds to the TATA element at core promoters. A series of
transcription factor interactions, involving TFIIA, TFIIB, TFIID, TFIIE, TFIIF,
TFIIH, CRSP (also called mediator), and RNA polymerase II (Pol II) subsequently
leads to the formation of the preinitiation complex (PIC) and transcriptional acti-
vation (Ryu et al., 1999). Human TFIIF consists of two subunits, RAP30 and RAP74,
that bind RNA Pol II directly and help recruit the enzyme to a preformed
TFIID/TFIIB complex (Conaway et al., 2000). TFIIF also stimulates the rate of RNA
Polymerase II elongation.

A chromatin-based in-vitro transcription system was adopted (Naar et al., 1999;
Lemon et al., 2001) to dissect potential mechanisms by which mutant huntingtin
might repress transcription (Zhai et al., 2005). As expected, high levels of transcrip-
tion from the assembled chromatin template were obtained when purified recom-
binant Sp1 was added to a well-defined set of basal transcription factors which
included purified recombinant TFIIA, TFIIB, TFIIE, TFIIF, and affinity-purified
components TFIID, TFIIH, RNA Pol II, and CRSP. In order to assess the effect of
mutant huntingtin on Sp1–dependent transcription, the N-terminal portion of
either wild-type or mutant huntingtin was expressed in Escherichia coli, and purified.
Adding purified normal huntingtin did not significantly alter the levels of transcrip-
tion. In contrast, adding mutant huntingtin resulted in a dramatic decrease in tran-
scription. Thus, purified recombinant mutant huntingtin fragment is capable of
inhibiting Sp1–dependent transcription in a well-defined in-vitro reaction, and this
repression appears to depend on the presence of an expanded polyQ tract in hun-
tingtin.

To better understand the mechanisms of transcriptional repression by mutant
huntingtin, it was systematically tested which components present in the defined
in-vitro transcription system could rescue the inhibition caused by mutant hunting-
tin (Zhai et al., 2005). It has been reported that mutant huntingtin can disrupt the
interaction between Sp1 and its co-activator TAF4, and that the repression of the
dopamine D2 receptor promoter activity by mutant huntingtin can be reversed by
co-expression of Sp1 and TAF4 in cultured striatal cells (Dunah et al., 2002). Based
on these in-vivo results, it was anticipated that the addition of Sp1 and/or TAF4 (in
the form of TFIID complex) should rescue the transcriptional repression induced by
mutant huntingtin. To rescue this level of repression, an additional two- to four-fold
of each individual basal factor was added to transcription reactions containing
mutant huntingtin. As expected, the addition of purified Sp1 or the TAF4–contain-
ing TFIID complex was able to efficiently rescue the repression caused by mutant
huntingtin. These findings indicated that the in-vitro transcription system largely
recapitulates the transcriptional repression observed for mutant huntingtin in vivo
(Dunah et al., 2002). In addition, these in-vitro assays using purified transcription
components provide evidence that most likely both Sp1 and TFIID are directly
targeted by mutant huntingtin for repression. A recent study demonstrated that
mutant huntingtin could structurally destabilize TBP through a polyQ-mediated
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interaction (Schaffar et al., 2004). Because TFIID contains TBP and multiple TAFs
with distinct essential transcriptional functions, mutant huntingtin may target
multiple components of TFIID.

In order to screen for potential novel targets of mutant huntingtin, an attempt was
made to rescue the in-vitro repression by adding back an excess of other components
of the core transcription machinery. Surprisingly, the addition of excess TFIIF was
found to reverse the repression, suggesting that TFIIF may also be targeted by
mutant huntingtin as part of the repression mechanism. Addition of the other basal
factors and cofactors, including TFIIA, TFIIB, TFIIE, TFIIH, RNA Pol II, and CRSP,
had little or no effect on the repression by mutant huntingtin (Zhai et al., 2005).

A key observation made in HD patients is that longer polyQ expansions in hun-
tingtin are associated with more severe symptoms and earlier age of onset (Rubinsz-
tein et al., 1993). Therefore, it is important to determine whether mutant huntingtin
with varying polyQ length would also differ in their ability to repress transcription in
vitro. To test this potential correlation, the N-terminal fragment of huntingtin carry-
ing 25, 46, or 97 polyQs were expressed and purified. When these purified hunting-
tin polypeptides were tested in transcription assays, their ability to repress transcrip-
tion differed substantially. The addition of normal huntingtin fragment had no
measurable effect on Sp1–dependent transcription, while mutant huntingtin inhib-
ited transcription. When the number of polyQ in huntingtin was increased to 97, the
efficiency of mutant huntingtin to repress transcription increased dramatically. The
addition of huntingtin with 97Q resulted in a 90% decrease in the levels of transcrip-
tion. Even lower amounts of huntingtin with 120QP were sufficient to repress tran-
scription efficiently (Zhai et al., 2005).

Next, it was determined whether transcriptional repression by mutant huntingtin
carrying different numbers of polyQ targeted the same components of the transcrip-
tion apparatus. Transcriptional repression by mutant huntingtin with 97 polyQ can
be rescued by adding more TFIIF, TFIID, and Sp1. The addition of other basal
transcription factors was not able to alleviate the repressive effect of this mutant
huntingtin. Likewise, repression by the mutant huntingtin with 46 polyQ can also be
rescued by the addition of more TFIIF, TFIID and Sp1, but not the other basal
transcription factors. Thus, the same set of factors (i.e., Sp1, TFIID, and TFIIF) was
capable of reversing the transcriptional repression mediated by mutant huntingtin
carrying different numbers of polyQ. These results suggest that mutant huntingtin
with different numbers of polyQ likely utilizes the same molecular targets and
mechanisms to repress transcription (Zhai et al., 2005).

These data strongly suggest that mutant huntingtin can inhibit Sp1–dependent
transcription by interfering with the functions of Sp1, TFIID as well as TFIIF. The
ability of Sp1 and TFIID to rescue the transcriptional repression was expected, since
mutant huntingtin can interact with Sp1 and TAF4 to disrupt this activator-co-acti-
vator pair in vivo (Dunah et al., 2002).

These in-vitro studies identified TFIIF as a novel direct target in mutant hunting-
tin-mediated transcriptional repression (Zhai et al., 2005). Although there have been
several reports linking TFIIF to the function of transcription activators and repress-
ors (Frejtag et al., 2001), this study provides the first direct connection between
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TFIIF and transcriptional repression induced by a polyQ expansion protein. The
RAP30 subunit of TFIIF, which interacts with huntingtin, consists of three function-
al domains. The N-terminal domain of RAP30 is thought to bind RAP74 subunit of
TFIIF (Tan et al., 1995), the central region binds RNA Pol II (McCracken and Gre-
enblatt, 1991), and the C-terminal domain binds DNA (Garrett et al., 1992). It was
found that RAP74 and mutant huntingtin compete for binding to RAP30, and that
the regions of RAP30 required for binding to RAP74 and huntingtin overlap with
each other. Because RAP30 lacks a glutamine-rich domain, its interaction with
mutant huntingtin is likely mediated through an alternative mechanism. The crystal
structure of the N-terminal fragments of RAP30 and RAP74 had been shown to
adopt a triple-barrel structure with multiple beta-sheets (Gaiser et al., 2000). Since
mutant huntingtin favors the formation of an intramolecular beta-sheet structure
(Perutz et al., 2002), it is possible that the RAP30–mutant huntingtin interaction
involves contact between beta-sheet structures. Such a structure-based interference
mechanism is consistent with our finding that expansion of glutamines in mutant
huntingtin enhanced its affinity for RAP30. This can also explain why beta-sheet
reactive agents such as Congo red have protective effects in polyQ disease models
(Sanchez et al., 2003), presumably by blocking the toxic interactions between mutant
huntingtin and proteins with certain beta-sheet configurations. Thus, mutant hun-
tingtin may target not only polyQ-containing proteins, but also non-polyQ proteins
with specific beta-sheet structures.

An important finding of the in-vitro study is that mutant huntingtin has a higher
affinity for RAP30 than normal huntingtin, and may compete with RAP74 for inter-
action with RAP30. Because an intact TFIIF complex is required for efficient initia-
tion and elongation of transcription at least for some promoters, it was hypothesized
that TFIIF dissociation could contribute to the transcriptional inhibition by mutant
huntingtin. Inside a cell, there is likely a balance of RAP30, RAP74, and huntingtin.
In normal cells, normal huntingtin is mostly cytoplasmic and its affinity for RAP30
is low. Such conditions would favor the formation of active TFIIF complexes. In HD
cells, however, mutant huntingtin accumulates in both the cytoplasm and nucleus,
and has a much higher affinity for RAP30. Thus, the equilibrium shifts toward
favoring RAP30–mutant huntingtin interaction, resulting in less TFIIF formed in
the cytoplasm and more TFIIF disrupted in the nucleus. Such a shift would likely
result in a general decrease of transcription in HD cells, as has been observed. In
several DNA microarray studies, the level of RNA Pol II large subunits has been
shown to increase in mutant HD brain (Luthi-Carter et al., 2002a). Since the role of
TFIIF in transcription is dependent on its interaction with RNA Pol II, it is specu-
lated that elevated levels of RNA Pol II subunits in HD cells may arise as a compen-
satory mechanism triggered by decreased levels of TFIIF (Zhai et al., 2005).

In addition, it was shown that overexpression of RAP30 is able to abrogate tran-
scriptional repression and rescue the cellular toxicity induced by mutant huntingtin
in primary striatal neurons. There are two potential ways in which RAP30 overex-
pression could neutralize the toxic properties of mutant huntingtin. The first way is
for RAP30 to interact with mutant huntingtin and compete it away from other
huntingtin interacting partners. This is certainly possible, since the interaction be-
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tween mutant huntingtin and RAP30 is polyQ-dependent. The second way is for
RAP30 to drive the formation of more TFIIF complexes, thereby potentiating tran-
scription of important genes involved in neuronal survival. The finding that overex-
pression of RAP30 can at least partially rescue the mutant huntingtin-mediated
transcriptional inhibition supports this mechanism. In addition, overexpression of
RAP74 alone could induce significant cellular toxicity in striatal neurons, suggesting
that the chronic release of free RAP74 from TFIIF may contribute to the progressive
nature of HD pathogenesis. The finding that overexpression of RAP30 can rescue
the mutant huntingtin and RAP74–induced cellular toxicity also favors a mecha-
nism in which RAP30 can protect the neurons by promoting TFIIF complex for-
mation. To better understand how much the TFIIF-mediated mechanism contrib-
utes to HD pathogenesis, it will be important to identify those genes whose tran-
scription is particularly sensitive to both mutant huntingtin and RAP74.

Taking these observations together with previous in-vivo studies, it was suggested
that in normal cells Sp1 is recruited to GC-box containing promoters through its
DNA-binding domain. Once bound to DNA, Sp1 utilizes its multiple glutamine-rich
activation domains to target components of the basal transcription machinery, one
of which is TAF4, a subunit of TFIID. In a stepwise recruiting process involving
TFIIA, TFIID, TFIIB, TFIIE, TFIIF, TFIIH, RNA Pol II, and CRSP, the PIC is then
formed on activated promoters to potentiate transcription. In HD cells, soluble
nuclear mutant huntingtin fragment is free to bind Sp1 through direct protein
interactions, thus sequestering it from binding to GC-boxes. Furthermore, mutant
huntingtin can also prevent Sp1–mediated recruitment of TFIID through its inter-
action with TAF4. In the case where there is already an Sp1–TFIID complex formed
at the promoter, mutant huntingtin could subsequently disrupt the stepwise PIC
assembly by targeting TFIIF, an essential transcription factor important for initia-
tion, promoter escape, and elongation at certain promoters. It is anticipated that for
different potential target genes, mutant huntingtin will have differential effects
because these multiple transcription factor targets may be differentially required for
critical functions and rate-limiting transactions at specific gene promoters. There-
fore, this model will undergo further refinements as more gene regulatory targets
for mutant huntingtin are identified and their molecular consequences determined.

20.3
Mutant Huntingtin Disrupts Sp1–TAF4 Transcriptional Pathway

In order to better understand the relevance of transcriptional repression in HD it is
important to analyze target genes that show decreased expression in HD as a result
of such repression. One such target is the dopamine D2 receptor that is strongly
regulated by Sp1–TAF4–mediated transcriptional pathway (Dunah et., 2005). Using
the yeast two-hybrid system and co-immunoprecipitation experiments, it was found
that both Sp1 and TAF4 interact with full-length huntingtin. The interactions be-
tween Sp1 and huntingtin are stronger in the presence of expanded polyglutamine
repeat compared to the non-expanded repeat length, whereas the interactions be-
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tween TAF4 and huntingtin are not influenced by polyglutamine tract length. Al-
though the glutamine-rich regions of Sp1 and TAF4 are sufficient for their interac-
tion with huntingtin, presence of the C-terminal DNA-binding domain of Sp1 or the
conserved C-terminal domain of TAF4 results in stronger interaction. These results
indicated that polyglutamine expansion enhances the interaction of Sp1, but not
TAF4, with huntingtin.

To establish whether huntingtin interacts with Sp1 and TAF4 in human brain,
co-immunoprecipitation studies were performed using extracts from the caudate
nucleus of Grade 1 HD brain with anti-Sp1, anti-TAF4 or anti-huntingtin antibodies.
Both anti-Sp1 and anti-TAF4 antibodies precipitated huntingtin protein. In addition,
the anti-huntingtin antibody co-immunoprecipitated substantial amounts of Sp1
and TAF4 proteins. These results indicated that both endogenous Sp1 and TAF4
interact strongly with huntingtin in the early stages of pathology in post-mortem HD
brain.

To determine the effects of huntingtin on the binding of Sp1 to DNA, an electro-
phoretic mobility shift assay (EMSA) with purified Sp1 and huntingtin proteins was
performed. Using a consensus Sp1 binding site as probe, a 70% decrease in Sp1
binding to DNA in the presence of mutant and 20% with the wild-type huntingtin
was found. To examine whether mutant huntingtin affects Sp1 binding to the D2

promoter in striatal cells, EMSA was performed using nuclear extracts from primary
striatal neurons transfected with wild-type or mutant huntingtin. Using a region of
the D2 dopamine receptor promoter as a probe, decreased Sp1 binding was found in
extracts expressing mutant huntingtin compared to wild-type huntingtin. Down-
regulation of D2 receptor expression has also been reported in the striata of presym-
ptomatic HD patients. Therefore, EMSA was performed using nuclear extracts iso-
lated from the caudate and hippocampus of Grade 1 and Grade 4 HD brains. In
Grades 1 and 2 of HD there is mild to moderate neuronal loss in the caudate
nucleus, whereas the hippocampus remains relatively unaffected until later in the
course of disease. In Grade 4, the striatum, as well as other brain regions, is severely
atrophic and is depleted of 95% or more of its neurons. Using Sp1 binding sites in
the D2 promoter as a labeled probe, a significant decrease in the DNA-binding
activity of Sp1 was found in the caudate nucleus of Grade 1 HD brain compared to
control brain. Similar decreases in Sp1 binding were found in extracts from Grade 4
HD brain, suggesting early and persistent inhibition of Sp1 function. Interestingly,
when EMSA was performed with nuclear extracts from the hippocampus of Grade 1
HD brain, a statistically insignificant increase, rather than a decrease, in Sp1 bind-
ing was observed. This caudate-specific inhibition of Sp1 function may be, in part,
due to the preferential accumulation of mutant huntingtin in the striatum in early
stages of HD.

To further establish the role of huntingtin in Sp1–mediated transcription, primary
striatal neurons were transfected with D2 promoter-reporter gene constructs along
with mutant or normal huntingtin. While huntingtin with normal glutamine re-
peats had no significant effect on promoter activity, mutant huntingtin showed
significant inhibition. To determine whether the inhibition of Sp1–mediated tran-
scription was dependent on increased levels of huntingtin relative to endogenous
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Sp1 and TAF4, Sp1 and/or TAF4 were overexpressed together with huntingtin. Over-
expression of Sp1 or TAF4 alone did not significantly alter the inhibitory effects of
mutant huntingtin, whereas co-expression of TAF4 and Sp1 resulted in complete
reversal of huntingtin-induced inhibition of D2 promoter activity. These effects of
Sp1 and TAF4 were dependent on Sp1 binding to the D2 promoter, since no effect
was seen when the Sp1 functional site was deleted, or when an Sp1 expression vector
lacking the DNA-binding domain was used. Similarly, no effect on promoter activity
was seen with the N-terminus of TAF4, which does not affect Sp1 activity or does not
interact with huntingtin. Taken together, these observations suggest that mutant
huntingtin specifically represses D2 promoter activity in a Sp1/TAF4–dependent
manner.

Huntingtin has previously been suggested to interfere with gene transcription by
depleting transcription factors from their normal location and sequestering them
into nuclear aggregates. To examine whether the function of Sp1 is compromised
through sequestration into nuclear inclusions, immunocytochemistry on transge-
nic HD mice and human post-mortem HD brains was performed. Nuclear and
cytoplasmic inclusions were strongly labeled with an antibody to the N-terminus of
huntingtin that specifically labels huntingtin aggregates, whereas Sp1 or TAF4 stain-
ing was not detected in these inclusions; this suggested that the soluble rather than
the aggregated form of huntingtin interacts with Sp1. This finding was confirmed by
the Western blot analysis, which showed a robust increase of Sp1 protein in the
soluble fraction of caudate tissue from post-mortem HD brain. Sp1 protein levels
were also increased in the cerebral cortex, but decreased in the hippocampus. To-
gether, the DNA-binding and protein-expression data suggest that the decreased
function of Sp1 in HD is not due to sequestration of Sp1 into aggregates but rather
due to inhibition of Sp1 by soluble mutant huntingtin.

20.4
Deregulation of CRE-Dependent Transcription in HD

These findings and the recent report that atrophin (which causes another polyglu-
tamine disease, DRPLA) also binds to the C-terminal domain of TAF4 (Shimohata et
al., 2000), suggest that by competing with the critical protein interaction surface of
TAF4, polyglutamine stretches may interfere with the coupling of activator-medi-
ated signals to the basal transcriptional machinery. These contributions of TAF4 as
well as other TAFs to gene transcription are likely to be promoter- and cell type-spe-
cific.

Interestingly, TAF4 also directly interacts with CREB to regulate CRE-dependent
transcription (Saluja et al., 1998). Several studies have indicated that CREB/CBP
transcriptional pathway is deregulated in HD (Sugars and Rubinsztein, 2003), sug-
gesting that both Sp1– and CRE-mediated transcriptional pathways may be disrup-
ted by mutant huntingtin (Fig. 20.1).
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Fig. 20.1 Model of potential mechanisms used by mutant huntingtin (QQQ)
to disrupt Sp1– and CRE-mediated transcription. In normal cells, transcription
factors Sp1 and CREB bind to GC-box and CRE sequences, respectively. Sp1 and
CREB/CBP target TAF4 and recruit TFIID and other components of the general
transcription machinery to form a productive preinitiation complex. In HD cells,
mutant huntingtin may target multiple components of the general transcription
machinery for repression. First, mutant huntingtin can sequester Sp1 and pre-
vent it from binding to GC-box sequences in the promoter. Second, mutant
huntingtin can target TAF4 in the TFIID complex, and therefore impair the re-
cruitment of TFIID by Sp1 and CREB. Third, mutant huntingtin disrupts the
TFIIF complex formation and thus interferes with transcription initiation, pro-
moter escape, and elongation. (This figure also appears with the color plates.)

In order to examine whether CRE-dependent transcriptional pathways are involved
in HD pathogenesis, it is important to analyze specific CRE-regulated target genes
that show altered expression in HD. One such target of mutant huntingtin is PGC–
1a (Peroxisome proliferator-activated receptor Gamma Coactivator–1 alpha) (L. Cui
et al., unpublished results). In these studies, it was shown that mutant huntingtin
interferes with energy metabolism by transcriptional repression of PGC–1a, and
that PGC–1a plays a crucial role in mediating survival of striatal neurons in cell
culture and animal models of HD.

PGC–1a is a transcriptional co-activator that powerfully regulates several metabol-
ic processes, including mitochondrial biogenesis and oxidative phosphorylation
(Puigserver et al., 1998; Wu et al., 1999; Puigserver and Spiegelman, 2003). Ectopic
expression of PGC–1a induces both nuclear and mitochondrial mRNAs encoding
respiratory subunits, and also activates the program of mitochondrial biogenesis
(Wu et al., 1999; Lin et al., 2002b). In addition to inducing respiratory subunit
mRNAs, PGC–1a increases COXIV and cytochrome c protein levels as well as the
steady-state level of mitochondrial DNA (mtDNA). Increased oxygen uptake in dif-
ferentiated myotubes and a visible increase in mitochondrial number accompany
these changes. Overproduction of PGC–1a in cardiac myocytes had similar effects
on the induction of respiratory subunits, oxidative enzymes, oxygen uptake and
mitochondrial biogenesis as observed for other cell types (Lehman et al., 2000).
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These studies were extended to the mouse, where expression of PGC–1a from a
cardiac-specific promoter resulted in massive proliferation of enlarged mitochon-
dria in the heart (Lehman and Kelly, 2002; Russell et al., 2004). The results lend
further support to the idea that PGC–1a serves to integrate transcription factors
found in a variety of cells and tissues into a program of mitochondrial biogenesis.
Recent studies have indicated that the metabolic role of PGC–1a extends beyond the
regulation of mitochondrial biogenesis and thermogenesis. For example, PGC–1a
has been implicated in the regulation of hepatic gluconeogenesis and skeletal my-
ofiber type specification (Yoon et al., 2001; Lin et al. 2002b).

Altered energy metabolism has long been implicated in HD pathogenesis. Striatal
hypometabolism was detected in asymptomatic HD subjects (Grafton et al., 1992;
Kuwert et al., 1993; Antonini et al., 1996), and activities of complexes of the electron
transport chain were selectively reduced in caudate and putamen of advanced-grade
HD patients (Gu et al., 1996; Browne et al., 1997). Moreover, there is evidence of a
direct interaction of huntingtin protein with mitochondria, by demonstrating the
localization of huntingtin both within degenerating mitochondria, and on their
surfaces (Yu et al., 2003; Browne and Beal, 2004). Functional changes in mitochon-
dria caused by mutant huntingtin have also recently been shown by the demonstra-
tion that polyglutamine-containing polypeptides can influence mitochondrial cal-
cium handling (Panov et al., 2002, 2003; Brustovetsky et al., 2003). Additional evi-
dence that energetic deficits may contribute to neurodegeneration in HD came from
studies showing that agents which enhance energy production in the brain are
neuroprotective (Browne and Beal, 2004). Importantly, the specific mechanisms by
which the polyglutamine-containing proteins may inhibit mitochondrial function
and oxidative metabolism are not clear.

The predominant pathological feature of HD is progressive degeneration of the
caudate and putamen nuclei. By end stage, when most of the caudate and putamen
neurons are lost and the striatum is severely atrophic and gliotic, degeneration is
also evident in several other brain regions, including the white matter. On the other
hand, early neuropathological changes in HD predominantly affect the caudate
nucleus (Vonsattel and DiFiglia, 1998). Compelling evidence for a potential striatal
dysfunction comes from findings that striatal hypometabolism precedes the bulk of
tissue loss in asymptomatic HD subjects (Browne and Beal, 2004).

To determine whether PGC–1a expression may be altered in a region-specific
manner, PGC–1a mRNA was examined in post-mortem brain samples isolated
from presymptomatic HD patients. A 30% decrease in PGC–1amRNA was found in
the caudate nucleus, whereas no significant changes in PGC–1a expression were
detected in the hippocampus or cerebellum in these brain samples. These results
indicated that PGC–1a expression is specifically decreased in the caudate, the first
region affected in HD. Next, it was tested whether these changes in PGC–1a levels
were accompanied by changes in the expression of several mitochondrial genes that
were decreased in brain samples of PGC–1a knockout mice. A 25–30% decrease in
expression of mRNAs was found for the ubiquinol-cytochrome c reductase complex
(involved in electron transport), cox7a1 (a subunit of the cytochrome c oxidase com-
plex), and ATP5I (a component of the F0F1 ATP synthetase complex) in HD brain as
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compared to controls. No significant changes in mitochondrial genes were observed
in the cerebellum and hippocampus from the same brain tissues. These findings
suggest that decreased expression of PGC–1a and its mitochondrial targets may
represent an early dysfunction in HD pathogenesis.

In order to further examine the function of PGC–1a in the context of HD, PGC–1a
levels were analyzed in a well-established model of striatal neuronal cell lines that
were generated from knock-in HD mice (Trettel et al., 2000; Wheeler et al., 2000,
2002). In these animals, a mutant huntingtin containing 111 glutamines is ex-
pressed under the control of an endogenous promoter. The cognate mutant striatal
neuronal cell lines (STHdhQ111) express endogenous mutant huntingtin and display
dominant mutant phenotypes, including decreased cAMP synthesis and reduced
ATP levels consistent with altered energy metabolism and aberrant PKA-CREB sig-
naling (Gines et al., 2003). The precise mechanism underlying these energy deficits
in STHdhQ111 cells has not been determined. To begin addressing this question,
expression of PGC–1a and its mitochondrial targets were compared in wild-type
STHdhQ7 and mutant STHdhQ111 cells. Expression of both PGC–1a and mitochon-
drial genes such as cytochrome c and COXIV were significantly decreased in the
STHdhQ111 cells. The PGC–1a mRNA level is reduced approximately 10–fold in
mutant cells compared to the wild-type control. These results suggest that decreased
levels of PGC–1a might play a role in mediating energy defects in mutant
STHdhQ111 striatal cells.

In order to elucidate the mechanisms of PGC–1a down-regulation observed in HD
brain and STHdhQ111 cells, it was investigated whether mutant huntingtin might
repress the PGC–1a promoter. The PGC–1a promoter-reporter, encompassing the
regions between +78 and –2533 of the mouse PGC–1a gene, was transfected into
striatal cell lines from the wild-type and HD mutant mice. A dramatic inhibition of
the reporter was observed in the mutant cells (STHdhQ111) compared to the wild-type
cells (STHdhQ7). In order to examine whether mutant huntingtin directly inhibits
the reporter, wild-type cells (STHdhQ7) were transfected with increasing concentra-
tions of normal and mutant huntingtin along with the PGC–1a reporter. Transfec-
ted mutant huntingtin significantly repressed the PGC–1a reporter in a dose-de-
pendent manner, whereas increasing concentrations of normal huntingtin activated
the reporter. These results suggested that mutant huntingtin modulates the expres-
sion of the PGC–1a gene at the level of transcription.

Since STHdhQ111 cells exhibit decreased cAMP levels (Gines et al., 2003), it was next
investigated whether treatment of these cells with cAMP could affect the reporter
activity driven by the PGC–1a promoter. Treatment of STHdhQ111 mutant cells with
8–bromo-cAMP was able significantly to up-regulate the expression of the PGC–1a
reporter. Importantly, these effects were dependent on the CRE binding site in the
PGC–1a proximal promoter, which is known to be critically important in its regula-
tion in several tissues (Herzig et al., 2001; Handschin et al., 2003).

The reduced expression of PGC–1a mRNA in STHdhQ111 cells, together with the
fact that the PGC–1a reporter was up-regulated by cAMP, prompted us to examine
whether endogenous PGC–1amRNA was modulated by cAMP in STHdhQ111 cells.
Treatment of these cells with cAMP significantly up-regulated PGC–1a mRNA.
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Taken together, these results suggest that PGC–1a gene repression by mutant hun-
tingtin involves CRE-dependent transcription.

To begin a direct examination of the mechanism of regulation of the PGC–1a
promoter by mutant huntingtin, primary striatal neurons were transfected with
PGC–1a promoter-reporter gene constructs along with mutant or normal hunting-
tin. Although huntingtin with normal glutamine repeats had no significant effect on
the promoter activity, mutant huntingtin produced significant inhibition by more
than 75% compared to the wild-type huntingtin. To determine whether the inhibi-
tion of CRE-mediated transcription was dependent on increased levels of huntingtin
relative to those of endogenous CREB, the latter was overexpressed together with
huntingtin. It was found that overexpression of CREB that is constitutively active
(Du et al., 2000) significantly reduced, but did not rescue, the inhibitory effects of
mutant huntingtin on PGC–1a promoter-reporter.

It had been shown previously that huntingtin interacts with TAF4, at least in part,
in the context of TFIID complex and that TAF4 plays a critical role in mediating
mutant huntingtin effects on Sp1–driven gene transcription (Dunah et al., 2002;
Zhai et al., 2005). In addition to its function in Sp1 transcription, TAF4 also mediates
coupling of CREB to TFIID and the basal transcriptional machinery (Saluja et al.,
1998; Shimohata et al., 2000). Therefore, we examined whether CREB/TAF4 is re-
quired for maximal expression of the PGC–1a promoter. Co-expression of TAF4 and
CREB resulted in complete reversal of huntingtin-induced inhibition of PGC–1a
promoter activity, indicating that mutant huntingtin interferes with the
CREB/TAF4 transcriptional pathway, while TAF4 interacts with other TAFs primari-
ly via its C-terminal domain; this suggests the importance of this domain for the
interactions of TAF4 with the TFIID complex. To examine whether the effects of
CREB and TAF4 on PGC–1awere dependent on intact C-terminus domain of TAF4,
the C-terminal mutant of TAF4 were co-expressed in primary striatal neurons. No
significant effect of TAF4 on PGC–1a promoter activity was observed when the
C-terminus of TAF4 was deleted, suggesting that the C-terminus domain of TAF4
plays a critical role in the repression of PGC–1a promoter by mutant huntingtin.
Importantly, the C-terminus domain of TAF4 appears to be targeted by mutant
huntingtin (Dunah et al., 2002) and another polyglutamine disease protein, atrophin
(Shimohata et al., 2000); this suggests that, by competing for a common interaction
domain in TAF4, polyglutamine proteins may disrupt CREB-dependent transcrip-
tion.

Histone deacetylases (HDACs) work in concert with histone acetyl transferases
(HATs) to modify chromatin and regulate transcription (Marks et al., 2001). Recent
studies in cell culture, yeast, and Drosophila models of polyglutamine disease have
indicated that HDAC inhibitors might provide a useful class of agents to ameliorate
the transcriptional changes in HD (Hughes et al., 2001; McCampbell et al., 2001;
Steffan et al., 2001; Ferrante et al., 2003; Hockly et al., 2003). On the other hand,
specific targets of HDACs that mediate these protective effects have not been iden-
tified. Since our results suggest that mutant huntingtin down-regulates PGC–1a
expression by transcriptional mechanisms, we tested whether HDAC inhibitors
may alter PGC–1a expression in the context of HD. As a first step, we analyzed the
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activity of the PGC–1a promoter in the wild-type and mutant striatal cell lines
treated with HDAC inhibitors. It was found that treatment of the mutant cells with
4–phenylbutyrate (4PBA) or trichostatin A (TSA) up-regulated the activity of the
reporter by more than 20– and 10–fold, respectively. To examine whether endoge-
nous PGC–1amRNA levels was also affected by the treatment with HDAC inhibi-
tors, PGC–1a mRNA was measured in the mutant cells treated with HDAC inhi-
bitors. In the presence of 4PBA or TSA, mutant striatal cell lines exhibited an ap-
proximate two-fold induction of the PGC–1a mRNA as compared to the untreated
cells.

Treatments with HDAC inhibitor sodium butyrate extended survival and delayed
neuropathological abnormalities in transgenic HD mice (R6/2). Sodium butyrate
also protected against 3–nitropropionic acid (3–NP) neurotoxicity in this mouse
model of HD (Ferrante et al., 2003). Since 3–NP acts as a mitochondrial toxin, these
results in HD mice suggested that the benefits of treatments by HDAC inhibitors
might involve an improvement in mitochondrial function. Therefore, we examined
whether treatments of R6/2 mice with sodium butyrate may affect the expression of
PGC–1amRNA. Daily treatments of R6/2 mice with sodium butyrate were found to
lead to an approximately 80% increase in PGC–1amRNA expression in the striatum
of the HD mice as compared to untreated mice. In order to investigate whether these
changes in PGC–1amRNA expression may be due to changes in PGC–1a transcrip-
tion in vivo, RNA polymerase II chromatin immuno precipitations (RNAPol-ChIP)
were performed. This procedure uses the presence of RNA polymerase II within the
coding region of the target gene as a way of measuring active transcription (Sandoval
et al., 2004). Using this approach, a decreased expression of PGC–1a gene in R6/2
brain was found compared to normal littermates. Treatment of R6/2 mice with
4PBA for 2 days resulted in up-regulation of PGC–1a transcription to almost normal
levels. When genes that are not altered in HD mice (e.g., GAPDH and albumin)
were analyzed by RNAPol-ChIP, no change was observed in polymerase II binding
between the normal and HD mice.

Taken together, these results suggest that changes in PGC–1amRNA observed in
HD tissues and cells may be due to alterations in PGC–1a gene transcription. More-
over, PGC–1a may represent at least one biologically significant target of HDAC
inhibitors that could contribute to the benefit observed with these treatments in HD
mice.

Extensive evidence suggests a broad role of PGC–1a as a master regulator of
mitochondrial function in several tissues and cell types (Puigserver and Spiegel-
man, 2003). On the other hand, the function of PGC–1a in neurons has not been
investigated. To further establish the role of PGC–1a in neuronal function and in
huntingtin-induced cell death, we analyzed striatal tissues and cell cultures isolated
from the PGC–1a knockout mice (PGC–1a–/–). These mice exhibit abnormal move-
ments and specific neuropathological lesions that are predominantly found in the
striata, strongly suggesting that the neurological phenotype is caused by the striatal
lesions (Lin et al., 2004). To test whether deficiency of PGC–1a leads to altered
expression of genes involved in the energy metabolism of the brain, a gene array
analysis was performed using brain samples isolated from PGC–1a–/– mice. The
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gene list that covers over 300 mitochondrial genes was generated through Gene
Ontology (GO) annotations for genes involved in mitochondrial function (Lin et al.,
2004). When the wild-type mice were compared with PGC–1a–/– mice, expression of
a large number of mitochondrial genes were down-regulated in PGC–1a–/– mouse
brain, including genes involved in electron transport, the tricarboxylic acid (TCA)
cycle and oxidative phosphorylation. In order to validate the gene array results, a
real-time PCR analysis of a subset of genes from each category was performed. We
found that succinyl-CoA synthetase, ubiquinol-cytochrome c reductase complex,
cox7a1 and ATP5I were significantly decreased in the knockout mice as compared to
the wild-type mice, underscoring the importance of PGC–1a in expression of genes
involved in mitochondrial function.

We next examined the mitochondrial staining of primary striatal neurons isolated
from PGC–1a–/– mice. Consistent with the decreased mitochondrial gene expression
in these mice, decreased mitochondrial staining in striatal neurons was observed in
isolated cells from PGC–1a–/– mice as compared to their wild-type littermates. In
addition, primary neurons isolated from PGC–1a–/– mice showed decreased neuri-
tes as compared to their wild-type littermates (Lin et al., 2004). These findings are
consistent with the primarily axonal pathology observed in the striatum of
PGC–1a–/– mice (Lin et al., 2004).

Taken together, these results indicate that PGC–1a plays a very important role in
the regulation of genes involved in energy metabolism of the brain. In addition,
these data indicate that a compromise in mitochondrial function may be responsible
for the specific lesions seen in the striata of PGC–1a–/– mice (Lin et al., 2004).

We next examined whether the loss of PGC–1a expression through the mutant
huntingtin protein rendered cells more susceptible to the neurotoxin 3–nitropropi-
onic acid (3–NP), which is known to induce HD-like symptoms. 3–NP is a complex
II inhibitor that selectively induces striatal lesions when administered systemically
in humans, primates and rodents. The distribution and pathology of the 3–NP-in-
duced striatal lesions closely resemble those seen in HD (Ludolph et al., 1991;
Brouillet and Hantraye, 1995; Browne and Beal, 2004). Primary striatal cultures
from PGC–1a–/– mice were treated with 3–NP. As shown previously (Galas et al.,
2004), treatment of wild-type striatal neurons with 3–NP led to an approximately
two-fold increase in neuronal death as compared to untreated neurons. When stri-
atal neurons from PGC–1a–/– mice were treated with 3–NP under the same experi-
mental conditions, approximately 30% greater toxicity was observed in these neu-
rons compared to those from wild-type littermates. These results demonstrated that
PGC–1a deficiency renders striatal neurons more susceptible to additional metabol-
ic insults.

Based on these findings, it was hypothesized that PGC–1a might protect normal
neurons subjected to metabolic stressors. In order to test this hypothesis, PGC–1a
mRNA levels were measured in primary striatal neurons exposed to 3–NP. Interest-
ingly, significant elevation of PGC–1amRNA was noted within 3 hours and peaked
at 6 hours after exposure to 3–NP, which suggested that metabolic stress leads to
rapid up-regulation of PGC–1a transcription. Since these data suggest that mutant
huntingtin inhibits PGC–1a transcription, the question was asked as to whether
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normal up-regulation of PGC–1a might be inhibited in the presence of mutant
huntingtin. Cultured primary striatal neurons were isolated from normal and
mutant knock-in HD mice (140 CAG) (Menalled et al., 2002) and treated with 3–NP.
Levels of PGC–1a mRNA determined at 6 hours after the treatment were signifi-
cantly increased in normal striatal cells, but no increase was detected in mutant
knock-in cells. These results further demonstrated that inhibition of PGC–1a tran-
scription by mutant huntingtin may negatively affect the ability of neurons to re-
spond to metabolic demands in HD.

Since PGC–1a regulates mitochondrial respiration (Puigserver and Spiegelman,
2003), the decreased levels of PGC–1amay lead to mitochondrial dysfunction that is
characteristic of striatal HD cells (Gines et al., 2003). We therefore directly assessed
mitochondrial energy metabolism in wild-type and homozygous mutant
STHdhQ111 cells using the MTT assay to assess mitochondrial function. This method
is based on the reduction of the soluble tetrazolium salt to insoluble formazan
product by mitochondrial succinic dehydrogenase. The results revealed that for-
mazan production was significantly reduced (by approximately 35%) in mutant cells
compared to wild-type cells. To determine whether PGC–1a was capable of correct-
ing this defect in mitochondrial function, STHdhQ111 cells were infected with a re-
combinant adenovirus expressing PGC–1a (Lin et al., 2002a). Adenoviral-mediated
expression of PGC–1a significantly reversed the mitochondrial defect as deter-
mined by MTT assay, suggesting that up-regulation of PGC–1a can rescue the effect
of mutant huntingtin on mitochondrial function.

We then analyzed primary striatal cultures that recapitulate features of the neu-
rodegenerative process that occurs in HD. Transfection of full-length mutant hun-
tingtin induced neuronal cell death, whereas the wild-type huntingtin did not show
any toxic effects, as reported previously (Saudou et al., 1998; Dunah et al., 2002).
However, when mutant huntingtin is co-expressed in striatal neurons together with
PGC–1a, the toxicity of mutant huntingtin is significantly abrogated. These data
suggest that expression of PGC–1a in striatal neurons substantially rescues the
deleterious effects of mutant huntingtin on mitochondrial function and cellular
toxicity. Alternatively, it was possible that a lack of PGC–1amight increase the toxic
effects of mutant huntingtin. To investigate this possibility, primary striatal neurons
were isolated from the PGC–1a null mice and transfected with normal or mutant
huntingtin. While transfection of normal huntingtin did not lead to increased toxi-
city, transfection of mutant huntingtin resulted in significantly increased toxicity in
PGC–1a knockout cells compared to normal cells. Together, these results indicate
that PGC–1a protects striatal neurons from mutant huntingtin-induced toxicity.

Since these data showed that CREB and TAF4 were able to completely reverse the
repressive effects of mutant huntingtin on PGC–1a promoter activity, we tested
whether striatal neurons could be protected against mutant huntingtin by transfec-
ting constitutively active CREB along with TAF4. It was found that co-expression of
CREB and TAF4 resulted in a statistically significant protection of striatal cells from
the effects of mutant huntingtin. Co-expression of CREB with TAF4 lacking its
C-terminus domain failed to block huntingtin-induced cell death, suggesting that
intact interactions of TAF4 with TFIID and other nuclear factors are required for its
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protective function in HD. Our previous results had demonstrated that co-expres-
sion of TAF4 and Sp1 also protected striatal cells from mutant huntingtin-mediated
cell death (Dunah et al., 2002), which suggested that TAF4 might play a central role
in mediating huntingtin-induced toxicity. Together, these data demonstrate that
CREB/TAF4–dependent regulation of PGC–1a gene, at least in part, mediates the
protective effects of PGC–1a in striatal neurons.

In order to further test the hypothesis that PGC–1a might be protective in HD,
lentiviral vector expressing PGC–1a was administered directly into the striatum of
R6/2 transgenic HD mice. The R6/2 model was chosen because it has a well-char-
acterized progressive phenotype that recapitulates many of the neuropathological
features observed in HD patients, such as striatal atrophy, cellular atrophy and
huntingtin-positive aggregates. It has been shown previously that compounds
which affect energetic pathways significantly improved the behavioral and neuro-
pathological phenotype in R6/2 mice. For example, creatine treatment extended
survival and improved neuronal atrophy in R6/2 mice, suggesting that metabolic
dysfunction plays a pathogenic role in HD mice (Dedeoglu et al., 2003; Browne and
Beal, 2004).

Since these results suggested that the steady-state levels and active transcription of
PGC–1awere decreased in R6/2, we tested whether complementing PGC–1amight
be neuroprotective. The striata of R6/2 mice aged 5.5 weeks were injected with
lentivirus vector expressing PGC–1a. Using unbiased stereological methods, neu-
ronal volumes were examined at 3.5 weeks after the injection. When analyzing a
series of sections spanning the injected region of striatum, a statistically significant
increase (by 27.8%) in mean neuronal volume was observed in striata injected with
PGC–1a as compared to contralateral striata that were not injected. No significant
change in cell volume was observed in neurons injected with control lentiviral vector
expressing green fluorescent protein (GFP). Previous studies have shown that R6/2
mice exhibit progressive atrophy of striatal neurons from about 3 to 12 weeks of age,
with an almost 40% overall decrease in area measurements. In addition, at the age of
9 weeks (when this analysis was performed), striatal neuronal areas in R6/2 mice
decrease by about 30% compared to littermate transgene-negative mice (Dedeoglu
et al., 2003). Here, we show that the administration of PGC–1a to R6/2 mice at least
partially prevents neuronal degeneration. Moreover, the findings in HD mice were
in agreement with other studies in cell culture, showing that overexpression of
PGC–1a protects striatal neurons from toxicity by mutant huntingtin.

Taken together, these data strongly suggest that decreased levels of PGC–1a me-
diate neuronal toxicity in HD. In addition, the fact that PGC–1a is specifically de-
creased in the striatum of presymptomatic HD brain provides a possible explanation
for differential vulnerability of the striatum in the early stages of HD.

This conclusion is underscored by the fact that the PGC–1a knockout mice show
most severe lesions in the striatum despite the uniform absence in PGC–1a ex-
pression in all brain regions (Lin et al., 2004). PGC–1a has been shown to play an
important role in the regulation of oxidative metabolism and mitochondrial biology
in a number of tissues, but its role in brain function has not been investigated
(Puigserver and Spiegelman, 2003). Interestingly, PGC–1a knockout mice show a
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neurological phenotype characterized by abnormal movements accompanied by
specific lesions in the striatum of the knockout mice (Lin et al., 2004). We found
decreased expression of a number of mitochondrial genes in brain samples of the
PGC–1a knockout mice, which suggested that alterations in mitochondrial function
may be responsible for the observed neuropathology in striata of these mice. Al-
though the neuropathologic changes observed in the knockout mice appear severe
compared to those found in HD, it is striking that these mice show such prominent
abnormalities in the striatum, the region most affected in HD. This finding suggests
an intriguing possibility that the complete absence of PGC–1a seen in the knockout
mice results in more dramatic striatal pathology compared to the lesions caused by
only partial down-regulation of PGC–1a in HD.

We show that a possible mechanism for the observed down-regulation of PGC–1a
in HD may involve transcriptional repression of PGC–1a promoter by mutant hun-
tingtin. The mouse PGC–1a promoter contains a putative TATA box and a full
palindromic consensus CRE site positioned at –130. The CRE on PGC–1a promoter
has been shown to be a direct target for cAMP and CREB action in vivo (Herzig et al.,
2001). Mutant huntingtin represses CRE-mediated transcription of PGC–1a by
interfering with CREB/TAF4 transcriptional pathway in striatal neurons. Reduced
CRE-dependent transcription has been previously observed as an early abnormality
in HD pathogenesis, but the target genes of the CRE-dependent transcription in HD
have not been determined (Gines et al., 2003; Sugars and Rubinsztein, 2003; Sugars
et al., 2004). Moreover, ablation of CREB and CREM in the postnatal CNS produces a
progressive neurodegeneration in striatum that is reminiscent of HD, suggesting
that CREB might play an important role in HD pathogenesis (Mantamadiotis et al.,
2002). Our data show that overexpression of CREB and TAF4 rescues the toxicity by
mutant huntingtin in striatal neurons, underscoring the importance of CREB and
TAF4 in neuronal survival in HD. These findings do not exclude a possibility that
other target genes, in addition to PGC–1a, mediate the survival effects of CREB and
TAF4 in HD. Mutant huntingtin has been shown previously to directly repress
transcription of Sp1–driven genes by uncoupling the interactions of activator (Sp1)
with the co-activator TAF4 (Dunah et al., 2002; Zhai et al., 2005). Since both Sp1 and
CREB interact with TAF4, it is hypothesized that Sp1– or CREB-mediated interac-
tions with TAF4 are directly targeted by mutant huntingtin depending on the pro-
moter context. Huntingtin was found to interact with both the glutamine-rich cen-
tral domain and the C-terminal domain of TAF4, and that the C-terminal domain is
required for protection against huntingtin-induced transcriptional dysregulation
and neuronal cell death (Dunah et al., 2002). The conserved C-terminal domain of
TAF4 participates in a number of protein-protein interactions, including several
TAFs in the TFIID complex (Gangloff et al., 2000; Furukawa and Tanese, 2000;
Asahara et al., 2001). These findings, and the recent report that atrophin also binds
to the C-terminal domain of TAF4 (Shimohata et al., 2000), suggests that TAF4,
probably in the context of TFIID, represents a key target of polyglutamine proteins
such as huntingtin.

These findings show that transcriptional down-regulation of PGC–1a leads to
decreased mitochondrial function and increased susceptibility of striatal cells to



434 20 Transcriptional Abnormalities in Huntington’s Disease

mutant huntingtin-induced toxicity. Recent evidence suggests that mutant hunting-
tin may also interact directly with mitochondria. Degenerated mitochondria were
detected in transgenic HD mouse models before other marked pathological changes
were detected within neurons (Yu et al., 2003). Moreover, the evidence of a direct
interaction of huntingtin protein with mitochondria was presented, by showing the
localization of huntingtin within and on the surface of degenerating mitochondria
(Panov et al., 2002; Yu et al., 2003). In addition, a recent study has demonstrated that
polyglutamines can influence mitochondrial calcium handling and that expanded
polyglutamines alter mitochondrial membrane depolarization, making cells more
vulnerable to metabolic stress (Panov et al., 2002; Brustovetsky et al., 2003; Choo et
al., 2004).

Fig. 20.2 Model for regulation of PGC–1a in Huntington’s disease (HD).
Upper panel: In a normal state, PGC–1a regulates metabolic programs and
maintains energy homeostasis in the CNS. Lower panel: In HD, mutant hunting-
tin interferes with CREB and TAF4 regulation of PGC–1a transcription that leads
to inhibited expression of PGC–1a. Inhibition of PGC–1a expression limits the
ability of the vulnerable neurons to adequately respond to energy demands in
HD. Direct interactions of mutant huntingtin with mitochondria may also con-
tribute to defects in energy metabolism in HD. (This figure also appears with the
color plates.)
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Here, a model is proposed where mutant huntingtin affects mitochondrial func-
tion by interfering with PGC–1a expression (Fig. 20.2). It is hypothesized that, in the
normal state, PGC–1a regulates metabolic programs and maintains energy home-
ostasis in the CNS, whereas inhibition of PGC–1a by mutant huntingtin leads to
defects in energy metabolism and dysfunction of neurons that are most vulnerable
to metabolic stress, such as striatum. Our model does not exclude a possibility that
mutant huntingtin causes neurodegeneration by multiple mechanisms, as sug-
gested by numerous other studies. Instead, our results indicate that inhibition of
PGC–1a function by mutant huntingtin limits the ability of striatal neurons to
respond adequately to metabolic demands in HD. Such disruption in energy ho-
meostasis in HD may lead to subtle disruptions of multiple cellular functions, and
ultimately results in neurodegeneration. These data also suggest that stimulation of
the pathways of energy metabolism controlled by PGC–1a could provide potential
clinical benefit at an early stage of HD.

20.5
Summary

In summary, these results demonstrate that transcriptional changes occur in HD.
On the other hand, much remains to be elucidated to understand fully the conse-
quences of transcriptional deregulation in the pathogenesis of HD. CRE and Sp1
pathways are clearly impaired, but it is not entirely clear whether these are primary
or secondary responses of the huntingtin mutation. The recent data described above
suggest that there is a direct effect of mutant huntingtin on the transcriptional
machinery, and that this could actually represent a key primary event in the onset of
HD (Dunah et al., 2002; Zhai et al., 2005). In addition, rescuing some of these
transcriptional deficits could be of therapeutic benefit. For example, histone dea-
cetylase inhibitors reduce polyQ toxicity in Drosophila models (Steffan et al., 2001),
and recent data showing beneficial effects of this class of compound in a HD mouse
model (Ferrante et al., 2003; Hockly et al., 2003) suggest that these compounds
deserve serious consideration for further study, as they could potentially be used in
patients. Finally, recent data showed that transcriptional deregulation may be direct-
ly linked to dysfunction of energy metabolism in HD (L. Cui et al., unpublished
results), further suggesting that disruption of transcription might occur early in the
disease pathogenesis. It will be important to study individual transcriptional path-
ways and to identify new targets, which may be amenable to treatments in HD. If
new neuroprotective treatments may be developed that would directly affect tran-
scriptional pathways, they could represent a proof that deregulation of transcription
plays a key role in HD.
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Abbreviations

3–NP 3–nitropropionic acid
4PBA 4–phenylbutyrate
EMSA electrophoretic mobility shift assay
GFP green fluorescent protein
GO Gene Ontology
HAT histone acetyl transferase
HD Huntington’s disease
HDAC histone deacetylase
mtDNA mitochondrial DNA
PGC–1a Peroxisome proliferator-activated receptor Gamma Coactivator–1

alpha
PIC preinitiation complex
RNAPol-ChIPRNA polymerase II chromatin immunoprecipitations
TAF TBP-associated factor
TBP TATA-binding protein
TSA trichostatin A
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