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Preface

The perinatal period of neuro-ontogeny is a critical stage in organization and
modeling of brain and peripheral nervous system. During this developmental stage
nerve growth to target sites is under the influence of neurotrophins; neurotransmitter
receptors on nerves, activated or not, govern in-part their ultimate viability/
survivability, as redundancy leads to nerve cell death; and the residual neural
organization of the neural network becomes the life-long template of neural orga-
nization. It is in this melding period wherein the effects of neurotoxins and receptor
agonists/antagonists intervene to produce permanent effects in development. This
book on Neurotoxin Modeling of Brain Disorders—Life-long Outcomes in
Behavioral Teratology is intended to present an overview on some of the most
common agents that are known to effect the neural organization of brain.
Abnormalities in some instances are obvious from histopathologic evidence, also
from neural dynamics or receptor deficiencies; and these altered neural patterns are
manifest in inherent behavioral expressions or in altered behavioral responses to
challenge by associated receptor agonists or antagonists. Unfortunately, brief
exposure to multiple substances during neural ontogeny can often result in life-long
patterns of expression. This important topic, mainly studied in animals, is reflective
of the kinds of neural changes that can occur in human fetuses when a mother is
exposed during pregnancy to a variety of substances including drugs of abuse. The
chapters in this book highlight the types of life-long changes in brain that can occur
when substances act on the brain during ontogeny. The book is thus a brief com-
pendium on neuroteratologic agents; the book is instructive to those engaged in
studies in neuro-ontogeny; the book is also important to clinicians involved in the
care of pregnant women or children.



Contents

Neuroteratology and Animal Modeling of Brain Disorders . . . ... .. .. 1
Trevor Archer and Richard M. Kostrzewa

Part I Neuroteratogenic Agents

Perinatal Lesioning and Lifelong Effects of the Noradrenergic
Neurotoxin 6-Hydroxydopa . . . ... ........... ... .. .. .. ....... 43
Richard M. Kostrzewa

Selective Lifelong Destruction of Brain Monoaminergic Nerves
Through Perinatal DSP-4 Treatment . . . ... .................... 51
Przemystaw Nowak

Noradrenergic-Dopaminergic Interactions Due to DSP-4-MPTP
Neurotoxin Treatments: Iron Connection. . . ... ................. 73
Trevor Archer

Perinatal Domoic Acid as a Neuroteratogen. . .. ................. 87
Tracy A. Doucette and R. Andrew Tasker

Perinatal 192 IgG-Saporin as Neuroteratogen . .................. 111
Laura Petrosini, Paola De Bartolo, Debora Cutuli and Francesca Gelfo

NGF in Early Embryogenesis, Differentiation, and Pathology
in the Nervous and Immune Systems. . . .. ..................... 125
Luisa Bracci-Laudiero and Maria Egle De Stefano

Part I Neuroteratogens to Model Human Disorders

Disrupted Circadian Rhythm as a Common Player
in Developmental Models of Neuropsychiatric Disorders. . . . .. ... ... 155
Eva M. Marco, Elena Velarde, Ricardo Llorente and Giovanni Laviola

vii


http://dx.doi.org/10.1007/7854_2015_434
http://dx.doi.org/10.1007/7854_2015_414
http://dx.doi.org/10.1007/7854_2015_414
http://dx.doi.org/10.1007/7854_2015_398
http://dx.doi.org/10.1007/7854_2015_398
http://dx.doi.org/10.1007/7854_2015_411
http://dx.doi.org/10.1007/7854_2015_411
http://dx.doi.org/10.1007/7854_2015_417
http://dx.doi.org/10.1007/7854_2015_418
http://dx.doi.org/10.1007/7854_2015_420
http://dx.doi.org/10.1007/7854_2015_420
http://dx.doi.org/10.1007/7854_2015_419
http://dx.doi.org/10.1007/7854_2015_419

viii Contents

Neurobehavioral Effects from Developmental Methamphetamine
Exposure . .. ... ... 183
Sarah A. Jablonski, Michael T. Williams and Charles V. Vorhees

Early-Life Toxic Insults and Onset of Sporadic Neurodegenerative
Diseases—an Overview of Experimental Studies. . . . ... ........... 231
Anna Maria Tartaglione, Aldina Venerosi and Gemma Calamandrei

The Use of Perinatal 6-Hydroxydopamine to Produce

a Rodent Model of Lesch-Nyhan Disease. . .. ................... 265
Darin J. Knapp and George R. Breese
Perinatal 6-Hydroxydopamine Modeling of ADHD. . .. ............ 279

John P. Kostrzewa, Rose Anna Kostrzewa, Richard M. Kostrzewa,
Ryszard Brus and Przemystaw Nowak

Attention-Deficit/Hyperactivity Disorder: Focus upon Aberrant
N-Methyl-p-Aspartate Receptors Systems. . . . ................... 295
Trevor Archer and Danilo Garcia

Perinatal 6-Hydroxydopamine to Produce a Lifelong Model

of Severe Parkinson’s Disease . . .. ........................... 313
John P. Kostrzewa, Rose Anna Kostrzewa, Richard M. Kostrzewa,

Ryszard Brus and Przemystaw Nowak

Exercise and Nutritional Benefits in PD: Rodent Models
and Clinical Settings. . . .. ....... .. .. .. .. .. .. .. . . . 333
Trevor Archer and Richard M. Kostrzewa

Lifelong Rodent Model of Tardive Dyskinesia—Persistence
After Antipsychotic Drug Withdrawal . . .. ... .................. 353
Richard M. Kostrzewa and Ryszard Brus

Perinatal Influences of Valproate on Brain and Behaviour:
An Animal Model for Autism . .. ....... ... ... ... ... .. ... . ... 363
Peter Ranger and Bart A. Ellenbroek

Applications of the Neonatal Quinpirole Model to Psychosis
and Convergence upon the Dopamine D, Receptor. . . ... .......... 387
Russell W. Brown and Daniel J. Peterson

Postnatal Phencyclidine (PCP) as a Neurodevelopmental Animal

Model of Schizophrenia Pathophysiology and Symptomatology:

A RevIewW . . . .. 403
B. Grayson, S.A. Barnes, A. Markou, C. Piercy, G. Podda and J.C. Neill

Pathological Implications of Oxidative Stress in Patients

and Animal Models with Schizophrenia: The Role of Epidermal

Growth Factor Receptor Signaling. . . . ... ..................... 429
Tadasato Nagano, Makoto Mizuno, Keisuke Morita and Hiroyuki Nawa


http://dx.doi.org/10.1007/7854_2015_405
http://dx.doi.org/10.1007/7854_2015_405
http://dx.doi.org/10.1007/7854_2015_416
http://dx.doi.org/10.1007/7854_2015_416
http://dx.doi.org/10.1007/7854_2016_444
http://dx.doi.org/10.1007/7854_2016_444
http://dx.doi.org/10.1007/7854_2015_397
http://dx.doi.org/10.1007/7854_2015_415
http://dx.doi.org/10.1007/7854_2015_415
http://dx.doi.org/10.1007/7854_2015_396
http://dx.doi.org/10.1007/7854_2015_396
http://dx.doi.org/10.1007/7854_2015_409
http://dx.doi.org/10.1007/7854_2015_409
http://dx.doi.org/10.1007/7854_2015_395
http://dx.doi.org/10.1007/7854_2015_395
http://dx.doi.org/10.1007/7854_2015_404
http://dx.doi.org/10.1007/7854_2015_404
http://dx.doi.org/10.1007/7854_2015_394
http://dx.doi.org/10.1007/7854_2015_394
http://dx.doi.org/10.1007/7854_2015_394
http://dx.doi.org/10.1007/7854_2015_403
http://dx.doi.org/10.1007/7854_2015_403
http://dx.doi.org/10.1007/7854_2015_403
http://dx.doi.org/10.1007/7854_2015_399
http://dx.doi.org/10.1007/7854_2015_399
http://dx.doi.org/10.1007/7854_2015_399

Neuroteratology and Animal Modeling
of Brain Disorders

Trevor Archer and Richard M. Kostrzewa

Abstract Over the past 60 years, a large number of selective neurotoxins were
discovered and developed, making it possible to animal-model a broad range of
human neuropsychiatric and neurodevelopmental disorders. In this paper, we
highlight those neurotoxins that are most commonly used as neuroteratologic
agents, to either produce lifelong destruction of neurons of a particular phenotype,
or a group of neurons linked by a specific class of transporter proteins (i.e.,
dopamine transporter) or body of receptors for a specific neurotransmitter (i.e.,
NMDA class of glutamate receptors). Actions of a range of neurotoxins are
described: 6-hydroxydopamine (6-OHDA), 6-hydroxydopa, DSP-4, MPTP,
methamphetamine, IgG-saporin, domoate, NMDA receptor antagonists, and val-
proate. Their neuroteratologic features are outlined, as well as those of nerve growth
factor, epidermal growth factor, and that of stress. The value of each of these
neurotoxins in animal modeling of human neurologic, neurodegenerative, and
neuropsychiatric disorders is discussed in terms of the respective value as well as
limitations of the derived animal model. Neuroteratologic agents have proven to be
of immense importance for understanding how associated neural systems in human
neural disorders may be better targeted by new therapeutic agents.
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1 Introduction

The concept posed in this paper is that perinatal insult can influence later-life neural
survival or later-life susceptibility to toxic challenge. Also, perinatal insult can
alone result in lifelong neural and behavioral abnormalities in humans, able to be
modeled by appropriate treatments of animals. The series of topics highlighted here
provide support for what was once a concept, but which is now recognized fact,
supported by experimental and observational data in animal subjects and humans.

There are an encyclopedic number of studies demonstrating that perinatal
exposure of noxious or seemingly innocuous agents alter the pattern of neural
ontogenetic development and produce permanent neuroanatomical, neurochemical,
and/or behavioral abnormalities. Examples of this are provided for what might be
termed selective neurotoxins.



Neuroteratology and Animal Modeling of Brain Disorders 3

One general and surviving notion has been that the neurodegenerative and, for
that matter, even the neurodevelopmental psychiatric disorders are induced by
specific agents that degenerate one or more clearly defined population(s) of neu-
rons, circuits, and/or regions, e.g., dopaminergic neurons in parkinsonism.
However, the much more prevalent issue of senescence is a wider phenomenon
affecting cells throughout the body, including spontaneous dying of neurons, as per
pars compacta substantia nigra (SNpc) dopaminergic neurons and onset of
Parkinson’s disease (PD) (Rodriguez et al. 2015). Neuropsychiatric disorders, such
as schizophrenia, attention deficit/hyperactivity disorder (ADHD), autism and
depression, and Lesch—Nyhan disease (LND), stem from abnormalities and dis-
ruptions, both genetic and environmental, of the normal courses of the develop-
mental cycles (Grados et al. 2014; Groves et al. 2014). For example, exposure to
femtomolar concentrations (fM, 107" mol/dm® or 1072 mol/m3) of fragrances
(generally sweet or pleasant smell) results in morphological changes at the light
microscopic level in fetal neuroblastoma cell lines pertaining to reduced
oxytocin-positive and arginine vasopressin-positive neurons in male but not female
neuroblastoma cell lines (Sealey et al. 2015). Stressor exposure during early life has
the potential to increase an individual’s susceptibility to a number of neuropsy-
chiatric conditions such as mood and anxiety disorders and schizophrenia in
adulthood. Epigenetic processes exert cellular/tissue-specific changes in regulating
expression of genes, providing potential biomarkers for examining the develop-
mental trajectory of early stress-induced susceptibility to adult neuropsychiatric
and/or neurologic disorders (Ibi and Gonzdlez-Maeso 2015; Marco et al. 2016).
With the proliferation of gene-based models and etiology-based models for
studying brain disorders (Bezard et al. 2013), the predictability of human and
animal in vivo outcomes for neurotoxicity and retardation of developmental tra-
jectories proceeds apace.

Under conditions of chronic inflammation, “mediator” molecules like cytokines
may be disadvantageous to organism development over prolonged or exaggerated
periods. Neuroprotective or neurotoxic outcomes evolving from interactions
between cytokines and/or metabolites of tryptophan catabolism, the neuroactive
kynurenines, partly influenced by corticosteroid action, contribute to the fate of
several signaling pathways, e.g., serotonergic, dopaminergic, and glutamatergic
transmissions, and receptor functions such as N-methyl-D-aspartate receptor
(NMDA-R) or o5-nicotinic acetylcholine receptor (Myint 2013). For instance,
altered kynurenine metabolism is implicated in the pathogenesis of Alzheimer’s
disease (AD), PD, and Huntington’s disease (HD), whereas the metabolites and key
enzymes, analogs of the metabolites, and small-molecule enzyme inhibitors, pre-
venting the formation of neurotoxic compounds, confer both neuroprotective and
therapeutic properties (Tan et al. 2012). Inflammatory mediators activate the
kynurenine metabolic pathway and immobilize the production of neuroactive
metabolites, thereby initiating a pathogenic cascade with neuropsychiatric conse-
quences (Allison and Ditor 2015; Brundin et al. 2015; Meier et al. 2015).
According to the (genetic) Vulnerability-stress-inflammation developmental notion
of schizophrenia, stress generates immune alterations (proinflammatory cytokines)
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that influence dopaminergic, serotonergic, noradrenergic, and glutamatergic neu-
rotransmission through the activation of the enzyme indoleamine 2,3-dioxygenase
(IDO) of tryptophan/kynurenine metabolites, leading to kynurenic acid, with the
concomitant activation of microglia, a veritable cascade of neuroinflammatory
events (Miiller et al. 2015).

1.1 Developmental Inflammatory Processes

Immune activation through prenatal or early postnatal exposure to viruses or bac-
terial products (e.g., lipopolysaccharide (LPS)) consistently impairs brain devel-
opment and influences behavioral, emotional, and cognitive functional domains
(Kirsten et al. 2013; Xia et al. 2014; Zhu et al. 2014a, b) with consequences for the
pathogenesis of neuropsychiatric conditions (Delany et al. 2015; Kelly et al. 2015;
Mossakowski et al. 2015; Pariante 2015). Maternal inflammation is similarly
reflected in neuroinflammatory events resulting in structural and functional dis-
turbances to the developing offspring brain.

Prenatal LPS-induced reorganization of the dendritic architecture was found in
both L2PC-A and L2PC-B types, predominantly in the L2PC-A type in mouse
offspring (Gao et al. 2015); there was also a differential alteration of intrinsic
electrophysiological properties of the two L2PC types. As the resting membrane
potential of L2PC-A neurons became hyperpolarized, these neurons were less
excitable, whereas the resting membrane potential of L2PC-B neurons was partially
depolarized and more excitable. Thus, morphological and electrophysiological
abnormalities were linked to pyramidal neuron dysfunction stemming from
inflammatory events during pregnancy. Parental microglia-induced neuroinflam-
mation, triggered by bacterial or viral infections, may induce features of
neuropsychiatric/neurologic disorders, such as ADHD, schizophrenia, and autism in
offspring (Byrnes et al. 2009). In mice exposed prenatally to LPS at gestational days
15 and 17, there was downregulation of peripheral benzodiazepine receptors
(PBRs), mediated by the activation of mGluRS5 in astrocytes (Arsenault et al. 2015).
In addition, the mGluR5-PBR interaction in a mouse model of schizophrenia
(Basta-Kaim et al. 2015; Wischhof et al. 2015) was applicable to brain disorder
pathophysiology. Thus, LPS-driven ontogenetic effects at mGIuRS have implica-
tions in later-life onset of neuropsychiatric disorders.

Inflammatory cytokines are able to affect neuronal ontogeny indirectly by acting
at glia and subverting their imbued neuroprotective action to one that is adverse for
neurons. By this means, gestational inflammation can indirectly affect neural
function—and thereby pose a risk for later age development of neurological or
psychiatric disorders (Fukushima et al. 2015; Jo et al. 2015; Steardo et al. 2015).
A number of mechanisms may come into play: (i) stimulation of the phagocyte
NADPH oxidase (PHOX) to produce superoxide and derivative oxidants, (ii) ex-
pression of inducible nitric oxide synthase (iNOS) that produces NO and derivative
oxidants, (iii) release of glutamate and glutaminase, (iv) release of tumor necrosis
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factor alpha (TNF-a), (v) release of cathepsin B, (vi) phagocytosis of stressed
neurons, and finally, (vii) decreased release of nutritive brain-derived neurotrophic
factor (BDNF) and insulin-like growth factor-1 (IGF-1) (Brown and Vilalta 2015).

Despite all the evidence that neuroinflammation and reactive gliosis feature
prominently in most brain and CNS disorders, the notion of glial cells as passive
responders to neuronal damage rather than drivers of synaptic dysfunction is
changing. Glia have active signaling activity with neurons and influence synaptic
development, transmission, and plasticity by mobilizing a plethora of secreted and
contact-dependent signals (Chung et al. 2015). Reactive astrogliosis, a feature of
AD, presents a continuum of neuropathological processes with accompanying
morphological, functional, genetic, and epigenetic events (Jain et al. 2015; Pekny
et al. 2014; Steardo et al. 2015; Verkhratsky et al. 2015). Calcium, proteoglycan,
TGF-B, NFxB, and complement mediate the neuron—glia interactions under phys-
iological and neurodegenerative states (Lian and Zheng 2015). Although the
influences of astrocytes on the aging process are more suspected than implicated,
they appear to adopt different functions dependent on disease progression and the
extent of accompanying parenchymal inflammation. Astrocytes enable clearance of
AP and restrict the spread of inflammation in brain, yet astrocytes promote neu-
rodegeneration in AD by releasing neurotoxins and negating crucial metabolic roles
(Birch 2014). Using an experimental model of small subcortical infarcts in mice for
studying pathophysiological changes in the corticospinal tract and assessing
long-term neurologic outcomes and behavioral performance, Uchida et al. (2015)
administered the vasoconstrictor peptide, endothlin-1 (ET-1), and the NOS inhibitor
N(G)-nitro-L-arginine methyl ester (L-NAME), into the internal capsule of mice. At
two months, they observed a loss of axons and myelin surrounded by reactive
gliosis in the region of the injection and severe neurological deficits.

1.2 Perinatal Insult and Neurologic Neurodegenerative
Disorders

The Latent Early-life Associated Regulation (LEARnN) model poses environmental
exposures as “hits,” which, when sufficient in strength and/or number as a fetal
insult, leads to altered neural development and later-life disorder or susceptibility to
disorder (Lahiri et al. 2009)—giving support to the “developmental origins of
health and disease” (DOHaD) hypothesis (Barker 2007). This topic has been
recently reviewed, in reference to perinatal insult and the ultimate development of
neurodegenerative disorders (Tartaglione et al. 2016).

For example, perinatal exposure of mice or monkeys to lead (Pb) results in
later-life cognitive deficits accompanied by the upregulation of amyloid precursor
protein (APP), AP deposits, and phosphorylated tau in brain—features of
Alzheimer’s disease (AD) (Bihaqi and Zawia 2013; Bihagqi et al. 2014). Similarly,
perinatal exposure of rats to lead (Pb) leads to a similar pattern of deficits along
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with an increase in the brain level of 8-hydroxy-2'-deoxyguanosine (0x08dG), a
major DNA oxidation metabolite reflecting oxidative stress (Bolin et al. 2006).
Other heavy metals (arsenic, cadmium) and pesticide exposure during perinatal
development produce similar dysfunctions in animals (Baldi et al. 2011; Ashok
et al. 2015). This series of examples supports the contention that early-life insults
can have permanent effects in brain and behavior.

In an analogous manner, perinatal exposure or treatment with iron leads to
behavioral indices of PD in mice (Fredriksson et al. 1999, 2000) and rats
(Dal-Pizzol et al. 2001), with effects thought to be associated with observed
oxidative stress in brain. Manganese (Mn) had a direct effect but also increased the
susceptibility of brain to later-life toxic insult (Cordova et al. 2012).

These examples give credence to the likelihood that there are multiple kinds of
perinatal insults that produce lifelong neural dysfunctions, some of which lead to a
greater incidence of neurological, neurodegenerative, and psychiatric disorders in
humans.

1.3 Neurotrophins and Neuronal Development

In a long series of studies beginning in the first half of the twentieth century,
R. Levi-Montalcini discovered that there were proteins termed neurotrophins that
were essential for the development of the nervous system. One of these neu-
rotrophins, nerve growth factor (NGF), was shown to promote the growth and
development of the sympathetic nervous system during ontogeny, now known to
act by regulating the expression of genes associated with axonal growth and
synaptogenesis (Miller and Kaplan 2001). NGF likewise has a prominent effect on
the maintenance and development of cholinergic nerves in basal forebrain
(Niewiadomska et al. 2009). Impaired cleavage of proNGF to NGF has been
suggested as one of the possible causes of degeneration of basal forebrain
cholinergic nuclei in AD (Tuszynski and Blesch 2004). Reduced neuronal
responding to NGF is another of many other possibilities related to the loss of
cholinergic nerves in AD (Cooper et al. 1994). The multifactorial effect of NGF on
the nervous system and on the immune system development has been recently
reviewed (Bracci-Laudiero and De Stefano 2016).

Synthesis of NGF in brain cells and in the peripheral nervous system is
upregulated by the catecholamines (Barra et al. 2014; Hasan and Smith 2014;
Sygnecka et al. 2015), which is in keeping with the physiological relation between
the level of NGF mRINA and the density of innervation in the peripheral sympa-
thetic nervous systems (Furukawa 2015). NGF is essential for the survival and
functional maintenance of forebrain cholinergic neurons projecting mainly to the
cortex and hippocampus (Hohsfield et al. 2014; Iulita and Cuella 2014; Perez et al.
2015), with particular importance for the relative levels of pro-NGF and mature
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NGF. Thus, for example, diabetic encephalography has been characterized by
deteriorations in the maturation of NGF (Soligo et al. 2015). NGF increases
low-density lipoprotein receptor levels in PC6.3 cells and in cultured septal neurons
from embryonic rat brain (Do et al. 2015), indicating that NGF and simvastatin,
which is used to decrease unhealthy lipid levels, stimulates lipoprotein uptake by
neurons with a positive effect on neurite outgrowth. Increases in low-density
lipoprotein receptors and lipoprotein particles in neurons may exert a functional role
during the brain development, as well as in neuroregenerative processes and fol-
lowing traumatic brain injuries. Although aging is a normal physiological process
accompanied, more often than not, by deteriorations in certain cognitive domains,
alterations in the levels of neurotrophic factors NGF, BDNF, and GDNF
(glia-derived neurotrophic factor) are implicated in this decline, which implicates
lowered neurotrophic levels in the pathogenesis of AD and other age-related dis-
orders (Budni et al. 2015).

2 Actions and Mechanisms of Selective Neurotoxins

2.1 6-Hydroxydopamine

6-Hydroxydopamine (6-OHDA), the first selective neurotoxin to come into com-
mon use, was discovered in the late 1960s by H Thoenen and JP Tranzer during
their search for norepinephrine (NE) analogs that might provide dark osmophilic
“staining” of noradrenergic nerves during the electron microscopic observation
(Thoenen and Tranzer 1968a, b). 5-Hydroxydopamine (5-OHDA) fulfilled that
criterion, but 6-OHDA to their surprise produced overt destruction of noradrenergic
nerves and its action was selective, leaving surrounding tissues and other nerves
intact. 6-OHDA was eventually found to produce its neurotoxicity by generating
intraneuronal oxidative stress and by an action on mitochondrial cytochromes,
thereby blocking ATP formation and energy depletion of neurons (Cohen and
Heikkila 1974). Later, 6-OHDA neurotoxicity was extended to dopaminergic
nerves, as well (Ungerstedt 1968, 1971).

6-OHDA has found extensive use in neuroscience research, being cited (as
“6-hydroxydopamine OR 6-OHDA”) in ~ 12,000 papers in PubMed. 6-OHDA is a
useful agent for uncovering effects of noradrenergic and dopaminergic nerves and
for studying neurotoxic processes and mechanisms and reactive neuroprotective
strategic mechanisms of these nerves. As a neurotoxin, 6-OHDA destruction of pars
compacta SNpc in adult species (rodents, non-human primates) is of value for
producing animal modeling of PD. As a neuroteratogen—6-OHDA administration
during ontogeny—6-OHDA has effectively modeled several neural disorders
including PD, ADHD, and LND, each of which is described subsequently.
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2.2 6-Hydroxydopa

Following the discovery of 6-OHDA as a neurotoxin, 6-hydroxydopa
(6-OHDOPA) was developed with the rationale that (1) 6-OHDOPA would be
able to cross the blood—brain barrier (6-OHDA does not), (2) to be decarboxylated
to 6-OHDA in brain; thus, 6-OHDOPA would actually be a protoxin, and
(3) 6-OHDOPA-derived 6-OHDA would then destroy noradrenergic and/or
dopaminergic nerves deep in brain, (4) while obviating unintentional damage to
other nerves which would otherwise occur during injection of 6-OHDA per se into
brain (Ong et al. 1969; Berkowitz et al. 1970). Subsequently, 6-OHDOPA was
confirmed as a neurotoxin, able to produce destruction to noradrenergic sympathetic
nerves (Kostrzewa and Jacobowitz 1972; Sachs and Jonsson 1972a, b) and nora-
drenergic nerves in brain (Jacobowitz and Kostrzewa 1971; Kostrzewa and
Jacobowitz 1973; Zieher and Jaim-Etcheverry 1973, 1975a, b). 6-OHDOPA also
proved to be a unique neuroteratologic agent, able to destroy noradrenergic nerves
in brain (Kostrzewa and Harper 1974)—with preference for locus coeruleus nuclei
(Kostrzewa and Harper 1974; Tohyama et al. 1974a, b; Clark et al. 1979) and the
dorsal bundle providing noradrenergic innervation to dorsal brain (Kostrzewa and
Garey 1976, 1977)—while leaving dopaminergic innervation to rodent striatum
virtually intact (Kostrzewa et al. 1988). This specificity of 6-OHDOPA for nora-
drenergic nerves provided a unique advantage in mapping noradrenergic nerves in
brain in the 1970s (Jacobowitz and Kostrzewa 1971; Sachs et al. 1973).
6-OHDOPA, however, had specifically low potency and also lethality at high
dose (Kostrzewa and Garey 1976). Part of the lethal effect may reside in additional
agonist action of 6-OHDOPA at non-NMDA glutamatergic receptors (Rosenberg
et al. 1991). At the time of its discovery 35 years ago, 6-OHDOPA was useful as a
selective noradrenergic neurotoxin. Important discoveries were made by the use of
this neurotoxin on noradrenergic systems in brain, including mapping of the dorsal
noradrenergic bundle to forebrain, cerebellum, and spinal cord. 6-OHDOPA like-
wise was useful in uncovering the labile nature of locus coeruleus neurons. At this
time, the inherent limitations of 6-OHDOPA relegate it to secondary status; tagged
antibodies for marker enzymes (e.g., immunotoxin for dopamine-p-hydroxylase)
also provide a more advantageous means to assess noradrenergic nerves.
6-OHDOPA mechanisms and actions were recently reviewed (Kostrzewa 2016).

2.3 DSP-4

DSP-4 [N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine] is another neurotoxin
discovered by S Ross and colleagues in the early 1970s during their search for
bretylium-related compounds (Ross et al. 1973; Ross and Renyi 1976). DSP-4 was
initially found to cross the blood—brain barrier and cyclize to a reactive aziridinium
targeted to the NE transporter (NET) and taken up primarily by locus coeruleus
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noradrenergic nerves, leading to NE depletion (Jonsson et al. 1981, 1982) and overt
destruction (Lyons et al. 1989). DSP-4 was recently reviewed (Bortel 2014; Nowak
2016; Ross and Stenfors 2015).

As a neuroteratogen, DSP-4 has relatively selective action on locus coeruleus
projections to neocortex, hippocampus, cerebellum, and spinal cord, while leaving
peripheral sympathetic nerves relatively unaffected (Zieher and Jaim-Etcheverry
1975a). Typically, reactive sprouting of noradrenergic innervation to hindbrain and
cerebellum occurs consequent to relative inactivation or destruction of locus
coeruleus-derived innervation to neocortex, hippocampus and spinal cord (Jonsson
et al. 1981, 1982; Dabrowska et al. 2007; Bortel et al. 2008; Sanders et al. 2011).
Effects are lifelong. DSP-4 has been used to study the neurotoxic and neuropro-
tective mechanisms of noradrenergic neurons and to determine the association
between early loss of noradrenergic innervation and brain and behavioral outcomes.

2.4 Co-administration of DSP-4 and MPTP

When noradrenergic nerves are lesioned with DSP-4 prior to MPTP
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) treatment of C57/Bl6 mice,
dopaminergic lesioning is enhanced (Fornai et al. 1997). Prenatal iron (Fe®*,
7.5 mg/kg, on postnatal days 19-12) further exacerbates the effects on dopamin-
ergic neurons and extent of movement disordering produced by the combination of
DSP-4 and MPTP (Archer and Fredriksson 2006). Noradrenergic neuronal dys-
function is considered to add to the motor dysfunction in PD, as indicated by
enhanced dysfunction of the subthalamic nucleus following the combination of
DSP4 and 6-OHDA (Wang et al. 2014). This topic was recently reviewed (Archer
2016b).

2.5 Methamphetamine

The AMPH analog methamphetamine (METH) replicates many of the effects of
AMPH. METH (like AMPH), with high affinity for the NET, DAT (dopamine
transporter), and the serotonin (5-HT) transporter SERT, is accumulated by these
nerves to evoke non-exocytotic release of NE, DA, and 5-HT (Sitte and Freissmuth
2010). Acute effects reflect sympathomimetic and serotoninergic actions at their
respective receptor sites (de la Torre et al. 2000). Chronic METH is associated with
neurotoxicity (Seiden et al. 1976), being related to acute METH-induced hyper-
thermia, promotion of reactive oxygen species (ROS), and excitotoxicity (Krasnova
and Cadet 2009). Neuroteratologic effects of METH are expressed in large part by a
spectrum of behavioral alterations, as outlined later in this paper.
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2.6 Domoic Acid

Domoic acid, an agonist at AMPA/kainate-R, is an excitotoxin in high dose
(Verdoorn et al. 1994; Tasker et al. 1996), producing neuronal loss and astrocytosis
in hippocampus and amygdala, as well as prefrontal cortex and thalamus
(Teitelbaum 1990). In both humans and laboratory rodents, neuropathological
disturbances are characterized also by reactive gliosis and loss of neurons detected
from 24 h onward and most severely after a week or two (Ananth et al. 2001, 2003).
Immunohistochemical and histopathologic evidence of chronic inflammation from
rats treated with domoic acid indicated severe neuronal degeneration, astrocytosis,
microgliosis, universal NOS expression, and dystrophic calcification from 5 days to
54 days after administration (Vieira et al. 2015).

When administered to perinatal rats, domoic acid produces head tremor with
vacuous chewing, “wet-dog shakes,” circling, forelimb tremor, hindlimb hyperex-
tension, and hind-paw biting. At very high dose myoclonic jerks and clonic-tonic
convulsions (Xi et al. 1997; Doucette et al. 2000).

When administered in low dose during the second week of postnatal ontogeny,
these rats in adulthood displayed prominent cell loss in hippocampal CA1 and CA3
regions (Doucette et al. 2004; Bernard et al. 2007), a reduction in GABA neurons
(Gill et al. 2010) with prominent mossy fiber sprouting (Holmes et al. 1999), and
behaviorally, these rats, as adults, had stage 2/3 seizure (Racine 1972) induced by a
novel/stressful environment (Doucette et al. 2004). Other behavioral deficits have
been noted (Pérez-Gomez and Tasker 2014). The neurotoxic and behavioral out-
come of perinatal domoic acid was recently reviewed (Pérez-Goémez and Tasker
2014; Doucette and Tasker 2016).

2.7 192 IgG-Saporin

The immunotoxin 192 IgG-saporin consists of the monoclonal antibody 192 IgG
conjugated to the ribosome-inactivating protein (RIP) saporin. In perinatal rats, 192
IgG targets the low-affinity rat NGF receptor (p75™ "), which is expressed solely
on cholinergic neurons in the nucleus basalis magnocellularis (NBM) and diagonal
band of Broca (DBBh) in rat basal forebrain. Saporin, being then internalized by
receptor-mediated endocytosis, travels by retrograde axonal transport to the neu-
ronal perikaryon and inactivates ribosomes to inhibit protein synthesis, leading to
neuronal cell death (Wenk et al. 1994; Leanza et al. 1995; Pappas et al. 1996;
Robertson et al. 1998). Perinatal IgG-saporin selectively destroys 70-75 % of
cholinergic in NBM/DBBh (Leanza et al. 1996), leading to ~70 % cholinergic
denervation of hippocampus. In contrast to 192 IgG-saporin treatment of adult rats,
which also destroys cerebellar Purkinje cells (Leanza et al. 1995; Waite et al. 1995;
De Bartolo et al. 2009, 2010), perinatal 192 IgG-saporin spares Purkinje cells which
have a lower expression of p75NF.
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192 IgG-saporin reduces ultrasonic vocalization (Kehoe et al. 2001; Ricceri et al.
2007) and impairs passive avoidance learning in rat pups (Ricceri et al. 2002). In
adulthood, 192 IgG-saporin-lesioned rats spent less time exploring a novel envi-
ronment (Ricceri et al. 1997; Scattoni et al. 2003), but otherwise there was limited
impairment in learning and memory (Leanza et al. 1996; Pappas et al. 1996) except
at 22 months (Pappas et al. 2005). The perinatal effects of IgG-saporin were
recently reviewed (Petrosini et al. 2014, 2016).

2.8 Quinpirole

Acute administration of the DA D,-R agonist quinpirole produces several
short-lived behavioral effects, the most prominent being yawning with penile
erection in male rats (Kostrzewa and Brus 1991). However, when administered to
rats once a day for several days during postnatal ontogeny, quinpirole produces DA
D,-R supersensitization that is manifested as enhanced yawning, locomotor activ-
ity, altered pain threshold, and vertical jumping with paw treading (Kostrzewa et al.
1991, 1993a, b; Kostrzewa 1995; Kostrzewa and Kostrzewa 2012). DA D,-R
supersensitivity persists for the duration of the life span (Oswiecimska et al. 2000)
and is associated with enhanced AMPH-induced release of DA in rat striatum
(Nowak et al. 2001; Cope et al. 2010).

Rats that had been quinpirole-primed during the first week or more of postnatal
life have cognitive impairment (Brown et al. 2002) and deficits in prepulse inhi-
bition (Maple et al. 2015). These behavioral effects are accompanied by a reduced
brain level of BDNF (Brown et al. 2008; Thacker et al. 2006) and reduced
expression level of the regulator of G-protein-signaling (RGS) RGS 9 gene which
functions to terminate D,-R agonist action. Because these effects are largely
attenuated by olanzapine (Thacker et al. 2006), rats with permanent D,-R super-
sensitivity have been posited as an animal of schizophrenia (Brown et al. 2012;
Brown and Peterson 2016; Kostrzewa et al. 2016c; Maple et al. 2015).

3 Animal Modeling with Neuroteratologic Agents

3.1 Rodent Model of PD Produced by Perinatal 6-OHDA
Treatment

Perinatal intracerebral (icv) treatment of rats with 6-OHDA (134 pg, half on each
side) produces near-total lesioning of SNpc and lifelong near-total dopaminergic
denervation of striatum. Acutely there is no discernible behavioral effect, and rats
develop into adulthood with no motor deficit. Permanent serotoninergic
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hyperinnervation of striatum occurs as rats develop into adulthood (Berger et al.
1985; Snyder et al. 1986). Repeated DA D, agonist treatments in adulthood prime
DA D;-R, which remain supersensitized for the remainder of life, while DA D,-R
are less affected (Breese et al. 1984a, 1985a, b, 1987; Criswell et al. 1989; Hamdi
and Kostrzewa 1991; Kostrzewa and Gong 1991; Gong et al. 1992, 1993a, 1994;
see Kostrzewa 1995; Kostrzewa et al. 1998). The perinatal 6-OHDA-lesioned rats
represents a suitable animal model of severe PD (Kostrzewa et al. 2006; Kostrzewa
et al. 2016b).

An alternative animal model of PD is produced by administering 6-OHDA
unilaterally in adult rats to lesion the SNpc; effectiveness of known and putative
anti-parkinsonian agents can be assessed by counting the numbers of rotations
produced by those treatments (Ungerstedt 1971). Bilateral 6-OHDA adulthood
treatment would produce aphasia, adipsia, lack of grooming, and immobility—with
consequent death in a matter of day, except with prolonged special care. Still, these
rats remain fragile.

In contrast to adulthood 6-OHDA-lesioned rats, the perinatally 6-OHDA-
lesioned rats provide immense advantages for assessing anti-parkinsonian agents.
Because perinatally 6-OHDA-lesioned rats are able to eat, drink, groom, and
ambulate—as per intact controls, even in the relative absence of SNpc dopamin-
ergic neurons, this neurochemical/neuroanatomical model of PD is behaviorally
robust and demonstrates ambulatory enhancement when treated with anti-
parkinsonian agents; motor dyskinesia produced by high-dose L-DOPA is able to
be discerned (Kostrzewa et al. 2006; Kostrzewa et al. 2016b). These rats have been
used to assess the elevation of tissue levels of striatal DA after acute L-DOPA
treatment (Kostrzewa et al. 2002, 2005); also the effect of acute AMPH on striatal
exocytosis (Nowak et al. 2005); and the effect of acute L-DOPA on striatal levels of
ROS (Kostrzewa et al. 2000, 2002; Nowak et al. 2010). The perinatal
6-OHDA-lesioned rat, as a modeling of PD, is described in detail in a recent paper
(Kostrzewa et al. 2016b).

3.2 Exercise Effectiveness in Improving Behavioral Deficits
in a Rodent Model of PD

Physical exercise has proven to be effective and is a recommended alternative for
ameliorating, even reversing motor and behavioral dysfunctions in neurodegenera-
tive disorders (Archer 2011, 2012, 2014; Archer et al. 2014a, b; Archer and Garcia
2015; Archer and Kostrzewa 2012; Archer et al. 2011a, b, 2014a, b). In a rodent
model of PD, exercise produced profound ameliorative effects (Archer and
Fredriksson 2010, 2012, 2013; Archer et al. 2011a, b, 2014a, b; Fredriksson et al.
2011). Exercise is a particularly useful intervention in PD patients in sedentary
occupations. The several links between exercise and quality of life, disorder
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progression and staging, risk factors, and symptom biomarkers in PD all endow a
promise for improved prognosis. Nutrition provides a strong determinant for dis-
order vulnerability and prognosis, with fish oils and vegetables with a Mediterranean
diet offering both protection and resistance, whereas exercise increases synaptic
strength and influences neurotransmission. Nevertheless, the heterogeneity of
exercise/activity programs, including stretching, muscle strengthening, balance,
postural exercises, occupational therapy, cueing, and/or treadmill training, remains
an issue and consensus concerning the optimal approach (Abbruzzese et al. 2015;
but see also Uhrbrand et al. 2015). Three factors determining the effects of exercise
on disorder severity of patients may be presented: (i) exercise effects on motor
impairment, gait, posture, and balance; (ii) exercise reduction of oxidative stress,
stimulation of mitochondrial biogenesis, and upregulation of autophagy; and
(iii) exercise stimulation of dopaminergic neurochemistry and trophic factors.

Running-wheel performance, as measured by distance run by control and
parkinsonian-modeled mice from different treatment groups, was related to
dopaminergic system integrity, indexed by striatal DA levels (Archer and Kostrzewa
2016). Support for these notions (regarding the almost finite advantages to be
gleaned from exercise) continues to emerge. Exercise triggers plasticity-related
events in the human PD brain, such as corticomotor excitation, increases in gray
matter volume, and an elevation in BDNF levels (Hirsch et al. 2015). Finally, both
nutrition and exercise may facilitate positive epigenetic outcomes, such as lowering
the dosage of L-DOPA required for a therapeutic effect. Exercise, as a potent epi-
genetic regulator, implies a potential to counteract pathophysiological processes and
alterations, notwithstanding a paucity of understanding in the underlying molecular
mechanisms and dose—response relationships (Archer 2015).

3.3 Rodent Model of ADHD Produced by Perinatal
6-OHDA with Adulthood 5,7-DHT Lesions

In the 1970s, B Shaywitz and colleagues produced an animal of “minimal brain
dysfunction,” akin to today’s nomenclature for ADHD, by 6-OHDA lesioning of
perinatal rats. These rats demonstrate attentional deficits with spontaneous hyper-
locomotor activity, each of which is attenuated by acute AMPH treatment
(Shaywitz et al. 1976a, b). Over the past 40 years, this has remained the gold
standard for rodent modeling of ADHD.

A variation of this model consists of perinatal 6-OHDA lesioning (134 pg, half
on each side), followed by adulthood (10 weeks of age) lesioning with
5,7-dihydroxytryptamine (5,7-DHT, 75 pg icv). Treatment of 6-OHDA-lesioned
rats with 5,7-DHT had the effect of reducing striatal serotoninergic hyperinnerva-
tion by 30 % and suppressing D;-R supersensitivity while enhancing 5-HT,c-R
sensitivity. Behaviorally, these rats displayed enhanced hyperlocomotor activity (vs
rats lesioned solely with 6-OHDA), and this activity was attenuated by AMPH
(Kostrzewa et al. 1994). Moreover, this animal model of ADHD was able to discern
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the ability of m-chlorophenylpiperazine (mCPP), a 5-HT agonist, to suppress the
hyperlocomotor activity and thereby indicate a new approach toward ADHD
treatment (Brus et al. 2004). In vivo microdialysis study indicates that the
activity-suppressant effects of AMPH and mCPP are unrelated to exocytosis of
striatal DA and 5-HT (Nowak et al. 2007). The higher level of hyperlocomotor
activity in rats with the dual 6-OHDA + 5,7-DHT lesions represents a more robust
model of ADHD in testing agents with the potential for ADHD treatment (Paterak
and Stefanski 2014; Kostrzewa et al. 2008). This animal model for ADHD was
recently reviewed (Kostrzewa et al. 2016a). A non-pharmacological approach
toward abating features of ADHD has been demonstrated (Archer and Kostrzewa
2012).

3.4 ADHD and NMDA-R Systems

An imbalance between central inhibitory/excitatory neurotransmitters and relative
activity/connectivity between brain regions, with concomitant disturbances of
higher cognitive function, is considered to reflect the pathogenesis of ADHD (He
et al. 2015; Mohl et al. 2015; Monden et al. 2015; Roman-Urrestarazu et al. 2015).

Dysfunction of the default-mode network in ADHD patients is considered
together with some of the animal models used to examine the neurobiological
aspects of ADHD. Much evidence indicates that compounds/interventions that
antagonize/block glutamate receptors and/or block glutamate signaling during the
“brain growth spurt” (or in the adult animal model) may induce functional and
biomarker deficits. Mice treated with glutamate receptor antagonist (MK-801,
dizocilpine; ketamine) during the “brain growth spurt” fail to display exploratory
activity when placed in a novel environment (the test cages) and later fail to adapt to
the environment with locomotor suppression, implying a cognitive dysfunction.
A disturbance of glutamate signaling during a critical stage of neural ontogeny may
contribute to the ADHD pathophysiology. In a functional magnetic resonance
imaging (fMRI) study of executive functioning in ADHD adults and matched
controls, it was observed that in people with ADHD, there was a failure of deac-
tivation of the medial prefrontal cortex (Salavert et al. 2015). In another study of
ADHD adults, using a rest-to-take switching task, there was a disturbed reinitiation
of a rest state.

“Hot” and “cool” cognitive functions present a dichotomy within executive
function whereby the former refers to affective domains and the latter to cognitive
domains (Doebel and Zelazo 2013; Hongwanishkul et al. 2006; Zelazo et al. 2003,
2004). Top-down processes that operate in more affectively neutral contexts have
been termed “cool” executive functioning, whereas those operating in motiva-
tionally and emotionally significant situations are referred to as “hot” (Zelazo and
Carlson 2012). ADHD children exhibited “cool” executive function deficits which
appeared to be unrelated to comorbid oppositional defiant disorder (Antonini et al.
2015). Finally, Babenko et al. (2015) have highlighted the intricate interplay
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between prenatal stress exposure, associated changes in miRNA expression, and
DNA methylation in placenta and brain with possible links to greater risks for
incidence of ADHD later in life. The association of studies with NMDA-R
antagonists and ADHD has been reviewed recently (Archer 2016a; Archer and
Garcia 2016).

3.5 Rodent Model of Lesch—Nyhan Disease Produced
by Perinatal 6-OHDA Treatment

Lesch—Nyhan disease (LND), a relatively rare neuroteratologic disorder attributable
to a mutation in the HPRT 1 gene, is characterized by deficiency in hypoxanthine—
guanine phosphoribosyltransferase (HGPRT). Abnormality in purine recycling
leads to high serum levels of uric acid, the end product of purine metabolism, and
gout—deposition of uric acid crystals in joints and soft tissue. Neurological
symptoms represent a range of stages from mild to severe, but often being asso-
ciated with self-biting and self-mutilation (Abel et al. 2014; Fu et al. 2015;
Schroeder et al. 2001). In five different strains of mice with an HPRT gene
knockout—characterized by one of two different HPRT gene mutations (Jinnah
et al. 1999)—the nigrostriatal dopaminergic tract was found to be incompletely
developed and the striatum had both reduced DA content and increased oxidative
stress (Visser et al. 2001). While the HPRT-deficient mouse represents a viable
model for the enzymatic deficiency in LND, the behavioral counterpart representing
self-mutilation, however, is better modeled in rats that were perinatally lesioned
with 6-OHDA (Breese et al. 1984b, 1986, 1989, 1990a, b; 1994; 2005). In these
rats, DA D;-R are overtly supersensitive (for some behaviors) (Kostrzewa and
Gong 1991; Kostrzewa et al. 1992; Gong et al. 1993a, b; 1994) and are further able
to be supersensitized by repeated treatments with L-DOPA or a D-R agonist—a
priming process (Breese et al. 1984a, 1985a, b, 1987). When perinatal
6-OHDA-lesioned rats are acutely treated as adults with L-DOPA or with a DA D;-
R agonist, there is prominent self-biting and self-mutilation that can be counteracted
with a DA D;-R antagonist (see Wong et al. 1996; Papadeas and Breese 2014).
Curiously, LND individuals have a DA deficiency in basal ganglia (as per 6-OHDA
rats), and this apparently accrues from inadequate development of dopaminergic
innervation (Géttle et al. 2014). The perinatal 6-OHDA-lesioned rat as a model of
LND has recently been reviewed (Knapp and Breese 2016).

3.6 Permanent Animal Model of Tardive Dyskinesia

Tardive dyskinesia (TD) is a movement disorder produced in primates and other
mammalian species by repeated treatments, over a period of months, with a DA D,-



16 T. Archer and R.M. Kostrzewa

R antagonist. In humans, the D,-R antagonist is a common feature of antipsychotic
agents used to treat schizophrenia. TD presents as involuntary repetitive purpose-
less movements, most often of the lower face—resembling someone chewing gum
and sometimes also with tongue thrusting (Casey 1987; Jeste and Caligiuri 1993).
In rats, TD is most reasonably produced by including haloperidol or other D,-R
antagonist in the drinking water (Waddington et al. 1983; Waddington 1990). After
a period of ~3 months, these rats, behaviorally, display spontaneous purposeless
(vacuous) chewing movements (VCMs) which persist for as long as the D,-R
antagonist is present in the drinking water. After withdrawal of the D,-R antagonist
from drinking water, VCMs gradually disappear over a period of 4 to 6 weeks. This
latter feature in rats—relating to the regression of TD upon D,-R antagonist
withdrawal—contrasts with human TD, in which the TD persists and is often
permanent even after the D,-R antagonist withdrawal.

In an attempt to produce a permanent model of TD, rats were first lesioned as
perinates with 6-OHDA (134 pg, half on each side). When these rats (and controls)
reached adulthood, haloperidol was added to the drinking water for a period of
nearly one year. While intact control rats developed TD (i.e., increased number of
VCMs) after ~3 months, 6-OHDA-lesioned rats developed TD only after
2 months. Moreover, the number of VCMs in haloperidol/6-OHDA rats was 2-fold
greater than the number of VCMs in haloperidol/intact control rats. Significantly,
after the removal of haloperidol from drinking water (i.e., haloperidol withdrawn
stage), VCMs gradually disappeared in haloperidol/intact rat over a period of
~?2 months, while VCMs persisted in 6-OHDA-lesioned rats, at the same elevated
level and until the experiment ended 8 months later. At that time, it was determined
that the D,-R number (i.e., V,.x) had been increased during the haloperidol phase
and that D,-R number had reverted to normal by 8 months—signifying that
numbers of VCMs were unrelated to numbers of strital D,-R (Huang et al. 1997).

The advantage of persistent VCMs in the withdrawal phase is that it becomes
possible to test agents that might have the ability to suppress VCMs. To this end, it
was found that agonists and antagonist at both the D,-R and D;-R had no effect, nor
did agonists or antagonists at a number of other types of receptors. Only antagonists
at 5-HT-R attenuated VCMs in rats in the withdrawal phase, and the common
feature of each of these antagonists was that they have affinity for the 5-HT,c-R, a
likely site that can be targeted to reduce TD in humans during the antipsychotic
withdrawal phase (Kostrzewa et al. 2007). This animal model of TD is described in
detail in a recent paper (Kostrzewa and Brus 2016).

3.7 Valproate Modeling of Autism Spectrum Disorder

Prenatal/postnatal/perinatal etiologies, ranging from exposures involving drugs to
infections, as well as genetic factors, are complicit in autism spectrum disorder
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(ASD) that affects roughly 1-2 % of all children, according to the current analyses
(Pelly et al. 2015). Several maternal diseases during pregnancy are linked to ASD,
pregestationally and/or gestationally, including diabetes mellitus, maternal infec-
tions (i.e., rubella, cytomegalovirus), prolonged fever, and maternal inflammation,
inducing changes in a variety of inflammatory cytokines (Ornoy et al. 2015); among
external agents affecting ASD outcome are drugs such as valproic acid (VPA), the
anticonvulsant agent and mood stabilizer, and antiepileptic compounds (Kulaga
et al. 2011; Jacobsen et al. 2014). VPA is associated with poorer longer-term child
developmental outcomes (Galbally et al. 2010).

Several aspects of animal models, generally and specifically pertaining to ASD,
are scrutinized and surveyed, including construct validity, face validity, ASD-like
behavioral and neurochemical alterations, histone deacetylase inhibition which
elevates ROS, oxidative stress, and the status of experimental models and miti-
gating factors. These above processes relate to an altered epigenetic landscape in
ASDs via altered methylation/hydroxymethylation patterns, local histone modifi-
cation patterns, and chromatin remodeling (Banerjee et al. 2014; Grayson and
Guidotti 2015; Siniscalco 2015).

ASD is characterized by deficits in social interaction and restricted or repetitive
behaviors, but often accompanied by other behavioral (e.g., aggression), intellectual
(e.g., lower IQ), neurological (e.g., epilepsy), or psychiatric (e.g., anxiety,
depression) symptoms (Levy et al. 2009). The antiepileptic drug valproate (VPA),
when used clinically to treat epilepsy and bipolar disorder in pregnant women
(Lloyd 2013), is associated with a 4 % risk for offspring to develop ASD
(Christianson et al. 1994; Christensen et al. 2013), with the incidence being
4-5 times greater in males (Wingate et al. 2014). Several types of animal models of
ASD have been produced, but the most common model is produced by VPA
treatment of perinatal rats (Rodier et al. 1997; Ranger and Ellenbroek 2016).

When pregnant rats are treated with VPA on gestation day 12, the time of fetal
neural tube closure (Kim et al. 2011), the brain of offspring has notable abnor-
malities, including increased neocortical thickness with a higher number of cortical
neurons (Sabers et al. 2015), reduced spine density in the hippocampus (Takuma
et al. 2014), hyperserotonemia (Narita et al. 2002), and other defects. Behaviorally
in rats and mice, there is hyperactivity, repetitive behaviors, and social deficits (Kim
et al. 2014), resembling the behavioral spectrum in humans with ASD.

VPA is thought to act by inhibiting histone deacetylase (Phiel et al. 2001),
resulting in hyperacetylated histones and associated increased transcriptional
activity of multiple genes (Lloyd 2013), which is thought to account for the neu-
roteratologic effects. Secondarily, VPA increases the production of ROS in brain
(Winn and Wells 1999), which may be detrimental to DNA integrity.

Animal modeling of ASD by VPA has been reviewed recently (Roullet et al.
2013; Ranger and Ellenbroek 2016).
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4 Perinatal Insults that Model Psychosis Schizophrenia

There are a plethora of agents that, when administered to animals during ontoge-
netic development, model features of schizophrenia in the adulthood stage. Some of
the more common agents having such an effect include epidermal growth factor
(EGF) and its homologue neuregulin (NRG-1), METH, phencyclidine (PCP), and
quinpirole. Details regarding these substances and their respective roles in animal
modeling of psychosis and schizophrenia are described in the following section.

4.1 Epidermal Growth Factor and Schizophrenia Modeling

When administered to perinatal rats and mice, both EGF and NRG-1 produce
adulthood effects that mirror some of the features common in schizophrenia: PPI
deficit, altered sensorimotor gating and social interaction, exploratory suppression,
cognitive deficit, sensitization to psychostimulants (METH; MK-801, dizocilpine),
and other behavioral effects (Sotoyama et al. 2011, 2013; Sakai et al. 2014). Most
deficits are reversed by atypical antipsychotics such as clozapine and risperidone
but not by typical antipsychotics such as haloperidol (Sotoyama et al. 2013). Yet, in
the EGF and NRG-1 models, learning is not compromised, as demonstrated by
testing for context fear learning and passive avoidance learning (Futamura et al.
2003; Tohmi et al. 2005).

EGF is thought to exert its major effect on dopaminergic neurons in the SN,
increasing dopaminergic activity in the globus pallidum (Sotoyama et al. 2011),
while NRG-1 is more selective for dopaminergic neurons in the VTA (Abe et al.
2009; Iwakura et al. 2011a, b), producing enhanced dopaminergic activity in the
prefrontal cortex (Kato et al. 2011). ROS formation is considered as a primary
process in mediating these effects, as antioxidants suppress some of the adulthood
behavioral deficits (Mizuno et al. 2008, 2010). This topic has been reviewed
recently (Nagano et al. 2016).

4.2 Phencyclidine and Schizophrenia Modeling

In rodents, prolonged non-competitive NMDA-R antagonism by ketamine or PCP
evokes a change in biomarkers in brain accompanied by a spectrum of behavioral
activities that model schizophrenia—with non-classical antipsychotics acutely
reversing many of the deficits (Barnes et al. 2015; Pyndt Jorgensen et al. 2015).
Acute and subchronic treatments with PCP affect differentially the neuronal activity
of different brain regions: basal DA, but not serotonin. Output in the medial pre-
frontal cortex is markedly reduced, and tyrosine hydroxylase expression in the
ventral tegmental area is decreased, thereby accounting in part for concomitant
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behavioral alterations expressed through locomotor sensitization and cognitive
deficits (Castané et al. 2015).

Perinatal administration of the NMDA-R antagonist PCP to rodents produces a
spectrum of neuropathological and behavioral effects that model some of the fea-
tures of schizophrenia. Disruption of glutamate signaling during ontogeny by PCP
is thought to impede development of the GABAergic system in brain (Ben-Ari et al.
1997; Le Magueresse and Monyer 2013), resulting in an overall imbalance in
neuronal excitation and inhibition in brain in adulthood (Hoftman and Lewis 2011).
In perinatal PCP-treated rats and mice, there is an adulthood reduction in
fast-spiking GABAergic interneurons in medial prefrontal cortex, nucleus accum-
bens, and hippocampus (Nakatani-Pawlak et al. 2009; Kaalund et al. 2013;
Radonjic et al. 2013; Kjaerby et al. 2014), mimicking reduced GABAergic
interneuronal activity in the brain of schizophrenic patients (Reynolds et al. 2004).
In the nucleus accumbens, there is also a prominent reduction in dendritic spine
density of spiny neurons (Nakatani-Pawlak et al. 2009). Anatomic and neuro-
chemical changes in PCP rodents include a decrease in the number of
parvalbumin-positive cells and spine density in the frontal cortex, nucleus
accumbens, and hippocampus (Nakatani-Pawlak et al. 2009). Also in brain, glu-
tathione and antioxidant defenses are reduced (Radonjic et al. 2010; Stojkovic et al.
2012).

Behaviorally, there are cognitive deficits in the adulthood rodents that were
treated perinatally with PCP, as demonstrated by impaired working memory
(Morris water maze testing (Sircar 2003) and rate of learning (delayed spontaneous
alternation task) (Wang et al. 2001), sensorimotor dysfunction (deficit in prepulse
inhibition) (Anastasio and Johnson 2008; Broberg et al. 2010, 2013; Chen et al.
2011; Kjaerby et al. 2013), social withdrawal (White et al. 2009), reduced attention
in a social novelty discrimination paradigm (Terranova et al. 2005), and executive
function (attentional set-shifting task for executive function) (Broberg et al. 2008).
Many of the behavioral deficits are reversed by atypical antipsychotics. This topic
was recently reviewed (Neill et al. 2014; Grayson et al. 2016).

4.3 Methamphetamine and Schizophrenia Modeling

METH, used and abused illicitly as an aphrodisiac and euphoriant, produces ele-
vated mood, increased alertness and concentration, “energy” in fatigued individu-
als, and reduced appetite and promotes (initial) weight loss at lower doses, whereas
at higher doses the drug induces psychosis, affective disorders, and rhabdomyolysis
(Ago et al. 2006; De Carolis et al. 2015; Harro 2015; Mouton et al. 2015). METH
use by pregnant women is associated with cognitive, attentional, and mood dys-
functions in offspring (Hrebickova et al. 2014; McDonell-Dowling and Kelly 2015;
Smith et al. 2015).

Ontogenetic effects of METH are diverse and heavily reliant on gestational age
in terms of long-lived alterations in behavior, epigenetic expression, neuronal
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organization, and overall neurotransmission and receptor parameters (Roos et al.
2015; Vrajova et al. 2014). The prenatal effects on cognitive and emotional
behavior provide evidence of drastic disruptions of normal behavioral patterns
(Fialova et al. 2015; Malinova-Sevéikova et al. 2014; Slamberova et al. 2014,
2015). Long-term behavioral alterations induced by chronic METH use imply
alterations in gene and protein expression within specific brain subregions involved
in the reward circuitry and accompanied by major epigenetic modifications—his-
tone acetylation and methylation (Desplats et al. 2014; Godino et al. 2015).
Although epigenetic changes have not as yet been detected following prenatal
METH exposures, these findings are awaited (Cadet 2014; Cadet and Jayanthi
2013).

Perinatal METH treatment has a range of effects on adulthood behaviors in
rodents, depending upon whether METH is pre- and/or postnatal (Graham et al.
2013; Jablonski et al. 2016). Postnatal METH treatment in the range of birth
through the postweaning period has the most pronounced effects, generally sup-
pressing adulthood spontaneous locomotor activity and increasing acoustic startle
reactivity (Vorhees et al. 2009). Given at the critical postnatal period, METH
produces learning impairment and spatial memory impairment (Vorhees et al.
1994a, b, 2009).

Perinatal METH produces a persistent reduction in brain levels of DA and 5-HT,
inhibiting tyrosine hydroxylase activity (Ricaurte et al. 1982; Bowyer et al. 1998),
also 5-HT transporters (Kokoshka et al. 1998), and also other neurotransmitter
systems. This topic was recently reviewed (Bisagno and Cadet 2014; Jablonski
et al. 2016).

4.4 Quinpirole and Schizophrenia Modeling

Repeated daily postnatal quinpirole treatments of rats produce permanent DA D,-R
supersensitivity (Kostrzewa 1995; Kostrzewa et al. 2003, 2004, 2008, 2011, 2016c¢).
In adulthood, these rats display enhanced D,-R agonist-evoked behaviors and a
spectrum of behavioral alterations. Rats exhibit improved active avoidance
responding (Brus et al. 1998b), learning and memory deficits (Brus et al. 1998a) in
the Morris water maze task, on place, and on match-to-place versions of this task
(Brown et al. 2002, 2004a, 2005), and a deficit in prepulse inhibition (PPI) to acute
startle (Maple et al. 2007). In the hippocampus on these rats, BDNF and NGF were
reduced (Thacker et al. 2006; Maple et al. 2007), while in the striatum, nucleus
accumbens, and frontal cortex expression of RGS9, a transcript regulating G-protein
coupling to the D,-R was reduced (Maple et al. 2007). Long-term olanzapine
treatment reversed the cognitive deficits, reversed the PPI deficit, and normalized
otherwise reduced BDNF and NGF levels in hippocampus (Thacker et al. 2006;
Maple et al. 2007) and RGS9 expression (Maple et al. 2007). Because nicotine
likewise reverses D,-R supersensitization, drugs acting on a; nAChRs (e.g., nico-
tine) have been suggested for the treatment of schizophrenia (Tizabi et al. 1999;
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Brown et al. 2004b, 2006; Perna and Brown 2013). Quinpirole modeling of
schizophrenia was recently reviewed (Kostrzewa et al. 2016a, b, 2016c; Brown and
Peterson 2016).

4.5 Stress and Neuropsychiatric Disorders

Prenatal restraint stress (PRS) during the last week of gestation is associated with
postweaned offspring displaying attentional deficits, increased anxiety, impaired
spatial learning (Lemaire et al. 2000) and deficit in working memory (Maccari et al.
2003), reduction in social play behavior, increased latency in approaching a novel
object (Laviola et al. 2004), and a syndrome complex resembling features of ASD
(see Weinstock 2008). Clearly, glucocorticoids are implicated in these outcomes.
Disruption in the circadian rhythm also has analogous effects to PRS, as each is
posed as a means to model psychiatric disorders (Marco et al. 2016).

4.6 Genetic Model of Alzheimer’s Disease

In the laboratory mouse model for AD, APPswe/PS1dE9, with mutant transgenes of
APP and presenilin-1 (PS1), chronic inflammation provokes amyloid plaque for-
mation as early as 4 months of age, with numbers of plaques increasing with aging
(Ruan et al. 2009). CD11b-positive microglia clusters appeared in hippocampus and
neocortex at the same period of development and these also proliferated with age.
Clustered glial fibrillary acidic protein (GFAP)-positive astrocytes were observed in
hippocampus and cortex after six months of age and became more numerous with
aging. Astrocytes appear to be central to AD pathophysiology since the f-amyloid
peptide AP suppresses cholinergic innervation and synaptic function, subsequent to
astrocytic glutamate gliotransmission. Further, AP causes neuronal hyperex-
citability (Hertz et al. 2015). Other developmental animal models of AD are
expected to be introduced and to become more commonplace.

5 Conclusion

Neurotoxins have become paramount in exploring neuronal function in relation to
neuroscience research and, in particular, in animal modeling of neurological, psy-
chiatric, and behavioral dysfunctional states. This concise review highlights the
mechanisms and action of the most commonly used neurotoxins and reviews the
use of individual neurotoxins in animal modeling of PD, ADHD, LND, autism, TD,
and psychotic and schizophrenic states. The influence of neurotrophins, EGF in
particular, on ontogenetic is outlined, and the influence of perinatal stress as well as
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disrupted circadian cycling on neuronal ontogeny is described. Animal modeling of
human disorders is likely to be used to an ever greater extent and through use of
neurotoxins yet to be discovered.
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Perinatal Lesioning and Lifelong Effects
of the Noradrenergic Neurotoxin
6-Hydroxydopa

Richard M. Kostrzewa

Abstract 6-hydroxydopa (6-OHDOPA) was synthesized with the expectation that
it would be able to cross the blood—brain barrier to be enzymatically decarboxylated
to 6-hydroxydopamine (6-OHDA), the newly discovered neurotoxin for nora-
drenergic and dopaminergic neurons. In part, 6-OHDOPA fulfilled these criteria.
When administered experimentally to rodents, 6-OHDOPA destroyed peripheral
sympathetic noradrenergic nerves and did exert neurotoxicity to noradrenergic
nerves in brain—in large part, from its conversion to 6-OHDA. However, the
efficacy of 6-OHDOPA was less than that of 6-OHDA; also, 6-OHDOPA was
relatively selective for noradrenergic neurons; near-lethal doses of 6-OHDOPA
were required to damage dopaminergic nerves; and ultimately, 6-OHDOPA was
found to be an agonist at AMPA receptors, thus accounting for more
non-specificity. Nevertheless, 6-OHDOPA was found to be a particularly valuable
tool in uncovering processes and mechanisms associated with noradrenergic nerve
regeneration and sprouting, particularly when administered to perinatal rodents.
Also, 6-OHDOPA was a good tool for selective mapping of noradrenergic nerve
tracts in brain, since dopaminergic tracts were unaffected and did not interfere with
the histofluorescent methodology used for this purpose in the early 1970s. As an
experimental research tool, 6-OHDOPA was valuable in a short time-window, but
its utility is largely limited because of newer research technologies that provide
better means today for nerve tract mapping, and for experimental approaches
engaged toward study of processes and mechanisms attending nerve regeneration.
AMPA actions of 6-OHDOPA have not been extensively studied, so this avenue
may enliven use of 6-OHDOPA in the future.
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1 Introduction

The norepinephrine (NE) isomer 6-hydroxydopamine (6-OHDA) was initially
found to produce long-lasting depletion of norepinephrine in heart (Porter et al.
1963, 1965). Subsequently, 6-OHDA was shown by electron microscopy to overtly
destroy noradrenergic nerves (Thoenen and Tranzer 1968a, b) and dopaminergic
nerves (Ungerstedt 1968). One limitation of 6-OHDA, however, was its inability to
cross the blood-brain barrier (BBB) (Kostrzewa and Jacobowitz 1974).

6-hydroxydopa (6-OHDOPA) was synthesized as an expected pro-toxin and,
like levodopa, able to cross the BBB prior to its decarboxylation to 6-OHDA (Ong
et al. 1969; Berkowitz et al. 1970; Evans and Cohen 1989, 1993). As expected,
6-OHDOPA produced norepinephrine (NE) depletion in brain and peripheral tis-
sues (Jonsson and Sachs 1973; Kostrzewa and Jacobowitz 1972, 1973; Richardson
and Jacobowitz 1973) and subsequently was shown by loss of tyrosine hydroxylase
activity and by histochemical, electronmicroscopic, and silver degeneration staining
to overtly destroy noradrenergic nerves (Jacobowitz and Kostrzewa 1971;
Kostrzewa and Harper 1974, 1975; Sachs et al. 1973; Kostrzewa et al. 1978;
Tohyama et al. 1974; Toyama et al. 1974), with preference for noradrenergic
perikarya in caudal locus coeruleus (LC) (Clark et al. 1979). Peripheral noradren-
ergic (i.e., sympathetic) nerves, in contrast to central noradrenergic nerves, appear
to fully recover from 6-OHDOPA damage (Kostrzewa and Jacobowitz 1972; Sachs
and Jonsson 1972a, b) and can be protected from damage by administering a
peripherally acting dopa decarboxylase inhibitor, namely carbidopa (Kostrzewa
et al. 2000).

2 Mechanism of Action of 6-OHDOPA

The destructive effects of 6-OHDOPA on noradrenergic and dopaminergic neurons
are attributable to its conversion to 6-OHDA, which is known to auto-oxidize to
ortho- and para-quinones, aminochromes, and hydroxyindoles (Adams et al. 1972;
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Blank et al. 1972; Saner and Thoenen 1971; Senoh and Witkop 1959; Wehrli et al.
1972)—reactive species leading to formation of intraneuronal peroxide (Heikkila
and Cohen 1971, 1972a, b), superoxide, and hydroxyl radical (Cohen and Heikkila
1974; Heikkila and Cohen 1973).

3 6-OHDOPA as a Neuroteratogen

When administered to perinatal rats, 6-OHDOPA (60 pg/g at PO + P2 + P4) pro-
duced lifelong alterations in noradrenergic innervation of brain (Kostrzewa 1975;
Kostrzewa and Garey 1976). The nucleus LC providing the major portion of
noradrenergic innervation of dorsal brain was directly damaged, with there being
loss of one-third of the approximately 1500 perikarya, and with half the numbers of
cells in the caudal portion of the LC undergoing degeneration (Clark et al. 1979).
Hippocampal noradrenergic innervation was reduced by >95 %, and neocortex, by
~70 % (Kostrzewa and Harper 1974, 1975; Kostrzewa 1975; Kostrzewa and Garey
1976, 1977). As a consequence of damage to the dorsal bundle, the major ascending
noradrenergic tract to forebrain, noradrenergic fibers projecting to regions near the
LC per se sprouted and hyperinnervated midbrain, pons, medulla, and cerebellum
(Jaim-Etcheverry and Zieher 1977; Jaim-Etcheverry et al. 1975; Kostrzewa and
Harper 1974, 1975; Kostrzewa 1975; Kostrzewa and Garey 1976, 1977; Kostrzewa
et al. 1978; 1982; Zieher and Jaim-Etcheverry 1979). This reactive sprouting
resulted in as much as a twofold increase in numbers of fibers’ innervation of caudal
brain regions. In contrast, innervation to hypothalamus was slightly altered. The
pairing of noradrenergic hypoinnervation of forebrain with noradrenergic hyper-
innervation of hindbrain is replicated by knife cuts of the dorsal bundle shortly after
birth, suggesting that hindbrain hyperinnervation is an outcome of forebrain nora-
drenergic hypoinnervation (Klisans-Fuenmayor et al. 1986; Kostrzewa et al. 1988).

This spectrum of effects is replicated (1) by single 6-OHDOPA treatment of rats
at birth, also (2) by prenatal 6-OHDOPA, administered to pregnant rats at G14 or
later, and (3) by prenatal 6-OHDOPA to pregnant mice at G13 or later
(Jaim-Etcheverry et al. 1975; Kostrzewa 2007; Kostrzewa et al. 1978; Zieher and
Jaim-Etcheverry 1973, 1975a, b). When 6-OHDOPA is administered solely at P3,
there is an absence of noradrenergic sprouting to cerebellum. Described perinatal
6-OHDOPA effects on noradrenergic neurons persist throughout life
(Jaim-Etcheverry et al. 1975; McLean et al. 1976, 1980; Zieher and
Jaim-Etcheverry 1973, 1975a, b). A single 6-OHDOPA treatment at P5 fails to
produce noradrenergic hyperinnervation of midbrain, while single 6-OHDOPA
treatment as late as P14 still produces hyperinnervation of pons—medulla
(Kostrzewa and Garey 1977).

Agonists at p-opioid receptors (i.e., morphine, met-/leu-enkephalin,
beta-endorphin, and d-ala-enkephalinamide) appeared to enhance perinatal
6-OHDOPA neurotoxicity and thereby enhance noradrenergic hyperinnervation of
hindbrain and cerebellum—the effect being attenuated by the opioid receptor
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antagonist naloxone (Harston et al. 1980, 1981; Kostrzewa and Klisans-Fuenmayor
1984).

Despite the consequences of 6-OHDOPA on noradrenergic innervation,
dopaminergic innervation to neostriatum is unaltered through the duration of
postnatal ontogeny and for the life span by perinatal low-dose 6-OHDOPA
(Kostrzewa and Garey 1976); at high-dose perinatal 6-OHDOPA, the tuberoin-
fundibular dopaminergic tract (Lin et al. 1993) is more susceptible to damage than
the nigrostriatal dopaminergic tract (Nomura and Segawa 1979). Also, serotonin-
ergic nerves are resistant to 6-OHDOPA neurotoxicity (Richardson et al. 1974).

Perinatal 6-OHDOPA treatment initially damaged sympathetic noradrenergic
nerves innervating peripheral organs (i.e., heart, salivary glands), but by maturity all
organs were fully innervated.

6-OHDOPA actions on noradrenergic neurons have been reviewed elsewhere
(Kostrzewa 1988, 1988, 2014).

4 6-OHDOPA Agonist Action at AMPA Receptors

Although 6-OHDOPA was shown, in 1976, to produce more of an excitatory action
than glutamate on frog spinal neurons (Biscoe et al. 1976), not until 1990 was
it discovered that 6-OHDOPA exerts agonist action at alpha-amino-3-
hydroxy-5-methylisoxazole-4-propionic acid receptors (AMPA-R) (Cha et al. 1991;
Kunig et al. 1994a, b; Olney et al. 1990). Actually, 6-OHDOPA-quinone is the sus-
pected agonist (Aizenman etal. 1990, 1992; Rosenberg et al. 1991). AMPA-R activity
would represent a confound to the actions of 6-OHDOPA per se on noradrenergic
neurons.

5 Non-specific Effects of Perinatal 6-OHDOPA

In rats treated with perinatal 6-OHDOPA, cholineacetyltransferase activity is
reduced in brainstem (Jaim-Etcheverry et al. 1975), and atropine-induced locomotor
activity at P20 and P50 is enhanced, while pilocarpine catalepsy is abated (Nomura
and Segawa 1979; Nomura et al. 1979). This cholinergic subsensitivity is reflected
in the B, for ["THIQNB (quinuclidinyl benzilate) binding at muscarinic receptor
sites in mesolimbic and striatal brain regions and also in heart (Nomura et al. 1979).

High-dose 6-OHDOPA treatment is associated with the production of methe-
moglobinemia (Corrodi et al. 1971), which of itself promotes in vivo formation of
6-OHDOPA from tyrosine, a process enhanced by hydrogen peroxide formation
(Agrup et al. 1983) and known to increase after 6-OHDOPA treatment.
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6 Summary

6-OHDOPA was envisioned as an experimental tool, able to cross the BBB to be
decarboxylated to 6-OHDA, and thus exert effects on noradrenergic and/or
dopaminergic nerves in brain. By this means, 6-OHDA effects on brain could be
realized without the necessity to otherwise inject 6-OHDA directly into brain—
since 6-OHDA does not cross the BBB. However, the neurotoxicity action (i.e.,
efficacy) of 6-OHDOPA is far less than that of 6-OHDA. Moreover, as a means of
minimizing global effects, experimental 6-OHDA is generally applied to specific
brain nuclei or specified tracts, not intraventricularly or intracisternally.
Consequently, the overall utility of 6-OHDOPA is greatly restricted in biomedical
research.

The non-specific effects of 6-OHDOPA, namely AMPA-R agonist activity by
non-enzymatically formed 6-OHDOPA-quinone, and the methemoglobinemia
arising from 6-OHDOPA and its quinone, further restrict the usefulness of
6-OHDOPA as an experimental tool.

Nevertheless, the early work with 6-OHDOPA did validate its role as a relatively
selective noradrenergic neurotoxin, and the actions of 6-OHDOPA in perinates led
to discovery of processes and mechanisms associated with nerve sprouting and
nerve regeneration. Conceivably, action at the AMPA-R could still be advantageous
in 6-OHDOPA use as a research tool.
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DSP-4 Treatment
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Abstract N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) is a highly
selective neurotoxin for noradrenergic projections originating from the locus
coeruleus (LC). The outcome of the systemic DSP-4 treatment of newborn rats is an
alteration in postnatal development of the noradrenergic system, involving the
permanent denervation of distal noradrenergic projection areas (neocortex, hip-
pocampus, spinal cord), accompanied by noradrenergic hyperinnervation in regions
proximal to the LC cell bodies (cerebellum, pons—medulla). DSP-4 is well tolerated
by developing rats and does not increase the mortality rate. Permanent noradren-
ergic denervation in the cerebral cortex and spinal cord is present at all develop-
mental stages, although this effect is more pronounced in rats treated with DSP-4 at
an early age, i.e., up to postnatal day 5 (PND 5). Notably, regional hyperinnervation
is a hallmark of neonatal DSP-4 treatment, which is not observed after either
prenatal or adult DSP-4 application. In contrast to robust biochemical changes in
the brain, DSP-4 treatment of newborn rats has a marginal effect on arousal and
cognition functions assessed in adulthood, and these processes are critically influ-
enced by the action of the noradrenergic neurotransmitter, norepinephrine (NE).
Conversely, neonatal DSP-4 does not significantly affect 5-hydroxytryptamine
(serotonin; 5-HT), dopamine (DA), gamma-aminobutyric acid (GABA), and his-
tamine levels in brain. However, as a consequence of altering the functional efficacy
of 5-HT s, 5-HT g, DA, and GABA receptors, these neurotransmitter systems are
profoundly affected in adulthood. Thus, the noradrenergic lesion obtained with
neonatal DSP-4 treatment represents a unique neurobiological technique for
exploring the interplay between various neuronal phenotypes and examining the
pathomechanism of neurodevelopmental disorders.
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1 Introduction

During the search of tertiary haloalkylamines related to bretylium and capable, once
in the brain, of cyclizing by an intramolecular reaction to quaternary ammonium
derivative with distinctive adrenergic neuron blocking activity, a compound was
identified with a long-lasting inhibitory effect on [*H]-labeled noradrenaline
(NE) uptake by brain slices (Ross et al. 1973; Ross and Renyl 1976). This com-
pound, N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4), interacts with the
NE transporter (NET), whereby DSP-4 is then accumulated intraneuronally to
trigger the degeneration of noradrenergic terminals (Lyons et al. 1989). On the
molecular level, a cellular energy collapse, bringing about lack of ATP, may serve
as an explanation of DSP-4 neurotoxicity (Wenge and Bonisch 2009). Another
hypothesis assumes that DSP-4 down-regulates the noradrenergic phenotypes by its
actions on DNA replication, leading to replication stress and cell cycle arrest (Wang
et al. 2014). However, the precise mechanism of DSP-4s’ action still remains
unclear. Markers of terminal loss are observed as a reduction in NE brain tissue
content (Jonsson et al. 1982; Dabrowska et al. 2007; Nowak et al. 2008), decrease
in NET density (Jonsson et al. 1981; Sanders et al. 2011), and temporary increase in
ap-adrenergic autoreceptor (Wolfman et al. 1994; Sanders et al. 2011). The changes
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in these noradrenergic markers in specific brain regions suggest a selective loss of
afferents from locus coeruleus (LC) noradrenergic neurons (Jonsson et al. 1981).
The animal age at the time of DSP-4 administration is crucial for its biological
response and long-lasting changes in noradrenergic system and other neuronal
phenotypes (e.g., serotoninergic and dopaminergic) (Jonsson et al. 1981, 1982;
Nowak et al. 2006; Dabrowska et al. 2008).

2 DSP-4 Treatment of Newborn Rats

DSP-4 is a highly selective neurotoxin for noradrenergic projections originating from
the LC. DSP-4 is typically injected intraperitoneally (i.p.), occasionally subcuta-
neously (s.c.), or intravenously (i.v.) in adult rats or mice. Considering technical and
methodological limitations, newborn rats, for systemic administration, are routinely
administered s.c. injections (Donnerer et al. 1990; Jonsson et al. 1981). The systemic
administration of this compound has a rapid dose-related effect on brain NE levels
(Jaim-Etcheverry and Zieher 1980), sustained throughout the remaining lifetime
(Jonsson et al. 1981). In contrast to the central nervous system (CNS), the absence of
alterations in sympathetic neurons in the periphery (superior cervical ganglia) has
been reported (Jaim-Etcheverry and Zieher 1980). The lowest tested DSP-4 dose
(10 mg/kg s.c.) produces a NE reduction of approximately 50 % in the cerebral cortex
and spinal cord, with negligible changes in the cerebellum and pons—medulla.
Conversely, a large DSP-4 dose (50 mg/kg s.c.) incurs near complete NE depletion in
the cerebral cortex and spinal cord, with concomitant increases in NE levels, both in
the pons—medulla and cerebellum, although the effects are more pronounced in the
latter region (Jonsson et al. 1982). A dose of 50 mg/kg of DSP-4 is well tolerated by
developing rats, does not increase the mortality rate, and is the most efficient in
producing a long-lasting reduction of NE reuptake in the brain, both in male and
female rats (Jonsson et al. 1981). Similarly, DSP-4 administration schedules also
differ between studies. A single injection scheme at postnatal days (PND) 1-3 is the
most effective and frequently employed technique for the selective generation of NE
phenotypes. However, DSP-4 can be administered to newborn rats once on postnatal
day 1 (PND 1), twice on PND 1 and 3, and three times on PND 1, 3, and 5, but this
compound loses selectivity with increased frequency dosing (Brus et al. 2004).

3 Noradrenergic System

3.1 Biochemical Alterations

The outcome of systemic DSP-4 treatment of newborn rats is an alteration in the
postnatal development of the noradrenergic system involving the permanent den-
ervation of distal NE projection areas, accompanied by NE hyperinnervation in
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regions proximal to the LC cell bodies, likely 1980reflecting the collateral sprouting
of noradrenergic neurons. Notably, the total number of NE nerve terminals remains
unaltered (Jaim-Etcheverry and Zieher ; Jonsson and Sachs 1982).

Neonatal DSP-4 treatment leads to persistent changes of endogenous NE levels
in several tested brain regions. In adulthood, NE is depleted approximately 90—
98 % in the cerebral cortex (frontal, cingulate, parietal, occipital), hippocampus,
spinal cord (lumbar) (Jonsson et al. 1982; Nowak et al. 2008, 2009), and olfactory
bulb (Cornwell et al. 1996), while only 35 % depletion is observed in the striatum,
following neonatal treatment (Dabrowska et al. 2007). Negligible effects are
observed in the hypothalamus (Jonsson et al. 1982; Dabrowska et al. 2007). The
hypothalamus receives the main noradrenergic input from the lateral tegmentum
(LT) (Cryan et al. 2002), supporting previous findings that systemic pretreatment
with DSP-4 selectively destroys noradrenergic terminals emanating from the LC.
No significant changes in NE concentration are noted in the thalamus and medulla
oblongata (Jonsson et al. 1982; Korossy-Mruk et al. 2013), while a pronounced
increase in NE levels is observed in the cerebellum, brainstem, mesencephalon, and
pons—medulla after neonatal DSP-4 treatment (Jonsson et al. 1982; Bortel et al.
2008c¢). Basically, following neonatal DSP-4 treatment, the level of the major NE
metabolite, 3-methoxyl-4-hydroxyphenylethylene glycol (MHPG), is not affected
in frontal cortex, hippocampus, hypothalamus, and striatum; consequently,
MOPEG/NE metabolic ratios are significantly increased in frontal cortex, hip-
pocampus, and striatum (Dabrowska et al. 2007) or unchanged in the brain stem
and cerebellum (Bortel et al. 2008c).

Treating neonatal animals (on PND 3) with DSP-4 and harvesting brains on
PND 32 produce a near complete elimination of NE in the cerebral cortex and
hippocampus with a parallel reduction in the noradrenergic transporter (NET), as
determined through autoradiographic analysis with [*H]nisoxetine, a highly specific
ligand for the NET (Sanders et al. 2011). When administered at birth, DSP-4 also
reduces [3H]NE reuptake in the spinal cord (93 %) but increases [3H]NE reuptake in
the cerebellum (94 %), with no significant alterations in the striatum. However,
when measuring NE uptake in the entire brain, no significant changes are observed,
suggesting that similar to neonatal 6-hydroxydopamine 6-(OHDA) treatment, the
altered development of NE neurons induced through DSP-4 primarily reflects a
redistribution of the NE nerve terminal projections of the LC without appreciably
affecting the total number of NE terminals (Jonsson et al. 1982; Jonsson and Sachs
1982). Notably, pretreatment with desmethylimipramine (DMI; the NE uptake
blocker) or pargyline (non-selective monoamine oxidase inhibitor) effectively
counteracts the DSP-4-induced alterations of NE levels in the frontal and occipital
cortex, stratum, pons—medulla, cerebellum, and spinal cord, with the exception of
the olfactory bulb and hippocampus (only partial protection). Consistent with the
results of the NE assay, DMI pretreatment completely abolishes the DSP-4-induced
reduction of NE uptake in the cerebral cortex and increase in NE uptake in the
cerebellum (Jonsson et al. 1982).

Permanent NE denervation in the cerebral cortex and spinal cord is present at all
developmental stages, although this effect is more pronounced in rats treated with
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DSP-4 at an early age (up to PND 5). NE reduction is gradually less marked
following DSP-4 treatments as late as PND 14, after which the extent of NE
depletion is constant into adulthood. Furthermore, NE hyperinnervation in the
cerebellum and pons—medulla is only observed when DSP-4 is administered to one-
and three-day-old rats, whereas when injected at eight days or older, permanent NE
depletion in these structures is observed. Acute NE depletion (one day after DSP-4
treatment) occurs in animals of all ages, and the neurotoxic effect of this compound
is rapid, being maximal at 2 h after DSP-4 injection for NE reuptake in vitro and
4-6 h for endogenous NE concentration (Jonsson et al. 1982).

Monoamine neurons respond to lesions with a wide range of compensatory
adaptations aimed at preserving functional integrity, ranging from sensitization of the
receptor (frequently characterized as the expression of more cell surface receptors or
receptor up-regulation) to down-regulation or adaptation of second messengers
(Giorgi et al. 2008; Kostrzewa et al. 2008). Basically, this is true when NE dener-
vation is performed in adult rats (Heal et al. 1993; Wolfman et al. 1994; Kreiner et al.
2011) or when other phenotypes, such as dopamine (DA) or 5-hydroxytryptamine
(serotonin; 5-HT), are observed (Pranzatelli and Gregory 1993; Sawynok and Reid
1994; Kostrzewa et al. 2011). DSP-4 lesions on PND 3 produce only transient
ap-adrenergic receptor reduction in brain at PND 5. The o,-adrenergic receptor
“recovers” to control levels at PND 15 and PND 25, and no further change in the total
receptor density is detected. In addition, on PND 25, there is no alteration in the
association of a,-adrenergic receptors with G proteins (Sanders et al. 2011).

Interestingly, severe damage does not necessarily impair the activity of the NE
system in terms of postsynaptic efficacy. There are a number of compensatory
mechanisms (increased presynaptic turnover, leading to increased NE synthesis and
release per surface unit), which maintain the level of extracellular NE at a sufficient
rate to provide appropriate receptor stimulation, at least under basal conditions. This
phenomenon is observed either when DSP-4 is administered to neonates (Nowak
et al. 2004) or adult rats (Kask et al. 1997), as a consequence of volume trans-
mission and/or reduced clearance due to reductions in NET number, an aftereffect
of noradrenergic fiber degeneration (Hughes and Stanford 1998).

3.2 Behavioral and Biological Rhythm Alterations

Learning and memory processes are critically influenced through noradrenergic
activity, and numerous studies in adult animals support this hypothesis
(Khakpour-Taleghani et al. 2009; Reid and Harley 2010; Gazarini et al. 2013). In
neonatal NE-depleted rats, some abnormalities can also be detected. Cornwell-
Jones et al. (1990) reported attenuated olfactory learning in adult rats treated at the
day of birth (PND 0) with DSP-4 (50 mg/kg), consistent with additional data
suggesting that NE depletion impairs the adoption of a new olfactory environment
after weaning (Cornwell-Jones et al. 1982). In addition, DSP-4 pretreatment (PND
0) disrupts the acquisition of odor, specifically odor association in the sensory
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preconditioning paradigm, in 16-day-old rats, but no effects of DSP-4 are observed
on first-order conditioning (Chen et al. 1993). In contrast, DSP-4 at PND 0 does not
impair the memory consolidation of emotionally arousing tasks, such as inhibitory
avoidance learning, when assessed at 28 days later (Cornwell-Jones et al. 1989).
Similar studies yield variable and inconsistent results (Archer 1982; Bennett et al.
1990; Hauser et al. 2012). Interestingly, the slight effects of neonatal DSP-4
treatment on learning and memory processes in rats show close parallels and
inconsiderable alterations in the biochemical mechanisms underlying cognitive
function, e.g., immediate early gene expression in the brain for the regulation of
neuroplasticity. Precisely, neonatal DSP-4 administration leads to only moderate
increases or no changes in the levels of Arc, c-fos, and zif268 at PNDs 13, 25, and
60, in marked contrast to the effects of similar lesions in the adult brain (Sanders
et al. 2008).

LC, the major noradrenergic nucleus in brain also mediates spontaneous and
evoked arousal. The injection of DSP-4 into rats at PND 7 does not significantly
affect sleep bout duration, although the wake bout duration and percentage of time
awake are significantly increased when tested at PND 21 (Gall et al. 2009).

While basic mechanisms controlling sexual development are complex and
controversial, the CNS, including the NE system, is an essential participant in this
process (Martins-Afférri et al. 2003; Izvolskaia et al. 2009). A single exposure of
five-day-old female rat pups to DSP-4 delays sexual maturation, measured as
vaginal opening (VO) (i.e., 34.2 days with saline versus 36.1 days with DSP-4).
However, DSP-4 rats showed a concomitant delay in weight gain, and both control
and treated animals showed similar VO when adjusted to the same body weight
(Jacobson et al. 1988). In conclusion, neonatal DSP-4 treatment marginally influ-
ences behavioral and biological rhythms in adulthood.

4 Serotoninergic System

4.1 Biochemical Alterations

Despite being regarded as a highly selective neurotoxin for the noradrenergic
system, DSP-4, when administered in the absence of a 5-HT reuptake inhibitor
(e.g., zimelidine), induces dose-dependent changes in endogenous 5-HT levels in
brain. Neonatal DSP-4 treatment (50 mg/kg) significantly reduces endogenous
5-HT concentrations in the cerebral cortex (~ 55 %), hippocampus (~ 60 %), spinal
cord (~40 %), and cerebellum (~30 %), when analyzed at the adult stage. In
parallel with these observations, 5-HT reuptake in the occipital cortex, hippocam-
pus, and cerebellum is reduced. No significant effects are observed in other brain
regions (Jonsson et al. 1981, 1982). Interestingly, neonatal DSP-4 treatment does
not produce any significant change in the endogenous 5-HT concentration and
5-HT reuptake up to one month after drug administration, when whole brain is
analyzed (Jonsson et al. 1982).
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The SERT blocker, zimelidine (10 mg/kg), abolishes the effects of DSP-4 on
5-HT and its metabolite 5-hydroxyindoleacetic acid (5-HIAA) in frontal cortex,
hippocampus, striatum, and hypothalamus without interfering with the action of this
neurotoxin on noradrenergic nerve terminals (Jonsson et al. 1981, 1982; Dabrowska
et al. 2007). In addition, no significant differences in the 5-HT synthesis rate in the
frontal cortex, hippocampus, striatum, hypothalamus (Dabrowska et al. 2007), and
cerebellum (Roczniak et al. 2015) between control and DSP-4-pretreated animals
are observed. Under these conditions, despite the absence of changes in the content
and synthesis rate of 5-HT in the brain, other adaptive alterations in the 5-HT
system are detected. These alterations are not noticeable until biochemical
responses are “enforced” through the stimulation or blocking of 5-HT receptors.
Such alterations are obvious due to a mutual interaction between NE and 5-HT;
e.g., numerous brain regions are innervated with both noradrenergic (origin, LC)
and serotoninergic neurons originating from the dorsal raphe nuclei (DRN) and
median raphe nuclei (MRN). Furthermore, LC, the major NE brain stem nucleus,
sends projections to the DRN, while the DRN projects to the LC (Sim and Joseph
1993; Peyron et al. 1996) creating ample opportunity for cross-modulation (Millan
et al. 2000a, b; Weikop et al. 2004). The scarcity of studies on this subject in
neonatal DSP-4-lesioned rats makes it difficult to predict the net balance between
NE vs. 5-HT. Moreover, endogenous NE exerts direct tonic stimulatory control on
the release of 5-HT through a;-adrenoceptors and an indirect tonic inhibitory
influence through a,-adrenoceptors located on noradrenergic nerve terminals within
the raphe nuclei, although inhibitory a,-heteroreceptors are also localized on ter-
minals of serotoninergic neurons in corticolimbic structures (Haddjeri et al. 1995).

The stimulation of the somatodendritic 5-HT; 5 autoreceptors decreases the cell
firing rate, synthesis, turnover, and release of 5-HT within raphe nuclei and sub-
sequently within serotonergic projection areas (Blier et al. 1998). Because NE
might have an inhibitory effect on cortical 5-HT release (Haddjeri et al. 1995),
noradrenergic denervation results in a moderate increase in basal 5-HT micro-
dialysate content in the medial prefrontal cortex of neonatal DSP-4-treated rats.
Also, systemic administration of the 5-HT o receptor agonist (R-(+)-8-OH-DPAT)
induces a long-lasting reduction of extracellular 5-HT content in the medial pre-
frontal cortex of intact and DSP-4-pretreated rats, but this effect is significantly
reduced in noradrenergic lesioned animals, likely reflecting the desensitization of
5-HT, A autoreceptors in the raphe nuclei of such rats (Dabrowska et al. 2008).
Conversely, in the same experimental model, the stimulation of 5-HT g receptors
through the systemic administration of a specific agonist (CP 94253) does not
evoke significant changes in 5-HT release in the medial prefrontal cortex between
control and DSP-4-treated rats (Ferdyn-Drosik et al. 2010).

In the chromatographic assay of the 5-HT synthesis rate, the systemic admin-
istration of R-(+)-8-OH-DPAT to control rats inhibits 5-HT synthesis in the pre-
frontal cortex, hypothalamus, and striatum 42, 20, and 46 %, respectively, and this
effect is antagonized through pretreatment with the 5-HT; 5 receptor antagonist.
Interestingly, R-(+)-8-OH-DPAT does not significantly inhibit the 5-HT synthesis
rate in all examined brain structures of neonatal DSP-4-treated rats. These results,
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together with microdialysis study, suggest the desensitization of 5-HT,, autore-
ceptors in the raphe nuclei as a result of noradrenergic lesions (Dabrowska et al.
2008). Similar results concerning 5-HT;g receptor stimulation have been reported,
i.e., 5-HTp receptor agonist (CP 94253) reduces the 5-HT synthesis rate in medial
prefrontal cortex of control rats (~33 %), but with no effect on neonatal
DSP-treated animals (Ferdyn-Drosik et al. 2010).

4.2 Behavioral Alterations

5-HT; 4 receptors are located presynaptically on the soma and dendrites of 5-HT
neurons of the DRN and MRN as inhibitory autoreceptors, and postsynaptically in the
forebrain areas, including the hippocampus, lateral septum, and cortex (Hamon
2000). The stimulation of presynaptic 5-HT) 5 receptors evokes behavioral responses,
such as hyperphagia in satiated rats (Ebenezer 1992) and pigs (Ebenezer et al. 1999)
and anxiolytic-like effects in rats (Jolas et al. 1995) and gerbils (File et al. 1996).

Dabrowska et al. (2008) observed that the 5-HT;, receptor agonist (R-(+)-
8-OH-DPAT) produces a significant increase in food intake in control rats, but fails
to elicit a response in neonatal DSP-4-treated animals. In the anxiolytic-like activity
assessment (plus maze test, social interaction test), R-(+)-8-OH-DPAT induces
anxiolytic-like activity in control rats; however, this compound does not evoke an
effect on DSP-4-lesioned rats. These findings lend support to the hypothesis of
5-HT, A autoreceptor desensitization in neonatal NE-lesioned animals.

Conversely, behavioral responses reflecting postsynaptic 5-HT; o receptor acti-
vation include stereotypic behavior in rats (O’Connell and Curzon 1996), an
antidepressive effect in mice and rats (Luscombe et al. 1993; Schreiber and De Vry
1993), and hypothermia (Millan et al. 1993). In the forced swimming test and the
learned helplessness test, R-(+)-8-OH-DPAT displays antidepressant-like activity to
a similar extent in both control and DSP-4-lesioned rats, and this effect is antag-
onized through the 5-HT,, antagonist, WAY 100635 (Dabrowska et al. 2008).
Further studies reveals that R-(+)-8-OH-DPAT induces hypothermia and “5-HT; 5
syndrome” to a similar extent in both control and NE denervated rats; these effects
are completely antagonized by WAY 100635 (Dabrowska et al. 2007). Thus, these
data suggest that the reactivity of postsynaptically located 5-HT;, receptors
remains unchanged after neonatal DSP-4 lesioning.

Systemic DSP-4 treatment of newborn rats also modulates behavioral responses
mediated by the 5-HT g receptor. Activation of this receptor through a specific agonist
(CP 94253) elicits anxiogenic-like effects in intact rats, as demonstrated in the ele-
vated plus maze test (Lin and Parsons 2002). Notably, Ferdyn-Drosik et al. (2008,
2010) also observed that CP 94253 induced anxiogenic-like activity in control rats and
depression-like behavior in the Porsolt test. However, no effects are detected in the
DSP-4 group, suggesting the existence of regulatory mechanisms in DSP-4-lesioned
animals altering the functional efficacy of 5-HT;p receptors and, accordingly,
affecting serotoninergic activity, as 5-HT g receptors are desensitized in these rats.



Selective Lifelong Destruction of Brain Monoaminergic Nerves ... 59
5 Dopaminergic System

5.1 Biochemical Alterations

Neonatal DSP-4 treatment (50 mg/kg at PND 1 and PND 3) does not acutely (i.e.,
directly) affect DA and DOPAC levels in the cortex, hippocampus, striatum, mes-
encephalon, pons—medulla, cerebellum, and spinal cord of adult rats (Jonsson et al.
1981; Nowak et al. 2006). In addition, rats treated with DSP-4 (50 mg/kg) at PND 7
do not exhibit significant changes in the DA or 5-HT concentration in cortical or
non-cortical tissues (including medulla, midbrain, and diencephalon, minus the
cerebellum) versus saline controls at PND 21 (Gall et al. 2009). In parallel, the DA
synthesis rate, assessed as L-DOPA accumulation after aromatic amino acid
decarboxylase inhibitor administration (hydroxybenzylhydrazine; NDS-1015),
remains unchanged in several tested brain regions (hippocampus, striatum, and
cerebellum) (Roczniak et al. 2015). Other studies report an adaptive decrease in the
DA content in the occipital cortex (38 %), hippocampus (49 %), and mesencephalon
(13 %) (Jonsson et al. 1982) or thalamus (50 %) (Donnerer et al. 1992).

5.2 Behavioral Alterations

The stimulation of specific DA receptors elicits distinct behavioral responses, e.g.,
acute DA D, agonist treatment of rats produces vacuous chewing movements,
sniffing, and grooming behavior (Arnt et al. 1987; Hamdi and Kostrzewa 1991;
Kostrzewa and Gong 1991). Acute “classical” DA D, agonist (e.g., apomorphine,
piribedil) administration exerts biphasic effects on behavior, i.e., yawning and
hypomotility at low doses and stereotypy and hypermobility at high doses
(Butterworth et al. 1993; Eilam and Szechtman 1989; Mogilnicka and Klimek
1997). However, the yawning behavior elicited at low doses of mixed DA D,/D;
agonists (e.g., quinpirole) has been associated with DA D5 receptor stimulation
(Kostrzewa and Brus 1991a).

Neonatal DSP-4 treatment does not affect DA D, receptor agonist (SKF 38393)-
evoked vacuous chewing movements and DA D, receptor agonist (quinpirole—
high dose)-induced locomotor and exploratory activities in adulthood. Conversely,
quinpirole (low dose)-induced yawning behavior is more prominent in the group
lesioned with DSP-4 (Nowak et al. 2009).

Notably, repeated treatment with dopaminergic agonists (e.g., amphetamine,
apomorphine, and quinpirole) produces an increased response, or sensitization
(priming), to the drug-induced effects, referred to as DA receptor supersensitivity
(Mattingly and Gotsick 1989; Nowak et al. 2005; Brus et al. 2003). Male rats
treated for the first 28 days after birth with the dopamine D,/D3 agonist quinpirole
develop lifelong sensitization of the central DA D,/D; receptors that manifests as
enhanced quinpirole-induced yawning behavior and motor behaviors in adulthood
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(Kostrzewa and Brus 1991b). When DSP-4 is administered to rats (PND 1 and PND 3)
to largely destroy noradrenergic innervation of the brain, the magnitude of
quinpirole-induced action is significantly reduced. This observation suggests that
intact central noradrenergic innervation is important for behavioral responses medi-
ated through a variety of DA receptors and the expression of priming phenomenon
(Nowak et al. 2006).

6 GABAergic System

6.1 Biochemical Alterations

Neonatal DSP-4 treatment of rats does not alter GABA tissue levels in prefrontal
cortex, hippocampus, brain stem, and cerebellum and does not modify phenobar-
bital- or ethanol-evoked GABA reduction in the aforementioned structures (Bortel
et al. 2008c¢). Similarly, under steady-state conditions, the microdialysate content of
GABA in the prefrontal cortex in DSP-4 neonatally lesioned rats does not differ
when compared to control rat. However, a twofold greater increase in the extra-
cellular GABA level after vigabatrin (GABA transaminase inhibitor) injection is
observed in DSP-4-lesioned rats (Bortel et al. 2008b).

The NE depletion of cerebral cortex and hippocampus produced by DSP-4
treatment is accompanied by a reduction (approximately 20 %) in the number of
GABA-A receptors localized on the presynaptic axons and nerve terminals of NE
neurons, and a decrease in the Bmax for the low-affinity GABA-B receptor site in
cerebral cortex and hippocampus (25 and 28 %, respectively) (Suzdak and
Gianutsos 1985). Neonatal DSP-4 treatment also reduces the number of benzodi-
azepine (BDZ) receptors in the cerebral cortex, while a significant increase in the
number of BDZ receptors in the cerebellum occurs (Medina and Novas 1983).
These results support the existence of functional coupling between the noradren-
ergic and GABAergic systems, i.e., decrease or increase in the density of BDZ
receptors following the denervation (e.g., cortex) or hyperinnervation of some brain
structures (e.g., cerebellum).

6.2 Behavioral Alterations

In the elevated plus maze test, a paradigm based on the conflict between the innate
tendencies of rodents to explore novel environments versus an innate tendency to
avoid open areas, systemic DSP-4 treatment of newborn rats does not affect
spontaneous anxiety-like behavior in adulthood, but diminishes anxiolysis elicited
through diazepam administration (Bortel et al. 2007). Neonatal DSP-4 treatment
also leads to adulthood changes in the activity of sedative—hypnotic drugs, i.e.,
extends the time to the loss of righting reflex after phenobarbital and reduces sleep
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time after ethanol administration (Bortel et al. 2008c). Moreover, reduced vulner-
ability of the pro-convulsant activity of bicuculline (GABA-A receptor antagonist)
is observed in DSP-4-pretreated rats (Bortel et al. 2008a).

7 Other Neuronal Phenotypic Systems

Alterations of NE exocytosis in the thalamus, brain stem, and other nuclei alter the
output of nociceptive information in higher brain centers from projection neurons
(Post et al. 1985; Pagano et al. 2012; Suehiro et al. 2013). LC stimulation, which
increases NE release in the spinal cord, inhibits nociceptive transmission in the
dorsal horn via a,-adrenergic receptors (Margalit and Segal 1979; Delaney et al.
2007; Jiang et al. 2010). In addition, LC neurons possess a high density of post-
synaptic mu-opioid receptors (Van Bockstaele and Commons 2001), and
cannabinoids modulate noradrenergic neuronal activity. Scavone et al. (2010)
provided evidence for the heterogeneous distribution of CB; receptors in the LC
and demonstrated that this receptor and mu-opioid receptors coexist in cellular
profiles in this region, creating ample opportunity for interactions between
cannabinoid and noradrenergic systems. Indeed, the destruction of noradrenergic
neurons through neonatal DSP-4 treatment significantly decreases the antinoci-
ceptive effects of methanandamide (CB, receptor agonist) in the tail-immersion test,
hot-plate test, and writhing test, with ambiguous results in paw pressure and for-
malin hind paw tests. Simultaneously, marked changes in the antinociceptive effects
of methanandamide in DSP-4-treated rats are not accompanied by increases in CB;
receptor density in the rat brain (Korossy-Mruk et al. 2013).

Neonatal DSP-4 treatment (PND 1 and PND 3) produces nearly imperceptible
effects on the central histaminergic system in rats. Histamine content remains
unchanged in the frontal cortex, hypothalamus, cerebellum, and medulla oblongata,
and only a modest but significant reduction (31 %) in the hippocampus is observed
in DSP-4 rats. In addition, exploratory activity, irritability, and nociceptive activity
are unaltered after histamine receptor antagonist treatment, although locomotor
activity and vacuous chewing movements are increased compared with control
when histamine H, and H; antagonists are applied (Nowak et al. 2008).

DSP-4 administered to rat pups (PND 4) reduces [3 HINE uptake in the cortex
and hypothalamus approximately 90 and 37 %, respectively, at PND 7.
Simultaneously, nicotine-stimulated ["HINE release from the neonatal hypothala-
mus is almost completely eliminated after prior lesioning of the LC. Hence, systems
controlling critical homeostatic functions (stress, feeding, etc.) under nicotinic
acetylcholine receptor (nAChR) influence are disrupted through NE denervation
(O’Leary and Leslie 2006).

DSP-4 treatment of rats at PND 2 produces adaptive changes in the neuropeptide
innervation in adulthood. Vasoactive intestinal polypeptide (VIP) is markedly
elevated in the cortex, hippocampus, striatum, and medulla, whereas substance P
(SP), neurokinin-like immunoreactivity (NK-Li), and calcitonin gene-related
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peptide (CGRP) remain unchanged (Donnerer et al. 1992). Perhaps, the increased
availability of growth factors in the CNS induces denser innervation spared neuron
systems (e.g., VIP) after the elimination of noradrenergic innervation, as discussed
for peripheral neurons after chemical sympathectomy (Aberdeen et al. 1990).
Conversely, the dorsal and spinal cord neuropeptide Y (NPY) concentration does
not differ following neonatal DSP-4 treatment (Donnerer et al. 1990).

8 Prenatal DSP-4 Treatment

DSP-4 crosses the blood—placenta barrier and has a potent neurotoxic effect in the
prenatal stage. When the pregnant dam is injected with DSP-4 (20 mg/kg) on ges-
tation days 18 and 19, the NE concentration in frontal and occipital cortex of
one-day-old pups is reduced, with no change in NE in cerebellum. The NE level in
the frontal cortex remains reduced until adulthood (Jaim-Etcheverry and Zieher
1980; Konig et al. 1985). The absence of changes in the NE concentration in the
cerebellum and pons—medulla of treated prenates (observed as adults) contrasts with
the effects observed after DSP-4 treatment of newborn animals (Jonsson et al. 1981).

Neonatal DSP-4 administration does not lead to remarkable changes in spon-
taneous locomotor and exploratory activity. The results obtained from rotating-rod
tests (examining motor coordination) are controversial, and subtle differences
between male and female rats can be detected. Thus, the absence of distinct changes
in locomotor and exploratory activity suggests that the role of NE in these
behavioral patterns might be limited (Konig et al. 1985).

9 Summary

9.1 Noradrenergic System

Neonatal DSP-4 (50 mg/kg s.c.) incurs near complete NE depletion (90-98 %) in the
cerebral cortex, hippocampus, and spinal cord. Minor effects are observed in the
striatum and hypothalamus, while no significant changes in NE concentration are
noted in the thalamus and medulla oblongata. In contrast, a pronounced increase in
NE levels is observed in the cerebellum, brain stem, mesencephalon, and pons—
medulla (Jonsson et al. 1981, 1982; Dabrowska et al. 2007; Bortel et al. 2008c;
Korossy-Mruk et al. 2013). The “picture” of endogenous NE brain alterations
suggests that DSP-4 has a preferential, selective neurotoxic effect on nerve terminal
projections emanating from noradrenergic perikarya of LC and does not affect NE
axons in brain receiving a dense innervation from non-cerulean noradrenergic cells
(Jonsson et al. 1981). A near complete elimination of NE in the cerebral cortex and
hippocampus by neonatal DSP-4 treatment is accompanied by a parallel reduction in
NET (Sanders et al. 2011) and in vitro ["HINE reuptake in cerebral cortex and spinal
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cord with concomitant [3H]NE reuptake increases in the cerebellum and no signif-
icant alterations in the striatum (Jonsson et al. 1982; Jonsson and Sachs 1982).
Permanent noradrenergic denervation in the cerebral cortex and spinal cord is pre-
sent at all developmental stages, although this effect is more pronounced in rats
treated with DSP-4 at an early age (up to PND 5). NE reduction is gradually less
marked following DSP-4 treatments as late as PND 14, after which the extent of NE
depletion is constant into adulthood (Jonsson et al. 1982). DSP-4 lesions on PND 3
produce only transient ap-adrenergic receptor reduction in brain at PND 5. The
ap-adrenergic receptor “recovers” to control levels at PND 15 and PND 25, and no
further change in the total receptor density is detected (Sanders et al. 2011).
Interestingly, severe damage does not impair the activity of the NE system in terms
of postsynaptic efficacy. The compensatory mechanisms maintain the level of
extracellular NE at a sufficient rate to provide appropriate receptor stimulation, at
least under basal conditions (Nowak et al. 2004). Neonatal DSP-4 treatment mar-
ginally influences behavior and biological rhythms in adulthood; some abnormalities
in learning and memory processes (Cornwell-Jones et al. 1982, 1989; Chen et al.
1993), spontaneous and evoked arousal (Gall et al. 2009), and sexual development
(Jacobson et al. 1988) can be detected.

9.2 Serotoninergic System

DSP-4, when administered in the absence of a 5-HT reuptake inhibitor, reduces (up
to 60 %) endogenous 5-HT concentrations in the cerebral cortex, hippocampus,
spinal cord, and cerebellum, when analyzed at the adult stage. In parallel with these
observations, 5-HT reuptake in the occipital cortex, hippocampus, and cerebellum
is reduced (Jonsson et al. 1981, 1982). The SERT blocker, zimelidine, abolishes the
effects of DSP-4 on 5-HT and its metabolite 5-HIAA in frontal cortex, hip-
pocampus, striatum, and hypothalamus without interfering with the action of this
neurotoxin on noradrenergic nerve terminals (Jonsson et al. 1981, 1982; Dabrowska
et al. 2007). Under these conditions, despite the absence of changes in the content
and synthesis rate of 5-HT in the brain (Dabrowska et al. 2007; Roczniak et al.
2015), other adaptive alterations in the 5-HT system are detected. These alterations
are not noticeable until behavioral or biochemical responses are “enforced” through
the stimulation or blocking of 5-HT receptors. Notably, experimental data suggest
the existence of regulatory mechanisms in neonatally DSP-4-lesioned animals
altering the functional efficacy of 5-HT,; receptors and, accordingly, affecting
serotoninergic activity, as 5-HT; o autoreceptors (Dabrowska et al. 2007, 2008) and
5-HT,p receptors (Ferdyn-Drosik et al. 2008, 2010) are desensitized in these rats.
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9.3 Dopaminergic System

Neonatal DSP-4 treatment does not affect DA and DOPAC levels in the cortex,
hippocampus, striatum, mesencephalon, pons—medulla, cerebellum, and spinal cord
of adult rats (Jonsson et al. 1981; Nowak et al. 2006). In parallel, the DA synthesis
rate remains unchanged in several tested brain regions (hippocampus, striatum, and
cerebellum) (Roczniak et al. 2015). Neonatal DSP-4 treatment does not affect DA D,
and D, receptor agonist-evoked behavioral responses (vacuous chewing movements,
locomotor, and exploratory activities), whereas DA D5 quinpirole-induced yawning
behavior as well as lifelong sensitization of the central DA D,/Ds receptors are
modified. These observations suggest that intact central noradrenergic innervation is
important for behavioral responses mediated through a variety of DA receptors and
the expression of priming phenomenon (Nowak et al. 2006, 2009).

9.4 GABAergic System

Neonatal DSP-4 treatment of rats does not induce any change in GABA tissue
levels (prefrontal cortex, hippocampus, brainstem, cerebellum) and does not modify
phenobarbital or ethanol-evoked GABA reduction in the brain (Bortel et al. 2008c¢).
However, DSP-4 treatment increases GABAergic neurotransmission in prefrontal
cortex of rats in adulthood (Bortel et al. 2008b). Also, there is a reduction in the
number of GABA-A receptors in cerebral cortex and hippocampus (Suzdak and
Gianutsos 1985) and BDZ receptors in the cerebral cortex, while a significant
increase in the number of BDZ receptors in the cerebellum is noted (Medina and
Novas 1983). These results support the existence of functional coupling between
the noradrenergic and GABAergic systems, i.e., decrease or increase in the density
of BDZ receptors following GABAergic denervation (e.g., cortex) or hyperinner-
vation of some brain structures (e.g., cerebellum). Moreover, neonatal DSP-4
treatment diminishes anxiolysis elicited through diazepam administration (Bortel
et al. 2007), reduces vulnerability of the pro-convulsant activity of bicuculline
(Bortel et al. 2008a), and leads to adulthood changes in the activity of sedative—
hypnotic drugs (Bortel et al. 2008c).

9.5 Other Neuronal Phenotypic Systems

The destruction of noradrenergic neurons through neonatal DSP-4 treatment sig-
nificantly decreases the antinociceptive effects of methanandamide (CB; receptor
agonist) without noticeable changes in CB; receptor density in the rat brain
(Korossy-Mruk et al. 2013). Conversely, nearly imperceptible effects on the central
histaminergic system in rats after DSP-4 treatment are observed. Histamine content
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remains unchanged in several tested brain structures, and only a modest reduction
in the hippocampus is observed (Nowak et al. 2008). It is noteworthy that neonatal
DSP-4 treatment produces some adaptive changes in the neuropeptide innervation
in adulthood; VIP is markedly elevated in the cortex, hippocampus, striatum, and
medulla, whereas SP, NK-Li, CGRP, and NPY remain unchanged (Donnerer et al.
1990, 1992).

10 Conclusions

Studies by Ross and colleagues in 1973 were a stimulus for investigations of DSP-4
activity, over the next 40 years. DSP-4 has attained pharmacological legitimacy and
a “strong” position among the other neurotoxins utilized in the neuroscience field,
e.g., 6-OHDA, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and rote-
none. This is attributable to the following: (1) DSP-4 appears to be a useful
experimental tool in studies of the mechanisms of LC neuron degeneration and
recovery. This is based on the findings that DSP-4 interacts with NET, whereby it is
then accumulated intraneuronally to trigger the degeneration of noradrenergic ter-
minals in the brain (Lyons et al. 1989). Related DSP-4 effects are observed in the
peripheral sympathetic neurons as compared with central noradrenergic pheno-
types. However, a complete recovery of peripheral noradrenergic nerves and NE
tissue level and reuptake is observed within several weeks (Jaim-Etcheverry et al.
1980; Jonsson et al. 1981); (2) DSP-4 may serve as a useful tool to discriminate
between LC- and non-LC-dependent behavioral and biochemical responses. This
results from the fact that DSP-4 has been considered a LC-selective noradrenergic
neurotoxin based on documented alterations in terminal noradrenergic fibers in
brain regions innervated chiefly by the LC without affecting non-cerulean nora-
drenergic axons (Jaim-Etcheverry and Zieher 1980; Jonsson and Sachs 1982; Cryan
et al. 2002); (3) DSP-4 in laboratory animals may serve as a convenient model to
study the mechanisms and functional consequences of the compensatory but
selective noradrenergic hyperinnervation. Typically, DSP-4 is applied to adult ani-
mals but may also be administered during perinatal period. Thus, DSP-4 treatment of
newborn rats leads to pronounced denervations of distant nerve terminal projections,
while innervation areas close to the cell bodies become hyperinnervated, likely
reflecting the collateral sprouting of noradrenergic neurons. Notably, regional
hyperinnervation is a hallmark of neonatal DSP-4 treatment, which is not observed
after either prenatal or adult DSP-4 application (Jonsson et al. 1982; Bortel et al.
2008c); (4) DSP-4 may be used to investigate synaptic biochemistry including
mechanisms of noradrenergic receptor up- and down-regulation, in particular the
phenomenon of temporary and reversible receptor changes. Notably, neonatal
DSP-4 lesions produce only transient adrenergic receptor reduction in brain with
short “recovery” phase resulting finally in no change in the total receptor density
(Sanders et al. 2011). This strikingly contrasts with dopaminergic or serotoninergic
neonatal lesions (Kostrzewa et al. 2008); and (5) DSP-4 may be helpful in clarifying
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the pharmacological bases for the complex interactions between noradrenergic and
other neuronal phenotypes. In fact, neonatal DSP-4 treatment produces desensiti-
zation of 5-HT;, and 5-HT,g autoreceptors (Dabrowska et al. 2007, 2008;
Ferdyn-Drosik et al. 2010), diminishes GABA-A receptor-mediated behavioral and
biochemical responses (Bortel et al. 2007, 2008a, b, ¢) as well as modifies behavioral
responses mediated through a variety of DA receptors and the expression of DA
receptor priming phenomenon (Nowak et al. 2006, 2009).

In conclusion, a better understanding of the role of the noradrenergic system in
the therapeutic effects of several psychotropic medications as well as introducing
new therapies for behavioral and/or psychiatric disorders would not have been
possible without apparent (vivid) DSP-4 contribution. Concurrently, it is believed
that DSP-4 still possesses the immense pharmacological potential that can be uti-
lized through the next decades in the neuroscience area.
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Noradrenergic-Dopaminergic Interactions
Due to DSP-4-MPTP Neurotoxin
Treatments: Iron Connection

Trevor Archer

Abstract The investigations of noradrenergic lesions and dopaminergic lesions
have established particular profiles of functional deficits and accompanying alter-
ations of biomarkers in brain regions and circuits. In the present account, the focus
of these lesions is directed toward the effects upon dopaminergic neurotransmission
and expression that are associated with the movement disorders and psychosis-like
behavior. In this context, it was established that noradrenergic denervation, through
administration of the selective noradrenaline (NA) neurotoxin, DSP-4, should be
performed prior to the depletion of dopamine (DA) with the selective neurotoxin,
MPTP. Employing this regime, it was shown that (i) following DSP-4 (50 mg/kg)
pretreatment of C57/BI6 mice, both the functional and neurochemical (DA loss)
effects of MPTP (2 x 20 and 2 x 40 mg/kg) were markedly exacerbated, and
(i) following postnatal iron (Fe**, 7.5 mg/kg, on postnatal days 19-12), pretreat-
ment with DSP-4 followed by the lower 2 x 20 mg/kg MPTP dose induced even
greater losses of motor behavior and striatal DA. As yet, the combination of
NA-DA depletions, and even more so Fe>*_NA-DA depletion, has been considered
to present a movement disorder aspect although studies exploring cognitive
domains are lacking. With intrusion of iron overload into this formula, the likeli-
hood of neuropsychiatric disorder, as well, unfolds.
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On the basis of neuropathological evidence, central noradrenaline (NA) system
impairments have been linked to various neurodegenerative disorders including
parkinsonism and other movement disorders (Alvord and Forno 1992). For
example, in Parkinson’s disease (PD) patients’ postmortem neurochemical analyses
have confirmed huge losses of NA together with the dopamine (DA) depletions
(Hornykiewizc and Kish 1987). In analyses of thalamic neuronal discharge patterns,
it was indicated that in PD patients NA was severely reduced in the motor thalamus
and also in other regions of the thalamus (Pifl et al. 2012). Furthermore, Pifl et al.
(2013) analyzed NA, DA, and serotonin (5-HT) in the motor (ventrolateral and
ventroanterior) and non-motor (mediodorsal, centromedian, ventroposterior lateral
and reticular) thalamic nuclei of MPTP-treated monkeys that had been found to be
(i) constantly asymptomatic; (ii) who had recovered from mild parkinsonism; and
(iii) animals presenting either with stable, moderate, or severe parkinsonism. They
observed that only the symptomatic parkinsonian animals showed significant losses
of NA specifically in the motor thalamus, with the ventroanterior motor nucleus
being affected only in the severe parkinsonian animals. Contrastingly, the striatal
DA loss was identical in both the mild and severe symptom groups. Certainly, all
three neurotransmitters, NA, DA, and 5-HT, were reduced significantly in the
rostro-caudal regions of the hypothalamus of patients with idiopathic PD (Shannak
et al. 1994). The putatively protective role of noradrenergic innervation for DA
neurons was implied from a postmortem study of 20 brain areas, dopamine loss in
PD was negatively, but strongly, correlated with healthy NA levels, with regions
rich in NA (e.g., the noradrenaline-rich portion of the nucleus accumbens) spared
from dopamine loss (Tong et al. 2007).

1 DSP-4 Lesioning of NA

The selective NA neuron denervating effects of DSP4 (N-[2-chloroethyl]-N-
ethyl-2-bromobenzylamine) within several brain regions, including the forebrain,
midbrain, cerebellum, brain stem, and spinal, accompanied alterations in
biomarkers and functional parameters have been documented prodigiously (Archer
and Fredriksson 2000, 2001; Archer et al. 1982, 1983, 1984a, b, 1986a; Dooley
et al. 1983a; Fredriksson and Archer 2000; Jonsson and Hallman 1982; Jonsson
et al. 1981, 1982; Hallman and Jonsson 1984; Hallman et al. 1984; Ponzio et al.
1981; Ross 1976; Ross and Renyi 1976; Sundstrom et al. 1987). Consistently, brain
tissue levels of NA are decreased to between 10 and 30 % of control values (Ross
and Stenfors 2015). Systemic administration of DSP4 (50 mg/kg and upwards, i.
p. or s.c. injections, generally two weeks before testing) induced marked and
long-lasting reductions of dopamine B-hydroxylase activity (Archer et al. 1984a, b,
1985; Ross 1976; Ross and Renyi 1976). Profound and permanent depletions of
endogenous NA have been obtained repeatedly in several brain regions, such as the
cerebral and cerebellar cortex, hippocampus and spinal cord, generally leaving
dopamine (DA) and 5-hydroxytryptamine (5-HT) neurons largely intact;
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nevertheless, pretreatment with the 5-HT reuptake inhibitor, zimelidine, unfailingly
leaves 5-HT neurons intact (Archer 1982; Archer and Fredriksson 2001; Archer
et al. 1984a, b, 1986b; Liu et al. 2015a, b; Rényi et al. 1986). Any transient
peripheral tissue depletions that may have appeared following the 50 mg/kg dose of
DSP-4 (e.g., Archer et al. 1982; Liang et al. 1995) disappeared within 10 days.

Systemic administration of DSP-4 has been shown to cause minor losses of
cortical 5-HT, although not always so, in rats and mice (e.g., Archer et al. 1984a, b,
1985; Roczniak et al. 2013, 2015). Invariably, it was demonstrated that pretreat-
ment with 5-HT reuptake inhibitors, whether zimelidine (20 mg/kg) or fluoxetine
(20 mg/kg), up to 30 min before DSP-4 administration, prevented any loss of 5-HT,
without affecting the extent of NA denervation (Archer et al. 1986b; Bello et al.
2014; Dabrowska et al. 2008; Fowler et al. 1988; Heal et al. 1993; Post et al. 1987).
Functional analyses applying receptor ligand agonists of the DA and 5-HT systems
have demonstrated that these neurotransmitter pathways were not changed in
DSP-4 rats (Dooley et al. 1983b); neither did the systemic DSP-4 administration
produce any notable effects upon the normal functioning of the hypothalamic—
pituitary—adrenal axis (Bugajski et al. 1995). Nevertheless, in a study of
stress-sensitive and genetic factors underlying dependence behavior in Sprague—
Dawley and Wistar—Kyoto rats, Fox et al. (2015) using DSP-4 to deplete NA
selectively in these strains showed that DSP-4-treated Sprague—Dawley rats
demonstrated a dependence-like phenotype, whereas the DSP-4-treated Wistar—
Kyoto rats were unchanged. A comprehensive analysis of the neurotoxic actions of
DSP-4 that evaluated different patterns of monoamine-producing depletions over
various brain regions in different strains of rats and mice from 3 to 14 days after
neurotoxin injections has been described (Fornai et al. 1996, 1997; Hurko et al.
2010; Kostrzewa 2009; Kostrzewa et al. 2011; Nowak et al. 2009). With regard to
the possible, transient yet small depletions of 5-HT, following DSP-4, both strain
and species differences have been described that pertain to various due to use of the
same dose of neurotoxin in different strains/species (Aulakh et al. 1992; Fornai
et al. 1996, 2001). Long-term pretreatment of rats with DSP-4 induced marked
supersensitivity to noradrenergic (Archer and Fredriksson 2000) and
cross-sensitivity to opiate (Archer and Fredriksson 2001).

2 MPTP-Lesioning of DA

The selective DA neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), has been shown regularly to induce parkinsonism in human and
non-human primates (Langston 1985), that resulted in the loss of substantia nigra
cells in the pars compacta of adult humans/adults (Bubak et al. 2015; Mathai et al.
2015; Uehara et al. 2015). Systemic administration of MPTP to C57/B16 mice,
generally at a dose of 2 x 40 mg/kg, s.c., invariably induced hypokinesia, reflected
by loss of locomotion, rearing and total activity in standardized activity test
chambers, that could be reversed with a 20 mg/kg dose of 1-dopa (Fredriksson et al.
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1990; Sundstrom et al. 1990), accompanied by an 85-90, or more, % loss of DA
(Bhargava and Perlow 1988; Schultz et al. 1985; Zuddas et al. 1992). Less rigorous
dose regimes, e.g., 2 x 20, or 25, or 30 mg/kg of the neurotoxin, have been less
effective in inducing hypoactivity although DA concentrations may indicate up to
50-80 % reductions (Giovanni et al. 1994a, b; Heikkila et al. 1989; Sonsalla and
Heikkila 1986). Reductions in 5-HT levels are observed in midbrain and hip-
pocampus regions only in acute and subacute MPTP-treated-mice (Pain et al. 2013).
The parameters of MPTP neurotoxicity are virtually permanent (up to and beyond
52 weeks after treatment) with marked correlations between the functional deficits,
particularly hypoactivity (locomotion), the neurochemical (DA) levels, severe
depletions of DA and metabolites (but see Date et al. 1990), and a dose- and
time-dependent recovery of several parameters of motor behavior following the
administration of l-dopa, the DA precursor (Archer and Fredriksson 2003;
Fredriksson and Archer 1994; Fredriksson et al. 1999; Goshima et al. 1991; Jonsson
et al. 1985; Youdim and Arraf 2004). Postnatal iron administration (F62+, on
postnatal day, at doses of 7.5 or 15 mg/kg) exacerbated the functional, hypokinesia,
and neurochemical, DA, deficits that were caused by both the lower (2 x 20 mg/kg)
and the higher (2 x 40 mg/kg) dose regimes of MPTP, as well as applying other
iron—-MPTP combinations (Ayton et al. 2014; Fredriksson and Archer 2003;
Fredriksson et al. 2001; Hare et al. 2013; You et al. 2015).

In an MPTP-lesioned primate model, apathy scores were elevated following
MPTP, and these scores correlated with PET-scan measures of dopaminergic ter-
minals in the dorsal lateral prefrontal cortex, ventromedial prefrontal cortex, and
insular cortex of the treated animals (Tian et al. 2015), implicating dopaminergic
dysfunction within the ventral tegmental area-insular cortex pathway plays a role in
the manifestation of apathetic behaviors, possibly affecting motor activity. Using a
type of ‘staging’ (Archer et al. 2011) to illustrate parkinsonian state (naive, mild,
moderate, and severe) and recording the spontaneous local field potentials were
recorded throughout the sensorimotor globus pallidus. Connolly et al. (2015) have
described a novel mechanistic framework to understand how progressive loss of
dopamine translates into abnormal information processing in the pallidum through
alterations in oscillatory activity. Liu et al. (2015a, b) have presented a highly
progressive model of parkinsonism in the cynomolgus monkey, a primate, through
giving intravenous injections of MPTP (0.2 mg/kg) over 15 days; this procedure
induced a stable parkinsonism development over 90 days, at which point the
symptoms were stable. Noninvasive positron emission tomographic neuroimaging
of vesicular monoamine transporter 2 with 9-[(18)F] fluoropropyl-(+)-dihydrote-
trabenazine ([(18)F]JAV-133) displayed evidence of the progressive loss of striatal
uptake of [(18)F]JAV-133. The dopaminergic denervation severity showed a sig-
nificant linear correlation with the clinical rating scores and the bradykinesia sub-
scores. The progressive feature of MPTP-induced parkinsonism is an important
current aspect of MPTP-induced deficits (Archer and Fredriksson 2013; Blesa et al.
2010; Nagai et al. 2012).
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3 NA-DA Lesions and Iron Overload

Following the early demonstration of NA-DA neuron interactions (Persson and
Waldeck 1970), the requirement for intact noradrenergic pathways for dopaminergic
functioning has been studied (Andén and Grabowska 1976; Dolphin et al. 1976a, b;
Kostowski 1979; O’Donohue et al. 1979; Tassin et al. 1992). In a primate study, it
was shown that denervation of NA pathways following insult to the locus coeruleus
exacerbated the neurotoxic damage leading to the experimental parkinsonism fol-
lowing administration of MPTP (Bing et al. 1994). Using subtoxic doses of MPTP
into unilateral locus coeruleus 6-hydroxydopamine (6-OHDA) lesions in mice, it
was observed there was a significant loss of dopaminergic cells only found in the
substantia nigra on the side of the locus coeruleus lesions (Bing et al. 1994).
Following DSP-4-induced losses of NA exceeding 75 % in brain regions, the con-
centrations of endogenous DA in microdialysates from the caudate nucleus and
nucleus accumbens were reduced by 52 and 28 %, respectively (Lategan et al. 1992).
Similarly, the pretreatment of mice with DSP-4 (40 mg/kg) exacerbated striatal DA
loss following MPTP (4 x 10 mg/kg) by a factor of 60 %, whereas by itself DSP-4
did not affect striatal DA (Marien et al. 1993). It should be noted that these doses of
the neurotoxins were essentially lower that those applied in the studies above (e.g.,
Archer et al. 1982; Fredriksson and Archer 1994) and therefore rather impressive.
Fornai et al. (1997) measured the acute effects of MPTP on the nigrostriatal DA
pathway in DSP-4 lesioned C57/6N mice that were compared to non-NA-lesioned
mice that received only MPTP. They obtained a more marked acute DA depletion
persisting at 12 h in DSP-4 + MPTP mice compared to MPTP only mice. It appears
that in the absence of locus coeruleus axons a more pronounced sensitivity, or
‘supersensitivity,” possibly to the loss of a ‘recovery-capacity’ after noradrenergic
denervation (Goldstein 2006), in the striatal DA neurons is produced. Nevertheless,
despite successful lesioning of both noradrenergic and dopaminergic neurons in rat
brains, no changes in catechol-O-methyltransferase (COMT) protein expression or
activity were obtained implying that COMT is not present in DA and NA neurons
(Schendzielorz et al. 2013).

Several of the studies described above (e.g., Fornai et al. 1997) applied a neu-
rotoxin dose regime that involved acute administrations. The procedure employed
by (Nishii et al. 1991) may be termed ‘semi-acute.” They treated 7-week-old C57
black mice as follows, in four groups: Group (i) MPTP (30 mg/kg) was adminis-
tered each day over 10 days; Group (ii) MPTP treatment as for Group (i), + DSP-4
(50 mg/kg) administered on the final (10th) day of MPTP treatment; Group
(iii) vehicle administered over 10 days and DSP-4 (50 mg/kg) on the 10th day (as
for Group (ii); and Group (iv) vehicle administered over consecutive days 10 days.
They then measured spontaneous and 1-dopa-induced motor activity over the next
7-10 days. They obtained a marked reduction in spontaneous motor activity during
the initial period (1-2 days) following cessation of neurotoxin treatments which had
disappeared 7-10 days later. However, the administration of 1-dopa (200 mg/kg)
combined with DCI (25 mg/kg) induced a marked rise in the motor activity of the
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Group (i) mice, treated with MPTP over 10 days; this peak of motor activity was
severely attenuated in the Group (ii) mice, treated with MPTP (10 days) then DSP-4
(Day 10), as expressed by a lower peak effect (35 % less) and lesser peak duration
(60 %). Striatal loss of DA was quite comparable in the (i) MPTP, and
(i)) MPTP + DSP-4 groups, 82 and 85 %, respectively, which is hardly an exac-
erbating effect of the NA neurotoxin. In the case of the Marien et al. (1993) study,
DA loss after MPTP (4 x 10 mg/kg) was 40 % 7 days postneurotoxin and after
DSP-4 (40 mg/kg) prior to MPTP was 60 %. As indicated Fornai et al. (1997), the
most severe DA losses occurred when DSP-4 was administered before MPTP.

In order to ensure complete recovery from DSP-4, C57/Bl6 mice were not
administered MPTP until three weeks later, and the testing of motor activity was not
initiated until a further three weeks had passed (Archer and Fredriksson 2006).
Thus, three groups of mice were injected DSP-4 (50 mg/kg, 30 min after zime-
lidine, 20 mg/kg to protect 5-HT neurons) and three groups injected saline. Three
weeks later, one DSP-4 group and one saline group were injected a high dose of
DSP4 (2 x 40 mg/kg), one DSP-4 group and one saline group were injected a low
dose of DSP4 (2 x 20 mg/kg), and one DSP-4 group and one saline group were
injected saline. During the spontaneous motor activity tests three weeks, the fol-
lowing was observed: The spontaneous motor activity of the saline—MPTP-treated
mice was reduced in a dose-dependent manner, whereas in the DSP-4-
MPTP-treated mice was virtually abolished during the 1st 20-min test period and
very nearly so during the 2nd 20-min period of testing. Following a suprathreshold
20 mg/kg dose of 1-dopa, motor activity was reinstated completely in the saline—
MPTP-treated mice but remained markedly reduced in the DSP-4-MPTP-treated
mice. Table 1 presents the locomotor and rearing performance of the saline—
MPTP-low, saline-MPTP-high, DSP-4—saline, DSP-4-MPTP-low, and DSP-4-
MPTP-high expressed as a percentage of the saline-saline group during the 1st
20-min period of testing as well as the percent striatal DA (of saline—saline controls)

Table 1 Locomotion, rearing and striatal DA, as well as 1-dopa-induced activity expressed as a
percentage of the saline—saline control group by the groups of mice administered either DSP-4 or
saline followed three weeks later by either MPTP, low or high dose, or saline (cf. Archer and
Frerdiksson 2006)

Spon. Saline— Saline— DSP-4— “DSP-4— “DSP-4-
activity MPTPL (%) |MPTPH (%) | Saline (%) MPTPL (%) |MPTPH (%)
Locomotion 27 10 99 4 0.02
Rearing 44 25 98 1 >0.02
Striatal DA 51 13 101 28 5

Saline— Saline— DSP-4— “DSP-4— “DSP-4— Saline—
MPTPL (%) | MPTPH (%) |Saline (%) MPTPL (%) |MPTPH (%) | MPTPL (%)
Locomotion 89 79 101 43 20

Rearing 39 87 101 84 37

“MPTPL = low-dose (20 mg/kg) MPTP; “MPTPH = high-dose (40 mg/kg) MPTP
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of the same groups. Locomotor and rearing performance, over 360 min, by the same
groups following I-dopa (20 mg/kg) is shown also.

These results indicate a severe exacerbation of the MPTP-induced functional and
neurochemical deficits following prior administration of DSP-4, i.e., the nora-
drenergic system denervation. It is evident also that the restorative effects of
suprathreshold 1-dopa are compromised. In a further pursuance of these DSP-4
pretreatment—-MPTP-induced ‘ultra-deficits’ in DA functional and neurochemical
parameters, postnatal iron administration (Fe®*, 7.5 mg/kg, on postnatal days 10—
12) was used to induce further the vulnerability of DA neurons. In this study, only
the low (20 mg/kg) dose of MPTP was applied (Fredriksson and Archer 2007).
Postnatal iron administration further exacerbated all the deficits induced by DSP-4
and MPTP condition. For example, in mice administered MPTP(Low) locomotion
was reduced from 25 % of saline—saline control group in the non-iron condition
[compare with 27 % in the Archer and Fredriksson study] to 10 % in the iron
condition, whereas in the mice administered DSP-4 + MPTP (low) locomotion was
reduced from 10 % in the non-iron condition [compare with 5 % in the Archer and
Fredriksson study] to O % in the iron condition. Similarly, striatal DA concentra-
tions were compromised drastically through the postnatal iron treatment: in the
MPTP (low) group, DA was reduced from 52 % in the non-iron condition [compare
with 51 % in the Archer and Fredriksson study] to 39 % in the iron condition,
whereas in the DSP-4 + MPTP (low) groups DA was reduced from 25 % in the
non-iron condition [compare with 28 % in the Archer and Fredriksson study] to
11 % in the iron condition. Postnatal iron administration induced enduring high
levels of total iron content of the basal ganglia in all the groups administered
postnatal iron following sacrifice and analysis at 100 days-of-age. Nevertheless, the
concentration was highest, significantly, in the DSP-4 + MPTP group implying that
the combination of these neurotoxins affected brain iron retention. Finally, the
co-administration of clonidine (1 mg/kg) with subthreshold I-dopa (5 mg/kg)
alleviated the motor deficits of MPTP-treated mice, but pretreatment with DSP-4
reduced markedly the ameliorative effects of clonidine, the a-adrenoceptor agonist
(Archer and Fredriksson 2007; Fredriksson and Archer 2007). It has been shown
comprehensively that iron overload contributes to the development of neurode-
generative progressions and the acceleration of normal rates of apoptosis primarily
due to its participation in the Fenton reaction and production of reactive oxygen
species, as well as functional measures in both motor and cognition domains
(Fagherazzi et al. 2012; Lavich et al. 2015; Silva et al. 2012). Postnatal iron
administration, by itself, induces long-lasting changes in brain function, e.g.,
transient hypoactivity in activity cages followed hyperactivity and cognitive deficits
(de Lima et al. 2007; Fredriksson and Archer 2006). The hyperactivity was exac-
erbated by apomorphine and abolished by haloperidol (Fredriksson and Archer
2006). The full implications of the balancing role of iron in conditions of loss of
DA-NA integrity have yet to be explored and described; nevertheless, the impli-
cations of the observations so far offer a neurodegenerative scenario that may be of
utility in understanding developmental trajectories of subnormal dimensions.
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Loss of integrity, or a “‘masked’ vulnerability, by DA neurons, and possibly also
NA neurons, through postnatal iron overload may well impart an adverse epigenetic
condition to the detriment of normal development. Nevertheless, NA neurons in the
locus coeruleus appear to be less susceptible to the effects of iron overload than DA
neurons in the substantia nigra (Zecca et al. 2004). Dornelles et al. (2010) have
shown that transferrin receptor, H-ferritin, and IRP2 mRNA expressions were
affected differentially through the aging process and by postnatal iron supplemen-
tation in the cortex, hippocampus, and striatum of rats. The epigenetic reprograming
of cortical neurons through alterations of dopaminergic circuits (Brami-Cherrier
et al. 2014), such as that produced by neurotoxin insults or iron overload, may exert
both neurologic and psychiatric expressions of abnormal function as a basis of brain
disorder. Finally, Shin et al. (2014), in a rat model of PD, found that NA depletion
did not enhance the extent of DA depletion or the loss of tyrosine
hydroxylase-positive innervation in the striatum but rather that damage to brainstem
NA innervation accelerated development of motor impairments and the onset of
l-dopa-induced dyskinesias in 6-OHDA-lesioned (DA-depleted) rats. These
observations are reinforced by the finding that additional noradrenergic depletion
(in addition to DA depletion) aggravated forelimb akinesia and abnormal subtha-
lamic nucleus activity in the DSP4-6-OHDA rat model of PD (Wang et al. 2014;
see also Lindgren et al. 2014).
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Perinatal Domoic Acid
as a Neuroteratogen

Tracy A. Doucette and R. Andrew Tasker

Abstract In mammals, the period shortly before and shortly after birth is a time of
massive brain growth, plasticity and maturation. It is also a time when the devel-
oping brain is exquisitely sensitive to insult, often with long-lasting consequences.
Many of society’s most debilitating neurological diseases arise, at least in part, from
trauma around the time of birth but go undetected until later in life. For the past
15 years, we have been studying the consequences of exposure to the
AMPA/kainate agonist domoic acid (DOM) on brain development in the rat.
Domoic acid is a naturally occurring excitotoxin that enters the food chain and is
known to produce severe neurotoxicity in humans and other adult wildlife. Our
work, and that of others, however, has demonstrated that DOM is also toxic to the
perinatal brain and that toxicity occurs at doses much lower than those required in
adults. This raises concern about the current regulatory limit for DOM contami-
nation that is based on data in adult animals, but has also allowed creation of a
novel model of neurological disease progression. Herein, we review briefly the
toxicity of DOM in adults, including humans, and describe features of the devel-
oping nervous system relevant to enhanced risk. We then review the data on DOM
as a prenatal neuroteratogen and describe in detail the work of our respective
laboratories to characterize the long-term behavioural and neuropathological con-
sequences of exposure to low-dose DOM in the newborn rat.
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1 Introduction

Mental and neurological disorders are increasingly prevalent and constitute a major
societal and economic burden worldwide, and with the ageing of the general
population and ever-increasing life expectancy in many developed countries and
emerging economies, it is estimated that mental and neurological diseases will
account for 14.7 % of the global disease burden by the year 2020 (World Health
Organization 2006). Further, many of society’s most debilitating neurological
diseases are now known to be progressive in nature. Alzheimer’s disease (AD),
Parkinson’s disease (PD) and amyotrophic lateral sclerosis (ALS) are just three of
many examples where the disease process begins long before the onset of symp-
toms that constitute the diagnostic criteria. For example, it is estimated that up to
60 % of the dopaminergic neurons in the substantia nigra must be lost before the
first clinical signs of PD appear (Schulz and Falkenburger 2004). Further, even
when diagnosed, the neurodegenerative process continues, resulting in escalating
morbidity and ultimately death. This concept is depicted schematically in Fig. 1,
and if those factors responsible for initiation and early progression of the disease
process can be reliably identified, presymptomatic detection of such diseases is
possible.

It is our contention, therefore, that presymptomatic detection of disease represents
a largely unexplored opportunity for therapeutic intervention, albeit not an easy
thing to implement. Even if presymptomatic biomarkers relevant to individual dis-
eases could be identified, health budgets cannot possibly support sustainable
screening of all members of the population, and the incidence of these diseases is too
large to permit accurate presymptomatic risk analysis. Further, most neurological
diseases are presumed to not result from a single precipitating event, but rather arise
from a complex interaction between initiating stimuli, genetic predisposition,
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Fig. 1 Schematic representation of the concept of progressive neurological dysfunction relevant
to disease. Normal decline of brain health begins in adulthood (blue line), but events that are often
undetected may induce a degenerative process resulting in premature decline of central nervous
system (CNS) health as illustrated by the red lines. Susceptibility may be enhanced by
genetic/epigenetic predisposition, and degeneration may be accelerated by subsequent trauma.
Initially, the patient remains asymptomatic until the process has progressed to the point of
recognizable symptoms and subsequent diagnosis

environmental factors and lifestyle (Shaw and Hoglinger 2008). Nonetheless, the
overall goal of identifying disease earlier is both socially and economically
responsible and should be vigorously pursued.

As disturbing and emotionally challenging as diseases such as AD, PD and ALS
are, however, with the exception of comparatively rare early-onset variants, dis-
eases such as AD and PD are essentially diseases of elderly people who have often
enjoyed full and productive lives before becoming recognizably ill. Of arguably
greater consequence are a myriad of progressive neurological diseases that are often
neurodevelopmental in origin, whereby the disease process initiates prior to, or
shortly after, birth and where the affected patient suffers from reduced quality of life
beginning in childhood, adolescence or early adulthood. Many of these neurode-
velopmental diseases appear to originate from imbalances in the normal harmony of
excitatory and inhibitory processes during brain development (Lujan et al. 2005).
Consequently, accidental or deliberate exposure to drugs or toxins that alter exci-
tatory or inhibitory processing at key developmental stages prior to or shortly after
birth might initiate a disease process that culminates in recognizable deficits later in
life. The current manuscript will discuss the neuroteratogenic potential of one such
toxin, domoic acid, a naturally occurring excitatory amino acid that exists in the
food chain of higher mammals including humans.
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2 The Developing Brain Is More Sensitive to Toxic Insult

From an engineering standpoint, a system that is in rapid transition is necessarily
and intrinsically unstable. This is true of the developing nervous system, wherein
during “critical periods” of CNS development, the brain is undergoing rapid change
and is especially vulnerable to exogenous stimuli (Rice and Barone 2000; Vorhees
1986; Colombo 1982). The notion of “critical period” makes reference to that
period in time between the emergence (anatomically and/or functionally) of a
particular biobehavioural system and when that system reaches its full maturational
state. Changes effected during a “critical period” often have long-term conse-
quences. We have known for some time that as well as producing transient phar-
macological effects, receptor-acting compounds, particularly when exposure occurs
during a so called “critical period”, are capable of producing more-or-less perma-
nent neurobehavioural effects. This irreversible insult can either be expressed as a
permanent dysfunction of the neurochemical system involved, or may result in what
has been termed “irreversible imprinting” of receptor densities, which in turn
produces lasting functional and/or structural changes to the nervous system (re-
viewed in Kaufmann 2000). During the first three weeks of post-natal life in the rat,
a developmental window roughly comparable to the third trimester of human foetal
development, there are rapid and tremendous changes in brain development (Clancy
et al. 2007; Vernadakis and Woodbury 1969). This period of development, gen-
erally referred to as the “brain growth spurt” (Dobbing and Sands 1979; Dobbing
and Smart 1974), is a time of remarkable, structural and functional plasticity nec-
essary to prepare the organism for life. It is also, however, a time when the
developing brain is exquisitely sensitive to environmental disruption. Significantly,
the immediate consequences of that disruption are often quite subtle and go
unnoticed. However, in many cases, behavioural anomalies will be latently
expressed—notable only when those systems that underlie the given behavioural
profiles have reached full functional maturity.

3 Domoic Acid as a Neurotoxin in Both Humans
and Wildlife

Domoic acid (DOM) ([2S,3S,4S]-2-carboxy-4-1-methyl-5[R]-carboxyl-1[Z]-3[E]-
hexadienyl pyrrolidine-3-acetic acid) (C15H21NO6) is a naturally occurring crys-
talline, water-soluble molecule with chemical properties similar to other acidic
amino acids. The pharmacological actions of DOM in the brain are mediated pri-
marily, but not exclusively, by the activation of the AMPA/kainate subclass of
glutamate receptors with the “low affinity” kainate receptors (GluK1 and GluK2)
showing selective affinity (Verdoorn et al. 1994; Tasker et al. 1996). In addition to
the parent compound, several DOM isomers are known to occur either in nature or
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under certain laboratory conditions. Historically, DOM is a constituent of the red
alga “doumoi” (Chondria armata) that is indigenous to certain Japanese
archipelagos. In the late 1980s, however, DOM was found as a contaminant in
cultured blue mussels (Mytilus edulis) (Wright et al. 1990) that once consumed
resulted in a well-documented case of human intoxication (Perl et al. 1990;
Teitelbaum et al. 1990). In that case (and subsequent cases of wildlife intoxication;
see below), the source of DOM was a diatom, Nitzschia pungens f. multiseries,
although subsequently a variety of planktonic diatoms of Pseudo-Nitzschia
spp- have been identified worldwide as being capable of producing DOM under
certain environmental conditions (for review, see Bates and Horner 1998; Bates and
Trainer 2006). Details of the only documented case of human intoxication and the
multiple well-documented cases of toxicity in wildlife species including various
species of seabirds and marine mammals are documented elsewhere (for reviews,
see Doucette and Tasker 2008; Tasker 2015 among others), but in brief, ingestion
of DOM in sufficient quantity results in a dose-related sequence of human toxicity
beginning with gastrointestinal distress and progressing through confusion, amnesia
(hence the designation of “amnesic shellfish poisoning” (Can Dis Wkly Rep 1990)
seizures, coma and death. Birds such as Brandt’s cormorants (Phalacrorax peni-
cillatus) (Work et al. 1993) and brown pelicans (Pelecanus occidentalis)
(Sierra-Beltran et al. 1997) and marine mammals including California sea lions
(Zalophus californianus) (Scholin et al. 2000; Gulland et al. 2002) exhibit lethargy,
ataxia, seizures and death with increasing exposure. In all mammalian species
examined to date, post-mortem histopathology reveals a reproducible pattern of
cellular pathology with regions of the hippocampal formation and midbrain being
particularly vulnerable (Pulido 2008).

3.1 The Current Regulatory Environment for Domoic Acid

Shortly after the 1987 outbreak of human toxicity following ingestion of DOM, the
Canadian regulatory agencies convened a meeting (Can Dis Wkly Rep 1990) with
three principal aims: (1) to define the clinical syndrome resulting from DOM
intoxication,' (2) to discuss the current state of knowledge about DOM and related
compounds and (3) to provide guidance on future regulatory limits for shellfish
contamination. At that time, most of the available data on DOM toxicity in
mammals were derived from studies of acute intoxication in adult rats and mice.
Based largely on those data, and giving due consideration to a standard “margin of
safety”, a regulatory limit of 20 parts per million (ppm) in contaminated shellfish
was established for Canada and subsequently adopted by other countries as DOM

'Due to the profound neurological consequences of DOM intoxication, including the unusual
observation of anterograde amnesia in more severely affected individuals, the syndrome was
subsequently termed “amnesic shellfish poisoning (ASP)”.
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contamination began to be detected globally. That regulatory limit still exists in
jurisdictions with monitoring systems in place, although of note a report commis-
sioned jointly by the FAO/IOC/WHO on toxins in marine bivalves did raise con-
cerns that the limit might not be appropriate for sensitive human populations
including the elderly, chronically ill and during pregnancy (Tasker et al. 2011).

4 The Neonatal Brain Is More Sensitive to Domoic Acid

In the case of DOM and related compounds, we and others have reported that the
acute toxicity profile for excitatory amino acid agonists differs significantly between
preweaning and adult rodents with respect to both potency and the displayed
repertoire of toxicity-associated behaviours (Xi et al. 1997; Doucette et al. 2000).
Administration of DOM to young rats produces a reproducible pattern of beha-
vioural toxicity that is similar (although not identical) to that observed following the
administration of the structurally similar toxin kainic acid. Although in adult rats
and mice, DOM toxicity begins with lethargy and impaired mobility (Tasker et al.
1991), in neonatal rats, the first signs noted following systemic administration of
DOM are “wet dog shakes”, head tremors, purposeless mastication, Straub tail and
circling behaviour. These are followed by a series of behaviours that manifest in a
dose-related fashion and include forelimb tremors, hyperextension of the hindlimbs,
scratching and hind-paw directed foot-biting. If the dosage of the toxin is suffi-
ciently high, whole-body tremors become apparent, as do myoclonic and bilateral
clonic jerks, a loss of the righting reflex, postural rigidity, hind limb “paddling” and
extreme tail whipping. Those animals receiving a sufficient dosage of the toxin will
next proceed to generalized clonic—tonic convulsions, which in our study (Doucette
et al. 2000) served as an end point. By using a cumulative behavioural score to
develop full dose-response curves for DOM at various developmental ages, we
were able to determine that very young rats (PND 0 and PND 5) displayed signs of
moderate toxicity at doses in the 100-200 pg/kg range, a finding that compared
favourably with other reports in PND 5 rat pups (Xi et al. 1997), but is significantly
below the 1.5-2.5 mg/kg dose required to produce toxicity in the adult rat
(Tryphonas et al. 1990). Further, we reported in the same paper that the potency of
DOM decreases progressively with age, such that rats at two weeks of age (PND
14) require approximately twice as much toxin to produce a comparable cumulative
behavioural toxicity score (i.e. as compared to rats at PND 5), and between PND 14
and PND 22, a dramatic shift in potency is apparent with respect to behavioural
toxicity scores (Doucette et al. 2000). What is particularly noteworthy, however, is
that even at 22 days of age, rats are approximately twice as sensitive to systemically
administered DOM compared to mature adults (Tryphonas et al. 1990). The reason
(s) for this significantly enhanced vulnerability and progressive decrease in potency
with age are as yet unclear, but are most likely the result of a complex interaction
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among factors such as incomplete BBB formation,” reduced renal clearance
capacities [DOM is eliminated almost exclusively by excretion (Suzuki and
Hierlihy 1993)], differences in the maturation of excitatory versus inhibitory CNS
circuitry® and/or age-related changes in relative AMPA/kainate receptor expression
in regions of the brain that mediate the behavioural signs of DOM toxicity.
Regardless, it is abundantly clear that the neonatal rat, particularly during the “brain
growth spurt” from PND 5/6-22, is considerably more sensitive to DOM toxicity
than is the adult rat.

5 Domoic Acid as a Prenatal Neuroteratogen

Over 20 years ago, Dakshinamurti et al. (1993) reported that the offspring of CD-1
mice injected with 0.6 mg/kg DOM on gestational day (GD) 13 showed no
immediate signs of toxicity but did have aberrant pathology of the hippocampus by
PND 14 and an altered EEG and reduced seizure threshold from PND 10-30.
Curiously, this issue lays dormant for many years until reports by Levin et al.
(2005) in rats and Tanemura et al. (2009) in mice confirmed that prenatal exposure
to subconvulsive doses of DOM produced subtle, but detectable changes in cog-
nition and brain pathology. Taken in light of data demonstrating that DOM
administered systemically to pregnant rats is detectable in both amniotic fluid and
foetal brain (Maucher and Ramsdell 2007; Maucher-Fuquay et al. 2012), and given
the conclusive data that the neonatal brain is exquisitely sensitive to DOM (see
above), it would appear that exposure in utero is both possible and of consequence
to the offspring. Moreover, the risk appears to be observable across vertebrate
species in that neurotoxicity has been observed after ovo microinjection in zebra
fish (Tiedeken et al. 2005; Tiedeken and Ramsdell 2007) and is detectable in the
amniotic fluid of stranded sea lions (Brodie et al. 2006), giving rise to speculation
that the increasing number of cases of neurotoxicity in young sea lions is due in part
to prenatal exposure (Goldstein et al. 2008; Ramsdell and Zabka 2008). Clearly,
further investigation of the negative consequences of prenatal DOM is warranted.

2In the rat, the blood—brain barrier develops progressively, commencing on around gestational day
15 or 20 and showing mature morphological characteristics and structural integrity on approxi-
mately postnatal day 24 (reviewed in Kaufmann 2000).

3Moshe et al. (1983) have argued that age differences in EAA-induced seizures may relate to the
precocious development of excitatory systems within the limbic region which develop prenatally,
with concurrently delayed inhibitory mechanisms—not functionally mature until after two weeks
of age.



94 T.A. Doucette and R. Andrew Tasker

6 The Neonatal Domoate Model of Progressive Brain
Dysfunction: A New Approach?

Certain forms of epilepsy and schizophrenia are diseases that are known to be
frequently neurodevelopmental in origin. Often arising from a combination of
genetic susceptibility and/or perinatal trauma, both epilepsy and schizophrenia are
increasingly recognized as involving a presymptomatic period of progressive
neurological dysfunction that lasts years or even decades before diagnosis. As
discussed previously, the presymptomatic period represents a largely unexplored
opportunity for therapeutic intervention. This requires a better understanding of the
disease process from initiation to symptom onset. Such understanding, however,
requires the use of well-validated models of disease aetiology. The remainder of
this manuscript will describe such a model, the neonatal domoate rat model that was
created, validated and continues to be characterized by our respective laboratories,
but first we address the question of why such a model is needed.

6.1 The Need for Models of Disease not just Symptoms

Preclinical drug discovery and development in the neurosciences relies heavily on
the use of animal models in a variety of species but primarily in rats and mice. At
present, most of these models fall into three major categories: (1) genetically
modified species including knockout, conditional knockout and transgenic lines,
(2) surgical models including site-selective lesions and (3) acute drug administra-
tion models including those that use toxins or receptor-selective agonists and
antagonists. A characteristic common to almost all of these models, however, is that
they have been developed to replicate the major diagnostic symptoms of each
individual disease. This is to be expected since most current drug development is
geared towards identifying therapies to reduce or eliminate those symptoms of
disease that are most detrimental to the patient’s quality of life. For example, most
drug development in PD is targeted to reducing or eliminating the motor deficits
that compromise mobility and daily function. In the cases of epilepsy and
schizophrenia, most of the widely used preclinical models involve induction of
convulsive seizures or production of deficits in attentional and preattentional pro-
cessing, respectively. Although there may be no direct connection to the underlying
cause of these symptoms, such approaches have resulted in the development and
commercialization of a number of drug candidates for symptomatic relief following
diagnosis, although as depicted in Fig. 1 such therapies are largely palliative in
nature because overall CNS health is already seriously compromised.

In contrast, we and others have argued that while more labour-intensive, what is
needed are preclinical models of disease development rather than models of symp-
toms (signs). Rodent models in which the pathology of a disease can be measured in a
progressive longitudinal sequence hold considerable potential for achieving the goal
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of presymptomatic detection and therapy. It could also be argued that such models
have greater potential for identifying new drug candidates that will translate into
clinical settings, but until preclinical models of disease become more widespread in
the biotechnology and pharmaceutical industries, such a claim is premature.

In the ensuing sections, we will describe our attempts to produce such a pre-
clinical model. Moreover, the creation of the neonatal domoate rat model has been
guided largely by two a priori principles:

1. That the model be more clinically relevant. To increase the likelihood of rele-
vancy, we have employed a strategy we term “translation in reverse”. As
described below, the rat model was an attempt to replicate a clinical case of
delayed-onset neurological dysfunction and was therefore validated against
documented behavioural and pathological data in human patients. Further, our
more recent attempts to explore the molecular basis of these changes have
employed an in vitro system that reproduces the changes seen in vivo.

2. That the model embrace rather than exclude elements of multiple diseases that
often present as comorbidities in patients. As described below, the neonatal
domoate rat model manifests signs of both temporal lobe epilepsy and
schizophrenia. Because these conditions often appear as comorbidities in
patients, a model that investigates elements of both should have a greater
potential to identify common and/or causally related changes in brain devel-
opment, maturation and function than would models investigated solely in the
context of a single disease.

6.2 The Neonatal DOM Rat Protocol

Working from the notion of critical periods (see above) and guided by clinical
reports of late-onset epilepsy in patients who had consumed DOM (see below), we
sought to determine whether chronic low-dose exposure to DOM during critical
periods of CNS maturation (i.e. with respect to the ontogeny of ionotropic gluta-
mate receptor subunit expressions and the maturation state of particular forebrain
structures) would produce latently expressed changes in the behavioural profile of
the resulting adult animals. In a series of experiments that have spanned more than a
decade and a half, we have presented an abundance of data which demonstrate that
daily injections (s.c.) of a low dose of DOM (20 ng/kg, which is equivalent to 1/5
of the ED50 for PND 8 rats (Doucette et al. 2000)) throughout the second week of
post-natal life (i.e. PND 8-14) result in a progressively dysfunctional phenotype
relevant to both epilepsy and schizophrenia. The protocol produces no signs of
toxicity in the newborn rats, but the dose is sufficient to be physiologically active in
the CNS as evidenced by a slightly accelerated time of eye opening and an
enhancement of conditioned odour preference relative to saline controls (Doucette
et al. 2003; Tasker et al. 2005). With increasing age, however, DOM-treated rats
show altered behavioural profiles (summarized in Table 1) as well as neurochemical
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Table 1 Behavioural and neurodevelopmental changes relevant to psychiatric disease

Assessment Age Effect References

Physical PND 8-16 Accelerated eye opening Doucette et al.

development (2003), Burt et al.
(2008)

Olfactory PND 8-13 Development of CPP to DOM— Doucette et al.

conditioning paired olfactory stimulus (2003), Tasker
et al. (2005)

Nicotine-induced PND 40-52 | Abolishment of CPP effect at a Burt et al.

conditioned place dosage (0.6 mg/kg) that produces a | (2008a)

preference (CPP) conditioned preference in untreated
rats of this age
6—7 months CPP manifested to a dosage Burt et al.
(0.6 mg/kg) that does not result in a | (2008b)
conditioned preference in untreated
rats of this age
Elevated plus maze |3—4 months Alterations in emotionality Gill et al. (2012)
4-5 months Alterations in emotionality Doucette et al.
(2007)

Playground maze 2 months Increased behavioural response to | Burt et al.
novelty (e.g. exploration of objects) | (2008a, b)

Social interaction 4-5 months Active social avoidance Ryan et al.

(2011)

8-Arm radial maze | 1-1.5 months | Superior choice accuracy (indicative | Adams et al.
of improved working memory) (2009)

Morris water maze |4-5 months Increased susceptibility to proactive | Doucette et al.
interference (2007)

4-5 months Superior performance during initial | Adams et al.
learning trials; but significant (2009)
impairments when challenged with
reversal tasks

3-5 months Increased perseveration and Gill et al. (2012)
impairments in re-learning new
platform location when challenged
with reversal task

Water H maze 3-5 months Increased perseveration and Gill et al. (2012)
impairments in re-learning new
platform location when challenged
with reversal task

Temporal memory | 8-9 months Deficits in temporal memory Robbins et al.

task (2013)

Latent inhibition 4-5 months Impaired attentional processing Marriott et al.
evident in a conditioned emotional | (2014)
response task

4-5 months Impaired latent inhibition in a Marriott et al.

conditioned taste aversion task

(2012)

(continued)
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Table 1 (continued)

Assessment Age Effect References

Prepulse inhibition | 3—4 months PPI deficits (magnitude of the Marriott et al.
deficit impacted upon by prepulse | (2012)
dB level, sex and light cycle)

3—4 months PPI deficits and altered baseline Marriott et al.
startle response (2008)
Sleep 3 months Reductions in paradoxical sleep Gill et al. (2009)

(PS) (no differences in total sleep
time or stage shifts into PS)
Seizure threshold 3 months Enhanced sensitivity to PTZ and Gilletal. (2010a, b)
electrical stimulation in the absence
of an increase in electrically induced
seizure propagation

Stress-induced 2—-15 months | Manifestation of seizure-like Doucette et al.

low-grade seizures behaviours in response to mild to (2004), Perry
moderate stress. Observed in et al. (2009), Gill
various behavioural tasks et al. (2012)

and neuropathological changes primarily in the hippocampus (Table 2). It is known
that there are dynamic and complex patterns of changing expression of ionotropic
glutamate receptor subunits within the hippocampus during neonatal development
with many undergoing transient periods of heightened expression commencing
around the second postnatal week of life (Ritter et al. 2002). Evidence of

Table 2 Molecular and morphological changes with relevant to psychiatric disease

Molecular/morphological change Age References

Hippocampus

Mossy fibre sprouting 15 months Doucette et al. (2004)
3 months Bernard et al. (2007)

Elevated BDNF mRNA in CAl 15 months Doucette et al. (2004)

Elevated trkB receptor expression in hilus of DG 3 months Bernard et al. (2007)

and area CA3

Increases in hippocampal adrenergic and 8 months Gill et al. (2012)

mineralocorticoid receptor expression

Decreased number of parvalbumin containing cells 3 months Gill et al. (2010a, b)

Decreased GAD65/67 immunoreactivity 3 months Gill et al. (2010a, b)

mPFC

Suppressed TH immunoreactivity ‘ 9 months | Robbins et al. (2013)

NAcc

Increased TH immunoreactivity ‘ 9 months | Robbins et al. (2013)

Abbreviations Brain-derived neurotrophic factor (BDNF); cornu ammonis (CA); tropomyosin
receptor kinase B (7kB); dentate gyrus (DG); glutamic acid decarboxylase (GAD); medial
prefrontal cortex (mPFC); nucleus accumbens (NAcc); tyrosine hydroxylase (TH)
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behavioural, neuropathological and neurochemical changes observed to date in this
model is described below.

6.3 Translation in Reverse: Neonatal DOM as a Model
of Epileptogenesis

6.3.1 It Started with Patients

In the only properly documented case of human poisoning with domoic acid, over
100 people in Montreal, Canada, became ill after consuming cultured blue mussels
(M. edulis) that were contaminated with high concentrations of DOM. Details of the
epidemiology, clinical course and post-mortem pathology are well described in a
number of sources (Perl et al. 1990; Teitelbaum et al. 1990; reviewed in
Pérez-Gomez and Tasker 2014a). Of the 107 persons that met the case definition
(47 men and 60 women), however, 12 patients were sufficiently affected to require
admission to intensive care and manifested seizures that were largely resistant to
conventional anticonvulsant therapy (Teitelbaum et al. 1990). In a few cases, the
seizures progressed to status epilepticus and sadly several of these patients died in
hospital. Of particular relevance to the current work, however, was the interesting
case of one of these patients who survived the initial poisoning event but presented
with seizures about 1 year later and was subsequently diagnosed with temporal lobe
epilepsy caused by DOM (Cendes et al. 1995). This patient died later of compli-
cations from pneumonia and on post-mortem examination was found to have
extensive cellular pathology in the hippocampus (particularly regions H1 and H3
that correspond to CA1 and CA3 in the rat), amygdala and thalamus (Cendes et al.
1995). The case was quite remarkable largely for two reasons: (1) it was the first
report of non-fatal glutamatergic excitotoxicity in humans and confirmed the
selective pattern of neuropathology produced by DOM in the human brain, and
(2) it demonstrated that exposure to DOM could induce a state of progressive
neurological dysfunction that culminated in clinical epilepsy (i.e. epileptogenesis).

6.3.2 Rats Are a Clinically Relevant Surrogate

Based largely on this report, we initiated a series of experiments to investigate the
immediate and long-term effects of DOM exposure during brain development in the
rat (see Sect. 6.2), and in 2004, we reported that administration of very low doses of
DOM during the second postnatal week resulted in an adult-onset syndrome
characterized by stage 2/3 seizure behaviour (Racine 1972) induced by exposure to
novel/stressful environments (Doucette et al. 2004). Further, and remarkably, the
pattern of cellular pathology in the hippocampal formation of these rats was almost
identical to that seen in the cases of human poisoning including cell loss in the
hippocampal subfields CA1 and CA3 (Doucette et al. 2004; Bernard et al. 2007).



Perinatal Domoic Acid as a Neuroteratogen 99

Further, these rats had extensive mossy fibre sprouting (aberrant growth of dentate
granule cell axons) which is a hallmark of seizure states (Holmes et al. 1999) (see
Fig. 2). Subsequently, we have demonstrated that the neonatal DOM rat model is
characterized by many other signs of epileptiform activity including abnormal
cortical EEG consistent with mild seizure states (Gill et al. 2010a) (see Fig. 3), a
highly significant reduction in induced general and focal seizure threshold (Gill
et al. 2010a), reductions in paradoxical (REM-like) sleep patterns when recorded by
remote telemetry (Gill et al. 2009) and selective reductions in GABA neurons in the
hippocampus (Gill et al. 2010b). Collectively, these data were sufficient to have the

Fig. 2 a Cartoon depicting mossy fibre sprouting. Normally, granule cells in the dentate gyrus
(DG) make synaptic contact with the apical dendrites of pyramidal cells in hippocampal subfield
CA3 via mossy fibres. But in seizure states, mossy fibre axons can form aberrant connections with
the basilar dendrites in CA3 and as well with dendrites of granule cells in DG. b MF axons making
contact with apical dendrites in CA3 are visualized using Timm’s stain and appear as a single
black band in the hippocampus of a saline-treated rat. ¢ A second band of staining indicating
abnormal connections with basilar dendrites in CA3 is visible in the hippocampus of a
DOM-treated rat
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Fig. 3 EEG and EMG (a)
recordings via radiotelemetry iy - Anterior
from the cortex of a male SD
rat treated with low-dose
DOM as a neonate as
described in Gill et al.
(2010a, b). a Recordings from EMG
a normally behaving rat,

b recordings during a stage
2/3 seizure induced by mild
stress and ¢ recordings
following a low dose of
pentylenetetrazol
demonstrating a significantly

reduced seizure threshold
ot b ANt EMG
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neonatal DOM rat recognized by both US and Canadian patent agencies as a novel
and useful rat model of temporal lobe epilepsy.*

6.3.3 Organotypic Hippocampal Slice Cultures

As described above, experiments in whole animals have contributed much to our
understanding of the behavioural and histopathological consequences of neurode-
velopmental exposure to low doses of DOM. But mechanistic studies necessary to
understand both molecular changes and cause-and-effect relationships within the
model are difficult in whole animals. Consequently, we have recently further
“reverse-translated” the DOM model into an in vitro system that retains the cellular
composition and principal architecture of the hippocampus: organotypic hip-
pocampal slice cultures (OHSCs) (Stoppini et al. 1991). Studies in OHSCs have
demonstrated that DOM induces neurotoxicity in a concentration-dependent

4US Patents 7034201B2, 7521589 and 7622101 and Canadian Patent CA2448647.
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manner with areas CA1 and CA3 being the most vulnerable as they are in whole
rats (and humans) (Pérez-Gomez and Tasker 2012), but moreover, a concentration
of DOM that induces only mild toxicity in CA1 in these cultures has been shown to
cause neurogenesis in the subgranular zone (Pérez-Goémez and Tasker 2012) with
accompanying mossy fibre sprouting and synaptogenesis in region CA3
(Pérez-Gomez and Tasker 2014b). The precise mechanisms responsible for these
changes are still to be determined, but we do know that they are dependent on
enhanced expression of brain-derived neurotrophic factor (BDNF) that is driven by
the transcription factor CREB (Pérez-Gomez and Tasker 2013). The enhanced
expression of BDNF in OHSC:s is consistent with our previous observations in vivo
of elevated BDNF mRNA (Doucette et al. 2004) and increases in the BDNF
receptor trkB (Bernard et al. 2007) in the hippocampus of DOM-treated rats.
Moreover, we have recently reported that DOM-induced CREB activation,
increased BDNF, neurogenesis and synaptogenesis are blocked by AMPA/kainate
antagonists but not by Ca2* channel antagonists in OHSCs (Pérez-Goémez and
Tasker 2014b).

In summary, therefore, DOM is epileptogenic in adult humans at high doses, but is
also epileptogenic in neonatal rats at doses considerably lower. Pathophysiological,
pathological and pharmacological alterations known in humans can be replicated in
neonatal rats (and cultures of neonatal brain), indicating clearly that low concentrations
of DOM during neurodevelopment induce permanent changes in the adult brain of rats
(and humans?) that are relevant to epilepsy.

6.4 More Than Epilepsy: Effects on Measures of Psychotic
Disease

Most animals, rats included, show a well-structured and stable degree of social
behaviour, and thus, measuring social behaviour is a relatively easy process. In one
study, we evaluated dyadic encounters to determine whether early domoate treat-
ment would result in rats who engaged actively in social avoidance. When tested as
adults, those male rats who were exposed to DOM as neonates demonstrated a
significant degree of social withdrawal, as was evidenced in a significant increase in
the amount of time spent in active avoidance behaviour and a significant decrease in
the amount of time spent engaged in direct social contact with a same-sex untreated
conspecific (Ryan et al. 2011). Other evidence of abnormalities in social engagement
comes from the finding that while early toxin treatment reliably produces deficits in
PPI in animals who are raised using normal husbandry practices, DOM treatment
appears to abolish deficits in isolation-induced PPI (Marriott et al. 2015). While the
reason(s) for this somewhat discrepant finding remain to be elucidated, it is note-
worthy that DOM-treated animals appear to “fair” better when housed in isolation
which may suggest that DOM treatment, in conjunction with the presumed stress of
forced social engagements, may be a part of our repeatedly reported PPI deficits.
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DOM-treated rats consistently show altered affective responses in behavioural
paradigms which are mildly to moderately stressful. For instance, when tested in the
Elevated Plus Maze, DOM-treated female rats have been shown to perform sig-
nificantly different from their saline-treated counterparts to this emotional challenge
(Gill et al. 2012; Doucette et al. 2007), and when presented with a version of the
MWM which significantly increases the complexity of the task by introducing
repeated reversal trials, DOM-treated female rats responded to the uncertainty of the
present situation by engaging in a significant degree of thigmotaxis (Adams et al.
2009). In general, thigmotaxis will decrease as the animal learns to navigate the
maze, but when challenged, these animals regress to swimming around the edge of
the pool. One interpretation of these results may be that the DOM-treated rats have
an altered emotional response to novelty, and when the environment no longer met
expectations, they had a greater deal of difficulty adapting to change. This inter-
pretation is supported by other findings wherein rats treated neonatally with DOM
displayed altered responses to novelty in the playground maze (Burt et al. 2008a).
The playground maze consisted of an elevated circular platform, with 8 objects
placed equidistant from each other around the circumference of the maze. Four
familiarization trials, separated by 24 h, were administered to each rat, during which
time rats were given 3 min to explore objects. The final trial was followed by a
novelty trial, in which one object from previous trials was replaced by a new,
previously unseen object. As expected, time spent exploring objects decreased over
successive familiarization trials. However, while both experimental and control rats
displayed exploration of the novel object, DOM-treated male rats also displayed a
surprising and unusually increase in their exploration of all objects, new and old
(Burt et al. 2008a).

Other behavioural anomalies are readily apparent in rats treated with domoic
acid during critical periods of CNS maturation. One such anomaly is the manner in
which these toxin-treated animals respond to drugs of abuse. We evaluated
drug-seeking behaviour in both adolescent and adult rats using a nicotine-induced
conditioned place preference task. It is first critical to note a few important con-
siderations one must be aware of when attempting to use nicotine in a place con-
ditioning task; these include dosage, procedures employed (i.e. biased vs. unbiased
designs) and age of testing. For instance, dosages that are considerably “too high”
will cause a conditioned place aversion, whereas doses that are “too low” will not
induce any conditioned response (CR); a biased procedure is considered to be far
more sensitive to conditioning than is an unbiased protocol; and juvenile rats are far
more sensitive to developing a conditioned place preference than are adult rat.
Thus, using what is considered to be a relatively low dose in adult rats (i.e.
0.6 mg/kg) and by employing an unbiased CPP procedure, such that CPP should
not be observed in normal rats, we were able to show a nicotine-induced condi-
tioned place preference in DOM-treated female rats which suggests an increase in
the sensitivity of the rewarding properties of nicotine—an effect that was main-
tained for at least one month (Burt et al. 2008a).
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This same dose, when administered to rats during late adolescence,” has been
readily shown to produce a conditioned place response in rats. But when
DOM-treated rats were tested in this paradigm, this CPP effect, readily apparent in
saline-treated controls, was completely abolished (Burt et al. 2008b). It may be that
with a heighted sensitivity to nicotine, in adolescent rats, this dose was sufficient to
surpass the normal appetitive properties of the drug, shifting the experience instead
to one that was mild to moderately aversive.

6.5 Changes in Cognitive Function and Attentional
Processes

On first glance, when tested on what would be considered a relatively easy cog-
nitive task, early DOM treatment seems to produce “smarter animals”. For instance,
over one week of testing in the RAM, DOM-treated adolescent rats outperformed
their saline counterparts in measures reflecting working memory®, an effect unlikely
attributable to alterations in locomotor activity or motivation levels, as no main
effects for (nor interactions with) the treatment variable were evident for either
response latency (session latency/total arms entered) or the number of reward
pellets consumed (Adams et al. 2009). Comparable effects are also found in adult
rats tested in the MWM, wherein DOM-treated rats reliably outperform their
saline-treated counterparts on many typical indices of “learning and memory”—at
least during the initial learning phase of the test paradigm (Adams et al. 2009).
However, as cognitive load increases and the tasks become more complex or
challenging, significant impairments in behavioural indices which reflect learning
and memory processes begin to manifest (Gill et al. 2012; Adams et al. 2009). For
instance, although outperforming their saline counterparts on choice accuracy
during RAM testing as adolescents (Adams et al. 2009), when retested again as
adults, DOM-treated female rats showed significantly poorer choice accuracy scores
than did saline-treated rats, suggesting impairments, at least to some degree, in
reference memory’ (unpublished observations). As adults in the MWM, while
outperforming their saline-treated counterparts during the initial learning trials
(Adams et al. 2009), once reversal tasks® were introduced, the performance of
DOM-treated rats became significantly impaired, particularly for female rats.

SAdolescence is a developmental time period wherein the typical rat is exquisitely sensitive to the
rewarding properties of nicotine.

SAssessed using entries to repeat (ERT); a reliable measure of choice accuracy in the RAM.
"Reference memory can be considered to be reflected as an inability to recall the overall “rules” of
the test procedure (i.e. in these circumstances, each arm must be entered once and only once).
8A reversal task is one in which the platform is relocated to a new quadrant after a set number of
trials. Its use in MWM testing has become commonplace as it tends to be more sensitive to subtle
deficits produced by experimental intervention (McNamara and Skelton 1993).
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Furthermore, while no group differences were found during the final probe trial,”
analyses did reveal that DOM-treated rats spent significantly greater amounts of
time in the quadrant which housed the platform in its first and original location (i.e.
prior to the reversal task) and crossed into this quadrant significantly more often,
both suggesting that these animals may be engaging in some form of perseveration.
We also reported comparable results in the MWM and in the water H maze (Gill
et al. 2012). In another study using a recency discrimination paradigm,
DOM-treated female rats have been shown to demonstrate significant temporal
memory dysfunction, evidenced in a significantly lower proportion of total
exploratory behaviour directed towards a remote object. While to some this finding
may initially seem unremarkable, it is important to note that temporal memory and
timing behaviour are fundamental cognitive abilities that allow individuals to orient
both themselves and events in time and to accurately perceive time, abilities which
are compromised in certain neuropsychiatric conditions. Thus, an ability to
demonstrate such dysfunction in laboratory animals following early low-dose toxin
treatment suggests that this model may indeed have significant clinical relevance
and importance.

An ongoing issue in the development of animal models of neuropsychiatric
disorders is the difficulty that is obviously inherent in finding common symptoms
displayed across species. For this reason, relatively simple behaviours such as
reflexes and/or simple associative tasks provide invaluable information regarding
the suitability of a particular animal model. Deficits in PPI and LI are commonly
reported in various neuropsychiatric conditions within the clinical population, and
fortuitously, PPI and LI are two such trans-species behaviours—readily assessable
in both humans and rodents alike.

Latent inhibition is a normal cognitive process whereby repeated exposure to a
non-reinforced stimulus will subsequently impair the ability of that stimulus to enter
into new associations (see Fig. 4). In traditional learning theory language, this
stimulus—termed the conditioned stimulus (CS)—upon repeated non-reinforced
presentation loses its salience and thus its ability to serve as an effective CS when
later paired with an unconditioned stimulus (US) and thus is ineffective in eliciting a
CR. This “learned inattention” presents as an adaptive mechanism for an organism
as it is believed important for the proper processing of incoming stimuli, the ability
to ignore irrelevant information and to allocate appropriate mental resources. We
have, on two separate occasions using two different paradigms, demonstrated that
early domoate treatment will reliably produce deficits in LI (Marriott et al. 2012,
2014). For instance, in one experiment, by exploiting a typical conditioned taste
aversion paradigm, we paired a novel stimulus (sucrose; CS) with the injection of a
noxious stimulus (LiCl; US), thereby inducing nausea (UR) in test animals. When

°A probe trial is one in which after a period of time following the final swim trial, the platform is
removed from the maze and rats are given a single swim trial in which they move freely in the
maze for a set amount of time. Later analyses of this trial generally include time spent in target
quadrant (i.e. area in which the platform was most recently located) and the number of annulus
crossings; both assessments are used as indices of memory.
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tested subsequently, and given a choice between sucrose and tap water, all rats
manifested a CR—the avoidance of the 5 % sucrose solution. For some animals,
prior to US/CS pairing, rats were pre-exposed to sucrose daily for 3 consecutive
days prior to conditioning. As expected, control rats demonstrated latent inhibition,
that is to say that sucrose consumption was not suppressed following the
sucrose/LiCl pairing. Domoate-treated rats, on the other hand, did not show latent
inhibition, such that the repeated pre-exposure to sucrose did nothing to diminish its
salience as a CS, as sucrose consumption was significantly suppressed (Marriott
et al. 2012) (see Fig. 4).

Prepulse inhibition (PPI) is a neurobiological phenomenon in which, when
presented with a weaker prestimulus (termed a prepulse), the reaction of an
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Fig. 4 a In conditioned taste aversion (CTA), a single pairing of food with the experience of
nausea results in a strong association between the two stimuli and consequently a strong aversion
to the food. In a latent inhibition task, pre-exposure to the food without consequence inhibits the
later formation of an association between that food substance and nausea, resulting in a lesser
degree of aversion to that food substance. b We have shown that early DOM exposure results in
impaired LI in a CTA task. DOM-treated rats demonstrated a significant aversion (CR) to sucrose
(CS), once paired with LiCl to induce nausea (US), even though they were pre-exposed to the
sucrose solution for three consecutive days prior to CS/US pairing (Marriott et al. 2012).
Abbreviations conditioned response (CR); conditioned stimulus (CS); unconditioned stimulus (US)
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Fig. 5 a The startle apparatus used for all experiments described herein (Photo Credit A. Adams
2007). b Sudden onset acoustic stimuli (pulse) will elicit a startle response measured by the
physical displacement of an accelerometer. Startle amplitude in response to the pulse can be
suppressed by the administration of a lower-decibel, non-startling prepulse. This phenomenon is
termed prepulse inhibition. For the experiments reported herein, animals received a 5-min
acclimation period to the chamber before testing. Testing was comprised of 3 blocks of trials, with
an intertrial interval for all trials averaging 15 s (ranging from 10 to 20 s) and a background white
noise level maintained at 70 dBs. Startle amplitude (defined as the average of 100 readings) was
obtained by measuring every 1 ms for 100 ms after the onset of the startle pulse. Blocks 1 and 3
consisted of 5-6 120 dBs white noise startle pulses (40 ms in length) and were used to normalize
acoustic startle responses. Block 2 data were used to determine prepulse inhibition. Using prepulse
levels of either 4, 8, 12 or 16 dBs above the background noise, %PPI was calculated by the
following formula: PPI = 100 — (P/S) * 100, where P is the average startle amplitude for prepulse—
pulse trials and S is the average startle amplitude on startle pulse-alone trials

organism to subsequent strong startling stimulus (termed a pulse) is inhibited.
Deficits of PPI manifest in the inability to filter out the unnecessary information,
and as such, they have been linked to abnormalities of sensorimotor gating which
are believed to be controlled by structures located in the lower brainstem and
mediated by input from the forebrain. PPI deficits are not typical to specific disease,
but rather tell of disruptions in particular brain circuitry. As such, deficits in PPI are
noted in patients suffering from a variety of psychiatric/neurological conditions.
Using a standard acoustic startle apparatus (SR-Lab from San Diego Instruments,
San Diego, CA, USA), we have repeatedly and reliably demonstrated that domoate
treatment during the early post-natal period produces deficits in prepulse inhibition
of the acoustic startle responselO(Marriott et al. 2012; Adams et al. 2008) (see
Fig. 5).

1%While PPI deficits are apparent in both male and female DOM-treated rats, it should be noted
that the effects of early DOM treatment were in fact impacted upon by both sex and time of day.
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7 Conclusions

The developing brain is exquisitely sensitive to insult, trauma and change, and
disturbances of normal brain development often give rise to neurological disorders
that may go undetected until later in life. In many cases, trauma appears to alter the
excitatory/inhibitory balance in the brain leading to progressive neuropathology and
consequent disturbances of normal behaviour. The environmental toxin domoic
acid is known to produce severe neurotoxicity in adult humans and wildlife, but the
experimental data presented herein support strongly that the developing brain is
permanently altered by exposure to very low concentrations of DOM. This high-
lights an issue with the current regulatory limit for DOM contamination that is
based on data in adult animals. However, the slowly progressing nature of neuro-
logical dysfunction in experimental animals exposed perinatally to DOM has also
allowed for creation and characterization of new animal models of disease (rather
than symptom) development. Such models are critical to understanding the
presymptomatic processes underlying neurological disease progression and offer
hope for identifying the molecular targets and biomarkers that are needed to
develop new therapeutic interventions to arrest or slow disease before the onset of
symptoms that adversely affect quality of life.
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Perinatal 192 IgG-Saporin
as Neuroteratogen

Laura Petrosini, Paola De Bartolo, Debora Cutuli
and Francesca Gelfo

Abstract The immunotoxin 192 IgG-saporin selectively destroys basal forebrain
cholinergic neurons that provide cholinergic input to the hippocampus, entire
cortical mantle, amygdala, and olfactory bulb. Perinatal immunotoxic lesions by
192 IgG-saporin induce long-lasting cholinergic depletion mimicking a number of
developmental disorders reported in humans. The perinatal injection of 192
IgG-saporin induces several brain modifications, which are observed in neocortex
and hippocampus at short and long term. These plastic changes involve both
structural (alterations in brain volume, neuronal morphology, and neurogenesis)
and molecular (modulations of the levels of neurotransmitters and other proteins
related to neurodegeneration) levels. Moreover, the perinatal injection of 192
IgG-saporin may interact with the brain plastic capacity to react to other injuries.
Perinatal 192 IgG-saporin lesions allowed investigating the role of the basal fore-
brain cholinergic system in modulating behavioral functions in developing as well
as adult rats. After perinatal cholinergic depletion, rats display reduced ultrasonic
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vocalizations as neonates, learning and exploratory deficits as juveniles, altered
discriminative abilities, impulsive and perseverative behaviors, and memory deficits
as adults. Overall, these findings underline the importance of cholinergic system
integrity for the development of specific structural and functional features.

Keywords 192 IgG-saporin - Perinatal lesion - Basal forebrain cholinergic
system - Neuroplasticity - Cognitive functions
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1 Introduction

Numerous studies indicate that cholinergic system is critical for the normal
development of neocortex and hippocampus. The nucleus basalis magnocellularis
and the horizontal limb of the diagonal band of Broca (NBM/DBBh) provide the
primary cholinergic afferents to neocortex, while the medial septum and the vertical
limb of the diagonal band of Broca (MS/DBBv) provide the primary cholinergic
afferents to hippocampus (Mesulam et al. 1983). These two neuronal populations,
collectively referred to as cholinergic basal forebrain (CBF) system, are critically
involved in the neuronal differentiation and synaptogenesis of their target regions.
Developmental studies showed that CBF neurons are generated prenatally fol-
lowing a distinct spatiotemporal pattern and reach their complete maturation during
the first postnatal month (see Sect. 4).

Although many works addressed the functional role of the CBF in adulthood,
substantially fewer researches addressed its role during development. In general, the
functional role of a neurotransmitter can be quite different during development as
compared to adulthood. In fact, developmental lesions affect a forming system and
alter its course of development, while adult lesions impact on an already functional
network. Therefore, it is not surprising that developmental damage to a
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neurotransmitter system can have consequences very different from similar damage
occurring in adulthood.

In this chapter, the consequences of the perinatally induced absence (or dramatic
reduction) of CBF system on brain structure and function will be reviewed, taking
into account studies that used the 192 IgG-saporin as neuroteratogen.
192 IgG-saporin is a highly efficient and selective immunotoxin for lesioning the
CBF either in adulthood or in the early postnatal life. Understanding mechanisms by
which cholinergic insults affect brain development is important since a lot of
developmental disorders reported in humans, including Down syndrome, Rett syn-
drome, and hypothyroidism, as well as perinatal exposure to environmental con-
taminants, are reported to involve cholinergic impairment (Berger-Sweeney 1998).

2 Immunolesioning Techniques

Immunolesions use anti-neuronal monoclonal antibodies to selectively deliver
citotoxins to only those neurons bearing surface moieties recognized by the anti-
bodies. Immunolesioning can destroy a specific type of neurons locally or after
axonal suicide transport from the injection site, thus combining selectivity for both
anatomical region and cell type.

Immunotoxins are composed of monoclonal antibodies conjugated to various
ribosome-inactivating proteins (RIPs). The monoclonal antibody component of an
immunotoxin binds to specific cell-surface molecules to result in endocytosis of the
antibody and its coupled RIP. Once internalized, the RIP component inhibits pro-
tein synthesis, catalytically inactivating ribosomes and resulting in cell death. If
immunotoxin binds to nerve terminals or axons present at the injection site, it is
internalized by receptor-mediated endocytosis and then by retrograde axonal
transport travel to neuronal cell bodies, where the RIP acts to inhibit protein syn-
thesis. If immunotoxin binds to antigen-bearing soma present at the injection site,
then axonal transport is obviously not necessary to deliver the toxin.

The first immunotoxin reported to be effective in provoking neuronal lesions is
OX7-saporin that consists of the monoclonal antibody OX7 coupled to saporin.
Saporin is an often used RIP derived from the plant Saponaria Officinalis (soap
wort). Given OX7 recognizes Thy-1, an abundant surface molecule present on all
neurons, the resulting immunotoxin OX7-saporin is not selective for a specific type
of neurons. For a review, see Wiley (1992).

3 192 IgG-Saporin

The first type-selective anti-neuronal active in vivo immunotoxin is the 192
IgG-saporin. It consists of the monoclonal antibody 192 IgG which is disulfide
coupled to saporin. The antibody component is directed against low-affinity rat
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nerve growth factor (NGF) receptor (p75~®). Targeting p75N°'® serves as an
ideal way to selectively lesion the CBF neurons because only the cholinergic
neurons express p75™ '~ in the rat basal forebrain. Cholinergic neurons possess
p75NC'FR while neurons containing other neurotransmitters of the same region do
not express detectable levels of such a receptor. NGF plays a role in the mainte-
nance of function of the CBF neurons which express p75N°® (Thomas et al. 1991).
When injected, 192 IgG-saporin binds to the surface of p75~C'} bearing neurons
and is internalized by endocytosis. Once in the cytoplasm, the saporin moiety
escapes endosomes and enzymatically inactivates the large ribosomal subunit
halting protein synthesis and leading ultimately to cell death. For a review, see
Wiley (1992).

4 Development of the Rodent Cholinergic Basal Forebrain

In the rodents, CBF neurons provide the major source of cholinergic innervation for
the entire neocortex, hippocampus, amygdala, and olfactory bulb. CBF is a con-
tinuum of several overlapping nuclei with divergent efferent pathways such that a
single projection field is not exclusive of a particular nucleus.

CBF neurons are generated during the embryonic days (E) (in rats between E12
and E17, and in mice between E11 and E16) (Bayer et al. 1993; Semba and Fibiger
1988). Just after their neurogenesis, in both rats and mice, the cholinergic neurons
begin to send projections toward their cortical targets, entering neocortex in the first
postnatal week (Coyle and Yamamura 1976; Berger-Sweeney 1998). Conversely,
cholinergic innervation of hippocampus occurs a little bit later, in the second
postnatal week (Linke and Frotscher 1993). The timing of the CBF innervation of
its targets overlays the entire dynamic period of synaptogenesis and differentiation
in these areas. So, it is reasonable to expect that the interruption of the CBF
innervation during these critical periods would influence differentiation and mor-
phogenesis in the neocortex and hippocampus (see Sect. 6).

5 Effectiveness of Perinatal 192 IgG-Saporin Lesions

To induce CBF degeneration in the perinatal period, 192 IgG-saporin is adminis-
trated by intracerebroventricular (i.c.v.) injection (Berger-Sweeney 1998; Leanza
et al. 1996). No depletion of calbindin-immunoreactive Purkinje cells is found in
the cerebellum of perinatally lesioned rats (Leanza et al. 1996). This finding is
visibly in contrast to the extensive Purkinje cell loss described after the immuno-
toxin i.c.v. administration in adult rats (De Bartolo et al. 2009; Waite et al. 1995)
and may reflect a lower expression of p75~N°™® in the Purkinje cells of immature
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rats, as compared to adult animals. This difference points to the perinatal
immunolesion as an effective model to address the effects of CBF damage without
the confounding presence of cerebellar damage.

Immunolesions performed in rats during the first postnatal week produce mas-
sive and selective loss of cholinergic neurons, both in the MS/DBBv and in the
NBM/DBBh, which is paralleled by marked reduction of the catalytic enzyme
CholineAcetylTrasferase (ChAT) activity levels in the hippocampus and neocortex.
The 192 IgG-saporin effects are long-lasting. In fact, after 3-8 months from the
perinatal lesion, the cholinergic cell loss in the MS/DBBv and NBM/DBBAh, and the
depletion of hippocampal and cortical ChAT activity are of a magnitude similar to,
or even greater than, those observed in 4-5 weeks after the lesion (Leanza et al.
1996; Wenk et al. 1994). The damage extent is dose-dependent. The optimal dose
of 192 IgG-saporin producing high reduction of ChAT and cholinergic neurons
without nonspecific toxicity or animal death is reported to be 0.4 pg/ventricle
(Leanza et al. 1995). The effects induced by perinatal immunolesion may be milder
than those observed following i.c.v. administration in adult rats (Leanza et al.
1995). In fact, at the optimal dose for perinatal immunolesion (0.4 pg/ventricle), a
72 % loss of cholinergic neurons was observed in the MS/DBBv after 4-5
post-lesional weeks, compared to the 96 % depletion observed following injection
of the optimal dose (5 pg/ventricle) in adult rats (Leanza et al. 1996). This does not
apply to the NBM/DBBh, where the cell loss was comparable after both treatments
(93 and 90 %, respectively). Similarly, the reduction in hippocampal ChAT activity
levels showed by the perinatally lesioned animals (about 70 %) did not reach the
level of reduction (about 80-90 %) showed by the rats lesioned when adults, while
the extent of prefrontal ChAT depletion was similar after both treatments.
A possible explanation of the lower cholinergic depletion observed in neonatally
lesioned rat is that the CBF of developing rat exhibits low p75N°™ expression
during the first postnatal week and shows a p75~ 'R concentration peak only
between the first and the second postnatal weeks (Leanza et al. 1996). Thus,
perinatal 192 IgG-saporin lesions performed from the second postnatal week would
allow inducing a damage in a neuronal system whose maturation stage is already
comparable to that of adult animal, given that cholinergic fibers projecting to the
hippocampus show a late development, as previously described (Berger-Sweeney
1998).

6 Structural and Biochemical Effects of Perinatal 192
IgG-Saporin

A number of studies were conducted with the aim to investigate the effects of the
perinatal injection of 192 IgG-saporin on brain structure and biochemistry. The
brain modifications that follow immunotoxin injection provide a powerful example
of what the brain neuroplasticity is able to operate. Neuroplasticity is the nervous
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system ability to structurally and functionally change in response to virtually every
experience, with the production of transient or enduring adjustments (Kolb and
Teskey 2012). The perinatal injection of 192 IgG-saporin induces several short- and
at long-term brain modifications either at structural (altered brain volume, neuronal
morphology, and neurogenesis) or at molecular (modulated levels of neurotrans-
mitters and neurodegeneration-related proteins) level.

Early studies on this topic regarded gross indices, such as brain weight and
volume, and cortical thickness. Robertson et al. (1998) showed that the unilateral
injection of 192 IgG-saporin (0.1-0.2 ng) executed at the postnatal day (pnd) 0-2
induced a 10 % reduction in neocortical thickness, detectable since pnd 8 and
observable until 3 months of age. Similarly, Ricceri et al. (2002) showed that
bilateral injections (0.5-1 pl of 192 IgG-saporin 0.2 pg/ul) at pnd 1-3 induced a
reduction of the total cortical thickness at pnd 7. Conversely, Pappas et al. (1996)
found that bilateral injections of 192 IgG-saporin (0.2 pg) at pnd 7 did not affect
cortical thickness in adulthood (70-80 pnd). This bulk of findings seems to support
the hypothesis that the CBF projections to neocortex are critical for its normal
morphological development. When the typical developmental course is altered in
the first postnatal week, these cortical neurons form abnormal synaptic contacts that
may lead to malformations in the cortical networks (Berger-Sweeney 1998). On the
other hand, cholinergic depletion at pnd 7 could have more negligible effect on
cortical organization development and induce adult-like consequences on brain
morphology (Ricceri et al. 1997). Nevertheless, in a more recent study, Koh et al.
(2005) documented that even when executed at pnd 8, the unilateral injection of 192
IgG-saporin (2 pg) reduced brain weight at 10 days after the lesion. In accordance,
at a microscope inspection, cortical and hippocampal neurons appeared of reduced
size and more densely packed, suggesting that neuropil loss had occurred. Thus, the
different effects of the injection of 192 IgG-saporin on brain regional volumes may
not depend on (or not only on) the lesion day, but also on the dosage of the
immunotoxin injected and/or on the time at which the effects are investigated.

Similar inconsistencies are provided by the studies that addressed more subtle
changes in cortical and hippocampal neuronal morphology after perinatal injection
of 192 IgG-saporin. Robertson et al. (1998) showed that unilateral injection of 192
IgG-saporin (0.1-0.2 pg), executed at pnd 0-2, induced a reduction of soma size,
apical dendritic branching and spine density in the visual cortex layer-V pyramidal
neurons, without changes in basal dendritic spine density. On the other hand,
investigating the effects of the injection of 192 IgG-saporin at pnd 7, a number of
studies obtained contrasting findings. Sherren and Pappas (2005) found at about
5.5 months of age that a pnd 7 dosage of 0.6 pg induced a reduction in apical and
basal dendritic branching and spine density in layer-V prefrontal pyramidal neu-
rons, as well as a reduction of dendritic branching without spine density modifi-
cations in layer-II/III retrosplenial neurons. Similar reductions were described by
Fréchette et al. (2009) in hippocampal CA1 pyramidal neurons, after 8 weeks from
the injection of 192 IgG-saporin (0.3 pg). Conversely, De Bartolo et al. (2010)
reported that the injection of 0.2 ug of 192 IgG-saporin induced after 4.5 months
the increase of the spine density in apical and basal dendrites in layer-III parietal
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pyramidal neurons. In this case, the increase in spine density was interpreted as a
compensatory response to the cholinergic deafferentation. Actually, both increase
and decrease of spine density are reported as outcome of an injury, such as a
deafferentation (Fiala et al. 2002). In fact, both patterns may be the results of
readjustments in brain networks to keep neuronal firing within a desirable range,
and to produce compensatory reactions in the circuit excitability, thus
re-establishing the baseline firing rate set point (Nahmani and Turrigiano 2014).
However, the increase in spine density could also execute just a “mechanical”
function finalized to prevent lesion-induced atrophy of dendritic branching
(Harmon and Wellman 2003). The hypothesis that the spines might provide pro-
tection against dendritic atrophy is supported by evidence that in frontal pyramidal
neurons of aged rats with forebrain cholinergic lesions spines did not increase
(Harmon and Wellman 2003) and dendritic branching decreased (Works et al.
2004). Nevertheless, an increase in spines does not necessarily imply an increase in
functional synapses. A study of slice preparations of hippocampal neurons showed
that new spines form even when synapses are inactivated and persist for many hours
in the absence of any functional activity (Kirov and Harris 1999). A recent in vivo
study (Arellano et al. 2007) reported the existence of non-synaptic spines in the
mice neocortex, indicating that dendritic spines might not be used to form synaptic
contacts. In conclusion, following the perinatal injection of 192 IgG-saporin at pnd
7, the function of dendritic spine and branching controversial readjustments has still
to be defined. The immunotoxic dosage, the time at which the effects are investi-
gated, and the brain area analyzed may influence morphological outcomes and lead
to conflicting findings.

Perinatal 192 IgG-saporin injection has been demonstrated to affect adult hip-
pocampal neurogenesis, that is the generation of new cells that integrate themselves
in pre-existing neural networks, highly contributing to the hippocampal function of
acquiring new memories (Lledo et al. 2006; Deng et al. 2010). Pnd 7 injection of
192 IgG-saporin (0.3 pg) induced after 8 weeks a reduction in proliferation
(Fréchette et al. 2009), but not in differentiation and survival (Rennie et al. 2011) of
hippocampal neurons. The most plausible explanation for these results is that the
perinatal lesion induces in adulthood an acceleration of the death of newborn cells,
but no change on the overall proportion of the survived neurons or on the phe-
notypic differentiation. In fact, it has been advanced that the cholinergic system
plays a survival-promoting role for neuronal progenitors and immature neurons,
similar to the effects observed during brain development (Cooper-Kuhn et al. 2004).

As for molecular changes, the perinatal injection of 192 IgG-saporin affects also
molecular processes that support the normal brain functioning in adulthood. Some
studies demonstrated that a cholinergic deafferentation is able to induce alterations
in the functioning of other neurotransmitter systems. 192 IgG-saporin injection (0.2,
0.4, or 0.8 pg) at pnd 4 after 5 weeks induced a general increase in brain nora-
drenalin and dopamine levels, with dose- and region-dependent differences. These
changes remained even after 3 months from lesion (Leanza et al. 1996). Similarly,
when the 192 IgG-saporin (0.2 pg) was injected at 7 pnd, the cortical and hip-
pocampal noradrenalin levels increased at 70-80 pnd (Pappas et al. 1996).



118 L. Petrosini et al.

Interestingly, perinatal cholinergic deafferentation induces alterations also in neu-
rochemical markers reported to be relevant in the human decline from mild cog-
nitive impairment to Alzheimer’s Disease dementia (Sarter and Bruno 2004). The
pnd 7 injection of 192 IgG-saporin (0.2 pg) decreased after 6 months the levels of
hippocampal cyclooxygenase-2 protein and mRNA and of cortical and hip-
pocampal presenilin 1 and 2 mRNA. Conversely, amyloid precursor protein levels
were unaffected (Ricceri et al. 2004).

Finally, it is noteworthy that perinatal injection of 192 IgG-saporin may interact
with the brain capacity to positively react to other injuries. As an example, pups
exposed to unilateral 192 IgG-saporin injection (0.1 or 0.2 pg) at pnd 1 and suc-
cessively to bilateral removal of the C-line whisker follicles exhibited reduced
expansion of D row barrels and decreased D/C ratio after 7 days (Zhu and Waite
1998). Thus, perinatal cholinergic depletion can undermine the learning-dependent
reorganization of cortical map representations and perhaps also the ability of the
brain to keep itself in good repair in response to injury (Conner et al. 2003).

7 Behavioral and Cognitive Outcomes of Perinatal 192
IgG-Saporin

The short- and long-term effects of perinatal 192 IgG-saporin lesions have been
extensively examined in a variety of behavioral paradigms. In the following, we
review the results of the bulk of studies on how perinatal cholinergic depletion
affects rats’ behavioral repertoire earlier in development and later at adulthood.

7.1 Short-Term Effects of Perinatal 192 IgG-Saporin

The many studies on behavioral effects of perinatal cholinergic lesions before
weaning (about pnd 21) provide new insights into the physiological role of the CBF
in regulating cognitive and behavioral development.

Following pnd 7 192 IgG-saporin injections, learning impairment was evident
on pnd 15 in a multi-trial version of passive avoidance (paradigm adapted to
developing pups). In this task, the animal is placed in a white and lighted com-
partment and has to withhold a spontaneous escape response (entering a dark
compartment) in order to avoid a mild aversive foot-shock. Pnd 7 192 IgG-saporin
injection induced deficits no more evident on pnd 23-24, age in which the
multi-trial paradigm of the passive avoidance has become too easy (Ricceri et al.
1999). Moreover, after pnd 1, 192 IgG-saporin injection no deficits were evident on
pnd 15, given the neocortical cholinergic loss was too mild to alter behavioral
responses (Ricceri et al. 1997). Interestingly, due to the larger extent of cholinergic
damage, pnd 1 + 3 192 IgG-saporin lesions resulted in impaired passive avoidance
learning even at pnd 15 (Ricceri et al. 2002).
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Pnd 7 immunotoxic lesions induced alterations also in the open field test per-
formed on pnd 19. Namely, 192 IgG-saporin injection markedly decreased wall
rearings and time spent in exploring objects (Ricceri et al. 1997; Scattoni et al.
2003), suggesting that the perinatal cholinergic lesions altered the patterns of
exploration of a novel environment. However, no significant deficits in spatial
learning were found in pnd 7 192 IgG-saporin-injected rats tested in the Morris
water maze 3 weeks after the lesion (Silveira et al. 2002).

The effects of perinatal 192 IgG-saporin injections have been evaluated also on
ultrasonic vocalization (USV), a behavior strictly implied in mother—pup interaction
and controlled by cholinergic system (Kehoe et al. 2001). Pnd 7 192 IgG-saporin
injections markedly reduced the number of USV emitted on pnd 9-11 and 13,
whereas the same effects were no longer evident on pnd 14, probably because of the
normal dramatic decrease in the number of USV occurring in the third postnatal
week (Branchi et al. 2001; Scattoni et al. 2005). A reduction of USV, not
accompanied by any mnesic deficit, was also found in pnd 7 192
IgG-saporin-injected rats when tested in the fear conditioning task on pnd 18
(Ricceri et al. 2007). In contrast, using a paradigm of maternal potentiation con-
sisting of pup isolation and subsequent reunion with the mother, no USV differ-
ences were found on pnd 13 in pnd 7 192 IgG-saporin-lesioned rats, since a brief
reunion with the mother similarly induced a marked USV increase in both lesioned
and control rats (Ricceri et al. 2007). It is noteworthy that cholinergic depletion at
birth (pnd 0), even if not impacting on the general development of pups, is able to
affect the acoustic structure of infant USV. Anyway, given this altered vocalization
did not affect maternal care, it can be advanced that the subsequent behavioral
deficits induced by 192 IgG-saporin are the direct result of cholinergic depletion
rather than of abnormal mother—pup interactions (Kriiger and Hanganu-Opatz
2013).

7.2 Long-Term Effects of Perinatal 192 IgG-Saporin

Most of the studies on pups injected with 192 IgG-saporin on pnd 4 and pnd 7
failed to reveal consistent impairments in spatial learning and memory in adult rats
tested in the Morris water maze (De Bartolo et al. 2010; Leanza et al. 1996; Pappas
et al. 1996; Ricceri et al. 1999; Sherren et al. 1999). However, in a few cases, mild
effects consisting of initial longer latencies to find the hidden platform, less direct
navigational trajectories, and increased swimming velocity in Morris water maze
were reported (De Bartolo et al. 2010; Ricceri et al. 1999; Sherren et al. 1999). Only
when tested in the Morris water maze at 22 months of age, pnd 7
IgG-saporin-injected rats exhibited a dramatic impairment in learning the hidden
platform location (Pappas et al. 2005). This result indicates that the cognitive effects
of perinatal cholinergic lesions may become more severe in aging, as a result of the
added effects of aging on the cholinergic system functioning.
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Studies using different, less stressful spatial tasks, such as the open field with
objects, succeeded in showing behavioral deficits of perinatal 192 IgG-saporin
lesions at adulthood (De Bartolo et al. 2010; Ricceri et al. 1999, 2002). The open
field with objects is a non-aversive task in which spontaneous response to both a
new spatial rearrangement of familiar objects and to a novel object can be mea-
sured. Interestingly, perinatal 192 IgG-saporin lesions on pnd 1 + 3 or pnd 7 did not
interfere with locomotor activity or exploration of novel objects, but they selec-
tively altered spatial discrimination making adult animals unable to recognize the
occurrence of changes in the spatial relationships among the objects. In fact, when a
spatial rearrangement of familiar objects was presented in the arena, perinatally 192
IgG-saporin-lesioned adult rats did not show any selective interest toward the
displaced objects, as control rats did. Reinvestigation of the displaced objects by a
rat implies that an internal representation of the topographical arrangement of the
objects has been formed and then it is compared with the new arrangement.
Perinatal cholinergic depletion selectively impairs spatial novelty discrimination.
This impairment could be ascribed both to memory deficits in the spatial mapping
ability and to attentional deficits in acquiring or encoding relevant spatial infor-
mation from the environment. In any case, perinatal 192 IgG-saporin lesions seem
to induce mild spatial deficits, limited to the detection of subtle modifications of the
spatial relationships among the objects and not of greater magnitude modifications,
such as the exposure to a novel object.

When tested in high-demanding tasks as adults, pnd 7 192 IgG-saporin-injected
rats showed more severe deficits. Namely, during the operant conditioning test, 192
IgG-saporin-lesioned animals preferred small but immediate reinforces to large but
delayed rewards (Scattoni et al. 2006). Such an elevated intolerance to delay is an
index of increased impulsivity most likely linked to alterations in the modulatory
influence of CBF on prefrontal cortex function (Dalley et al. 2004). In addition, pnd
7 192 IgG-saporin-lesioned animals were significantly impaired in accomplishing
the radial arm maze and delayed spatial alternation tasks as they showed increased
working and reference memory errors, as well as perseverative behaviors (De
Bartolo et al. 2010; Pappas et al. 2000, 2005; Scattoni et al. 2006).

Finally, when examined at adulthood in a non-spatial associative memory task,
such as social transmission food preference test, pnd 7 192 IgG-saporin-injected
rats showed significant memory impairment (Ricceri et al. 2004). In this food
preference task, after interacting with conspecifics previously fed on a particular
cued food (demonstrators), observer rats exhibit enhanced cued-food preference
that lasted up to 1 month (Galef and Whiskin 2003). Olfactory messages passed
from demonstrators to observers through demonstrators’ breath and this process
required the integrity of hippocampal function (Galef 2002). In pnd 7 192
IgG-saporin-injected rats, the socially transmitted food preference extinguished
dramatically earlier, lasting less than 4 h. A neophobia test conducted on the same
animals demonstrated that the lack of preference toward the cued-food found in
perinatally lesioned animals was a mnesic deficit, not due to a mere reduced
motivation toward novel food stimuli (Ricceri et al. 2004).
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8 Summary

The introduction of immunotoxic lesioning methods has proved to be a valuable
tool in investigating the function of developing ascending cholinergic systems. The
perinatally injected immunotoxin 192 IgG-saporin causes selective, long-lasting
loss of the CBF neurons, inducing in turn a lot of effects on brain structure and
function visible either at short and long term.

Several studies demonstrated that the perinatal injection of 192 IgG-saporin
induces a number of acute and long-lasting brain modifications, which are observed
in neocortex and hippocampus. These plastic changes involve both structural
(alterations in brain volume, neuronal morphology, and neurogenesis) and molec-
ular (modulations of the levels of neurotransmitters and neurodegeneration-related
proteins) levels. A number of factors, such as lesion day, immunotoxin dosage and
timing of analysis may induce differences in lesion outcomes.

The effects of perinatal selective immunotoxic lesions on the rats’ behavioral
repertoire analyzed earlier in development as well as later in adulthood have been
examined by means of various behavioral paradigms. In particular, after perinatal
cholinergic depletion, rats display reduced USV as neonates, and deficits in passive
avoidance learning and exploration of novel environments as juveniles. Moreover,
perinatally 192 IgG-saporin-lesioned rats exhibit altered reactions to spatial novelty,
as well as impulsive, perseverative, and mnesic deficits when tested in high
demanding tasks as adults. In conclusion, short- and long-term effects of perinatal
cholinergic lesions appear to be task-specific and depend on the amount of
cholinergic depletion due to the age at which pups are lesioned.
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NGF in Early Embryogenesis,
Differentiation, and Pathology
in the Nervous and Immune Systems

Luisa Bracci-Laudiero and Maria Egle De Stefano

Abstract The physiology of NGF is extremely complex, and although the study of
this neurotrophin began more than 60 years ago, it is far from being concluded.
NGF, its precursor molecule pro-NGF, and their different receptor systems (i.e.,
TrkA, p75NTR, and sortilin) have key roles in the development and adult physi-
ology of both the nervous and immune systems. Although the NGF receptor system
and the pathways activated are similar for all types of cells sensitive to NGF, the
effects exerted during embryonic differentiation and in committed mature cells are
strikingly different and sometimes opposite. Bearing in mind the pleiotropic effects
of NGF, alterations in its expression and synthesis, as well as variations in the types
of receptor available and in their respective levels of expression, may have pro-
found effects and play multiple roles in the development and progression of several
diseases. In recent years, the use of NGF or of inhibitors of its receptors has been
prospected as a therapeutic tool in a variety of neurological diseases and injuries.
In this review, we outline the different roles played by the NGF system in vari-
ous moments of nervous and immune system differentiation and physiology, from
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embryonic development to aging. The data collected over the past decades indicate
that NGF activities are highly integrated among systems and are necessary for the
maintenance of homeostasis. Further, more integrated and multidisciplinary studies
should take into consideration these multiple and interactive aspects of NGF
physiology in order to design new therapeutic strategies based on the manipulation
of NGF and its intracellular pathways.

Keyword Neurotrophin - proNGF - NGF receptors - Neuronal degeneration -
Inflammation

Abbreviations

CGRP  Calcitonin gene-related peptide

CIPA Congenital insensitivity to pain with anhidrosis
CNS Central nervous system
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1 The Discovery of NGF

The discovery of nerve growth factor (NGF) is intimately linked to the development
of the nervous system. More than sixty years ago, Levi-Montalcini’s pioneer studies
on nervous system differentiation, using Cajal’s silver staining technique in chick
embryos, lead to the identification of NGF (Levi-Montalcini 1987).
Levi-Montalcini’s scientific background as a neuroanatomist prompted her to
re-investigate the effects of limb extirpation on the nervous system in chick
embryos and to hypothesize that contrary to the prevailing opinion of the time, limb
ablation resulted in a massive neuronal degeneration due to the impossibility of the
neurons to form synapsis with their end organs. The massive death of peripheral
neurons was also observed in normal chick embryos between E6 and E12, sug-
gesting that there were more neurons in the developing nervous system than the
periphery could support. This intuition was confirmed in experiments with super-
numerary limbs, while an unexpected clue for the interpretation of this phenomenon
was provided by the transplantation of solid tumors in chick embryos
(Levi-Montalcini and Hamburger 1951). Here, the enlarged size of sensory and
sympathetic ganglia, the increased number of surviving neurons, the abnormal
distribution of fibers, that not only penetrated the sarcoma but also invaded the
embryo viscera and the lumen of the veins, suggested that the tumor was releasing
an unknown factor able to control the growth and survival of sensory and sym-
pathetic neurons. The possibility to purify the newly discovered factor in huge
amounts from male mouse submaxillary glands (Levi-Montalcini and Cohen 1960)
and to produce antibodies against NGF (Levi-Montalcini and Booker 1960) was
instrumental in understanding that the target organ, by producing limited amounts
of NGF, was responsible for the survival of peripheral neurons during development.
In vivo NGF deprivation, using neutralizing NGF antibodies, demonstrated, in a
number of animal models, a massive destruction of immature sympathetic cells and
a marked reduction in sensory neurons in dorsal root ganglia (DRG) (Levi
Montalcini and Angeletti 1968; Aloe et al. 1981). Even though the technical
approach at that time was limited to morphological and biochemical analysis, these
findings, demonstrating the existence and effects of NGF, still represent a milestone
in neurobiology. This was the beginning of what has been called “The NGF saga,”
since the spectrum of NGF activities is much broader and more complex than that
was initially imagined (Levi-Montalcini 1997). More than 60 years after the dis-
covery of NGF, our knowledge of its properties and functions is far from complete,
as is evident from the astonishing number of papers published every year on NGF.

The study of NGF is indeed still a fertile terrain of discovery, as shown by the
recent findings of a variety of biological activities of the immature form of NGF
(pro-NGF) and the critical balance between pro-NGF and NGF concentrations
within tissues for their neurotrophic activity, mediated by different receptors (i.e.,
p75NTR versus TrkA) and intracellular signaling pathways.
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2 The NGF System: NGF Precursor, Mature Forms,
and Their Receptors

NGF, isolated from mouse salivary glands, is a complex comprising three subunits:
o, B, and y, where only the 3 subunit has a biological effect (Bax et al. 1997). This
high molecular weight complex, also known as 7S NGF, because of its sedimen-
tation velocity, is present only in the mouse. In other species, NGF is present only
as the P subunit, a dimer of two identical monomers of 118 amino acids, held
together by non-covalent bindings. The crystallographic analysis of murine -NGF
shows that each monomer has an elongated shape and comprises antiparallel pairs
of B-strands, forming a flat surface and four B-hairpin loop regions (McDonald et al.
1991). The monomer is also characterized by three disulfide bridges arranged in a
peculiar ring structure, known as a “cysteine knot” that, first described for NGF, is
also common to other growth factors (McDonald and Hendrickson 1993). The two
monomers associate through the flat region (which is rich in hydrophobic residues)
that gives stability to the homodimer, which shows a high association constant.
NGF is synthesized in the endoplasmic reticulum as an immature form of 241
amino acids—the proNGF—which is either processed in the Golgi network within
secretory vesicles by furin and other convertases (Seidah et al. 1996), or released in
immature forms of different molecular weights, due to alternative splice variants
and different levels of glycosylation (Bierl et al. 2005; Bierl and Isaacson 2007). In
the extracellular space, pro-NGF is either processed into mature NGF by plasmin or
rapidly degraded by metalloproteinases (Bruno and Cuello 2006). ProNGF has
recently received attention because it appears to have biological effects (Lee et al.
2001) that are distinct from, or even opposite, to those of mature NGF in certain cell
types (D’Onofrio et al. 2011). In vivo studies have shown that the prevalent form
present in the brain (Fanhestock et al. 2001) and peripheral nervous tissues (Bierl
et al. 2005) is proNGF and not the mature NGF. Levels of proNGF in the brain are
also increased during aging (Bierl and Isaacson. 2007), in neurodegenerative dis-
eases (i.e., Alzheimer’s and Parkinson’s diseases) (Fanhestock et al. 2001; Xia et al.
2013) and diabetic encephalopathy (Soligo et al. 2015).

Studies of the sequence of NGF led to the discovery of other molecules, sharing
a high level of sequence homology with NGF and together constituting the neu-
rotrophin family (Ebendal 1992). Neurotrophins are structurally related proteins,
and all are key factors in the development and physiology of the nervous system. In
addition to NGF, the neurotrophin family includes brain-derived neurotrophic
factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin 4/5 (NT-4/5). These
neurotrophins have been found in all vertebrates, while two additional neu-
rotrophins, closely related to NGF, neurotrophin-6, and neurotrophin-7, have been
found only in fish, and Lf-NT and Mg-NT have been isolated only in lamprey and
Atlantic hagfish (Agnatha) (Hallbodk 1999; Lanave et al. 2007). Molecular evo-
lution studies have shown that neurotrophins evolved early in vertebrate history,
and the phylogenetic tree suggests the duplication of an ancestor NGF gene in two
clusters of genes, one including NGF, NT-3, and NT-6/7 and the other comprising
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BDNF and NT-4/5. A second duplication separated the BDNF gene from that of NT-
4/5 and the NGF gene from that of N7-3, leading to the formation of a variety of
proteins that have acquired multiple functions during the evolution of the vertebrate
nervous system with its increasing complexity (Hallbodk 1999). The rate of evo-
lution of the NGF gene has been higher than that of other neurotrophin genes
(Lanave et al. 2007), and this could possibly explain the greater diversity and
complexity of functions requiring NGF, both within and without the nervous sys-
tem, in comparison with the more conserved functions that require BDNF and NT-3
(Lanave et al. 2007).

The biological effects of NGF are directly dependent on its initial binding to
specific cell surface receptors: p7SNTR, a 75 kD glycoprotein, that belongs to the
TNF receptor superfamily, and TrkA, a transmembrane tyrosine kinase of 140 kD.
p75NTR is also known as a pan-neurotrophin receptor because it also binds the
other neurotrophins with similar affinity, while the transmembrane tyrosine kinases,
TrkA, TrkB, and TrkC, bind more specifically NGF, BDNF, and NT-3, respectively
(Rodriguez-Tébar et al. 1991). Phylogenetic analysis of the #rk genes shows that
they originate from duplications of an ancestral gene during vertebrate evolution.
These multiple #rk genes coevolved in parallel with the neurotrophin genes,
allowing preferred ligand-receptor interactions and the development of specific
functions in different cell populations (Hallbook 1999).

The structure of TrkA is characterized by an extracellular domain that contains
cysteine repeats, leucine-rich repeats, and two immunoglobulin domains, the sec-
ond of which is the site that interacts with NGF. The binding of NGF to TrkA
induces receptor dimerization and phosphorylation of specific tyrosine residues
(Kaplan et al. 1991), which act as docking sites for cytoplasmic adaptor proteins
that activate intracellular pathways (Fig. 1). Numerous studies have demonstrated
that the activation of TrkA signaling regulates the survival and differentiation of
neuronal cells. The best known pathways activated by NGF trough TrkA are the
phosphatidylinositol 3-kinase (PI3K), MAPK, and PLC-y (Reichardt 2006). The
binding of Shc to the phosphorylated tyrosine residue Y490 leads to the activation
of PI3K and the phosphorylation of Akt. Activation of Akt results in the inhibition
of the forkhead transcription factor FKHRLI1, which controls the transcription of
pro-apoptotic genes such as Bim and Fas ligand (Fukunaga et al 2005), and in
inhibition of GSK-3f, a point of convergence of many signaling pathways that
influence the transcription of CREB, AP-1, and NF-xB (Beurel et al. 2010). The
activation of PI3K pathway in neurons is involved in the maintenance of survival
and in promoting axonal elongation.

The binding of Shc to residue Y490 also allows the recruitment of Grb2 and Sos,
which leads to the activation of Ras and the downstream MAPK pathway, which
results in Erk activation and CREB transcription. This pathway has a key role in
regulating neuronal survival and differentiation.

Phosphorylation of the TrkA residue Y785 induces activation of PLC-y and the
formation of diacylglycerol (DAG) and inositol triphosphate (IP3). The increase in
IP3 releases Ca™ from the intracellular stores, thus activating calcineurin and other
enzymes sensitive to Ca*™" levels. The accumulation of DAG induces activation of
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Fig. 1 The binding of NGF to TrkA dimers induces phosphorylation of tyrosine residues in the
intracellular domain that results in activation of specific pathways. The presence of p75NTR
increases the affinity and specificity of TrkA for NGF. p75NTR can interact with other
co-receptors (i.e., sortilin, NogoR) and activates different intracellular adaptors and signaling
pathways regulating a broad spectrum of diverse cellular responses

protein kinase C (PKC), which is involved in neurite outgrowth (for more detailed
reviews on TrkA signaling see Reichardt 2006; Uren and Turnley 2014).

The majority of studies on TrkA signaling have been performed using either a
cellular model of mouse pheochromocytoma, the PC12 cell line (Greene 1978),
which in the presence of NGF differentiates in sympathetic neurons, or primary
neuronal cells derived from different areas of the nervous system. The intracellular
pathways activated by NGF binding to TrkA in non-neuronal cells are similar to
those described in neuronal models, although they regulate other cell functions
(Barouch et al. 2001; Torcia et al. 2001). For example, in masts cells, NGF acts as a
chemotactic factor by binding to TrkA and activating MAPK and PI3K signaling
(Sawada et al. 2000). However, in monocytes, NGF binding to TrkA plays a key
anti-inflammatory role by activating the PI3K pathway and inhibiting the synthesis
of inflammatory cytokines (Prencipe et al. 2014).

The expression of TrkA is considered necessary and sufficient to elicit NGF
biological responses, but the role and contribution of p7SNTR to NGF signaling
and function is still debated and far from being univocally defined. For a long time,
the role of p75NTR was considered limited to facilitating TrkA functions and
enhancing its specificity. Indeed, the co-expression of p75NTR together with TrkA
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increases the specificity and affinity of NGF binding. Both receptors have a similar
affinity for NGF with a Kd in the range of 107° M; however, when they are
co-expressed, the Scatchard analysis reveals the presence of a high-affinity-binding
site with a Kd of 10™'" M. Different biochemical models, describing the possible
interaction between p75NTR and TrkA, have been proposed to explain the
increased binding affinity: p75NTR can either act as TrkA co-receptor, by con-
centrating NGF and presenting it to TrkA, or directly interacts with TrkA, inducing
allosteric modifications that enhance its affinity for NGF (Chao and Hempstead
1995). A novel hypothesis is that there is no direct extracellular interaction between
TrkA and p75NTR and that they interact through common downstream signaling
pathways and shared adaptor molecules (Wehrman et al. 2007). What is now
emerging as a critical factor in the regulation of NGF/proNGF activities is the
relative levels of expression of p75SNTR in comparison with the TrkA, since their
ratio plays a role in determining which of the intracellular pathways and biological
activities are triggered (Masoudi et al. 2009).

For a long time, p75SNTR was considered unable to convey any signals by itself
because, in common with the other members of the TNF receptor family, it lacks
any intrinsic enzymatic activity in the intracellular domain. As studies on TNF-R
signaling progressed (Cabal-Hierro and Lazo 2012), it also became clear that
p75NTR, by interacting with specific co-receptors and intracellular adaptors, could
activate intracellular pathways very distinct from those activated by TrkA. The
intracellular region of p7SNTR has a death domain, although it is not identical to
the death domain of other receptors of the TNFR1 group. This p75NTR intracel-
lular motif is not able to self-assemble and does not recruit signaling proteins
containing death domains such as FADD or TRADD (Wang et al. 2001), but
instead binds to TRAF6 (Ye et al. 1999; Yeiser et al. 2004) and to other adaptor
molecules, which do not have a death domain, such as IRAK (Mamidipudi et al.
2002) RhoA (Yamashita et al. 1999), NRAGE (Salehi et al. 2000), and NogoR
(Wang et al. 2002).

In common with other receptors of the TNF-R superfamily (Hehlgans and
Pfeffer 2005), it is now clear that p75S5NTR can regulate a broad spectrum of
extremely diverse biological responses, such as neurite outgrowth, proliferation,
and cell differentiation, as well as cell survival and death. This depends on the cell
types in which p75NTR is expressed, on their differentiation state and on
co-expression with TrkA and other co-receptors, such as sortilin (Nykjaer and
Willnow 2012). This variety of effects indicates an extremely complex regulation of
p75NTR activity, which as yet is only partially understood. Some of the pathways
now known to be regulated by p75NTR are the NF-kB, c-Jun kinase, RhoA, and
ceramide pathways (for more extensive reviews on p75NTR signaling see Roux
and Barker 2002; Kraemer et al. 2014).

Recently, much attention has been directed to sortilin, one of the p75SNTR
co-receptors belonging to the VPS10P-domain receptor family (Willnow et al.
2008), because it can significantly increase the affinity of p7SNTR for proNGF
(Nykjaer et al. 2004). A number of studies have shown that in the presence of low
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levels of TrkA, p75NTR is structurally and functionally coupled with the trans-
membrane protein sortilin (Nykjaer et al. 2004; Teng et al. 2005; Domeniconi et al.
2007). This transforms p75NTR into a “death-promoting” receptor, whose activa-
tion drives neurons to apoptosis by binding proNGF with high affinity and acti-
vating caspase 6 (Lee et al. 2001; Majdan et al. 2001; Huang and Reichardt 2003;
Fahnestock et al. 2004; Reichardt 2006).

3 NGF and Early Embryo Development

NGEF and its receptors are expressed in the embryo well before the formation of the
neural tube and the differentiation of neuronal cells (Fig. 2). This is not surprising,
considering that NGF mRNA is found in oocytes, being present in small
pre-vitellogenic as well as in fully grown oocytes (Carriero et al. 1991; Abir et al.
2005; Dissen et al. 2009). Although NGF and its receptors are involved in follicle
formation and oocyte maturation (Dissen 1995; Dissen et al. 2009; Kerr et al. 2009;
Linher-Melville and Li 2013), and NGF is expressed and accumulated in oocytes
(Carriero et al. 1991), there are few indications of its possible role in early
embryogenesis. The expression of p75NTR and TrkA appears in mouse embryos at
the blastocyst stage, with the expression of p7SNTR preceding that of TrkA, and
both being confined within the inner mass of the blastocyst and absent from the
trophoblast (Moscatelli et al. 2009). Mouse embryonic stem cell lines derived from
blastocysts retain the expression of NGF receptors in vitro, and the addition of
NGF, while increasing their number, maintains the expression of staminal markers
of pluripotency such as Oct4 and Nanog (Moscatelli et al. 2009). Human embryonic
stem cells (hESCs) also express neurotrophin receptors (Pyle et al. 2006; Schuldiner
et al. 2000), and the addition of NGF results in an increase in cell survival (Pyle
et al. 2006). In studies of the differentiation patterns of hESCs in a 3D culture
environment, it was found that NGF, together with Retinoic Acid (RA), preferen-
tially favors the differentiation of hESCs toward ectodermal and mesodermal lin-
eages (Inang et al. 2008).

In embryos, the expression of NGF receptors persists in specific areas during
gastrulation and neurulation (Zhang et al. 1996), and their localization is not always
identical (Wheeler et al. 1998), suggesting different functions of TrkA and p7SNTR
in cell differentiation and morphogenesis. During early embryogenesis, NGF
expression is modulated in the ectoderm and seems to be involved in body shaping,
but not in early neural differentiation (Bhargava and Modak 2002). Thus, NGF and
its receptor are expressed well before the onset of neurogenesis, and their expres-
sion characterizes specifically non-neuronal tissues such as somites, notochord, and
neural crest (Yao et al. 1994; Bhargava 2007; Tomellini et al. 2014). Indeed,
neutralization of NGF in chick embryos in the first stages of development causes
alterations of the embryo’s axial rotation and influences a number of genes involved
in developmental processes, cell movements in the notochord and somite formation,
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cell cycle regulation, and proliferation (Manca et al. 2012). Neutralization of NGF
or of p75NTR in chick embryos during somite formation reduces apoptosis of the
sclerotome and dermomyotome (Cotrina et al. 2000). Interestingly, sonic hedgehog
(Shh), a key factor regulating sclerotome differentiation (Resende et al. 2010) and
survival (Britto et al. 2000), reduces the expression of p7SNTR and NGF in somite
explants, suggesting that the regulation of NGF is essential for maintaining control
of programmed cell death in non-neuronal cells (Cotrina et al. 2000).

Neural crest cells begin to express p75 from E10.5, when they start to migrate
(Wilson et al. 2004). These cells, although of ectodermal origin, acquire mes-
enchymal cell properties, migrating throughout the embryo to generate multiple
tissues that include the majority of the cranial connective tissue and skeletal ele-
ments, neurons and glia of the peripheral nervous system, endocrine cells, smooth
muscle cells, tendons, and pigment cells (Mayor and Theveneau 2013). During their
migration and regulated differentiation, they express sequentially different Trk
receptors (Davies 1997), thus acquiring responsiveness to one or other neurotrophin
(Vogel 1993; Rifkin et al. 2000) that canalizes and defines the differentiative
program of peripheral neuronal populations (for a more detailed review see
Marmigere and Carroll 2014).

4 NGF in Health and Disease of the Peripheral
and Central Nervous Systems

A large body of studies has discussed and demonstrated the crucial role of NGF in
the development, maintenance, and regeneration of mammalian sympathetic and
sensory neurons of the peripheral nervous system (PNS). NGF-sensitive neurons
express both TrkA and p75NTR receptors, the activities of which are exquisitely
balanced. The sensitivity and affinity of TrkA for NGF are increased by its func-
tional interaction with p75SNTR (Nykjaer et al. 2005; Wehrman et al. 2007) and are
modulated by the changes in the expression levels of both receptors (Esposito et al.
2001).

During the development of neural circuits, intermediate and final neuron targets
release gradients of NGF and support neuron survival via a main long-distance
signaling initiating within distal axons (Levi-Montalcini 1987), which implies the
retrograde transport of internalized NGF-TrkA receptors complexes. Once they
reached neuronal cell bodies, these so-called signaling endosomes will regulate
genes expression, promoting neuron survival, axon growth and pathfinding, and
synaptogenesis (Miller and Kaplan 2001; Barker et al. 2002; Harrington and Ginty
2013; Howe and Mobley 2005; Reichardt 2006; Cosker et al. 2008; Pazyra-Murphy
et al. 2009; Sharma et al. 2010), while enhancing sensitization to NGF and pro-
tecting from p75NTR-mediated apoptosis (Deppmann et al. 2008). Although
another neurotrophin, NT-3, can also bind to TrkA receptors, only the TrkA/NGF
complex is internalized and forms signaling endosomes supporting neuronal
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survival. This mechanism relies on the inability of NT-3 to activate the intracellular
signaling cascades regulated by Racl, GTP, and cofilin proteins that promote
F-actin depolymerization, a process essential to initiate the trafficking of signaling
endosomes (Harrington et al. 2011). Fundamental evidence on the pro-survival role
of NGF during development derives from pioneering in vivo studies on DRG and
sympathetic ganglion neurons of NGF- and Trk-knockout mice (Snider 1994). In
vitro studies, on the other hand, were decisive for identifying the molecular
mechanisms through which NGF, proNGF, and their receptors operate (Campenot
1977; Ye et al. 2003; Mok and Campenot 2007; for review see Harrington and
Ginty 2013).

Along with neuron survival, target-released NGF also regulates axon growth and
retraction (Campenot 1977), synapse and neural circuit formation (Ladle et al.
2007; Sharma et al. 2010), and expression of neurotransmitters (Luo et al. 2007,
Patel et al. 2003). In vitro studies, which use compartmentalized chambers, have
shown that NGF applied directly to distal axons acts locally to support their
extension; however, when only cell bodies are exposed to NGF, neurons fail to
extend axons into a compartment that lacks NGF (Campenot 1977). In sympathetic
neurons, NGF is also required for dendritic arborization, the degree of which strictly
correlates with the size of the neuron’s peripheral targets (Voyvodic 1989).
Interruption of retrograde signaling by axotomy causes dendritic retraction, which
persists as long as axons require regeneration (Purves 1975). Finally, retrograde
NGF/TrkA signaling also drives synapse establishment and subsequent mainte-
nance and plasticity in adults. In sympathetic neurons, appropriate coupling of pre-
and postsynaptic specializations has been validated by several studies, in which
retrograde signaling was abolished by either axotomy or the administration of
NGF-blocking antibodies (Purves 1975; Mandai et al. 2009; Sharma et al. 2010).

Along with the “classic” and well-described mechanism of retrograde signaling,
NGF/TrkA activity can also be purely local, through the tightly regulated activation
of intracellular signaling cascades. This local signaling has been extensively studied
during axon outgrowth, guidance, and regulation of preterminal branching. In
general, neurotrophin-stimulated axon growth requires the activation of transcrip-
tion factors, which regulate gene expression and subsequent synthesis of the pro-
teins necessary for axon growth. However, in addition to gene expression, local
signaling pathways are also required for the control of cytoskeletal dynamics, as
elegantly described for the NGF by Campenot (1982a, b). The activation of a
spatially controlled signal transduction based on PI3K-Akt activation at the growth
cones, the major sites where neurons receive and integrate extracellular signals to
direct axonal cytoskeletal dynamics (Baas and Luo 2001), has been demonstrated
for filopodia formation and axon growth (Kuruvilla et al. 2000; Zhou et al. 2004;
Ketschek and Gallo 2010). Fig. 3 shows the three major intracellular domains of
sympathetic ganglionic neurons, in which NGF-TrkA exerts its activity: nucleus,
for the modulation of gene expression by NGF signaling endosomes (control of
neuronal survival, axon growth, and synaptogenesis); postsynaptic specializations,
for a more local control by NGF signaling endosomes of synaptogenesis and
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Fig. 3 In sympathetic neurons, NGF activates different intracellular signaling pathways. At the
growth cones, NGF released by peripheral targets binds to TrkA receptors and elicits two main
types of responses. In the first, the NGF-TrkA complex is internalized in signaling endosomes.
These are retrogradely transported along the axon to the cell body, where they trigger an
intracellular signaling cascade ending up in Erk1/2 activation and consequent modulation of gene
expression. NGF-regulated genes encode proteins important for cell survival and differentiation,
axon growth, and synaptogenesis. Signaling endosomes, after reaching cell bodies, can move into
dendrites, where they will regulate processes related to synaptogenesis and local control of
synaptic plasticity. Furthermore, the NGF-TrkA complex can also remain within the growth cone
plasma membrane, initiating a local signaling cascade, involving MAPK and PAK activation,
directed at promoting growth cone mobility and advancement through cytoskeletal remodeling, a
process important during both development and axon regeneration

synaptic activity; and growth cones, for a local control of axon growth, which does
not require NGF endocytosis.

The role of NGF in adult life is not only confined to the maintenance of neuronal
survival and structure, but also includes the fine modulation of the chemical phe-
notype of neurons. It has been shown that in adult dorsal root ganglion neurons
in vitro, the expression of mRNAs encoding the precursors of both substance P
(SP) and calcitonin gene-related peptide (CGRP) is regulated by NGF (Lindsay and
Harmar 1989). In vivo studies have also shown that the infusion of NGF after
sciatic nerve transection reactivated a-CGRP, B-CGRP, and SP expression in DRG
neurons (Verge et al. 1995). Similarly, in sympathetic neurons, the expression of
tyrosine hydroxylase, the rate-limiting enzyme for catecholamine synthesis, is
strictly NGF-dependent (Thoenen et al. 1971). Altogether, these findings provide
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evidences of a continuous and dynamic regulation of peptide
neurotransmitter/neuromodulator levels in adult neurons by NGF.

As with the PNS, a specific role for NGF has also been proposed for the
cholinergic neuron population of the central nervous system (CNS). Cholinergic
neurons are situated largely in different areas of the basal forebrain (BF), which are
the major source of cholinergic innervation to the cerebral cortex, hippocampus,
amygdala, and remaining portions of the cortical mantle (Niewiadomska et al.
2009). They are highly and critically dependent on NGF during both development
and adulthood, including aging. When NGF is synthesized by target neurons, it is
retrogradely transported to the cell bodies of the BF neurons, contributing to the
maintenance of cell morphology (i.e., cell body size and extent of terminal
arborization (Higgins et al. 1989), and physiology, i.e., up-regulation of choline
acetyltransferase (ChAT) gene expression, protein levels and activity, synthesis and
release of acetylcholine, and expression of the vesicular acetylcholine transporter
(VAChHT) (see Niewiadomska et al. 2011 for review). NGF expression is highly
modulated by neuron activity (i.e., in the hippocampus, it is increased by gluta-
matergic and cholinergic neurotransmission, and decreased by GABAergic neuro-
transmission) (Huh et al. 2008), and by pathological events (i.e., it is up-regulated
by seizures, forebrain ischemia, marked hypoglycemia, and tissue injury) (Lindvall
et al. 1994). NGF is also synthesized by subpopulations of hippocampal and BF
GABAergic interneurons (Zhang et al. 2007) and by astrocytes and microglia, the
CNS glial cells. In both these cell types, NGF expression is significantly
up-regulated by several factors, such as inflammation, cytokines, and the bacterial
lipopolysaccharide (LPS) (Toncheyv et al. 2008), indicating a role in brain protection
and regeneration from injuries.

In the past, a reduction in NGF trophic support, which could derive from a
decrease in the correct cleavage of the proNGF to form mature NGF, has been
indicated as one of the causes of age-related cholinergic neuron atrophy and neu-
rodegenerative diseases, i.e., Alzheimer’s disease (AD) (Tuszynski and Blesch
2004). In effect, high levels of proNGF and sortilin in adult and AD patient brains
have been described (Fahnestock et al. 2001; Nykjaer et al. 2004). However, the
aging-related cholinergic atrophy and cell loss in normal brains are not always
accompanied by the reductions in the levels of NGF (Katoh-Semba et al. 1998).
This has led to the hypothesis that aging cholinergic neurons fail to respond to
NGF. Indeed, NGF retrograde transport in aged rat BF cholinergic neurons is
significantly reduced, with consequent NGF signaling impairment, cell atrophy, and
changes in gene expression (Cooper et al. 1994; DeLacalle et al. 1996; Sofroniew
et al. 2001). Similarly, mild cognitive impairment (a prodromal stage of AD) and
early forms of AD are characterized by the loss of cholinergic function more than
by neurodegeneration, as neither a loss of NGF receptor mRNA levels (Goedert
et al. 1989) nor a failure of NGF synthesis (Scott et al. 1995) has been observed.
This marks an important difference between the early stages of AD, and the massive
cholinergic neuron death observed in advanced stages of late-onset AD and other
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pathologies associated with cognitive deficits, such as Parkinson’s disease (PD) and
Down syndrome, among others (for review see Schliebs and Arendt 2010; Iulita
and Cuello 2014). It is possible that the early formation and deposition of (-
amyloid, the hallmark of AD, play a role in inducing an initial cholinergic dys-
function, which later evolves to become neuronal loss. This hypothesis is supported
by a number of experimental findings showing that B-amyloid deposits may trigger
cholinergic dysfunction in several ways: (i) by binding to o7-containing nicotinic
acetylcholine receptors (a7nAChRs), thereby affecting their activity; (ii) by
affecting NGF signaling; (iii) by mediating tau phosphorylation; (iv) by interacting
with acetylcholinesterase (AChE); or (v) by specifically affecting the cholinergic
neuron proteome (for review see Schliebs and Arendt 2011). Several in vivo studies
have shown that age-related dysfunction of the cholinergic system may be ame-
liorated by treatment with NGF (for review see Niewiadomska et al. 2011). Another
important aspect to be taken into consideration is the presence of prominent neu-
roinflammatory events triggered by the early deposition of intracellular AP oligo-
mers (Ferretti et al. 2012). As demonstrated in transgenic animal models for AD,
characterized by extracellular plaque deposition, neuroinflammation induces an
increase in levels of metalloproteinase-9, one of the enzymes involved in NGF
degradation in the extracellular space (Bruno et al. 2009). Amplified NGF degra-
dation, together with a concomitant decreased in the conversion of proNGF into its
mature form, results in a signaling deficiency of NGF and atrophy of basal forebrain
cholinergic neurons (Cuello et al. 2012).

NGF may affect a variety of additional CNS neurons since its binding sites are
present during early development in many neuronal systems, not necessarily of
cholinergic origin, including the visual system (Vantini et al. 1989; Yan and
Johnson 1988, 1989). Here, NGF and TrkA are expressed by almost all eye
components. NGF released into the aqueous humor (Lambiase et al. 2002) and in
the retina, the neural part of the eye, is produced and utilized by retinal ganglion
cells, bipolar cells, and glial cells (Frade et al. 1999; Wang et al. 2014). During
visual system development, NGF, TrkA, and p75 are highly expressed along the
entire visual pathway, where NGF influences neuronal outgrowth, survival, apop-
tosis, and physiology (Roberti et al. 2014). Interestingly, topically applied NGF eye
drops are able to reach the retina and the optic nerve (Ferrari et al. 2014), greatly
enhancing the expectations regarding the clinical use of this neurotrophin for a
number of ocular neurodegenerative diseases, such as glaucoma (Wang et al. 2014).

Finally, the presence of NGF in those limbic areas of the CNS involved in mood
and cognition (i.e., the amygdala) and in the orchestration of neuroendocrine
responses and circadian activities (i.e., the hypothalamus) indicates a much wider
role for this NT than previously hypothesized. Several experimental studies cur-
rently suggest that NGF may also function as an intercellular messenger or humoral
factor to help regulate endocrine responses to stress (for review see Berry et al.
2012).
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5 NGF in Immune System Differentiation and the Immune
Response

During embryo development, the expression of NGF receptors is finely modulated
in primary and secondary lymphoid organs (Ernfors et al. 1988; Lomen-Hoerth and
Shooter 1995; Ciriaco et al. 1996; Aloe et al. 1997) and declines during postnatal
life (Ernfors et al. 1988; Ciriaco et al. 1996). In bone marrow and in the thymus,
NGF receptor expression has been found in stromal cells, which release specific
growth factors and signals (Pezzati et al. 1992; Cattoretti et al. 1993; Caneva et al.
1995; Ciriaco et al. 1996; Rezaee et al. 2010; Lee et al. 2008), that regulate the
correct differentiation of myeloid and lymphoid precursors. In the thymus, the
expression of NGF and of both its receptors is very high in the final stages of
embryo development and in the early postnatal period and then decreases with age
(Laurenzi et al. 1994; Aloe et al. 1997; Garcia-Suarez et al. 2001). In the Bursa of
Fabricius, the lymphoid organ in which B cells differentiate in birds, the expression
of NGF receptors (Ciriaco et al. 1996) is elevated during B-precursor differentiation
in the epithelial follicles. The administration of NGF to chick embryos accelerates
follicle formation (Bracci-Laudiero et al. 1991).

In immune organs, there is a local production of NGF (Laurenzi et al. 1994) that
regulates sympathetic and sensory innervation, and neuropeptide and neurotrans-
mitter synthesis in the embryo and in adult life (Madden and Felten 1995, Elenkov
et al. 2000) These effects are directly and actively modulated by the amount of NGF
available, as demonstrated in transgenic mice overexpressing NGF, which shows
enhanced fiber density and modified innervation patterns in the spleen and lymph
nodes (Carlson et al. 1995). The constant production of NGF in lymphoid organs
(Laurenzi et al. 1994; Yamamoto et al. 1996; Aloe et al. 1997) also seems to be
important for regulating the differentiation of hematopoietic stem cells. These
hematopoietic stem cells express TrkA (Chevalier et al. 1994; Bracci-Laudiero et al.
2003), and its expression is at its highest levels in the more undifferentiated cells,
declining during lineage differentiation. This modulated expression of TrkA sug-
gests that NGF may play different functions depending on the state of differentiation
of immune cell and functional activity. The possibility that NGF may be a key
factor for haemopoiesis is supported by the fact that hematopoietic stem cells
produce their own NGF in an autocrine fashion, probably regulating anti-apoptotic
genes. In vitro studies have shown that the administration of NGF in semisolid
cultures increases long-term survival of human hematopoietic cells
(Bracci-Laudiero et al. 1993, Auffray et al 1996) and promote the commitment
toward specific lineages in human and murine myeloid progenitor cells (Matsuda
et al. 1988, 1991; Tsuda et al. 1991; Welker et al. 2000). Support for the possible
pro-survival role of NGF in hematopoiesis is also provided by studies on leukemia
showing a constitutive activation of TrkA in blasts from patients with de novo or
secondary acute leukemia that affects survival of the leukemic cells in patients and
in animal models (Li et al. 2009). A high expression of TrkA also characterizes
Hodgkin—Reed/Sternberg cell lines, in which the constitutive activation of TrkA
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and the Akt pathway promotes cell survival, which can be strongly reduced by
using TrkA inhibitors (Renné et al. 2008).

Differentiation of B cells is also influenced by NGF. Studies of mature lymphoid
cells have shown that NGF has a proliferative effect on both B and T cells (Brodie
and Gelfand 1992) and causes the differentiation of B cells into
immunoglobulin-secreting plasma cells (Kimata et al. 1991). NGF seems also to
influence the survival and, consequently, the antibody production of pulmonary
plasma cells via regulation of the Ire1/XBP-1 pathway (Abram et al. 2009). NGF
stimulates B-lymphocytes to produce IgM, IgA, and IgG (Brodie and Gelfand
1994) and regulates the survival of B-memory cells (Torcia et al. 1996), which
rapidly and efficiently counteract pathogens when re-encountering antigens during
the secondary response, a key feature of immunological memory.

The effects of NGF do not seem to be restricted only to differentiation processes,
and a growing body of data is accumulating to support the hypothesis that NGF and
its receptors are also involved in modulating functions and activity of mature
immune cells. Mature immune cells express much lower TrkA levels than
hematopoietic stem cells (Bracci-Laudiero et al. 2003; Antonelli et al. 2003), but
after antigenic or inflammatory stimulation, when strong functional activity is
necessary, TrkA expression is strongly up-regulated (Ehrhard et al. 1993; Caroleo
et al. 2001; Ralainirina et al. 2010). The activity of NGF on cells of the myeloid
lineage is to enhance effector functions, such as the release of inflammatory
mediators, chemotaxis, and proliferation (Kannan et al. 1991; Noga et al. 2002;
Gibbs et al. 2005; Samah et al. 2008). In lymphocytes and monocytes, in addition to
proliferation and survival, NGF influences cytokine release (Susaki et al. 1996;
Bayas et al. 2003; Shi et al. 2012; Prencipe et al. 2014) and the production of
neuropeptides that have an immunological role (Bracci-Laudiero et al. 1996, 2005).
In differentiated cells of both myeloid and lymphoid origin, NGF appears to reg-
ulate their survival (Kawamoto et al. 1995; Bullock and Johnson 1996; Hamada
et al. 1996; la Sala et al. 2000;) by inducing the expression of anti-apoptotic genes
such as bcl-2 (Bullock et al. 1996; Torcia et al.1996; la Sala et al. 2000).

Altogether these data suggest that NGF has a specific function in the differen-
tiation and activation of immune cells and can thus play an important role in
regulating the immune response in vivo. Confirmation of this hypothesis has come
from studies on patients with congenital insensitivity to pain with anhidrosis
(CIPA), a rare autosomal peripheral sensory neuropathy caused by mutations in the
gene encoding TrkA (Indo et al. 1996). These patients, in addition to neurological
alterations and loss of pain and sensation, are also prone to recurrent infections,
slow wound healing, and inflammatory complications that are related to the altered
functions of certain immune cell populations. The chemotactic activity of neu-
trophils is significantly impaired (Beigelman et al. 2009), and B-lymphocytes show
changes in the intracellular pathways (Melamed et al. 2004) and impaired
anti-apoptotic activity (Sato et al. 2004).

Studies on inflammatory and autoimmune diseases have clearly demonstrated
that NGF and its receptor expression are highly modulated during inflammatory
response and disease progression. Inflammatory mediators and cytokines can
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greatly enhance the synthesis of NGF in cells (Torcia et al. 1996; Caroleo et al.
2001; Kobayashi et al. 2002) and in tissues, and NGF concentrations appear to be
correlated with clinical severity (Aloe et al. 2001). The biological meaning of this
enhanced in vivo production of NGF at the site of inflammation and the ways in
which NGF can affect inflammatory pathways, immune responses, and healing
processes is far from being understood.

An example of the complexity of NGF activities in vivo can be extrapolated
from studies on multiple sclerosis (MS). In MS patients, there is an increase in NGF
concentration in the cerebrospinal fluid that correlates with the inflammatory state
of the patients (Bracci-Laudiero et al. 1992; Caggiula et al. 2005). Administration
of NGF in animal models of experimental autoimmune encephalomyelitis
(EAE) delays the onset of clinical symptoms and prevents the full development of
EAE lesions by directly reducing immune cell infiltrates (Villoslada et al. 2000;
Parvaneh Tafreshi 2006). The administration of NGF exerts its effects directly on
the activity of immune cells, by regulating T-lymphocyte response, monocyte
infiltration, and the release of anti-inflammatory cytokines (Villoslada et al. 2000;
Arredondo et al. 2001; Fliigel et al. 2001; Parvaneh Tafreshi 2006). In EAE models,
a local production of NGF (De Simone et al. 1996; Acosta et al. 2015) has also been
observed in different brain areas during the acute phase of the disease. In addition to
the immunological effects, this release of NGF also protects neuronal population
(Linker et al. 2009), induces myelin repair (Jren et al. 2004; Acosta et al. 2013),
and efficiently suppresses the formation of new lesions (Villoslada et al. 2000). This
neuroprotective effect of immune cell-produced NGF also appears to be common to
other neuropathologies characterized by different etiologies, as AD, PD, and spinal
cord injury (Ebadi et al. 1997; Schulte-Herbriiggen et al. 2007; Saab et al. 2009;
Colafrancesco and Villoslada 2011). This further confirms the integrative role that
NGF has in human physiology and how the local increase of NGF in vivo can
simultaneously have multiple effects on different cell types.

6 Conclusion

Much still remains to be elucidated regarding the highly complex physiology of
NGF and its key role not only in the nervous system but in other systems as well.
The complexity of NGF signaling, the number of receptors involved, and the
diverse biological activities of immature and mature NGF are directly correlated
with the need for the differential regulation of a variety of cell types in the various
states of differentiation and activation. This intricate control of a multitude of
activities, some of which have opposite effects, is necessary for a correct home-
ostasis. The pleiotropic effects of NGF are thus a demonstration of its major inte-
grative role, and alterations in the NGF-NGF receptor axis can affect many cell
types, tissues, organs, and systems. Manipulation of the production of NGF, its
receptors, and intracellular pathways at different times and in selected cell types
could become a powerful tool for the treatment of many neurological and immune
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diseases, although more integrative and interdisciplinary studies are needed. As
aptly described by Dr. Ibafiez in an editorial on the discovery of the biological
effects of pro-NGF (Ibafez 2002), the story of NGF resembles a “roller-coaster,”
still full of discoveries and surprises and, unusually for such an “old molecule,” still
unfolding.

References

Due to the vastness and complexity of the subjects treated in the present review, the list of
bibliographic references is far from exhaustive and should be considered as merely
representative. The authors apologize for not including the original work of many
researchers who have helped to define the physiology of NGF and refer readers to other
reviews for further informations.

Abir R, Fisch B, Jin S, Barnnet M, Ben-Haroush A, Felz C, Kessler-Icekson G, Feldberg D,
Nitke S, Ao A (2005) Presence of NGF and its receptors in ovaries from human fetuses and
adults. Mol Hum Reprod 11:229-236

Abram M, Wegmann M, Fokuhl V, Sonar S, Luger EO, Kerzel S, Radbruch A, Renz H, Zemlin M
(2009) Nerve growth factor and neurotrophin-3 mediate survival of pulmonary plasma cells
during the allergic airway inflammation. J Immunol 182:4705-4712

Acosta CM, Cortes C, MacPhee H, Namaka MP (2013) Exploring the role of nerve growth factor
in multiple sclerosis: implications in myelin repair. CNS Neurol Disord: Drug Targets
12:1242-1256

Acosta C, Cortes C, Altaweel K, MacPhee H, Hoogervorst B, Bhullar H, MacNeil B, Torabi M,
Burczynski F, Namaka MP (2015) Immune system induction of nerve growth factor in an
animal model of multiple sclerosis: implications in re-myelination and myelin repair. CNS
Neurol Disord Drug Targets. PMID: 25801841 (in press)

Aloe L, Cozzari C, Calissano P, Levi-Montalcini R (1981) Somatic and behavioral postnatal
effects of fetal injections of nerve growth factor antibodies in the rat. Nature 291:413—415
Aloe L, Micera A, Bracci-Laudiero L, Vigneti E, Turrini P (1997) Presence of nerve growth factor

in the thymus of prenatal and pregnant rats. Thymus 24:221-231

Aloe L, Tirassa P, Bracci-Laudiero L (2001) Nerve growth factor in neurological and
non-neurological diseases: basic findings and emerging pharmacological prospectives. Curr
Pharm Des 7:113-123

Antonelli A, Bracci-Laudiero L, Aloe L (2003) Altered plasma nerve growth factor-like
immunoreactivity and nerve growth factor-receptor expression in human old age. Gerontology
49:185-190

Arredondo LR, Deng C, Ratts RB, Lovett-Racke AE, Holtzman DM, Racke MK (2001) Role of
nerve growth factor in experimental autoimmune encephalomyelitis. Eur J Immunol 31:625—
633

Auftray I, Chevalier S, Froger J, Izac B, Vainchenker W, Gascan H, Coulombel L (1996) Nerve
growth factor is involved in the supportive effect by bone marrow derived stromal cells of the
factor-dependent human cell line UT-7. Blood 88:1608-1618

Baas PW, Luo L (2001) Signaling at the growth cone: the scientific progeny of Cajal meet in
Madrid. Neuron 32:981-984

Bhargava S (2007) Role of nerve growth factor and its receptor in the morphogenesis of neural
tube in early chick embryo. Gen Comp Endocrinol 153:141-146

Bhargava S, Modak SP (2002) Expression of nerve growth factor during the development of
nervous system in early chick embryo. Brain Res Dev Brain Res 136:43-49

Barker PA, Hussain NK, McPherson PS (2002) Retrograde signaling by the neurotrophins follows
a well-worn trk. Trends Neurosci 25:379-381



NGF in Early Embryogenesis, Differentiation, and Pathology ... 143

Barouch R, Kazimirsky G, Appel E, Brodie C (2001) Nerve growth factor regulates TNF-alpha
production in mouse macrophages via MAPkinase activation. J Leukoc Biol 69:1019-1026

Bax B, Blundell TL, Murray-Rust J, McDonald NQ (1997) Structure of mouse 7S NGF: a
complex of nerve growth factor with four binding proteins. Structure 5:1275-1285

Bayas A, Kruse N, Moriabadi NF, Weber F, Hummel V, Wohleben G, Gold R, Toyka KV,
Rieckmann P (2003) Modulation of cytokine mRNA expression by brain-derived neurotrophic
factor and nerve growth factor in human immune cells. Neurosci Lett 335:155-158

Beigelman A, Levy J, Hadad N, Pinsk V, Haim A, Fruchtman Y, Levy R (2009) Abnormal
neutrophil chemotactic activity in children with congenital insensitivity to pain with anhidrosis
(CIPA): the role of nerve growth factor. Clin Immunol 130:365-372

Berry A, Bindocci E, Alleva E (2012) NGF, brain and behavioral plasticity. Neural Plast
2012:784040. doi:10.1155/2012/784040

Beurel E, Michalek SM, Jope RS (2010) Innate and adaptive immune responses regulated by
glycogen synthase kinase-3 (GSK3). Trends Immunol 31:24-31

Bierl MA, Jones EE, Crutcher KA, Isaacson LG (2005) ‘Mature’ nerve growth factor is a minor
species in most peripheral tissues. Neurosci Lett 380:133-137

Bierl MA, Isaacson LG (2007) Increased NGF proforms in aged sympathetic neurons and their
targets. Neurobiol Aging 28:122-134

Bracci-Laudiero L, Vigneti E, Aloe L (1991) In vivo and in vitro effect of NGF on bursa of
Fabricius cells during chick embryo development. Int J Neurosci 59:189-198

Bracci-Laudiero L, Aloe L, Levi-Montalcini R, Buttinelli C, Schilter D, Gillessen S, Otten U
(1992) Multiple sclerosis patients express increased levels of b-nerve growth factor in
cerebrospinal fluid. Neurosci Lett 147:9-12

Bracci-Laudiero L, Vigneti E, lannicola C, Aloe L (1993) NGF retards apoptosis in chick embryo
bursal cell in vitro. Differentiation 53:61-66

Bracci-Laudiero L, Aloe L, Stenfors C, Tirassa P, Theodorsson E, Lundberg T (1996) Nerve
growth factor stimulates production of neuropeptide Y in human lymphocytes. NeuroReport
7:485-488

Bracci-Laudiero L, Celestino D, Starace G, Antonelli A, Lambiase A, Procoli A, Rumi C, Lai M,
Picardi A, Ballatore G, Bonini S, Aloe L (2003) CD34-positive cells in human umbilical cord
blood express nerve growth factor and its specific receptor TrkA. J Neuroimmunol 136:130—
139

Bracci-Laudiero L, Aloe L, Caroleo MC, Buanne P, Costa N, Starace G, Lundeberg T (2005)
Endogenous NGF regulates CGRP expression in human monocytes, and affects HLA-DR and
CD86 expression and IL-10 production. Blood 106:3507-3514

Britto JM, Tannahill D, Keynes RJ (2000) Life, death and Sonic hedgehog. BioEssays 22:499-502

Brodie C, Gelfand EW (1992) Functional nerve growth factor receptors on human B-lymphocytes.
Interaction with IL-2. J Immunol 148:3492-3497

Brodie C, Gelfand EW (1994) Regulation of immunoglobulin production by nerve growth factor:
comparison with anti-CD40. J Neuroimmunol 52:87-96

Bruno MA, Cuello AC (2006) Activity-dependent release of precursor nerve growth factor,
conversion to mature nerve growth factor, and its degradation by a protease cascade. Proc Natl
Acad Sci USA 103:6735-6740

Bruno MA, Leon WC, Fragoso G, Mushynski WE, Almazan G, Cuello AC (2009) Amyloid
beta-induced nerve growth factor dysmetabolism in Alzheimer disease. J Neuropathol Exp
Neurol 68:857-869

Bullock ED, Johnson EM (1996) Nerve growth factor induces the expression of certain cytokines
genes and bcl2 in mast cells: potential role in survival promotion. J Biol Chem 271:27500—
27508

Cabal-Hierro L, Lazo PS (2012) Signal transduction by tumor necrosis factor receptors. Cell
Signal 24:1297-1305

Caggiula M, Batocchi AP, Frisullo G, Angelucci F, Patanella AK, Sancricca C, Nociti V,
Tonali PA, Mirabella M (2005) Neurotrophic factors and clinical recovery in
relapsing-remitting multiple sclerosis. Scand J Immunol 62:176-182


http://dx.doi.org/10.1155/2012/784040

144 L. Bracci-Laudiero and M.E. De Stefano

Campenot RB (1977) Local control of neurite development by nerve growth factor. Proc Natl
Acad Sci USA 74:4516-4519

Campenot RB (1982a) Development of sympathetic neurons in compartmentalized cultures. II.
Local control of neurite survival by nerve growth factor. Dev Biol 93:13-21

Campenot RB (1982b) Development of sympathetic neurons in nerve growth factor. Dev Biol
93:1-12

Caneva L, Soligo D, Cattoretti G, De Harven E, Deliliers GL (1995) Immuno-electron microscopy
characterization of human bone marrow stromal cells with anti-NGFR antibodies. Blood Cells
Mol Dis 21:73-85

Carlson SL, Albers KM, Beiting DJ, Parish M, Conner JM, Davis BM (1995) NGF modulates
sympathetic innervation of lymphoid tissues. J Neurosci 15:5892-5899

Caroleo MC, Costa N, Bracci-Laudiero L, Aloe L (2001) Human monocyte/macrophages activate
by exposure to LPS overexpress NGF and NGF receptors. J Neuroimmunol 113:193-201

Carriero F, Campioni N, Cardinali B, Pierandrei-Amaldi P (1991) Structure and expression of the
nerve growth factor gene in Xenopus oocytes and embryos. Mol Reprod Dev 29:313-322

Cattoretti G, Schiro R, Orazi A, Soligo D, Colombo MP (1993) Bone marrow stroma in humans:
anti-nerve growth factor receptor antibodies selectively stain reticular cells in vivo and in vitro.
Blood 81:1726-1738

Chao MV, Hempstead BL (1995) p75 and Trk: a two-receptor system. Trends Neurosci 18:321—
326

Chevalier S, Praloran V, Smith C, Mac Grogan D, Ip NY, Yancopoulos GD, Brachet P,
Pouplard A, Gascan H (1994) Expression and functionality of the trkA proto-oncogene
product/NGF receptor in undifferentiated hematopoietic cells. Blood 83:1479-1485

Ciriaco E, Dall’Aglio C, Hannestad J, Huerta JJ, Laura R, Germana G, Vega JA (1996)
Localization of TrK neurotrophin receptor-like proteins in avian primary lymphoid organs:
thymus and bursa of Fabricius. J Neuroimmunol 69:73-83

Colafrancesco V, Villoslada P (2011) Targeting NGF pathway for developing neuroprotective
therapies for multiple sclerosis and other neurological diseases. Arch Ital Biol 14:183-192

Cooper JD, Lindholm D, Sofroniew MV (1994) Reduced transport of 125I-NGF by cholinergic
neurons and downregulated TrkA expression in the medial septum of aged rats. Neuroscience
62:625-629

Cosker KE, Courchesne SL, Segal RA (2008) Action in the axon: generation and transport of
signaling endosomes. Curr Opin Neurobiol 18:270-275

Cotrina ML, Gonzalez-Hoyuela M, Barbas JA, Rodriguez-Tébar A (2000) Programmed cell death
in the developing somites is promoted by nerve growth factor via its p75(NTR) receptor. Dev
Biol 228:326-336

Cuello AC, Ferretti MT, lulita MF (2012) Preplaque (‘preclinical’) Ap-induced inflammation and
nerve growth factor deregulation in transgenic models of Alzheimer’s disease-like amyloid
pathology. Neurodegener Dis 10:104—107

Davies AM (1997) Neurotrophin switching: where does it stand? Curr Opin Neurobiol 7:110-118

DeLacalle S, Cooper JD, Svendsen CN, Dunnett SB, Sofroniew MV (1996) Reduced retrograde
labeling with fluorescent tracer accompanies neuronal atrophy of basal forebrain cholinergic
neurons in aged rats. Neuroscience 75:19-27

Deppmann CD, Mihalas S, Sharma N, Lonze BE, Niebur E, Ginty DD (2008) A model for
neuronal competition during development. Science 320:369-373

De Simone R, Micera A, Tirassa P, Aloe L (1996) mRNA for NGF and p75 in the central nervous
system of rats affected by experimental allergic encephalomyelitis. Neuropathol Appl
Neurobiol 22:54-59

Dissen GA, Garcia-Rudaz C, Ojeda SR (2009) Role of neurotrophic factors in early ovarian
development. Semin Reprod Med 27:24-31

Dissen GA, Hirshfield AN, Malamed S, Ojeda SR (1995) Expression of neurotrophins and their
receptors in the mammalian ovary is developmentally regulated: changes at the time of
folliculogensis. Endocrinology 136:4681-4692



NGF in Early Embryogenesis, Differentiation, and Pathology ... 145

Domeniconi M, Hempstead BL, Chao MV (2007) Pro-NGF secreted by astrocytes promotes motor
neuron cell death. Mol Cell Neurosci 34:271-279

D’Onofrio M, Paoletti F, Arisi I, Brandi R, Malerba F, Fasulo L, Cattaneo A (2011) NGF and
proNGF regulate functionally distinct mRNAs in PC12 cells: an early gene expression
profiling. PLoS ONE 6:€20839. doi:10.1371/journal.pone.0020839

Ebadi M, Bashir RM, Heidrick ML, Hamada FM, Refaey HE, Hamed A, Helal G, Baxi MD,
Cerutis DR, Lassi NK (1997) Neurotrophins and their receptors in nerve injury and repair.
Neurochem Int 30:347-374

Ebendal T (1992) Function and evolution in the NGF family and its receptors. J Neurosci Res
32:461-470

Ehrhard PB, Erb P, Graumann U, Otten U (1993) Expression of nerve growth factor and nerve
growth factor receptor tyrosine kinase Trk in activated CD4-positive T-cell clones. Proc Natl
Acad Sci USA 90:10984-10988

Elenkov 1J, Wilder RL, Chrousos GP, Vizi ES (2000) The sympathetic nerve—an integrative
interface between two supersystems: the brain and the immune system. Pharmacol Rev
52:595-638

Ernfors P, Hallbook F, Ebendal T, Shooter EM, Radeke MJ, Misko TP, Persson H (1988)
Developmental and regional expression of beta-nerve growth factor receptor mRNAin the
chick and rat. Neuron 1:983-996

Esposito D, Patel P, Stephens RM, Perez P, Chao MV, Kaplan DR, Hempstead BL (2001) The
cytoplasmic and transmembrane domain of the p75 and TrkA receptors regulate high affinity
binding to nerve growth factor. J Biol Chem 276:32687-32695

Fahnestock M, Michalski B, Xu B, Coughlin MD (2001) The precursor pro-nerve growth factor is
the predominant form of nerve growth factor in brain and is increased in Alzheimer’s disease.
Mol Cell Neurosci 18:210-220

Fahnestock M, Yu G, Coughlin MD (2004) ProNGF: a neurotrophic or an apoptotic molecule?
Prog Brain Res 146:101-110

Ferrari MP, Mantelli F, Sacchetti M, Antonangeli MI, Cattani F, D’Anniballe G, Sinigaglia F,
Ruffini PA, Lambiase A (2014) Safety and pharmacokinetics of escalating doses of human
recombinant nerve growth factor. BioDrugs 28:275-283

Ferretti MT, Bruno MA, Ducatenzeiler A, Klein WL, Cuello AC (2012) Intracellular Ap-
oligomers and early inflammation in a model of Alzheimer’s disease. Neurobiol Aging
33:1329-1342

Fliigel A, Matsumuro K, Neumann H, Klinkert WE, Birnbacher R, Lassmann H, Otten U,
Wekerle H (2001) Anti-inflammatory activity of nerve growth factor in experimental
autoimmune encephalomyelitis: inhibition of monocyte transendothelial migration. Eur J
Immunol 31:11-22

Frade JM, Bovolenta P, Rodriguez-Tébar A (1999) Neurotrophins and other growth factors in the
generation of retinal neurons. Microsc Res Tech 45:243-251

Fukunaga K, Ishigami T, Kawano T (2005) Transcriptional regulation of neuronal genes and its
effect on neural functions: expression and function of forkhead transcription factors in neurons.
J Pharmacol Sci 98:205-211

Garcia-Suarez O, Germana A, Hannestad J, Ciriaco E, Silos-Santiago I, Germana G, Vega JA
(2001) Involvement of the NGF receptors (Trka and p75Ingfr) in the development and
maintenance of the thymus. Ital J Anat Embryol 106:279-285

Gibbs BF, Zillikens D, Grabbe J (2005) Nerve growth factor influences IgE-mediated human
basophil activation: functional properties and intracellular mechanisms compared with IL-3. Int
Immunopharmacol 5:735-747

Goedert M, Fine A, Dawbarn D, Wilcock GK, Chao MV (1989) Nerve growth factor receptor
mRNA distribution in human brain: normal levels in basal forebrain in Alzheimer’s disease.
Brain Res Mol Brain Res 5:1-7

Greene LA (1978) Nerve growth factor prevents the death and stimulates the neuronal
differentiation of clonal PC12 pheochromocytoma cells in serum-free medium. J Cell Biol
78:747-755


http://dx.doi.org/10.1371/journal.pone.0020839

146 L. Bracci-Laudiero and M.E. De Stefano

Hallb6ok F (1999) Evolution of the vertebrate neurotrophin and Trk receptor gene families. Curr
Opin Neurobiol 9:616-621

Hamada A, Watanabe N, Ohtomo H, Matsuda H (1996) Nerve growth factor enhances survival
and cytotoxic activity of human eosinophils. Br J Haematol 93:299-302

Harrington AW, St. Hillaire C, Zweifel LS, Glebova NO, Philippidou P, Halegoua S, Ginty DD
(2011) Recruitment of actin modifiers to TrkA endosomes governs retrograde NGF signaling
and survival. Cell 146:421-434

Harrington AW, Ginty DD (2013) Long-distance retrograde neurotrophic factor signalling in
neurons. Nat Rev Neurosci 14:177-187

Hehlgans T, Pfeffer K (2005) The intriguing biology of the tumour necrosis factor/tumour necrosis
factor receptor superfamily: players, rules and the games. Immunology 115:1-20

Higgins GA, Koh S, Chen KS, Gage FH (1989) NGF induction of NGF receptor gene expression
and cholinergic neuronal hypertrophy within the basal forebrain of the adult rat. Neuron 3:247—
256

Howe CL, Mobley WC (2005) Long-distance retrograde neurotrophic signaling. Curr Opin
Neurobiol 15:40-48

Huang EJ, Reichardt LF (2003) Trk receptors: roles in neuronal signal transduction. Annu Rev
Biochem 72:609-642

Huh CY, Danik M, Manseau F, Trudeau LE, Williams S (2008) Chronic exposure to nerve growth
factor increases acetylcholine and glutamate release from cholinergic neurons of the rat medial
septum and diagonal band of Broca via mechanisms mediated by p75NTR. J Neurosci
28:1404-1409

Ibafiez CF (2002) Jekyll-Hyde neurotrophins: the story of proNGF. Trends Neurosci 25:284-286

Inan¢ B, El¢in AE, Elgin YM (2008) Human embryonic stem cell differentiation on tissue
engineering scaffolds: effects of NGF and retinoic acid induction. Tissue Eng Part A 14:955—
964

Indo Y, Tsuruta M, Hayashida Y, Karim MA, Ohta K, Kawano T, Mitsubuchi H, Tonoki H,
Awaya Y, Matsuda I (1996) Mutations in the TRKA/NGF receptor gene in patients with
congenital insensitivity to pain with anhidrosis. Nat Genet 13:485-488

Tulita MF, Cuello AC (2014) Nerve growth factor metabolic dysfunction in Alzheimer’sdisease
and Down syndrome. Trends Pharmacol Sci 35:338-348

Kannan Y, Ushio H, Koyama H, Okada M, Oikawa M, Yoshihara T, Kaneko M, Matsuda H
(1991) Nerve growth factor enhances survival, phagocytosis, and superoxide production of
murine neutrophils. Blood 77:1320-1325

Kaplan DR, Martin-Zanca D, Parada LF (1991) Tyrosine phosphorylation and tyrosine kinase
activity of the trk proto-oncogene product induced by NGF. Nature 350:158-160

Katoh-Semba R, Semba R, Takeuchi IK, Kato K (1998) Age-related changes in levels of
brain-derived neurotrophic factor in selected brain regions of rats, normal mice and
senescence-accelerated mice: a comparison to those of nerve growth factor and
neurotrophin-3. Neurosci Res 31:227-234

Kawamoto K, Okada T, Kannan Y, Ushio H, Matsumoto M, Matsuda H (1995) Nerve growth
factor prevents apoptosis of rat peritoneal mast cells through the trk proto-oncogene receptor.
Blood 86:4638-4644

Kerr B, Garcia-Rudaz C, Dorfman M, Paredes A, Ojeda SR (2009) NTRK1 and NTRK2 receptors
facilitate follicle assembly and early follicular development in the mouse ovary. Reproduction
138:131-140

Ketschek A, Gallo G (2010) Nerve growth factor induces axonal filopodia through localized
microdomains of phosphoinositide 3-kinase activity that drive the formation of cytoskeletal
precursors to filopodia. J Neurosci 30:12185-12197

Kimata H, Yoshida A, Ishioka C, Kusunoki T, Hosoi S, Mikawa H (1991) Nerve growth factor
specifically induces human IgG4 production. Eur J Immunol 21:137-141

Kobayashi H, Gleich GJ, Butterfield JH, Kita H (2002) Human eosinophils produce neurotrophins
and secrete nerve growth factor on immunologic stimuli. Blood 99:2214-2220



NGF in Early Embryogenesis, Differentiation, and Pathology ... 147

Kraemer BR, Yoon SO, Carter BD (2014) The biological functions and signaling mechanisms of
the p75 neurotrophin receptor. Handb Exp Pharmacol 220:121-164

Kuruvilla R, Ye H, Ginty DD (2000) Spatially and functionally distinct roles of the PI3-K effector
pathway during NGF signaling in sympathetic neurons. Neuron 27:499-512

la Sala A, Corinti S, Federici M, Saragovi HU, Girolomoni G (2000) Ligand activation of nerve
growth factor receptor TrkA protects monocytes from apoptosis. J Leukoc Biol 68:104-110

Ladle DR, Pecho-Vrieseling E, Arber S (2007) Assembly of motor circuits in the spinal cord:
driven to function by genetic and experience-dependent mechanisms. Neuron 56:270-283

Lambiase A, Bonini S, Manni L, Ghinelli E, Tirassa P, Rama P, Aloe L (2002) Intraocular
production and release of nerve growth factor after iridectomy. Invest Ophthalmol Vis Sci
43:2334-2340

Lanave C, Colangelo AM, Saccone C, Alberghina L (2007) Molecular evolution of the
neurotrophin family members and their Trk receptors. Gene 394:1-12

Laurenzi MA, Barbany G, Timmusk T, Lindgren JA, Persson H (1994) Expression of mRNA
encoding neurotrophins and neurotrophin receptors in rat thymus, spleen tissue and
immunocompetent cells. Eur J Biochem 223:733-741

Lee HW, Na YJ, Jung PK, Kim MN, Kim SM, Chung JS, Kim BS, Kim JB, Moon JO, Yoon S
(2008) Nerve growth factor stimulates proliferation, adhesion and thymopoietic cytokine
expression in mouse thymic epithelial cells in vitro. Regul Pept 147:72-81

Lee R, Kermani P, Teng KK, Hempstead BL (2001) Regulation of cell survival by secreted
proneurotrophins. Science 294:1945-1948

Levi-Montalcini R, Hamburger V (1951) Selective growth stimulating effects of mouse sarcoma
on the sensory and sympathetic nervous system of the chick embryo. J Exp Zool 116:321-361

Levi-Montalcini R, Booker B (1960) Destruction of the sympathetic ganglia in mammals by an
antiserum to a nerve-growth protein. Proc Natl Acad Sci USA 46:384-391

Levi-Montalcini R, Cohen S (1960) Effects of the extract of the mouse submaxillary salivary
glands on the sympathetic system of mammals. Ann N 'Y Acad Sci 85:324-341

Levi-Montalcini R, Angeletti PU (1968) Nerve growth factor. Physiol Rev 48:534-569

Levi-Montalcini R (1987) The nerve growth factor 35 years later. Science 237:1154-1162

Levi-Montalcini R (1997) The Saga of the nerve growth factor, preliminary studies, discovery,
further development. In: World Scientific Series in 20th Century Biology (vol 3). World
Scientific, Singapore

Li Z, Beutel G, Rhein M, Meyer J, Koenecke C, Neumann T, Yang M, Krauter J, von Neuhoff N,
Heuser M, Diedrich H, Gohring G, Wilkens L, Schlegelberger B, Ganser A, Baum C (2009)
High-affinity neurotrophin receptors and ligands promote leukemogenesis. Blood 113:2028—
2037

Lindsay RM, Harmar AJ (1989) Nerve growth factor regulates expression of neuropeptide genes in
adult sensory neurons. Nature 337:362-364

Lindvall O, Kokaia Z, Bengzon J, Elmr E, Kokaia M (1994) Neurotrophins and brain insults.
Trends Neurosci 17:490-496

Linher-Melville K, Li J (2013) The roles of glial cell line-derived neurotrophic factor,
brain-derived neurotrophic factor and nerve growth factor during the final stage of
folliculogenesis: a focus on oocyte maturation. Reproduction 145:R43-R54

Linker R, Gold R, Luhder F (2009) Function of neurotrophic factors beyond the nervous system:
inflammation and autoimmune demyelination. Crit Rev Immunol 29:43-68

Lomen-Hoerth C, Shooter EM (1995) Widespread neurotrophin receptor expression in the immune
system and other nonneuronal rat tissues. J Neurochem 64:1780-1789

Luo W, Wickramasinghe SR, Savitt JM, Griffin JW, Dawson TM, Ginty DD (2007) A hierarchical
NGF signaling cascade controls Ret-dependent and Ret-independent events during develop-
ment of nonpeptidergic DRG neurons. Neuron 54:739-754

Madden KS, Felten DL (1995) Experimental basis for neuronal-immune interactions. Physiol Rev
75:77-106



148 L. Bracci-Laudiero and M.E. De Stefano

Majdan M, Walsh GS, Aloyz R, Miller FD (2001) TrkA mediates developmental sympathetic
neuron survival in vivo by silencing an ongoing p75NTR-mediated death signal. J Cell Biol
155:1275-1285

Mamidipudi V, Li X, Wooten MW (2002) Identification of interleukin 1 receptor-associated kinase
as a conserved component in the p75-neurotrophin receptor activation of nuclear factor-kappa
B. J Biol Chem 277:28010-28018

Mandai K, Guo T, St Hillaire C, Meabon JS, Kanning KC, Bothwell M, Ginty DD (2009) LIG
family receptor tyrosine kinase-associated proteins modulate growth factor signals during
neural development. Neuron 63:614-627

Manca A, Capsoni S, Di Luzio A, Vignone D, Malerba F, Paoletti F, Brandi R, Arisi I, Cattaneo A,
Levi-Montalcini R (2012) Nerve growth factor regulates axial rotation during early stages of
chick embryo development. Proc Natl Acad Sci USA 109:2009-2014

Marmigere F, Carroll P (2014) Neurotrophin signalling and transcription programmes interactions
in the development of somatosensory neurons. Handb Exp Pharmacol 220:329-353

Masoudi R, Ioannou MS, Coughlin MD, Pagadala P, Neet KE, Clewes O, Allen SJ, Dawbarn D,
Fahnestock M (2009) Biological activity of nerve growth factor precursor is dependent upon
relative levels of its receptors. J Biol Chem 284:18424—-18433

Matsuda H, Coughlin MD, Bienenstock J, Denburg JA (1988) Nerve growth factor promotes
human hemapoietic colony growth and differentiation. Proc Natl Acad Sci USA 85:6508-6512

Matsuda H, Kannan Y, Ushio H, Kiso Y, Kanemoto T, Suzuki H, Kitamura Y (1991) Nerve
growth factor induces development of connective tissue-type mast cells in vitro from murine
bone marrow cells. J Exp Med 174:7-14

Mayor R, Theveneau E (2013) The neural crest. Development 140:2247-2251

McDonald NQ, Hendrickson WA (1993) A structural superfamily of growth factors containing a
cystine knot motif. Cell 73:421-424

McDonald NQ, Lapatto R, Murray-Rust J, Gunning J, Wlodawer A, Blundell TL (1991) New
protein fold revealed by a 2.3-A resolution crystal structure of nerve growth factor. Nature
354:411-414

Melamed I, Levy J, Parvari R, Gelfand EW (2004) A novel lymphocyte signaling defect: trk A
mutation in the syndrome of congenital insensitivity to pain and anhidrosis (CIPA). J Clin
Immunol 24:441-448

Miller FD, Kaplan DR (2001) Neurotrophin signalling pathways regulating neuronal apoptosis.
Cell Mol Life Sci 58:1045-1053

Mok SA, Campenot RB (2007) A nerve growth factor-induced retrograde survival signal mediated
by mechanisms downstream of TrkA. Neuropharmacology 52:270-278

Moscatelli I, Pierantozzi E, Camaioni A, Siracusa G, Campagnolo L (2009) p75 neurotrophin
receptor is involved in proliferation of undifferentiated mouse embryonic stem cells. Exp Cell
Res 315:3220-3232

Niewiadomska G, Baksalerska-Pazera M, Riedel G (2009) The septo-hippocampal system,
learning and recovery of function. Prog Neuropsychopharmacol Biol Psychiatry 33:791-805

Niewiadomska G, Mietelska-Porowska A, Mazurkiewicz M (2011) The cholinergic system, nerve
growth factor and the cytoskeleton. Behav Brain Res 221:515-526

Noga O, Englmann C, Hanf G, Griitzkau A, Guhl S, Kunkel G (2002) Activation of the specific
neurotrophin receptors TrkA, TrkB and TrkC influences the function of eosinophils. Clin Exp
Allergy 32:1348-1354

Nykjaer A, Lee R, Teng KK, Jansen P, Madsen P, Nielsen MS, Jacobsen C, Kliemannel M,
Schwarz E, Willnow TE, Hempstead BL, Petersen CM (2004) Sortilin is essential for proNGF
induced neuronal cell death. Nature 427:843-848

Nykjaer A, Willnow TE (2012) Sortilin: a receptor to regulate neuronal viability and function.
Trends Neurosci 35:261-270

Nykjaer A, Willnow TE, Petersen CM (2005) p75NTR—Ilive or let die. Curr Opin Neurobiol
15:49-57



NGF in Early Embryogenesis, Differentiation, and Pathology ... 149

@ren A, Falk K, Rotzschke O, Bechmann I, Nitsch R, Gimsa U (2004) Production of
neuroprotective NGF in astrocyte-T helper cell cocultures is upregulated following antigen
recognition. J Neuroimmunol 149:59-65

Parvaneh Tafreshi A (2006) Nerve growth factor prevents demyelination, cell death and
progression of the disease in experimental allergic encephalomyelitis. Iran J Allergy Asthma
Immunol 5:177-181

Patel TD, Kramer I, Kucera J, Niederkofler V, TM Jesell, Arber S, Snider WD (2003) Peripheral
NT3 signaling is required for ETS protein expression and central patterning of proprioceptive
sensory afferents. Neuron 38:403—416

Pazyra-Murphy MF, Hans A, Courchesne SL, Karch C, Cosker KE, Heerssen HM, Watson FL,
Kim T, Greenberg ME, Segal RA (2009) A retrograde neuronal survival response:
target-derived neurotrophins regulate MEF2D and bcl-w. J Neurosci 29:6700-6709

Pezzati P, Stanisz AM, Marshall JS, Bienenstock J, Stead RH (1992) Expression of nerve growth
factor receptor immunoreactivity on follicular dendritic cells from human mucosa associated
lymphoid tissues. Immunology 76:485-490

Prencipe G, Minnone G, Strippoli R, De Pasquale L, Petrini S, Caiello I, Manni L, De Benedetti F,
Bracci-Laudiero L (2014) Nerve growth factor downregulates inflammatory response in human
monocytes through TrkA. J Immunol 192:3345-3354

Purves D (1975) Functional and structural changes in mammalian sympathetic neurones following
interruption of their axons. J Physiol 252:429-463

Pyle AD, Lock LF, Donovan PJ (2006) Neurotrophins mediate human embryonic stem cell
survival. Nat Biotechnol 24:344-350

Ralainirina N, Brons NH, Ammerlaan W, Hoffmann C, Hentges F, Zimmer J (2010) Mouse
natural killer (NK) cells express the nerve growth factor receptor TrkA, which is dynamically
regulated. PLoS ONE 5:¢15053

Reichardt LF (2006) Neurotrophin-regulated signalling pathways. Philos Trans R Soc Lond B Biol
Sci 361:1545-1564

Renné C, Minner S, Kiippers R, Hansmann ML, Brauninger A (2008) Autocrine NGFbeta/TRKA
signalling is an important survival factor for Hodgkin lymphoma derived cell lines. Leuk Res
32:163-167

Resende TP, Ferreira M, Teillet MA, Tavares AT, Andrade RP, Palmeirim I (2010) Sonic
hedgehog in temporal control of somite formation. Proc Natl Acad Sci USA 107:12907-12912

Rezaee F, Rellick SL, Piedimonte G, Akers SM, O’Leary HA, Martin K, Craig MD, Gibson LF
(2010) Neurotrophins regulate bone marrow stromal cell IL-6 expression through the MAPK
pathway. PLoS ONE 5(3):¢9690. doi:10.1371/journal.pone.0009690

Rifkin JT, Todd VIJ, Anderson LW, Lefcort F (2000) Dynamic expression of neurotrophin
receptors during sensory neuron genesis and differentiation. Dev Biol 227:465-480

Roberti G, Mantelli F, Macchi I, Massaro-Giordano M, Centofanti M (2014) Nerve growth factor
modulation of retinal ganglion cell physiology. J Cell Physiol 229:1130-1133

Rodriguez-Tébar A, Dechant G, Barde YA (1991) Neurotrophins: structural relatedness and
receptor interactions. Philos Trans R Soc Lond B Biol Sci 331:255-258

Roux PP, Barker PA (2002) Neurotrophin signaling through the p75 neurotrophin receptor. Prog
Neurobiol 67:203-233

Saab CY, Shamaa F, El Sabban ME, Safieh-Garabedian B, Jabbur SJ, Saadé NE (2009) Transient
increase in cytokines and nerve growth factor in the rat dorsal root ganglia after nerve lesion
and peripheral inflammation. J Neuroimmunol 208:94-103

Salehi AH, Roux PP, Kubu CJ, Zeindler C, Bhakar A, Tannis LL, Verdi JM, Barker PA (2000)
NRAGE, a novel MAGE protein, interacts with the p75 neurotrophin receptor and facilitates
nerve growth factor-dependent apoptosis. Neuron 27:279-288

Samah B, Porcheray F, Gras G (2008) Neurotrophins modulate monocyte chemotaxis without
affecting macrophage function. Clin Exp Immunol 151:476-486

Sato Y, Tsuboi Y, Kurosawa H, Sugita K, Eguchi M (2004) Anti-apoptotic effect of nerve growth
factor is lost in congenital insensitivity to pain with anhidrosis (CIPA) B lymphocytes. J Clin
Immunol 24:302-308


http://dx.doi.org/10.1371/journal.pone.0009690

150 L. Bracci-Laudiero and M.E. De Stefano

Sawada J, Itakura A, Tanaka A, Furusaka T, Matsuda H (2000) Nerve growth factor functions as a
chemoattractant for mast cells through both mitogen-activated protein kinase and phos-
phatidylinositol 3-kinase signalling pathways. Blood 95:2052-2058

Schliebs R, Arendt T (2011) The cholinergic system in aging and neuronal degeneration. Behav
Brain Res 221:555-563

Schuldiner M, Yanuka O, Itskovitz-Eldor J, Melton DA, Benvenisty N (2000) Effects of eight
growth factors on the differentiation of cells derived from human embryonic stem cells. Proc
Natl Acad Sci USA 97:11307-11312

Schulte-Herbriiggen O, Braun A, Rochlitzer S, Jockers-Scheriibl MC, Hellweg R (2007)
Neurotrophic factors—a tool for therapeutic strategies in neurological, neuropsychiatric and
neuroimmunological diseases? Curr Med Chem 14:2318-2329

Scott SA, Mufson EJ, Weingartner J, Skau KA, Crutcher KA (1995) Nerve growth factor in
Alzheimer’s disease: increased levels throughout the brain coupled with declines in nucleus
basalis. J Neurosci 15:6213-6221

Seidah NG, Benjannet S, Pareek S, Savaria D, Hamelin J, Goulet B, Laliberte J, Lazure C,
Chrétien M, Murphy RA (1996) Cellular processing of the nerve growth factor precursor by the
mammalian pro-protein convertases. Biochem J 314:951-960

Sharma N, Deppmann CD, Harrington AW, St Hillaire C, Chen ZY, Lee FS, Ginty DD (2010)
Long-distance control of synapse assembly by target-derived NGF. Neuron 67:422-434

Shi Y, Jin Y, Guo W, Chen L, Liu C, Lv X (2012) Blockage of nerve growth factor modulates T
cell responses and inhibits allergic inflammation in a mouse model of asthma. Inflamm Res
61:1369-1378

Snider WD (1994) Functions of the neurotrophins during nervous system development: what the
knockouts are teaching us. Cell 77:627-638

Sofroniew MV, Howe CL, Mobley WC (2001) Nerve growth factor signaling, neuroprotection,
and neural repair. Annu Rev Neurosci 24:1217-1281

Soligo M, Protto V, Florenzano F, Bracci-Laudiero L, De Benedetti F, Chiaretti A, Manni L
(2015) The mature/pro nerve growth factor ratio is decreased in the brain of diabetic rats:
Analysis by ELISA methods. Brain Res. doi:10.1016/j.brainres.2015.08.005

Susaki Y, Shimizu S, Katakura K, Watanabe N, Kawamoto K, Matsumoto M, Tsudzuki M,
Furusaka T, Kitamura Y, Matsuda H (1996) Functional properties of murine macrophages
promoted by nerve growth factor. Blood 88:4630-4637

Teng HK, Teng KK, Lee R, Wright S, Tevar S, Almeida RD, Kermani P, Torkin R, Chen ZY,
Lee FS, Kraemer RT, Nykjaer A, Hempstead BL (2005) ProBDNF induces neuronal apoptosis
via activation of a receptor complex of p75NTR and sortilin. J Neurosci 25:5455-5463

Thoenen H, Angeletti PU, Levi-Montalcini R, Kettler R (1971) Selective induction by nerve
growth factor of tyrosine hydroxylase and dopamine- -hydroxylase in the rat superior cervical
ganglia. Proc Natl Acad Sci USA 68:1598-1602

Tomellini E, Lagadec C, Polakowska R, Le Bourhis X (2014) Role of p75 neurotrophin receptor in
stem cell biology: more than just a marker. Cell Mol Life Sci 71:2467-2481

Tonchev AB, Boneva NB, Kaplamadzhiev DB, Kikuchi M, Mori Y, Sahara S, Yamashima T
(2008) Expression of neurotrophin receptors by proliferating glia in postischemic hippocampal
CAL sector of adult monkeys. J Neuroimmunol 205:20-24

Torcia M, Bracci-Laudiero L, Lucibello M, Nencioni L, Labardi D, Rubartelli A, Cozzolino F,
Aloe L, Garaci E (1996) Nerve growth factor is an autocrine survival factor for memory B
lymphocytes. Cell 85:345-356

Torcia M, De Chiara G, Nencioni L, Ammendola S, Labardi D, Lucibello M, Rosini P,
Marlier LN, Bonini P, Dello Sbarba P, Palamara AT, Zambrano N, Russo T, Garaci E,
Cozzolino F (2001) Nerve growth factor inhibits apoptosis in memory B lymphocytes via
inactivation of p38 MAPK, prevention of Bcl-2 phosphorylation, and cytochrome c release.
J Biol Chem 276:39027-39036

Tsuda T, Wong D, Dolovich J, Bienenstock J, Marshall J, Denburg JA (1991) Synergistic effects
of nerve growth factor and granulocytes-macrophage colony-stimulating factor on human
basophilic cell differentiation. Blood 77:971-979


http://dx.doi.org/10.1016/j.brainres.2015.08.005

NGF in Early Embryogenesis, Differentiation, and Pathology ... 151

Tuszynski MH, Blesch A (2004) Nerve growth factor: from animal models of cholinergic neuronal
degeneration to gene therapy in Alzheimer’s disease. Prog Brain Res 146:441-449

Uren RT, Turnley AM (2014) Regulation of neurotrophin receptor (Trk) signaling: suppressor of
cytokine signaling 2 (SOCS2) is a new player. Front Mol Neurosci 7:39. doi:10.3389/fnmol.
2014.00039

Vantini G, Schiavo N, Di Martino A, Polato P, Triban C, Callegaro L, Toffano G, Leon A (1989)
Evidence for a physiological role of nerve growth factor in the central nervous system. Neuron
3:267-273

Verge VM, Richardson PM, Wiesenfeld-Hallin Z, Hokfelt T (1995) Differential influence of nerve
growth factor on neuropeptide expression in vivo: a novel role in peptide suppression in adult
sensory neurons. J Neurosci 15:2081-2096

Villoslada P, Hauser SL, Bartke I, Unger J, Heald N, Rosenberg D, Cheung SW, Mobley WC,
Fisher S, Genain CP (2000) Human nerve growth factor protects common marmosets against
autoimmune encephalomyelitis by switching the balance of T helper cell type 1 and 2
cytokines within the central nervous system. J Exp Med 2000(191):1799-1806

Vogel KS (1993) Development of trophic interactions in the vertebrate peripheral nervous system.
Mol Neurobiol 7:363-382

Voyvodic JT (1989) Peripheral target regulation of dendritic geometry in the rat superior cervical
ganglion. J Neurosci 9:1997-2010

Wang H, Wang R, Thrimawithana T, Little PJ, Xu J, Feng ZP, Zheng W (2014) The nerve growth
factor signaling and its potential as therapeutic target for glaucoma. Biomed Res Int
2014:759473. doi:10.1155/2014/759473

Wang KC, Kim JA, Sivasankaran R, Segal R, He Z (2002) P75 interacts with the Nogo receptor as
a co-receptor for Nogo, MAG and OMgp. Nature 420:74-78

Wang X, Bauer JH, Li Y, Shao Z, Zetoune FS, Cattaneo E, Vincenz C (2001) Characterization of a
p75(NTR) apoptotic signaling pathway using a novel cellular model. J Biol Chem 276:33812—
33820

Wehrman T, He X, Raab B, Dukipatti A, Blau H, Garcia KC (2007) Structural and mechanistic
insights into nerve growth factor interactions with the TrkA and p75 receptors. Neuron 5:325-
338

Welker P, Grabbe J, Gibbs B, Zuberbier T, Henz BM (2000) Nerve growth factor-beta induces
mast-cell marker expression during in vitro culture of human umbilical cord blood cells.
Immunology 99:418-426

Wheeler EF, Gong H, Grimes R, Benoit D, Vazquez L (1998) p75NTR and Trk receptors are
expressed in reciprocal patterns in a wide variety of non-neural tissues during rat embryonic
development, indicating independent receptor functions. J Comp Neurol 391:407-428

Willnow TE, Petersen CM, Nykjaer A (2008) VPS10P-domain receptors—regulators of neuronal
viability and function. Nat Rev Neurosci 9:899-909

Wilson YM, Richards KL, Ford-Perriss ML, Panthier JJ, Murphy M (2004) Neural crest cell
lineage segregation in the mouse neural tube. Development 131:6153-6162

Xia Y, Chen BY, Sun XL, Duan L, Gao GD, Wang JJ, Yung KK, Chen LW (2013) Presence of
proNGF-sortilin signaling complex in nigral dopamine neurons and its variation in relation to
aging, lactacystin and 6-OHDA insults. Int J Mol Sci 14:14085-14104

Yamamoto M, Sobue G, Yamamoto K, Terao S, Mitsuma T (1996) Expression of mRNAs for
neurotrophic factors (NGF, BDNF, NT-3, and GDNF) and their receptors (p7SNGFR, trkA,
trkB, and tkC) in the adult human peripheral nervous system and nonneural tissues.
Neurochem Res 21:929-938

Yamashita T, Tucker KL, Barde YA (1999) Neurotrophin binding to the p75 receptor modulates
Rho activity and axonal outgrowth. Neuron 24:585-593

Yan Q, Johnson EM Jr (1988) An immunohistochemical study of the nerve growth factor receptor
in developing rats. J Neurosci 8:3481-3498

Yan Q, Johnson EM Jr (1989) Immunoistochemical localization and biochemical characterization
of nerve growth receptor in adult rat brain. J] Comp Neurol 290:585-598


http://dx.doi.org/10.3389/fnmol.2014.00039
http://dx.doi.org/10.3389/fnmol.2014.00039
http://dx.doi.org/10.1155/2014/759473

152 L. Bracci-Laudiero and M.E. De Stefano

Yao L, Zhang D, Bernd P (1994) The onset of neurotrophin and trk mRNA expression in early
embryonic tissues of the quail. Dev Biol 165:727-730

Ye H, Kuruvilla R, Zweifel LS, Ginty DD (2003) Evidence in support of signaling
endosome-based retrograde survival of sympathetic neurons. Neuron 39:57-68

Ye X, Mehlen P, Rabizadeh S, VanArsdale T, Zhang H, Shin H, Wang JJ, Leo E, Zapata J,
Hauser CA, Reed JC, Bredesen DE (1999) TRAF family proteins interact with the common
neurotrophin receptor and modulate apoptosis induction. J Biol Chem 274:30202-30208

Yeiser EC, Rutkoski NJ, Naito A, Inoue J, Carter BD (2004) Neurotrophin signaling through the
p75 receptor is deficient in traf6-/- mice. J Neurosci 24:10521-10529

Zhang D, Yao L, Bernd P (1996) Expression of neurotrophin trk and p75 receptors in quail
embryos undergoing gastrulation and neurulation. Dev Dyn 205:150-161

Zhang HT, Li LY, Zou XL, Song XB, Hu YL, Feng ZT, Wang TT (2007) Immunohistochemical
distribution of NGF, BDNF, NT-3, and NT-4 in adult rhesus monkey brains. J Histochem
Cytochem 55:1-19

Zhou FQ, Zhou J, Dedhar S, Wu YH, Snider WD (2004) NGF-Induced axon growth is mediated
by localized inactivation of GSK-3b and functions of the microtubule plus end binding protein
APC. Neuron 42:897-912



Part 11
Neuroteratogens to Model Human
Disorders
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Abstract The environment in which individuals develop and mature is critical for
their physiological and psychological outcome; in particular, the intrauterine
environment has reached far more clinical relevance given its potential influence on
shaping brain function and thus mental health. Gestational stress and/or maternal
infection during pregnancy has been related with an increased incidence of neu-
ropsychiatric disorders, including depression and schizophrenia. In this framework,
the use of animal models has allowed a formal and deep investigation of causal
determinants. Despite disruption of circadian clocks often represents a hallmark of
several neuropsychiatric disorders, the relationship between disruption of brain
development and the circadian system has been scarcely investigated. Nowadays,
there is an increasing amount of studies suggesting a link between circadian system
malfunction, early-life insults and the appearance of neuropsychiatric diseases at
adulthood. Here, we briefly review evidence from clinical literature and animal
models suggesting that the exposure to prenatal insults, i.e. severe gestational stress
or maternal immune activation, changes the foetal hormonal milieu increasing the
circulating levels of both glucocorticoids and pro-inflammatory cytokines. These
two biological events have been reported to affect genes expression in experimental
models and critically interfere with brain development triggering and/or exacer-
bating behavioural anomalies in the offspring. Herein, we highlight the importance
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to unravel the individual components of the body circadian system that might also
be altered by prenatal insults and that may be causally associated with the dis-
ruption of neural and endocrine developmental programming.

Keywords Early-life stress - Prenatal - Immune activation - Animal models -
Clock genes
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Despite genetics are critical for neuropsychiatric disorders’ vulnerability, an
increasing body of clinical and experimental evidence attests to the relevance of the
environment during the developmental period. The time immediately before and
after birth is a highly sensitive period characterized by a rapid and continuous
neural maturation. During this prenatal and early postnatal period, the brain is
particularly susceptible to insults and increasing literature gives support to the
impact environmental changes have in the adult individual. Actually, there is now
compelling evidence that exposure to suboptimal environments during perinatal life
alters brain development and increases the risk for suffering several neuropsychi-
atric disorders, including schizophrenia, mood and anxiety disorders (Cirulli et al.
2009; Marco et al. 2011). In this regard, experimental animal models do represent
an essential and valuable tool to investigate the causal relationship between a given
environmental manipulation during development and the observation of persistent
neurobehavioral anomalies reminiscent in the model of those frequently observed in
mental health problems. Herein, we will briefly review current literature on animal
models based upon in utero environmental challenges—prenatal insults—that have
been extensively used in the investigation of neuropsychiatric disorders with a
neurodevelopmental origin. In particular, we will first focus on models dealing
with, i.e. maternal infection or severe stress conditions during gestation. Then, we



Circadian Rhythms in Neuropsychiatric Disorders 157

will consider how disruption of circadian sleep cycle and expression/function of
clock genes are generated as a function of severe environmental insults during
gestation. Despite the time of birth and early postnatal period are also time windows
of enhanced sensitivity to environmental changes, analysing the diversity of animal
models that consider perinatal and postnatal insults remains far beyond the scope of
the present manuscript (for reviews on animal models of early-life stress consult
(Cirulli et al. 2009; Laviola et al. 2009; Marco et al. 2011, 2015).

1 Changes in the Prenatal Environment to Model
Neuropsychiatric Disorders

1.1 Brief Notes on the Maternal Immune Activation
(MIA) Model

Maternal infection during pregnancy has consistently been associated with
increased risk of developing symptoms related to schizophrenia in the offspring
(Boksa 2010; Brown 2006; Brown and Susser 2002; Meyer and Feldon 20009;
Patterson 2007). Epidemiological studies have mostly investigated an association
between maternal immune activation and schizophrenia, while some other neu-
ropsychiatric disorders have been disregarded. Maternal infection has also been
suggested to play a role in the pathogenesis of autism spectrum disorders
(ASD) (Hyman et al. 2006), although more epidemiology is needed here. Failed
support for the hypothesis that prenatal exposure to a viral infection might be
associated with risk of subsequent depression has derived from a human study with
over 6000 subjects (Pang et al. 2009). However, more recently, a systematic
analysis of the literature explored the potential association between depression,
metabolic  syndrome, inflammation and hypothalamic—pituitary—adrenal
(HPA) axis; although the study did not achieve clear conclusions the importance of
the immune system function, possibly through the release of cytokines, to induce
and/or maintain depressive symptoms became of critical biological relevance
(Martinac et al. 2014). Therefore, a role for prenatal activation of the immune
system in depression should not be completely disregarded.

Several rodent models that mimic prenatal infection of bacterial or viral origin
have been developed and a multitude of infectious agents have been tested, i.e.
influenza, poliovirus, rubella, measles, varicella—zoster, retrovirus and several
bacterial agents such as bacterial endotoxin lipopolysaccharide (LPS) or viral
mimic polyinosinic: polycytidylic acid (poly I:C). In general, animal models of
maternal immune activation have demonstrated alterations in behaviours relevant to
both schizophrenia and depression [see recent reviews (Boksa 2010; Meyer and
Feldon 2009; Samsom and Wong 2015)]. In this framework, changes in the pre-
pulse inhibition of startle response (PPI), a measure of sensorimotor gating that
reflects the ability of an organism to attain information and process it correctly,
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have been reported. Loss of normal PPI is widely accepted as an endophenotype of
schizophrenia with high translational validity since it can be assessed in both human
subjects and animal models. Exposure to LPS during prenatal life has been reported
to induce a deficit in PPL Interestingly, the alteration emerges at “puberty” and
seems to persist throughout adult life in male rats (Borrell et al. 2002; Fortier et al.
2007; Romero et al. 2010; Wischhof et al. 2015). With respect to sex-related
vulnerability, however, a similar PPI impairment was only found at adolescence
(not persisting in adulthood) in prenatally LPS-treated females (Wischhof et al.
2015). Worth mentioning, the administration of antipsychotics, i.e. haloperidol,
successfully reversed the PPI impairment induced by prenatal LPS administration,
thus providing pharmacological validity to this animal model of schizophrenia
(Borrell et al. 2002; Romero et al. 2007). In contrast, other studies have reported no
effects of gestational LPS on PPI response at adulthood, although an enhanced
acoustic startle response was observed (Fortier et al. 2004). Maternal LPS admin-
istration also induced a marked increase in amphetamine-induced hyperactivity,
compared to the offspring from control dams (Fortier et al. 2004), and more
recently, locomotor hyperactivity has been reported following prenatal LPS
administration in both male and female rats offspring (Wischhof et al. 2015).

Important cognitive deficits have also been reported following maternal immune
activation. LPS injection to pregnant mice induced an enhancement in recognition
memory, a deficit in associative learning and memory but no alterations in spatial
memory as measured in the Morris water maze (MWM) (Golan et al. 2005).
Impaired object recognition memory has been recently reported in both sexes fol-
lowing prenatal LPS administration, although males appeared to be more severely
affected (Wischhof et al. 2015). Similarly, poly I:C administration to near-term
mouse dams led to an impairment in reversal learning in the adult offspring (Meyer
et al. 2006b). Notwithstanding, a deficit in the reversal phase is indicative of
perseverative behaviour, also implicated in schizophrenia, autism, obsessive com-
pulsive disorders, and addictive behaviour (Ridley 1994). Thus, prenatal poly I:C
administration has been associated with the exhibition this symptom of altered
mental health, i.e. perseverative behaviour. Prenatal poly I:C administration also
reduced sucrose preference, indicative of anhedonia, but only if pregnant dams lost
weight following MIA (Missault et al. 2014). Taken together, MIA has been related
to psychotic symptoms, cognitive impairments and depression-like responses
[consult (Meyer et al. 2009; Samsom and Wong 2015) for an extended review].
Different factors associated with the maternal infection process, including the time
of maternal immune challenge (Meyer et al. 2006a, b) also seem to be critical for
the behavioural outcome in offspring: whether or not dams displayed a febrile
response (Lowe et al. 2008) and/or a loss in body weight (Missault et al. 2014) in
response to the infectious agent have been identified as factors that should be taken
into account when employing animal models of maternal immune activation.
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1.2 Prenatal Restraint Stress (PRS)

In general, in both clinical reports and rodent studies, gestational stress has been
related with an increased incidence of anxiety, depression and attention deficits in
the offspring, together with major neurobehavioral disturbances relevant to ASD
and schizophrenia (Beydoun and Saftlas 2008; Talge et al. 2007; Weinstock 2008).
However, severe stress during gestation not only positively affects the probability to
suffer from several neuropsychiatric disorders, but seems also to facilitate the onset
of these disorders as well as potentiate comorbidity problems (Mill and Petronis
2008; Mittal et al. 2008; Rice et al. 2007).

Experimental research has employed different animal models of gestational
stress, including altered maternal nutrition (Budge et al. 2007; MacLaughlin and
McMillen 2007), administration of glucocorticoid hormones (Catalani et al. 2011;
Macri et al. 2011), and obstetric complications mimicking reduced placental per-
fusion such as episodes of neonatal hypoxia (Boksa 2004; Laviola et al. 2004a).
Among the available animal models of gestational stress, we have explored the
consequences of exposure to intermittent restraint which also includes an important
psychological component in the rat. In particular, we focused on the consequences
in the offspring of exposure of pregnant dams to physical restrain immobilization
during the last week of gestation.

A prominent reduction in social play behaviour has been reported as a conse-
quence of prenatal restraint stress in adolescent male rats, which came in the
absence of changes in environment exploration (Morley-Fletcher et al. 2003b);
indeed, our observations confirmed other studies reporting impairments in affiliative
behaviour as well as a reduced amount of age-typical rough-and-tumble play in the
PRS offspring (Koenig et al. 2005; Lee et al. 2007; Ward and Stehm 1991). The
offspring of stressed dams, as both adolescents and adults, has been reported to
exhibit increased anxiety levels. In particular, an increased latency to approach a
novel object in an open field (Laviola et al. 2004b), as well as increased anxiety-like
responses in the elevated plus maze (EPM) (Darnaudery and Maccari 2008; Zuena
et al. 2008). Depressive-like responses have also been observed following PRS
since an increase in immobility time was registered in the forced swim test, a
behavioural paradigm extensively used to validate the effectiveness and potency of
antidepressant drugs (Morley-Fletcher et al. 2003a). Learning and attention deficits
are also common in the offspring of PRS rats: impairments in spatial learning in the
MWM were observed in PRS male rats (Lemaire et al. 2000), as well as impaired
recognition memory and altered working memory (Maccari et al. 2003); notably,
sex differences have been described with cognitive deficits being more evident in
female PRS rats than in males (Zuena et al. 2008). Taken together, PRS seems to
increase anxiety levels, induce a depressive-like phenotype and impair cognitive
function in the offspring.

Further, profound disruption of circadian rhythmicity of several physiological
responses, i.e. heart rate, body temperature, and physical activity (Mastorci et al.
2009), has been reported in rodent models following maternal exposure to prenatal
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intermittent restraint. Long-term consequences of PRS significantly depend on the
sex of the offspring, on the behavioural parameter being considered, and most
importantly on the intensity and timing of the maternal stress [see (Darnaudery and
Maccari 2008; Weinstock 2008) for review]. Great efforts have been devoted to
understand the underlying mechanisms of the deleterious outcomes observed in the
offspring of stressed pregnancies (Darnaudery and Maccari 2008; Maccari et al.
2003; Weinstock 2002, 2008); however, research in this field is still needed.

2 Relevance of the Circadian Rhythms
in Neuropsychiatric Disorders

Alterations in circadian thythm have a profound impact on the physical and psy-
chological homeostasis of an individual (Atcheson and Tyler 1975). Indeed, a dis-
ruption of circadian clocks has been found in several neuropsychiatric disorders such
as depression, post-traumatic stress disorder, mania and schizophrenia [(Agorastos
et al. 2014; Mendlewicz 2009; Novakova et al. 2015) for a review, see (Karatsoreos
2014)]. The neurobehavioral deficits, such as changes in mood, affect or cognitive
impairments, derived from altered circadian patterns have long been established. For
instance, animal models relevant for jet-lag syndrome have provided evidence for
negative long-lasting effects on hippocampal neurogenesis, deficient performance in
hippocampal-dependent learning and memory and underlying depression as a con-
sequence of altered circadian conditions (Gibson et al. 2010). However, it is yet to be
determined if the alterations of the circadian system observed in neuropsychiatric
disorders are mere symptoms or contributing factors.

In the case of depressive syndrome, this dual role of the circadian system is even
more pronounced. On the one hand, patients with major depression exhibit direct
disturbances of the circadian system, including changes in daily mood variation,
brain activity, core body temperature, hormone secretion, sleep—wake cycle, motor
activity and seasonal mood variation (Monteleone et al. 2011). On the other hand,
disruption of the circadian system has been linked to the pathophysiology of
depression, as it has been shown in transgenic mice for clock and clock-controlled
genes (Mukherjee et al. 2010; Roybal et al. 2007). Moreover, in clinical studies,
single-nucleotide polymorphisms in CLOCK, BMALI1, PER3 genes or in the cir-
cadian regulator glycogen synthase-kinase-33 (GSK-3f3) have been related to sen-
sitivity to antidepressant treatment (Benedetti et al. 2005; Serretti et al. 2003),
increased recurrent rate of affective episodes (Benedetti et al. 2003), development
of bipolar disorder (Nievergelt et al. 2006) and risk for seasonal affective disorder
(Partonen et al. 2007). A more recent study also delves into the role of the circadian
system in the pathophysiology of depression. By using a validated mouse model of
depression, i.e. exposure to chronic mild stress, authors provide support for an
association between mice depressive-like phenotype and a desynchronization of the
core components of the molecular clock within the amygdala. Actually, the
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rhythmicity exhibited by the basolateral amygdala of control mice was completely
abolished in anhedonic mice, thus suggesting that the observed disruption in normal
daily oscillations might be a consequence of the illness (Savalli et al. 2014).

2.1 Circadian Rhythms: Brief Note on Neuroanatomy
and Molecular Machinery

All organisms have the ability to adapt to their environment by anticipating periodic
changes such as the alternation of light and dark periods. This is possible due to the
existence of an endogenous circadian system that works as a clock that can be
synchronized by environmental cues, setting a period of around 24 h (thus the name
circadian). In mammals, this system consists of a hierarchical structure, where the
central or master clock is located in the suprachiasmatic nucleus (SCN) of the
hypothalamus, which controls a network of peripheral clocks in every tissue
(Hastings et al. 2007). This master clock—SCN—is mainly entrained to the
light/dark cycle, receiving the light information directly from the retinohypothala-
mic tract and driving an output of metabolic (i.e. glucose homeostasis, gene
expression) and hormonal rhythms (i.e. melatonin, cortisol/corticosterone) that keep
the rest of the body oscillators in synchrony (Hastings et al. 2007; Iuvone et al.
2005). However, these peripheral clocks can be entrained by external cues different
from the light/dark cycle and therefore remain functional without the control of the
SCN. The strongest cue that can entrain peripheral clocks without affecting the
phase of the SCN is food (in terms of feeding schedule and/or caloric consumption)
despite other clocks related to the reward system have also been described for
methamphetamine (Honma and Honma 2009; Mendoza 2007).

The molecular machinery responsible for circadian rhythm generation can be
found in every single body cell and consists of transcriptional—-translational feed-
back loops that involve a highly conserved set of “clock genes”. In mammals, these
loops are formed by the so-called positive elements, CLOCK and BMALI, which
heterodimerize and enhance the transcription of the negative components Period
(Perl, Per2 and Per3) and Cryptochrome (Cryl and Cry2) genes. The PER and
CRY proteins form complexes that inhibit their own transcription by binding to the
CLOCK:BMALI complex blocking its function. This negative loop allows a daily
rhythm in expression of Per and Cry transcripts and their protein products (Iuvone
et al. 2005; Okamura et al. 2002).

2.2 The Circadian System During the Perinatal Period

Considering that a hypothalamic structure—SCN—is central for the circadian
system functioning, it seems plausible that an aberrant development of the related
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hypothalamic circuitries may lead to a malfunctioning of this master clock as well
as of extra-SCN non-photic oscillators. Accordingly, it seems reasonable to deep
into the importance of an appropriate development of the circadian system during
early stages and also to investigate the possible consequences of circadian rhythm
disruption during the prenatal time window that might be related to the emergence
of neuropsychiatric disorders later in life. It is well known that the SCN is fully
formed and innervated by mid-gestation in humans and rhesus monkeys, and it
presents oscillations in utero. Indeed, clear-cut circadian rhythms of heart rate,
respiratory movements, foetal movements and hormones are already displayed by
the foetus (Davis and Reppert 2001; Seron-Ferre et al. 2007; Weirnert 2005). In
contrast, these thythms seem to appear at a postnatal age in rodents; neurogenesis of
SCN is completely close to birth, by gestational day (GD) 17 (Davis and Reppert
2001), although there are evidences of foetal rhythms in metabolic activity (Davis
and Gorski 1985), vasopressin mRNA levels (Reppert and Uhl 1987) and spon-
taneous neural activity (Shibata and Moore 1987). However, in every mammalian
specie, foetal circadian system depends on maternal signals (core body temperature,
metabolic cues and hormonal milieu) that allow the immature offspring to syn-
chronize to the external environment (Seron-Ferre et al. 2007). Thus, from a
molecular perspective, the morphological development of the SCN parallels the
gradual development of molecular clock robustness as shown by an increase in the
clock gene expression rhythm amplitudes from no rhythmicity at GD 19 to highly
developed rhythms at postnatal day (PND) 10 (Houdek and Sumova 2014). In rats,
an analysis of clock gene transcripts at GD 19 showed that no rhythmic expression
could be detected for Per2 and Bmall although some other genes related to cellular
activity showed rhythmic, thus providing evidence for the maternal circadian sys-
tem to drive these oscillations (Houdek and Sumova 2014). Likewise, a study in
which pregnant dams were exposed to a 6-h delay of the dark period and then
released into constant darkness at different stages of the foetal development showed
that the expression of clock genes Perl and Per2 in the SCN of newborn pups was
shifted differently, according to the day the mother was housed in constant darkness
(El-Hennamy et al. 2008). Besides, give that rat pups are blind until PND 15,
studies with rats highlight the relevance of non-photic entrainment during perinatal
stages. In this regard, it has been shown that keeping pregnant rats under a
scheduled feeding regime—that is, food availability for a limited period of time
without caloric restriction—is able to phase advance the expression of several clock
genes at birth (PND 0), with less pronounced effects at PND 10 when maternal
feeding schedules are not as important as nursing time for the offspring (Olejnikova
et al. 2015). Therefore, after birth, maternal care becomes crucial for the generation
and maintenance of pup’s circadian rhythms, as the mother will nurse and take care
of the pups until weaning. During lactation, nocturnal animals will provide nursing
and maternal care during the light phase, shifting the clocks of the pups opposite to
adults. Meanwhile, the SCN becomes a light-driven oscillator and peripheral clocks
are entrained by competing signals from the SCN and the feeding regime
(Polidarova et al. 2014).
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However, both in foetal and postnatal stages, the main environmental factor
controlling for the adequate development of the circadian system is the light—dark
cycle. In studies with animals raised at different photoperiods, it has been shown
that SCN photic sensitivity develops gradually, with clock genes like Perl or Per2
being rhythmic from PND 10 but others like Cryl from PND 20 (Kovacikova et al.
2005). Before birth, foetuses do not receive light directly, but photic entrainment is
set by maternal cues via melatonin secretion. This hormone is mainly produced by
the pineal gland keeping a high-at-night secretion pattern that contributes to photic
entrainment of physiological and behavioural processes. By contrast, glucocorti-
coids are produced in the adrenal glands controlled by the HPA axis and are also
released in a rthythmic manner but opposite in phase to melatonin, peaking during
the daytime. Brain structures controlling the secretion of these hormones, the pineal
gland and the parvocellular neurosecretory cells of the hypothalamus, respectively,
are under regulation of the SCN which maintains melatonin and glucocorticoids in
opposite phases as direct outputs of the clock. Both hormones will affect the
development of the circadian rhythms in pups. It has been shown that suppressing
maternal melatonin rhythmic secretion by exposing animals to constant light at
mid-gestation leads to intrauterine growth retardation, to an altered pattern of clock
gene expression in foetal adrenal glands with suppression of glucocorticoid rhythm
together with an altered response to corticotrophin-releasing hormone (ACTH)
effects that were counteracted by melatonin injection during the subjective night
(Mendez et al. 2012). Likewise, it has been shown that constant light during the last
third of pregnancy in primates affected the entrainment of temperature rhythms in
the newborns, which were re-synchronized with melatonin injections to the preg-
nant mothers highlighting the physiological importance of the maternal melatonin
rhythm during pregnancy (Seron-Ferre et al. 2013).

2.3 Disruption of Circadian Rhythms from Postnatal
Periods to Adulthood

Chronodisruption has been used in several ways in adult and gestational animal
models, and it can be defined as an alteration of the normal 12-h light/12-h darkness
(12L:12D) photoperiod. In humans, the most common circadian disruptors include
environmental lighting (including both the exposure to low light during daytime or
to electric light sources during night time), shift work (which implies the exposure
to abnormal light cycles and the interference of work hours with sleep timing), jet
lag from transmeridian travel (which requires the adaptation of body clocks to a
new time zone), social jet lag (temporal differences between the endogenous clock
and the social clock) and sleep disorders (Bedrosian et al. 2015 in press). Several
animal models have been developed to study these conditions including long
photoperiods (16L:8D, to mimic summer conditions), short photoperiods (8L:16D
to mimic winter conditions), phase advances (i.e. 12L:12D photoperiod but lights
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on 5 h earlier to mimic jet lag) or constant conditions (i.e. 24 h of light to mimic
shift work). As a conclusion from those studies, darkness is needed for the normal
development of the circadian system. This consideration is of special relevance for
neonatal intensive care units (NICUs) as early newborn babies born with low
weight are kept in facilities with artificial light conditions during 24 h rather than to
the 24-h darkness they get inside the womb. The importance of the amount of light
received during the perinatal stages became evident in studies performed with mice
exposed to different seasonal photoperiods until weaning and then changed to the
opposite seasonal photoperiod for four weeks; this study demonstrates that perinatal
photoperiod has long-term effects on the rhythmicity of clock neurons and on
animal behaviour. Perinatal seasonal lighting seems to imprint individual clock
neurons. Thus, long-photoperiod-raised pups display low-amplitude rhythms of
Perl, a free running period of behavioural activity and a stability of these condi-
tions when season shifted. In contrast, short-photoperiod-exposed pups showed
high-amplitude rhythms, and waveform changes when season light was changed
(Ciarleglio et al. 2011a). A similar study has measured the ability to develop
circadian rthythmicity under constant light in rats that received different quantity and
quality of light during suckling. Normal circadian patterns under constant light, that
is becoming arrhythmic, were only developed by those animals which received
darkness during suckling, whereas the animals that were kept under light during
suckling remained rhythmic with a stability dependent on light intensity received
prior to weaning (Cambras et al. 2015). This imprinting of the circadian system by
perinatal seasonal light has proven to have implications in the later development of
neurobehavioral disorders. Early exposure to short photoperiods in rodents has been
linked to an increase in depressive and anxiety-like behaviours (Pyter and Nelson
2006). In humans, light levels during the night may play an increasingly evident
role in regulating behaviour and mood in adults (Bedrosian and Nelson 2013), and
therefore, light conditions may play a yet unrecognized role in controlling physi-
ological functions, sleep—wake cycles, alertness and cognitive functions in preterm
and neonatal infants. For instance, the rate and severity of seasonal affective dis-
order are elevated in winter-born humans, as is the risk for developing
schizophrenia or bipolar disorder (Castrogiovanni et al. 1998; Foster and
Roenneberg 2008). Moreover, studies performed at the NICUs indicated continuous
light as a stressful condition for preterm babies that could be related to later
impaired academic performance, attention-deficit, general hyperactivity and psy-
chiatric disorders at puberty (Perlman 2001).

The basis for this relationship between seasonal photoperiod imprinting and
neurobehavioral disorders may lay, at least in part, in the link between circadian and
serotonergic systems in the brain. The SCN is innervated by serotonin projections
from the median raphe nucleus and also receives indirect information via
neuropeptide-Y (NPY) input from the intergeniculate leaflet driven by the dorsal
raphe (Deurveilher and Semba 2005). Serotonin regulates SCN response to light
acting both presynaptically on retinal afferent terminals and postsynaptically on
SCN neurons to inhibit retinal input to the central biological clock (Smith et al.
2001). Likewise, the dorsal raphe nuclei receive direct input from the circadian
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visual system and indirect input from the SCN via the dorsomedial hypothalamic
nuclei (Morin 2013). Besides, serotonergic raphe neurons express the elements of
the molecular clock and rhythms in key serotonergic genes, as tryptophan hydro-
lase, and in serotonin secretion (Malek et al. 2007). Therefore, both systems are
anatomically and genetically intertwined and together regulate affective behaviours,
and any malfunction in their relationship might be associated with a range of mood
disorders (Ciarleglio et al. 2011b). Recent studies have demonstrated that pho-
toperiod received during perinatal period (both pre- and postnatal) imprints the
serotonergic neurons of the dorsal raphe programming their firing rate, respon-
siveness to noradrenergic stimulation, intrinsic electrical properties, serotonin and
norepinephrine content in the midbrain, and depression-/anxiety-related behaviour
in a melatonin receptor 1 (MT1)-dependent manner, and these features remain later
in life even after several subsequent photoperiod shifting (Green et al. 2015).
There is growing clinical evidence highlighting the importance of early-life
photoperiod exposure in the development of a certain chronotype, referred to the
phase of the endogenous sleep—wake cycle. The so-called evening type is normally
born during spring and summer (long-photoperiod seasons), while the “morning
type” is more frequently born during autumn and winter (short-photoperiod sea-
sons) (Natale and Di Milia 2011; Takao et al. 2009; Tonetti et al. 2012). Such an
association becomes more evident when seasonality is more clearly marked, like in
residents of higher latitudes (Mongrain et al. 2006) or in rural areas with less
amount of artificial light (Borisenkov et al. 2012). A person’s chronotype influences
the individual ability to adapt to circadian disruption and also to their future health
and well-being. Moreover, chronotype and the amount of light received during
childhood and adolescence may affect the susceptibility of a person to develop
mood disorders later in life (Erren et al. 2012). Notwithstanding, puberty has been
recently described as a period of increased sensitivity to light, in particular to
evening light exposure. In the study, participants received 1 h of light prior to
bedtime and the amounts of sleep as well as the melatonin salivary content were
assessed. The suppression of melatonin shown by prepubertal participants was
higher than the suppression observed among the more mature adolescents sug-
gesting an increased sensitivity to evening light in early pubertal children (Crowley
et al. 2015). The suppression in melatonin production seems to depend upon light
intensity, and the study suggests that exposure to low light intensity, as that pro-
vided by the use of electronic devices as tablets or computers in the hour prior to
sleep, may not only have short-term effects in adolescents’ sleep quality but also
long-term effects imprinting serotonergic and circadian systems as previously sta-
ted, thus increasing the risk for the development of mood disorders later in life.

2.4 Chronodisruption as a Perinatal Insult

In spite of the fact that the investigation of the relationship between brain devel-
opmental disruption and circadian system is a considerable novel topic, there is an
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increasing amount of studies, both in animal models and humans, linking circadian
system malfunctioning, early-life insults and the appearance of neuropsychiatric
diseases at adulthood. Brain developmental disruption and circadian system seem to
interact in a bidirectional way; not only exposure to a prenatal insult can provoke a
misalignment in the biological rhythms of the offspring, but a disruption of the
maternal circadian rhythm during gestation can also induce an aberrant develop-
ment in neural circuitries that may render the offspring more vulnerable to undergo
neuropsychiatric disorders later in life. Although this relationship between the
circadian system and the development of neurobehavioral disorders has been
described, not many studies have considered the use of chronodisruption as a
perinatal insult. Conditions such as shift work are increasingly becoming frequent
in modern society, and there is no exception for pregnant women. In a work
developed by Roman and Karlsson (2013), authors recall that a technical problem at
the animal facilities during their ongoing experiment led to seven days of constant
light for a group of pregnant rats, from GD20 to PND 4; when these animals
reached adulthood, a battery of behavioural tests was carried out, i.e. open field,
object recognition and water maze. Animals exposed to constant light during the
perinatal period showed intact recognition memory and no deficits in spatial
learning or memory; however, these animals exhibited increased thigmotaxis in the
open field and the water maze, less ambulatory behaviour in the open field, as well
as lower exploration times in the object recognition test. Taken together, in this
study, authors suggest an increased anxiety-like phenotype as a long-term effect of
perinatal chronodisruption. This impact of light can be produced with dim light,
mimicking the conditions of artificial light during the night for a pregnant woman.
In this regard, pregnant mice were raised on either a 14L:10D photoperiod or a
14L:10dim-light condition. After weaning, the offspring was all maintained under
constant darkness and at adulthood several behavioural and molecular measures
were assessed. Mice early exposed to constant light (dim light) showed reduced
growth rates, displayed an anxiety-like behaviour in the elevated plus maze and
increased fear responses in the passive avoidance test (Borniger et al. 2014).
Interestingly, other studies exposing pregnant rats to chronodisruption showed also
impairment of hippocampal spatial memory in the adult offspring. Hippocampal
clock gene rhythms in the foetuses from dams exposed to constant light were
completely abolished and no detectable differences in plasma melatonin or corti-
costerone were reported although animals were reared under 12L:12D photoperiod.
Notably, a significant deficit of spatial memory was also observed (Vilches et al.
2014). Considering the importance of light in current society, with artificial lights
on almost all the time, further studies on the impact of shift work and social jet lag
during gestation on mental health are needed. It is critical to better understand the
impact of developmental chronodisruption on the adult circadian system, and its
influence on the development of additional brain circuitries controlling for cogni-
tion, emotionality and energetic homeostasis. The investigation of a possible
association between gestational circadian rhythm disruption and the risk for the
development of neurobehavioral disorders during adulthood is of great clinical
relevance.
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3 Possible Molecular Players Involved in the Long-Term
Consequences of Prenatal Insults on Behaviour
and Circadian Rhythm Disruption

The interactions between central nervous system, endocrine and immune system are
profuse and intricate (Bilbo and Schwarz 2012; Eskandari and Sternberg 2002) and
initiate very early in life. The developing brain is exquisitely sensitive to both
endogenous and exogenous signals. The prenatal insults here described include
endocrine signals (glucocorticoids), immunological molecules (cytokines) and
additional external factors comprised in the experimental procedures (injections,
animal manipulation, etc.). All together are able to critically affect brain develop-
ment so that the adult individual will exhibit abnormal emotional responses, cog-
nitive deficits, and, possibly, an altered circadian activity (see previous sections). In
this section, we will briefly delve into the particular contribution of glucocorticoids
and cytokines to the hypothesized circadian rhythm disruption and the long-term
behavioural outcomes.

3.1 Glucocorticoids and the Hypothalamic—Pituitary—
Adrenal (HPA) Axis

Dysfunctions in the HPA axis activity have been reported in many psychiatric
disorders [e.g. (Jacobson 2014; Wingenfeld and Wolf 2011)]. The HPA axis and
the autonomic nervous system are responsible for the elaborated multi-directional
communication pathway designed to restore homeostasis upon a change in the
environmental conditions, i.e. a stressful challenge. Both systems become activated
to cope with adverse environmental situations that might be considered as physical
and/or psychological challenge, e.g. low temperatures, undernutrition, inflamma-
tion, restraint immobilization. HPA actions are mediated by the glucocorticoids
(cortisol/corticosterone) released from the adrenal glands act through their ubiqui-
tously distributed intracellular receptors, glucocorticoid and mineralocorticoid
receptors (GR and MR, respectively) (de Kloet et al. 2008). The importance of
glucocorticoid receptors not only consists in their role in stress response, but also in
their participation in processes related with synaptic plasticity and memory for-
mation (Brinks et al. 2007; Oitzl et al. 1997). Both receptors are located in brain
areas involved in emotion, learning and memory (de Kloet 2003). A balanced MR:
GR activation in the limbic brain appears to be critical for the emotional and
cognitive functioning required for optimal performance in a changing environment
and thus beneficial for mental health (Oitzl et al. 2010). The development of HPA
system is not uniform; different components of the system have different ontoge-
netic patterns. Actually, HPA axis circadian rhythmicity and feedback regulation in
the rat are not yet fully developed until late in development (Levine 1994).
Moreover, during brain development, the brain is highly sensitive to the effects of
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glucocorticoids; therefore, maintaining glucocorticoid levels within a physiological
range during the different stages of the nervous system development seems to be
critical for a correct organization of brain. Worth noting, the existence of a time
window during postnatal life (PND 4-14) of diminished circulating corticosterone
levels and reduced adrenal sensitivity—the so-called stress hyporesponsive period,
SHRP—that seems to be an adaptive mechanism to protect the brain developmental
processes from the deleterious impact of heightened glucocorticoid levels during a
critical time window (Levine 1994).

Early-life environmental factors seem to be critical for the development and
functionality of the HPA axis (Karrow 2006; Levine 1994, 2000; Pryce et al. 2005).
Indeed, a dysregulation of HPA activity has been consistently described in animal
models of prenatal insults. Heightened stress during pregnancy increases plasma
levels of glucocorticoids and ACTH in the mother and foetus and may consequently
interfere with the required adaptive mechanisms triggering to a persistent dysreg-
ulation of the HPA axis (Laviola et al. 2004b; Lazinski et al. 2008; Mastorci et al.
2009; Morley-Fletcher et al. 2003b; Weinstock 2002). The offspring of PRS dams
showed a prolonged corticosterone stress response together with a reduction in the
hippocampal expression of both MR and GR. In animal studies, PRS-induced
impairments in behaviour and HPA axis responsiveness are prevented by maternal
adrenalectomy. However, maternal injection of corticosterone only reverses the
increased anxiety and HPA alterations in the offspring (Weinstock 2008). Similar
effects have been reported following MIA. Animals prenatally exposed to LPS
showed, as adults, augmented corticosterone levels at baseline, a blunted stress
response, as well as a decreased expression of MR and GR within the hippocampus
(Basta-Kaim et al. 2011; Lin et al. 2012; Reul et al. 1994). Indeed, since hip-
pocampal GR seems to participate in an inhibitory feedback mechanism, the
decrease in the levels of GR in this structure might involve HPA axis hyperactivity.
Remarkably, the reported HPA axis disturbances reported following gestational
LPS administration were reversed by the chronic administration of antipsychotic
drugs, clozapine and to a lesser extent chlorpromazine (Basta-Kaim et al. 2011).
Notably, the reported changes in hippocampal glucocorticoid receptors (GR and
MR) may not only affect HPA functioning, but also emotional processing and
cognitive function; therefore, the cognitive deficits described in these animal
models may rely, at least in part, on the changes in glucocorticoid receptor
expression already described within the hippocampus. Circulating maternal glu-
cocorticoid levels may constitute one of the critical factors mediating the foetal
programming of neural circuitries involved in the control of emotion, cognition and
stress response. Last but not least, an affection of the placental function as a con-
sequence of prenatal stress cannot be discharged and may also be considered as a
critical factor mediating some of the deleterious outcomes described in the offspring
(O’Donnell et al. 2009). Taken together, an elevation in glucocorticoid levels within
the foetus—with foetal, maternal or a placental origin—may serve as one hormonal
pathway that could mediate the brain development disruption that in the long term
may provoke the behavioural anomalies already described.
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The activity of the HPA axis follows a circadian rhythm, with peak levels of
glucocorticoids during the active phase (daytime in humans and night in nocturnal
animals, such as rats or mice). The circadian rhythm of the HPA axis is charac-
terized by a pulsatile release of glucocorticoids from the adrenal gland that results in
rapid ultradian oscillations of hormone levels both in the blood and within target
tissues, including the brain. This rhythm is under control of the central clock
system, in particular the hypothalamic SCN, throughout synapses from the SCN to
the hypothalamic PVN (see Sect. 2.1). However, this control also affects other
structures of the HPA axis such as adrenal glands, due to the activation of the
autonomic nervous system and/or to the presence of an adrenal peripheral clock. In
animal studies, glucocorticoids have been reported to be able to phase shift many
clock-related genes, such as Perl and Per2, in peripheral tissues such as liver, heart
and kidney. The HPA axis also influences the circadian system. Glucocorticoids
seem to be able to change the circadian expression of different molecules providing
an adaptive mechanism through which respond to stressors. The stress system,
through the HPA axis, communicates with the clock system; therefore, any
uncoupling or dysregulation could potentially cause several disorders, such as
metabolic, autoimmune, and mood disorders [for recent review consult: (Nicolaides
et al. 2014; Spiga et al. 2011)].

Neural connections between the HPA axis and the circadian system are estab-
lished early during brain development; thus, any environmental impact during a
critical time frame could drive to a mismatch between these systems. In this regard,
exposure to severe stress during gestation has been reported to alter the circadian
system, and more particularly, the temporal functioning of the HPA axis (Koehl
et al. 1999; Maccari et al. 2003; Maccari and Morley-Fletcher 2007). PRS induced
higher levels of corticosterone secretion at the end of the light period in both males
and females and hypercorticism over the entire diurnal cycle in females (Koehl
et al. 1999). In addition, PRS induced a phase advance in the circadian rhythm of
locomotor activity as well as an increase in the paradoxical sleep in adult rats
(Maccari et al. 2003; Maccari and Morley-Fletcher 2007). These two behavioural
effects might be mediated, at least in part, by the specific change in the temporal
pattern of hippocampal GR expression induced by prenatal stress; PRS induced a
reduction in hippocampal GR expression both at the beginning of the light period
and at the end of the light period times at which total corticosterone levels are
increased in PRS rats. Data from the prenatal immune activation model also
demonstrated a disruption in the circadian system. Indeed, prenatal LPS adminis-
tration (GD17) was reported to alter sleep architecture in mice by using continuous
quantitative video/electroencephalogram/electromyogram analyses; changes that
seem to be circadian cycle and activity state dependent (Adler et al. 2014). Further
research is still needed to control for the consequences of prenatal insults on the
temporal profile of the HPA functioning.
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3.2 Immune System Activation Through Inflammation
and Cytokine Production

Nowadays, extensive literature gives support to the fact that maternal infection
during pregnancy is associated with increased risk of developing schizophrenia
(Brown 2006; Meyer and Feldon 2009; Patterson 2007); however, the causal link
underlying this observation is far from clear. The specific mechanisms by which
maternal infection may lead to psychopathology include direct infection of the
developing foetus and subsequent abnormal neural development, the generation of
autoantibodies by the mother that subsequently react with foetal neural tissue and
alterations in cytokine production, which may be an underlying component of all
three mechanisms (Pearce 2001). Literature from animal models suggests a causal
relationship between maternal immune activation and the altered behavioural traits
observed in the adult offspring. Among the diversity of immunological events that
can be triggered by infectious agents, the cytokine-associated inflammatory
response may be of particular relevance. Cytokines are soluble bioactive mediators
released by diverse immune cell types; these include interleukins (ILs), interferons,
tumour necrosis factors (TNFs), chemokines and growth factors. Cytokines act
within a complex network, either synergistically or antagonistically, and are gen-
erally associated with inflammation, immune activation and cell differentiation or
death (Allan and Rothwell 2003). Cytokines can be produced by brain immune
cells, also by neurons, and, more interestingly, cytokines can cross the blood—brain
barrier. Thus, the central nervous system can be affected not only by cytokines
produced within the brain, but also through the actions of mediators originating
from the periphery (Lucas et al. 2006). Several studies have demonstrated an
increase in pro-inflammatory cytokines in the adult offspring of dams exposed to
gestational infection. In particular, prenatal LPS exposure induced an increase in
chemokines and cytokines expression (Borrell et al. 2002). In the same line, the
neonatal administration of pro-inflammatory cytokines (Samuelsson et al. 2006;
Tohmi et al. 2004) or leukaemia inhibitory factors (Watanabe et al. 2004) to rats has
been reported to induce behavioural changes, including cognitive deficits, together
with neurobiological changes in specific brain regions such as the hippocampus.
Following prenatal LPS administration, an unbalanced inflammatory reaction in the
foetal environment that activates the foetal stress axis has also been suggested
(Gayle et al. 2004). Remarkably, most of the cytokines altered by LPS adminis-
tration have an important influence in different synaptic plasticity processes, and in
learning and memory processes. Consequently, the increase in the expression of
these cytokines may mediate, at least partially, the long-lasting cognitive deficits
observed in this animal model (Bilbo and Schwarz 2012). In conclusion, the
maternal immune response, possibly through the increase of pro-inflammatory
cytokines, may represent one of the key events interfering with foetal brain
development and maturation at critical time windows; the disruption of the balance
between pro-inflammatory and anti-inflammatory cytokine during prenatal life may
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trigger the debut of the behavioural anomalies already described as a consequence
of prenatal immune activation and extensively related to neuropsychiatric disorders.

Severe stress condition during gestation has been reported to negatively affect
the immune system and may possibly contribute to the maladaptive immune
responses to stress that occur later in life. Exposure to psychosocial stress early in
life—during early stages of pre- and postnatal life—seems to aggravate the effects
of immunotoxicants or immune-mediated diseases in infants (Bellinger et al. 2008;
Meerlo et al. 2008). In the long term, PRS produced important alterations in a
number of peripheral and central immunological parameters, as previously descri-
bed for several animal models (Coe et al. 2002; Gotz and Stefanski 2007; Llorente
et al. 2002; Tuchscherer et al. 2002). Specifically, a decrease in blood cell popu-
lations devoted to immune competence, especially the CD4* T-lymphocytes and
T4/T8 ratio were observed in response to PRS (Laviola et al. 2004b). PRS also
produced an elevation in pro-inflammatory IL-1B concentration, both in the rats’
spleen and frontal cortex (Laviola et al. 2004b). This increment in IL-1 production
among the PRS offspring resembles human studies suggesting that stress and
psychopathology can be indexed by a hypersecretion of pro-inflammatory cytoki-
nes, although other intervening variables have to be considered (Dabkowska and
Rybakowski 1994; Elenkov and Chrousos 2002; Fan et al. 2007; Schiepers et al.
2005).

The immune system is also subjected to circadian rhythms. Most immune cells
express circadian clock genes and present a wide array of genes expressed with a
24-h rhythm (Labrecque and Cermakian 2015). However, knowledge on the bio-
logical relevance of the immunological circadian clock is scarce, and few data are
available regarding the ontogeny of the rhythmicity within this system. Cytokines
have also a crucial role in brain maturation given their biological relevance in
developmental processes such as neurogenesis, neuronal and glia cell migration,
proliferation, differentiation, and synaptic maturation and pruning. The levels of
several cytokines fluctuate during development based upon the neurodevelopmental
processes occurring in the brain in a region-dependent manner; as an example, the
content of IL-1B, TNFa or IL-6 seems to be higher during early phases of brain
development than in adult brains (Bilbo and Schwarz 2012). Further research needs
to focus on the ontogeny of the rhythmicity within the production of cytokines, and
on its possible relationship with developmental events critical for brain maturation.

3.3 Crosstalk Between Glucocorticoids and Cytokines

On the one hand, glucocorticoids play a modulatory role on the expression of
numerous cytokines, adhesion molecules and other inflammatory molecules
(Eskandari and Sternberg 2002). Classically glucocorticoids are considered as
anti-inflammatory molecules, although some studies indicate that their
immunomodulatory properties are tissue specific. Actually, stress has been con-
sidered to induce inflammation in the brain. Stress, depending of the age, nature,
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intensity and length of the exposure, may activate the pro-inflammatory pathway
that triggers the release of cytokines and promotes cell damage that may underlie
some of the detrimental behavioural outcomes of stress exposure (Garcia-Bueno
et al. 2008). On the other hand, interleukins such as IL-1, IL-1p and IL-6 induce the
activation of the HPA axis, increasing the levels of glucocorticoids (Karrow 2006).
The bidirectional influence between glucocorticoids and immune molecules may
initiate at early stages of development, such as during foetal and neonatal devel-
opmental windows, as it might represent an adaptive feature that contributes to the
survival of the offspring in its new environment. However, if the individual’s
environment is drastically changed such that neuroendocrine—immune program-
ming becomes maladaptive, it may trigger or exacerbate certain diseases, including
neuropsychiatric disorders (Karrow 2006). Further research is still needed to dis-
tinguish the temporal sequence of events triggered by prenatal insults, whether
glucocorticoids induce pro-inflammatory release or viceversa, and to identify the
critical time windows that may enable a modulation and/or regional and temporal
restriction in brain damage by pharmacological or environmental interventions.

4 Conclusions and Future Remarks

The neurodevelopmental hypothesis suggests that the disruption of early brain
development may increase the risk for the appearance of several neurobehavioural
disorders later in life. Although genetics plays a clear crucial role, the maternal—
foetal environment arises as a critical factor that needs to be taken into account.
Neonatal neural programming seems to be highly sensitive to the content of glu-
cocorticoids and to several immune signalling molecules, i.e. cytokines. Therefore,
prenatal insults through the activation of the HPA axis and/or the release of
pro-inflammatory cytokines may trigger a dysfunctional brain network and con-
nectivity responsible for the emergence of behavioural symptoms that have been
described in animal models of neuropsychiatric disorders.

The activity of the HPA axis and the immune system is subjected to circadian
rhythms, and, in the recent years, a disruption of circadian clocks has been
extensively described in several neuropsychiatric disorders. Moreover, optimal
brain development has been related to intact synchrony between circadian and
diurnal rhythms (Powell and LaSalle 2015). The role of altered expression and/or
function of circadian genes in neuropsychiatric disorders is particularly compelling.
Actually, gene mutations and single-nucleotide polymorphisms and haplotypes in
several circadian genes have been recently associated with susceptibility to mood
disorders (Mendlewicz 2009) (Fig. 1).

Changes in environmental contingencies have been shown to affect circadian
rhythms. In particular, exposure to social stress—repeated social defeat—during the
dark/active phase seems to induce long-lasting consequences for the functional
output of the biological clock, i.e. general motor activity and core body tempera-
ture, effects that seem to depend, at least in part, on the clock genes Perl and Per2
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Fig. 1 Gestational stress and/or maternal infection during pregnancy has been related with an
increased incidence of neuropsychiatric disorders, including depression and schizophrenia. It is of
critical importance to unravel the individual components of the body circadian system that might
also be altered by prenatal insults since they might be related with the disruption of neural and
endocrine developmental programming

(Bartlang et al. 2015). If stress can affect the circadian system at adulthood,
exposure to stress at critical developmental windows (gestation) may more critically
affect the circadian clock. Whether clock genes are modified following exposure to
prenatal stress deserves further investigation, as well as the analyses of similar
changes in response to maternal immune activation.

Epigenetic regulation provides a mechanism for cells to integrate genetic pro-
grams with environmental signals in order to generate an adaptive and consistent
output. DNA methylation is one epigenetic mechanism that entrains the circadian
clock to a diurnal environment (Powell and LaSalle 2015) and has also been
implicated in the pathophysiology of neurodevelopmental disorders including
schizophrenia and ASD. Moreover, epigenetic changes have been described fol-
lowing maternal immune activation (Basil et al. 2014). Hence, epigenetic changes
generated by prenatal insults have become an emergent and important target of
investigation as a common molecular mechanism which may underlie changes in
the circadian system, the HPA axis and the immune system.

Revealing a common pattern of circadian disruption in developmental models of
neuropsychiatric disorders will open new avenues in the investigation of the bio-
logical bases of neuropsychiatric disorders as well as for the development of
innovative strategies for therapy in mental health. In this framework, new antide-
pressants acting on melatonin receptors have been successfully developed.
Interestingly, their efficacy seems to rely in the capacity to restore the internal clock
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(Mendlewicz 2009) and the circadian homeostasis in rats exposed to PRS (Mairesse
et al. 2013). Future application of additional strategies aimed at the manipulation of
the circadian timing system via sleep deprivation, bright light or pharmacological
therapy will become of great interest and further investigation in this field will be
needed.
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Neurobehavioral Effects
from Developmental Methamphetamine
Exposure

Sarah A. Jablonski, Michael T. Williams and Charles V. Vorhees

Abstract Intrauterine methamphetamine exposure adversely affects the neuro-
functional profile of exposed children, leading to a variety of higher order cognitive
deficits, such as decreased attention, reduced working-memory capability, behav-
ioral dysregulation, and spatial memory impairments (Kiblawi et al. in J Dev Behav
Pediatr 34:31-37, 2013; Piper et al. in Pharmacol Biochem Behav 98:432-439
2011; Roussotte et al. in Neuroimage 54:3067-3075, 2011; Twomey et al. in Am J
Orthopsychiatry 83:64-72, 2013). In animal models of developmental metham-
phetamine, both neuroanatomical and behavioral outcomes critically depend on the
timing of methamphetamine administration. Methamphetamine exposure during the
third trimester human equivalent period of brain development results in
well-defined and persistent wayfinding and spatial navigation deficits in rodents
(Vorhees et al. in Neurotoxicol Teratol 27:117-134, 2005, Vorhees et al. in Int J
Dev Neurosci 26:599-610, 2008; Vorhees et al. in Int J Dev Neurosci 27:289-298,
2009; Williams et al. in Psychopharmacology (Berl) 168:329-338, 2003b), whereas
drug delivery during the first and second trimester equivalents produces no such
effect (Acuff-Smith et al. in Neurotoxicol Teratol 18:199-215, 1996; Schutova et al.
in Physiol Res 58:741-750, 2009a; Slamberova et al. in Naunyn Schmiedebergs
Arch Pharmacol 380:109-114, 2009, Slamberova et al. in Physiol Res 63:S547—
S558, 2014b). In this review, we examine the impact of developmental metham-
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phetamine on emerging neural circuitry, neurotransmission, receptor changes, and
behavioral outcomes in animal models. The review is organized by type of effects
and timing of drug exposure (prenatal only, pre- and neonatal, and neonatal only).
The findings elucidate functional patterns of interconnected brain structures (e.g.,
frontal cortex and striatum) and neurotransmitters (e.g., dopamine and serotonin)
involved in methamphetamine-induced developmental neurotoxicity.

Keywords Methamphetamine - Prenatal - Postnatal - Spatial learning
Egocentric learning - Allocentric learning + Dopamine - Serotonin - Glutamate

Contents
I INEEOAUCHION ..ttt ettt ettt enes 184
1.1 Neuroimaging StUdIES..........cccoiiviiiiiiiiiiiiiiiccce s 185
2 Neurobehavioral Effects of Prenatal Methamphetamine Exposure .. 187
2.1 INFOAUCHION ..eiiiiiiicicitet ettt ettt 187
2.2 Long-Term Neurobehavioral Effects ...........cccooeiiiiirinininieiiiiiceeeeeeee 187
2.3 Neurotransmitter Effects .........cccooiiiiiiiiiniiiiiiiices e 191
2.4 Prenatal Methamphetamine and Evoked Seizures.............ccoecvininenniiincnenene. 194
3 Neurobehavioral Effects of Pre- and Postnatal Methamphetamine Exposure.................. 199
3.1 Maternal Behavior and Sensorimotor Function .............ccccccvviiiiiiiiiinincnenne. 199
3.2 Spatial Learning Effects........cccooiiiiriiiiiininiiciiceec e 200
4 Neurobehavioral Effects of Neonatal Methamphetamine Exposure. 201
4.1 INEOAUCHION «..eiiiititee ettt sttt 201
4.2 Intrinsic Drug EffectS......coiiiiiiiiiiiieeee e 202
4.3 Long-Term Neurobehavioral Effects ............ccccoceiiiiiiiniiiiiiiiiiiiciicie 203
4.4 NeurotransSmitter EffECts ........covueirireiiniiiiiiiiiciecrceceneceeseeee e 205
4.5 Stress Effects ..o 210
5 Experimental Design: Review by McDonnell-Dowling and Kelly (2015) 212
6 CONCIUSIONS ..c.eniiiiiitcte ettt ettt sttt a e 220
RETEICIICES ... 221

1 Introduction

Methamphetamine use among women of childbearing age is a persistent concern
throughout the world. From 2009 to 2012, methamphetamine use among women
seeking drug treatment rose from 18 to 27 % (Substance Abuse and Mental Health
Services Administration 2013). Methamphetamine is a potent psychostimulant that
blocks dopamine, serotonin, and norepinephrine reuptake from synapses as well as
into synaptic vesicles (Sekine et al. 2006; Sulzer et al. 2005; Volkow et al. 2001a).
Methamphetamine abuse in adults has been linked to a range of negative central
nervous system effects, including tachycardia, respiratory problems, confusion,
increased wakefulness, hyperactivity, hypertension, decreased appetite, and
extreme weight loss (Plessinger 1998; Wijetunga et al. 2003). Chronic
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methamphetamine users exhibit alterations in regional brain volume (particularly in
the striatum), abnormal balance of brain neurotransmitters, decreased dopamine
receptors, and alterations in glucose metabolism (for review, see Chang et al. 2007).
In addition to its direct properties, methamphetamine use during pregnancy exerts
significant transplacental effects through direct and indirect mechanisms; indirect
mechanisms include vasoconstriction and restriction of nutrients and oxygen to the
fetus (Bartu et al. 2009). Because methamphetamine can cross the placenta
(Rambousek et al. 2014), the fetus is also directly exposed to the drug, significantly
increasing the likelihood of adverse effects on brain development.

The infant development, environment, and lifestyle (IDEAL) study is a com-
prehensive, prospective cohort study, which addresses the long-term effects of
prenatal methamphetamine exposure on affected populations in the USA and New
Zealand. Ongoing reports describe that methamphetamine exposure is associated
with newborn neurobehavioral patterns of decreased arousal, increased stress and
cortisol reactivity, and poor quality of movement (Kirlic et al. 2013; LaGasse et al.
2011; Smith et al. 2008). Increased prematurity, fetal loss, and incidence of small
gestational age are also evident (Brecht and Herbeck 2014; Chomchai et al. 2004;
Nguyen et al. 2010). Prenatal methamphetamine exposure results in increased
neonatal intensive care unit admissions and poor infant sucking (Shah et al. 2012),
smaller head circumference, and low birth weight (Abar et al. 2014; Chomchai et al.
2004; Smith et al. 20006), as well as reduced height and motor deficits during early
childhood (Roos et al. 2014, 2015; Smith et al. 2011; Wouldes et al. 2014; Zabaneh
et al. 2012). The IDEAL study elucidates specific endophenotypes (e.g., attention,
memory) that provide behavioral correlates to structural and functional brain
abnormalities obtained from imaging data on prenatal methamphetamine-exposed
children (Derauf et al. 2009; Smith et al. 2015; see next section).

1.1 Neuroimaging Studies

Magnetic resonance (MR)-based brain imaging methods provide visualization of
brain structures and functional activity patterns that are most vulnerable to the
neuroteratogenic effects of drugs of abuse. For example, diffusion tensor imaging
(DTI) studies reveal abnormalities in frontal and parietal white matter microstruc-
ture, on measures of fractional anisotropy (FA) and axial diffusivity (AD) in chil-
dren after prenatal methamphetamine exposure (Cloak et al. 2009; Colby et al.
2012; Roos et al. 2015). These findings suggest white matter integrity and myeli-
nation and/or axonal density are disrupted following prenatal methamphetamine. In
addition, methamphetamine-induced changes in cellular metabolism are evident
from brain proton MR spectroscopy, in which increased creatine levels were
reported in both the striatum and frontal lobe and increased glutamate/glutamine
(GLX) concentrations in the frontal lobe (Chang et al. 2009; Smith et al. 2001).
Other studies have demonstrated neuroanatomical and physiological changes
that correlate with functional differences among groups. For example, quantitative
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morphological analysis showed smaller putamen, globus pallidus, and hippocampal
volumes in children exposed to prenatal methamphetamine compared with those
without drug exposure. These regional volume reductions correlated with poorer
performance in attention and verbal memory (Chang et al. 2004). Reduction in
striatal volumes were also linked with lower full-scale intelligence quotient (FSIQ)
scores in affected children (Sowell et al. 2010), and reduced caudate nucleus vol-
umes and cortical thickness were associated with attention and reaction time deficits
(Derauf et al. 2012a).

Localized brain abnormalities resulting from alterations and/or circuit rewiring
in corticostriatal networks are evident following prenatal methamphetamine. Using
functional magnetic resonance imaging (fMRI), two studies (Roussotte et al. 2011,
2012) examined blood oxygenation level-dependent (BOLD) fluctuations during a
working-memory task. Compared with controls, methamphetamine-exposed sub-
jects displayed increased connectivity between the putamen and the frontal brain
regions, while caudate showed decreased connectivity within the same areas.
Similarly, Lu et al. (2009) demonstrated more diffuse brain activation in medial
temporal structures during verbal learning in children with prenatal metham-
phetamine exposure compared with unexposed controls (Lu et al. 2009). These
studies suggest that compensatory and/or alternate brain regions/systems are acti-
vated in children prenatally exposed to methamphetamine.

Alterations in several brain networks are likely the cause of performance deficits
and behavioral difficulties in children exposed to methamphetamine in utero. For
example, drug-exposed children exhibited impaired learning in a spatial memory
task, requiring spatial navigation to a hidden target in a virtual environment (Piper
et al. 2011). Executive functional deficits, as well as a variety of outcomes predictive
of ADHD, including problems with behavioral disinhibition and attention, have been
reported in a number of studies (Abar et al. 2013; Derauf et al. 2012b; Himes et al.
2014; Kiblawi et al. 2013; LaGasse et al. 2011, 2012; Roos et al. 2015).

In summary, brain imaging studies on prenatal methamphetamine exposure in
humans show significant effects on fronto-striatal networks. These dopamine-rich
areas (e.g., frontal cortex, basal ganglia) are known to be affected in adult
methamphetamine users, as well as in animal models of developmental metham-
phetamine exposure (see Sect. 4).

This review describes experiments concerning developmental methamphetamine
treatment in animal models conducted to enhance an understanding of the patho-
physiology involved in the neurobehavioral effects of methamphetamine-induced
neurotoxicity. In an examination characterizing methamphetamine usage during
pregnancy, Della Grotta et al. (2010) reported that 84.3 % of drug-abusing women
used methamphetamine in the first trimester, 56.0 % in the second trimester, and
42.4 9% continued to use methamphetamine during the third trimester. Because the
timing of methamphetamine exposure significantly influences the degree of effects,
the review is organized by outcomes of methamphetamine on brain and behavior in
rodent progeny after drug administration during the prenatal period (Sect. 2),
throughout both gestation and lactation (Sect. 3), and during the postnatal period
only (Sect. 4).
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2 Neurobehavioral Effects of Prenatal Methamphetamine
Exposure

2.1 Introduction

Prenatal methamphetamine exposure, as reviewed in the following discussion,
refers to drug administration during a subset of or throughout the entire prenatal
period. This period of brain development, from embryonic day (E) 1-21, corre-
sponds to the first (E1-9) and second (E10-21) human trimester equivalents, during
which organogenesis, neurulation, and histogenesis occur and during which neu-
ronal proliferation, migration, differentiation, synaptogenesis, apoptosis, and glio-
genesis begin and expand rapidly (Rice and Barone 2000). Methamphetamine
exposure during this time leads to a range of physiological and anatomical
abnormalities, such as reduced offspring body weight gain and growth, cleft palate,
optic nerve damage, and delays in eye opening, that are generally dose-dependent
(Acuff-Smith et al. 1996; Cho et al. 1991; McDonnell-Dowling et al. 2014; Melo
et al. 2006, 2008; Mirjalili et al. 2013; Yamamoto et al. 1992). Regional neuro-
genesis in rats occurs during this time period in the medulla, pons, thalamus,
hypothalamus, hippocampal sub-regions, and some parts of the cerebellum (Bayer
et al. 1993; Rice and Barone 2000). Targeting of one or many of these brain regions
can cause behavioral deficits, such as impairments in surface and air-righting,
inclined plane test, locomotor activity, and motor coordination in
methamphetamine-exposed progeny (Cho et al. 1991; Motz and Alberts 2005;
Slamberova et al. 2006). Importantly, methamphetamine administration to gravid
animals rapidly exposes the embryo and fetus to the drug, leading to high
methamphetamine concentrations in brain regions that are important for learning
and memory (e.g., Burchfield et al. 1991; Won et al. 2001). The following section
concerns the neurobehavioral impact of methamphetamine exposure in the first and
second human trimester equivalents.

2.2 Long-Term Neurobehavioral Effects

2.2.1 Locomotor Activity

Prenatal methamphetamine exposure induces a reduction in spontaneous locomotor
activity when examined during adolescence. For example, one study (Weissman and
Caldecott-Hazard 1993) showed that methamphetamine given throughout gestation
(10 mg/kg/day) to rats resulted in a significant decrease in square crossings and
rearing in an open-field when measured at P30. Similarly, another study (Sato and
Fujiwara 1986) reported a decrease in motor activity, but an increase in vertical
activity, in P24-27 rats after a lower dose of methamphetamine (2 mg/kg/day)
administered throughout gestation. This reduction in locomotor activity was also
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seen in P21 offspring following drug exposure during a narrower time window (E7—
20) and at lower methamphetamine doses (1-4.5 mg/kg/day; Cho et al. 1991). Thus,
gestational methamphetamine exerts an overall decrease in activity in open-field
testing in young rats.

Other studies explored the effect of prenatal methamphetamine (10 mg/kg/day,
throughout gestation) on locomotor activity, in combination with acute application
of the same drug during adulthood. Slamberova and colleagues used the Laboras
apparatus (an alternate version of the open-field), during which adult animals are
placed in a cage that resembles the home cage (filled with bedding material and
ad libitum food and water). The cage is placed on a sensor platform, and the
movement (speed, distance travelled, time spent immobile) is automatically mea-
sured (Schutova et al. 2013; Slamberova et al. 2011, 2013). In one of these studies,
the authors (Schutova et al. 2013) showed a reduction in movement speed in
methamphetamine-exposed females, but not in males, whereas acute metham-
phetamine administered in adulthood (1 mg/kg) increased locomotor activity in
both sexes, irrespective of prenatal drug exposure history. In a similar experiment,
these authors (Slamberova et al. 2013) reported that, regardless of acute metham-
phetamine exposure in adulthood, female offspring exposed to methamphetamine
prenatally were faster, spent more time in motion, and traveled longer distances
compared with prenatally saline-exposed females. It is possible that the discrep-
ancies in locomotor findings in female rats are dependent on the stage of the estrous
cycle during testing. Indeed, naive females in proestrus and estrous (when ovarian
hormone levels are high) are more active on measures of speed, time in locomotion,
and distance travelled, compared with females in diestrus (when hormones are low).
In an experiment in adult males, prenatal methamphetamine-exposed rats spent
significantly less time immobile compared with prenatal saline-treated rats.
Additionally, acute methamphetamine (1 mg/kg) increased the time spent in
locomotion in prenatal methamphetamine-exposed, but not prenatal saline-exposed,
males (Slamberova et al. 2011). In general, prenatal methamphetamine exposure
leads to sex-/hormone-dependent increases in locomotor activity during adulthood.

In summary, findings involving the degree of spontaneous locomotor activity
observed in prenatal methamphetamine-exposed versus saline-exposed rats shows
that (1) the exposure to a novel versus familiar environment influences activity
measures; (2) the effect of prenatal methamphetamine depends on whether animals
are tested during the preweanling or weanling periods (suppression of activity)
versus during adulthood (increases in activity); and (3) once animals reach maturity,
activity becomes sex-dependent. Indeed, it has been reported (Sato and Fujiwara
1986) that there is no effect of sex on activity measures at P30; however, sex
differences are evident once the progeny reach adulthood (Macuchova et al. 2013;
Schutova et al. 2008; Slamberova et al. 2011, 2013). (4) Adult females may be
more susceptible to the effects of prenatal methamphetamine compared with adult
males, and (5) acute methamphetamine administration during adulthood increases
locomotor activity, but the influence of prenatal methamphetamine on this response
may be sex-dependent.
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2.2.2 Spatial Navigation

Learning in the Morris water maze (MWM) is unaffected by prenatal metham-
phetamine. This lack of effect is apparent in both cued learning and spatial memory
variants of the procedure. During place navigation, rats learn the location of a fixed
platform after placement in pseudorandom start positions between trials. Data
published by Slamberova and colleagues have shown that methamphetamine
exposure (5 mg/kg/day, throughout gestation) does not influence place navigation,
in either sex (Macuchova et al. 2013; Schutova et al. 2008, 2009a, b; Slamberova
et al. 2014b). Others have found that prenatal methamphetamine does not alter
place navigational learning following longer exposure periods (one week prior to
mating and throughout gestation) or using lower or higher doses of metham-
phetamine (0.625-10 mg/kg/day; McDonnell-Dowling et al. 2014; Weissman and
Caldecott-Hazard 1993).

Rats with prenatal methamphetamine exposure (5 mg/kg/day) surprisingly had
shorter latencies to locate a fixed platform during a retention test (retention mem-
ory) that occurred 7 days after completion of the acquisition navigation test
(Schutova et al. 2008, 2009b; Slamberova et al. 2014b). Such improved learning in
methamphetamine-exposed rats was later attributed to an increased use of spatial
search strategies (focal search in target quadrant, spatial search with direct swim
path in the target quadrant) in methamphetamine-exposed animals, compared with
those prenatally exposed to saline (Schutova et al. 2009a). Prenatal metham-
phetamine had no effect on “new learning” in which the escape platform was
located in a different quadrant on each of 4 consecutive days (Slamberova et al.
2005¢). Using a similar testing procedure, one study (Acuff-Smith et al. 1996)
tested offspring of pregnant dams treated with saline, 5, 10, 15, or 20 mg/kg/b.i.d.
methamphetamine from either E7-12 or E13-18. In this experiment, rats were
required to learn new locations of the platform after 4 days of stable platform
testing. Unlike (Slamberova et al. 2005c¢), offspring exposed to the highest doses
(15 and 20 mg/kg) and during the early treatment period (E7-12) displayed
increases in latency on reversal trials. However, in-line with the studies described
above, no effect of this treatment regimen, at any methamphetamine dose or
exposure time window, affected acquisition learning (Acuff-Smith et al. 1996).
Thus, methamphetamine, at higher doses, when administered during early gesta-
tion, affects a cognitively demanding aspect of MWM learning (reversal) that
requires new learning (i.e., the forfeiting of searching in the previous location and
adapting to a different contingency).

Findings from probe trials, during which the escape platform is removed fol-
lowing the completion of acquisition learning, follow the same general pattern. In
adult male offspring, 5-10 mg/kg/b.i.d. methamphetamine administered throughout
gestation did not influence performance in the probe test (Acuff-Smith et al. 1996;
Macuchova et al. 2014; Schutova et al. 2008, 2009b). However, in some, but not all
instances, adult females prenatally exposed to methamphetamine swam less often
across the quadrant where the platform was previously located compared with
control offspring (Macuchova et al. 2013, 2014; McDonnell-Dowling et al. 2014).



190 S.A. Jablonski et al.

These findings corroborate others, which suggest females may be more sensitive to
the effects of prenatal methamphetamine (see above, Sect. 2.2.1).

In sum, there is no effect on any phase of the MWM after prenatal metham-
phetamine doses up to 10 mg/kg/day. Thus, exposure to methamphetamine during
the prenatal period results in spatial learning and memory impairments that are only
evident after high doses during reversal learning in the MWM.

Acute Methamphetamine During Adulthood

Even though prenatal methamphetamine itself does not influence spatial learning
during the acquisition phase of the MWM, it is possible that prenatal exposure, in
combination with acute methamphetamine during adult testing, may impact
learning. In a series of studies, Slamberova and colleagues tested whether adult
male rats prenatally treated with methamphetamine responded differently to acute
methamphetamine administration during MWM testing in adulthood, compared
with males prenatally treated with saline. In one study, the authors (Schutova et al.
2008, 2009a) administered methamphetamine (1 mg/kg) to half the animals from
each prenatal exposure group (5 mg/kg/day methamphetamine, saline, untreated
controls) following each day of testing in acquisition, probe, and retention memory
phases of the MWM (see above). Even though acute methamphetamine increased
the trajectory length during acquisition, this effect was not influenced by prenatal
methamphetamine exposure (Schutova et al. 2008, 2009a). More recent work
replicated this finding (increased place trajectory after acute MA exposure) in
females. They also observed detrimental effects of acute methamphetamine during
acquisition by showing increased latency to find the hidden platform in adult
methamphetamine-exposed rats compared with controls. As noted before, prenatal
exposure to the drug did not affect methamphetamine-induced cognitive impair-
ments to acute doses (Macuchova et al. 2013).

The possible sensitizing effects of prenatal methamphetamine exposure to acute
amphetamine (5 mg/kg) were also explored. Consistent with acute metham-
phetamine effects, prenatal drug exposure did not affect spatial learning when adult
amphetamine (5 mg/kg) was given after each testing phase. Specifically, female, but
not male, rats given amphetamine in adulthood showed increased latency, distance
traveled, and search errors in the acquisition and retention testing phases, compared
with females given saline in adulthood, regardless of prenatal exposure (Macuchova
et al. 2014; Slamberova et al. 2014a, b). Taken together, exposure to metham-
phetamine during the first two human trimester equivalents did not affect spatial
learning and memory during MWM acquisition. Likewise, methamphetamine
exposure during this period did not sensitize animals to the drug during adulthood.
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2.3 Neurotransmitter Effects

2.3.1 Dopamine

Prenatal methamphetamine exposure during brain development has only a mild
effect on dopamine systems. Sato and Fujiwara (1986) administered metham-
phetamine (2 mg/kg/day) throughout gestation and later examined regional dopa-
mine concentration and receptor-specific binding. At P35, there was a decrease in
dopamine concentration, but not dopamine-specific binding, in the frontal cortex.
Neither dopamine concentration nor receptor binding was altered in the striatum.
Additionally, Weissman and Caldecott-Hazard (1993) administered metham-
phetamine (2 or 10 mg/kg/day) throughout gestation, and in comparison with Sato
and Fujiwara (1986), the low dose produced a decrease in striatal dopamine uptake,
whereas the high dose resulted in an increase in uptake in the midbrain, pons, and
hippocampus at P48. Thus, the impact of prenatal methamphetamine on dopamine
concentration and specific binding in the young adult is not settled.

Similarly, selective dopamine effects after prenatal methamphetamine are not
apparent in the offspring as adults. For example, following prenatal treatment with
0, 5, 10, 15, or 20 mg/kg/b.i.d. methamphetamine from E7-12 or E13-18,
Acuff-Smith et al. (1996) examined dopamine and 3,4-dihydroxyphenylacetic acid
(DOPAC) levels on P70. No change was evident after early gestational exposure in
any brain region, and no differences were found in the medial frontal cortex or
hippocampus after later gestational exposure. In the caudate, only females in the
late-exposed, highest dose group (E13-18; 20 mg/kg) showed elevated dopamine
concentrations compared with controls. No differences were evident among males
for any measure, and the DOPAC/dopamine ratio was increased proportionately
among all groups for both sexes. Together, these data suggest a minimal effect of
prenatal methamphetamine exposure on dopamine and its metabolites.
Additionally, Won et al. (2002) examined reaggregated tissue cultures of cells
prepared from E14 mesencephalic and striatal regions in mouse offspring subjected
to twice daily methamphetamine (40 mg/kg) or saline from E6—13. Dopamine and
DOPAC levels were monitored after 14, 29, 43, and 64 days in culture. Tissue
derived from methamphetamine-exposed embryos did not significantly affect
dopaminergic neurons at any culture age, suggesting insensitivity of developing
dopaminergic nigrostriatal projections to methamphetamine exposure in utero.
However, Bubenikova-Valesova et al. (2009) reported that prenatal metham-
phetamine (5 mg/kg/day throughout gestation) increased dopamine levels
(~288 %), DOPAC (~67 %), and homovanillic acid (HVA) (~74 %) in the
nucleus accumbens of adult males. Thus, the long-term effects on dopamine con-
centration and its metabolites are only slightly affected by prenatal metham-
phetamine exposure, and these effects are region-specific.

The effect of prenatal methamphetamine on tyrosine hydroxylase (TH) activity
has also been examined. For example, Gomes-da-Silva et al. (2002) investigated
whether TH gene expression was altered following prenatal methamphetamine
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(5 mg/kg/day from E8-22). TH mRNA levels were decreased in the ventral
tegmental area of methamphetamine-exposed females on P7 and P14. However,
this effect disappeared by P30 and was not evident in males at any age. Similarly,
Jeng et al. (2005) treated pregnant mice with a single dose of methamphetamine (20
or 40 mg/kg) on E14 or 17. One hour following exposure, methamphetamine
enhanced DNA oxidation, quantified by 8-oxoguanine (8-oxoG) formation, by at
least 100 %; however, there was no evidence of degeneration of striatal
dopaminergic nerve terminals at P84, as determined by TH staining. Interestingly,
adult 8-0xoG glycosylase (OGG1, which repairs 8-0xoG) in KO mice showed no
striatal dopaminergic terminal degeneration following exposure to metham-
phetamine in utero, suggesting that protection by OGG1 against neurodevelop-
mental deficits (enhanced motor coordination deficits in OGG1 KO mice) does not
occur by preventing the degeneration of dopaminergic nerve terminals (Wong et al.
2008). Thus, some evidence points to dopaminergic markers being affected fol-
lowing prenatal methamphetamine, but these effects, particularly with TH, may be
transient. In comparison with the prenatal drug exposure, methamphetamine
treatment of mature animals exerts a profound effect on the monoamine system via
the same mechanisms outlined here (e.g., for review see, Yu et al. 2015). Thus,
unlike adulthood, the immature dopaminergic system may compensate for prenatal
insult or respond less to methamphetamine, thereby producing little to no
dopaminergic neurotoxicity.

2.3.2 Serotonin

Prenatal methamphetamine influences the serotonergic system both early and late in
postnatal life. Following high-dose methamphetamine exposure (20 mg/kg/b.i.d.
from E13-17), Acuff-Smith et al. (1996) demonstrated a significant reduction in
serotonin (5-HT) concentrations in the nucleus accumbens in P70 females com-
pared with controls. However, similar to its effects on dopamine, no change in
serotonin concentrations was evident in any brain region after early gestational
methamphetamine (E7-12) exposure or in the medial frontal cortex or hippocampus
after exposure later in gestation (E13—17). Males were unaffected in all measures at
doses up to 15 mg/kg (Acuff-Smith et al. 1996).

Sato and Fujiwara (1986) showed that the B, of 3H-spiperone (specific to
5-HT, receptors) receptor binding was significantly lower in the frontal cortex at
P35 of methamphetamine-exposed offspring (2 mg/kg/day, throughout gestation),
suggesting a decrease in the number of frontal cortex 5-HT receptors in the prenatal
methamphetamine-exposed adolescent brain (Sato and Fujiwara 1986). However,
Weissman and Caldecott-Hazard (1993) found that low-dose methamphetamine
treatment (2 mg/kg/day) throughout gestation produced a significant decrease in
*H-paroxetine binding (serotonin uptake sites) from 18 % in the hypothalamus, to
32 % in the striatum, and 42 % in the hippocampus. Conversely, a higher dose
(10 mg/kg) produced significant increases in “H-paroxetine binding in the
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hippocampus (25 %) and the pons (33 %). This opposing effect parallels that of
dopamine in this same experiment.

Cabrera et al. (1993) examined functional alterations of the serotonergic system
by measuring changes in serotonin-mediated plasma hormones after a single
injection of the serotonin releaser p-chloroamphetamine (PCA, 8 mg/kg) in P70
male and P30 female offspring exposed to methamphetamine (5 mg/kg/day) from
E13-20. Prenatal methamphetamine produced significant attenuation of plasma
renin responses to PCA at both ages without altering basal levels of hormones. In
contrast to Weissman and Caldecott-Hazard (1993), the density of cortical and
hypothalamic 5-HT uptake sites also did not change in response to prenatal
methamphetamine. However, the long-term postnatal deficits in 5-HT-mediated
renin secretion suggest selective functional alterations of the serotonergic system
throughout ontogeny, in both sexes (Cabrera et al. 1993).

Finally, in an examination of the impact of methamphetamine (40 mg/kg/day,
from E6-13) on serotonergic markers assessed shortly after drug administration,
Won et al. (2002) reported that reaggregates prepared from E14 striatal cells in
methamphetamine-exposed embryos showed a significant elevation in 5-HT levels
at all culture ages (P14, 29, 43, and 64), compared with reaggregates prepared from
saline-treated embryos. Additionally, 5-hydroxyindolacetic acid (5-HIAA) levels
were also elevated in 14- and 29-day-old cultures derived from methamphe-
tamine-exposed embryos, and this elevation persisted for up to 2 months (Won
et al. 2002).

Thus, targeting of the serotoninergic system by prenatal methamphetamine
varies as a function of brain region, gestational window of exposure (early vs. late),
sex, and dose. The available data suggest that the developing serotoninergic system
may be more sensitive to prenatal methamphetamine compared with the
dopaminergic system.

2.3.3 Other Neurotransmitters

Norepinephrine and acetylcholine, as measured in a variety of brain regions, as well
as in both sexes, are unaffected by prenatal methamphetamine exposure (Cabrera
et al. 1993; Sato and Fujiwara 1986; Weissman and Caldecott-Hazard 1993).
Conversely, the long-term impact of prenatal methamphetamine on glutamate
release has been reported to occur (Vrajova et al. 2014). Slamberova and colleagues
showed an increase in both the NR1 and NR2B subunits of the N-methyl-p-as-
partate receptor (NMDAr) in the hippocampus of adult, but not adolescent off-
spring, prenatally exposed to methamphetamine (5 mg/kg/day) throughout gestation
(Vrajova et al. 2014). In a related experiment, Slamberova and colleagues suggested
that prenatal methamphetamine effects on NMDArs may correlate with behavioral
performance during object recognition (OR) testing. Results showed impaired novel
object, but not novel location, recognition in prenatally methamphetamine-exposed
progeny, at the same dose and period of exposure as before (Slamberova et al.
2014b). It is possible that prenatal methamphetamine may lead to deficits in
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non-spatial, rather than spatial, memory (Fialova et al. 2015). In fact, the
enhancement of spatial memory in methamphetamine-treated offspring during the
MWM (see above, Sect. 2.3.2) may correspond to the increase in NMDATr subtype
isoforms required for spatial learning and memory.

2.4 Prenatal Methamphetamine and Evoked Seizures

Prenatal exposure to psychostimulants, including methamphetamine, is often
associated with an increase in seizure susceptibility and/or induction of seizures.
The following section summarizes the work of Slamberova and colleagues in
determining the impact of prenatal methamphetamine (5 mg/kg/day, throughout
gestation) on seizure induction, maintenance, and type.

2.4.1 Chemically Induced Seizures
GABA and NMDA

Inhibitory GABA and excitatory NMDA systems play an important role in the
effect of methamphetamine exposure on primary and secondary generalized sei-
zures. Using chemically induced seizure models, increased seizure susceptibility in
prenatally methamphetamine exposed animals has been reported (Slamberova
2005; Slamberova and Rokyta 2005a; Slamberova et al. 2008, 2009). For example,
Slamberova and Rokyta (2005b) showed differences in susceptibility to bicuculline
(GABA, antagonist) and NMDA-induced seizures between prenatal treatment
groups. Specifically, adult male prenatally methamphetamine-exposed progeny
were administered either bicuculline (7.5 mg/kg), NMDA (NMDA agonist,
250 mg/kg), or kainic acid (non-NMDA receptor agonist, 15 mg/kg) and observed
for 30-60 min, during which the incidence and the latency to the onset of tonic—
clonic seizures were recorded. Clonic seizures are characterized by a rapid con-
traction and relaxation of the muscles of the head and forelimbs, whereas tonic—
clonic seizures begin with running, followed by a tensing of the muscles (tonus),
and then long-lasting clonus (Slamberova and Rokyta 2005a). Prenatal metham-
phetamine exposure shortened the latency to tonic—clonic seizures after bicuculline
and shortened the latency to clonic—tonic seizures after NMDA. However, no
differences in kainic acid-induced seizure susceptibility were found (Slamberova
and Rokyta 2005a).

Flurothyl (pro-convulsant) interferes with GABA, receptor-mediated neuro-
transmission (Slamberova 2005), but the effect of flurothyl on seizure susceptibility
in prenatal methamphetamine-exposed animals does not follow the pattern seen
with bicuculline on seizures. Following flurothyl exposure to adult prenatally
methamphetamine-exposed males and females (in the diestrus phase of the estrous
cycle), drug-exposed males, but not diestrus females, showed a decrease in clonic
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seizure threshold, but the tonic—clonic seizure threshold was not altered by prenatal
methamphetamine exposure for either sex (Slamberova 2005; Slamberova et al.
2008). The authors conclude that the dissimilarities in findings between the effects
of these two GABA-related stimulants (bicuculline and flurothyl) may be due to the
effect of flurothyl on more than one neurotransmitter (Slamberova et al. 2008). In
any event, enhancement of seizure induction in adulthood by prenatal metham-
phetamine appears specific to GABA and NMDA receptor-mediated effects.

Acute Methamphetamine During Adulthood

Additional studies examined the possibility that prenatal methamphetamine exposure
induces long-term changes in the sensitivity (alteration in seizure threshold) to the same
drug administered in adulthood. This approach was used for evaluating the combined
effects of prenatal and acute methamphetamine on behavioral output (see
Section “Acute Methamphetamine During Adulthood”). Thirty minutes prior to seizure
induction by flurothyl, Slamberova et al. (2008) administered a single injection of
methamphetamine (1 mg/kg) or saline to prenatal methamphetamine-exposed or
saline-exposed rats. The acute methamphetamine increased the threshold to both the
first focal clonus and clonic seizure compared with animals that received acute saline.
Interestingly, this increase in seizure threshold was higher in prenatally
methamphetamine-exposed animals compared with prenatally saline-exposed animals.
As such, these results suggest that methamphetamine may provide a protective effect
against flurothyl-induced seizures and prenatal exposure (Slamberova et al. 2008).

In response to NMDA-induced seizures, though, acute methamphetamine
decreased the latency to the onset of stereotypy and increased the length of seizures
(Slamberova et al. 2009). However, the decrease in the latency to stereotypy onset
induced by acute methamphetamine was smaller in methamphetamine-exposed and
saline-exposed rats when compared with untreated rats (Slamberova et al. 2009).
Even though methamphetamine-induced differences are apparent in comparison
with one control group and other factors may contribute to this effect (see below),
the response to acute methamphetamine prior to chemically induced seizure
induction may be dependent on prenatal drug exposure history. Consistent with
seizure induction via the GABA system, prenatal methamphetamine may operate by
mitigating the detrimental effects of adult methamphetamine by altering the sen-
sitivity of NMDA-type seizures.

Even though non-NMDA receptors do not contribute to the effect of prenatal
methamphetamine on seizure induction (Slamberova and Rokyta 2005a), it is
possible that acute methamphetamine in adulthood may differentially influence
seizure activity across prenatal treatment groups. In this case, Slamberova et al.
(2010a, b) administered a single injection of methamphetamine (1 mg/kg) prior to
seizure induction using kainic acid (15 mg/kg). Both latency to onset and duration
of clonic seizures was significantly lower in prenatal methamphetamine-exposed
females given acute methamphetamine during proestrus/estrus, but not in those
given the drug during diestrus. In males given acute methamphetamine, the latency
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to the onset of clonic seizures was increased in both prenatally saline- and
methamphetamine-exposed males relative to undisturbed controls. Thus, even
though prenatal methamphetamine exposure alone does not have a long-term effect
on seizure susceptibility induced with kainic acid in adult progeny (Slamberova and
Rokyta 2005b), the sensitivity to the acute dose of methamphetamine differed
among prenatal exposure groups, in some instances (Slamberova et al. 2010b).
Behavioral evidence, however, does not support an enhanced sensitivity/tolerance
effect of prenatal methamphetamine. For example, in the conditioned place pref-
erence (CPP), test animals receive a drug in one of two conditioning chambers.
During testing, animals are allowed free access to either side of the chamber, and
active drug-seeking behavior is recorded if the animal spends more time in the
chamber associated with the drug. Numerous reports reveal that prenatal
methamphetamine exposure does not affect CPP conditioning with adult metham-
phetamine (Slamberova et al. 2011, 2012a, b, 2014a).

Overall, findings concerning the response to acute methamphetamine adminis-
tration prior to seizure induction in adulthood emphasize the long-lasting influence
of prenatal methamphetamine exposure on the response following adult exposure to
the same drug. GABA and NMDA systems appear to play some role in such
sensitization/tolerance processes.

2.4.2 Non-chemically Induced Seizures

As described above, chemically induced seizures generally lead to an increase in
seizure susceptibility after methamphetamine treatment during the prenatal period
(Slamberova 2005; Slamberova and Rokyta 2005a; Slamberova et al. 2008, 2009).
However, prenatal methamphetamine, as well as acute methamphetamine in
adulthood, decreased focal epileptiform activity (lowered seizure susceptibility)
after electrical stimulation of sensorimotor cortex in male rats (Bernaskova et al.
2011). On the other hand, in a similar study with female rats (Matejovska et al.
2014), prenatal methamphetamine exposure decreased the seizure threshold in
females in the diestrus phase of the estrous cycle, but not in females in the
proestrus/estrus phases. The authors note that chemically induced seizure models
use systemic delivery of convulsant drugs (i.e., NMDA, bicuculline, or flurothyl)
that operate through glutamatergic and GABAergic receptors and spread rapidly to
induce generalized seizures. Yet, electrical stimulation provides localization,
allowing for control over the site of seizure origin (Bernaskova et al. 2011). Thus,
female rats that undergo seizure induction via electrical stimulation respond more
similar to males and females following chemically induced stimulation (e.g.,
Slamberova and Rokyta 2005b; Slamberova 2005), and increased seizure suscep-
tibility following prenatal methamphetamine may be apparent during diestrus, when
female gonadal hormones are low. As previously mentioned, sexual dimorphism is
evident following chemically induced seizures in methamphetamine-exposed ani-
mals (Slamberova and Rokyta 2005a, b; Slamberova 2005), in which gonadal
hormone specificity directly influenced the effect. In addition, prenatal
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methamphetamine may differentially influence seizure activity depending on the
nature of the seizure induction with focal (electrically stimulated) versus general-
ized (chemically induced) seizure mechanisms.

2.4.3 Conclusions
Estrous Cycle

The effect of prenatal methamphetamine on seizure induction during adulthood
differs as a function of multiple factors. As mentioned, seizure susceptibility fol-
lowing prenatal methamphetamine exposure in adult female rats is dependent on the
level of ovarian hormones (Slamberova and Rokyta 2005a, b; Slamberova 2005;
Slamberova et al. 2008; Matejovska et al. 2014). For example, prenatal
methamphetamine-induced reductions in the first fasciculation after stimulation via
flurothyl and increases in the duration of NMDA-induced seizure activity are evi-
dent in only those females in diestrus (Slamberova et al. 2005). It seems that the
mutual effect of low estrogen and progesterone levels in the diestrus phase, com-
bined with prenatal methamphetamine, may result in increased seizure suscepti-
bility. However, females in proestrus/estrous are more affected when acute
methamphetamine is delivered during adulthood (Slamberova et al. 2010a, b).
Thus, the degree of seizure susceptibility after (1) prenatal methamphetamine
exposure, (2) methamphetamine application during adulthood, and (3) the com-
bined effect of both occurrences is largely influenced by the stage of the estrous
cycle.

Stress

For many of the studies summarized above, prenatal methamphetamine-exposed
rats differ in their response to seizure induction from one control group but not
another (i.e., untreated controls vs. saline-treated controls). For example,
Slamberova and Rokyta (2005a) reported an increase in seizure susceptibility for
methamphetamine-exposed offspring following induction via bicuculline and
NMDA compared with untreated controls. However, there was no difference in
seizure susceptibility between prenatal saline- and methamphetamine-exposed
groups. Importantly, the authors concluded that daily saline injections to pregnant
dams may serve as a prenatal stressor (cf., Peters 1984) that alone may induce
long-term changes in seizure susceptibility (Slamberova and Rokyta 2005a). In
addition, significant differences between methamphetamine-exposed offspring and
the untreated, but not the saline-treated, control group are evident in seizures
induced by NMDA (Slamberova et al. 2009) and flurothyl (Slamberova et al. 2008;
Slamberova 2005), as well as kainic acid and NMDA induction with acute
methamphetamine during adulthood (Slamberova et al. 2009, 2010b; Bernaskova
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etal. 2011). Thus, it is difficult to rule out the effect of injection stress on the impact
of prenatal methamphetamine on seizures induced by different convulsant drugs.

Sex

Another aspect of methamphetamine-induced seizure susceptibility is the numerous
sex-related differences in responding to chemical stimulation that cannot be
explained by the phase of the estrous cycle. For example, after seizure induction by
NMDA, males demonstrated an increase in latency to stereotypy and a shorter
length of clonic-tonic seizures compared with females (Slamberova et al. 2009).
Additionally, in bicuculline-induced seizures (GABA), Slamberova and Rokyta
(2005b) reported a decrease in the latency to the onset of tonic—clonic seizures in
male rats (Slamberova and Rokyta 2005a); however, female rats showed no dif-
ference in the latency to the onset of this seizure type after bicuculline (Slamberova
and Rokyta 2005b). Sex differences are also evident in seizure sensitivity induced
by flurothyl (GABA). In this case, compared with females, males had a lower
threshold of induction on all measures: first focal clonus, clonic seizures, and tonic—
clonic seizures (Slamberova et al. 2008). In those studies that included a compar-
ison between prenatal exposure group and sex (others only included one sex or
analyzed males and females separately), there was no interaction between the two
factors (Slamberova et al. 2008, 2009). However, sex differences are apparent in
every type of chemically induced seizure model. Thus, variation in seizure sus-
ceptibility between males and females, independent of prenatal methamphetamine
exposure history and estrous cycle classification, should be accounted for when
interpreting these findings.

In summary, prenatal methamphetamine exposure increases seizure suscepti-
bility in adult male and female rats, and NMDA and GABA, but not
NMDA-independent systems, play a role in such effects (Slamberova 2005;
Slamberova and Rokyta 2005a). This was shown by results indicating increased
seizure susceptibility from GABA receptor inhibiting or NMDA receptor activating
drugs (Slamberova et al. 2009; Slamberova 2005; Slamberova and Rokyta 2005a,
b). Findings from acute methamphetamine administration during adulthood suggest
sensitivity of prenatal methamphetamine treatment to later exposure to the same
drug, in which prenatal methamphetamine may offer protection. Slamberova and
colleagues suggest that prenatal methamphetamine exposure may alter the devel-
opment of neurotransmitter systems involved in seizure initiation and propagation
(GABAergic, glutamatergic systems) and/or others such as dopaminergic, sero-
toninergic, and noradrenergic systems that are associated with methamphetamine
exposure during the prenatal period (Slamberova et al. 2008; see above, Sect. 2.3).
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3 Neurobehavioral Effects of Pre- and Postnatal
Methamphetamine Exposure

A limited number of studies have incorporated a dosing regimen in which
methamphetamine is administered prior to gestation, throughout the entire gesta-
tional period, and during the preweaning period. The studies reviewed in this
section comprise additional work of Slamberova and colleagues in which
methamphetamine (5 mg/kg/day) was administered for 9 weeks (about three weeks
prior to impregnation), throughout all of gestation, and for 23 days of lactation
(until weaning).

3.1 Maternal Behavior and Sensorimotor Function

Using the aforementioned dosing regimen, Slamberova et al. (2005a) reported that,
compared with control dams, methamphetamine-treated dams were slower in a pup
retrieval test to return the first pup and all pups back to the nest. This delay in
offspring recovery was also seen when methamphetamine treatment was restricted
to the prenatal period (Malinova-Sevcikova et al. 2014; Slamberova et al. 2005b).
Similarly, methamphetamine-exposed dams exhibit less time in the blanket position
of active nursing and an increase in passive nursing, regardless of whether exposure
was pre- and postnatal versus prenatal only exposure. Thus, methamphetamine
before, during, and after gestation has a negative effect on maternal behaviors
toward pups.

Prenatal, along with postnatal methamphetamine administration, negatively
affects pups’ sensorimotor function (Hruba et al. 2008; Slamberova et al. 2007). For
example, methamphetamine-exposed pups showed a delay in achieving righting
reflexes and had more falls in the rotorod and bar-holding tests than subjects from
both untreated and saline-exposed mothers (Hruba et al. 2008). Slamberova et al.
(2007) extended these observations to a second generation of rats that were not
exposed to the drug. In this case, adult females that were exposed to metham-
phetamine during the prenatal and preweaning periods were mated with unexposed
males. They found that pups from mothers exposed to methamphetamine during
prenatal and preweaning periods had impaired sensorimotor coordination. Thus,
pre- and postnatal methamphetamine treatment may affect two generations of off-
spring, emphasizing the long-term effect of developmental methamphetamine on
sensorimotor processes.

Further analyses on the effect of cross-fostering in these studies revealed that
methamphetamine given during either the prenatal or postnatal period alone, or
during both, led to deficits in sensorimotor function. Additionally, postnatal care of
control mothers partially suppressed the negative effect of prenatal metham-
phetamine, suggesting that cross-fostering may improve postnatal development of
pups (Hruba et al. 2008). The authors conclude that it is possible that variation in rat
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maternal care could serve as a mechanism for a non-genomic behavioral mode of
transmission of traits, and cross-fostering may mitigate the detrimental effects of
methamphetamine on sensorimotor development (Hruba et al. 2008).

3.2 Spatial Learning Effects

Even though the timing of methamphetamine exposure (pre- vs. postnatal) does not
differentially influence methamphetamine-induced changes in pup sensorimotor
function, the drug exposure window greatly determines the impact of metham-
phetamine on cognitive processes, particularly spatial learning. In another
fostering/cross-fostering study, all animals, regardless of prenatal exposure treat-
ment (methamphetamine, saline, untreated controls), that were fostered to
methamphetamine-treated dams had longer latencies, more search errors, and used
fewer spatial strategies during acquisition in the MWM compared with animals
fostered to control or saline-treated mothers (Hruba et al. 2009). In addition to
replicating the insensitivity of MWM learning to prenatal methamphetamine (see
Sect. 2.2.2), these studies showed that postnatal, but not prenatal, metham-
phetamine exposure (P1-21) affects MWM learning during adulthood. Follow-up
studies confirmed that these effects are completely due to neonatal exposure (Hruba
et al. 2010). Taken together, prenatal exposure to methamphetamine (5 mg/kg/day)
does not impair learning in the MWM, while postnatal exposure to metham-
phetamine is effective at inducing learning deficits.

In these studies, “better” maternal care of control mothers does not affect the
learning and memory of rat pups prenatally exposed to methamphetamine. Thus,
even though cross-fostering influenced the learning of adult male rats (postnatal
methamphetamine exposure impaired spatial learning, regardless of prenatal
exposure group), in contrast to its effect on sensorimotor function (Hruba et al.
2008), the role of maternal care on spatial learning abilities during adulthood is
minimal at best.

Developmental methamphetamine also increases anxiety-like behavior during
adulthood, and the anxiogenic effect of the drug may be more evident when
exposure occurs during the neonatal period (Hruba et al. 2012; Slamberova et al.
2015).

Additionally, it appears that prenatal, but not postnatal exposure, increases
seizure susceptibility, as initiated by both NMDA and GABA systems (Slamberova
et al. 2010a). However, it is unclear to what extent cross-fostering and variations in
maternal behavior influence both of these findings (Hruba et al. 2008, 2009;
Slamberova et al. 2005a, b, 2010a).

In conclusion, by incorporating a fostering/cross-fostering approach,
Slamberova and colleagues delineated the postnatal exposure period as a height-
ened time of sensitivity to the detrimental effect of methamphetamine on MWM
learning, with no detectable change from prenatal exposure.
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4 Neurobehavioral Effects of Neonatal Methamphetamine
Exposure

4.1 Introduction

The neonatal period of methamphetamine administration covered in the remainder
of this review is from P1 to P21 or shorter windows of exposure within this range.
The preweaning period of rat brain development is analogous to human brain
development during the second half of gestation, dependent upon the region (Rice
and Barone 2000). Importantly, brain regions that mediate higher cognitive function
are developing during this time, and it is a sensitive period during which the “brain
growth-spurt” occurs in which synaptic refinement is evolving. There is a sub-
stantial increase in the proliferation of glial cells, hippocampal neurogenesis,
synaptogenesis, and dendritic arborization, and rapid increases in neurotransmitter
and associated receptor expression (Bayer 1982; Gil-Mohapel et al. 2010; Herlenius
and Lagercrantz 2004). Methamphetamine administration during this time disrupts
neuronal populations and potentially leads to long-term behavioral changes.

We (and others) utilize a range of methamphetamine doses that are applicable to
human patterns of drug abuse. On a mg/kg basis, the dose used in most of the
experiments discussed below (10 mg/kg; 4x/day, every 2 h) approaches the rela-
tively high doses described in the human literature in chronic methamphetamine
users (e.g., Melega et al. 2007). However, when repeated exposure occurs in
humans (human dose—frequency estimates are approximately every 6 h), accumu-
lated plasma methamphetamine concentrations are higher due to the longer drug
half-life in humans (T, = 10-12 h), compared to adult rats (T, = 1-1.5 h; Cho
et al. 2001; Simon et al. 2000). To partially compensate for the rapid metabolism of
methamphetamine in the rat, we deliver methamphetamine every 2 h. In the only
pharmacokinetic study performed on neonatal rats (methamphetamine, 10 mg/kg;
4x/day), we determined that the plasma and brain T,,,, occur ~25 min after s.c.
injection in P11 rats, and the plasma and brain T, values are 2.8 and 2.3 h,
respectively (Cappon and Vorhees 2001). In this case, the 4x/day dosing regimen
produces some accumulation for up to 8 h, but not from one day to the next, as can
occur in humans. Following a discussion of physiological effects associated with
developmental methamphetamine, the majority of this section focuses on the use of
the 10 mg/kg, 4x/day doses, in examining cognitive and other deficits after neonatal
exposure during critical developmental stages.
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4.2 Intrinsic Drug Effects

4.2.1 Body Weight

Similar to body weight variability described in humans following prenatal
methamphetamine exposure (Dixon and Bejar 1989; Little et al. 1988; Oro and
Dixon 1987; Smith et al. 2003), reduced body weight during and after treatment is a
consistent observation from neonatal methamphetamine administration in the
rodent model (e.g., Vorhees et al. 1994a; Williams et al. 2000, 2003a, b, c, 2004,
2006). Decline in body weight is dose-dependent, and decreases are apparent fol-
lowing a relatively low daily dose from P11-20 (2.5 mg/kg; 4x/day; Williams et al.
2004a). Methamphetamine-exposed pups (10 mg/kg; 4x/day; P11-20) quickly
recover to 90-95 % body weight of control animals once treatment ends, but they
remain 5 to ~7 % lighter even at P60 (Vorhees et al. 2009). Importantly, though,
long-term body weight changes are not predictive of long-term learning and
memory changes. For example, methamphetamine (10 mg/kg; 4x/day) from P1-10
produces small but persistent body weight decreases, whereas administration from
P11-20 or P6-15 (that induces the greatest MWM and Cincinnati water maze
(CWM) deficits; see below) produces only transient reductions (Vorhees et al.
1994a, 2009). In addition, distributing a 40 mg/kg dose into 4, 10 mg/kg injections
produces more severe cognitive impairment in the MWM compared with admin-
istering the same dose in 2, 20 mg/kg injections, even though both groups show the
same body weight change (Vorhees et al. 2000). Accordingly, body weight change
is a sensitive component of neonatal methamphetamine; yet, behavioral effects are
reliably dissociated from drug-induced weight change.

4.2.2 Other Factors

Methamphetamine-induced effects on cognition are distinct from non-specific
nutritional and maternal-pup disruption effects (Vorhees et al. 2000; Williams et al.
2004a, 2006). As discussed in Vorhees et al. (2000), drug treatments that cause
protracted and more severe weight changes than those observed following a typical
methamphetamine regimen have consistently shown that postnatal undernutrition
has no effect on spatial learning (e.g., Campbell and Bedi 1989; Goodlett et al.
1986). Additionally, all groups, regardless of drug and delivery schedule, are
matched for maternal-pup disruption during treatment (typically 4 times per day);
thus, brief maternal-pup separation is unlikely to contribute to group differences in
learning and memory performance (Vorhees et al. 2000). Even with intrinsic
experimental variables, such as variation in body weight and nutrient consumption
and early handling, the preponderance of data demonstrate a clear dissociation
between the effect of neonatal methamphetamine and potentially confounding
factors.
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4.3 Long-Term Neurobehavioral Effects

4.3.1 Locomotor and Startle Response Activity

Neonatal methamphetamine consistently leads to decreased locomotor activity
when examined during adolescence and adulthood (Vorhees et al. 1994b, 2009).
Vorhees et al. (1994b) showed no difference in hypoactivity between
methamphetamine-treated animals that were dosed from P1-10 or P11-20. While
these effects endured for males up to P60, sustained age effects were transient for
females. By 30 min into activity testing, methamphetamine-altered activity patterns
converge with those of controls and habituation is relatively complete by 40 min for
both drug treatment groups compared with controls. Vorhees et al. (2009) replicated
this non-exposure period-dependent effect of methamphetamine treatment on
lowering spontaneous locomotor activity. Again, similar findings were evident in
the exploratory and habituation phases of locomotion in a novel environment, and
no treatment effects were seen once baseline activity was reached (Vorhees et al.
2009). Thus, neonatal methamphetamine suppresses adult activity; however, these
effects are not dependent upon the dosing period (Vorhees et al. 1994b) whereas
cognitive effects are.

Similar to locomotor activity, augmented acoustic startle responsiveness (voltage
changes by platform deflections to a startle stimulus) is evident following P1-10 or
P11-20 methamphetamine (30 mg/kg; 2x/day), with no variation in startle response
amplitude between these two exposure windows (Vorhees et al. 1994a). Vorhees
et al. (2009) later reported a reduction of acoustic startle following a variety of
exposure periods (P1-10, P6-15, and P11-20) with different methamphetamine
doses, ranging from 10-25 mg/kg; 4x/day. No regimen-specific effects of
methamphetamine were obtained for acoustic startle reactivity on pre-pulse or
non-pre-pulse trials. Thus, methamphetamine at either of the 10-day intervals
between P1 and P20 caused reliable reductions in acoustic startle, confirming
previous findings for the P1-10 and P11-20 exposure regimens (Vorhees et al.
1994a, 1996, 1998).

Hence, developmental methamphetamine suppresses acoustic startle reactivity
and reduces spontaneous locomotor activity, effects that span all treatment regimens
during the first 20 days of life. Accordingly, methamphetamine has potent adverse
developmental effects across development from P1-20. However, compared to
locomotor activity and startle effects, the impact of neonatal methamphetamine on
egocentric learning in the CWM and spatial learning in the MWM (all phases) can
be affected by narrower windows of drug exposure within the P1-20 developmental
period (see below).
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4.3.2 Spatial and Non-spatial Navigation

In the following discussion, we describe findings from studies concerning the
impact of neonatal methamphetamine on later learning and memory. We show that
the developmental window of exposure is a crucial predictor of methamphetamine’s
effect and demonstrate that it exerts a long-term, robust influence on cognitive
function.

In an initial set of experiments, Vorhees et al. (1994a, b) reported for the first
time selective spatial learning and memory impairment in response to metham-
phetamine administered from P11-20, but not from P1-10. Compared with con-
trols, adult animals exposed to methamphetamine (30 mg/kg; 2x/day) from P11-20
showed increased latencies to find both the hidden and moved platform in the
hippocampal-dependent MWM (Vorhees et al. 1994b). The most sensitive periods
of methamphetamine-induced impairment for both the MWM and for another form
of learning in the CWM occur from either P6—-15 or P11-20, compared with P1-10,
P21-30, or later 10-day exposure periods (10-25 mg/kg; 4x/day; Vorhees et al.
2008, 2004, 2005, 2009; Williams et al. 2003c). In comparison with allocentric
learning assessed in the MWM (as described in Sect. 1), the CWM is a 9-unit
T-maze used as a test of route-based egocentric learning. More recent studies using
the CWM (and those discussed below) eliminate reliance on distal cues by testing
animals under infrared light, consequently requiring the use of internally generated,
self-movement cues (Vorhees and Williams 2014). Dorsal striatal dopamine
reductions via 6-hydroxydopamine (6-OHDA) lesions severely impair CWM and
MWM navigation, but if only the dorsal medial or dorsal lateral striatal regions are
lesioned, there is no deficit in MWM performance while CWM deficits remain
(Braun et al. 2012, 2014). Hence, narrow 5- to 10-day neonatal methamphetamine
exposure periods are sufficient to disrupt two types of directional learning that rely
on the hippocampus (MWM) and striatum (CWM) for allocentric and egocentric
learning, respectively.

These findings, in combination with others showing that P11-20
methamphetamine-induced spatial learning deficits occur in multiple strains of rats,
in both males and females, in juvenile and adult animals, along with morphological
changes in brain regions associated with these types of learning, in multiple phases
of the MWM (acquisition, reversal, and shift), with and without experience in
non-spatial learning tasks (fixed, cued MWM learning, acoustic startle response,
passive avoidance), without compromising swim speed or swimming ability and
other swimming-related performance factors (e.g., platform climbing, swim-overs),
and in the absence of anxiety-related effects, emphasize the specificity of neonatal
methamphetamine’s effects on navigational learning and memory (Acevedo et al.
2007; Skelton et al. 2007; Vorhees et al. 1994a, b, 1999, Vorhees et al. 2000, 2007,
2008, 2009; Williams et al. 2002, 2003a, c, 2004a, b).

Despite numerous experimental manipulations that could conceivably diminish
the persistent impact of developmental drug treatment, we reliably demonstrate
long-term effects of neonatal methamphetamine on learning and memory. For
example, decreasing the methamphetamine dose to as low as 0.625 mg/kg (4x/day,
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from P11-20) still results in reference memory acquisition impairments in adult-
hood for measures such as latency to reach the platform, path length, and cumu-
lative distance from the platform in the MWM (Williams et al. 2004a). Additional
findings reveal similar damaging effects following low-dose administration
(5 mg/kg; 4%/day from P11-20) on both acquisition and reversal phases (Williams
et al. 2003c, 2004a) that persist until at least 1 year of age (Vorhees et al. 2007).

Moreover, Williams et al. (2003b) examined whether extensive experience in
other  behavioral tests would eliminate and/or attenuate these
methamphetamine-induced spatial deficits. Pups received methamphetamine (5, 10,
or 15 mg/kg; 4/day) from P11-20. Prior to spatial learning during adulthood,
animals were first tested for swimming ability in the straight swimming channel,
followed by learning in the CWM under lighted conditions, and cued learning in the
MWM. Next, the same animals were tested in the MWM in both an acquisition and
reversal phase. Finally, animals were trained in a trial-dependent, match-to-sample,
working-memory version of the MWM. There were no group differences in straight
channel, CWM under lighted conditions, or cued performance in the MWM.
However, all methamphetamine-exposed animals were impaired in both spatial
learning phases, but not in the working-memory version of the MWM. As well as
highlighting neonatal methamphetamine dose sensitivity to spatial learning, there
was no benefit of extensive pre-training in other non-spatial swimming tasks for
ameliorating drug-induced spatial learning and memory impairments (see also,
Williams et al. 2002). Partial environmental enrichment (stainless steel enclosure) is
also ineffective in overcoming learning deficits in both the MWM and CWM, even
with the use of the most narrow effective methamphetamine window of adminis-
tration (P11-15; Vorhees et al. 2008). Taken together, the learning and memory
deficits summarized here are (1) specific to neonatal methamphetamine treatment
and (2) persistent despite altering a range of experimental parameters.

4.4 Neurotransmitter Effects

Methamphetamine targets a number of neurotransmitter systems, including dopa-
mine and serotonin especially during adulthood. Single high-dose exposure
(Cappon et al. 2000) or repetitive moderate doses of methamphetamine
(5-10 mg/kg; 4/day) reduce monoamine content and their metabolites and alter
neurotransmitter release, transporter binding, and TH and tryptophan hydroxylase
activity (Bowyer et al. 1998; Kokoshka et al. 1998; Ricaurte et al. 1982). Unlike
methamphetamine administration during the neonatal period, changes in the
dopamine system can last for at least 6 weeks in the adult rat (e.g., Ricaurte et al.
1980; Wagner et al. 1980).
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4.4.1 Dopamine

The effect of methamphetamine on mature dopaminergic markers suggests that
developing neurons may also be sensitive to drug-induced dopaminergic neuro-
toxicity (Frost and Cadet 2000). However, in contrast to exposure during adulthood,
neonatal methamphetamine results in only mild influences on dopaminergic neu-
rodevelopment. Biochemical analyses on developing striatal regions at time points
shortly after methamphetamine administration reveal relative insensitivity of
dopamine to neonatal methamphetamine. For example, multiple injections of
methamphetamine (10 or 20 mg/kg; 4x/day) on P20 do not alter striatal dopamine
or glial fibrillary acid protein (GFAP) levels when assessed on P20 or P23 (Cappon
et al. 1997; Pu and Vorhees 1993). Additionally, Gomes-da-Silva et al. (2004)
administered methamphetamine (10 mg/kg; 2x/day) from P1 to the time of sacrifice
on P7, P14, or P30 and found no differences in dopamine content, DOPAC levels or
in the DOPAC/dopamine ratio in the substantia nigra, ventral tegmental area,
caudate-putamen, nucleus accumbens, or medial prefrontal cortex on P7 or P14.
The only significant finding was a decrease in the DOPAC/dopamine ratio in the
substantia nigra at P30 in methamphetamine-exposed males that were given the
lengthiest dosing regimen (P1-30). Similarly, methamphetamine from P11-20
(10 mg/kg; 4x/day) increases striatal DOPAC and the DOPAC/dopamine ratio
when assessed on P21. However, this effect does not persist in animals as young as
P30, and dopamine itself is unaffected at P11, P21, and P30 (Schaefer et al. 2006,
2008). Single-day administration of the same dose as used in these studies
(10 mg/kg) and even lower doses (5 mg/kg) to an adult rat produce over a 50 %
decrease in dopamine content that continues for up to 6 months (Cass and Manning
1999; Wallace et al. 1999). Taken together, in contrast to the adult profile,
dopaminergic markers appear relatively unaffected following up to 14 days of
methamphetamine exposure and dopamine content is unchanged for at least 30 days
after treatment, even when levels are measured shortly after exposure.
Catecholamine synthesis (particularly dopamine) depends on the rate-limiting
enzyme TH. TH protein and mRNA expression levels measured shortly after
neonatal methamphetamine also suggest a limited role of dopamine in drug-induced
neurotoxicity. For example, Kaewsuk et al. (2009) administered methamphetamine
from P4-10 (5 or 10 mg/kg; 1x/day) and analyzed TH enzyme levels on P10.
Methamphetamine significantly decreased TH levels in the striatum, prefrontal
cortex, nucleus accumbens, and substantia nigra. However, in comparison with the
decreased TH protein levels by as much as ~65 % of controls in adult animals
(e.g., Bowyer et al. 1998), the largest reduction at P10 was 30 % of control values
in all regions analyzed. Further, in order to encompass the entire period of postnatal
development of the dopaminergic system, Gomes-da-Silva et al. (2000) adminis-
tered methamphetamine (10 mg/kg; 2x/day) from P1-29 and sacrificed animals on
P30. Drug exposure increased TH activity (ng L-DOPA formed/mg of protein/h) in
the caudate-putamen and substantia nigra; however, TH mRNA was elevated only
in the substantia nigra, and all significant effects were observed in males only. Thus,
even increasing the exposure period to include the entire first month of postnatal life
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does not lead to clear evidence of dopamine-specific targeting by methamphetamine
after early exposure.

Long-term consequences of neonatal methamphetamine exposure, measured
later during ontogeny or in adulthood, are consistent with the drug’s limited impact
on dopaminergic markers analyzed shortly after treatment. For example, a high
dose of methamphetamine (100 mg/kg/day) delivered on P7—10 or P17-20 induces
only modest reductions in striatal dopamine content on P40. In fact, the
methamphetamine-induced depletions do not approach the reductions produced by
the lowest effective dose of 6-OHDA (a known catecholaminergic neurotoxin;
Lucot et al. 1982). Postnatal methamphetamine exposure from P11-20 (10 mg/kg;
4x/day) results in significant long-term reductions in dopamine and DOPAC con-
tent (%), striatal D, receptor binding sites, as well as reductions in protein kinase A
(PKA) activity (a critical signal transduction enzyme of dopamine D,- and D,-like
receptors, Crawford et al. 2003). As noted before, the decreases in dopamine and
DOPAC in adulthood following developmental methamphetamine administration
were less than those observed when exposure occurs during adulthood (e.g.,
Cappon et al. 1997; Sabol et al. 2001). Thus, the association between indices of
neurotoxicity (altered dopamine and DOPAC content) and behavioral deficits in
rats given methamphetamine during the preweanling period do not appear com-
mensurate with one another, i.e., that the magnitude of the dopaminergic changes
does not appear sufficient to account for the magnitude of learning and memory
deficits (see above).

As discussed in Sect. 4.3.1, long-term changes in locomotor activity, in partic-
ular, are evident in response to developmental methamphetamine, and drug chal-
lenge approaches can be used to examine enduring neurochemical changes using
behavioral outcomes. For instance, Vorhees et al. (1994b) administered a drug
challenge during adulthood to test the role of dopamine receptors in animals given
neonatal methamphetamine (30 mg/kg; 2x/day) from P1-10 or P11-20. The
question of interest was whether exposure to methamphetamine in adulthood would
change the response sensitivity to its locomotor stimulating effects, as a function of
neonatal methamphetamine treatment. Compared with saline controls, the acute
drug challenge slightly suppressed locomotor activity for the late-exposed
methamphetamine group and slightly increased locomotor activity in the early
exposure group, providing indirect evidence that dopaminergic functionality rather
than content may be affected by neonatal methamphetamine (Vorhees et al. 1994b;
Williams et al. 2003a).

Graham et al. (2013) provide the first evidence of long-lasting alterations to
dopamine receptor function after neonatal methamphetamine administration. Pups
were exposed to methamphetamine (10 mg/kg; 4x/day) from P11-20 and were
tested during adulthood following selective pharmacological challenge with two
dopamine receptor agonists, SKF-82958 (D;) and quinpirole (D,). Quinpirole
induced an attenuated hyperactivity in methamphetamine-treated rats. On the other
hand, SKF-82958 significantly increased hyperactivity in methamphetamine-
exposed rats at multiple dose levels, possibly because of up-regulation of D,
receptors (Graham et al. 2013). These data, along with the finding of long-term
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changes to D, and PKA activity (Crawford et al. 2003), suggest that persistent
changes in Dy, D, receptors (Williams et al. 2003a) may play a role in the cognitive
deficits induced by neonatal methamphetamine.

4.4.2 Serotonin

In addition to functioning as a neurotransmitter, serotonin can directly and indi-
rectly regulate a variety of ontogenetic processes, including neuronal differentiation,
synaptogenesis, and axon and dendritic growth (Lauder 1990). Serotonin disruption
during early development (P10-20) produces spatial memory deficits when animals
are tested in adulthood (Mazer et al. 1997). Similar to its effects on the dopamin-
ergic system, methamphetamine administration during adulthood results in signif-
icant striatal serotonin depletion, which persists for days, weeks, and even months
(Broening et al. 2005; Cappon et al. 2000; Fukumura et al. 1998; Richards et al.
1993).

The impact of repeated neonatal methamphetamine on serotonergic neuro-
transmission during the neonatal period, though, is evident only shortly after
treatment and diminishes steadily throughout ontogeny, and is essentially absent
during adulthood. When animals were given methamphetamine (10 mg/kg; 4x) on
P11, there was no decrease in striatal or hippocampal 5-HT content 24 h later on
P12, indicating a refractory effect at this young age (Schaefer et al. 2006). However,
because it is possible that multiple days, rather than a single-day administration,
may influence 5-HT concentrations, Schaefer et al. (2008) gave methamphetamine
(10 mg/kg; 4x/day) for either 5 or 10 days (P11-15 or P11-20) and collected
regional brain tissue on P16, P21, or P30. On P16, 5-HT was significantly
decreased in the hippocampus of methamphetamine-treated pups compared with
saline controls. Serotonin content in both the neostriatum and hippocampus was
lower in methamphetamine-treated pups on P21, indicating a greater effect fol-
lowing the longer, 10-day exposure period. However, no brain 5-HT changes were
found on P30 (Schaefer et al. 2008), indicating that the effects on 5-HT are tran-
sient. Similarly, Grace et al. (2010a) found 5-HT decreases 30 min following the
first methamphetamine treatment (10 mg/kg/dose x 4/day) on each day between
P11 and P20. In the same study, hippocampal 5-HIAA levels were also reduced in
methamphetamine-exposed pups on most days of treatment (P13-20). Thus,
neonatal methamphetamine-induced serotonergic changes, measured shortly after
treatment, are more pronounced following drug treatment during later exposure
windows (P11-20) rather than earlier time points (prior to P16), but do not persist
past 30 days of age.

When the long-term effects of neonatal methamphetamine (10 mg/kg; 4x/day;
P11-20) were examined at P60-70, Graham et al. (2013) reported no change in
locomotor response following a drug challenge with the 5-HT releaser
p-chloroamphetamine or the 5-HT,; receptor agonist, quipazine. Grace et al.
(2010b) showed reduced striatal and hippocampal 5-HT and 5-HIAA in adulthood
following identical methamphetamine treatment, but these reductions do not appear
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to correlate with changes in egocentric learning and are smaller than those induced
during the period of drug administration (see above; Grace et al. 2010b). Vorhees
et al. (1994b) conducted a similar experiment using a higher dose (30 mg/kg;
2x/day) from P1-10 or P11-20. Suppression of locomotor activity during adult-
hood with a 5-HT reuptake inhibitor (fluoxetine) was only evident in the early
exposure groups. Further, following a challenge dose of methamphetamine during
adulthood, striatal 5-HT levels were depleted in all groups of rats that received the
challenge dose, but there were no differences in the degree of depletion as a
function of neonatal treatment (5 mg/kg; 4x/day from P11-20; Williams et al.
(2003a). Taken together, these studies suggest a minimal effect of neonatal
methamphetamine on serotonin function on locomotor function.

4.4.3 Other Neurotransmitters

During adulthood, following exposure to methamphetamine (10 mg/kg; 4x/day)
from P11-20, there were marked attenuations in hyperactivity in animals given a
pharmacological challenge with a range of doses of the NMDATr antagonist,
MK-801 (Graham et al. 2013). In adult animals, the combined effect of dopamine
and glutamate release contributes to increases in oxidative stress and excitotoxicity
following acute methamphetamine administration (Braren et al. 2014; Sonsalla
et al. 1989). Indeed, activation of NMDA-Rs produces an increase in plasma
membrane insertion of D; receptors in cultured hippocampal neurons (Pei et al.
2004), and methamphetamine increases glutamate release via a D; regulatory
mechanism in the substantia nigra (Mark et al. 2004). While NMDAr-mediated
effects of methamphetamine are present with drug exposure during the neonatal
period (Slamberova et al. 2009; Smith et al. 2007), it is unknown whether a similar
association between dopamine and glutamate is responsible for the attenuated
response to NMDA antagonism in locomotor activity and/or long-term cognitive
deficits following developmental methamphetamine treatment (Graham et al. 2013).

Additional neurotransmitters and their receptors are altered by neonatal
methamphetamine. For instance, in a series of experiments, Raber and colleagues
examined the role of histamine (H) in methamphetamine-induced long-term cog-
nitive deficits in mice. P11-20 administration of the Hs/H, receptor antagonist
thioperamide, that increases histamine release, mimicked the effects of metham-
phetamine (5 mg/kg; 1x/day from P11-20) and co-administration of metham-
phetamine with the H; receptor agonist immepip, that inhibits histamine release,
antagonized the object recognition and spatial learning deficits in adulthood
(Acevedo et al. 2007) and adolescence compared with methamphetamine-treated
offspring that did not receive immepip (Eastwood et al. 2012). In a later experiment,
mice treated with methamphetamine or thioperamide, at the same dose levels,
showed reductions in the dendritic marker microtubule-associated protein 2
(MAP2) in the CA3 region of the hippocampus and entorhinal cortex compared
with animals treated with methamphetamine along with immepip, who did not
show cognitive impairments (Acevedo et al. 2008).
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Additionally, P11-20 methamphetamine (5 mg/kg; 1x/day) increases the num-
ber of muscarinic acetylcholine (ACh) receptors in the hippocampus and cortex
during adulthood in mice that are impaired in novel object recognition (Siegel et al.
2010), thus identifying a role for the cholinergic system in long-term
methamphetamine-induced behavioral deficits. Because the cholinergic system is
modulated by the histaminergic system, increases in neonatal histamine release
and/or neonatal ACh receptors may lead to long-term changes in both of these
systems that may relate to methamphetamine-induced behavioral impairments
(Siegel et al. 2010).

4.5 Stress Effects

The mechanisms by which neonatal methamphetamine cause enduring learning and
memory deficits are unknown. In addition to neurotransmitter signaling, changes in
endocrine system function have been suggested as an hypothesis for the observed
methamphetamine-induced behavioral impairments. Alteration in glucocorticoid
levels early in ontogeny interferes with normal brain development and may be
responsible for learning and memory deficits later in life (e.g., Moriceau et al.
2004), and methamphetamine administration increases the release of corticosterone
(CORT) in the neonatal rat (Schaefer et al. 2006, 2008, 2010; Williams et al. 2006).
P11, P11-15, and P11-20 methamphetamine administration increases plasma
CORT that lasts for least 24 h, and increases in adrenocorticotrophin hormone
(ACTH) occur after methamphetamine on P11 (Schaefer et al. 2006, 2008;
Williams et al. 2000). Indeed, CORT release after developmental methamphetamine
administration is more potent than CORT release in response to stressors such as
forced swim or isolation at early ages (Grace et al. 2008). Neonatal metham-
phetamine also alters the adrenal response to a forced swim stressor during adult-
hood (Williams et al. 2003a). Because early stress induces changes in brain
development and behavior (Chapillon et al. 2002; Fenoglio et al. 2006), and pro-
longed activity of the HPA axis can have neurotoxic effects (Gould et al. 1991;
McEwen et al. 1992; Meaney et al. 1988), studies were begun investigating dys-
regulated CORT release as a potential mediator of long-lasting
methamphetamine-induced spatial learning deficits.

Fluctuation in adrenal response to methamphetamine, particularly CORT
release, is evident between the two periods of drug administration in animals that
display distinct behavioral effects (i.e., P1-10 and P11-20). As described in
Sect. 4.3.2, P11-20, but not P1-10, methamphetamine-treated rats exhibit
long-term spatial learning and memory impairment in the MWM. While 10-day
exposure windows result in more severe spatial learning impairment (Vorhees et al.
2008), there are disproportionately more MWM deficits after P11-15 than after
P16-20 exposure (Williams et al. 2003b). Conversely, methamphetamine exposure
during P11-15 or P11-20 results in a reliable decrement in CWM performance
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(Vorhees et al. 2008). P1-10 methamphetamine treatment, however, induces no
behavioral impairment in either task (Vorhees et al. 1994a; 2009).

An age-dependent effect is also evident in the degree of CORT release following
neonatal methamphetamine. For example, a U-shaped response function exists
when methamphetamine (10 mg/kg/day) is given and measured every other day
from P1-19 (Williams et al. 2006). Augmented CORT release occurs on P1, P3, and
P5 compared with any other day between P7 and P13. CORT returns to elevated
levels again on P15, P17, and P19. However, when repeated rather than single
doses were examined (4 doses/day for 4 days with an acute dose on the 5th day),
rather than displaying a U-shaped function, CORT increased progressively with age
(Williams et al. 2006). Thus, in addition to characterizing methamphetamine as a
robust activator of CORT release during development, these data showed a dif-
ferential CORT response depending on the dosing regimen, as well as the age at
which treatment occurred.

The blunted CORT release during intermediate developmental ages (P7-13) led
us to postulate that the attenuated adrenal response to stress associated with the
stress hyporesponsive period (SHRP) may explain the differential age effects we
observed in methamphetamine-induced CORT production and learning and mem-
ory performance. The SHRP (P4-14) is an interval during which basal CORT is
low and CORT elevation to stressors is attenuated compared with earlier or later
periods of development and adulthood (Sapolsky and Meaney 1986).
Diminished CORT following acute methamphetamine on P7-13 aligns with the
SHRP and chronic methamphetamine not only inhibits the early CORT response,
but amplifies the later response, particularly after P15 when the SHRP is over
(Williams et al. 2006). Given that the SHRP is hypothesized to protect against
stress-induced overstimulation of glucocorticoid receptors (Sapolsky and Meaney
1986; Sapolsky 1996) and methamphetamine treatment induces an HPA axis
over-response, we hypothesized that methamphetamine treatment during the SHRP
would lead to more severe long-term behavioral effects than drug administration
outside of the SHRP (Vorhees et al. 2009). Vorhees et al. (2009) exposed pups to
methamphetamine following one of three treatment windows: P11-20 (associated
with cognitive deficits), P1-10 (not associated with cognitive deficits), and P6—-15
(aligned with the SHRP). As predicted, in the CWM, the number of errors and
latency to escape were increased in the P6-15 group compared with the P11-20
group, with no effect following P1-10 drug treatment. Thus, egocentric learning
deficits from neonatal methamphetamine are associated with the SHRP and may
result from HPA axis dysregulation during a critical period of brain development
(Vorhees et al. 2009).

The next step in determining if changes in plasma CORT production were
responsible for the cognitive impairments observed was to diminish the
methamphetamine-induced CORT response prior to drug delivery via surgical
adrenal autotransplantation (ADXA). Grace et al. (2010b) showed that ADXA on
P9, two days before the start of methamphetamine treatment from P11-20
(10 mg/kg; 4/day), attenuated the methamphetamine-induced increase in CORT
from P12-20. On P11, ADXA reduced the increase in CORT to ~30 % of
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methamphetamine-exposed animals that received sham surgery. This reduction in
CORT increase rose to ~75 % by P20 (Grace et al. 2010b). Thus, neonatal ADXA
is an effective method for partially reducing methamphetamine-induced CORT
release, while preserving sufficient levels to support normal growth and develop-
ment. However, the attenuation of the CORT response to methamphetamine by
ADXA did not alter the long-lasting MWM or CWM deficits, despite ADXA
having no effect on the long-term methamphetamine-induced 5-HT reductions in
the neostriatum or entorhinal cortex or on 5-HIAA reductions in the hippocampus
(Schaefer et al. 2010; Grace et al. 2010a, b). Therefore, it appears that reducing the
extent of the methamphetamine-induced release of CORT during a sensitive period
of neuronal development (SHRP) is not protective against later behavioral
impairments, although it should be pointed out that the methamphetamine-treated
animals still had higher levels of CORT than the control animals. While the
mechanism of methamphetamine-induced neurotoxicity during the neonatal period
is unknown, an alternate hypothesis may be that overstimulation of dopamine
receptors caused by dopamine overflow and increased generation of reactive oxy-
gen species (ROS) and reactive nitrogen species (RNS) may influence receptor
function through adulthood, contributing to the long-term behavioral effects we
describe.

5 Experimental Design: Review by McDonnell-Dowling
and Kelly (2015)

A recent review of developmental amphetamine studies addresses differences in the
design of developmental studies. McDonnell-Dowling and Kelly (2015) state that
there is little consistency among maternal and offspring experimental variables used
in these studies and that the findings are therefore not relevant to the human
situation. It is true that there is variability among the developmental substituted
amphetamine studies, but these are no greater (and in fact are less) than in most
developmental drug studies, such as those on cocaine, ethanol, opiates, or any other
drug whether it be a drug of abuse or not. This is because two laboratories have
generated most of the data: our laboratory and that of Dr. Slamberova. This has
resulted in more consistency and more replication of findings than for any other
developmental drug study area. Of course, consistency is a significant issue, and
McDonnell-Dowling and Kelly (2015) make some valid points about how some
types of design inconsistencies can impede aspects of progress in understanding
how methamphetamine (and also amphetamine and MDMA in their review) affect
neurodevelopment. Unfortunately, their review contains mischaracterizations of
several studies, apparent misunderstandings of experimental design procedures, and
despite tabularizing 112 studies on procedural factors, does not review the effects of
developmental exposure to amphetamines at all. Not a single finding from these 112
studies is presented or discussed in any detail, and no generalization or
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interpretations are provided; instead, the article describes how the authors’ believe
developmental amphetamine studies should be designed based on ideas not in
accord with the field of developmental drug studies that has evolved over the last
40 years. In fact, they often reject experimental design features that the field,
through much research, has identified as invaluable. For example, they reject such
control procedures as fostering—cross-fostering, pair-feeding, direct treatment of
pups, taking species differences in brain development into account, taking phar-
macokinetics into account, and others (see below). Rather than providing an
analysis of the data available, identifying gaps in our knowledge, and pointing to
potentially fruitful directions, they provide a list of complaints not in tune with
accepted standards for developmental drug studies.

Following the literature search that they report generated 833 articles associated
with the effects of amphetamine-type stimulants during pregnancy and/or lactation,
McDonnell-Dowling and Kelly (2015) state that they reviewed 112 in their article
based on a criterion of “relevance,” which they never define. They suggest that the
use of experimental variables should be held constant across developmental studies.
For example, they argue in favor of using a single rat strain in all experiments. In so
doing, they fail to acknowledge the benefit of data derived from different strains
(not to mention different species) in answering questions related to outcomes, as
well as the benefit of the converging lines of evidence that accrue from data
gathered using multiple genetic backgrounds. In this case, data from diverse sources
add to the human relevance of animal models because humans are genetically and
environmentally heterogeneous, whereas laboratory rodents are not. Therefore,
using different genetic backgrounds in animals enhances (rather than limits) human
relevance, since if a finding stands up across strains, species, and different labo-
ratory settings it is a more robust scientific finding than if it is only found in one
strain of one species in one laboratory at one point in time without replication. This
concept is fundamental to biological research, and therefore, it is difficult to
understand why these authors argue against it.

Related to rat strain, McDonnell-Dowling and Kelly (2015) place importance on
the body weight of females used at the time of breeding. They propose that females
should be mated between 225 and 250 g and that because of age differences at the
time of mating across studies, they claim, have occurred up to 40 days, this is an
important factor that needs to be standardized. There are problems with this rec-
ommendation. Firstly, body weight is dependent on the strain of rat. Secondly,
restricting age/weight in animal models limits human relevance, since there is
variation in the age (body weight) of women who use methamphetamine during
pregnancy (e.g., Della Grotta et al. 2010). Thirdly, there are no data to support the
claim that rat maternal body weight has a significant modifying effect on the
prenatal effects of amphetamines on offspring neurodevelopment. The females used
in all of the reviewed studies were sexually mature, regardless of their exact age
(e.g., P60 or P180), and this is the case in the entire field of developmental drug
studies. There is no evidence that within a broad range that maternal weight matters.
Fourthly, from the literature reviewed herein, especially for those studies that
deliver the drug during gestation, the data show that maternal behavior is more
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important in determining outcome than maternal age/weight. Fifthly, they misrep-
resent the body weight of animals used in the studies from this laboratory. They
state that female Sprague-Dawley rats in our laboratory were bred when they
weighed 151-175 g. This is incorrect. The females were significantly heavier than
this at the time of breeding. The average female rat’s weight at the time of breeding
in this laboratory is approximately 276 g. What we stated in those articles was that
females were received from Charles River at 151-175 g and given a minimum of
2 weeks before being placed with a male and in most cases much longer than
2 weeks. The first set of females put in breeding weighed over 200 g when
cohabitated with males, and the majority of females weighed 250 g or more when
mated. This fact was not reported in these studies because the exposure to the drug
was postnatal to the pups; therefore, minor variations in maternal body weight were
regarded as of no significance to the effects of the drug injected directly into the
offspring. Hence, McDonnell-Dowling and Kelly (2015) misread what we wrote,
but more importantly emphasize one of the least important aspects of a postnatal
drug study.

McDonnell-Dowling and Kelly (2015) state that “the purpose of these preclinical
studies should be to investigate the margins of safety of these controlled substances at
doses that are typically abused in humans rather than at doses that we know to be
neurotoxic.” Not only is this not the focus of most developmental drug of abuse
studies, but also there is no reason to think it should be. These studies are aimed at the
effects that may occur when drug users take abusive or at least recreational levels of
these substances, not therapeutic doses. Drug users do not take these drugs “safely” as
demonstrated by the number of women seeking drug treatment (Substance Abuse and
Mental Health Services Administration 2013); therefore, the safety margin concept is
not relevant in this context. If these were studies of therapeutic drugs, this reasoning
would apply, but these are studies modeling high-dose use; hence, there is no
“clinical” relevance in the usual sense, but there is relevance to how people misuse
these drugs. The authors seem to miss the fact that pregnant women addicted to
methamphetamine use the drug during pregnancy because they either do not
understand the risks, or are unable to quit. These studies are not designed to test the
effects of taking Adderall as an ADHD therapeutic drug, for example. While such
studies may be worth doing, they are not the intent of the studies these authors cited.
Hence, McDonnell-Dowling and Kelly (2015) advocate that low doses be studied as
“more relevant.” If only low doses are to be used in animal models, then the range of
outcomes caused by higher levels will be missed, including those found in chronic,
heavy using methamphetamine addicts. Human imaging studies report drug abusers
using up to 10 g of methamphetamine per day (Volkow et al. 2001b), not the 30 mg
McDonnell-Dowling and Kelly (2015) cite from a study that attempted to charac-
terize recreational use. Further, McDonnell-Dowling and Kelly (2015) only mention
the role of drug metabolism as a factor for consideration in dose selection but fail to
incorporate the meaning of such information in creating appropriate exposure
models. The drug half-life for human and rats is different and allometric scaling of
dose approximations that they recommend do not take this into consideration
(see Sect. 4). For example, the elimination half-life of methamphetamine in humans is
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10—-12 h but in rats is 1-2 h. No matter what the allometric scaling generates for a
given dose, if that dose is given to a rat the drug is effectively eliminated in
5 half-lives, i.e., in about 10 h, but in a human not for 60 h. To not take this into
account in the design of experiments ignores one of the most basic factors that
determine drug effects, internal dose at the site of action. In many of our studies, we
gave the drug 4 times at 2 h intervals or 2 times at 6 h intervals. We stated that the
reason was to partially compensate for the rapid metabolism and clearance of the drug
in rats, a fact that McDonnell-Dowling and Kelly (2015) fail to acknowledge in their
criticism of this design. Dose has limited meaning in the absence of the absorption,
distribution, metabolism, and elimination (ADME) of a drug. It is surprising that this
is not acknowledged in the McDonnell-Dowling and Kelly (2015) review. Given that
there are consistent physiological effects observed in human studies (i.e., low birth
weight), along with replicated neurological and behavioral effects, in animals the
focus should be on recapitulating the outcomes of human studies and predicting what
human studies may find as the children grow older and mature in their behavioral and
cognitive capacities. It is more important that the outcomes align as much as possible
even if doses are different in order to account for species differences in ADME and
brain ontogeny. It is the effect of the drug that is of primary interest, not how dose,
route, and frequency should be copied between rats and humans. Outcome, mecha-
nism of action, and internal dose are the critical factors, not maternal body weight at
breeding in a postnatal study or what the authors think about the known limitations of
pair-feeding or foster techniques.

Related to dose, McDonnell-Dowling and Kelly (2015) report that the delivery
of amphetamines via subcutaneous injection is irrelevant and should not be done.
They cite FDA guidelines that the route for a therapeutic drug should, to the extent
possible, mimic the route to be used in humans. There are problems with this
recommendation. Even though humans do not self-administer methamphetamine
subcutaneously, a variety of drug exposure methods are used by methamphetamine
abusers (e.g., Volkow et al. 2001a), such that no one route constitutes a gold
standard above all others. Furthermore, the pregnant female is not the end point for
these studies, but rather the progeny. Consequently, the route of administration is
less important than the dose crossing the placenta and reaching the embryo and
fetus or directly to the pup. In this sense, it makes little difference whether the
mother takes the drug by inhalation, snorting, injection, or orally unless these other
routes induce a pattern of ADME that is not approximated in animals by subcu-
taneous injection. So far there are no data suggesting that the different routes
pregnant humans use is radically different from that achieved by subcutaneous
injection in rats. The FDA recommendation is that “therapeutic” (not abused)
agents in the context of New Drug Applications be given by the route that “most
closely mimics the human route.” Therapeutic drugs are taken typically orally by
humans; therefore, in preclinical studies, gavage is used to collect safety data for
submission to the FDA, despite the obvious fact that patients do not take drugs by
stomach tube (the human equivalent of gavage), but rather swallow tablets or
liquids. If one accepts gavage as the approximate equivalent of taking a pill by a
person, which the FDA does, then the FDA guidance is entirely logical. But drugs
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of abuse are not typically taken orally. Most drugs of abuse, including
amphetamines, are snorted, smoked, or i.v. injected. To follow the logic of
McDonnell-Dowling and Kelly (2015), rat developmental methamphetamine
studies should use these routes as well as gavage. However, rats will not snort a
drug, and inhalation in rats is not only technically more difficult, but rats do not
inhale vapor the same way people do. Rats do not inhale deeply into their alveolar
spaces the way humans do; therefore, even an inhalation model would be subject to
a number of caveats. Methamphetamine can be given orally (gavage) or injected i.v.
and such models may be worth investigating, as these authors have done using
gavage in one experiment (McDonnell-Dowling et al. 2014). This is a welcome
addition to the literature, but it does not ipso facto undermine studies using other
routes as they advocate.

McDonnell-Dowling and Kelly (2015) also construct three arbitrary categories
of drug effects, referring to them as neurotoxic, toxic, or pharmacological. They
assign doses to these categories and then label studies as irrelevant if they fall into
their pejorative categories. These distinctions do not stand up to examination. There
are doses in adult rats that are sometimes referred to as neurotoxic when they cause
large and lasting neurotransmitter reductions or induce neuropathological changes,
but even here the dose, pattern of doses, and environmental conditions (particularly
ambient room temperature) can make a “neurotoxic” dose benign if each parameter
is not appropriately calibrated. Dose alone, therefore, does not determine the effect
of the drug, and such simplistic categories are not helpful. In developing rats, doses
that can be neuropathological in adult rats, if conditions are set correctly, induce
none of the same CNS changes found in adult rat brain (Cappon et al. 1997). It has
been shown multiple times that the dopamine, 5-HT, and TH depleting effects and
GFAP, FluoroJade, and silver stain increases seen in adult rats after a “neurotoxic
regimen” of methamphetamine does not occur in rats younger than P40. Since
McDonnell-Dowling and Kelly (2015) apparently derive their categories based on
adult rat effects, they are meaningless in relation to prenatal and neonatal rat studies.

McDonnell-Dowling and Kelly (2015) err when they recommend against
fostering—cross-fostering designs. They argue that leaving pups with their mother is
preferable because it more closely mimics human families where the mother took
amphetamines during pregnancy. Firstly, they miss the point that the purpose of a
fostering—cross-fostering study is to isolate maternal effects from offspring effects.
It is not intended to be “realist” but rather to control for maternal mediation of
effects found in the offspring. Interestingly, McDonnell-Dowling and Kelly (2015)
ignore the fact that human studies find that many children of drug-abusing mothers
are in fact removed from the home and raised in foster homes (e.g., Sarkola et al.
2007), not unlike a rat being fostered to a control dam. Sorting out different factors
is what scientific experiments are about; hence, the fostering—cross-fostering
experiments have a legitimate place in prenatal drug studies. Not everything in an
experiment is designed to mimic the often chaotic lifestyles of human pregnant drug
abusers. Secondly, a fostering—cross-fostering experiment should not be viewed in
isolation. Rather, such a study is part of a series of studies with the goal of factoring
out as many factors as possible that play a role in the effects of interest in the
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offspring. McDonnell-Dowling and Kelly (2015) also criticize fostering—
cross-fostering studies because they claim there “could possibly” be residual drug
in the dam given pups from control dams and this could contaminate the effects by
exposing controls to drug. Given the half-life of methamphetamine and other
amphetamines in rats, the drug would be gone by the time pups were fostered even
if fostered on P1. Secondly, virtually all published prenatal methamphetamine
studies stop giving the drug one or more days before parturition, often on E18 or
E20. This allows ample time for the drug to be cleared. Thirdly, even if a study
gave the drug on E21 to a Sprague-Dawley rat that typically delivers on E22, the
amount of drug left in the dam would be trivial (using a 3-h half-life, the percentage
of drug remaining after 8 half-lives would be 0.4 % of the starting value). Not only
is that level unlikely to have a pharmacological effect even if given at a high dose
on E21, but since the amount of any drug that passes to milk during lactation is
known to be a fraction of that in maternal circulation, the pups would only receive a
fraction of 0.4 % of the drug from its peak concentration.

McDonnell-Dowling and Kelly (2015) acknowledge that rodent brain develop-
ment is different than in humans and note that the neonatal period in rats more
closely resembles third trimester in utero brain development in humans and cite
well-known literature to support this (Clancy et al. 2001, 2007a). After having cited
this ontological difference, they then criticize studies giving the drug to pups to
mimic exposure during this period of brain development stating that in humans, the
drug would pass through maternal milk during the postnatal period. But if the
neonatal rat does not model a human infant, but rather a human fetus, then this
rationale is illogical. The neonatal rat either models human third trimester brain
development or it models human infant brain development, but the same period
cannot model both simultaneously. It appears that McDonnell-Dowling and Kelly
(2015) do not grasp the contradiction in their own writing.

They also criticize the use of pair-feeding in prenatal drug studies because they
note that a food-deprived animal does not consume its ration the same as an
amphetamine-treated rat with anorexia-induced appetite suppression. This is valid,
and the limitations of pair-feeding have been noted before, but it is an established
tool that experimentalists use, and use effectively, to isolate nutritional factors as
potential confounders when studying a drug that suppresses food consumption and
reduces body weight. Pair-feeding is not a perfect technique, but it does serve a
purpose, one that McDonnell-Dowling and Kelly (2015) indicate is possible to use
but is mostly used incorrectly according to them. They argue that typically the daily
ration of pair-fed animals is given and eaten rapidly soon after it is given, and this is
what most experimenters observe. But McDonnell-Dowling and Kelly (2015) state
that this “problem” can be solved by giving the ration during the dark cycle in the
vivarium. However, this would not solve the issue. The pair-fed animal will still
consume its ration immediately, whereas the experimental animal will consume its
food spread over many hours. There is no evidence that simply giving the ration
during the dark cycle solves the rapid food consumption pattern seen in hungry
pair-fed animals. If one wanted to match food consumption patterns, one would
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have to have a device that fed the pair-fed animal whenever the experimental animal
ate. While technologically possible, the value of such a method is questionable.

McDonnell-Dowling and Kelly (2015) also recommend that maternal—-pup
interactions be observed in detail every day in every study throughout lactation to
the age of weaning that in most rat studies is P21, but is often P28. The
labor-intensive nature of such observations make this prohibitive, except perhaps in
a single study done once to document whether the drug under investigation causes
changes to maternal-pup interactions. Oddly, McDonnell-Dowling, and Kelly
(2015) then state that this kind of observation should begin after cross-fostering
which in previous paragraphs they stated should not be done at all.

McDonnell-Dowling and Kelly (2015) inexplicably criticize one and only one
behavioral method: rotorod, for no reason they ever explain. They state that testing
younger rats using 5-min trials is “an incredibly long time for a young pup” and cite
one study (Barenys et al. 2010). Firstly, no very young rats were tested on a rotorod
in this study; the test age was P22, 24 h after weaning. This is an age when rats are
capable of running on a running wheel. Secondly, the rotorod test began by
experimenters placing rats on the rod at low speeds and retesting them at speeds
gradually incremented (4, 7, 12, 20, 25, 30, and 40 RPM). Once rats were tested at
each of these speeds separately, they were then tested a second time in which the
rod was started at 4 RPM and gradually accelerated to 40 RPM. The authors state
that the time limit of the test was 5 min, but they did not state that any rats stayed on
that long. Rotorod procedures are designed to find the speed at which the rat falls,
thereby ending the test. No data are shown by Barenys et al. (2010), they merely
state that no effects of developmental MDMA were found. What is it about this
single behavioral test from all the 112 papers cited that makes it worth singling out
for criticism, when in fact there is nothing apparently wrong with the procedure
described by Barenys et al. (2010)? Secondly, how do McDonnell-Dowling and
Kelly (2015) know what is “incredibly long” for a P22 rat in the apparatus used in
that study? McDonnell-Dowling and Kelly (2015) present no data to support the
notion that it is “incredibly long.” Experimentalists have to make many judgments
in setting up procedures, and not every aspect is fully vetted along every possible
dimension; most good investigators use procedures they have tried in their labo-
ratory and found to work sufficiently well to believe they would detect a treatment
difference if there was one. This may only be that animals perform the task, but that
is often the basis for many behavioral methods.

McDonnell-Dowling and Kelly (2015) state that two developmental metham-
phetamine studies even failed to mention the strain of rats used. One of the studies
they cite is Adams et al. (1982), but that report clearly states on page 64 that
Sprague-Dawley rats were used. Another error already mentioned was about
maternal body weight in our studies; another is that that giving 25 mg/kg 4 times a
day to rat pups is “neurotoxic.” We have published data showing that this is not the
case (Cappon et al. 1997). McDonnell-Dowling and Kelly (2015) argue that studies
should use one dose per day regardless of all other considerations, including
whether a once per day dosing regimen provides sufficient drug to reach its phar-
macodynamic site(s) of action.
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Overall, McDonnell-Dowling and Kelly (2015) miss the point concerning the
central theme of their review—that animal models should aim for standardization in
order to be relevant. An alternative way of striving for consistency is to define
related outcomes, both within and across species (e.g., body weight changes,
behavioral alterations, neurofunctional profiles, and mechanisms), rather than trying
to restrict an understanding of amphetamine-induced neurotoxicity to using the
same rodent strains and other parameters without knowing if they are relevant to
outcome or not. As the authors recognize, controlling variables, such as dating
conception the same (EO vs. E1 as the date of inferred conception), can be helpful if
it reduces confusion, but different experimental designs are more often helpful in
applying animal data to human populations than impairing it. If experimental
methodology were to follow the recommendations from McDonnell-Dowling and
Kelly (2015), rat models would fail because of species differences alone. Rodents
produce multiple births, do not live as long as people, have four rather than two
legs, etc., but so what? The point is that rats are not used as miniature humans but to
function as models, and like all models are inherently different than what they are
modeling but are similar enough in key ways to be useful. The idea of standardizing
procedures is appropriate up to a point, but suggesting that procedures that do not
have face validity or match the “average” methamphetamine user are too narrow a
perspective. Models can have different types of validity based on different
parameters chosen by the investigator to answer particular experimental questions.
By using different approaches and obtaining converging lines of evidence, broader
inferences may be reached, and this provides the strongest approach to under-
standing a drug’s mechanism and effects.

As the present review shows, there have been few laboratories that consistently
do research on the effects of developmental methamphetamine. In fact, most of the
published papers on this particular drug were by two laboratories. All the others
were produced by laboratories that did one or two papers, never replicated any of
their findings, nor extended their data to any significant degree. But from the two
laboratories that have done the most on developmental methamphetamine, there is
extensive replication and extension of findings within the laboratories, and con-
siderable convergence of findings across these two laboratories. Hence, the devel-
opmental effects of methamphetamine are more consistent than for any other drug
of abuse in a developmental context.

In order to obtain more robust data, the solution that is more effective than
standardization of small experimental procedural details is to validate findings
across laboratories. In order to get a better understanding of how different proce-
dures in different laboratories effect outcomes, one can design experiments to have
one laboratory treat animals in the way they find causes clear effects, then send the
animals to another laboratory for testing to see whether the outcomes shown to be
affected in the first laboratory are also seen in the second laboratory. While this
approach may create some shipping stress, it is a step in the right direction for
determining doses, strains, and exposure periods that produce reliable long-term
effects that are not specific to one laboratory. An example of this with develop-
mental methamphetamine was done by the present authors (Williams et al. 2002),
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and it provided convergent evidence that the effect of neonatal methamphetamine
on spatial learning and memory in the MWM could be replicated in the hands of a
different laboratory. Replication, cross-laboratory validation, accurate model
development (based on pharmacokinetics and related factors), relevant dependent
variables (rather than early reflexes that have not proven to be valuable in rodents or
humans), dose-response, critical period, and neurochemical mechanism consider-
ations all matter more than the issues raised by McDonnell-Dowling and Kelly
(2015) in their review. In sum, we take issue with a number of points offered by
McDonnell-Dowling and Kelly (2015), but it should be understood that these
disagreements are scientific and not directed at those authors.

6 Conclusions

Because rat prenatal development only approximates the first and second trimester
of human brain development, modeling prenatal methamphetamine in rodents
presents challenges. Perhaps, the most difficult of these is how to best model human
third trimester brain development given that the related events in rats and mice
occur postnatally in these species. Since very little maternal drug in rats gets into
milk during lactation, giving a drug to the dam during the preweaning period is not
an effective way to model late gestational effects. The only alternative without
changing species is to administer the drug directly to the pups during the
preweaning period that spans approximately the first three postnatal weeks in
rodents. While there is debate about whether the third trimester equivalent to
humans in terms of brain develop ends at P10, or as late as P20 depending on the
reviewers (Bayer et al. 1993; Clancy et al. 2007a, b; Herlenius and Lagercrantz
2004; Quinn 2005; Rice and Barone 2000; Ross et al. 2015; Semple et al. 2013), all
are in agreement that birth in a rodent is not equivalent to birth in humans in terms
of brain development. Given this and given that pup drug exposure via maternal
milk is ineffective, there is no alternative but to give the drug directly to the pups.
Many regulatory agencies now recognize this and for the compounds they regulate
have recommended direct treatment of pups (US EPA, US FDA, US NTP, OECD).
The obvious problem is that there is no maternal metabolism, no placenta, and
different mechanisms of absorption and clearance between a fetus and a neonatal
rodent. Other than using a different species, there is no solution to this problem
except to model human third trimester based on brain ontogeny if one wants to test
the effects of a drug on brain structures that develop postnatally in the rat and
prenatally in humans.

Given this unavoidable difference, what are the major effects in rodents from
prenatal methamphetamine exposure given during rat gestation or during rat lac-
tation directly to the offspring? The most reliable effect found so far from
intrauterine exposure to methamphetamine in rodent models is reduced locomotor
activity and transient changes in striatal dopamine and 5-HT content, but there is
also a lack of clear learning and memory deficits during adulthood and the absence



Neurobehavioral Effects from Developmental ... 221

of increased sensitivity of the same drug on these tests during adulthood. The most
reliable effects found so far from certain critical periods of neonatal development in
rodents are impaired allo- and egocentric learning and memory, reduced open-field
activity, increased acoustic startle response, increased locomotor sensitivity to
challenge with a D; agonist and an NMDA antagonist, transient changes in striatal
dopamine and 5-HT content, reductions in D, receptor binding and PKA activity,
short-term increases in ACTH and corticosterone release, with the latter not asso-
ciated with the long-term learning and memory deficits. Preweaning metham-
phetamine exposure does not induce neuropathological changes, i.e., no increase in
GFAP, argyrophilia, or FluoroJade staining, nor does it induce hyperthermia as it
does in adult animals. In mice, it has been reported that prenatal methamphetamine
generates ROS (Wells et al. 2005). In the adult rat, the effects of methamphetamine
can be blocked by pretreatment with a spin-trapping drug (PBN; Cappon et al.
1996), but whether such a block of methamphetamine-induced postnatal effects on
learning and memory can occur after neonatal exposure is currently being inves-
tigated. At present, the leading candidates for how prenatal and neonatal
methamphetamine induces long-term effects on the CNS are through generation of
ROS, or actions on specific neurotransmitter receptors, with the most evidence
pointing toward dopamine D;, glutamatergic NMDA, and histaminergic H;
receptors. It should be noted, however, that little attention has been given to other
neurotransmitters or receptors, neurotrophic factors other than BDNF, and almost
no attention to transcription factor regulation or epigenetic modulation. Like most
drugs, methamphetamine has multiple effects and when acting on the rapidly
changing substrate of the developing brain, identifying all its effects is challenging,
but much progress has occurred and more is within sight.
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Early-Life Toxic Insults and Onset

of Sporadic Neurodegenerative
Diseases—an Overview of Experimental
Studies
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Abstract The developmental origin of health and disease hypothesis states that
adverse fetal and early childhood exposures can predispose to obesity, cardiovas-
cular, and neurodegenerative diseases (NDDs) in adult life. Early exposure to
environmental chemicals interferes with developmental programming and induces
subclinical alterations that may hesitate in pathophysiology and behavioral deficits at
a later life stage. The mechanisms by which perinatal insults lead to altered pro-
gramming and to disease later in life are still undefined. The long latency between
exposure and onset of disease, the difficulty of reconstructing early exposures, and
the wealth of factors which the individual is exposed to during the life course make
extremely difficult to prove the developmental origin of NDDs in clinical and epi-
demiological studies. An overview of animal studies assessing the long-term effects
of perinatal exposure to different chemicals (heavy metals and pesticides) supports
the link between exposure and hallmarks of neurodegeneration at the adult stage.
Furthermore, models of maternal immune activation show that brain inflammation in
early life may enhance adult vulnerability to environmental toxins, thus supporting
the multiple hit hypothesis for NDDs’ etiology. The study of prospective animal
cohorts may help to unraveling the complex pathophysiology of sporadic NDDs. In
vivo models could be a powerful tool to clarify the mechanisms through which
different kinds of insults predispose to cell loss in the adult age, to establish a cause—
effect relationship between “omic” signatures and disease/dysfunction later in life,
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and to identify peripheral biomarkers of exposure, effects, and susceptibility, for
translation to prospective epidemiological studies.

Keywords Neurodevelopment - Heavy metals - Pesticides -+ Maternal immune
activation - Alzheimer’s disease - Parkinson’s disease - Exposome
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1 General Introduction

Since the publication in 1993 in The Lancet of the paper by Barker et al. (1993)
indicating that fetal undernutrition was a major risk factor for cardiovascular dis-
eases, a great body of experimental and epidemiological evidence has been accu-
mulating, indicating that exposure to an unfavorable environment in early life is
associated with a significantly increased risk of later disease, a phenomenon termed
“early life programming.” The Barker’s hypothesis formed the basis for the
developmental origins of health and disease (DOHaD) hypothesis that, further to
fetal nutrition, considered a wider spectrum of adverse fetal and childhood expo-
sures that can predispose to chronic diseases later in life. In such expanded view of
the original Barker’s hypothesis, not only malnutrition, but also the quality of the
maternal diet, the intake of micronutrients, maternal smoking, and prenatal maternal
stress may account for the relationship of the prenatal environment to adult dis-
orders including cancer, metabolic, neuroendocrine, and neurodegenerative and
cognitive diseases in adult life (Gillman 2005; Hanson 2013; Tarantal and Berglund
2014).
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Knowledge about the mechanism(s) by which fetal insults lead to altered pro-
gramming and to disease later in life is still scarce, and as discussed in the following
paragraphs, it is mainly derived from experimental studies. The long latency
between exposure and disease and the lack of a clear pathological phenotype before
disease onset make extremely difficult to assess the underlying mechanisms in
clinical studies. Lahiri et al. (2009) suggested that environmental factors play a role
in chronic disease etiology by inducing latent epigenetic changes. These authors
described the association of early environment with disease onset especially with
respect to Alzheimer’s disease (AD), proposing a “Latent Early-life Associated
Regulation” (LEARn) model that considers environmental exposures as “hits”.
According to this model, all neurodegenerative disorders come under the category
of a “n” hit latent model, where early-life exposure leads to epigenetic perturbations
in the genes, which remain silent until a second hit triggers the development of
disease. The multiple hit hypothesis appears as particularly suited to explain the
etiology of complex neuropsychiatric and neurologic diseases that share a highly
sporadic nature characterized by genetic and environmental risk factors. It also
explains the relatively long latency between exposure and disease, as subclinical
deficits occurring during specific windows of developmental plasticity do not
become manifest without a second hit occurring later in life (Heindel et al. 2015).

The DOHaD models, to date, have focused mainly on skewed nutritional states
and/or low birthweight (Morley 2006), while the role played by exposures to
environmental agents, such as water and air pollution and chemicals in food, either
alone or in combination, has only recently come to attention. This is somewhat
surprising since there is vast literature on the developmental neurotoxicity that
indicates an inverse association between chemical exposure and child neurode-
velopment (Bellinger 2014 for an updated review). Extensive evidence also shows
that some environmental agents alter developmental programming via changes in
gene expression or imprinting that do not result in malformations but in functional
deficits that become apparent later in life. However, much less attention has been
posed to the role that early exposure to environmental toxins may play in predis-
posing to neuropsychiatric and neurodegenerative in adult or even old age. This can
be explained by several factors: the methodological constraints related to the
difficulty of establishing cause—effect relationships between early exposure and
disease manifestation (discussed in Sect. 2.4) and the lack of reliable biomarkers
that can predict increased risk in early life stages, together with the still diffused
idea that neurodegenerative diseases (NDDs) are linked to pathological brain aging.

In the present review, we will describe the general frame of the developmental
origin of NDDs and the challenges posed to experimental and epidemiological
research investigating the role of environmental pollutants as risk factors. We will
then present an overview of animal studies that have assessed the delayed effects of
either single or multiple perinatal toxic insults, evidencing neurobehavioral alter-
ations resembling the major hallmarks of human NDDs.



234 A.M. Tartaglione et al.

2 Developmental Neurotoxicity and Neurodegenerative
Diseases: A Common Playground?

2.1 Introduction

The human nervous system develops over a very long period extending from the
embryonic period through puberty. About two weeks after conception, the neural
plate folds to form the neural tube, and cells formed during this period of rapid
proliferation migrate to a different position where they differentiate into neurons and
neuroglia. In the human fetus, cell migration is nearly complete in the neocortex and
in most of the brain by the sixth month of gestation (Gupta et al. 2005). During the
remainder of intrauterine development, neurons differentiate and connect with each
other. The period of rapid synaptogenesis or the so-called brain growth spurt (in
humans occurring between the last three months of pregnancy and the 2nd postnatal
year) is considered one of the most important processes that take place during brain
development (Garner et al. 2002). This process is crucial not only in neurodevel-
opment but also plays a vital role in synaptic plasticity, learning, memory, and
adaptation throughout life. Without this process, no complex brain network can be
established, as synapse is the fundamental unit of connectivity and communication
between neurons (Tau and Peterson 2010). During the brain growth spurt, sub-
stantially more connections are formed than those that will be eventually retained as
many of them will be gradually discarded by apoptotic mechanisms. The process of
synapse elimination is a normal part of development (Tau and Peterson 2010;
Shonkoff 2000), and both endogenous (neurotrophic factors, synthesis, and release
of neurotransmitters, hormones) and environmental factors (i.e., sensorial inputs)
concur to influence the fine matchup between pre- and postsynaptic neurons.
Altogether, brain development is made up of several interactive and temporally
overlapping stages. A plethora of mechanisms regulates each of these sequential
steps, and some of the major signaling cascades and trophic factors in the developing
brain play a role in the aging or neurodegenerating brain. In a recent review, Kovacs
et al. (2014) highlighted the commonalities between neuronal loss and neuronal
development. These authors performed an overview of NDDs according to major
proteins deposited (i.e., B-amyloid and tau protein); they observed that genes that are
mutated in NNDs code for protein, which are highly expressed throughout neural
development. Characterization of the mechanisms underlying hippocampal neuro-
genesis in the fetal and adult brain points to the involvement of the same gene
products, namely of proteins that seem to drive either synaptogenesis or synaptic
dysfunction depending on the age factor. This is the case of reelin, presenilins (PS),
Notch-1, and brain-derived neurotrophic factor (BDNF). Furthermore, proteins
representing hallmarks of NDDs might also play a crucial physiological role during
brain development and adult neurogenesis. Specifically, the amyloid precursor
protein (APP) significantly contributes to neurite outgrowth and hippocampal
development (Billnitzer et al. 2013), a-synuclein has a key role in synaptic vesicle
recycling and is expressed in normal fetal brain, and phosphorylation of the tau
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protein takes place during fetal development (Goedert et al. 1993). Altogether,
though the majority of data originate from animal model research and still await
confirmation in humans, there is substantial support to the view that pathological
changes observed in NDDs could be in part the result of aberrant neuroplasticity
mechanisms settled during the fetal life (Bugiani 2011). In this light, the study of the
toxicants’ effects on brain development is possibly crucial for unraveling the com-
plex NDDs’ etiology.

2.2 Brain Plasticity and Vulnerability

The remarkable plasticity of the brain during the fetal and neonatal periods is a
double-edged sword as it renders this organ extremely responsive to environmental
factors. On the one hand, early environmental inputs can interact with genetic
factors to promote the development of neuronal circuits and functions (Sale et al.
2014); on the other hand, early negative conditions (i.e., stress, toxic insults) can act
in the opposite direction, increasing the chances to develop neurodevelopmental
disorders or diseases in adulthood. Diverse environmental stressors—chemical
pollutants, drugs, nutritional factors, maternal infection, stress, and deprivation—
may interfere with typical brain developmental trajectories. In order to cope with
insults perturbing prenatal environment, the fetus develops compensatory strategies
that could be adaptive or disruptive, resulting in interindividual variability in the
total neuronal and glial burden and functional reserve.

Exposure to toxicants at any point during brain development may result in
aberrant neural structure or function. The end points affected may vary depending
on the timing and duration of exposure. Toxic disruption of early maturational
events are more likely to result in neural tube defects or major malformation (i.e.,
anencephaly, spina bifida), while toxic interference with later developmental events
results more commonly in cytoarchitectural and molecular alterations that might be
expressed as behavioral dysfunction. Specifically, damage or destruction of neurons
by chemical compounds when they are in the process of synapses formation,
integration, and formation of neural networks will derange the organization and
function of these networks, thereby setting the stage for subsequent impairment of
learning and memory (Kovacs et al. 2014).

It was not until the early 1990s that significant evidence emerged showing that
low-dose exposures to metals such as methylmercury and lead, though not pro-
ducing teratogenic effects evident at birth, could result in later behavioral dys-
functions in children (Gilbert and Grant-Webster 1995; Banks et al. 1997). Similar
results were later identified for the perinatal exposure to other environmental
contaminants such as pesticides (Eskenazi et al. 2007; Perera et al. 2009), poly-
chlorobiphenyls (Winneke 2011), polybrominated diphenyl ethers (Herbstman et al.
2010), and phthalates (Whyatt et al. 2012). These observations were consistent with
the emergent DOHaD concept and shifted the emphasis of developmental toxi-
cology from the study of teratogenic effects to functional changes occurring during
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development and becoming manifest only after a latent period (Bellinger 2009;
Miller 1986). Mechanistic studies carried out in animals and in in vitro models
point to multiple pathways and targets of toxicity for several established neuro-
toxicants, depending on the dosage or time window of exposure (Neal et al. 2011;
Roy et al. 2004; Slotkin and Seidler 2009). A reconsideration of the targets of
toxicity of the major environmental pollutants in the developing brain could pos-
sibly reveal significant commonalities between pathophysiology of neurodevelop-
mental disorders and the cognitive decline associated to NDDs (see the case of
developmental lead exposure, Sect. 3.2.1).

2.3 The Multiple Hit Hypothesis for Neurodegenerative
Diseases

Because the most of cases of NDDs onset late in life, they have been traditionally
considered as linked to aging, but recent evidence suggests that the aging process is
less important than was thought in the past. According to the LEARn model, all
sporadic NDDs are characterized by ‘n’ hit latent model. Their onset in adulthood
may be the consequence of alteration in gene regulation induced by early-life
exposures that, after a silent period, lead to disease. Under this perspective, the old
age may be the point in time where any change in developmental programming
produced by multiple hits interacts sufficiently to cause overt disease (Logroscino
2005). Under LEARn, early-life stressors modify potential expression levels of
disorder-associated genes in a latent manner. Latent changes in these genes are
maintained by epigenetic mechanisms such as DNA methylation, DNA oxidation,
and chromatin reorganization. Alterations in gene expression lead to altered protein
synthesis and eventually to altered numbers and/or location of cells.

The multiple hit hypothesis firstly advanced to explain the etiology of PD (Calne
and Langston 1983) might be applied to other major NNDs. In this light, the
environmental insult could act via a one hit or even two/three hit scenarios, where
the fetal insult may be the first event. Fetal exposure to a toxicant would lead by
itself to disease later in life, as the neurotoxicant may induce subclinical injury to
neural or glial cells, which leads to progressive loss of function. The developing
organism initially compensates for the mild deficit, but the functional reserve and
plasticity of the brain would be overcome with time, and loss of function (including
behavioral deficits) would appear (Reuhl 1991). A mechanistic hypothesis proposed
that early exposures to neurotoxic chemicals reduce the number of neurons in
critical areas of the brain, setting in motion a self-perpetuating process of neu-
rodegeneration (Langston et al. 1999). In some cases, the fetal exposure needs to be
combined with a neonatal exposure either to the same or different compound or to
an adult exposure to cause the pathophysiology. Thus, the initial deficit would only
be unmasked by subsequent exogenous influences (stress, disease, additional
chemical exposure) or by the natural aging process (Costa et al. 2004).
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2.4 Environmental Chemicals and Neurodegenerative
Diseases: Limits and Constraints of Epidemiological
Studies and the Need of Experimental Models

A role for environmental toxicants in increasing risk of NNDs, such as PD and AD,
has been advanced based on case—control retrospective studies (Santibafiez et al.
2007; Van Maele-Fabry et al. 2012). Specifically, AD and PD have been associated
to metals and pesticide occupational exposure, but data are far from being con-
clusive (Hertzman et al. 1990; Liou et al. 1997).

Testing the hypothesis of the neurodevelopmental basis of NDDs in human
population presents significant methodological problems. One of the most signifi-
cant challenges is the issue of silent toxicity, as the developing nervous system is
endowed with marked ability to compensate for insults. At variance from neu-
rodevelopmental disorders, exposures may have occurred many decades before the
diagnosis of AD or PD; thus, the assessment of chemical exposures is almost
impossible to reconstruct in retrospective studies. In addition, the lack of reliable
biomarkers makes difficult to obtain information on the fetal environment of an
adult individual. Prospective studies linking fetal exposure to adult diseases require
decades of follow-up and may be confounded by multiple factors (i.e., coexposure,
lifestyle, genetic vulnerability) modulating the risk of the original environmental
insult. The methodological constraints widely recognized in neurodevelopmental
toxicity studies, namely dose-response estimation, individual dimension of the
exposure history, and robustness of the clinical outcome (De Felice et al. 2015), are
amplified by the “time” factor in studies on the developmental origin of NDDs. Of
the 112 existing EU human cohorts established for studying NDDs, only five of
them have followed people continuously from birth into adulthood; though many
factors are currently under study (i.e., gene background, nutrition, lifestyle), the
issue of early exposure history is scarcely considered (JPND Action Group 2013).

Overall, the epidemiological and clinical data collected so far, while supporting
the hypothesis of a contribution of environmental factors to NDDs, highlight the
enormous difficulty of establishing causative links between each of these factors
and the health outcome. The simultaneous exposure of an individual to multiple risk
factors, which may interact in an additive, synergistic, or even antagonistic way
along the life course, remains to be explained and defined. Recently, the exposomic
approach, considering all the endogenous and environmental factors to which an
individual is exposed during the life span, has suggested a procedural framework to
understand the fetal origin of adult diseases. In the exposome framework, the
complex origin of human chronic diseases can be unfolded by means of several
omic signatures possibly describing exposure, effects, individual vulnerability, and
their dynamic interplay (Wild 2012). However, peripheral biomarkers of exposure
so far available for many environmental chemicals are indeed poor predictors of
effects on the brain (Stangle et al. 2004); to complicate the picture further, in the
case of late-onset neurologic diseases, biomarkers of effect should be able to cap-
ture early biological changes and predict later health effects.
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In this framework, studies with laboratory rodents allow evaluation of important
parameters, such as dose-response relationships, critical periods of susceptibility,
and the relative contribution of genetic, epigenetic, and environmental factors. So
far, the use of animal models has been of paramount importance to investigate the
mechanisms by which chemicals influence brain development in humans (Vorhees
1986). In particular, animal models are a powerful tool to test what combination of
adverse environmental factors produces significant disruption of neurobehavioral
development that leads to clinically relevant outcome in later stages. Notably, this
kind of information can only be achieved by testing the living organism, as the face
validity of an animal model of NDD consists primarily in a robust behavioral
phenotype that can be associated to the appearance of neurodegenerative features
(Crawley 2012).

3 Assessing the Role of Environmental Exposures
in Neurodegenerative Diseases’ Etiology: An Overview
of the in Vivo Models

3.1 Introduction

The role of environmental chemicals and their mechanisms of action in the etiology
of sporadic AD and PD have been extensively discussed in the recent review by
Chin-Chan et al. (2015). Based on epidemiological and experimental evidence, the
authors identified neurotoxic metals, such as lead (Pb), mercury (Hg), aluminum
(Al), cadmium (Cd), manganese (Mn), and arsenic (As), as well as some classes of
pesticides as significant environmental risk factors. As mentioned above, most of
studies suggesting association between these chemical agents and idiopathic AD or
PD refer to occupational exposure (Santibafiez et al. 2007; Firestone et al. 2010).
Many are case—control studies (Parrén et al. 2011) and very few population studies
considered internal exposure to a specific compound in relation to disease occur-
rence (Richardson et al. 2014; Kim et al. 2015). The mechanisms by which
chemicals with very different modes of action might promote neurodegeneration are
still undetermined. For example, the pesticide class includes more than 1000 active
ingredients including insecticides, herbicides, and fungicides. Among those pos-
sibly implicated in AD or PD etiology, the organophosphorus compounds such as
carbamates and organophosphate (OP) are potent inhibitors of acetylcholinesterase
(AChE) and could affect APP processing (Giacobini et al. 1996); organochlorines
(OC) can impair the functioning of the mitochondrial system and produce free
radicals increasing oxidative stress and promoting cell death; bipyridyls such as
paraquat (PQ) can generate free radicals that are able to cross the blood—brain
barrier and damage neurons (Kumar et al. 2015).

In their extensive review, Chin-Chan et al. (2015) described several experi-
mental studies (in vitro and in vivo) that have focused on metabolic pathways



Early-Life Toxic Insults and Onset of Sporadic ... 239

relevant for AD and PD pathogenesis. It is worth noting that in the large majority of
the in vivo studies reviewed, rodents or non-human primates were exposed to
chemicals at the adult stage. The metabolism of APP, phosphorylation of tau
protein, aggregation of a-synuclein, production of proinflammatory cytokines, and
reactive oxygen species generation appear as common targets of metals and pes-
ticides’ neurotoxicity following adult exposure. Furthermore, transgenic
(Tg) models carrying mutation in candidate genes support the hypothesis that both
genetic vulnerability and environmental neurotoxicants converge on neuroinflam-
mation as an outcome linked or leading to neurodegeneration. It is worth noting that
the very earliest neuronal and pathological changes characteristic of AD suggest
oxidative stress as a very early contributor to the disease (Nunomura et al. 2001)
and that oxidative stress appears to play a major role in degeneration of DA neurons
in PD (Dias et al. 2013).

In the following sections, we will present the more robust experimental studies
including fetal and/or neonatal exposure to known environmental neurotoxicants,
which support the link between chemical exposure and hallmarks of neurodegen-
eration at the adult stage. In many of the studies, the significant alteration in one or
more of these hallmarks was also paralleled by motor and/or cognitive disturbances,
reproducing in the rodent model the clinical behavioral traits of AD and PD affected
individuals in the initial stages of the disease. We chose to include in this overview
also rodent studies exploring the delayed neurobehavioral effects of maternal
infection. The paradigm of maternal infection models a condition of early immune
activation and consequent exposure of the fetal brain to proinflammatory cytokines:
This can affect the development of brain circuitries leading to neurobehavioral
dysfunctions in the progeny (Knuesel et al. 2014). As shown below, studies
combining maternal infection with a subsequent toxic insults support the validity of
the multiple hit hypothesis, as an unfavorable fetal environment increases later
vulnerability to neurotoxicants. Tables 1, 2 and 3 illustrate synthetically the
experimental studies discussed in this chapter.

3.2 Alzheimer’s Disease (AD)

AD is the most common neurodegenerative disease worldwide. The main patho-
logical hallmarks of AD are beta-amyloid plaques (AP) and neurofibrillary tangles
(NTFs) composed of hyperphosphorylated tau protein (p-tau), which spread
through the cortex in a predictable pattern as Alzheimer’s disease progresses
causing nerve cell degeneration and cognitive impairment (Selkoe and Schenk
2003). Early onset familial AD is rare and is characterized by autosomal dominant
heritability, due to mutations in the genes for APP, presenilin-1 (PSEN1), and
presenilin-2 (PSEN2). The prevalent form of AD typically develops after 60 years
of age; the etiology of late-onset sporadic AD (LOAD) has not yet been resolved,
but it has been suggested that it could result from a multifactorial process involving
both genetic and environmental factors (Reitz et al. 2011). Diseases presenting
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increased inflammatory processes such as hypercholesterolemia, hypertension,
atherosclerosis, coronary heart disease, obesity, and diabetes are indeed risk factors
for AD (Blennow et al. 2006), and thus, inflammation is suggested to have a causal
role also in LOAD pathogenesis. Several candidate risk genes have been identified
for LOAD: They mainly involve proteins implicated in critical pathogenic path-
ways, namely AP synthesis and processing, oxidative stress, and
inflammation/apoptosis (Ballard et al. 2011).

Adverse environmental factors might further increase the risk impose by genetic
makeup, by acting on cell pathways implicated in AD. Neurotoxic metals such as
Pb, Hg, Al, Cd, and As, as well as some pesticides and metal-based nanoparticles,
have been involved in AD due to their ability to increase AP peptide and the
phosphorylation of tau protein, causing senile/amyloid plaques and NFTs charac-
teristic of AD, and to enhance oxidative stress and inflammatory responses (Casado
et al. 2008). In spite of this consistent evidence, studies considering environmental
exposure have been underrepresented in the AD literature, possibly due to the
challenges of retrospective exposure assessment in older adults (Bakulski et al.
2012).

3.2.1 Heavy Metals and AD

Lead

Among heavy metals, a large body of clinical data supports an association
between occupational Pb exposure and cognitive decline with aging as higher levels
of Pb in blood and/or bone were accompanied by poor cognitive performance in
different cognitive tests (Nordberg et al. 2000; Wright et al. 2003; Weisskopf et al.
2004). Pb is a well-known neurotoxicant in children. Even at relatively low and
subclinical levels, epidemiologic studies demonstrate prenatal and childhood Pb
exposure affects IQ and behavior up to young adulthood (Lanphear et al. 2005;
McFarlane et al. 2013). Recent studies using both in vivo models and primary
neuronal cultures indicate that Pb exposure during pregnancy may negatively
modify important neuronal pathways implicated in synaptic plasticity, learning, and
memory (Neal and Guilarte 2010). In this framework, the potential link between
developmental exposure to Pb and increased risk of developing AD later in life has
been thoroughly investigated in experimental studies with rodents and primates. Li
et al. (2010) found tau hyperphosphorylation and AP increase in hippocampus
associated with deficits in learning and memory in mice offspring exposed to Pb
from conception to weaning.

A line of research investigated the link between perinatal Pb exposure, alteration
of APP metabolism, and cognitive impairment at later life stages. Basha et al.
(2005) exposed rats to Pb from birth through postnatal day (PND) 20 by systemic
administration and monitored the lifetime expression of the APP gene, finding
overexpression of APP levels and AP aggregation 20 months after exposure to Pb
had ceased. These results have been replicated on monkeys, exposed to Pb from
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birth until the end of the first year of age (Wu et al. 2008). The expression of
AD-related genes (APP, B-site APP cleaving enzyme 1 (BACE1)), as well as their
transcriptional regulator (Spl), was elevated in aged (23-year-old) monkeys fol-
lowing early exposure to Pb. Furthermore, levels of amyloid plaques increased in
the frontal cortex. These latent effects were paralleled by a decrease in DNA
methyltransferase activity and higher levels of oxidative damage to DNA, indi-
cating that epigenetic mechanisms elicited by Pb in early life influenced the
expression of AD-related genes and promoted DNA damage and pathogenesis.

Bihagqi et al. (2014) evaluated the impact of Pb exposure at different lifetimes
(during either development or adulthood) on cognitive functions and biochemical
pathways associated with AD in mice. This study showed that only mice early
exposed to Pb (0.2 % Pb acetate), namely during the first 20 days of postnatal life
through the mother’s milk, showed cognitive impairment at 18 months of age,
which further progressed by 24 months. In Pb-exposed rats, cognitive impairment
was accompanied by up-regulation of AD biomarkers (APP, AB, and BACEL) and
overabundance of p-tau. Long-term effects of developmental exposure to Pb has
been evaluated also in relation to tau pathology in non-human primates (Bihaqgi and
Zawia 2013). In this study, female monkeys were exposed to Pb (1.5 mg/kg/day)
from birth until the end of the first year of life, and then, they were examined at
23 years of age. Results showed that Pb exposure elevated the mRNA and protein
levels of tau as well as its transcriptional regulators and favoured abundant tau
phosphorylation in the frontal cortex of aged primates. This study suggests some
evidence that Pb during development triggers neurodegenerative processes that
have much in common with those implicated in human AD.

Due to the role of developmental exposure of Pb in increase of AP, which is
known to generate reactive oxygen species in the aging brain, Bolin et al. (2006)
investigated the hypothesis that early exposure to Pb, in specific developmental
windows, determines the outcome of oxidative damage late in life. Rat pups were
exposed to Pb (0.2 % Pb acetate) at different ages (from PND 1 to 20 or from 18 to
20 months), showing that the level of 8-hydroxy-2'-deoxyguanosine (8-oxo-dG),
one of the major products of DNA oxidation and a reliable marker of oxidative
stress, was elevated 20 months after exposure to Pb had ceased. The effect of Pb on
8-0x0-dG levels did not occur if animals were exposed to Pb only in old age. These
increases in DNA damage occurred in the absence of any Pb-induced changes in
general antioxidant capacity in the cerebral cortex.

The existence of a critical phase of sensitivity to Pb effects was also supported
by other studies. Dosunmu et al. (2012) assessed global gene expression patterns in
mice, developmentally exposed to Pb (0.2 % Pb acetate) from gestational day
(GD) 13 until PND 20. The selected time points of PND 20 and 700 represented
early and late time points of the animal for microarray analysis, where genes that
were down- and up-regulated were identified, clustered, and analyzed for their
relationship to DNA methylation. Prior exposure to Pb revealed a repression of
genes related to the immune response, metal-binding, metabolism, and
transcription/transduction coupling. More in detail, the authors identified 150 genes
for a transcriptional profile of normal aging and environmentally perturbed aging.
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In normal aging, those genes are up-regulated, but prior developmental Pb exposure
caused a strong repression of these genes. DNA methylation appears to play an
important role in the down-regulation of these genes suggesting that early-life
exposure to Pb interferes with the methylation pattern of genes and has an impact
on the organism’s capacity to respond in old age. These findings would support the
LEARn model of NDDs, as the toxic effects of Pb are maintained through the life
span in the form of latent epigenetic changes.

Recently, Ashok et al. (2015) treated rats with a mixture of As + Cd + Pb at
environmentally relevant concentration, from GD 5 to 6 months of age. They
identified dose-dependent increase of A in frontal cortex and hippocampus as early
as the post-weaning age. The metal mixture activated the proamyloidogenic pathway,
mediated by increase in APP, and subsequent BACE1 and PS-mediated APP pro-
cessing. Investigating the mechanism of A induction revealed an augmentation in
oxidative stress-dependent neuroinflammation that stimulated APP expression.
When the authors examined the effects of individual metals and binary mixtures in
comparison with the tertiary mixtures, they found that Pb triggered maximum
induction of AP, whereas individual As or Cd had a relatively non significant effect
on AP despite enhanced APP. Together, these data demonstrate that exposure to
As + Cd + Pb induces earlier manifestation of AD-like pathology that is synergistic,
and oxidative stress, and inflammation dependent. These data open the way to further
experimental research modeling real exposure scenarios to mixtures of chemicals.

Developmental origin of Pb-induced neurodegenerative disease has been
investigated also in zebrafish (Dania rerio), an aquatic vertebrate model system,
which presents a high sequence homology (i.e., 70 %) with the human genome
(Howe et al. 2013). Zebrafish are increasingly used to understand the mechanisms
of developmental Pb neurotoxicity through evaluation of changes in gene expres-
sion and neurobehavioral alterations (Lee and Freeman 2014). Data collected in this
model generally supported the hypothesis that developmental exposure to Pb
exhibits latent effects on the expression of genes that are involved in neurode-
generative processes during old age.

3.2.2 Pesticides and AD

Several epidemiological studies have suggested the association between pesticides
and impairment of cognitive functions and AD-like dementia, but the underlying
mechanisms have been poorly explored in experimental models (Baldi et al. 2011;
Hayden et al. 2010). Among the class of pesticides with neurotoxic activity, OPs
are the subject of increasing concern. OPs make up approximately 50 % of all
insecticides used in the world (Colborn 2006) and are intensively investigated for
their suspected developmental neurotoxicity (Rosas and Eskenazi 2008). These
compounds, largely used in agriculture, as well as in the home and garden, for pest
control, exert their acute neurotoxic effects through AChE inhibition and conse-
quent cholinergic stimulation. However, increasing evidence indicates that, as other
environmental chemicals, OPs exert developmental toxicity at low doses with
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mechanisms different from those observed at higher doses, including modulation of
several family of genes involved in brain development (Moreira et al. 2010). In
vitro studies show that OP compounds impair mitochondrial bioenergetics and
induce ROS generation (Wani et al. 2014). In particular, as concern chlorpyrifos
(CPF), the most widely applied compound in the OP class in the USA, it interferes
with brain and behavior development through a variety of cellular and molecular
mechanisms that appear as independent from inhibition of AChE (Androutsopolous
et al. 2013; Eaton et al. 2008; Venerosi et al. 2012).

Notwithstanding the recognized effect of this OP insecticide on oxidative stress
end points (Cole et al. 2011), developmental exposure to these compounds has
never been considered under the perspective of neurodegenerative disease etiology.
However, three recent studies using a genetic model of vulnerability to AD, the
APP Tg mice (Tg2576 mice) evidenced a potential increased susceptibility to both
OP insecticides and bipyridyl herbicide PQ. Specifically, CPF caused a significant
increase in AP levels in the cortex and hippocampus, as well as increased memory
loss and reduced motor activity in Tg2576 mice 6 months after a single adminis-
tration (Salazar et al. 2011), an effect that has not been confirmed by
Peris-Sampedro et al. (2014). Another study showed that treatment of wild type and
Tg2576 mice with PQ (10 mg/kg/twice a week/3 weeks) produced a significant
increase in A levels in Tg mice, associated with mitochondrial oxidative damage
in cerebral cortex and impairment of learning and memory. Interestingly, the
overexpression of peroxiredoxin 3, a mitochondrial antioxidant defense enzyme,
produced an improvement in cognitive functions and a significant reduction in Ap
levels in Tg2576 exposed to PQ (Chen et al. 2012), suggesting that pro-oxidant
xenobiotics like PQ can contribute to AD.

3.2.3 Maternal Infection and AD

As illustrated previously, experimental and clinical data support the inflammation
hypothesis of AD etiology. It suggests that neuroinflammatory response triggers
and follows the AP increase in the AD brain and significantly interferes with
memory processes (Heneka et al. 2015; Heppner et al. 2015). The administration of
the bacterial endotoxin lipopolysaccharide (LPS) or polyinosinic:polycytidylic acid
(PolyI:C) to pregnant rodents was among the first animal models examining the
long-term consequences of prenatal immune challenge on adult brain functioning
(Meyer 2014). In experimental studies, LPS is used to increase proinflammatory
cytokines in the pregnant female’s organism, mimicking an infective state that can
induce abnormalities in the fetus neurodevelopment (Knuesel et al. 2014).

Chen et al. (2011) injected female mice with LPS (50 mg/kg) daily during late
pregnancy (from GD 15 to GD 17). The offspring exposed prenatally to LPS,
although showing normal development of sensorimotor and cognitive functions,
had an accelerated age-related impairment of both spatial and non-spatial learning
and memory in middle age. In a subsequent study by Krstic et al. (2012), female
mice received a single injection of Polyl:C (5 mg/kg) at GD 17. Adult and aged
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offspring showed cognitive decline and AD-like neuropathology such as increase of
APP protein and its proteolytic fragments and altered tau phosphorylation, in
parallel with impairments in working memory. A second immune challenge in
adulthood exacerbated this pathological phenotype, with appearance of Ap-like
plaque deposition. In this same study, Tg AD mice (3xTg-AD), overexpressing the
human variants of AD-relevant genes, were challenged with Polyl:C at the pre-
plaque stage of 4 months and showed accumulation of APP and increase of Afp
deposits resembling the morphology of AP plaques in human patients with AD.
Taken together, these results indicated that systemic immune challenges are able to
promote AD-like neuropathology in both wild-type (Polyl:C exposure at GD17)
and genetically (3xTg-AD) predisposed animals, in agreement with both causative
and exacerbating role of systemic immune challenges on AD development.

3.3 Parkinson’s Disease (PD)

Parkinson’s disease (PD) is the second most common neurodegenerative disease
after AD, characterized by depletion of dopaminergic cell bodies in the substantia
nigra pars compacta (SNpc) with subsequent loss of dopamine (DA) in the
nigrostriatal system, and intracytoplasmic inclusions termed as Lewy bodies, con-
taining aggregates of the protein a-synuclein as well as other substances (Barlow
et al. 2007). Studies on familial PD show an autosomal pattern, either dominant or
recessive, identifying some genetic mutations and chromosal loci responsible for
this form. Several loci (PARK1-15) and genes have been linked to familial forms of
the disease. The majority of PD cases are, however, sporadic “idiopathic” forms,
and the recent application of genome-wide screening revealed almost 20 genes
implicated in mitochondrial function, in detoxification, and/or protection against
oxidative stress that might contribute to disease risk. It is striking that none of the
genes implicated to date is specifically expressed in DA neurons. Instead, many of
the implicated genes have rather general neuronal or cellular functions in and
outside of the brain, suggesting that DA neurons are more susceptible to stress than
other neurons (Lees et al. 2009; Westerlund et al. 2010).

The cause of sporadic PD is unknown, with uncertainty about the role of envi-
ronmental toxins and genetic factors. The environmental hypothesis posits that
PD-related neurodegeneration results from exposure to a dopaminergic neurotoxin.
The finding that people intoxicated with the chemical 1-methyl-4pheny 1-1, 2, 3,
6-tetrahydropyridine (MPTP) developed a syndrome nearly identical to PD
(Langston et al. 1983) prompted the interest in environmental causes of PD (Tanner
etal. 2014). The herbicide PQ is structurally similar to 1-methyl-4-phenylpyridinium
(MPP+), the active metabolite of MPTP. Similar to MPP+, the insecticide rotenone is
also a mitochondrial poison present in the environment. Yet, there are no convincing
data to implicate any specific toxin as a cause of sporadic PD, and chronic envi-
ronmental exposure to MPP+ or rotenone is unlikely to cause PD per se. Another
possibility is that an endogenous toxin may be responsible for PD neurodegeneration.
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Distortions of normal DA metabolism might create toxic substances (i.e., reactive
oxygen species) because of environmental exposures or inherited differences in
metabolic pathways (Dauer and Przedborski 2003; Sandy et al. 1996).

Several environmental contaminants, known to cause nigrostriatal damage at
toxic concentrations, could contribute to PD by interference with mitochondrial
respiratory functions and ROS generation (Di Monte 2003; Jenner 2003). The
insecticides PQ, rotenone, and the fungicide MB are agricultural chemicals that
have each been linked to nigrostriatal damage and the emergence of parkinsonian
symptoms, via epidemiological surveys, clinical case reports, and/or animal models.
Exposure to various metals has long been suggested to increase risk of PD, based
on experimental studies, but human evidence remains inconclusive (Lai et al. 2002;
Tanner et al. 2014).

3.3.1 Heavy Metals and PD

Iron

Iron (Fe2+), the most abundant metal present in the human brain, has been
proposed to play a role in the pathogenesis of PD for its pro-oxidants characteristics
that may lead to ROS generation (Sian-Hiilsmann et al. 2011). Several studies have
focused on the ability of Fe2+, as well as other metals to facilitate the aggregation
of the PD-related protein a-synuclein, but very few studies investigated the impact
of early exposure to Fe2+ on development of PD hallmarks in adult life. In the
study by Fredriksson et al. (1999) at the age of 3 months, offspring exposed in utero
to Fe2+ (3.7 or 37.0 mg/kg) on GD 10-12 showed marked hypokinesia and lack of
habituation in spontaneous activity. These effects were more pronounced in mice
treated with the higher dose that showed also a dose-dependent impaired perfor-
mance in the radial arm maze. Brain Fe2+ content was significantly increased in the
basal ganglia, but not in the frontal cortex at the higher dose group. In a second
study from the same group (Fredriksson et al. 2000), mice were treated in the
neonatal stage with Fe2+ (7.5 mg/kg) on either PND 3-5, 10-12, or 19-21. Adult
mice treated with Fe2+ on PND 3-5 and 10-12 showed effects similar to those
found after gestational exposure on spontaneous motor behavior and learning
performance, more marked in animals treated at PND 10-12.

The role of Fe2+ in oxidative stress and superoxide dismutase (SOD) activity
may be implicated in the adverse delayed effects of this metal (Dal-Pizzol et al.
2001). Male rats were treated with Fe2+ (7.5 or 15 mg/kg) from PND 10 to 12,
measuring at 3 months different indexes of oxidative stress. Notably and according
to previous clinical and experimental studies, this study demonstrated that Fe2
+ exposure during a critical neonatal period induced oxidative stress and modulated
SOD activity restricted to SN in adult rats. Finally, Kaur et al. (2007) investigated
the role of early exposure of Fe2+ at a dose (120 pg/g of carbonyl iron) equivalent
to that found in iron-fortified human infant formula as a risk factor for PD-like
neurodegeneration. Neonatally exposed mice were challenged at adulthood with the
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toxin MPTP that induces depletion of neostriatal dopamine. Neonatal Fe2+ feeding
alone did not induce decrease in striatum (ST) dopamine levels in 2-month-old
mice, also when they were challenged with MPTP. However, at 12, 16, and
24 months of age, mice treated with Fe2+ showed more marked DA depletion
following acute administration of MPTP than vehicle-treated mice. It is worth
noting that Fe2+ is important for many biological reactions such as the synthesis
and release of neurotransmitters. In particular, the neonatal period is critical for the
establishment of normal Fe2+ content in the adult brain and its regional distribu-
tion; deficiency such as excess of this metal can perturb the typical neurological
development. These results highlight the need of epidemiological research in
humans, especially on the potential long-term effects of Fe2+ supplementation
during infancy (i.e., milk) on neurological functions in adulthood.

Manganese

Manganese (Mn) was related to PD since 1837, when it was noted that high Mn
exposures caused an extrapyramidal syndrome that resembles the dystonic move-
ments associated with parkinsonian symptoms (Couper 1837; Jankovic 2005).
Several evidence on the influence of Mn on neurodegenerative processes has been
collected in in vitro models. A single study comparing in vitro and in vivo
experiments showed that oxidative stress, mitochondrial dysfunction, and neu-
roinflammation are implicated in Mn-induced neurodegeneration (Milatovic et al.
2009).

Two experimental studies suggest that early Mn exposure might have profound
effects on later-life susceptibility to neurotoxins and subsequent degeneration
(Cordova et al. 2012, 2013). Cordova et al. (2012) show for the first time in vivo the
link between early Mn exposure (from PND 8 to 12) and the modulation of
intracellular signaling pathways. Oxidative stress, DA cell death, and later-life
impairment in motor function were also observed. In a subsequent study, the same
authors investigated the effects of longer exposure to Mn in developing rats. They
demonstrated that exposure to Mn (5, 10, and 20 mg/kg) from PND 8 to 27 caused
significant deficits in motor coordination and increased signs of oxidative stress in
the ST in rats at 3, 4, or 5 weeks of age (Cordova et al. 2013).

3.3.2 Pesticides and PD

One-hit studies

Experimental models assessing the causative link between exposure to pesticides
and PD-like neurodegeneration have focused on the effects of environmental toxins
on the DA nigrostriatal system. This system develops both pre- and postnatally,
with receptor development occurring predominantly in the postnatal period (Giorgi
et al. 1987; Voorn et al. 1988). As described above, the chemical structure of the
insecticide PQ resembles that of MPP+, the toxic metabolite that mediates the
effects of the parkinsonism-inducing agent MPTP. Similarly, administration of PQ
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to mice produces several neurotoxic effects, including damage of the DA nigros-
triatal system (McCormack et al. 2002). Dithiocarbamate fungicides also possess
DA activity: Maneb (MB) administered acutely exacerbates the behavioral symp-
toms induced by MPTP in mice (hypokinesia and catalepsy). Similar effects have
been described with the OC herbicide dieldrin, an inhibitor of mitochondrial
respiration.

Richardson et al. (2006) showed that perinatal exposure to low doses of dieldrin
(0.3, 1, or 3 mg/kg every 3 days) during gestation and lactation altered the levels of
the dopamine transporter (DAT) and vesicular monoamine transporter 2 (VMAT?2)
at 12 weeks of age. The alterations of both the DA markers were exacerbated by
MPTP injections at 12 weeks. Wilson et al. (2014) investigated the effects of in
utero exposure to endosulfan, an OC insecticide, in male offspring at 3 months of
age. Female mice received endosulfan (1 mg/kg) every 2 days from 2 weeks before
breeding until end of lactation. The authors found a reduced expression of DAT and
tyrosine hydroxylase (TH) in the ST of treated mice, exacerbated by exposure to
additional insults such as MPTP. Endosulfan failed to cause the same effects when
administered at the same dose and for the same period to adult mice. These findings
indicate that gestation and lactation are critical windows of sensitivity to endosulfan
exposure and development of nigrostriatal DA system.

Two studies evaluated the effects of developmental exposure to the herbicide
atrazine (ATR) during gestation and lactation on DA system development (Li et al.
2014; Sun et al. 2014). The in utero exposure to ATR (25 or 50 mg/kg) from GD 0
to PND 1 reduced the level of DA and expression of orphan nuclear hormone
(Nurrl), VMAT?2, DAT, and TH genes in ST and SN, respectively, at 6 months of
age (Li et al. 2014). In a second study, the authors assessed the effects of a more
prolonged exposure to ATR given to pregnant mice from GD 5 to PND 22 at the
same doses of the previous study: DA concentrations and mRNA levels of Nurrl
were decreased in the offspring at 12 months of age. Decreased Nurrl levels par-
alleled changes in the mRNA levels of VMAT2, which controls the transport and
reuptake of DA (Sun et al. 2014).

Two-hit studies

In line with the double hit hypothesis, it has been suggested that developmental
exposure to either PQ or MB alone, or in combination, would result in permanent
nigrostriatal DA system neurotoxicity, and secondly, it would render this system
more susceptible to a second chemical challenge later in life. In the study of
Thiruchelvam et al. (2002), mice were exposed to PQ, MB, and PQ + MB from
PND 5 to 19 and then rechallenged with the single agents or with the combination
at 6.5 months of age. Developmental and adult exposure to PQ + MB combination
produced the greatest damage of the nigrostriatal DA system and a significant
reduction in motor activity. Furthermore, increased sensitivity to the rechallenge
with PQ and MB either alone or in combination was observed in only those animals
treated neonatally with the combination. Vice versa, exposure to PQ or MB alone
produced minimal changes, but after adult rechallenge, a significant decrease in DA
levels and nigral cell count was found, confirming that adult re-exposure might
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unmask a condition of silent toxicity. Thus, developmental exposures of mice to
PQ + MB combination led not only to a permanent and selective loss of DA
neurons in the SNpc but also enhanced the impact of these pesticides administered
during adulthood relative to developmental only or adult only treatment. Exposure
to MB alone during gestation resulted in enhanced response to PQ in adulthood,
including notable reductions in levels of DA and its metabolites and loss of nigral
DA neurons, despite the structural dissimilarity and the different mode of action of
PQ and MB (Cory-Slechta et al. 2005).

Another line of research considered the role of in utero exposure to MB, com-
bined with subsequent exposure to PQ, in disrupting the nigrostriatal system
(Barlow et al. 2004). Pregnant mice were exposed to MB or PQ on GD 10-17, at
doses ten times lower than those used in young adult studies; 2-month-old offspring
received either PQ or MB at the doses used for adult mice for 8 days. One week
after the termination of the second treatment, mice were assessed in a motor activity
task and then sacrificed to measure brain DA markers. The authors observed only in
males exposed prenatally to MB and then in the adulthood to PQ, a 95 % decrease
of locomotor activity, associated to decreased levels of striatal DA, increased
striatal DA turnover, and selective reduction in DA neurons of the SNpc. The
authors concluded that the sequence of exposures is critical, since prenatal exposure
to PQ followed by adult challenges with MB failed to produce marked alteration of
locomotor activity or any DA neuron loss (Barlow et al. 2004).

3.3.3 Maternal Infection and PD

Inflammation and reduced antioxidant defenses (i.e., reduced glutathione activity)
have been implicated in PD pathogenesis (McGeer et al. 2001). Intrauterine infection
might lead to nigral cell loss in the fetal brain and subsequent permanent decrease in
DA neurons, secondary to inflammation. In such framework, Zhu et al. (2007)
assessed the effects of prenatal LPS exposure on glutathione (GSH) metabolism in
rat brain. They observed a disturbance of GSH homeostasis in offspring of dams
administered with LPS at GD 10.5, which possibly makes DA neurons more sus-
ceptible to the secondary chemical insult. Wang et al. (2009) have observed sig-
nificant reduction of DA and serotonin (5-HT) levels accompanied by loss of DA
and 5-HT neurons in SN and in the dorsal raphe nucleus (DRN) in adult rats
offspring of pregnant dams exposed to a single injection of LPS (33 ng/kg) at GD
10.5. Fan et al. (2011) assessed the effects of intracerebral injection of LPS (1 mg/kg)
in male rat pups at PND 5. Although on PND 70 rats spontaneously recovered the
neurobehavioral dysfunction induced by LPS, the authors observed persistent injury
to DA system and strong inflammatory response including increased activation of
microglia and inflammatory cytokines in the brain. When challenged with METH
(0.5 mg/kg), LPS-exposed rats showed increased METH-induced locomotion and
stereotyped behaviors as compared to control rats (Tien et al. 2011).
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3.3.4 Multiple Hits in PD: Maternal Infection and Chemical Insult
Combination

Other their life span, human beings are exposed to mixtures of chemicals as well as
to several non-chemical risk factors. One of the main questions in the assessment of
the environmental hypothesis of PD etiology is whether sequential exposures to
different kinds of risk factors across the lifetime would result in cumulative neu-
rotoxicity to the nigrostriatal DA system. Various models based on “multiple hits”
have been developed, assuming that prenatal inflammation makes the brain more
susceptible to subsequent exposure to DA neurotoxins.

The first studies combining maternal infection with exposure to an environ-
mental neurotoxicant at a later life stage were carried out by Ling et al. (20044, b).
Rats were exposed to LPS prenatally and then administered with a subtoxic dose of
the DA neurotoxin rotenone (1.25 mg/kg per day for 14 days) when 16 months old.
The combined effects of prenatal LPS and postnatal rotenone exposure produced
higher DA cell loss compared with the effects of single exposure to either LPS or
rotenone. Prenatal LPS exposure also led to increased levels of oxidized proteins
and the formation of a-synuclein and eosin-positive inclusions resembling Lewy
bodies. In the second study, the same authors (Ling et al. 2004a, b) injected on PND
99 the neurotoxin 6-hydroxydopamine (6-OHDA) or saline into animals exposed to
either LPS or saline prenatally. The results showed that animals exposed to prenatal
LPS or postnatal 6-OHDA alone had fewer DA neurons than controls, while the
two toxins combined produced a greater loss. They conclude that prenatal exposure
to LPS produces permanent cell loss accompanied by an inflammatory state that
leads to further DA neuron loss once in the presence of subsequent neurotoxin
exposure.

Fan et al. (2011a) found that neonatal intracerebral injection of LPS following
administration of rotenone at low dose (1.25 mg/kg) for 14 days from PND 70
resulted in PD-like neurobehavioral deficits later in life. In agreement with this
hypothesis, Tien et al. (2013) demonstrated that neonatal LPS exposure enhanced
the rotenone-induced accumulation of a-synuclein aggregation and DAT protein
expression in the SN. Overall, these studies show that brain inflammation in early
life may enhance adult susceptibility to develop neurodegenerative hallmarks
triggered by environmental toxins.

To compare the effects of gestational LPS exposure with neonatal systemic LPS
exposure on adult DA neuron susceptibility to rotenone neurotoxicity, rats were
administered with LPS at PND 5 (Cai et al. 2013) and, at adulthood, were chal-
lenged with rotenone at a dose of 1.25 mg/kg per day for 14 days. Briefly, rotenone
induced loss of DA neurons and PD-like motor impairment in 3-month-old rats that
had experienced neonatal LPS exposure, but not in those without the LPS exposure.
These results support the view that although neonatal systemic LPS exposure may
not necessarily lead to loss of DA neurons in the SN, it could cause persistent
functional alterations that predispose the nigrostriatal system to be damaged by
environmental toxins.
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Another recent line of evidence concerns air pollution, which has been associ-
ated with adverse neurological and behavioral effects in children and adults.
Increases in neuroinflammation, oxidative stress, and glial activation have been
identified as putative mechanisms by which air pollution exposures may impair
central nervous system function in adults. Particulate matter, one of many com-
ponents of ambient outdoor air pollution, causes elevation in cytokines and
oxidative stress in the brain (Campbell et al. 2005). Given the evidence suggesting
susceptibility of both the SN and ST to components of air pollution, two studies
assessed whether exposure of mice to concentrated ambient ultrafine particles
(CAPS; <100 nm diameter) during the first two weeks of life would alter suscep-
tibility to induction of the PD phenotype by the combined administration of
PQ + MB, utilizing 10 mg/kg PQ and 30 mg/kg MB 2 x per week for 6 weeks
(Thiruchelvam et al. 2000, 2003). Animals treated with CAPS in the early postnatal
period show enhanced response to PQ + MB combination. Both CAPS and
PQ + MB elevated glutamate levels in ST, consistent with potential excitotoxicity.
These findings demonstrate the ability of postnatal CAPS to produce locomotor
dysfunction and dopaminergic and glutamatergic changes, independent of
PQ + MB, in brain regions involved in PD (Allen et al. 2014).

4 Concluding Remarks

Increasing evidence indicates that events occurring in the earliest stages of human
development may influence both resilience and vulnerability to several adult dis-
eases, including neuropsychiatric and neurologic disorders. As stated by Olden
et al. (2011), the timing of environmental exposure is a crucial factor that influences
the size of the gene—environment interaction: Whereas genes may contain the
potential for adverse health outcomes, subsequent exposure to environmental
triggers is required to initiate physiological or pathological pathways responsible
for health and disease.

Experimental models confirm this general view. Research in animals has clearly
shown that diverse environmental stressors may interfere with typical brain
developmental trajectories in critical time windows, inducing silent subclinical
alterations that may hesitate in pathophysiology and overt functional (e.g., behav-
ioral) deficits at a later life stage. The bulk of data produced by developmental
neurotoxicologists since the 1980s has started a series of epidemiological studies to
assess the possible link between subtoxic exposure to chemical pollutants and
neurobehavioral effects in children. Thanks to such combined effort, recent
advances in research offer important clues into the complex etiology of autism and
other neurodevelopmental disorders, indicating that developmental exposure to
chemicals cannot be ruled out (Rossignol et al. 2014). Specifically, variations in
candidate genes may confer higher individual vulnerability to environmental tox-
icants. Of note, the convergence of risk factors on the same cell/molecular pathways
in critical developmental windows, combined with a vulnerable gene makeup,
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would trigger the development of the disorders or predispose to adverse health
outcome later on. As an example, children at risk for autism may present consti-
tutionally reduced antioxidant defenses: This may render the individual more
vulnerable to oxidative stress and inflammatory processes produced by both
xenobiotic exposure and maternal infection during pregnancy (Rose et al. 2012).

A similar research effort has not been taking place as concerns the develop-
mental origin of NDDs and the role of environmental factors in increasing risk. As
discussed in Chap. 1, the long latency between exposure and disease occurrence,
the difficulty of reconstructing exposures that occurred several decades before
disease manifestation, and the wealth of factors which the individual is exposed to
during the life course make the developmental origin of NDD a promising but
difficulty provable hypothesis. Nonetheless, given the huge public health impact of
NDDs, identification of early risk factors would be crucial to design prevention
and/or intervention strategies: In this perspective, the comprehension of the envi-
ronmental etiology of major NDDs requires innovative study paradigms with
multifaceted and multidisciplinary approaches.

The experimental findings presented in Chap. 2 prove the utility of in vivo
models and support a role of environmental chemicals in increasing risk of NDDs.
These experiments showed not only that an environmental insult in early life has
long-term irreversible consequences, but also that the insult must occur during a
critical period in development to have its maximal effect. Gestational and neonatal
exposure to metals and pesticides as well as experimentally induced maternal
infection both lead to alterations in developmental programming that are expressed
as an irreversibly altered function. The functional effects often include significant
motor and/or cognitive impairments resembling the pathological phenotypes of
major human NDDs. Most of these models present strong construct validity, as the
more robust hallmarks of AD and PD are associated with the functional impairment.
Furthermore, epigenetic processes seem to play a key role in the mechanisms
underlying these phenomena, as shown by the finding that perinatal exposure to Pb
modulates the expression of AD-related genes, influencing the course of amy-
loidogenesis and oxidative DNA damage via DNA methylation (Dosunmu et al.
2012). Among environmental pollutants, Pb is a paradigmatic example of a
developmental neurotoxicant able to interfere with developmental programming
through different and possibly interrelated mechanisms. These include the antag-
onism of NMDA receptors in the early developmental phases, which is the key
event at the basis of Pb interference with synaptogenesis, neural network formation,
and behavioral plasticity (Toscano and Guilarte 2005), but Pb also induces latent
changes in antioxidant defenses and mitochondrial redox dysfunction that may
trigger neurodegeneration-related pathways at later life stages (Caito and Aschner
2015).

The experiments assessing the double or multiple hit hypothesis, either by
rechallenging the animal with the same or a different chemical compounds at dif-
ferent life stages or by presenting a chemical insult in the adulthood following fetal
exposure to maternal inflammation, support the LEARn hypothesis advanced by
Labhiri et al. (2007). The end result of the fetal insult in fact is an animal that is
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sensitized such that it will be more susceptible to diseases later in life, provided the
occurrence of a second hit. In such framework, the exposure of the fetal brain to
proinflammatory cytokines secondary to maternal infection appears as a major
causative factor of altered developmental programming and enhanced vulnerability.
This supports the view that neurodevelopmental and neurodegenerative disorders
do share pathogenic pathways: Abnormal immune activation in the early stage of
brain development may constitute the common event predisposing to disease at
some point in the life span of the individual.

The question arising at this point is as to whether experimental findings may help
to fill the huge gaps in knowledge that lay beneath the developmental hypothesis for
NDDs. Whereas some of the studies here reviewed offer interesting clues for the
mechanistic underpinnings of chemical-related effects, experimental models on this
topic are still at their beginning. The very nature of the problem requires the
establishment of prospective animal cohorts: This implies the use of developmental
exposures with multilevel analysis of the embryos, fetus, and pups, as well as of
later life stages to trace dysfunction/disease. Research must use environmentally
relevant doses, dose-response curves, and the examination of the relationship
between the molecular mechanism proposed and the disease/dysfunction studied.
This would also require the use of the new technologies of gene expression pro-
filing and epigenetics: A critical component is the development of a direct corre-
lation and eventually a cause—effect relationship between the alterations in gene
expression during the development (either increased, decreased, or inappropriate
timing) to alterations in “omic” signatures that may predict a specific disease or
dysfunction later in life. To date, no available biomarker is a clear and validated
indicator of typical brain development. Recent studies suggest that placental
miRNA expression profiles and DNA methylation of specific genes are associated
with measures of neurobehavioral outcome in the infants as well as with increased
risks of neurological and NDDs (Sheinerman and Umansky 2013); altered AB
protein in plasma is related with neurodegenerative risk after prenatal Pb exposure
(Mazumdar et al. 2012). In vivo models could be instrumental to identify robust
peripheral biomarkers of exposure, effects, and susceptibility, to be subsequently
verified in large prospective human cohort studies to establish biologically plausible
links between early chemical exposure and later health effects.
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The Use of Perinatal 6-Hydroxydopamine
to Produce a Rodent Model of Lesch-
Nyhan Disease
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Abstract Lesch—Nyhan disease is a neurologically, metabolically, and behav-
iorally devastating condition that has eluded complete characterization and ade-
quate treatment. While it is known that the disease is intimately associated with
dysfunction of the hypoxanthine phosphoribosyltransferase 1 (HPRT1) gene that
codes for an enzyme of purine metabolism (hypoxanthine-guanine phosphoribo-
syltransferase) and is associated with neurological, behavioral, as well as metabolic
dysfunction, the mechanisms of the neurobehavioral manifestations are as yet
unclear. However, discoveries over the past few decades not only have created
useful novel animal models (e.g., the HPRT-deficient mouse and the serendipi-
tously discovered perinatal 6-hydroxydopamine (6-OHDA lesion model), but also
have expanded into epigenetic, genomic, and proteomic approaches to better
understand the mechanisms underlying this disease. The perinatal 6-OHDA model,
in addition to modeling self-injury and dopamine depletion in the clinical condition,
also underscores the profound importance of development in the differential course
of maladaptive progression in the face of a common/single neurotoxic insult at
different ages. Recent developments from clinical and basic science efforts attest to
the fact that while the disease would seem to have a simple single gene defect at its
core, the manifestations of this defect are profound and unexpectedly diverse.
Future efforts employing the 6-OHDA model and others in the context of the novel
technologies of genome editing, chemo- and opto-genetics, epigenetics, and further
studies on the mechanisms of stress-induced maladaptations in brain all hold pro-
mise in taking our understanding of this disease to the next level.
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1 Introduction

Lesch—Nyhan disease is a rare X-linked recessive disorder that affects approxi-
mately 3 in 1 million people, almost all male (Jinnah and Friedmann 2001).
A cardinal feature is excessive production of uric acid, which leads to elevated
serum uric acid concentrations and its increased urinary excretion. Uric acid is near
its limit of solubility in the body, and its overproduction leads to calcium precip-
itates in the urogenital system to cause kidney stones and renal failure; in subcu-
taneous tissue to cause tophi; and in the joints to cause gouty arthritis. Other clinical
manifestations of Lesch—Nyhan disease include motor dysfunction (generalized
dystonia), intellectual disability, and self-injurious behavior including biting, hit-
ting, and eye poking.

Lesch—Nyhan disease appears to manifest as a spectrum of phenotypes (Fu et al.
2014). Isolated overproduction of uric acid without neurobehavioral abnormalities
constitutes the mildest Lesch—Nyhan variant. The disease is caused by mutations in
the hypoxanthine phosphoribosyltransferase 1 (HPRT1) gene, which encodes
hypoxanthine-guanine phosphoribosyltransferase (HPRT), an enzyme involved in
purine metabolism. HPRT catalyzes the conversion of the purine bases hypoxan-
thine and guanine into the purine nucleotide pools (Jinnah 2009). Without HPRT,
hypoxanthine and guanine are not converted to nucleotides but are instead degraded
to uric acid, a by-product of purine metabolism. These effects are accompanied by
enhanced purine synthesis. Failed conversion of hypoxanthine and guanine and
consequent enhanced purine synthesis cause excess uric acid production in Lesch—
Nyhan disease.

Overproduction of uric acid in Lesch—-Nyhan disease can be treated with
allopurinol, a xanthine oxidase inhibitor that inhibits conversion of hypoxanthine
and guanine to uric acid. Allopurinol and hydration reduce the occurrence of gouty
arthritis, kidney stones, and tophi. Efficacious treatments for other aspects of
Lesch—Nyhan disease have proven to be elusive.

The pathophysiologic basis of the neurobehavioral manifestations of Lesch—
Nyhan disease appears to differ from somatic manifestations. Mitigation of uric acid
overproduction in Lesch—Nyhan disease does not affect its neurobehavioral
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manifestations. While no generally effective treatment for the neurobehavioral
manifestations of Lesch—Nyhan disease has been identified to date, muscle relax-
ants have been used as palliative treatment for generalized dystonia (http://www.
lesch—nyhan.org/en/treatment/neurological-disability/). ~ Some  neurobehavioral
manifestations have been managed with behavioral therapy including therapy for
short attention spans and associated learning disabilities. Overall, behavioral
manifestations such as self-injury are mitigated by physical restraint which includes
exclusion of sharp objects from the patient and limiting arm movement with ties or
splints to control finger biting or hitting. In some cases, self-biting is managed by
removing the teeth. Behavioral therapy, also employed in some cases, focuses
attention on good behaviors to the exclusion of bad behaviors which are further
minimized by avoiding situations in which they arise. Finally, other medications
including gabapentin, carbamazepine, and diazepam have been tried in the man-
agement of self-injury with mixed or limited results. Risperidone has shown some
evidence of efficacy against self-injury (Allen and Rice 1996); however, it is
unclear whether any apparent effects on self-injury are non-specifically related to
sedation. Given the limitations of the therapeutic approaches tried to date,
new-generation treatments for behavioral symptoms remain a high priority.

The physiologic basis of the neurobehavioral abnormalities in Lesch—-Nyhan
disease is not fully elucidated. Dopamine pathways of the basal ganglia are affected,
as demonstrated by marked (60-80 %) dopamine loss in postmortem neurochemical
studies (Lloyd et al. 1981; Saito et al. 1999) and reductions in dopamine neuronal
markers (Ernst et al. 1996; Wong et al. 1996) in this region. Detailed neurobio-
logical descriptions of many other neurobiological features have been provided in
extensive reviews (e.g., Papadeas and Breese 2014). However, circuit functions and
definitive descriptions of maladaptive pathways are poorly understood.

2 Overview of Experimental Models

The rareness of Lesch—Nyhan disease renders studies in patients challenging and
elevates the importance of experimental models in elucidating its biological aspects
(Jinnah 2009). Several tissue culture and animal models that elucidate various
aspects of Lesch—Nyhan disease have been developed. They have been reviewed
previously by Jinnah (2009) and are summarized briefly herein.

Tissue culture models with non-neuronal cells including erythrocytes, lympho-
cytes, and fibroblasts derived from Lesch—Nyhan-affected patients have shed light
on the metabolic and cellular impacts of HPRT deficiency. Cells deficient in HPRT
accumulate purine waste products because of the failure to recycle hypoxanthine
and guanine. Unexpectedly, however, purine deficiency has not been consistently
associated with the failure of purine recycling (Shirley et al. 2007).

Tissue culture models with neuronal and glial cells developed as HPRT-deficient
sublines of established neuroblastoma or glioma cell lines have been used to study
the central nervous system dysfunction in Lesch—Nyhan disease. These models
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reveal neuronal structural and chemical abnormalities including reduction in
dopamine in HPRT-deficient dopamine neuron-like lines (Bitler and Howard 1986;
Yeh et al. 1998; Shirley et al. 2007; Lewers et al. 2008). This dopamine deficiency
is consistent with the evidence of dopamine pathway damage in patients with
Lesch—Nyhan disease (Lloyd et al. 1981; Ernst et al. 1996; Wong et al. 1996; Saito
et al. 1999).

Several animal models of Lesch—-Nyhan disease or specific manifestations such
as self-injurious behavior have also been developed. For example, self-injurious
behavior is observed after high doses of chronic amphetamine, caffeine, or opiates
and single-dose clonidine (Jinnah and Breese 1997; Jinnah et al. 1999a).

Introduction of the HPRT-deficient mouse in 1987 marked the first time that a
genetically engineered mouse modeled a specific human disease (Hooper et al.
1987; Kuehn et al. 1987; Jinnah 2009). Like people with Lesch—-Nyhan disease, the
mutant mice cannot recycle hypoxanthine or guanine and exhibit increased purine
synthesis (Jinnah et al. 1992, 1993). In humans, these biochemical abnormalities
lead to increased uric acid with clinical consequences of gout or kidney stones
(Jinnah and Friedmann 2001). In the mutant mice, in contrast, the biochemical
abnormalities do not result in increased uric acid with clinical consequences
because of the presence of uricase, which degrades uric acid into allantoin.
Furthermore, while mutant mice, like people with Lesch—-Nyhan disease, show a
loss of dopamine in the basal ganglia (Jinnah et al. 1999b), they do not exhibit the
motor or neurobehavioral abnormalities that people do (Engle et al. 1996; Jinnah
2009). The reason that the dopamine loss is not associated with neurobehavioral
consequences in the mutant mice is unknown. Further subsequent attempts to create
a mouse with comparable behavioral phenotype as Lesch—Nyhan disease has pro-
ven difficult, in part because of failure to obtain viable mice after lesioning
dopaminergic neurons during development (Breese et al. unpublished observation).
However, the accidental discovery of a perinatal-6-hydroxydopamine (6-OHDA)-
induced Lesch—-Nyhan-type behavioral profile of self-injury in adult rats provided a
new avenue for research.

3 Perinatal 6-OHDA Model of Lesch—-Nyhan Disease

The relevance of the perinatal 6-OHDA model to self-injurious behavior in Lesch—
Nyhan disease was discovered serendipitously. Breese and colleagues initially
administered 6-OHDA intracisternally to young rats in investigations designed to
examine the specificity of 6-OHDA for dopamine reductions in brain. Young
animals were chosen in an attempt to develop models to complement a focus in
Breese’s center on childhood diseases at that time. In young rats, 6-OHDA caused
reductions in tyrosine hydroxylase and dopamine (Breese and Taylor 1972; Jinnah
et al. 1999b)—observations that mirrored results previously found in animals
administered 6-OHDA during adulthood (Breese and Taylor 1970).
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From these early studies (Breese and Traylor 1972), several of the original young
rats that had been perinatally treated with 6-OHDA were maintained until adulthood
and challenged with the dopamine precursor L-3,4-dihydroxyphenylalanine
(L-DOPA)—an exposure which had previously been observed to enhance loco-
motor activity when given to rats treated as adults with 6-OHDA. Unexpectedly, the
non-specific enhancement of locomotion was not observed in rats treated perinatally
with 6-OHDA. Rather, the surprising and disturbing observation was made that all of
these animals exhibited self-mutilation of the front legs and abdominal area during a
time frame when hyperlocomotion was the only expected phenotype. Such an
outcome had never been observed in L-DOPA-treated rats treated as adults with
6-OHDA (Breese et al. 1984).

The consistent observation of self-mutilation among rats perinatally treated with
6-OHDA and challenged as adults with L-DOPA led Breese and colleagues to
abandon this model for several years. However, based on emerging biochemical
evidence for dysfunction of brain neurotransmitters in Lesch—Nyhan patients
(Lloyd et al. 1981), the animal model was revived. These observations in patients
with Lesch—Nyhan disease were consistent with the Breese et al. (1984) publication
on self-mutilation associated with perinatal depletion of dopamine with 6-OHDA.
Later studies went on to show that patients with Lesch—Nyhan disease have
abnormally few dopaminergic nerve terminals and cell bodies as assessed by
positron emission tomography (Ernst et al. 1996). Compared with healthy control
patients (n = 15), patients with Lesch-Nyhan disease (n = 12) had 31 % lower
dopaminergic activity in the putamen, 39 % lower in the caudate nucleus, and 57 %
lower in the substantia nigra and ventral tegmentum. These abnormalities were
observed even in the youngest patients (range 10-20 years), a finding that led the
investigators to conclude that the dopaminergic deficits in Lesch—Nyhan disease are
developmental rather than degenerative in origin.

Together, the data from patients and the perinatal 6-OHDA model suggest that
injury to dopaminergic systems early in life might underlie the self-mutilation that
characterizes Lesch—Nyhan disease. Since its original development, this model has
been used extensively to probe the neurobiological basis of the self-injury with a
modified behavioral endpoint (first nick of skin due to biting, with immediate
follow-on treatment with a dopamine D, receptor antagonist to prevent progression
to abject self-injury (reviewed by Papadeas and Breese 2014).

Jinnah notes that no “ideal” model that replicates all features of Lesch—-Nyhan
disease has been developed (Jinnah 2009). Rather, the development of multiple
models, each elucidating a specific aspect of this multifaceted disease and directed
at answering specific research questions, has proven to be a more useful approach.
Tissue culture models and the HPRT-deficient mouse model have shed light on the
effects of HPRT deficiency on purine metabolism but have not helped to elucidate
the basis of the neurobehavioral manifestations of the disease. The neonatal
6-OHDA model does not directly address purine metabolic effects but does help to
elucidate the relationship between dopamine neuronal and basal ganglia dysfunc-
tion and self-injurious behavior and provides a useful system for probing circuits,
neurotransmission, interactions with stress, and preclinical pharmacology. While
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evidence from pharmacological, postmortem neurochemical, and imaging studies in
humans and from animal models suggests that dopamine deficiency might underlie
the self-injurious behavior across disorders (Devine 2012), a diversity of con-
tributing mechanisms might better represent the disease. Thus, having multiple
models, including the perinatal 6-OHDA model, is essential.

While Lesch—Nyhan disease is an orphan disease affecting just a few per million
people, models of Lesch—-Nyhan disease potentially shed light on the pathology and
management of numerous disorders involving self-injury such as mental retardation
and autism. In fact, the behavioral profile of Lesch—Nyhan disease and its animal
models suggest that this condition is not only generalizable to the spectrum of
neurobehavioral pathology in neurology and psychiatry, but may also constitute one
of the most profound neuroadaptations in neuroscience. Thus, rare genetic disorders
such as Lesch-Nyhan disease can have significant relevance to overall human
health. The insights of these past decades of research into this disease have had
general implications for neuroscience (e.g., Breese et al. 2005; Fu et al. 2014) all
the while providing hope for elusive therapeutic options for patients with Lesch—
Nyhan disease themselves.

4 Recent Developments

4.1 Clinical Science

Recent clinical research is consistent with the prenatal 6-OHDA model in contin-
uing to support dopaminergic involvement in the neurobehavioral manifestations of
Lesch—Nyhan disease. New clinical data also suggest an important role of epige-
netics (e.g., Nguyen 2015; Trigueros Genao and Torres 2014).

4.1.1 Additional Support Consistent with Dopaminergic Involvement
in Lesch-Nyhan Disease

Evidence consistent with the presence of basal ganglia dysfunction in Lesch—-Nyhan
disease comes from a case study in which a 29-year-old patient with refractory
generalized severe dystonia and self-injurious behavior was treated with chronic
bilateral globus pallidus internus deep brain stimulation (Piedimonte et al. 2015).
During a 5-year follow-up period, self-injurious behavior ceased and dystonia as
assessed by the Burke-Fahn—-Marsden Dystonia Rating Scale and the Mean
Disability Scale significantly improved. In another case report involving chronic
bilateral globus pallidus internus deep brain stimulation, dystonia and
self-mutilation in a 15-year-old boy ceased over several weeks after initiation of
stimulation (Abel et al. 2014). After a right lead fracture, the dystonia and
self-mutilation returned on the left side of the body only. These results suggest that
these neurobehavioral manifestations of Lesch-Nyhan disease are lateralized.
Assessment of potential laterality in the perinatal 6-OHDA model is warranted.
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In a study investigating the basis of the dopamine deficiency in Lesch—Nyhan
disease, substantia nigral neurons in 5 Lesch—Nyhan patients compared with 6
controls at autopsy were found to have reduced melanization and reduced tyrosine
hydroxylase immunoreactivity but no signs of a degenerative process (Gottle et al.
2014). The authors suggested that the neurochemical phenotype of Lesch—Nyhan
disease is not associated with neurodegeneration.

Reductions in gray matter and white matter in basal ganglia and other brain
regions were observed in Lesch—Nyhan disease as revealed by observational studies
using voxel-based morphometry in 21 patients with classic Lesch—Nyhan disease;
17 with Lesch—Nyhan variant disease; and 33 age-, sex-, and race-matched healthy
controls (Schretlen et al. 2013, 2015). Reductions in volume versus controls were
greater in patients with classic Lesch—Nyhan than in patients with Lesch—Nyhan
variant disease.

Intrathecal baclofen was associated with reductions in dystonia, cessation of
self-injurious behavior, and improvement in sleep that persisted through 5-—
16 months of follow-up in 3 patients with Lesch—Nyhan disease (Pozzi et al. 2014).
The authors speculated that the results might be explained by an interaction
between baclofen and dopamine complemented by baclofen-associated anxiolysis.

4.1.2 Role of Epigenetics

Lesch—Nyhan disease has been diagnosed in patients lacking an HPRT mutation,
and family members with the same genetic defect can manifest with differing
severities of Lesch-Nyhan disease (Trigueros Genao and Torres 2014;
Ceballos-Picot et al. 2013). Epigenetic processes (that affect gene expression
without affecting DNA sequence) might account for this clinical variability
(Trigueros Genao and Torres 2014).

Consistent with this possibility, Nguyen (2015) recently found a wide range of
amyloid precursor protein mRNA isoforms in Lesch-Nyhan patients, the implica-
tions of which are unknown, yet suggest further complexity in the full neurobio-
logical manifestations underlying the disease. Relatedly, Kang and Friedmann
(2015) recently reported genetic dysregulations common to both Alzheimer’s and
Lesch—Nyhan disease so the intriguing question arises as to the potential epigenetic
mechanisms underlying both.

4.2 Basic Science

In recent studies, neuronal perturbations in the HPRT-deficient mouse extended
outside the dopamine system to the histamine system where 1-methylhistamine and
1-methylimidazole-4-acetic acid were found to be reduced in multiple regions of
brain (Tschirner et al. 2015). Whether histamine-based manipulations into the
perinatal 6-OHDA self-injury might be effective or whether therapeutic



272 D.J. Knapp and G.R. Breese

interventions could result from these new observations is unknown. In gene
screening research, Torres and Puig (2015) demonstrated that HPRT actions on
transcription factor genes critical to neuronal differentiation led to deregulated
WNT4 from the WNT/B-caterin pathway, engrailed homeobox 2 gene, and
increased tyrosine hydroxylase, DRDI1, and adenosine and HTR7 serotonin
receptors. Relatedly, Kang et al. (2013) demonstrated that the HPRT gene regulates
a host of developmental and metabolic pathways in embryonic stem cell neuronal
differentiation. The implications of these findings have yet to be determined but
again suggest broad impacts of HPRT beyond its expected role. These broad
impacts have been suggested by Dammer et al. (2015) who examined the proteome
profiles in an HPRT deficiency model and found extensive changes in protein
expression depending on whether cells were differentiated or not. They further
report that not all of the identified were related to purine recycling, a finding
consistent with heretofore underappreciated mechanisms that may underlie Lesch—
Nyhan disease. Comparable efforts to scan the transcriptome have led to similar
findings in genes and gene clusters (Dauphinot et al. 2014). One could speculate
that such unexpected changes could provide links to common behavioral pheno-
types across models such as the perinatal 6-OHDA model and others.

5 Future Directions

In clinical care, palliative care around minimization of injury and continued use of
allopurinol to limit the consequences of the HPRT deficiency will likely remain
primary and important foci. In both the clinic and research, it has been observed that
stress complicates the effective management of behavior in Lesch-Nyhan patients
(e.g., Anderson and Ernst 1994). Thus, a role for stress-related circuitry is apparent.
In this regard, understanding the neurobiological mechanisms of stress induction of
behavioral pathology (e.g., in drug addiction or induction of clinical depression)
could prove useful in targeting circuits as well. It is known that select circuits
engaging the amygdala and its complex circuitry along with select neurochemical
systems such as corticotropin-releasing factor, serotonin, GABA, and nore-
pinephrine are integrally involved in stress effects in other neurobehavioral
pathologies (e.g., Knapp et al. 2007, 2011a, b; Huang et al. 2010). While a full
understanding of the contributions of these and other systems to behavioral
pathology generally is not available, it is clear that Lesch-Nyhan disease is a
chronic stressful condition for patients and should be considered further. The
underappreciated stress component in the animal models could also be influencing
the course of the neurobiological adaptations (e.g., those mediated by corticos-
terone, corticotropin-releasing hormone, or others) that in turn elicit differential
behavioral sensitivity. In a pemoline-induced self-injury model, for example, stress
worsened the severity of injury (Muehlmann et al. 2012). Further, Stodgell et al.
(1998) showed that footshock stress exacerbated self-injurious behavior in the
perinatal 6-OHDA model of Lesch—Nyhan disease.
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On other fronts, new technologies such as CRISPRY, while in early phases, have
captured the attention of neuroscience and biology in general. It is hoped that such
technologies will help hasten the elucidation of the role of genes in pathology
through insertion/deletion of genes in whole animal or tissue systems. MicroRNAs,
too, may help to advance Lesch—-Nyhan research. Across the neurobiological
spectrum, research is accelerating toward the discovery of functional microRNAs as
players in the course of neurobehavioral adaptation and behavioral responsivity.
With regard to Lesch-Nyhan disease, Guibinga (2015) has recently proposed a
model that accommodates the idea that mRNA transcripts of the HPRT gene can
exert pleiotropic effects across a variety of genes and signaling pathways that
expand the suspected actions of this gene (or gene system) beyond its well-known
basic metabolic housekeeping functions. Specifically, Guibinga (2015) proposes
that competitive endogenous RNAs (ceRNAs) are engaged and may regulate cross
talk between neural transcripts and miRNAs. A focus on genes and gene screening
more generally may provide new clues to the molecular and cellular processing
underlying Lesch—Nyhan disease. Moreover, differential profiles of gene expression
over developmental windows post-lesion are in all likelihood critical in the course
of neuroadaptations in animal models. While select genes have been examined
(e.g., Torres and Puig 2015), the most prominent being the purine metabolic gene
encoding the HPRT enzyme itself, comprehensive gene expression profiling across
brain regions thought to be engaged in the neurobehavioral pathology of this dis-
ease has not been widely reported. Given the critical narrow window of time in
which inducing the lesion will ultimately come to elicit the behavioral sensitivity in
rats that models Lesch—Nyhan disease, gene screening techniques could identify
gene clusters and gene expression profiles that are prominent in the underlying
adaptations. Profiling soon after the perinatal 6-OHDA-induced lesion would reveal
one pattern of gene expression, while profiling after pharmacological induction of
hyperactivity and/or self-injurious behavior in older lesioned animals could reveal
another. Both approaches could focus attention on new targets not only for thera-
peutics, but also for research on relevant mechanistic etiologies in this develop-
mentally dependent pathology.

Another avenue of research that could impact both self-injury in Lesch—-Nyhan
disease and in other conditions characterized by self-injury is the application of
contemporary technologies pertaining to chemogenetic and/or optogenetic manip-
ulations of circuits as well as functional imaging of the consequences of these
interventions (Deisseroth 2015). It is clear that circuit dysfunction is paramount in
self-injury, but the nature of this dysfunction is not known. Classical thinking about
dopamine D, or D, receptor pathways from the striatum has long been instructive
(e.g., Surmeier et al. 2007). Assessing them directly via tracing studies, or via
exciting or silencing select neuronal populations in neurobehavioral circuits sus-
pected of regulating locomotor behavior or self-injury, constitutes an important
opportunity. Combined with fMRI in rats, the optogenetic or chemogenetic
approach can help to isolate and control maladaptive circuits upon which
self-injurious behavior depends, and lead to discoveries of other regions, and dif-
ferential connectivities among regions, that may not have been suspected.
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Adeno-associated viruses (AAVs) manufactured to deliver and functionally express
inhibitory halorhodopsin or excitatory channel rhodopsin to select neuronal phe-
notypes (e.g., subtypes of GABA output neurons of the striatum that project dif-
ferentially throughout the motor integration and output circuitry) would be central
players in this effort. Myriad variants of these viruses provide neuroscientists with
an incredible array of tools to probe the necessity or sufficiency of select neuronal
groups in specific brain regions in mediating behavioral phenotypes (Murlidharan
et al. 2014; Weinberg et al. 2013). These tools could readily be employed to probe
the nature of the circuit dysfunction that regulates self-injury in the perinatal
6-OHDA model. Moreover, parallel employment of these tools (or related ones
described below) to the HPRT model may well help isolate common pathways and
mechanisms that lead to self-injury.

Relatedly, with the advent of DREADD (Designer Receptors Exclusively
Activated by Designer Drugs) (e.g., Lee et al. 2014; Urban and Roth 2015), it is
now possible to modify existing brain circuits through custom-designed viral sys-
tems to respond to either peripherally or centrally administered compounds such as
the designer drug clozapine-N-Oxide (CNO), which on its own has no effects in
brain. New-generation DREADD-type tools are being designed to increase the
sophistication and control that experimenters have in circuit discovery. Further, it is
important to remember that the loss of dopamine during the development in the
animal model results in a maladaptive neurobiological condition that must differ
from that seen in Parkinson’s disease and models thereof as the behavioral profiles
of the two conditions are very different. Thus, a persistent maladaptive circuit
function arising over the course of development post-6-OHDA lesion must be
present, at least somewhat unique to Lesch—Nyhan disease, and should be
approachable with employment of these novel tools in the model. Employing these
tools in the perinatal 6-OHDA model of Lesch-Nyhan disease and associated
disorders could lead to a more refined, heuristically valuable, and therapeutically
relevant understanding of the behavioral components of this devastating disease.
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Perinatal 6-Hydroxydopamine Modeling
of ADHD

John P. Kostrzewa, Rose Anna Kostrzewa, Richard M. Kostrzewa,
Ryszard Brus and Przemyslaw Nowak

Abstract The neonatally 6-hydroxydopamine (n6-OHDA)-lesioned rat has been
the standard for 40 years, as an animal model of attention-deficit hyperactivity
disorder (ADHD). Rats so lesioned during postnatal ontogeny are characterized
by ~99 % destruction of dopaminergic nerves in pars compacta substantia nigra,
with comparable destruction of the nigrostriatal tract and lifelong ~99 %
dopaminergic denervation of striatum, with lesser destructive effect on the ventral
tegmental nucleus and associated lesser dopaminergic denervation of nucleus
accumbens and prefrontal cortex. As a consequence of striatal dopaminergic den-
ervation, reactive serotoninergic hyperinnervation of striatum ensues. The striatal
extraneuronal milieu of DA and serotonin is markedly altered. Also, a variety of
sensitization changes occur for dopaminergic D; and D, receptors, and for sero-
toninergic receptors. Behaviorally, these rats in adulthood display spontaneous
hyperlocomotor activity, attentional deficits, and cognitive impairment—all of
which are acutely attenuated by the psychostimulants amphetamine (AMPH) and
methylphenidate (MPH) (i.e., opposite to the acute effects of AMPH and MPH in
intact control rats). The acute behavioral effects of AMPH and MPH in intact and
lesioned rats are analogous to their respective acute effects in non-ADHD and in
ADHD humans. The neurochemical template of brain, and behavioral series of
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changes in n6-OHDA-lesioned rats, is described in the review. Despite the fact that
nigrostriatal damage is not an underlying pathophysiological process of human
ADHD (.e., lacking construct validity), the described animal model has face
validity (behavioral profile) and predictive validity (mirror of ADHD/MPH effects,
as well as putative and new ADHD treatment effects). Also described in this review
is a modification of the n6-OHDA rat, produced by adulthood partial lesioning of
the serotoninergic fiber overgrowth. This ADHD model has even more accentuated
hyperlocomotor and attentional deficits, counteracted by AMPH—thus providing a
more robust means of animal modeling of ADHD. The n6-OHDA rat as a model of
ADHD continues to be important in the search for new ADHD treatments.

Keywords Attention-deficit hyperactivity disorder + ADHD - Hyperlocomotor
activity - 6-hydroxydopamine « 6-OHDA . Amphetamine - Methylphenidate
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1 Introduction

The neurotoxin 6-hydroxydopamine (6-OHDA), having high affinity to dopamine
(DA) transporters (DATSs) and norepinephrine (NE) transporters (NETs) (Thoenen
and Tranzer 1968; Ljungdahl et al. 1971; Saner and Thoenen 1971), is accumulated
with relative selectivity by dopaminergic and noradrenergic neuronal phenotypes.
Inside the nerve 6-OHDA auto-oxidizes to a series of catechol analogs including
self-perpetuating 6-OHDA-semiquinone, all of which evoke cellular reactive oxy-
gen species (ROS) formation. Additionally, 6-OHDA and auto-oxidized analogs
inhibit mitochondrial complex I, to further generate hydrogen peroxide, superoxide,
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and hydroxyl radical (HO-) (Heikkila and Cohen 1971, 1972a, b, 1973; Heikkila
et al. 1973; Cohen and Heikkila 1974) and impair ATP production (Senoh and
Witkop 1959a, b; Senoh et al. 1959; Graham et al. 1978; Bindoli et al. 1999;
Segura-Aguilar 2001; Segura-Aguilar and Paris 2014). This cascade of events
overwhelms neuronal antioxidant capacity and depletes energy stores, resulting in
overt destruction of dopaminergic and noradrenergic nerves. Selectivity for
dopaminergic nerves can be attained by coadministering 6-OHDA with the NET
inhibitor, desipramine (Smith et al. 1973).

When high-dose 6-OHDA is administered centrally to adult rats, 6-OHDA
bilateral destruction of dopaminergic nerves produces a series of behavioral deficits
including akinesia. In marked contrast, when 6-OHDA is administered centrally to
neonatal rats (n6-OHDA), there is likewise profound destruction of dopaminergic
nerves, but with few observable behavioral deficits (see Papadeas and Breese 2014;
Kostrzewa et al. 2015). However, n6-OHDA-lesioned rats in adulthood display
spontaneous hyperlocomotor activity (Breese et al. 1975; Shaywitz et al. 1976a, b)
with cognitive deficits (Cooper et al. 1973; Archer et al. 1988), mirroring to some
extent, human attention-deficit hyperactivity disorder (ADHD). Significantly,
amphetamine (AMPH) and methylphenidate (MPH) attenuate the behavioral
abnormalities, analogous to their respective effects in human ADHD (Shaywitz
et al. 19764, b). Over the past 40 years, n6-OHDA-lesioned rats have become the
most commonly used animal model of ADHD.

2 Features of the n6-OHDA -Lesioned Rat Model
of ADHD

2.1 Dopaminergic Striatal Denervation in n6-OHDA Rats

Behavioral hyperactivity occurs in adult rats that were n6-OHDA-lesioned, if DA
depletion is greater than 55 % (Shaywitz et al. 1976b). Typically, high-dose 6-OHDA
is used, resulting in permanent and near-complete destruction of the ~ 7000 pars
compacta substantia nigra neurons (Berger et al. 1985; Descarries et al. 1992),
resulting in near-total dopaminergic denervation of striatum (Doucet et al. 1986;
Snyder et al. 1986). Dopaminergic perikarya in the ventral tegmental nucleus are
largely spared from n6-OHDA destruction (Snyder et al. 1986; Fernandes Xavier
et al. 1994), although there is partial dopaminergic denervation of septum, nucleus
accumbens, and frontal cortex (Luthman et al. 1990a). The n6-OHDA-lesioned rat
has been extensively characterized neurochemically and behaviorally and in terms of
dopaminergic sensitization status (Breese and Traylor 1972; Breese et al. 1973,
1984a, b, 1985a, b, 1987).
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2.2 Dopamine D;-R and D,-R Status and Sensitization
in n6-OHDA Rats

DA D;-R number is little affected in adulthood in n6-OHDA-lesioned rats (Breese
et al. 1987a, b; Broaddus and Bennett 1990; Luthman et al. 1990b), and there is no
change in the numbers of high- and low-affinity D,-R (Gong et al. 1994). DA D,-R
number is reported to be unchanged when assessed in vitro by [*H]spiperone
binding (Breese et al. 1987; Duncan et al. 1987; Kostrzewa and Brus 1991;
Kostrzewa and Hamdi 1991), but is found to be increased when assessed in vitro by
[*H]raclopride binding (Dewar et al. 1990; Radja et al. 1993b). Also, there is an
increase in the D4-R subclass of D,-R in the striatum of rats in which spontaneous
hyperlocomotor activity is observed, and D4-R antagonists attenuate the hyper-
locomotor activity (Zhang et al. 2002a, b).

The initial treatment with a D;-R agonist produces an elevation in the number of
vacuous chewing movements (i.e., oral activity) in n6-OHDA rats versus that of
intact control rats, indicating overt D;-R supersensitization in n6-OHDA rats
(Kostrzewa and Gong 1991; Gong et al. 1993a). However, for most stereotypic and
locomotor effects, repeated D;-R agonist treatments are required before an
enhanced effect is observed, indicating that there is “latent” sensitization of this
pool of D;-R which must be “primed” in order for sensitization to occur (Breese
et al. 1985a, 1987; Hamdi and Kostrzewa 1991; Gong et al. 1993a). D;-R super-
sensitization is not associated with an change in the overall D{-R number (Hamdi
and Kostrzewa 1991), nor in numbers of D;-R high- or low-affinity receptors (Gong
et al. 1994).

While repeated D,-R agonist treatments do not sensitize for classic stereotypic
and locomotor effects in adult n6-OHDA rats (Criswell et al. 1989; Brus et al.
2003), repeated pre-weanling D,-R agonist treatments evoke profound enhance-
ment of vertical jumping in n6-OHDA rats during the third and fourth weeks
post-birth (Kostrzewa and Kostrzewa 2012). The status of D;-R and D,-R super-
sensitization in n6-OHDA rats has been reviewed (Kostrzewa 1995).

2.3 Serotoninergic Striatal Hyperinnervation in n6-OHDA
Rats

Perinatal destruction of dopaminergic neurons by 6-OHDA is the initiating factor
for reactive sprouting of serotoninergic innervation of the striatum (Breese et al.
1984a; Stachowiak et al. 1984; Snyder et al. 1986; Luthman et al. 1987; Towle
et al. 1989). In adult n6-OHDA rats, there is a doubling of the numbers of sero-
toninergic fibers innervating rostral striatum (Descarries et al. 1992, 1995;
Molina-Holgado et al. 1994; Soucy et al. 1994; Mrini et al. 1995) and a 20 %
increase in caudal striatum versus intact controls (Mrini et al. 1995).
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Reactive serotoninergic fiber sprouting, arising from dorsal and ventral raphe
nuclei (Snyder et al. 1986; Descarries et al. 1992), is initiated when striatal DA is
depleted by >80 % (Towle et al. 1989; Gong et al. 1993b) within the first ten days
after birth (Kostrzewa et al. 1993).

2.4 Serotonin Receptor Status and Sensitization
in n6-OHDA Rats

In adult n6-OHDA rats, quantitative ligand-binding autoradiography has established
that there is an approximate 30-40 % increase in the striatal number of
5-HTg/2c/1p1E24-R, with no change in 5-HT; o-R. The change in 5-HT-R numbers
extends in part to other brain regions, as well (Radja et al. 1993a). Also, in adult
n6-OHDA rats, 5-HT,-R, likely 5-HT,c-R, is overtly supersensitized, as demon-
strated by enhanced behavioral responses, versus controls to 5-HT,-R agonist
treatments (Gong and Kostrzewa 1992; Gong et al. 1992; Plech et al. 1995). 5-HT,-R
supersensitization, which occurs in n6-OHDA rats when striatal DA is reduced
by 288 % and within the first 3 days post-birth (Gong et al. 1993b; Kostrzewa et al.
1993), is eliminated by partial serotoninergic fiber destruction with
5,7-dihydroxytryptamine (5,7-DHT) treatment, either perinatally (Brus et al. 1994) or
in adulthood (Kostrzewa et al. 1994). Moreover, 5-HT-R supersensitization persists
in n6-OHDA rats even when experimental conditions have been altered to prevent or
eliminate DA-R supersensitization (Gong et al. 1993b; Kostrzewa et al. 1993).

2.5 Behavioral Status of n6-OHDA Rats

The overall behavioral status of n6-OHDA-lesioned rats is largely unaltered, so that
in many ways, they are indistinguishable from unlesioned control rats (Kostrzewa
et al. 2015). With specific laboratory testing, however, there are several definitive
deficits, including lack of avoidance in aversive learning (Smith et al. 1973;
Shaywitz et al. 1976b; Pappas et al. 1980; Raskin et al. 1983; Whishaw et al. 1987),
which could relate to ADHD modeling in these rats. Spontaneous hyperlocomotor
activity in adult n6-OHDA-lesioned rats is the outcome most related to ADHD
modeling (Shaywitz et al. 1976a, b; see Kostrzewa et al. 2008). High-dose
L-3,4-dihydroxyphenylalanine (L-DOPA) has the potential to produce self-injurious
behavior in n6-OHDA rats (Breese et al. 1984b; 1985a, 1989, 1990a, b; Criswell
et al. 1992), and n6-OHDA rats have been used to model Lesch-Nyhan syndrome
(Breese et al. 1986, 1987b, 1990b, 2005; Breese and Breese 1998; Papadeas and
Breese 2014; Knapp and Breese 2015). However, L-DOPA and other such test
agents are not likely to be used in testing of n6-OHDA rats as animal models of
ADHD. Consequently, this bizarre behavior is not likely to be a confound in
n6-OHDA modeling of ADHD.
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2.6 Hpyperactivity in n6-OHDA Rats: Effects of AMPH
and MPH

Breese et al. (1975) and Shaywitz et al. (1976a, b) first demonstrated that
n6-OHDA-lesioned rats displayed adulthood spontaneous hyperlocomotor activity
and attentional deficits. In n6-OHDA rats, it is now known that this hyperlocomotor
activity is related to the extent of dopaminergic denervation (Miller et al. 1981) and
perinatal age at the time of 6-OHDA lesioning (Erinoff et al. 1979). DA D4-R
number is transiently elevated in striatum and nucleus accumbens at postnatal day
25, but absents a change at postnatal days 37 and 60 (Zhang et al. 2001b, 2002a).
Both AMPH, which evokes DA release, and MPH, a DAT ligand (i.e., inhibitor),
suppress hyperlocomotor activity and allay attentional deficits (Shaywitz et al.
19764a, b; Miller et al. 1981; Heffner and Seiden 1982; Luthman et al. 1989). Also,
atomoxetine, a NET ligand, alters hyperlocomotor activity and attentional deficits in
n6-OHDA rats in an analogous manner (Moran-Gates et al. 2005). There are several
reviews on n6-OHDA rats as animal models of ADHD (Davids et al. 2003; Breese
et al. 2005; van der Kooij and Glennon 2007).

3 Accentuated Hyperactivity in n6-OHDA Rats
by Adulthood 5,7-DHT (a5,7-DHT) Lesioning

In an attempt to negate the influence of serotoninergic hyperinnervation in
n6-OHDA rats used to model ADHD, 5,7-DHT (pretreatment with desipramine and
pargyline) was bilaterally administered intraventricularly at 10 weeks. This treat-
ment reduced striatal 5-HT content to 2.7 nmol/g, similar to the intact control level
of 2.32 nmol/g, but much less than the 3.84 nmol/g in the striatum of rats lesioned
solely with n6-OHDA. In the group of rats lesioned with n6-OHDA+a5,7-DHT
spontaneous locomotor activity at 16 weeks increased to ~550 s in a 600-s session
versus ~ 125 s in n6-OHDA rats, and ~20 s in control rats. Moreover, acute
AMPH treatment attenuated hyperlocomotor activity in the n6-OHDA group and in
the n6-OHDA+a5,7-DHT group (Kostrzewa et al. 1994). This finding indicates that
(1) serotoninergic hyperinnervation acts to suppress spontaneous locomotor activity
in n6-OHDA rats, and (2) partial destruction of hyperinnervating serotoninergic
fibers enhances spontaneous hyperlocomotor activity in n6-OHDA rats. Stereotypic
effects among the treatment groups were variable. However, D{-R agonist-induced
VCM number was reduced after a5,7-DHT lesioning, while 5-HT,-R
agonist-induced VCM number was increased 2-fold after a5,7-DHT lesioning
(Kostrzewa et al. 1994).

These findings thus indicate that n6-OHDA+a5,7-DHT rats represent a more robust
animal model of ADHD than n6-OHDA rats (Kostrzewa et al. 1994). To determine the
possible potency of 5-HT-R antagonists in abating m-chlorophenylpiperazine
(mCPP) induction of locomotor activity in n6-OHDA+5,7-DHT rats, several
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5-HT-R antagonists were tested. While the largely 5-HT5-R antagonist phenyl-
biguanide had no effect on mCPP-induced locomotor activity, the largely 5-HT,-R
antagonist mianserin fully blocked the mCPP increase in locomotor activity—anal-
ogous to the AMPH effect in the n6-OHDA+5,7-DHT rats (Brus et al. 2004). This
finding further supports the contention that striatal serotoninergic fibers influence (i.e.,
increase) locomotor activity in rats with near-complete striatal dopaminergic dener-
vation, via an action at 5-HT,-R (Brus et al. 2004).

In intact freely moving rats, the striatal in vivo microdialysate baseline level of
DA was elevated nearly 2-fold in a5,7-DHT rats, but reduced in n6-OHDA rats and
in n6-OHDA+5,7-DHT rats. In the latter group, the in vivo microdialysate (i.e.,
extraneuronal) level was reduced ~99 %. The AMPH-induced increase in extra-
neuronal DA was observable in intact controls and markedly increased in a5,7-DHT
rats. However, extraneuronal DOPAC was most increased in n6-OHDA+a5,7-DHT
rats (Nowak et al. 2007). These findings support the association between
AMPH-induced DA release (i.e., DA turnover = T DOPAC) and AMPH suppres-
sion of hyperlocomotor activity. Enhancement of hyperlocomotor activity arising
by a5,7-DHT lesioning in n6-OHDA rats indicates the superior advantage of such
rats, versus n6-OHDA alone, for modeling ADHD (Kostrzewa et al. 1994).

4 Comparison of n6-OHDA Rats with Other Animal
Models of ADHD

The n6-OHDA rat has suitable face validity, demonstrating hyperactivity and
attentional deficits as is found in humans with ADHD. Also, DA D4-R number is
increased in the striatum of n6-OHDA rat, similar to what has been found in human
ADHD (LaHoste et al. 1996; Smalley et al. 1999; Zhang et al. 2001a, b, 2002a, b),
and abnormalities of the D4-R are considered to be a risk factor for ADHD
(LaHoste et al. 1996; Smalley et al. 1999; Eisenberg et al. 2000).

The n6-OHDA rat has excellent predictive validity, since AMPH, MPH, ato-
moxetine, and other agents that suppress hyperactivity and attentional deficits in
human ADHD have like effects in the n6-OHDA rat. However, the n6-OHDA rat
lacks construct validity, since perinatal dopaminergic denervation—a feature of the
n6-OHDA rat—is not observed in human ADHD (Davids et al. 2003; Breese et al.
2005; Moran-Gates et al. 2005; Kostrzewa et al. 2008).

There are several genetic animal models of ADHD. Spontaneously hypertensive
rat (SHR). The SHR displays hyperlocomotor activity in a novel environment and
exhibits attentional and learning deficits (Sagvolden et al. 1992, 1998; Sagvolden
2000). These behavioral alterations are abated by AMPH and METH (Myers et al.
1982; Sagvolden et al. 1992). The SHR is second only to the n6-OHDA rats in
frequency of use in modeling ADHD (see Davids et al. 2003). DAT knockout
(DAT-KO) mouse. Hyperactivity and cognitive deficits are inherent in the DAT-KO
mouse (Gainetdinov et al. 2001), with these effects being attenuated by AMPH and
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MPH (Gainetdinov et al. 1998, 2001; Jones et al. 1998). There is a characteristic
elevation in the striatal DA level in the DAT-KO mouse (Jones et al. 1998).
Coloboma mutant mouse. This mouse model of ADHD with a dysfunctional
abnormality of SNAP-25, a synaptically associated protein necessary for DA and
NE exocytosis in dorsal striatum, displays spontaneous hyperlocomotor activity
(Hess et al. 1992, 1996; Wilson 2000), with behavioral abnormalities being mod-
erated by AMPH but not MPH (Hess et al. 1996). Hypoxia in neonatal rats. In rats
rendered hypoxic at birth, hyperactivity and learning deficits occur in adulthood
(Gramatté and Schmidt 1986)—effects attenuated by acute AMPH treatment
(Speiser et al. 1983). Ethanol in neonatal rats. Rats exposed to ethanol during
gestation display hyperactivity (Fahlke and Hansen 1999) and attentional deficits
(Hausknecht et al. 2005), and acute suppression of these behavioral deficits by
AMPH (Highfield et al. 1999). Heavy metal exposure in neonatal rats. In rats
neonatally exposed to lead (Silbergeld and Goldberg 1975) or cadmium (Ruppert
et al. 1985), both hyperactivity and attentional deficits are observed in adulthood,
with AMPH and/or MPH acutely attenuating these behaviors. Additional neonatal
exposure to ethanol exacerbates the behavioral abnormalities (Nowak et al. 2006).
Methylazoxymethanol in neonatal rats results in adulthood hyperactivity (Archer
et al. 1988). Cerebellar injury in neonatal rats also produces adulthood hyperac-
tivity (Ferguson 1996). Additional animal models, infrequently used to model
ADHD, have been enumerated (Davids et al. 2003).

5 Conclusions

The most commonly engaged animal model of ADHD is derived by 6-OHDA
lesioning of rat pups, produced within the first three days of birth, and with
approximately 90-99 % destruction of nigrostriatal dopaminergic neurons. As a
consequence of dopaminergic denervation, there is a reactive serotoninergic
hyperinnervation of striatum, an event that likely contributes to the signature
behavioral abnormalities, notably adulthood hyperlocomotor activity with atten-
tional and learning deficits which are acutely abated by AMPH or MPH—drugs
typically used to treat human ADHD. Adulthood partial lesioning of serotoninergic
fiber overgrowth of striatum in these rats does not attenuate the hyperactivity nor
the responsiveness to AMPH. In fact, rats become even more hyperactive, thus
representing a variation of the neonatally 6-OHDA-lesioned (n6-OHDA) rat, and
another model of ADHD. This latter model has demonstrated usefulness of a
serotoningergic 5-HT, receptor agonist in attenuating hyperactivity. The classic
n6-OHDA rat is valuable in screening potential agents and drugs that are or can be
useful in treating human ADHD, including the norepinephrine transporter inhibitor,
atomoxetine. There are alternate animal models of ADHD, some being genetic
variants such as the SHR which displays AMPH-reversible hyperactivity and
attentional deficits. Other alternate animal models of ADHD are produced by
perinatal lesioning of rodents with a variety of substances. However, because of the
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convenience of scheduling, low cost, and ease of producing perinatal 6-OHDA
lesioning of rats—with no lethality and with little behavioral modification during
perinatal development—and reliable production of adulthood hyperactivity and
attentional deficits, the n6-OHDA-lesioned rat remains the most studied animal
model of ADHD.
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Attention-Deficit/Hyperactivity
Disorder: Focus upon Aberrant
N-Methyl-p-Aspartate Receptors Systems

Trevor Archer and Danilo Garcia

Abstract Attention-deficit/hyperactivity ~disorder (ADHD) pathophysiology
persists in an obscure manner with complex interactions between symptoms,
staging, interventions, genes, and environments. Only on the basis of increasing
incidence of the disorder, the need for understanding is greater than ever. The
notion of an imbalance between central inhibitory/excitatory neurotransmitters is
considered to exert an essential role. In this chapter, we first review how the default
mode network functions and dysfunction in individuals diagnosed with ADHD. We
also present and briefly review some of the animal models used to examine the
neurobiological aspects of ADHD. There is much evidence indicating that
compounds/interventions that antagonize/block glutamic acid receptors and/or
block the glutamate signal during the “brain growth spurt” or in the adult animal
may induce functional and biomarker deficits. Additionally, we present evidence
suggesting that animals treated with glutamate blockers at the period of the “brain
growth spurt” fail to perform the exploratory activity, observed invariably with
control mice, that is associated with introduction to a novel environment (the test
cages). Later, when the control animals show less locomotor and rearing activity,
i.e., interest in the test cages, the MK-801, ketamine and ethanol treated mice
showed successively greater levels of locomotion and rearing (interest), i.e., they
fail to “habituate” effectively, implying a cognitive dysfunction. These disturbances
of glutamate signaling during a critical period of brain development may contribute
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to the ADHD pathophysiology. As a final addition, we have briefly identified new
research venues in the interaction between ADHD, molecular studies, and per-
sonality research.

Keywords Hyperactivity - Attention-deficit « Glutamate antagonists - Motor
activity - Deficits - Brain regions - Mice
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The incidence of attention-deficit/hyperactivity disorder (ADHD) is, very likely,
increasingly diagnosed, from about 5 % of all children in the USA (Kalat 2001), to
5.1 million or 8.8 % of all children in the age-group 4-17 years (CDC 2011). The
incidence over developmental trajectory breaks down as follows: (i) 6.8 % of all
children aged 4-10 years (1 in every 14), (ii) 11.4 % of all children aged 11—
14 years (1 in every 9), and (iii) 10.2% of all children aged 16—17 years (1 in every
10), with average age at current diagnosis 6.2, with “mild” ADHD diagnosed at
7 years, “moderate” at 6.1 years and “severe” at 4.4 years 3.5 million children
taking medication. Boys (12.1 %) remain as more likely to be diagnosed than girls
(5.5 %) to be diagnosed. High rates of comorbidity with of oppositional
defiant disorder (ODD), anxiety, and depression in children with ADHD have been
reported (Anckarséter et al. 2006; Mitchison and Njardvik 2015; Garcia et al.
2013). The primary symptoms manifested in children with ADHD include: inces-
sant talking in the classroom, restlessness, inattention, impulsiveness, lack of
concentration, and hyperactivity (Antonini et al. 2015; Barkley et al. 2002; Bussing
et al. 2015; Swanson et al. 1998). In adults with ADHD, symptom profiles are
defined by poor attention with excessive distractibility, over-impulsivity, i.e.,
thoughtless utterances/actions, restlessness/hyperactivity, chronic procrastination,
difficulty initiating and completing tasks, frequently losing objects, poor organi-
zation, planning and time management, and excessive forgetfulness (Froehlich et al.
2007, 2009, 2010, 2011; Jaber et al. 2015; Lin and Gau 2015; Micoulaud-Franchi
et al. 2015). Individuals presenting ADHD exhibit excessive levels of default mode
network’ activity during goal-directed tasks, which are associated with attentional
disturbances and performance decrements. However, the process of downregulating
the default mode network activity when preparing to switch from rest to task is

'A network of brain regions that are active when the individual is not focused on the outside world
and the brain is at wakeful rest.
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unimpaired in adults with ADHD adults and these adults also lack switch-specific
deficit in right anterior insula modulation (Sidlauskaite et al. 2015). In addition,
individuals presenting ADHD show difficulties in upregulating the default mode
network activity when switching from task phase to rest phase (Sidlauskaite et al.
2015). Kucyi et al. (2015) showed evidence of impaired cerebellar areas of
the default mode network coupling with cortical networks in adult patients with
ADHD and highlights a role of cerebro—cerebellar interactions in cognitive
function. ADHD is associated with significantly increased mortality rates and
individuals diagnosed with ADHD during adulthood show higher mortality rates
than did those diagnosed in childhood and adolescence (Dalsgaard et al. 2015).

The vast number of studies examining neurobiological aspects of ADHD attests
to variety of laboratory animal models available including (i) genetically based
models, (ii) neurotoxin-induced models, (iii) Neonatal NMDA-R antagonist
administration models, (iv) environmentally based models, and (v) sleep disorder
problems. (i) Genetically based models present strains of rats/mice with particular,
measureable ADHD phenotypes with phenotypic behaviors and biomarkers such as
spontaneously hypertensive (SHR) rats, Naples high-excitability (NHE) rat, rats
giving poor performers in the 5-choice serial reaction time task, dopamine trans-
porter (DAT) knock-out mice, SNAP-25-deficient mutant coloboma mice, mice
expressing a human mutant thyroid hormone receptor, nicotinic receptor knock-out
mice, 22q11.2 deletion syndrome (Meechan et al. 2015), and tachykinin-1 receptor
knock-out mice. (ii) Neurotoxin-induced models of ADHD applying N-
(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) or 6-hydroxydopamine
(6-OHDA) as catecholamine neurotoxins or 5,7-dihydroxytryptamine (5,7-DHT)
to induce deficits. (iii) NMDA-R antagonist administration models administer
MK-801, ketamine, ethanol, polychlorinated biphenyls, or phencyclidine (PCP).
(iv) Environmentally based models such as pups reared in deprived environments or
isolated housing or neonatal anoxia or variations of environmental stress (Ishii and
Hashimoto-Torii 2015). (v) Complex regulatory circuits involving clock genes
themselves and their influence on circadian rhythms of diverse body functions and
behavioral domains form an important aspect of the gene-environment interaction
(Dueck et al. 2015).

As indicated by Russell (2011), one major insight provided by animal models
was the consistency of findings regarding the involvement of dopaminergic,
noradrenergic, and sometimes also serotonergic systems, as well as glutamateric
and GABAergic pathways (see also Russell 2007). Blockade of the N-methyl-p-
aspartate receptors (NMDA-Rs) during the neonatal period has been to induce
long-term behavioral and neurochemical alterations that are applied as laboratory
models for ADHD, schizophrenia, borderline personality disorder and depression.
During development, GABA exerts a depolarizing action on immature neurons.
Ende et al. (2015) studied glutamate and GABA influences in relation to impul-
siveness and aggressive behavior associated with the anterior cingulate cortex in the
groups of female patients presenting borderline personality disorder and ADHD,
respectively. The links between glutamate and GABA levels and further borderline
personality disorder (symptom severity) and ADHD aspects (hyperactivity and
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inattention) were evaluated in an explorative manner. They acquired 1H MR spectra
at 3T to determine the glutamate to total creatine ratios (Glu/tCr) and GABA levels
from the anterior cingulate cortex in a borderline personality disorder group
(n = 26), an ADHD group (n = 22), as well as a healthy control (HC) group
(n = 30); all the participants were females. Both patient groups, i.e., borderline
personality disorder and ADHD, presented higher scores on self-reported impul-
siveness, anger, and aggression compared with the healthy controls. Anterior cin-
gulate cortex GABA levels were significantly lower in ADHD than HC. Although
measures of impulsiveness were related positively to glutamate and negatively to
GABA, in the case of aggression only a negative correlation with GABA was
obtained. This pattern of results may provide human in vivo evidence for the role of
anterior cingulate cortex Glu/tCr and GABA in impulsiveness and aggression.

1 N-Methyl-p-Aspartate Receptors (NMDA-R)
Linked ADHD Models

ADHD pathophysiology persists in an obscure manner with complex interactions
between symptoms, staging, interventions, genes, and environments (Archer and
Bright 2012; Archer and Kostrzewa 2012; Archer et al. 2011; Kyeong et al. 2015;
Rommel et al. 2013; Schuch et al. 2015). Functional magnetic resonance imaging
(fMRI) has shown that almost all test—retest reliability of resting state fMRI metrics
presented significantly higher intra-class correlation coefficient in typically devel-
oping children than in with ADHD children for one or more brain regions studied
(Somandepalli et al. 2015). Several physiological biomarkers besides brain neu-
rochemical show deficits in the disorder: for example, serum levels of oxytocin in
total subjects presenting ADHD were reduced significantly compared with those
levels of neurotypical control individuals, and serum levels of oxytocin in drug
naive ~ADHD  patients were significantly lower than those in
medicated ADHD patients. Interestingly, there was a significant negative correla-
tion between serum oxytocin levels and ADHD-RS total scores, as well
as ADHD-RS inattentive scores in all ADHD patients Sasaki et al. 2015). The
genetic factor in ADHD is undeniable (Fang et al. 2015; Salatino-Oliveira et al.
2015; Thapar and Cooper 2015; Van Rooij et al. 2015a; Pettersson et al. 2013),
connected with sibling associations (Richards et al. 2015; Thissen et al. 2015; Van
Rooij et al. 2015b), parents (Costa Dde et al. 2015; Grizenko et al. 2015; Van der
Kolk et al. 2015), and with extremely high twin concordance (Arcos-Burgos et al.
2004; Ehli et al. 2012; Langner et al. 2013; McLoughlin et al. 2014; Garcia et al.
2014) and comorbidity (Volh et al. 2005; Garcia et al. 2013). The notion of an
imbalance between central inhibitory/excitatory neurotransmitters is considered to
exert an essential role in the pathophysiology of ADHD (Purkayastha et al. 2015;
Sadile et al. 1996), although this is not always the case (Endres et al. 2015). For
instance, in contrast to children, adult patients presenting ADHD display altered
cerebral levels of GABA+ in a subcortical voxel (Bollmann et al. 2015).
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Additionally, there are also increased cerebral glutamine levels in children
with ADHD, but this difference is normalized among adults with ADHD (Bollmann
et al. 2015). In other words, suggesting that this alteration might change through
development.

There is a plethora of results showing that compounds/interventions that
antagonize glutamic acid receptors and/or block the glutamate signal during the
“brain growth spurt” or in the adult animal may induce functional and biomarker
deficits (Davison and Dobbing 1968; Di Miceli and Gonier 2015; Fredriksson and
Archer 2002, 2003; Fredriksson et al. 2004; Pozzi et al. 2011; Zimmermann et al.
2015; Zhou et al. 2011). Normal regional brain development follows an inherited,
preprogrammed route that differentiates the specific structural characteristics and
functional domains that are expressed in the adult human and animal (Dobbing and
Sands 1970, 1979). Any interference with the course of normal brain development
threatens the regional structural and functional integrity with more or less perma-
nent consequences for the individual (Chen et al. 1999; Dobbing 1970a, b, c, 1971;
Huebner et al. 2015). The period of the “brain growth spurt” starts with the final
trimester of pregnancy in humans and continues until about three years after birth
(Ikonomidou et al. 2001). The corresponding period in rodents is encompassed by a
rapid increase in brain weight, proliferation of astroglial and oligodendrocyte cells,
axonal elongation, arborization, and synaptogenesis (Byrnes et al. 2001; Davison
and Dobbing 1966). Agents affecting glutamate system are implicated highly in the
vulnerability of brain development since chronic prenatal exposure to an ethanol
regimen throughout gestation induced suppression of the hippocampal
glutamate-NMDA receptor-NOS signaling system, decreased number of hip-
pocampal CAl pyramidal cells, increased spontaneous locomotor activity, and
impaired performance in the Morris water maze (Byrnes et al. 2001; but see also
Byrnes et al. 2003, 2004). Anticonvulsant drugs can initiate neuron and oligo-
dendroglia apoptosis, suppress neurogenesis, and inhibit normal synapse develop-
ment and regional-sculpting (Turski and Ikonomidou 2012). The behavioral
correlates in rodents and non-human primates consist of long-lasting cognitive
impairment and motor deficits. Physiological apoptosis and that caused by other
agents, a naturally occurring process of the developing brain, modulates regional
progressions at cellular and circuitry levels periodically (Dikranian et al. 2001;
Ishimaru et al. 1999; Olney et al. 2000).

Several studies have demonstrated marked deficits in behavioral domains in the
adult animal following disruptions in glutamate signaling and GABAergic activity
(Cohen Kadosh et al. 2015; Kim et al. 2015; Tzanoulinou et al. 2015; Zhang et al.
2015) in the prenatal or neonatal human and animal (Higuera-Matas et al. 2015;
Jantzie et al. 2015; Keimpema et al. 2014; Kleteckova et al. 2014; Simdes et al. 2015).
It was shown more than twenty years ago that chronic neonatal treatment with the
glutamate antagonist, MK-801 (postnatal days 8 to 19), induced marked alterations of
monoamines (Gorter et al. 1992a) whereby dihydroxyphenylacetic acid (DOPAC)
concentrations were elevated (greater than 40 %) in both regions (cortex and striatum)
tested, while 5-hydroxyindoleacetic acid (5-HIAA) concentration was significantly
elevated only in the cortex (19 %), and 3-methoxy-4-hydroxyphenylglycol (MHPG)
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only in the striatum (47 %). When tested spatial learning and memory using a water
maze, the neonatal MK-801-treated rats were shown to be capable of learning the
spatial task as well as control rats but did so at a significantly slower rate. Their
performance in a visual cue task was not affected by the neonatal treatment, suggesting
that the slower spatial learning is not caused by locomotor or sensory deficits (Gorter
and de Bruin 1992). The authors interpreted their findings to imply that chronic
NMDA receptor blockade during the neonatal period leads to long-lasting distur-
bances of hippocampal function (but see also Gorter et al. 1991, 1992b). The gluta-
mate antagonists, MK-801 (3 x 0.5 mg/kg), ketamine (1 x 50 mg/kg), and ethanol
(2 x 2.5 mg/kg) were administered postnatally to mouse pups on days 10 or 11
postpartum (cf. Fredriksson and Archer 2004), and behavioral testing was performed
at adult ages over and above 65 days-of-age. At testing, it was found that over 60-min
periods of motor activity testing, the mice administered the glutamate antagonists
showed a somewhat bizarre pattern of activity that was completely different to that
shown by untreated, saline- or vehicle-treated, or sham-operated mice: The former
presented markedly lower levels of motor activity than the latter during the initial
period of activity testing (1st 20 min) and then successively greater levels of motor
activity than the latter during the middle and final periods of activity testing (2nd and
3rd 20 min periods). Table 1 presents the motor activity, locomotion, and rearing of

Table 1 Locomotion and rearing behavior expressed as percent of control values (0.9 %
saline-vehicle) over successive 20-min periods in the motor activity test cages by adult mice
administered either MK-801, ketamine or ethanol, glutamate antagonists at the doses used, or
diazepam, GABA agonist at the doses used. MK-801 (0.5 mg/kg, s.c.) was administered to male
mouse pups on postnatal day 11 on three occasions over that day. Ketamine (1 x 50 mg/kg, s.c.)
and ethanol (2 x 25 mg/kg, s.c., with a 2-h interval between injections) were administered on
postnatal day 10

Neonatal treatment 20-min period Locomotion % Rearing %
of control values of control values

MK-801 20 38 32

40 199 247

60 3439 8405
Ketamine 20 36 34

40 207 225

60 1967 3812
Diazepam 20 99 86

40 112 101

60 189 544
Ketamine + Diazepam 20 35 27

40 188 261

60 2617 7422
Ethanol 20 38 29

40 224 239

60 2128 4122
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mice injected postnatally with either MK-801, ketamine, or ethanol expressed as a
percentage of each respective vehicle control group. It will be noted that the mice
administered glutamate antagonists evidenced massively greater levels of apoptosis
(as measured by fluoro-jade positive staining) in several brain regions, including
frontal cortex, hippocampus, cerebellum, parietal cortex, and laterodorsal thalamus,
compared to controls, 24 h after administration of the drugs, MK-801, ketamine, or
ethanol. The results on Table 1 indicate that these animals fail to perform the
exploratory activity, observed invariably with control mice, that is associated with
introduction to a novel environment (the test cages). Later, when the control animals
show less locomotor and rearing activity, i.e., interest in the test cages, the MK-801-,
ketamine-, and ethanol-treated mice showed successively greater levels of locomotion
and rearing (interest), i.e., they fail to “habituate” effectively, implying a cognitive
dysfunction. The cognitive dysfunctionality of the MK-801-, ketamine-, and
ethanol-treated mice was demonstrated in both the radial arm maze and the circular
swimming maze (Fredriksson and Archer 2004). Spontaneously hypertensive rats
(SHRs) present several of the characteristic behavioral anomalies observed in ADHD
children and adults: hyperactivity, impulsiveness and poorly sustained attention,
restlessness, and comorbid drug self-administration (Griinblatt et al. 2015; Jordan
et al. 2015; Womersley et al. 2015).

2 Aberrant Glutamate in Spontaneously Hypertensive
(SHR) Rats

There is emerging evidence that spontaneously hypertensive (SHR) rats possess
disruptions in glutamate systems or in glutamate signaling or in region (e.g.,
nucleus accumbens) characteristics (Russell 2003). For example, it was observed
that the glutamatergic system in the prefrontal cortex of the SHR rats was hyper-
functional (Miller et al. 2014). Sterley et al. (2015) have provided evidence for a
disturbed glutamatergic and GABAergic transmission in the hippocampus of SHRs
and that maternal separation induced effects on glutamate uptake in these rats and
Wister-Kyoto and Sprague-Dawley rats as well. Furthermore, compared to control
animals, SHRs displayed a lower expression of both NMDA (Grinl) and AMPA
(Grial) gene receptors in the nucleus accumbens. It has been observed also that
SHRs express decreased levels of several proteins involved in energy metabolism,
cytoskeletal structure, myelination, and neurotransmitter function when compared
to Wistar-Kyoto rats> (Dimatelis et al. 2015). Liso Navarro et al. (2014) found
significant correlations between brain metabolites and the behavior registered in the
open field and elevated plus maze: SHR rats expressing higher levels of brain total
creatine levels and glutamate levels exhibited higher levels of hyperactivity in a
familiar environment, but conversely, risk-taking exploratory behavior, an

>The Wistar rat is an outbred albino rat.
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indication of impulsivity, of the elevated plus maze’s open arms correlated nega-
tively with forebrain total N-acetylaspartate and lactate levels. It has been shown
also that there is a reduction in extracellular concentrations of GABA in the hip-
pocampus of SHR rats, in vivo, by comparison with Wistar-Kyoto and
Sprague-Dawley rats (Sterley et al. 2013). The authors suggest that an underlying
defect in GABA function may be the underlying cause of the dysfunction in cat-
echolamine transmission noted in SHR and may underlie their ADHD-like
behaviors (see also Mc Fie et al. 2012; Miller et al. 2012). Ye et al. (2013) observed
that there were increases in presynaptic group II metabotropic glutamate receptor
activity at the glutamatergic terminals at hypothalamic paraventricular nucleus sites
in SHR rats. The activation of group II metabotropic glutamate receptors in the
hypothalamic paraventricular nucleus inhibits sympathetic vasomotor tone through
attenuation of increased glutamatergic input and neuronal hyperactivity in SHR
rats, thereby affecting sympathetic outflow in hypertension and related
conditions. In this context, physical exercise was shown to ameliorate the
enhancement in the tonically acting glutamatergic input to the rostral ventrolateral
medulla of SHR rats, thereby reducing the sympathetic hyperactivity and blood
pressure (Zha et al. 2013). Following exposure to the NMDAR antagonist,
MK-801, during postnatal days 5-14, to male Sprague-Dawley rat pups (Li et al.
2015), the animals were tested for object and object-in-context recognition memory
during adolescence (PND 35) and adulthood (PND 63). They examined also
parvalbumin-positive GABA-ergic interneurons and presynaptic markers for exci-
tatory and inhibitory neurons, vesicular glutamate transporter-1, and vesicular
GABA transporter in the hippocampus to reflect the excitatory/Inhibitory balance.
They observed that rats that had received MK-801 treatment displayed deficits of
recognition memory, reduction in parvalbumin-positive cell counts, and upregula-
tion of the vesicular glutamate transporter-1/vesicular GABA transporter ratio in
both adolescence and adulthood. It would appear that the changes of the vesicular
glutamate transporter-1/vesicular GABA transporter ratio at the two time points
exhibited distinct mechanisms. Furthermore, prenatal alcohol exposure affected
cortical angiogenesis negatively both in mice and in fetal alcohol syndrome
patients, implying that vascular defects contributed to alcohol-induced brain
abnormalities (Jegou et al. 2012). Postnatal treatment with domoic acid, which
disturbs glutamate signaling, induced deficits in latent inhibition and sensory gating
through prepulse inhibition impairments (Marriott et al. 2012).

Finally, several genetic linkage and association studies point to candidate genes
relating to ADHD (Franke et al. 2009). Associations between ADHD and a handful
of NMDA-R gene variants [GRM1, GRMS, GRM7, and GRMS: encoding
G-protein coupled receptor family] (Diana et al. 2015; Akutagava-Martins et al.
2014). Santoro et al. (2015) compared the gene expression profile of neurotrans-
mitter receptors and regulators in the prefrontal cortex and nucleus accumbens
of SHR and control Wistar rats, as well as the DNA methylation pattern of promoter
region of the genes differentially expressed. They found that four genes were
downregulated significantly in the prefrontal cortex of the SHRs in comparison with
Wistar rats (Gad2, Chrnb4, Slc5a7, and Qrfpr) and none of those in nucleus



Attention-Deficit/Hyperactivity Disorder ... 303

accumbens. Gad2 and Qrfpr showed CpG islands in their promoter region. For both
of these genes, the promoter region was hypomethylated in SHR rats and may be
linked to the abnormalities displayed by these animals. Since adverse life events,
dysfunctional families, pregnancy and birth complications, etc, all increase risk for
ADHD (Class et al. 2014; Lindstrom et al. 2011; Pires et al. 2013; Webb 2013), the
epigenetic influences upon glutamatergic integrity seems immeasurable (Grissom
and Reyes 2013; Schuch et al. 2015). van Mil et al. (2014) examined the association
between DNA methylation levels at different regions and ADHD symptoms. They
observed that DNA methylation levels were linked negatively with ADHD symp-
toms scores in the analysis of eleven brain regions.

3 Conclusions and Final Remarks

The notion of a disruption of the normal brain developmental trajectory, due an
over-stimulation of GABAergic systems and/or an understimulation (antagonism)
of the glutamate systems, i.e., excitatory-inhibitory imbalance, in the underlying
pathophysiology of ADHD, particularly regarding motor and cognitive domains, is
appealing. The pattern of behavioral deficits when tested as adult animals and
“accelerated apoptosis” 24 h after administrations of the glutamate antagonists
offers a useful laboratory model of the disorder. Babenko et al. (2015) have offered
a plausible account that describes the complex gene—environment interactions
between prenatal stress exposure, whether chemical intervention or
social-behavioral, associated changes in miRNA expression and DNA methylation
in placenta and brain regions together with the possible links to greater risks of
schizophrenia, ADHD, autism, anxiety-, or depression-related disorders that may be
expressed later in life.

Finally, ADHD is associated with an increased risk of personality disorders and
deficits and specific temperament configurations: high novelty seeking and high
harm avoidance (Anckarséter et al. 2006). Individuals high in novelty seeking tend
to be highly active or to direct their attention/behaviors in response to novel stimuli,
potential rewards, and punishments. This is expressed as frequent exploration of
new unfamiliar places or situations, quick loss of temper, impulsive
decision-making, and active avoidance of monotony. High levels of harm avoid-
ance are expressed as the tendency to avoid or cease behaviors due to intense
response to aversive stimuli expressed as fear of uncertainty, shyness of strangers,
quick fatigability, and pessimistic worry of future problems (Cloninger et al. 1993).
This “explosive” temperament profile (high novelty seeking and high harm
avoidance) does fit in the ADHD pathophysiology outlined in this chapter. What is
more, molecular genetics studies have found an association between novelty
seeking and the dopamine-4 receptor (Benjamin et al. 1996; Ebstein et al. 1996;
Noble et al. 1998; Ono et al. 1997) and between harm avoidance and the serotonin
transporter SHTTLPR (Rybakowski et al. 2006; Samochowiec et al. 2001).
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Fortunately, recent advances using person-centered interventions (i.e., well-being
coaching) suggest that the expression of genes as personality traits can be changed
(Cloninger 2004; Wong and Cloninger 2010; see also Fahlgren et al. 2015), In
particular when the intervention focuses on the development of character traits,
such as self-directedness (e.g., sense of control, self-efficacy, self-acceptance),
cooperativeness (e.g., tolerance, helpfulness, empathy), and self-transcendence
(e.g., spirituality, meaningfulness, ability to experience flow). Relatedly, changes in
mean levels of character traits are much greater between 20 and 45 years of age than
for temperament traits (Josefsson et al. 2013). Hence, upcoming studies using
person-centered interventions among individuals with ADHD are most welcome.
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Perinatal 6-Hydroxydopamine to Produce
a Lifelong Model of Severe Parkinson’s
Disease

John P. Kostrzewa, Rose Anna Kostrzewa, Richard M. Kostrzewa,
Ryszard Brus and Przemyslaw Nowak

Abstract The classic rodent model of Parkinson’s disease (PD) is produced by
unilateral lesioning of pars compacta substantia nigra (SNpc) in adult rats, pro-
ducing unilateral motor deficits which can be assessed by dopamine (DA) D,
receptor (D,-R) agonist induction of measurable unilateral rotations. Bilateral SNpc
lesions in adult rats produce life-threatening aphagia, adipsia, and severe motor
disability resembling paralysis—a PD model that is so compromised that it is
seldom used. Described in this paper is a PD rodent model in which there is
bilateral 99 % loss of striatal dopaminergic innervation, produced by bilateral
intracerebroventricular or intracisternal 6-hydroxydopamine (6-OHDA) adminis-
tration to perinatal rats. This procedure produces no lethality and does not shorten
the life span, while rat pups continue to suckle through the pre-weaning period; and
eat without impairment post-weaning. There is no obvious motor deficit during or
after weaning, except with special testing, so that parkinsonian rats are indistin-
guishable from control and thus allow for behavioral assessments to be conducted
in a blinded manner. L-DOPA (L-3,4-dihydroxyphenylalanine) treatment increases
DA content in striatal tissue, also evokes a rise in extraneuronal (i.e., in vivo
microdialysate) DA, and is able to evoke dyskinesias. D,-R agonists produce effects
similar to those of L-DOPA. In addition, effects of both D;- and D,-R agonist effects
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on overt or latent receptor supersensitization are amenable to study. Elevated basal
levels of reactive oxygen species (ROS), namely hydroxyl radical, occurring in
dopaminergic denervated striatum are suppressed by L-DOPA treatment. Striatal
serotoninergic hyperinnervation ensuing after perinatal dopaminergic denervation
does not appear to interfere with assessments of the dopaminergic system by
L-DOPA or D;- or D,-R agonist challenge. Partial lesioning of serotonin fibers with
a selective neurotoxin either at birth or in adulthood is able to eliminate sero-
toninergic hyperinnervation and restore the normal level of serotoninergic inner-
vation. Of all the animal models of PD, that produced by perinatal 6-OHDA
lesioning provides the most pronounced destruction of nigrostriatal neurons, thus
representing a model of severe PD, as the neurochemical outcome resembles the
status of severe PD in humans but without obvious motor deficits.

Keywords Parkinson’s disease - 6-hydroxydopamine - 6-OHDA - Animal
model - Nigrostriatal tract - Dopamine - Serotonin - Receptor supersensitivity
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1 Introduction

Parkinson’s disease (PD), a neurodegenerative disorder characterized by age-related
spontaneous degeneration of pars compacta substantia nigra (SNpc) dopaminergic
neurons, has become readily amenable to animal modeling because of the discovery
of relatively selective neurotoxins for dopaminergic neurons. The most commonly
used of such neurotoxins are (1) the mitochondrial complex I inhibitor
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridinium ion (MPP*) (Langston et al.
1984b), also (2) its metabolic precursor 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP) (Langston and Ballard 1984; Langston et al. 1984a; Manning-Bog
and Langston 2007; Pasquali et al. 2014), (3) daily administration of rotenone,
another complex I inhibitor (Ernster et al. 1963; Gutman et al. 1970) which destroys
nigrostriatal neurons (Betarbet et al. 2000; Sherer et al. 2002, 2003), and
(4) 6-hydroxydopamine (6-OHDA) which can be rendered dopaminergic selective
when co-administered with desipramine, a ligand inhibitor of the norepinephrine
transporter (Smith et al. 1973). Unilateral 6-OHDA lesioning of rodent SNpc is
commonly used to model PD (Ungerstedt 1968), since motor behavior is maintained
and vital behaviors persist after lesioning (e.g., eating, drinking, and grooming)
(Ungerstedt 1971a). Putative anti-parkinsonian agents, typically dopamine (DA) D,
receptor (D,-R) agonists tested in this model, evoke unilateral rotational activity
contralateral to the lesioned side (Ungerstedt 1971c)—an event related to the
development of D,-R supersensitivity (D,-RSS) on the lesioned side (Ungerstedt
1971b, c). In black mice, MPTP, administered systemically, crosses the blood—brain
barrier and is metabolized to MPP* which selectively destroys SNpc dopaminergic
neurons bilaterally. Nevertheless, a reasonable number of SNpc neurons survive
MPTP treatment, as well as dopaminergic innervation of striatum. White rats are
virtually unaffected by MPTP and MPP*, largely limiting these neurotoxins to black
mice or primate modeling of PD.

Severe SNpc bilateral lesioning would represent an ideal rodent model for many
experimental studies (Zigmond and Stricker 1984). Unfortunately such a lesion
produced by intra-nigral 6-OHDA treatment of adult rodents produces aphagia,
adipsia, cessation of grooming, and virtual motor paralysis (Ungerstedt 1971a;
Zigmond and Stricker 1972). Rodents die within a few days except with extraor-
dinary measures to maintain hydration, body heat, and cleanliness. In time,
behavioral recovery from partial nigral lesions can occur (Neve et al. 1982; Dravid
et al. 1984; Altar et al. 1987). These liabilities of bilateral 6-OHDA lesioning of
rodents are overcome by administering 6-OHDA intracerebroventricularly or
intracisternally to rodents—rats in particular—within a few days of birth. This
treatment is non-lethal, virtually all rats survive and continue to eat, drink, and
ambulate. In adulthood, except for a slight diminishment in body mass,
6-OHDA-lesioned rats are indistinguishable from control non-lesioned rats except
by special testing (Breese et al. 1984a, b; Hamdi and Kostrzewa 1991).
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The neontally 6-OHDA (n6-OHDA)-lesioned rat is described in detail in this
paper as a valuable model of severe PD, characterized by ~99 % loss of SNpc and
associated striatal dopaminergic denervation but with good motor activity
(Kostrzewa et al. 1998). The elements of DA D;-R sensitization are considered, as
well as the slight influence on D,-R sensitization and the involvement of serotonin
(5-HT) receptor sensitization, namely 5-HT,c-R, on dopaminergic systems. Effects
of L-DOPA (L-3,4-dihydroxyphenylalanine) are described in terms of partial
restoration of striatal tissue content of DA and influence on extraneuronal (i.e.,
in vivo microdialysate) levels of DA and L-3,4-dihydroxyphenylacetic acid
(DOPAC) levels. The influence of DA-lesioning and L-DOPA treatment on intra-
neuronal and extraneuronal ROS, namely hydroxyl radical (HO-), is likewise
described. The overall composite of neurochemical and behavioral effects of
6-OHDA, and its partial negation by L-DOPA, provide convincing evidence for the
use of n6-OHDA rats as a near-ideal model of severe PD.

2 Nigrostriatal Dopaminergic Nerve Damage by Neonatal
6-OHDA

Neonatal 6-OHDA (n6-OHDA), either by a non-central route (sc, ip) (Jonsson and
Sachs 1976; Jonsson et al. 1974; Sachs and Jonsson 1972, 1975) or central route
(intracisternal) (Breese and Traylor 1972), produces marked destruction of both
noradrenergic and dopaminergic nerves in brain. By pretreating with desipramine,
protection is conferred on noradrenergic nerves and thereby 6-OHDA becomes
relatively selective, producing predominately dopaminergic nerve destruction
(Smith et al. 1973). While there is partial preservation of dopaminergic perikarya in
the ventral tegmental nucleus (VTA) after 6-OHDA (Snyder et al. 1986; Fernandes
Xavier et al. 1994), destruction of dopaminergic perikarya in substantia nigra (SN) is
near total (Berger et al. 1985; Fernandes Xavier et al. 1994). As a consequence,
dopaminergic innervation of VTA targets—namely septum, nucleus accumbens, and
frontal cortex—is reduced (Luthman et al. 1990a), while dopaminergic innervation
of the SN target, namely striatum, is near total (Snyder et al. 1986; Descarries et al.
1992). The extent of dopamine (DA) depletion in the respective brain regions is
reflective of the degree of dopaminergic denervation, and the described effects of
n6-OHDA are lifelong (Breese and Traylor 1972; Breese et al. 1984a, 1994; Breese
and Breese 1998; Stachowiak et al. 1984).

Despite the drastic loss of dopaminergic innervation of brain by n6-OHDA
treatment, survival is not altered. Also, overt behavioral effects are not obvious,
although 6-OHDA-lesioned rats have slightly reduced body weight (Bruno et al.
1984). However, the aphasia and adipsia observed in rats lesioned as adults with
6-OHDA do not occur in rats lesioned neonatally with 6-OHDA (Breese and
Traylor 1972; Smith et al. 1973). Sensorimotor function is maintained (Weihmuller
and Bruno 1989a, b; Potter and Bruno 1989).
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Nevertheless, with special testing there are “behavioral” deficits that can be
revealed in adulthood in n6-OHDA-lesioned rats, analogous to deficits observed in
adulthood 6-OHDA-lesioned rats (Papadeas and Breese 2014). n6-OHDA-lesioned
rats, in adulthood, do not drink a sucrose solution (Smith et al. 1973); are unable to
acquire an avoidance response during aversive learning (Smith et al. 1973;
Shaywitz et al. 1976b; Pappas et al. 1980; Raskin et al. 1983; Whishaw et al. 1987);
display skilled motor deficits (Whishaw et al. 1987); lack the ability for high-rate
operant responding (Takeichi et al. 1986; Stellar et al. 1988); and have acquisition
deficits in operant responding (Heffner and Seiden 1983).

The overall preservation of function in n6-OHDA-lesioned rats is considered to
be related to increased DA synthesis by surviving dopaminergic nerves
(Molina-Holgado et al. 1994), also increased storage of DA (Reader and Dewar
1999), and release of greater amounts of DA (Castafieda et al. 1990a, b). Notably,
further adulthood reduction of DA in the n6-OHDA-lesioned rats, either by
impairing tyrosine hydroxylase (TOH) activity or by adulthood 6-OHDA treatment,
produces deficits resembling that observed by single adulthood 6-OHDA treatment
(Rogers and Dunnett 1989b).

The most obvious change from controls is the absence of catalepsy following
adulthood treatment with DA receptor (DA-R) antagonists (Bruno et al. 1984;
Duncan et al. 1987). Also, n6-OHDA-lesioned rats are hyperactive in adulthood
and have been used as an animal model of attention-deficit hyperactivity disorder
(ADHD), since amphetamine or methylphenidate suppresses hyperactivity in these
rats versus their promotion of hyperactivity in intact control rats (Shaywitz et al.
19764, b; see Kostrzewa et al. 2008; Kostrzewa et al. 2016).

One negative aspect of n6-OHDA-lesioned rats is the potential for L-DOPA induction
of self-injurious behavior (SIB). Haloperidol partially attenuates L.-DOPA-induced SIB
(Breese et al. 1984a, b, 1985b), while D;-R antagonists fully block the effect (Breese et al.
1985a, 1989, 19904, b; Criswell et al. 1992). Notably, a D;-R agonist, alone, does not
evoke SIB, nor does a D,-R agonist, alone, but the combination of a D;-R agonist with a
D,-R agonist can evoke SIB (Breese et al. 1985a).

It is noteworthy that in rats treated with haloperidol in drinking water for
11 months, to model tardive dyskinesia (Huang et al. 1997), there is a much higher
level of haloperidol-evoked VCMs in n6-OHDA-lesioned rats versus intact control
rats. Also, when haloperidol treatment is terminated for 9 months, 5-HT,-R
antagonists abate the high level of VCMs in n6-OHDA-lesioned rats, while D;-R
antagonists do not do so (Huang et al. 1997; see Kostrzewa and Brus 2016).

3 Striatal DA-R After n6-OHDA
3.1 DA D;-R Number

The relative number of striatal DA D; receptors (D;-R) following n6-OHDA
treatment is reported to be slightly increased (Broaddus and Bennett 1990),
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unchanged (Breese et al. 1987; Luthman et al. 1990b; Duncan et al. 1993; Gong
et al. 1994), or slightly decreased (Dewar et al. 1990, 1997; Molina-Holgado et al.
1995). Regardless, there is no change in the relative number of both high-affinity
D;-R and low-affinity D;-R (Gong et al. 1994).

3.2 DA D,-R Number

When striatal D,-R number was assessed by [*H]spiperone binding, there was no
change from control in the n6-OHDA-lesioned rats (Breese et al. 1987; Duncan
et al. 1987; Kostrzewa and Hamdi 1991). However, with [*H]raclopride binding
striatal, D,-R was found to be increased at 1-3 months in rostral striatum of
n6-OHDA-lesioned rats (Dewar et al. 1990); and increased at a later time,
throughout the striatum (Radja et al. 1993b).

Because the D;-R class includes both D;-R and Ds-R subclasses, and because
the D,-R class includes D,-R, D3-R and D4-R subclasses (see Strange 1993), it
is possible that different subclasses of these receptors are altered, in different ways
in each subregion of brain, and according to 6-OHDA dosage. Accordingly, it is
difficult to ascribe a particular behavior alteration with a specific receptor subclass
in any defined brain region. With this caveat, it appears that alterations in the D4-R
subclass in striatum and nucleus accumbens are more closely associated with the
hyperactivity of n6-OHDA-lesioned rats; and D,4-R antagonists attenuate the
hyperactivity (Zhang et al. 2002a, b).

4 DA-R Sensitization Status After n6-OHDA
4.1 Latent DA D;-R Sensitization

Regardless of whether DA D,-R number is altered in n6-OHDA-lesioned rats, there
is no obvious increase in stereotypic and locomotor effects of an initial D{-R
agonist treatment. However, with repeated D;-R agonist treatments, there is ulti-
mate development of D{-RSS (Breese et al. 1985a, b), as evidenced by the fact that
repeated D;-R agonist treatments either during postnatal ontogeny (Hamdi and
Kostrzewa 1991; Gong et al. 1993a) or in adulthood (Breese et al. 1987) produce an
abnormal increase in the stereotypic (nucleus accumbens/striatum sites) and loco-
motor (nucleus accumbens site) response. The D;-RSS produced by ontogenetic
D;-R agonist treatments is incomplete, as additional D-R agonist treatments pro-
duce further D;-R agonist supersensitization (Gong et al. 1993a). The development
of RSS is designated as a “priming” phenomenon (Breese et al. 1987). D;-RSS is
not accompanied by an increase in the D;-R number (i.e., B,,x) or affinity (K4)
(Hamdi and Kostrzewa 1991); nor in the percentage of high-affinity or low-affinity
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receptors, nor by a change in DA-stimulated adenylate cyclase activity (Gong et al.
1994). However, D-RSS is permanent (Criswell et al. 1989; Kostrzewa and Gong
1991).

Repeated pre-weanling D,-R agonist treatments also prime (i.e., supersensitize)
D;-R in adulthood for locomotor and stereotyped effects (Criswell et al. 1989).

4.2 Overt DA D;-R Sensitization

In n6-OHDA-lesioned rats, the first D;-R agonist dose produces a marked increase
in the numbers of vacuous chewing movements (VCMs) (i.e., oral activity = oral
dyskinesia) versus the D;-R agonist response in non-lesioned control rats
(Kostrzewa and Gong 1991). Pre-weaning D;-R agonist treatments, moreover,
promotes an even further increase in the adulthood D;-R induction of VCMs,
indicating further sensitization, priming, of D;-R associated with VCMs (Gong
et al. 1993a).

4.3 Reliance of D;-RSS on the Serotoninergic System

This overt D{-RSS is accompanied by simultaneous serotonin (5-HT) receptor
supersensitization (RSS) (Gong and Kostrzewa 1992; el Mansari et al. 1994), which
appears to reside primarily with the 5-HT,c-R subtype (Gong et al. 1992). This
5-HT,c-RSS and its inductive effect on VCMs are not abated by D;-R antagonists.
In contrast, D;-R induction of VCMs is abated by 5-HT,-R antagonists, indicating
that D;-R-mediated effects are reliant of 5-HT, receptor effects (Gong and
Kostrzewa 1992; Gong et al. 1992, 1993b), residing at least in part in ventral
striatum (Plech et al. 1995). In fact, the development of overt D{-RSS after
n6-OHDA is suppressed if 5-HT innervation is largely destroyed by the sero-
toninergic neurotoxin 5,7-dihydroxytryptamine (5,7-DHT), administered simulta-
neously with n6-OHDA administration (Brus et al. 1994), or when the
serotoninergic hyperinnervation is eliminated in adulthood by 5,7-DHT treatment
(unpublished).

Development of 5-HT,-RSS occurs when n6-OHDA treatment produces a loss
of striatal DA 2 97 %, but not when the loss of striatal DA is <88 % (Gong et al.
1993b) or when n6-OHDA treatment is later than three days of post-birth
(Kostrzewa et al. 1993a). In fact, 5-HT,-RSS can persist when D;-RSS does not
exist in n6-OHDA-lesioned rats (Gong et al. 1993b; Kostrzewa et al. 1993a).
Therefore, serotoninergic adaptations to n6-OHDA treatment may account for
multiple behavioral interactions, as well as responsiveness to DA-R and 5-HT-R
agonists (Luthman et al. 1991; Kostrzewa et al. 1993b).
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4.4 DA D,-R Sensitization

In contrast to the noted priming of D;-R in rats lesioned neonatally with 6-OHDA,
there is no obvious sensitization, overt or latent, of D,-R (Criswell et al. 1989).
However, when the D,-R antagonist spiperone is administered in adult
n6-OHDA-lesioned rats, there is enhanced oral activity (VCMs) compared to
unlesioned controls (Hamdi and Kostrzewa 1991). Repeated pre-weanling D,-R
agonist treatments in n6-OHDA-lesioned rats sensitize for D,-R agonist-induced
vertical jumping at 3 weeks of age or later (Kostrzewa and Kostrzewa 2012).
However, ontogenetic quinpirole treatments fail to prime for D, agonist-
enhancement of locomotor activity in adult n6-OHDA-lesioned rats (Brus et al.
2003). Descriptions of DA D;-R and D,-R sensitization in n6-OHDA-lesioned rats
are discussed in detail in an earlier report (Kostrzewa 1995).

5 Serotonin Neural Adaptations to n6-OHDA Lesioning
of Nigrostriatal Neurons

The relative dopaminergic denervation of striatum attending n6-OHDA treatment is
accompanied by an elevation of striatal serotonin (5-hydroxytryptamine, 5-HT)
levels in adulthood (Breese et al. 1984a; Stachowiak et al. 1984)—an outcome
occurring only if striatal DA is depleted by >80 % (Towle et al. 1989; Gong et al.
1993b) and when 6-OHDA is administered within the first ten days of post-birth
(Kostrzewa et al. 1993a). The increase in striatal 5-HT is associated with increased
striatal synaptosomal uptake of [?H]5-HT (Stachowiak et al. 1984) or other ligands
of the 5-HT transporter (Molina-Holgado et al. 1994; Soucy et al. 1994; Descarries
et al. 1995).

Elevated striatal 5-HT content is attributable to serotoninergic terminal hyper-
innervation of striatum (Snyder et al. 1986; Luthman et al. 1987; Towle et al. 1989)
—mainly in rostral striatum (Stachowiak et al. 1984; Snyder et al. 1986; Luthman
et al. 1987; Descarries et al. 1992), a near doubling of serotoninergic fiber number
in this region in n6-OHDA-