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Preface

With almost 600 reviews, Transient Receptor Potential (TRP) channels arguably represent
today’s most extensively reviewed pharmacological targets. The literature on TRP channels
is vast and still growing: It has exploded from a mere 21 papers in 1995 to over 2,000 in
the past 2 years. Yet, even the most studied TRP channels like TRPV1 continue to surprise:
as Bernd Nilius points it out in his Introduction, “We are still at the beginning of the
beginning.”

Over the past decade, both gain- and loss-of-function mutations in TRP channels (so-
called “TRP channelopathies”) have been identified in human disease states ranging from
focal segmental glomerulosclerosis (TRPC6) and familial episodic pain syndrome (TRPA1)
through brachyolmia and hereditary arthropathy of hand and feet (TRPV4) to mucolipido-
sis type-4 (TRPML1) and amyotrophic lateralsclerosis and parkinsonism/dementia com-
plex (TRPM7). These findings imply a therapeutic potential for drugs targeting TRP
channels in a wide variety of diseases, many with no existing satisfactory treatment options.
Indeed, a number of potent, small molecule TRPV1, TRPV3, and TRPA1 antagonists have
already entered clinical trials, and many more are in preclinical development.

The TRP superfamily of ion channels in humans is a diverse family of 28 cation chan-
nels with varied physiological functions. Their name stems from their similarity on the
sequence level to the original zrp gene from Drosophila which, when mutated, resulted in a
transient receptor potential in the presence of continued exposure to light. Overall, few
generalizations can be made about TRP channels. Most family members share a low level
of structural similarity, but some channels are very highly homologous to each other (e.g.,
TRPC3 and TRPC7; TRPV5 and TRPV6). Many TRP channels form functional channels
as homotetramers, though heteromultimerization is not uncommon. The latter phenome-
non may have important implications for drug discovery.

Consistent with their diverse structure, TRP channels also serve diverse functions
including afferent sensory functions (mechanical, chemical, thermal, noxious, etc.) as well
as efferent mechanisms (of growth control, cellular differentiation, vasoregulation, media-
tor release, etc.). While most family members are cation channels with limited selectivity for
calcium, both calcium- (TRPV5 and TRPV6) and sodium-selective (TRPM4 and TRPM5)
family members exist. In addition, some TRP channels transport noncanonical cations such
as iron (TRPML1), magnesium (TRPV6), or zinc (TRPAL).

Of the 28 TRP channels discovered until today, seven sense hot or warm temperatures
(TRPV1 to TRPV4, TRPM2, TRPM4, and TRPM5), whereas two (TRPAI1 and TRPMS)
are activated by cold. Together, these channels, referred to as “thermoTRPs,” cover a wide
temperature range with extremes that fall between 10 °C (TRPAL) and 53 °C (TRPV2).
The temperature sensor is believed to be associated with the C terminus. In support of this
model, swapping the C-terminal domain of TRPV1 with that of TRPMS8 was shown to
change the temperature sensitivity of TRPV1 from hot to cold.

Animal data and human genetic studies have shown that TRP channel dysfunction
(“TRP channelopathy”) can cause various pathological conditions. In fact, the TRML
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(mucolipin) and TRPP (polycystin) families were named after the human diseases they are
associated with (mucolipidosis and polycystic kidney disease, respectively). The founding
member of the M (melastatin) family, TRPM1, was identified via comparative analysis of
genes that distinguish benign nevi and malignant melanoma. The A (ankyrin) family has
only one known member (TRPAL), and its name refers to the unusually high number of
ankyrin repeats at the N terminus of the channel protein. Mammalian TRP channels that
are most similar to those in Drosophila are referred to as canonical (TRPC). Last, the V
(vanilloid) family came into existence by expression cloning of the capsaicin receptor
TRPVI.

The aim of these volumes is ambitious: They open with a series of “state-of-the-art”
minireviews on the most interesting TRP channels (from TRPA1 to TRPV4), followed by
a collection of cookbook-like protocol chapters describing various methodologies (ranging
from capsaicin inhalation test in humans through rodent models of anxiety to stroke, can-
cer, diabetes, and experimental colitis models) relevant to TRP channel research. Pain mod-
els (TRPs = “Targets for Relief of Pain”) were previously detailed in our Analgesia: Methods
and Protocolsvolume in the Methods in Molecular Biology series. Here, we focus on non-pain
models in keeping with the alternative interpretation of TRPs: “Truly Remarkable
Proteins.”

It is our hope that this book will be useful for graduate students in academic laborato-
ries as well as for scientists developing new drugs at Pharma and clinicians interested in
novel drugs in the pipeline.

Long Branch, NJ, USA Arpad Szallasi
Debrecen, Hungary Tamds Biro
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Chapter 1

TRPs to Cardiovascular Disease

José C. Gonzalez-Cobos, Xuexin Zhang, Rajender K. Motiani,
Kelly E. Harmon, and Mohamed Trebak

Abstract

Transient receptor potential (TRP) is a large superfamily of cation channels comprising 28 members in
mammals. TRP channels are ubiquitously expressed in human tissues, including the cardiovascular system
where they have been associated with a number of physiological functions, such as proliferation, contrac-
tion, and migration. TRP channels comprise six large families of cation channels: TRPC, TRPM, TRV,
TRPP, TRPA, and TRPML with diverse ion selectivities and modes of activation. Depending on the iso-
form considered, activation of TRP channels can cause entry of Ca**, Na*, or Mg?* into cells. TRP channels
have recently emerged as attractive drug targets for treatment of cardiovascular diseases since their expres-
sion and/or activation was shown to be disturbed in certain pathophysiological conditions, such as cardiac
hypertrophy and hypertension. In this short review, we will summarize data on the expression of TRP
channels in the three major cell types of the cardiovascular system: cardiomyocytes, endothelial cells, and
smooth muscle cells and will review evidence for the involvement of TRP channels in mediating cardiovas-
cular disease.

Key words: TRP channels, Cation channels, Cardiac hypertrophy, Smooth muscle remodeling,
Endothelium-dependent vasorelaxation, Hypertension, Restenosis

1. Introduction

The cardiovascular system (CVS) comprises the heart muscle and
the vascular system,; its role is to maintain blood flow and secure
oxygen transport and organ perfusion to match the body’s meta-
bolic demand. This function of the CVS is supported by a complex
physiological network that includes both global and local control
levels. While global circuits of control include baroreceptor firing,
humoral factors, and vasoactive hormones secreted in response to
general physiological changes (e.g., blood pressure), local control

Arpad Szallasi and Tamas Bir6 (eds.), TRP Channels in Drug Discovery: Volume Il, Methods in Pharmacology and Toxicology,
DOI 10.1007/978-1-62703-095-3_1, © Springer Science+Business Media, LLC 2012

3



4 J.C. Gonzalez-Cobos et al.

involves cell sensing and integration of specific physiological stimuli
to generate appropriate tissue-specific cellular responses.

The transient receptor potential (TRP) is a large superfamily of
cation channels related to drosophilae trp. The trp gene was
identified from work in Drosophila phototransduction and is
required for proper activation of a phospholipase C (PLC)-
dependent calcium (Ca?*) entry pathway in photoreceptor cells; in
trp mutant flies, activation of photoreceptors developed a transient
PLC-dependent Ca** entry in response to prolonged light stimula-
tion, by comparison to the sustained Ca?* entry observed in wild-
type flies, resulting in impaired vision (1-7). All 28 mammalian
TRP proteins form cation channels with an amazing diversity of
cation selectivity and activation mechanisms (8). Some TRP chan-
nels function as cellular sensors and open upon direct binding of a
ligand while others are activated through PLC-coupled receptors,
such as G-protein-coupled receptors and receptor tyrosine kinase.
The vast majority of TRP channels are nonselective cation channels
that permeate Ca** ions. Notorious exceptions include TRPV5 and
TRPV6 channels which are highly Ca** selective; TRPM6 and
TRPM?7 which are Mg?* selective, and TRPM4 and TRPM5 that
do not permeate Ca?* (9-13).

Since the cloning of the first mammalian TRP nearly two decades
ago, a number of studies contributed greatly to our understanding
of the role of TRP channels in cellular sensory mechanisms and their
implications in diverse physiological functions and pathophysiologi-
cal situations. In this mini-review, we will summarize TRP channel
contributions to the physiology of the cardiovascular system and
their role in the development of cardiac and vascular pathologies.

2. TRP Channels:
Biophysical
Properties and
Activation
Mechanisms

Although all members of the TRP channel superfamily share struc-
tural similarities, such as the presence of six transmembrane (6 TM)
domains with a putative pore forming region between TM5 and
TM6 and cationic permeability, sequence homologies found when
comparing different members can be as low as 20% (14, 15). Based
on sequence homology and functional similarities the 28 TRP
members have been classified into six major families including the
“classical” or “canonical” TRPs (TRPC); the vanilloids (TRPV);
the melastatins (TRPM); the mucolipins (TRPML); the polycys-
tins (TRPP); and the ankyrin transmembrane protein 1 (TRPAL).
A seventh family, TRPN, contributes proteins in flies and worms
but has not been identified in higher organisms (15, 16). The bio-
physical properties and mechanisms of activation proposed for
TRP channels will be briefly discussed below.
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The canonical TRPs comprise seven members (TRPC1-TRPC7)
of nonselective cationic channels (17, 18). This family shares the
biggest similarity with the founding member Drosophila trp and is
therefore referred to as classical or canonical (8). Based on struc-
tural homology, functional similarities, and direct protein—protein
interactions, TRPC channels are further subdivided into four sub-
families: TRPC1, TRPC2, TRPC3/6,/7, and TRPC4 /5 (TRPC1
is sometimes included in the same subfamily as TRPC4/5) (19).
TRPC2, although a pseudogene in humans, is known to encode
functional channels in rodents and lower organisms. (For a com-
prehensive review the reader is referred to (20)). Overall, members
of this family share the general TRP superfamily architectural fea-
tures in addition to particular features, such as cytoplasmic N- and
C-terminus where 3—4 ankyrin-like repeats (ANK1—4) and the
invariant TRP signature motif (EWKFAR) are located, respectively
(18, 21). The TRPC family displays conductances that range from
2 to 75 pico Siemens (pS) with cation permeability ratios P /P
ranging from 1 to 9, with nearly linear current—voltage relationship
showing both inward and outward rectification and reversal poten-
tials at or near 0 mV (0-20 mV), suggesting lack of cation selectiv-
ity (Table 1) (22-25).

Soon after their discovery, all TRPC channels were shown to
be activated by PLC-coupled receptors such as G-protein-coupled
receptors and receptor tyrosine kinases when ectopically expressed
in HEK293 cells, and thus have been proposed to encode the then
elusive store-operated Ca?* (SOC) channels activated by depletion
of inositol-1,4,5 trisphosphate (IP,)-sensitive internal Ca** stores
(18, 26-28). However, the lack of Ca?* selectivity of TRPCs and
the discovery 5 years ago of STIM and Orai proteins as the bona
fide components of the highly Ca?*-selective SOC pathway have
cast doubts on the involvement of TRPCs as SOC channels (for
review see (29, 30)). It is known that PLC activity leads to the
concomitant production of IP, and diacylglycerol (DAG) and the
production of an array of downstream intracellular second messen-
gers; naturally, activation of PLC-coupled receptors can lead to the
development of Ca** currents that could be activated by store-
dependent as well as store-independent mechanisms related to the
production of second messengers downstream the PLC pathway.
In fact, it was promptly recognized that DAG analogues (e.g.,
oleyl-acetyl glycerol; OAG) and endogenous DAG could activate
TRPC3/6/7 currents independently of Ca?* store depletion
(31, 32) (for review see (33)). The exact mechanism of activation
of TRPC3,/6/7 channels by DAG and whether DAG action is a
direct or indirect one remain unknown. One argument in favor of
an indirect action of DAG is the fact that under the cell-attached
configuration of the patch clamp technique, TRPC7 channels
could be activated by OAG, while OAG failed to activate TRPC7
channels in excised patches (34). Clearly, the activation of
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TRPC3/6,/7 by DAG is protein kinase C (PKC)-independent as
PKC exerts a negative regulatory effect on these channels through
phosphorylation (35). Activation of TRPC3/6/7 channels by
phosphatidylinositol phosphates in excised patches has been
reported. In fact, TRPC3/6/7 currents are robustly activated by
application of PI(4,5)P, or ATP, but not by IP, in excised patches
(34). The exact mechanisms of activation of TRPC1 /4 /5 under
physiological conditions of stimulation by PLC-coupled receptors
are even less clear. TRPC5 channels are activated by increases in
local Ca?* originating from Ca?**-selective channels (36). TRPC5
channels are regulated by polyphosphoinositides in a complex
manner. PI(4,5)P, and PI4P can activate TRPCS channels in
excised patches, but are inhibitory in the whole-cell configuration
suggesting that membrane polyphosphoinositides have at least two
independent roles in the regulation of TRPC5 channels (37).
Otsuguro et al. showed that PIP, breakdown is required for the
activation of the a-isoform of TRPC4. However, PIP, depletion
was insufficient for channel opening; an additional requirement for
Ca?* and pertussis toxin-sensitive Gi/o proteins was noted (38).
As mentioned earlier, there is also a large body of literature
suggesting TRPC channels as store-operated in a variety of cell
types including endothelial cells and smooth muscle cells.
Undeniably, all the TRPCs with the exception of TRPC6 were
proposed to be sensitive to store depletion when studied either
under endogenous conditions or overexpression systems (39—44).
However, as pointed out earlier, major advances have been made
regarding the molecular composition and activation mechanisms
of SOC channels. Small interfering RNA (siRNA)-based high
throughput screens coupled to the use of the SERCA pump
inhibitor thapsigargin (to passively deplete the Ca?* stores) by
four independent groups have identified two conserved genes
required for store-operated Ca* entry (SOCE): STIMI and
Orail (mammals have 2 STIMs and 3 Orais encoded by separate
genes) (45-49). While STIM1 is the endoplasmic reticulum
(ER)-resident Ca?* sensor, Orail is the pore forming subunit of
the archetypical SOC channel, CRAC (for Ca?* release-activated
Ca?* current), at the plasma membrane. It is now well accepted
that store depletion is sensed by a low-affinity Ca?* binding EF
hand located in the N-terminus of STIM1 facing the lumen of
the ER resulting in STIM1 oligomerization and translocation to
parts of the ER that are close to the plasma membrane (30, 50,
51). Recently, structure—function studies have identified a mini-
mal conserved 100 amino acid region located in STIMI
C-terminus called STIM1 Orail Activating Region (SOAR)
essential for the STIM-Orai physical coupling required for SOC
channel activation, (For comprehensive reviews the reader is
referred to (29, 52).) It is worth mentioning that in all of the
screens noted above, none of the members of the wider TRP
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2.2. TRPVs

superfamily gave a hit. Muallem and coworkers presented convincing
biochemical evidence suggesting interactions of TRPC1 /2 /4 /5
with the STIM1 ERM domain located in the C-terminus (53-55).
Mutagenesis analysis showed that TRPC/STIMI interactions are
of electrostatic nature and occur in between two charged critical
amino acids contained within the C-terminus of TRPC and
STIMI1 proteins. Other groups have reported the formation of
ternary complexes between TRPCI1, STIMI, and Orail that
appear to be essential for the activation of nonselective channels
in response to store depletion in human salivary gland cells and
human platelets (56-58). However, an extensive study by
DeHaven et al. demonstrated that the function of TRPCI,
TRPC3, TRPC5, TRPC6, and TRPC7 does not depend on
STIM1 or store depletion (59).

The vanilloid TRP channel family contains six members. The name
vanilloid refers to the historical origin of its founding member
TRPVI, first identified in sensory neurons as the extracellular
vanilloid receptor (60). The members of this family are divided in
two groups: TRPVI-TRPV4 and TRPV5,/6 (61). While sharing
the major TRP features (namely, 6TMs with a putative pore
between TM5 and TM6, nonselective cationic permeability with
the exception of TRPV5/6 which are Ca** selective (9, 10)),
TRPV channels can be mainly differentiated by an ankyrin repeat
domain composed of six ankyrin repeats that is located in the
N-terminus, and by a version of the TRP box (VWKYQR) inserted
within the TRP domain in the C-terminus (62-65). While ankyrin
repeats in the N-terminus are believed to assist these channels in
membrane trafficking and tetramerization, the TRP domain
located in the C-terminus is thought to be a PIP, binding site
required for modulation of TRPV channel activity and channel
tetramerization (66—68).

Biophysically, the TRPV family displays differential Ca?* selectivity
expanding from nonselective to highly selective channels. TRPV1,
TRPV2, TRPV3, and TRPV4 form nonselective cation channels with
P /P, values that range from 1 to 12, depending on experimental
conditions. In contrast, TRPV5 and TRPV6 have unusual Ca?* selec-
tivity with P /P values that surpass 100, with current/voltage rela-
tionships displaying inward rectification (9, 10). Pharmacologically, all
TRPVs are inhibited nonspecifically by ruthenium red and TRPV1-3
differentially potentiated by 2-aminoethoxydiphenyl borate (2-APB)
(69-75). As it is the case with other TRPs, TRPVs can also form het-
erotetramers with distinct biophysical properties, thereby contribut-
ing to increased diversity of Ca** signals. This scenario has been
reported for TRPV5 and TRPV6 and other studies suggest similar
interactions between TRPVs and other TRPs (TRPM, TRPA) (76).

In general, TRPVs are polymodally activated channels with the
capacity to integrate an array of physiological signals (77). Although
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the founding member TRPV1 was first described as a chemical
sensor (vanilloid receptor), it is now known that this family of cat-
ion channels is also responsive to other physiological stimuli includ-
ing pain, temperature, osmotic/mechanical forces, lipid messengers,
pH, intracellular Ca?*, and a variety of synthetic compounds (78).
Specifics about the activation mechanisms, gating, and channel
regulation in response to these stimuli are starting to emerge and
structure—function correlations for specific domains have been
assigned. For example, activation of TRPV1 by capsaicin, the active
component of hot chili peppers, has been suggested to occur intra-
cellularly through a tyrosine—serine motif located in the intracel-
lular loop between TM2 and TM3 regions (78). Similarly, TRPV4
sensitivity to phorbol esters, heat, and epoxyeicosatrienoic acid
(EET) is compromised upon mutation of an analogous region
located in the N-terminal end of TM3 (Tyr®® and Ser®*®) (79).
In addition, it has been suggested that responses to mechanical
stimulus are indeed indirectly mediated by the actions of intracel-
lular lipid mediators generated, whereby membrane stretching
induces EET production and TRPV4 activation (80, 81); whether
this lipid messenger acts directly or indirectly on the channel is still
uncertain.

TRPV channels are known to contribute to physiological tem-
perature regulation. Indeed, TRPV1, TRPV2, TRPV3, and TRPV4
channels are sensitive to a range of temperatures from warm to
noxious heat and are collectively referred as thermo-TRPs (82, 83).
Heterologous expression of these channels results in heat sensitiv-
ity with particular thresholds for each temperature-sensitive TRPV
member: 42°C, 52°C, 30°C, and 27°C, for TRPVI through 4,
respectively (See Table 1). It is believed that temperature respon-
siveness is achieved through the C-terminus and the PIP, binding
domain (84). Unlike other TRPVs, TRPV5 and TRPV6 channels
are constitutively active, highly Ca?* selective, and subject to com-
plex Ca**-dependent inactivation mechanisms. They are responsive
to 1,25-dihydroxyvitamin D, and are expressed in the apical side of
epithelial cells consistent with their role in Ca** absorption. They
are involved in renal, placental, and intestinal absorption of Ca?*
among other functions (85-87).

The TRPM channel family is composed of eight members with
extreme functional and genetic diversity and is categorized in three
main groups: TRPM1 /3, TRPM4/5, and TRPM6,/7 (TRPM2
and TRPMS share low sequence homology and have not been
grouped) (88, 89). This family is named after the founding mem-
ber TRPMI1 (melastatin), originally identified as a prognostic
marker for metastasis of melanoma (90). Generally, TRPM chan-
nels share the typical TRP channel architecture including a TRP
box similar to that of TRPCs, found in the C-terminus (65).
However, this family shares a particular 700 amino acid-long
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TRPM homology region located in the N-terminus (91). A feature
unique to this family is the presence of enzymatically active protein
domains in TRPM2, TRPM6, and TRPM7. While TRPM2 has a
C-terminally located cytoplasmic Nudix box, a 22 amino acid-long
consensus catalytic site for pyrophosphatases, TRPM6 and TRPM7
contain a serine/threonine protein kinase domain with homology
to the eEF2 a-kinase family (92, 93).

Similar to TRPVs, TRPM channels display diversity of cation
selectivities and biophysical properties. Overall, all members of this
family are nonselective cation channels with TRPM4 and TRPM5
being Ca’*-impermeable (P /P, <0.05). TRPM unitary conduc-
tances range from ~25 pS for TRPM4,/5 up to ~100 pS for
TRPM3/7 depending on experimental conditions (See Table 1).
Although TRPM channel Ca** permeability is not remarkable, ago-
nist activation of TRPM-mediated currents leads to increased intra-
cellular Ca?* concentration in different cell lines. TRPM channels
are differentially activated by a variety of physiological stimuli and
second messengers including ADP-ribose (ADPR), temperature,
reactive oxygen species, membrane stretching, and intracellular ionic
levels (e.g., Mg?, Ca**) among others (See Table 1) (11, 94, 95).

Of all TRPM family members, TRPMI1 was first to be discov-
ered but not until recently examples of'its function began to appear.
Endogenous TRPM1 currents were described in primary human
neonatal epidermal melanocytes and the magnitude of these cur-
rents correlated with TRPM1 mRNA levels in different melanomas
(96). However, the mode of activation was not specified suggesting
constitutive activity of the channel (97). In addition, TRPMI cur-
rents were suggested to be required for the mediation of the depo-
larizing light response observed in retinal ON-bipolar cells (98).

The first TRPM2 activator identified was ADPR; this mode of
activation was initially proposed given that ADPR was a putative
substrate for the mitochondrial Nudix box-containing pyrophos-
phatase NUDT9 (nucleoside diphosphate-linked moiety X-type
motif 9) (99). It has been suggested that TRPM2 channel activa-
tion might occur independently of activity of its catalytic domain.
Along this line of thought, a splice variant lacking the C-terminus
(TRPM2-AC) was shown to be responsive to H,O, treatment,
but could not be activated by ADPR dialysis (100). Conversely,
subsequent studies suggested that TRPM2 sensitivity to H,O,
was conferred by cytosolic ADPR accumulation originating from
the mitochondria. (For a comprehensive discussion in TRP chan-
nels as oxidative stress sensors the reader is referred to (99)). The
idea of channel/enzyme independence is not unique to TRPM2
and has been proposed for TRPM7; TRPM7 channel activation
occurs independently of autophosphorylation and kinase activity
(101, 102). TRPM7 has been also proposed to be sensitive to
reactive oxygen/nitrogen species, but this mechanism of activation
remains unclear.
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Other modes of TRPM activation include heat, cold, intracellular
Ca?*, and cell membrane stretching (94, 103). TRPM4 (TRPM4b)
and TRPM5 have been reported to be sensitive to warm tempera-
tures and intracellular Ca?* (13, 104). Indeed, TRPM4- and
TRPM5-mediated current amplitudes analyzed at +25 mV display
10-degree temperature coefficient values (Q, ) of 8.5+ 0.6 between
15°C and 25°C arguing for strong temperature dependence; heat
application shifted the activation curve towards negative potentials
in a way analogous to that of TRPV1 (104). These channels have
been also reported to be Ca?**-sensitive although differing in the
level of Ca** sensitivity: in both cases PIP, was identified as a chan-
nel modulator important in the mediation of channel desensitiza-
tion and Ca?* sensitivity. On the other hand, TRPMS8 has been
shown to be activated by cold temperature below 25°C and in
response to the cooling compounds menthol and icilin (103, 105).
In a manner analogous to TRPC5, PIP, differentially behaves as
both a positive and negative TRPMS8 channel modulator. While
the presence of PIP, increases TRMPS8 sensitivity to menthol and
cold, depletion of membrane PIP, causes channel desensitization
(106). This negative feedback mechanism is further amplified by
PLC-coupled receptor activation resulting in PIP, breakdown and
concomitant activation of PKC; PKC is another TRPMS negative
modulator. TRPM3 has been shown to form constitutively active
channels whose activity can be potentiated in response to hypo-
tonic stimulation resulting in membrane stretching (94). In
HEK293 cells expressing TRPM3, application of a hypotonic
extracellular solution (200 mOsm) resulted in a much stronger
increase in intracellular Ca?* concentration as compared to non-
transfected controls. (For a review on TRPM3 variants, ion chan-
nel properties, and modes of activation the reader is referred to
(107).) Most recently, TRPM3 has been also molecularly and
functionally identified in a large subset of small-diameter sensory
neurons from dorsal root and trigeminal ganglia where it supports
the activation of nocifensive responses upon exposure to heat.
This channel was reported to be steeply activated by heat and
TRPM3-deficient animals displayed decreased avoidance to nox-
ious heat (108).

The polycystin family of TRP channels is named after its founding
member polycystic kidney disease-2 (TRPP2), a gene product
mutated in the inherited human disorder known as autosomal
dominant polycystic kidney disease (109). Structurally, this family
of channels contains three members; PKD2, PKD2L1, and
PKD21.2, currently known as TRPP2, TRPP3, and TRPP5, respec-
tively (88). There is another genetically related locus also involved
in polycystic kidney disease which encodes a large membrane
protein (PKD1 or TRPP1) of unknown function. This family is
characterized by structural features that include a putative large
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2.5. TRPA

extracellular loop located between TM1 and TM2, a coil-coiled
domain in the C-terminal region, and a Ca?* binding EF hand
domain found specifically in TRPP2 and TRPP3 (110). TRPP2-
related cation channels display large single-channel conductance
ranging from 40 to 300 pS. In general, TRPP2-like proteins’ P /
P, ratios argue for their capacity to conduct both monovalent and
divalent cations such as Na*, K*, Ba?*, and Ca** with TRPP3 having
the highest Ca** permeability (P /P =4) (111, 112). TRPP2 has
been reported to localize to intracellular compartments and it has
been proposed that TRPP2 plasma membrane localization and
regulation require the formation of TRPP1/TRPP2 signaling
complexes (113, 114).

The ankyrin-rich TRP family consists of only one member TRPA1,
previously known as ANKTMI and P120. Like all other TRP fami-
lies, the TRPAI protein includes six TM spanning domains with a
putative pore structure between TM5 and TM6, with cytosolic N-
and C-terminus. The name ankyrin-rich refers to the structural char-
acteristic of this protein containing up to 18 predicted ankyrin repeats
located in its remarkably long N-terminus (115). These structural
motifs are also present in other TRP channel subfamilies and have
been long implicated in membrane localization, in channel tetramer-
ization, and in the mediation of intramolecular interactions (64).
TRPAI1 channels are activated either directly or indirectly by a variety
of agonists including exogenous pungent compounds (found in edi-
bles like garlic, mustard oil, wasabi, horseradish, and brussels sprouts),
bradykinin, endogenous proalgesic agents, cold, and mechanical
stimuli (reviewed in (116)). TRPA1 is a nonselective cation channel
with P /P of 0.84 and P, / P, of 1.23 with conductances rang-
ing from 40 to0 105 pS (Table 1). Although this channel displays low
Ca** permeability its contribution to the development of physiologi-
cally relevant Ca?* signals has been described. For example, mice with
a deletion of part of the TRPAI protein have been shown to have
impaired Ca?* influx in response to mustard oil and allicin (117-
119). In addition, freshly dissociated trigeminal ganglion neurons
from these mutated animals were insensitive to these inflammatory
mediators resulting in protection from the neurogenic inflammation
observed in wild-type animals (120).

3. TRP Channels
in Cardiovascular
Physiology and
Pathophysiology

Since their discovery, TRP channels have been identified as molec-
ular sensors of remarkable diversity involved in the translation of
sensorial stimuli to electrical signals. These channels have pivotal
roles in senses including vision, hearing, taste, and touch. Changes
in TRP channel expression levels and patterns have been suggested
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as a critical step in mediating pathophysiological responses in a
variety of physiological systems. The contribution of TRP channels
in mediating physiological and pathophysiological responses in the
CVS will be briefly reviewed below.

Physiologically, the heart provides the body with the pressure gra-
dient and blood flow necessary for proper organ perfusion. Control
of blood flow or cardiac output in response to the body’s meta-
bolic demand is accomplished directly by neural and humoral con-
trol of two determinants of the heart performance: heart rate and
cardiac contractility. Inherently, the cardiac rhythm is regulated by
the rate of diastolic depolarization that occurs in the pacemaker
cells of the sinoatrial (SA) node, and disturbances in their electro-
physiological behavior serve as basis for development of cardiac
arrhythmias. Although the conductance responsible of SA node
pacing (hyperpolarization activated current, I,) has been well char-
acterized, whether TRP channel-mediated nonselective cation
conductances contribute to pacemaking regulation downstream of
G-protein-coupled activation is still elusive.

Expression of TRPM4 and all the TRPCs with the exception
of TRPC5 has been reported by RT-PCR in SA node cells and
atrial cardiomyocytes where they have been suggested to mediate
transient inward cationic currents in response to intracellular Ca?
and store depletion, respectively (115, 121). Incubation of SA
node cells with Ca**-free media results in decreased resting intrac-
ellular Ca?* concentrations and pacemaker activity suggesting a
requirement for extracellular Ca?* (122). SA node cell firing rate
was decreased to 27% of that observed in control cells upon treat-
ment with the nonspecific SOC inhibitor SK&F-96356 (122).
These observations coupled to the expression of TRPC channel
family members in SA node cells lead these authors to suggest the
involvement of TRPC-mediated SOC activity in pacemaker activ-
ity. Another group reported increased expression of TRPC3 and
TRPC6 in transgenic animals overexpressing constitutively active
Goq protein; these transgenic animals serve as an animal model of
heart failure and display higher incidence of premature ventricular
contractions that were reduced upon treatment with SK&F-96356
(123). Interestingly, the rate of these episodes was exacerbated by
the use of OAG, a DAG analogue known to activate TRPC3/6,/7,
suggesting a possible role of TRPC channels in regulating cardiac
rhythm and contractility upon sympathetic stimulation.

Delayed depolarization is another electrophysiological abnor-
mality observed in conditions of Ca** overload, and TRPM4 sensi-
tivity to increases in intracellular Ca** makes this protein a potential
player in this condition. A recent study evaluated genetic predispo-
sition factors in three families with autosomal dominant isolated
cardiac conduction disease and identified independent heterozy-
gous missense mutations of the TRPM4 gene in each family
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(Arglo4Trp, Ala432Thr, and Gly844Asp) (124, 125). When
overexpressed in HEK 293 cells, these three mutations resulted in
increased current density that correlated with elevated plasma
membrane TRPM4 channel density secondary to impaired endo-
cytosis and deregulation of Small Ubiquitin MOdifier conjugation
(SUMOylation) (124). The selectively higher expression of TRPM4
in the heart’s conductive system raises the interesting question of
whether this channel is relevant in conditions of normal ventricular
depolarization. Conduction abnormalities can also be secondary to
cardiac fibrosis resulting in the pathogenesis of atrial fibrillation
(AF). Recently, Du et al. reported the requirement of TRPM7 for
development of the Ca?* signal in response to transforming growth
factor (TGF)-B1 in atrial fibroblasts (126). Analysis of cells that
were freshly isolated from patients suffering from AF unveiled a
striking increase in TRPM7-mediated Ca?* current and Ca?* influx
resulting in differentiation of fibroblasts into myofibroblasts. TGE-
Bl-induced differentiation was attenuated by TRPM?7-specific
knockdown suggesting a central role for TRPM7 in fibroblast dif-
ferentiation and induction of fibrogenesis partially responsible for
human atrial fibrillation.

Under certain pathologies such as chronic hypertension and
aortic valve stenosis, the heart muscle initiates compensatory
mechanisms in order to generate enough pressure work to estab-
lish adequate blood flow. These elevated cardiac afterloads that
result in sustained mechanical stress and in vivo pressure overload
are generally compensated for by heart muscle hypertrophy which
in the long term reduces cardiac output. Numerous studies have
argued for the importance of Ca?* signals in the development of
cardiac hypertrophy (121). Early studies reported the upregulation
of Ca?*-sensitive effectors such as calmodulin (CaM)-dependent
kinase (CaMK) and their involvement in the regulation of fetal
gene program reminiscent of failing human hearts (127, 128).
Likewise, overexpression of calcineurin, a Ca**~CaM-dependent
serine /threonine phosphatase, induces massive hypertrophy (129).
Calcineurin dephosphorylates the transcription factor, nuclear fac-
tor of activated T cells (NFAT) family, thereby inducing NFAT
translocation and its association with responsive elements located
in hypertrophic responsive genes (130). The evident role of Ca?*-
dependent transcription factors in the etiology of cardiac hypertro-
phy stimulated the search for the channels required for the
mediation of the Ca®*-dependent hypertrophic response, and as
such several members of the TRPC, TRPV, and TRPM families
have been implicated in the development of this pathology.

Activation of G-protein-coupled receptors is one of the ini-
tial steps involved in the hypertrophic response (131), and
genetic overexpression of Gaq proteins in animal models of heart
failure has been shown to cause upregulation of TRPC3 and
TRPC6 (123). Interestingly, this upregulation has been reported
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to be in part due to TRPC-mediated activation of NFAT signaling,
positively inducing expression through two conserved NFAT
consensus sites located in the TRPC6 promoter (132). TRPC6
upregulation has been also observed in mouse hearts expressing
constitutively active calcineurin or in response to pressure over-
load. Conversely, knockdown of TRPC6 has been associated with
decreased hypertrophy observed downstream of endothelin-1
and angiotensin II receptor activation (132). Angiotensin
II-induced Ca? influx has been shown to be mediated by TRPC3
and TRPC6 in rat neonatal cardiomyocytes and knockdown of
either of these proteins resulted in complete abrogation of angio-
tensin II-induced hypertrophy (133). These results raise the pos-
sibility of the existence of functional DAG-sensitive TRPC3 /6
heterotetramers that would be capable of providing the Ca** sig-
nals that drive hypertrophy. Another study implicated TRPC3-
mediated Ca?* entry in cardiac hypertrophy. In this study it was
shown that TRPC3 knockdown by siRNA resulted in decreased
expression of hypertrophy-associated genes such as atrial and
brain natriuretic peptides (ANP and BNP), with no effect on
genes controlling cardiomyocyte size and contraction (134).

TRPCI has also been proposed to somehow contribute to the
hypertrophic response (135). It is believed that TRPCI contribu-
tion to hypertrophy is mediated by heteromultimeric interactions
with other TRPC members given the poor plasma membrane
expression of TRPCI in ectopic expression systems; plasma mem-
brane localization of TRPCI channel occurred only when it was
co-expressed with other TRPC family members (136). However,
another study that targeted hypertrophic signals downstream of
another G-protein-coupled receptor SHT,, reported the selective
upregulation of TRPCI, but not TRPC6 in response to 5-hydroxy-
typtamine (5HT) stimulation (137). In addition, knockdown of
TRPCI proteins resulted in diminished cardiac hypertrophy and
TRPCI1-deficient animals have been reported to be protected
against pressure overload and hypertrophic response. Although it
is established that TRPC3 /6 opening in response to receptor acti-
vation is mediated through DAG, it is not clear what signal is
mediating TRPC1 activation and its contribution to cardiac hyper-
trophy. A number of reports have suggested TRPCI1 as a store-
operated channel and that TRPC1 sensitivity to Ca?* store
depletion is conferred by the ER-resident Ca?* sensor STIM1 (for
review see (53)). Most recently, it was reported that the hypertro-
phic stimuli endothelin-1, phenylephrine, and angiotensin II
upregulated TRPCI1 proteins without altering STIM1 expression
levels (138). However, knockdown of STIMI prevented TRPC1
upregulation and NFAT nuclear translocation (138). It remains
unclear whether the lack of NFAT nuclear translocation is due to
STIMI1 knockdown or to the fact that TRPCI1 upregulation was
prevented.
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3.2. TRP Channels
in the Endothelium

TRPM4 and TRPVI have also been implicated in the
development of several cardiac pathologies including hypertro-
phy, fibrosis, and remodeling. Increased TRPM4 protein levels
were reported in cardiac hypertrophy induced in spontaneous
hypertensive rats; increased TRPM4 levels correlated with the
development of TRPM4-like currents that were not otherwise
measurable in control animals (139). TRPV1 protein levels
were also upregulated in animal models of hypertrophic cardiac
failure (140). In these animals an evident increase in ventricle-
to-body weight ratio was observed with significant linear cor-
relation with TRPV1 transcripts. TRPV1~~ animals displayed
decreased hypertrophy and decreased fibrosis, suggesting that
TRPV1 channel is important in the pathogenesis of genetically
associated heart hypertrophy (140). For a comprehensive sum-
mary of TRP channels and their physiological and pathophysi-
ological implications in the heart, see Table 2.

The innermost layer of the vessels, the endothelium, is the interphase
between the blood and the interstitial compartment and is known to
integrate variables such as intramural pressure, shear stress, and
inflammatory stimuli to control physiological and pathophysiological
responses of the vascular system. The endothelium is a continuous
monolayer of cells that tightly adhere to each other and to the basal
lamina to establish a selective but permeable structure, dividing the
blood components from the parenchymal tissue. It is the balance of
cell—cell junction integrity between endothelial cells and the contrac-
tile forces generated within these cells that is critical for the transcel-
lular pathway of endothelial permeability. Any signal that results in
endothelial cell barrier destabilization such as thrombin and hista-
mine causes a decreased barrier function increasing the interendothe-
lial gap resulting in increased permeability. Abnormal barrier function
results in infiltration of plasma, cells, and proteins and is widely
observed under conditions of pulmonary edema, tissue inflammation,
and atherosclerosis (141).

Endothelial cells are non-excitable cells and express a variety of
Ca?* channels that respond to PLC-coupled receptor stimulation.
These responses are mediated by activation of store-dependent and
store-independent Ca?* channels. TRP channels, in particular
TRPCs, are found ubiquitously expressed in endothelial cells from
vessels of different calibers and their physiological contributions
are starting to emerge (reviewed in (141)). A variety of agonists
including inflammatory mediators such as thrombin, histamine,
and several growth factors such as vascular endothelial growth fac-
tor (VEGF) have been recognized as agents affecting barrier func-
tion. These factors are believed to elicit the activation of intracellular
Ca?* signals that activate myosin light chain kinase (MLCK) lead-
ing to endothelial cell permeability. A different view has been pro-
posed suggesting that rise in intracellular Ca?* signals to cytoskeleton
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TRP channel physiological and pathophysiological implications

Physiology

Pathophysiology

Heart
TRPC1
TRPC2

TRPC3

TRPC4

TRPC5
TRPC6

TRPC7

TRPM4

TRPM7

TRPV1

TRPV2
TRPV4

TRPA1

TRPP2

Regulation of pacemaker firing rate in mouse
sinoatrial node (294)

Regulation of pacemaker firing rate in mouse
sinoatrial node (294)

Regulation of pacemaker firing rate in mouse
sinoatrial node (294)

Regulation of pacemaker firing rate in mouse
sinoatrial node (294)

Regulation of pacemaker firing rate in mouse
sinoatrial node (294), contractility via the
o-(1A)-AR-Snapin-TRPC6-pathway (302)

Regulation of pacemaker firing rate in mouse
sinoatrial node (294)

Activating cardiac nociceptors by detection of
tissue ischemia (305)

Regulation of Ca?* in cardiac fibroblasts (306)

Mediate cardiac mechanotransduction via
Painless-TRPA channel (308)

Induces left-right heart asymmetry development

during embryogenesis (309)

Cardiac hypertrophy (135, 295, 296),
dilated cardiomyopathy (297, 298)

Cardiac hypertrophy (299), hyperten-
sion (300), dilated cardiomyopathy
via increased CaMKII activity and
Nox-mediated oxidant production
(301), hypertrophy of rat neonatal
cardiomyocytes via angiotensin
II-induced Ca®* entry, and NFAT
nuclear translocation (133)

Heart failure (299)

Hypertrophy of rat neonatal cardiomyo-
cytes via angiotensin II-induced Ca?*
entry and NFAT translocation (133),
cardiac hypertrophy (132), heart
failure (132)

Cardiac arrhythmias (303), cardiac
hypertrophy (303), limiting cat-
echolamine release from chromaffin
cells leading to increased sympathetic
tone and hypertension (304)

TGF-B1-elicited fibrogenesis in human
atrial fibrillation (126)

Cardiac hypertrophy (140)
Cardiac myopathy (121)

Hypertension, enhanced myogenic
tone, and vascular remodeling (307)

Cardiac septation defects (310)

(continued)
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Table 2
(continued)
Physiology Pathophysiology
Endothelium
TRPC1 Endothelial permeability (induced by TNFa)
(311, 312)
TRPC2 Enhanced ATP-dependent Ca* influx in ewe
uterine artery endothelial cells via
pregnancy-enhanced interaction between
TRPC3 and IP_R2 (313)
TRPC3 Monitor oxidative stress (314)
TRPC4 Endothelial permeability in the lung (146), Angiogenesis (mediated by VEGF)
hypoxia-induced vascular remodeling (315), (317)
vascular tone (148), endothelium-dependent
vasorelaxation, control of paracellular
endothelial permeability (146), cystic fibrosis
transmembrane conductance regulator (CFTR)
function in vascular endothelial cells (316)
TRPC6 Endothelial permeability (induced by VEGF)
(151)
TRPM2 Oxidative stress-induced endothelial permeability
(154)
TRPM7 Modulation of the angiogenic phenotype of
human microvascular endothelial cells (318)
TRPV1 Vascular tone (319)
TRPV4 Vascular tone (320), vasodilation of mesenteric Ciliary beating frequency regulation
arteries in response to endothelial-derived in association with COPD (321)
factors (164)
TRPA1l Endothelium-derived vasodilation (166)
TRPP1 Fluid-flow sensation by the primary cilium in
renal epithelium (162), NO production (322)
Fluid-flow sensation by the primary cilium in
TRPP2 renal epithelium (162), NO production (322)
VSMCs
TRPC1 Vascular smooth muscle cell proliferation (323),  Vascular occlusive disease (178)

TRPC3

TRPC4

pulmonary smooth muscle cell proliferation
(324), contractility (168), luminal injury
response (178)

UTP-induced depolarization and constriction of  Idiopathic pulmonary arterial hyperten-
cerebral arterial smooth muscle cell (214), sion (183)
TNEFa-induced enhancement of Ca?* mobilization
in airway smooth muscle cells (325), regulation
of myometrial intracellular Ca** during
parturition and labor (326)

Regulation of myometrial intracellular Ca?* during
parturition and labor (326), gastrointestinal
smooth muscle cell pacemaker oscillations
(327), mICAT-regulated small intestinal
motility (173)

(continued)
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Table 2
(continued)

Physiology Pathophysiology

TRPC5 Mediation of sphingosine-1-phosphate-induced
migration (176), smooth muscle relaxation via
enhanced NO production (328)
TRPC6 mICAT-regulated small intestinal motility (173), Hypoxic pulmonary vasoconstriction
regulation of myogenic tone (329) (330), chronic hypoxia-induced
pulmonary artery smooth muscle cell
(179), idiopathic pulmonary arterial
hypertension (183), mucus secretion
in COPD (331)
TRPM3 Contraction and proliferation (332)
TRPM4 Pressure-induced depolarization, vasoconstriction
(195), auto-regulation of cerebral blood flow
(214)
TRPM7 Magnesium homeostasis during proliferation in Hypertension (335)
response to angiotensin II (197), mediation
of proinflammatory bradykinin signaling in
vascular smooth muscle cell (333), interstitial
cells of Cajal (ICC) pacemaker activity (334),
defective vascular remodeling (335)
TRPMS8 Cooling-induced contraction of the gastric
fundus (336)
TRPV1 Gracilis arteriolar constriction (187) Hypoxia-induced proliferation of
pulmonary artery smooth muscle
(188), renal hypertension (337)
TRPV2 Hypotonic response of nonselective cation channel
in murine vascular myocytes (70)
TRPV4  Vasodilation of mesenteric arteries in response to ~ Asthma (338)
endothelial-derived factors (164)
TRPP1 Fluid-flow sensation by the primary cilium in renal
epithelium (162), NO production (322)
TRPP2  Fluid-flow sensation by the primary cilium in renal
epithelium (162), NO production (322)

CaMKII, Ca?*/calmodulin-dependent protein kinases II; Nox-mediated ROS, NADPH oxidase-mediated reactive
oxygen species; ROCE, receptor-operated calcium entry; NFAT, nuclear factor of activated T cells; o (1A)-AR-Snapin-
TRPC6-pathway, o (1A)-adrenergic receptor-SNARE-associated modulatory protein; TGF-betal, transforming growth
factor beta 1; Ca*, calcium; ATP, adenosine triphosphate; IP R2, inositol 1,4,5-triphosphate receptor 2; VEGF, vascu-
lar endothelial growth factor; COPD, chronic obstructive pulmonary disease; UTD, uridine triphosphate; mICAT,
muscarinic receptor-induced cation current; S1P, sphingosine-1-phosphate; NO, nitric oxide
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organizing proteins causes destabilization and turnover of the
cell—cell adherens junctions and subsequent endothelial permeabil-
ity. Regardless of the downstream mechanisms resulting in endothe-
lial permeability, it has been proposed that Ca** influx is required
for this process and that members of the TRPC, TRPM, and TRPV
subfamilies have been considered as molecular candidates that
mediate this Ca?* influx (142). Indeed, early studies conducted on
both in vitro and in vivo models suggested the requirement of Ca?*
influx for endothelial permeability since Ca?* chelation with quin-2
was able to reduce by 50% the thrombin-induced increase in
transendothelial **I-albumin permeability (143).

TRPCI has been suggested to be activated downstream of
thrombin stimulation following a store-dependent mechanism to
modulate the endothelial barrier function (144). Arguing for the
relevance of store depletion in the development of the Ca?* signal
required for endothelial permeability, earlier studies reported that
the increased Ca?* influx associated with inhibition of the SERCA
pump by thapsigargin or 2,5-di(tert-butyl)-1,4-benzohydroqui-
none (BHQ) could recapitulate the hyperpermeability and stress
fiber formation observed in response to inflammatory mediators
(143, 145, 146). Despite repeated attempts by our laboratory, we
failed to observe an enhanced endothelial permeability in response
to thapsigargin reminiscent of that observed with thrombin
(unpublished). In human pulmonary artery endothelial cells knock-
down of TRPCI resulted in significant SOC abrogation (147).
Similarly, another study reported that SOC activation in mouse
macrovascular endothelial cells isolated from TRPC4-deficient
mice was significantly abrogated, which correlated with a 50%
decrease in maximal lung vascular permeability (146, 148).
Endothelial cells obtained from TRPC4-deficient animals display
poor Ca?* signals in response to thrombin or PAR-1 activating pep-
tide (146). Heteromultimers of TRPC4 and TRPCI1 were pro-
posed to mediate SOC and thrombin-stimulated hyperpermeability
in endothelial cells (149). As pointed out earlier, the idea of TRPCs
as SOCs remains largely controversial, especially after the discovery
of STIM1 and Orail, two proteins that together recapitulate the
archetypical Ca?*-released activated Ca* (CRAC) current origi-
nally described in leukocytes. Our laboratory has previously shown
in human umbilical vein and pulmonary artery endothelial cells
that passive store depletion with either BAPTA or thapsigargin
leads to the development of small CRAC currents that display
amplification in divalent free solutions and typical inward
rectification (150). In these cells knockdown of Orail and STIM1,
but not TRPC1 or TRPC4, completely abrogated SOC channel-
mediated Ca** influx and CRAC currents.

Other factors known to influence endothelial permeability
include VEGF and reactive oxygen species. TRPC6-mediated Ca?*
influx has been associated with RhoA-dependent changes in
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endothelial cell shape observed in response to modulators of
endothelial permeability (151). In human microvascular endothe-
lial cells, TRPC6-like cation conductances can be activated down-
streamof VEGFreceptor;these currentsrecapitulate VEGF-activated
TRPC conductances recorded from cells ectopically expressing
VEGFR2 and TRPC3 or TRPC6 (151, 152). Similarly, TRPM2, a
ROS-sensitive TRP, has been shown to contribute to pulmonary
artery endothelial barrier regulation (153). Knockdown of TRPM2
with siRNA reduced the H,O,-induced increase in endothelial per-
meability (154, 155). A short TRPM2 variant that lacks the pore
domain acted as dominant negative and significantly inhibited
endothelial permeability (155). TRPM4 has also been suggested
to somehow regulate barrier function. A rat model of secondary
spinal hemorrhage induced by spinal cord injury is characterized
by disruption of capillary integrity which contributes to post-
trauma secondary hemorrhage (156). In this animal model, knock-
down or knockout of TRPM4 caused a reduction in secondary
hemorrhage observed upon injury (156).

Endothelial cells are subjected to biomechanical forces exerted
by the phasic blood flow occurring during the cardiac cycle. These
hemodynamic forces can be in the form of intramural pressure,
resulting in arterial strain, and shear stress. Differences in fluid flow
lead to differences in endothelial phenotypes but in some cases can
lead to development of vascular pathologies (157). For example,
high physiological shear stress contributed by laminar blood flow
correlates with the synthesis of vasoactive mediators such as nitric
oxide (NO) and prostacyclin that contribute to the antithrombotic
endothelial properties and smooth muscle homeostasis (141, 158).
In contrast, low shear stress or turbulent flow correlates with
endothelial dysfunction and formation of atheromatous lesions
(159). Although direct correlation has been observed between
fluid flow and endothelial phenotype, the mechanical stress sensor
has not been unveiled. Many proteins and cellular signaling com-
ponents such as G proteins, cytoskeleton, focal adhesion proteins,
and mechanosensitive ion channels have been suggested to serve as
local cellular sensors of mechanical stimulation. The polymodal
nature of TRP channel activation and their known contribution to
physiological functions have made them attractive candidates as
sensors of mechanical inputs in endothelia.

The endothelial response to shear stress includes the elevation
of intracellular Ca?* concentrations via both intracellular Ca?
release and subsequent entry through plasma membrane Ca®*
channels. This response has been shown to be inhibited by strong
extracellular Ca?* buffering or by the use of TRP channels inhibi-
tors (153). TRPV4 channels have been proposed to mediate the
Ca?* influx that occurs in response to shear flow resulting in arterial
dilation (61). Studies demonstrated that both shear flow and
4o-phorbol 12,13-didecanoate (4a-PDD), a TRPV4 activator,
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were able to vasodilate carotid arteries and this effect could be
abrogated by employing a nonselective TRP channel, ruthenium
red. Similarly, it was shown that flow-induced endothelium-depen-
dent arterial dilation was greatly reduced in TRPV4~~ mice (160).
Despite these early reports suggesting TRPV4 mechanosensitivity,
it was later reported that TRPV4 sensitivity to membrane stretch
was mediated by activation of a swelling-sensitive phospholipase
A2 and secondary production of arachidonic acid and its metabo-
lites (80). Specifically, the TRPV4-mediated vasodilatory effect was
dependent on the epoxygenase activity of cytochrome P, result-
ing in the generation of EETs, previously reported to activate
TRPV4 channels (161). These results question the ability of
TRPV4 to be a mechanoreceptor per se, but highlight a role for
this channel as a component of flow-induced vasodilatory response.
Other examples of TRP channels as mechanosensors include
TRPP1 and TRPP2. Mutations in the pkdl and pkd2 genes, which
encode TRPP1 and TRPP2 respectively, lead to autosomal domi-
nant polycystic kidney disease (109). In the kidney, TRPP1 and
TRPP2 localize to the primary cilium membrane where they have
been shown to play a flow-sensing role (162). Similarly, these cili-
ary structures have been reported in endothelial cells and contain
TRPP1 and TRPP2 proteins. Knockdown of these proteins was
reported to drastically abrogate the typical Ca?* signal and NO
production observed upon shear stress stimulation (163). Most
interestingly, primary cilium formation in endothelial cells is stimu-
lated in areas of turbulent flow while cilium formation is inhibited
in areas of laminar flow, perhaps serving as a signaling mechanism
to hinder the progression of endothelial dysfunction. Although the
presence of other TRP channels in ciliary structures in endothelial
and smooth muscle cells has not be reported, their contribution in
physiological signal sensing is an interesting question waiting to be
answered.

Physiologically, the endothelium can modulate the vascular
tone by synthesizing a variety of vasoactive compounds that can
exert their functions on vascular smooth muscle cells (VSMCs)
located in the medial or intermediate layer. Engagement of vasoac-
tive compound receptors in VSMCs results in Ca?* influx required
for smooth muscle contraction. Similarly, the synthesis of second
messengers such as NO and endothelium-dependent hyperpolariz-
ing factors (EDHFs) contributes to the control of vascular tone by
their direct vasodilatory eftect on VSMCs. The production of these
vasodilators depends on the development of intracellular Ca?* sig-
nals, whereby rises in intracellular Ca** activate NO synthase and
phospholipase A2 resulting in the production of NO and EETs
(EDHEF), respectively. Once produced, NO diffuses to nearby
VSMCs resulting in the activation of cytosolic guanylate cyclase to
reverse the Ca*-dependent pathways resulting in muscle relaxation
(115, 141).
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Data obtained with both TRPC4 and TRPV4 knockout animals
showed reduced Ca?* signals downstream receptor stimulation of
endothelial cells; these results also correlated with diminished
endothelium-dependent vasorelaxation observed in these animals
(148, 164). In freshly isolated cerebral myocytes, Earley et al.
showed that outwardly rectifying whole-cell currents activated by
the TRPV4 agonists 4a-PDD and the endothelium-derived arachi-
donic acid metabolite 11,12 epoxyeicosatrienoic acid (11,12 EET)
had biophysical properties consistent with those obtained from
ectopically expressed TRPV4 channels (164, 165). Activation of
these Ca?* channels correlated with an increased frequency of uni-
tary Ca®* release events via ryanodine receptors (Ca?* sparks) lead-
ing to the activation of spontaneous transient outward currents
(STOCs) resulting in smooth muscle relaxation (165). A more
recent study by Earley and coworkers suggested that TRPA1 causes
endothelium-dependent vasodilation and that Ca?* entry through
endothelial TRPAI channels causes vasodilation of cerebral arteries
via activation of endothelial Ca**-activated K* channels and artery
smooth muscle inwardly rectifying K* channels. Stimulation of
TRPAI, found expressed in endothelial cell membrane projections
proximal to vascular smooth muscle cells, by the mustard oil com-
ponent, allyl isothiocyanate (AITC), induced dilation of pressur-
ized vessels and caused decrease in smooth muscle intracellular
Ca?*; AITC-induced dilation was reduced by disruption of the
endothelium (166). Unlike TRPV4 and TRPA1, the TRPV1 con-
tribution to endothelium-dependent vasorelaxation has been
explained by its capacity to induce NO production (166).

All seven members of the TRPC family, TRPC1-TRPC7, have been
reported to be expressed in smooth muscle cells from various vascu-
lar beds (167). With the exception of TRPC2, a pseudogene in
humans, all other TRPCs are known to form functional channels in
some type of smooth muscle cells (20). As discussed previously,
TRPC proteins have been suggested to form both SOC channels
and receptor-activated channels in smooth muscle cells. Several
studies have proposed that these channels help regulate vascular
tone upon stimulation with vasoactive compounds such as angio-
tensin I, vasopressin, norepinephrine, and endothelin-1 (168-
170). One of such examples is the activation of TRPC1 and TRPC6
upon stimulation with angiotensin II in freshly isolated mesenteric
artery smooth muscle cells from rabbit (169). These studies sug-
gested that low and high concentrations of angiotensin II can acti-
vate two different conductances in these cells (169). Using
antibodies targeting TRPC1 and TRPC6 it was suggested that these
conductances were contributed by TRPCI1 and TRPC6 channels
(169). Similarly, it has been shown that antibody against TRPC1
can reduce endothelin-1-induced smooth muscle cell contraction
(168). In canine subarachnoid arteries, antibodies targeting either
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TRPCI1 or TRPC4 were shown to inhibit Ca?* entry and vasocon-
striction induced by endothelin-1 (171). The role of TRPCI in
mediating endothelin-1-induced Ca?* entry was confirmed in rat
aortic smooth muscle cells subjected to TRPC1 knockdown (172).
Acetylcholine has been reported to activate TRPC4 and TRPC6 in
smooth muscle cells lining the gastrointestinal tract which in turn
regulate smooth muscle cell contraction and gastrointestinal motil-
ity (173). Another report suggested that IP, can induce vasocon-
striction in cerebral arteries via activation of channels contributed
by TRPC3; IP, caused IP, receptor-dependent activation of TRPC3
independently of Ca?* release from the SR. TRPC3-mediated Na*
entry and subsequent membrane depolarization were proposed to
induce Ca?* entry in smooth muscle via voltage-dependent Ca?*
channels and cause vasoconstriction (174). Muscarinic stimulation
by agonists like acetylcholine has been shown to activate TRPC5
currents in smooth muscle cells obtained from murine stomach
(175). In addition, it was proposed that sphingosine-1-phosphate
can activate TRPC5 which in turn can regulate vascular smooth
muscle cell motility (176).

Apart from contractility, a frequent cause of many smooth
muscle cell-related disorders is the phenotypic switching of these
cells from quiescent contractile cells to synthetic proliferative and
migratory cells. The expression of TRPC channels has been
reported to be increased in the synthetic smooth muscle cells in
comparison to quiescent cells (158, 177). TRPC1l has been
reported to be involved in mediating diseases contributed by pro-
liferative VSMC phenotypes such as restenosis, atherosclerosis, and
pulmonary hypertension (177-179). The expression of TRPCl1
was reported to be increased upon balloon angioplasty in internal
mammary artery (180). TRPC1 was proposed to contribute to
VSMC remodeling in vivo upon vascular injury in human saphen-
ous vein as antibody targeting TRPCI1 was able to significantly
reduce neointima formation (178). Similarly, TRPC1, TRPC3,
TRPC4, and TRPC6 have been implicated in the development of
pulmonary hypertension (179, 181). In an animal model of
hypoxia-induced pulmonary hypertension TRPC1 and TRPC6
were reported to be upregulated and it was shown that their expres-
sion is regulated by hypoxia inducible factor 1(HIF1) (182-184).
Additionally, it was reported that mitogenic activities of ATP in
human pulmonary smooth muscle cells are at least in part medi-
ated via increased expression and activation of TRPC4 channel
(185). These data suggest a potential involvement of TRPC4 in
phenotypic switching of pulmonary smooth muscle cells in response
to mitogenic stimulation and subsequent development of pulmo-
nary hypertension. Similarly, the expression of TRPC6 has been
reported to be upregulated in pulmonary artery smooth muscle
cells obtained from rats with hypoxic pulmonary hypertension
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(179). Human pulmonary artery smooth muscle cells obtained
from patients with pulmonary arterial hypertension have elevated
expression and activity of TRPC3 and TRPC6 (183). Importantly,
knockdown of TRPC6 using siRNA significantly attenuated the
proliferation of these cells suggesting that the increase in TRPC6
expression can contribute to the development of pulmonary hyper-
tension (183).

Out of six TRPV channels, four TRPVs (TRPVI-TRPV4)
have been reported to be expressed in smooth muscle cells from
various vascular beds and visceral organs (186). TRPV1 channel is
the capsaicin receptor, the active ingredient of hot chili pepper, in
smooth muscle cells (60). It has been reported that capsaicin can
directly act on smooth muscle TRPV1 channels and can induce
vasoconstriction in isolated rat gracilis arterioles (187). This sug-
gests that TRPV1 can regulate vasoconstriction upon exposure to
dietary ligands. Moreover, TRPV1 expression is reported to be
increased in human pulmonary artery smooth muscle cells sub-
jected to hypoxic conditions (188). This increased TRPV1 expres-
sion resulted in elevated levels of Ca?* influx which in turn resulted
in higher cell proliferation (188). Using capsazepine, a TRPV1
antagonist, these authors further demonstrated that inhibition of
TRPVI1 can decrease hypoxia-induced Ca?* influx and the result-
ing increase in smooth muscle cell proliferation (188). Contrary
to TRPV1, TRPV2 has been reported to be an osmotic sensor in
mouse aortic smooth muscle cells (70). Muraki et al. demon-
strated that hypotonic swelling of aortic smooth muscle cells
results in activation of a Ca** current mediated by TRPV2 (70),
therefore suggesting a potential role for TRPV2 in regulating
pressure-induced vasoconstriction. TRPV4 is known to be involved
in regulating vasodilation (165). As discussed above, TRPV4 is
activated by EETs which are vasodilators released by endothelial
cells and can hyperpolarize smooth muscle cells (165); activation
of TRPV4 in cerebral artery smooth muscle cells by EETs causes
hyperpolarization and subsequent dilation of the arteries (165).
Similar role for TRPV4 has been also reported in mesenteric artery
smooth muscle cells. Using TRPV4 knockout mice, Earley et al.
convincingly showed that EET- mediated vasodilation of mesen-
teric arteries was present in wild-type mice but not in TRVP4
knockout mice (164).

With the exception of TRPM1, all other TRPM family mem-
bers have been reported to be expressed in pulmonary artery and
aorta (186, 189). Although several TRPs can be activated by oxida-
tive stress, TRPM2 appears to be most important player involved in
mediating oxidant effects (91). Several groups have suggested a
potential role for TRPM2 in a plethora of pathophysiological out-
comes arising from oxidant-induced vascular injury such as cerebral
ischemia and stroke (190-194). Similar to TRPV2, TRPM4 has
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been demonstrated to play a very important role in pressure-induced
vasoconstriction via smooth muscle depolarization. Downregulation
of TRPM4 in intact cerebral arteries results in significant reduction
in smooth muscle cell depolarization and pressure-induced vaso-
constriction (195). TRPM6 and TRPM?7 are involved in magne-
sium (Mg?**) homeostasis. Mg?* is known to play a very important
role in vascular smooth muscle cell growth, in vascular remodeling
upon injury, and in hypertension (196). Mg?** is also reported to
inhibit vascular contractility induced upon stimulation with ago-
nists. Using angiotensin II and aldosterone, He et al. showed that
upon treatment with these vasoactive compounds the plasma mem-
brane expression of TRPM7 was increased in rat VSMCs (197).
Along with its expression level, TRPM?7 activity was also enhanced.
The resulting increase in intracellular concentration of Mg?* was
proposed to cause increased VSMC proliferation (197); these
authors showed that knockdown of TRPM7 resulted in decrease in
both Mg?* levels and cell proliferation (197). TRPMS8 has been
reported to be expressed in rat aortic artery, mesenteric artery, and
pulmonary artery smooth muscle cells (198). Johnson et al. showed
that activation of TRPMS8 with menthol and icilin causes dilation of
preconstricted rat mesenteric artery and thoracic aorta. These
authors further confirmed that the dilation was mainly due to acti-
vation of TRPMS expressed on smooth muscle cells as dilation was
independent of nitric oxide synthase activity and endothelium
removal (198).

4. Concluding
Remarks

Table 1 summarizes the biophysical properties and different activa-
tors and inhibitors of TRP channels, while Table 2 shows the phys-
iological functions where TRPs were shown to play a role and the
disease states where TRP channels are involved. Much has been
learned about TRP channel mechanisms of regulation and roles in
disease progression since their discovery almost two decades ago.
Yet, the exact activation mechanisms and physiological function of
many TRP isoforms remain unclear. The potential of TRP chan-
nels to heteromultimerize and form a large repertoire of native
cation channels in different cell types with distinct biophysical
properties, pharmacology, and mode of activation highlights the
need for continued research on this highly ubiquitous family of
proteins. Future studies are likely to unravel novel TRP channel
heteromultimers, additional physiological functions, and disease
conditions where TRP isoforms play a major role and bring us
closer to fulfill the potential of TRP proteins as targets for human
disease therapy.
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Chapter 2

Anemic Zebrafish Models of Cardiomyopathy

Xiaojing Sun and Xiaolei Xu

Abstract

Cardiomyopathy refers to the cardiac remodeling process in response to a variety of intrinsic and extrinsic
stimuli that stress the heart. To discover novel therapeutic strategies for the disease, we are establishing and
characterizing adult zebrafish models of cardiomyopathy. One of the models is #7265/t7265, a line that
becomes anemic due to a mutation that ablates erythroid-specific Band 3 protein. Although Band 3 does not
express in the heart, the chronic anemic stress induces profound cardiac enlargement and cardiomyopathy-
like pathogenesis. Phenylhydrazine hydrochloride (PHZ)-induced anemia model has been established
which enables application of anemia stress to any adult fish. In this chapter, we provide detailed information
on generation of two anemic models in zebrafish; measurement of the anemia level; determination of enlarged
hearts in either organ level or cellular level; and detection of cardiomyocyte hyperplasia, as well as survival rate
recording. The protocols described here can be applied to other adult zebrafish models of cardiomyopathy.

Key words: Zebrafish, Anemia, Tr265, Cardiomyopathy, Phenylhydrazine hydrochloride (PHZ)

1. Introduction

A heart remodels in response to a variety of extrinsic and intrinsic
stimuli that impose biomechanical stresses. During the compensa-
tional remodeling phase, a heart can adapt itself to deal with
stresses by increasing the size of cardiomyocytes. Initially, this
adaptive response improves cardiac function. However, sustained
stresses trigger a switch from compensational to decompensational
remodeling, which is followed by cardiomyopathy and heart fail-
ure (1). The hallmarks of cardiomyopathy in humans include
enlargement of individual cardiomyocytes, decreased cardiac func-
tion, disarray of myofibrils, fibrosis in the extracellular matrix, and
re-activation of fetal transcriptional programs (1). Various model
organisms have been utilized to understand the molecular mecha-
nisms of cardiomyopathy. Larger mammals, such as cats, dogs,
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pigs, and primates, boast similar cardiac physiology to that of
humans, but genetic manipulation is difficult (2). Therefore,
smaller mammals (e.g., mice, rats, and rabbits) are the major ver-
tebrate models for molecular genetic studies of cardiomyopathy
(3). To facilitate the identification of novel genes and signaling
pathways by forward genetic screen, Drosophiln has been adopted
to study heart diseases (4). However, its primitive heart structure
prevents it from being a bona fide model to accurately recapitulate
cardiac hypertrophic responses. Acclaimed as Drosophila in the
vertebrate, the zebrafish model has proven to be convenient for
forward genetic screens (5, 6). Additionally, since small molecules
can be absorbed through their skin (and later gills), zebrafish are
ideal for chemical screens to discover novel therapeutic drugs (7).
Despite these potential advantages and its wide application in
studying cardiogenesis (8), zebrafish is still an under-utilized
organism for studying cardiac remodeling in adults (9).

To generate the first adult fish model of heart failure, we char-
acterized the zebrafish mutant #7265/t7265 (10) whose Band 3
mutation disrupts erythrocyte formation and results in anemia
(11). Chronic anemia imposes biomechanical stress to the heart and
results in cardiomegaly (Fig. 1). Despite their anemic condition,

Fig. 1. Chronic anemia induces enlarged heart in r265/tr265 zebrafish. (a, b) Cardiomegaly is noted in a week-8 {r265/
tr265fish (b) but not wild-type sibling (a). Arrowheads indicate the heart region. (¢, d) Dissected hearts of either the sibling
(c) or tr265/tr265 fish (d). A atrium, Vventricle, OFT out flow tract. Bar=1 mm.
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Survival: 100% 50% 10%
Week 2 Week 6 Week 14
A A A
Week 9 Muscular disarray
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Day 4 Week 16

Fig. 2. Time course of cardiac remodeling events in #r265/tr265. Chronic anemia stress
starts at day 4. Increased ventricular size can be detected at week 3, consisting of both
myocyte hypertrophy and myocyte hyperplasia. Muscular disarray is detected from week
9 and thereafter, while oncosis is detectable starting from week 7. Large cardiomyocytes
disappear at week 12, while proliferation of cardiomyocytes is detectable in ir265/tr265
throughout its lifespan.

tr265/tr265 can survive to adulthood and reach sexual maturity.
The following time course of cardiac remodeling events is shown
in Fig. 2: chronic anemic stress starts at day 4 postfertilization
(dpf). Increased ventricular size can be detected at week 3, consisting
of both cardiomyocyte hypertrophy and cardiomyocyte hyperpla-
sia. Muscular disarray is detected from week 9 and thereafter, while
oncosis is detectable starting from week 7. Large cardiomyocytes
disappear at week 12, while cardiomyocyte proliferation is detectable
in tr265/tr265 fish throughout its lifespan.

Our study of #265/tr265 indicated that cardiomyopathy-like
responses exist in zebrafish. Of note, only in zebrafish does car-
diomyocyte hyperplasia contribute significantly to the cardiac
remodeling process. On the one hand, this model allows us to
assess underlying signaling pathways and the relationship of cardi-
omyocyte hypertrophy and hyperplasia, and to investigate the roles
of cardiomyocyte hyperplasia in heart failure as well as evaluate
potential therapeutic strategies via promoting cardiomyocyte pro-
liferation. On the other hand, the significant contribution of car-
diomyocyte hyperplasia to the cardiac remodeling process, which
occurs at a much lesser extent in human patients, raises concern on
the conservation of the adult zebrafish model. Our characterization
of Doxorubicin (DOX)-induced cardiomyopathy partially addressed
this concern (12). DOX is an anthracyclin drug used in the treat-
ment of a broad spectrum of cancers (13). However, overdose
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of DOX imposes cardiac toxicity in human patients (14) as well as
in animal models (15, 16), including zebrafish (12). We found that
the zebrafish DOX model exhibits different cardiac remodeling
processes than the anemia model. Cardiomyocyte hyperplasia does
not contribute to cardiomyopathy in the DOX model (12), indicating
cardiomyocyte hyperplasia is not a default remodeling mechanism
in an adult fish heart. Together, these data underscore the value of
the anemia model in studies of cardiomyocyte hyperplasia.

We also found the cardiac hypertrophy process can be recapit-
ulated in wild-type fish using phenylhydrazine (PHZ), an anemia-
inducing drug (10). PHZ has been previously used to induce
cardiac hypertrophy in rats and trout (17, 18). Compared to the
tr265 model, the PHZ model is less labor intensive and can be
used to induce cardiac remodeling in adult fish in any fish line at
any age. These unique features are extremely valuable for muta-
genesis screens. However, it remains to be established whether
prolonged PHZ treatment can be conducted to induce later
pathological responses.

In this chapter, we provide detailed step-by-step instructions
on how to generate these two anemia-induced cardiomyopathy
models in adult zebrafish, as well as the protocols to define key
remodeling events.

2. Materials

2.1. Equipment

p—

. Nursery tube (0.125 L) (Aquatic Habitats Inc., Allentown, NJ).

2. Fish tank (1 L, 2.5 L and 9 L) (Aquatic Habitats Inc.).

3. Zeiss Axioplan 2 microscope (Carl Zeiss, Thornwood, NY) for
imaging.

4. Leica MZ FLI III microscope (North Central Instruments,
Inc. Plymouth, MN) for imaging.

5. Nikon COOLPIX 8700 digital camera (Nikon Instruments
Inc. Melville, NY) for imaging.

6. Confocal laser scanning microscopy (Zeiss LSM510, Carl
Zeiss).

7. Dumont #5 Biologie Inox forceps (Fine Science Tools, Foster
City, CA) was used to puncture the gill to induce bleeding.

8. L calibrated micropipette (Drummond Scientific Company,
Foster City, CA) for collecting blood from live fish.

9. AG204 DeltaRange scale (Mettler Toledo, Columbus, OH)

for measuring body weight.

10. Microtome Blade (Thermo Scientific, Wilmington, DE) for
cutting heart samples.



2.2. Reagents
and Solutions

11.

12.

13.

14.

15.

16.
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Disposable vinyl specimen molds (10x10x5 mm) (Electron
Microscopy Sciences, Torrance, CA)—container for fish hearts.

Poly-Prep slides (Sigma, St. Louis, MO) for collecting heart
samples after frozen section.

Motorized Research Cryostat (Leica CM3050S) (North Central
Instruments Inc. Plymouth, MN) for frozen section.

8- or 16-well chamber slide (Nalge Nunc Internationalm,
Rochester, NY) for cardiomyocyte culture.

34-Gauge NanoFil beveled needle and 10 pL syringes (World
Precision Instruments; Sarasota, Florida) for 5-bromo-2-
deoxyuridine (BrdU) injection.

Software: AxioVision software (Carl Zeiss) was used to calcu-
late the area of the ventricle from these images in pixels squared;
NanoDrop ND-1000 and V3.1.2 software (Thermo Scientific)
for measurement of hemoglobin concentration; Image] soft-
ware for cardiomyocyte size quantification.

.0.16 mg/mL tricaine (Western Chemical, Redmond,

Washington, DC) solution.

. E3 water: 5 mM NaCl, 0.17 mM KCI, 0.33 mM CaCl,, and

0.33 mM MgSO, in distilled water.

. Drabkin’s containing Brij solution (Sigma): Reconstitute one

vial of the Drabkin’s Reagent with 1,000 mL of water. Then
add 0.5 mL of the 30% Brij 35 Solution (Sigma) to the
1,000 mL of reconstitute solution; mix well and filter if there
are insoluble particles remain.

. 0.5 M pH 8 EDTA (Promega, Madison, WT).
. 10x PBS (Bio-Rad, Hercules, CA).

6. 4% formaldehyde: dilute 10% formaldehyde (Polysciences,

10.
11.

Warrington, PA) with 1x PBS. Prepare freshly.

. Tissue freezing medium (Thermo Scientific Inc. Hatfield, PA)

for frozen fish heart.

. PBD (1% albumin bovine serum (Sigma), 1% dimethyl sulfox-

ide (Mallinckrodt Baker, Phillipsburg, NJ), 1x PBS). Store at
4°C, stable at 4°C for up to 2 weeks.

. Vectashield mounting medium for fluorescence with DAPI

(Vector Laboratories, Inc., Burlingame, CA).
Microscope cover glass (Fisher Scientific, Dubuque, IA).
Cardiomyocyte dissociation bufter:

(a) Solution A: 135 mM NaCl, 5.4 mM KCl, 1 mM MgCI,,
10 mM HEPES, pH 7.2 with NaOH, 200 IU/mL
Penicillin G, 200 nug/mL Streptomycin, filter and stored
at 4°C for 1 week.
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12.

13.

14.

15.

16.
17.

(b) Solution B: Solution A containing 2 mg,/mL collagenase
and 0.28 mg/mL protease XIV (Sigma). Prepare freshly.

L-15 Medium (with 2.05 mM L-Glutamine) (HyClone,
Waltham, MA), store at 4°C.

PBT: PBS+1% Tween-20 (PBT), NCSPBT: 10% fetal calf
serum, 1% DMSO in PBT.

Phenylhydrazine hydrochloride (PHZ, Sigma): 2.5 mg/mL
(light sensitive). Store at 4°C, stable at 4°C for up to 1 month.

BrdU (Sigma): 2.5 mg/mL dissolved in E3 water. Store at
4°C, stable at 4°C for up to 1 month.

Alexa Fluor-568 or 488 phalloidin (Invitrogen, Eugene, OR).

Primary antibody: anti-Mef2 (Santa Cruz Biotechnology, Santa
Cruz, CA);anti-PCNA (Sigma); anti-BrdU (Sigma). Secondary
antibody: AlexFluor-conjugated antimouse 568 or antirabbit
488 IgG (Invitrogen).

3. Methods

3.1. Generation
of Anemia Models
of Cardiomyopathy

3.1.1. Tr265 Mode/

3.1.2. Phenylhydrazine
Hydrochloride Model

. tr205/tr265 is a zebrafish mutant line identified from an ENU

mutagenesis screen. There are two methods to identify heterozy-
gous tr265 fish: either by PCR-based genotyping (11) or by
crossing and phenotyping. In the latter method, about 25% of
embryos will exhibit the anemia phenotype if both parents are
tr265 heterozygous fish. Identified tr265 heterozygous fish are
maintained in 2.5 L tanks in a circulation system (Note 1).

. Set up several pairs of tr265 heterozygous fish. Embryos are

collected the following day. At 4 dpf, t7265/tr265 embryos are
manually sorted from their siblings under a dissecting micro-
scope. tr265/tr265 can be clearly identified based on the amount
of red blood cells in either the heart or the trunk region (Fig. 3).

. Fifty 7265/tr265 and fifty wild-type siblings are accommo-

dated in separate nursery tubes at 5 dpf. Due to the high death
rate during the first 2 weeks, the fish number will be adjusted
at the end of week 2, so that the number of £7265/tr265 fish
and the number of sibling fish will be the same in each tube.

4. Juvenile fish will be transferred to separate 2.5 L tanks at week 4.

. The fish heart can be collected for experiments after week 4

when #7265/tr265 mutants develop an enlarged heart.

. Prepare 2.5 mg/mL PHZ stock solution with ddH,O. Store at

4°C, protect stock solution from light by using foil to cover
the tube. Prepare PHZ working solution by diluting stock
solution with E3 water (see Sect. 2) (2.5 ug/mL, 1:1,000
dilution) (Note 2).
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sibling b

- —

Fig. 3. Anemia can be visually detected in ir265/tr265fish. Shown are lateral views of fish embryos at 4 days postfertilization
under a dissecting microscope. Red blood cells can be observed in the heart and tail region in wild-type siblings (a, b) but
not tr265/tr265 fish (c, d). Arrows indicate blood cells in either the heart or the trunk region.

3.2. Assessment
of Anemia in Adult
Zebrafish

2. Pick up adult fish for treatment. Typically, more than five fish
are included for each treatment group. The fish can be put into
a nursery tube with a netted bottom to facilitate handling. The
treatment and washing steps can be done by transferring
the nursery tube between tanks with fresh water and a con-
tainer with 200-300 mL PHZ solution. In our lab, we used
the cap from 1 mL pipette tips box as the container (Fig. 4).

3. Fish in nursery tubes were incubated for 1 h at room tempera-
ture, and then rinsed at least three times in fish water to get rid
of residual PHZ (Note 3).

4. Put fish back in fishroom for circulating water and feeding.
5. Every other day, repeat steps 2—4.
6. The fish can be used for phenotype analysis after 3 weeks.

Hemoglobin concentration can be quantified by a colorimetric
cyanmethemoglobin method since total hemoglobin at alkaline
pH is rapidly converted to the cyanoderivative. The absorbance of
the cyanoderivative is measured to estimate hemoglobin concen-
tration (19).

1. Anesthetize fish in 0.16 mg/mL tricaine solution for 1-2 min.

2. Dry the gill region with a paper towel. Use a Dumont #5
Biologie Inox forceps to puncture the gill to induce bleeding.
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Fig. 4. PHZ treatment. Each group of fish is accommodated within a nursery tube. Fish is treated by transferring the nurs-
ery tubes into a box containing either E3 water as a control or PHZ solution.

3.3. Assessment of
Cardiac Enlargement

3.3.1. Quantification
of Body Length

. Collect at least 0.5 pL of blood with a 1-5 pl. calibrated

micropipette containing approximately 0.5 uL 0.5 M pH 8
EDTA to prevent blood clotting. Mix the blood with 200 uL
(for siblings) or 20 puL (for t7265/tr265) Drabkin’s containing
Brij solution (Note 4).

. Incubate the blood with Drabkin’s containing Brij solution at

room temperature for at least 15 min.

. Measure the absorbance at 540 nm with NanoDrop ND-1000

and V3.1.2 software (Note 5).

. Calculate final hemoglobin concentration using the following

equation: (absorbance/slope of the standard curve equation)/
(volume of fish blood /final diluted volume). Calculate percent
relative hemoglobin by dividing the mutant value by the sib-
ling value and multiplying by 100.

If the fish is younger than 3 months, the enlarged heart will be
measured by ventricle area to body length, since body length is
the recommended stage marker (20). If the fish is older than
3 months, the enlarged heart will be measured by ventricle area to
body weight, since the body weight changes more significantly at
older ages.

1. Anesthetize fish in 0.16 mg/mL tricaine solution for 1-2 min.
2. Lay the fish down laterally on top of the paper towel with head

to the left and tail to the right.

3. Measure the body length manually with a millimeter ruler,

starting from the tip of the mouth to the body/caudal fin
juncture.



3.3.2. Quantification
of Body Weight

3.3.3. Quantification
of Ventricle Area to Body
Length/Body Weight

3.4. Assessment
of Cardiac Remodeling
at the Cellular Level

3.4.1. Assessment
of Cardiomyocyte
Hypertrophy via
Immunostaining
of Tissue Sections
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. Reset an AG204 DeltaRange scale loaded with a small beaker

filled with E3 water.

. Collect each fish using a net and briefly dab the net on paper

towels to wick excess water away from the fish before transfer
to the beaker.

. Transfer fish to the small beaker; record the weight of the fish

in the beaker.

. Anesthetize fish in 0.16 mg/mL tricaine solution for 1-2 min.

Dissect the fish heart under a microscope.

. Image dissected hearts next to a millimeter ruler with a Nikon

COOLPIX 8700 digital camera attached to a Leica MZ FLI
IIT microscope. Calculate the area of the ventricle from these
images in pixels squared using AxioVision software. Calculate
the number of pixels per mm in order to convert the ventricle
area into mm?.

. Divide the ventricle area in mm? by body length (in mm) in

order to determine ventricle area to body length. Divide the
ventricle area in mm? by body weight (in g) to determine ven-
tricle area to body weight.

We used three methods to quantify cardiomyocyte hypertrophy at
the cellular level. First, we used B-catenin antibody to label the
border of cardiomyocytes, which can be used to directly quantify
cardiomyocyte cell size. Second, we use Mef2 antibody to label the
nuclei of cardiomyocytes. The density of cardiomyocytes can be
calculated, which indirectly reflects cardiomyocyte cell size. Third,
we measure single cardiomyocyte size by dissociating the heart and
culture cardiomyocytes in vitro, which can be used to quantify car-
diomyocyte cell size. Below are detailed protocols for these
methods.

1.
2.

Anesthetize fish in 0.16 mg/mL tricaine solution for 1-2 min.

Dissect the fish heart under a microscope. Put 2-5 hearts into
a disposable vinyl specimen mold. Remove extra buffer and
add tissue freezing medium. Snap-freeze the mold on dry ice
for several min (Note 6).

. Cryosection the frozen heart (10-14 uM) on Leica CM 30508

cryostat. Collect heart tissues on Poly-Prep slides (Note 7).

. Affix freshly prepared 4% formaldehyde (see Sect. 2.2) on slides

for 10 min.

. Rinse with PBD twice (see Sect. 2.2).

6. Permeabilize samples for desired time (e.g., 0.1% Triton

X-100,/1% SDS in PBD for 45 min) (Note 8).

. Rinse with PBD twice.
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3.4.2. Assessment

of Cardiomyocyte Cell Size
via Dissociation of a
Zebrafish Heart

10.
11.
12.

13.
14.
15.

16.

17.

. Block in 2% sheep serum blocking solution (PBD +2% sheep

serum) for 25 min.

. Incubate with primary antibody (e.g., anti-mef2 or anti-f-

catenin (1:50-1:200)) for 2 h at room temperature.
Rinse with PBD twice.
Wash with PBD four times, 5 min each time (Note 9).

Incubate with secondary antibody (e.g., AlexFluor-conjugated
antimouse 568 or antirabbit 488 IgG (1:50-1:200) in PBD)
for 30 min at room temperature (Note 10).

Rinse with PBD twice.
Wash with PBD four times, 5 min each time (Note 9).

Add one drop mounting medium. Cover with a microscope
cover glass.

Image slides with a Zeiss Axioplan 2 microscope equipped with
ApoTome and AxioVision software (Carl Zeiss) (Note 11).

Measure the B-catenin surface area of Mef2+ cells using AxioVision
software (Carl Zeiss). Count 20-30 cardiomyocytes per ventricle
section to measure cardiomyocyte cell size using [3-catenin stain-
ing. Use 3-5 hearts for quantification. Analyze a square of at least
5,000 um? drawn using AxioVision software (Carl Zeiss) per ven-
tricle section per fish for cell density. Select 3—4 squares for
quantification per ventricle section. Statistical analysis requires
2-3 slides for each heart. Count the cells in that square and divide
by the square area to get cell density (cells per mm?) (Note 12).
The experiments usually were repeated three times.

Three methods can be used to distinguish cardiomyocytes from
other cell types. The first method is based on the unique morphol-
ogy of cardiomyocytes, which can be distinguished by their striated
sarcomere structure under DIC lighting conditions as well as their
beating behavior. Secondly, cardiomyocytes can be labeled with
fluorescence in cardiac-specific transgenic fish lines with GFP or
REFP reporters. Thirdly, phalloidin staining can be easily conducted
to label cardiomyocytes, as detailed below:

1.
2.
3.

N O\ U

Anesthetize fish in 0.16 mg/mL tricaine solution for 1-2 min.
Sterilize fish for ~15 s in 70% EtOH.

Position fish on a sterilized sponge; remove the heart with ster-
ilized forceps.

. Place heart into solution A (see Sect. 2.2) in a six-well plate.
. Remove the atrium.
. Open the ventricle widely with forceps (Note 13).

. Equilibrate ventricle in solution A for 10 min.

When possible, perform the steps below in a cell culture hood:
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. Transfer ventricles with sterile forceps to an Eppendorf tube

containing 1 mL solution B (see Sect. 2.2). Rock for ~60 min
to digest the ventricle (Note 14).

2. Pellet cells by spinning at 2,000 rpm for 2 min.

O 0 N O !

11.

QN Ul R W N

. Remove and discard supernatant.

. Add 1 mL of L15 medium supplemented with Penicillin/

Streptomycin (see Sect. 2.2).

. Pellet cells at 2,000 rpm for 2 min.

. Remove and discard supernatant.

. Add 500 pL of L15 supplemented with Penicillin /Streptomycin.
. Dissociate cells by gentle titration using a 1 mL Pipetman.

. Aliquot cells into an 8- or 16-well chamber slide (Note 15).
10.

Add L15 supplemented with Penicillin/Streptomycin to the
cells (500 uL. max capacity).

Incubate cells at 28.5°C for 4 h (Note 16).

Below is the protocol for phalloidin staining of cardiomyocytes:

. Remove the solution, fix with 4% formaldehyde for 10 min.

. Remove the solution.

. Rinse with PBD twice.

. Permeabilize samples with PBDT for 15 min.

. Rinse with PBD twice.

. Incubate with phalloidin (1:50 dilution in PBD) for 30 min

(cover the slide with foil).

7. Rinse with PBD twice.

o)

. Wash with PBD four times, 5 min each time.

. Remove the medium; add one drop mounting medium; cover

with a microscope cover glass. Capture both phase contrast
and fluorescent images with a confocal laser scanning micros-
copy (Zeiss LSM510; Carl Zeiss). Randomly choose 20-30
dissociated cardiomyocytes per condition for cell area
quantification using Image]J software.

We developed two methods to quantify cardiomyocyte hyperplasia.

First, we assessed cardiomyocyte hyperplasia by immunostaining
with a PCNA antibody. For the detailed protocol, refer to
Sect. 3.4.1. PCNA antibody was diluted in PBD (1:3,000). For
PCNA+Mef2+ cell proliferation studies, the total number of
PCNA + Mef2+ cells in each 10-14 wm ventricle section was divided
by the estimated total number of Mef2+ cells in the ventricle sec-
tion (estimated by multiplying Mef2+ cell density with the area of
the ventricle section). Secondly, we assessed cardiomyocyte
hyperplasia by BrdU incorporation assay, as detailed below:
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3.6. Survival Curve

O 0 N O\ Ul

11.
12.

13.
14.

. Anesthetize fish in 0.16 mg/mL tricaine for 1-2 min.
. Inject the fish intraperitoneally using a 34-gauge NanoFil

beveled needle and 10 pL syringes with 10 uL of 2.5 mg,/mL
BrdU. Conduct three daily injections before harvesting the
fish for antibody staining.

. Subject the slides to Mef2 staining to identify cardiomyocyte

(see Sect. 3.4.1, stop at step 14) after isolating the heart and
conducting the frozen sections.

. The slides were then followed by the BrdU staining

. Refix cell in 4% formaldehyde for 10 min.

. Rinse twice in PBT (see Sect. 2.2).

. Incubate in 2 M HCI for 30 min.

. Wash in PBT three times, 5 min each time.

. Block in NCSPBT (see Sect. 2.2) for 60 min at 37°C.
10.

Incubate with anti-BrdU (1:200 dilutions in NCSPBT) for 3 h
at 37°C.

Wash in PBS four times, 5 min each time.

Incubate in NCSPBT for 1 h at 37°C with a 1:200 dilution
of antimouse secondary antibody conjugated to the Alexa
488 or 568.

Wash four times in PBS, 5 min each time.

Mount slides in Vectashield mounting medium with DAPI,
and image using Zeiss microscopy. Image random areas of each
chamber using a Zeiss Axioplan 2 microscope (Carl Zeiss).
BrdU index is defined as the ratio between the number of
BrdU+/Mef2+ cells divided by the number of all cardiomyo-
cytes revealed by Mef2+.

As shown in Fig. 2, tr265/tr265 fish exhibit high fatality. Only 50%
homozygous mutant fish can survive to week 7 and less than 10%
of mutants survive to week 16 (10). Below is the protocol to record
survival curve:

1.

2.

Sort 50 WT siblings or t#265/tr265 base on their red blood
cell level at 4 dpf.

Put each group in separate nursery tubes. Adjust the fish num-
ber to be equal at the end of week 2. Discard extra fish.

. Transfer fish to 2.5 L tanks at week 4.
. Every 10 days, starting at 15 dpf, count the number of fish in each

tube/tank. Calculate the survival rate by dividing the remaining
fish number by the fish number at day 15 (see Note 17) in order
to exclude the effect of normal die oft that occurs during the first
2 weeks postfertilization.
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. Summarize the survival curve using Kaplan—Meier plot. Use the

log-rank test to determine the statistical difference (Note 18).

4, Notes

11.

12.

13.

14.

15.

. Put 1-8 fish in small tank (1 L), 8-20 fish in an average tank

(2.5 L) and 20-100 fish in a large tank (9 L).

. PHZ is also toxic to humans. It is important to handle PHZ

solutions with gloves, face shield, and safety glasses.

. Fish are usually sensitive to the initial treatment of PHZ. For

the first treatment, it is better to use low concentration solu-
tion (1.25 pg/mL) for 30 min.

. Manually measure with a millimeter (mm) ruler the amount of

EDTA in the micropipette prior to blood collection. After
blood collection, measure the total volume in mm. Determine
the number of mm to the 1 pL calibrated mark on the micropi-
pette to convert mm to UL.

. All absorbances should fall within the values used for the standard

curve made with human hemoglobin from a stock concentration
of 0.8 mg,/mL human hemoglobin in Drabkin’s with Brij.

. The fish sample can be stored at —-80°C for several months before

sectioning.

. Store the slides at 4°C for 1 week. Antibody staining will not

work well after 1 week storage.

. Permeabilization with 0.1% Triton X-100 is sufficient for most

antibodies. For PCNA antibody only, permeabilization with
1% SDS leads to a better result. When co-staining with PCNA
and other antibody, 0.05% Triton X-100,/0.5% SDS can be
used for permeabilization.

. Increasing the number of washes can help to reduce background.
10.

Once incubation has begun, the sample should be protected
from light by using foil to cover the sample.

The sample can be stored at 4°C for 1-2 weeks without affect-
ing the signal.

It is important to avoid the empty space when choosing the
ventricle area for quantification, as it can reduce the variation.

Widely opening the ventricle is critical to effectively dissociate
cardiomyocytes.

Rocking should be monitored carefully to avoid either over- or
under-digestion. Proper digestion time depends on fish age
and /or heart size.

Depending on desired density of the cardiomyocyte cells,
500 puL 15 medium can be aliquoted into 1-4 wells.
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16. Cardiomyocyte cells exhibit a typical cardiomyocyte cell shape.
The size and shape of cardiomyocytes will change after culture
for more than 24 h (12).

17.

The density and feeding protocol might result in significant

variation of survival curve. Therefore, wild-type fish of the
same density is a critical control.

18.

survival rate studies.
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Chapter 3

Methods to Study the Effects of TRP Channel Drugs
on Vascular Endothelial Cell Function

Yan Ma, Yung-Wui Tjong, and Xiaoqiang Yao

Abstract

Transient receptor potential (TRP) channels are abundantly expressed in vascular endothelium where the
channels play important functional roles. In this chapter, we describe some well-established approaches,
from molecular detection to functional assays, to study the role of TRP channels in endothelial cells.
Comprehensive step-by-step instructions and representative figures are provided on the following
methods: (1) isolation and culture of vascular endothelial cells; (2) determination of the TRP channel
interaction [co-immunoprecipitation, double immunofluorescence staining, chemical cross-linking, and
Forster resonance energy transfer (FRET) detection]; (3) detection of TRP channel-mediated intracellular
Ca?* changes using fluorescence microscopy; (4) determination of the electrophysiological properties by
whole-cell patch clamp and examination of TRP channel function in vascular tone control using isometric
tension measurement.

Key words: TRP channels, Protein interaction, Electrophysiology, Intracellular Ca?* detection,
Vascular function

1. Introduction

The transient receptor potential (TRP) channels are mostly situ-
ated at the plasma membrane. These channels can be gated by
temperature, light, pressure, and/or chemical stimuli. Functional
TRP channels are composed of four subunits, each containing six
membrane-spanning helices linked by similar lengths of intracel-
lular or extracellular loops. Most TRP channels are nonselective
cationic channels, with Na*, Ca?*, and Mg?* all permeating through
the channels (1). TRP channels are categorized into two groups.
Group 1 contains TRPC (TRP canonical), TRPV (TRP vanilloid),
TRPM (TRP melastatin), TRPN (TRP NOMPC), and TRPA

Arpad Szallasi and Tamas Bir6 (eds.), TRP Channels in Drug Discovery: Volume Il, Methods in Pharmacology and Toxicology,
DOI 10.1007/978-1-62703-095-3_3, © Springer Science+Business Media, LLC 2012
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(TRP ankyrin), which share substantial sequence similarity in the
transmembrane domains. Group 2 contains TRPP (TRP polycystin)
and TRPML (TRP mucoliptin) which have relatively low sequence
similarity. In addition, they have a large extracellular loop between
the first and the second transmembrane segments (1).

TRP subunits interact with each other to form homotetrameric
or heterotetrameric channels (2, 3). TRP channels may also interact
with other proteins to form signaling complexes (4, 5). These inter-
actions play a vital role in regulating vascular function. One of the
most commonly used methods for determining TRP protein inter-
action is co-immunoprecipitation. Co-immunoprecipitation utilizes
an antibody that targets a bait protein. The antigen—antibody com-
plex is then allowed to bind to protein A agarose, and irrelevant
proteins are washed out. The target protein in the bait protein
complex can be determined by Western blotting (6). Another inde-
pendent method for determining protein interaction is chemical
cross-linking. Cross-linking reagents carrying reactive moieties bind
to specific amino acids on target proteins, including antibodies. Two
closely associated proteins can be cross-linked by this type of small-
molecule cross-linker, and the complex be detected by Western blot-
ting (7). The third method to study protein—protein interaction is
fluorescence double immunostaining. In this method, specific
fluorescent dye-labeled antibodies are allowed to bind to their
specific targets in the cells, and the distribution of the target proteins
can be visualized under fluorescent microscopy (8). Another highly
useful method for studying protein—protein interaction is Forster
resonance energy transfer (FRET). FRET is based on the principle
that a donor chromophore transfers its energy to an acceptor chro-
mophore if their mutual distance is less than 10 nm (8, 9). Cyan
fluorescence protein (CFP)—yellow fluorescence protein (YFP) pair
is one of the most popular donor—acceptor pairs for biological
approach (10).

Commonly used methods to study TRP channel function in
vascular endothelial cells include fluorescent cytosolic Ca?* mea-
surement, patch clamp, isometric vessel tension study, and isobaric
vessel diameter measurement. Ca** influx in vascular cells is in part
mediated by TRP channels, and Ca*-related signaling cascade is
important for vascular contraction/relaxation. Fluorescent probes
enable the quantitative analysis for changes in intracellular Ca?
concentration ([Ca**].) (11, 12). The electrophysiological proper-
ties of functional channels can be determined by patch clamp tech-
nique. Patch clamp recording uses a chloride-coated silver wire in
contact with the extracellular solution (bath solution) as the refer-
ence electrode. Another electrode is a glass micropipette with an
open tip diameter of about 1 wm. This micropipette is filled with
pipette solution and is used to “patch” a surface area containing
one or a few ion channels and measure the changes in electrical
current. The method can also measure membrane potential
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(13, 14). Measurement of isometric tension and/or isobaric
diameter of blood vessels in vitro can be used to determine vascular
tone regulation and TRP channel involvement in these functions
(15). Wire myograph and pressure myograph instruments are used
in these experiments.

2. Materials

2.1. Equipment

10.

11.

12.

13.

14.

. Epoch Microplate Spectrophotometer (BioTek, Winooski,

VT) for reading protein absorbance at 630 nm and calculating
protein concentration.

. Mini-PROTEIN Tetra System (Bio-Rad, Hercules, CA)

equipped with a PowerPac™ Basic Power Supply (Bio-Rad) for
protein electrophoresis.

. Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad) equipped with a

PowerPac™ Universal Power Supply (Bio-Rad) for protein trans-
fer from within the SDS-PAGE gel onto a PVDF membrane.

. FluorChem 8000 system (ProteinSimple, Santa Clara, CA) for

protein bands detection.

. FV1000 confocal system (Olympus, Tokyo) for fluorescence

detection.

. Software: FV10-ASW 1.5 software (Olympus) for quantitative

analysis of protein co-localization.

. Olympus IX 81 microscope (Olympus) equipped with a FRET

filter set (Olympus) for FRET detection.

. EPC-9 patch amplifier (HEKA, Lambrecht/Pfalz, Germany)

for whole-cell patch clamp recording.

. P-97 micropipette puller (Sutter Instrument, Novato, CA) for

pulling micropipette.

Software: PulseFit (HEKA) for whole-cell patch clamp data
analysis.

Isometric tension myograph (model 610M, Danish

Myotechnology, Aarhus, Denmark) for blood vessel isometric
tension measurement.

Software: PowerLab (AD Instruments, Sydney, Australia) and
LabChart (AD Instruments) for blood vessel isometric tension
analysis.

Pressure myograph (model 110P, Danish Myotechnology) for
blood vessel isobaric diameter measurement.

Software: MyoView software (GE Healthcare, Piscataway, NJ)
for blood vessel isobaric diameter analysis.
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2.2. Reagents
and Solutions

. Cell lysis buffer: 50 mM Tris (Sigma-Aldrich),pH 7.5, 150 mM

NaCl (Sigma-Aldrich), 50 mM NaF (Sigma-Aldrich), 1.5%
NP-40 (Sigma-Aldrich), 0.5% sodium deoxycholate (Sigma-
Aldrich), and protease inhibitor cocktail tablet (Roche,
Mannheim, Germany).

. Lowry assay reagents for protein concentration calibration:

reagent A, reagent B, and reagent S (Bio-Rad).

. ECL Western blotting detection reagents (GE Healthcare).
. Protein A agarose suspension (Roche).

. Chemical cross-linking quenching solution: 50 mM Tris

(Sigma-Aldrich).

. Calcium Calibration Buffer Kit (Invitrogen, Carlsbad, CA).
. Normal physiological salt solution (NPSS): 140 mM NaCl

(Sigma-Aldrich), I mM KCI (Sigma-Aldrich), I mM CaCl,
(Sigma-Aldrich), 1 mM MgCl, (Sigma-Aldrich), 10 mM
glucose (Sigma-Aldrich), and 5 mM Hepes (Sigma-Aldrich),
pH 7.4.

. Krebs Henseleit solution: 118 mM NaCl (Sigma-Aldrich),

4.7 mM KCI (Sigma-Aldrich), 2.5 mM CaCl, (Sigma-Aldrich),
1.2 mM KH,PO, (Sigma-Aldrich), 1.2 mM MgSO,7H,0
(Sigma-Aldrich), 25.2 mM NaHCO, (Sigma-Aldrich), and
11.1 mM glucose (Sigma-Aldrich), pH 7.4.

. 60 mM K* solution for isometric tension measurement: 58 mM

NaCl (Sigma-Aldrich), 64.7 mM KCI (Sigma-Aldrich), 2.5 mM
CaCl, (Sigma-Aldrich), 1.2 mM KH,PO, (Sigma-Aldrich),
1.2 mM MgSO,7H,O (Sigma-Aldrich), 25.2 mM NaHCO,
(Sigma-Aldrich), and 11.1 mM glucose (Sigma-Aldrich), pH 7.4.

3. Methods

3.1. Problems on the
Study of TRP Ghannel
Function in Vascular
Endothelium

1.

For some TRP channels such as TRPV1, TRPV4, and TRPC3,
highly specific activators/inhibitors are available (16-18).
However, for other TRP channels such as most TPRCs, there
are no specific activators/inhibitors. Therefore, siRNA and
dominant-negative molecular constructs need to be used.

. Primary cultured vascular endothelial cells are easily to be

contaminated by other cells such as smooth muscle cells and
neuronal cells during cell culture procedure. The identity of
the primary cultured endothelial cells should be verified by
immunostaining using antibodies against von Willebrand
factor and platelet endothelial cell adhesion molecule
(PECAM) (19).
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3. Prolonged culture of endothelial cells will result in loss of some
endothelial cell properties. For example, Draijer and co-workers
found that cGMP-PK type I expression decreases during serial
passage of endothelial cells (20). To avoid this issue, only cells
from the first four passages, preferably the first two passages,
should be used for experiments.

4. In the functional studies such as isomeric tension and isobaric
diameter measurement described in the following sections,
endothelium-denuded vessels can be used as negative control
to confirm whether a certain response is related to endothe-
lium or not.

3.2. Endothelial Cell All animal experiments should be conducted in accordance
Preparation with the regulation of the U.S. National Institute of Health
and Culture for Rat (NIH publication No. 8523). Vascular endothelial cells are iso-
Mesenteric Artery lated from male Sprague—Dawley rats of approximately 250-

300 g by an enzymatic digestion method. The primary rat
mesenteric arterial endothelial cells (MAECs) are cultured in
endothelial growing medium (Lonza, Walkersville, MD) with
1% bovine brain extract, 100 U/ml penicillin, and 100 ug/ml
streptomycin.

1. Prepare 10 ml endothelial basic medium (Lonza) with 0.02%
collagenase IA: dilute 2 mg collagenase IA in 10 ml endothelial
basic medium.

2. Prepare 5 ml endothelial growing medium with 1% bovine
brain extract, 100 U/ml penicillin, and 100 pg,/ml streptomy-
cin: dilute 0.05 g bovine brain extract in 5 ml endothelial
growing medium, add 50 pl 100X Penicillin Streptomycin
(Invitrogen).

3. Open the rat abdomen, and use PBS (Invitrogen) to perfuse
the heart in order to remove circulating blood from blood
vessels.

4. Dissect the small intestine and excise all the vein branches.

5. Digest the remained arterial branches with 10 ml 0.02% colla-
genase IA in endothelial basic medium for 45 min at 37°C.

6. Centrifuge at 1600 x4 for 5 min at room temperature.

7. Resuspend the pelleted cells in 5 ml endothelial growing
medium supplemented with 1% bovine brain extract, 100 U/
ml penicillin, and 100 pg/ml streptomycin.

8. Place the resuspended cells in a 25-cm? culture flask.
9. Remove the nonadherent cells after 1 h.

10. Culture the adherent cells at 37°C in a 5% CO, humidified
incubator.
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3.3. Western
Blotting and
Go-immunoprecipitation

3.3.1. Protein
Quantification
(Lowry Assay)

3.3.2. Western Blotting

. Thaw samples to be assayed on ice.

. Prepare the BSA standards with final concentration ranging of

0,0.1,0.2,0.4,0.6,0.8,1.2, 1.6, 2.0 pg/ml.

. Pipette the BSA standard curve (0-2.0 ug/ml) and samples

into triplicated wells of 96-well plate with 5 ul/well.

. Mix the reagent A (Bio-Rad) and reagent S (Bio-Rad) at

50:1 ratio, and add the mixture to 96-well plate with
25 ul/well.

. Add reagent B (Bio-Rad) as 200 ul/well.

6. Place the 96-well plate in dark for 15-min incubation.

10.

11.

. Read the absorbance at 630 nm by a Microplate UV /VIS

Spectrophotometer (BioTek).

. The concentration of protein is calculated with reference to

the standard protein curve.

. Prepare the SDS-PAGE gel.

. Calibrate protein samples to equal amounts based on the

standard curve obtained by Lowry assay (see Sect. 3.3.1).

. Denature the samples with SDS-PAGE loading dye (5 min,

95°C) and load at ~20 pg into each lane of polyacrylamide
gel and separated by a 7.5% SDS-PAGE gel with 100 V
constant voltage. Run until the front of the bromophe-
nol dye is approximately 1 c¢m from the gel bottom

(50 min-1.5 h).

. Prewet a PVDF membrane in methanol.

. Move the proteins from within the SDS-PAGE gel onto the

PVDF membrane, with 15 V constant voltage (1-2 h).

. Immerse the PVDF membrane in a blocking solution contain-

ing 5% nonfat milk and 0.1% Tween-20 in PBS for 1 h at room
temperature with constant shaking (Note 1).

. Incubate with the primary antibody (1:500) at 4°C overnight

with constant shaking.

. Rinse the membrane three times for 5 min each with 15 ml of

PBST to remove unbound primary antibody.

. Incubate with secondary antibody (1:5,000) conjugated with

horseradish peroxidase at room temperature for 1 h with con-
stant shaking.

Rinse the membrane three times for 5 min each with 15 ml of
PBST to remove unbound secondary antibody.

Incubate with ECL Western blotting detection reagents
(GE Healthcare) for 5 min at room temperature.
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12. Exposure the membrane to X-ray film.

13. Detect the intensity of the protein blotting bands by FluorChem
8000 system (ProteinSimple, Santa Clara, CA).

3.3.3. Co-immuno- 1. Incubate extracted proteins (~800 pg) with 50 ul protein A
precipitation agarose suspension (Roche) (Note 2) and incubate for 3 h at
4°C on a rocking platform.

2. Pelletagarose beads by centrifuginginamicrocentrifuge (12,000 x 4)
at 4°C for 2 min. Transfer supernatant to a fresh tube.

3. Add 7 mg of pulling antibody [or preimmune IgG (Note 3) as
negative control] to the sample and incubate on a rocking plat-
torm for 2 h at 4°C.

4. Add 100 pl protein A agarose suspension to the mixture and
incubate on a rocking platform overnight at 4°C.

5. Centrifuge (12,000 x4) for 2 min at 4°C and collect agarose—
antibody—antigen complexes. Discard the supernatant.

6. Resuspend the pellet in 1 ml lysis buffer (see Sect. 2.2) and
incubate for 30 min at 4°C on a rocking platform.

7. Pellet the beads again and discard supernatant.

8. Repeat step 6-7 for two times.

9. Resuspend pellet by 25 pl of gel-loading buffer.
10. Denature proteins by heating the sample for 5 min at 95°C.
11. Centrifuge the suspension (12,000 x 4) for 2 min at 4°C.

12. Analyze the supernatant by gel electrophoresis and Western
blotting (see Sect. 3.3.2) (Fig. 1).

a IP: pre-immune Anti-C1 b IP: pre-immune Anti-V4
IB: AntivV4 Anti-V4 IB: Anti-C1 Anti-C1

KDa KDa

148-

os- [ "?

Fig. 1. Representative images of co-immunoprecipitation followed by immunablots in primary cultured MAECs (12). The pull-
ing and blotting antibodies are indicated. Control immunoprecipitation was performed using the preimmune IgG (labeled as
preimmune). Anti-C1 indicates anti-TRPC1; anti-V4, anti-TRPV4; IB, immunoblot; IP, immunoprecipitation.
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Pros

1. Protein samples can be obtained from cell line or animal tissues.

2. Protein interaction can be detected in native concentration or
in over-expressed system (transfection).

3. This method is able to detect interaction between two (one-
step co-immunoprecipitation) or three proteins (two-step
co-immunoprecipitation).

Cons
1. Co-immunoprecipitation only detects stable protein—protein
interaction.
2. This method does not indicate whether the interaction is direct.
3. Specific antibody is required.

4. Homogenization of cellular components may result in false
positive interaction.

3.4. Double Double immunofluorescence staining is used to determine subcel-
Immunofluorescence lular protein localization by fluorescence detection.
Staining 1. Seed freshly dispersed or cultured cells on glass coverslips.

2. Rinse the cells with PBS for three times.

3. Fix the cells with 3.7% formaldehyde (Sigma-Aldrich) at room
temperature for 20 min.

4. Permeabilize the cells with 0.1% Triton X-100 (Sigma-Aldrich)
at room temperature for 15 min.

5. Incubate the cells with 2% BSA in PBS for 1 h at room tem-
perature to block the nonspecific immunostaining.

6. Incubate the cells with a mixture of primary antibodies at 4°C
overnight.

7. Rinse the cells with PBS for three times.

8. Incubate with a mixture of secondary antibodies conjugated to
proteins with different excitation wavelengths (e.g. Alexa Fluor
488 and Alexa Fluor 546) for 2 h at room temperature.

9. After washing and mounting, detect immunofluorescence by
FV1000 confocal system (Olympus) (Fig. 2).

10. Carry out the quantitative analysis of the co-localization using
FV10-ASW 1.5 software (Olympus).

Pros

1. This method can visualize protein distribution directly.

2. Procedure is simple and takes shorter time.
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TRPC1-peptide preabsorp [TRPV4-peptide preabsorp

Fig. 2. Representative co-localization of TRPV4 and TRPC1 in the primary cultured rat MAECs (12). (a, b) Representative
images of TRPC1 (a, green) and TRPV4 (b, red) in plasma membrane. (c) Overlay image of (a and b). (d) Bright field image
of the same cell together with merged fluorescence. (e) TRPC1 antibody was preabsorbed with excessive TRPC1 peptide.
(f) TRPV4 antibody was preabsorbed with excessive TRPV4 peptide.

Cons

1. Optical imaging systems do not offer good enough resolution
to determine direct protein interaction. Only rough estimation
can be made.

3.5. Chemical Cross-linking reagents carrying reactive moieties can bind to
Cross-linking specific amino acids on target proteins, including antibodies.
Commercially available cross-linking reagents have different char-
acteristics, differed in specificity, water solubility, cleavability, etc.
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DTSSP [3,3'-Dithiobis (sulfosuccinimidylpropionate)] and DSS
(disuccinimidylsuberate) are two of the commonly used cross-linking
reagents. DTSSP contains an amine-reactive N-hydroxysulfosuccini-
mide (sulfo-NHS) ester that reacts with primary amines at pH 7-9
to form stable amide bonds. DSS is the nonsulfonated analog of
DTSSP. DTSSP is membrane impermeable cross-linker whereas DSS
is membrane permeable. Generally, cells are incubated with the
cross-linking reagent at an appropriate concentration. Then the
reaction is quenched by quenching solution, followed by nonre-
ducing SDS-PAGE to visualize cross-linked protein complexes.

1. Prepare the nonreducing SDS-PAGE loading dye: dissolve
4.0 g sucrose, 0.8 g SDS, 1 mol/1 Tris-HCI in 2 ml H,O,
adjust pH to 6.8, and then add 0.001% bromophenol blue.

. Dissolve DTSSP (Thermo Scientific, Rockford, IL) in water at
10-25 mmol/1 (Note 4, 5).

. Wash culture flask with PBS to remove residual media (Note 6).
. Add DTSSP to a final concentration of 5 mmol/1 (Note 7).

. Incubate the reaction mixture on ice for 2 h (Note 7).

[\

N Ut W

. Quench the reactions by adding quenching solution
(see Sect. 2.2) and incubate at room temperature for 30 min
(Note 7).

7. Discard the solutions, and treat the cells with cell lysis buffer
(see Sect. 2.2) on ice for 30 min.
8. Scrape, collect, and centrifuge the cell lysates at 4°C.

9. Keep the supernatant and discard the cell debris at the
bottom.

10. Add nonreducing SDS-PAGE loading dye, and run nonreduc-
ing SDS-PAGE (Note 8).
11. Detect the cross-linked products by Western blotting (Fig. 3).

This may be a complete linkage (Fig. 3, upper bands, ~500 kDa)
or partial linkage (Fig. 3, lower bands, ~250 kDa).

a  HEK-V4-Cl-P2 b MAECs
: KDa .
500— L]
h 250—
Blot: Anti-C1 -V4 -P2 Blot: Anti-C1 -V4 -P2

Fig. 3. Representative chemical cross-linking of TRPV4, TRPC1, and TRPP2 in transfected HEK
cells (a) and primary cultured rat MAECs (b). These bands were recognized by anti-
TRPC1, anti-TRPV4, or anti-TRPP2 antibody (21).
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3.6. Firster Resonance
Energy Transfer
Detection

Pros

1. Protein interaction is detected in their native state.
2. Transient protein interactions can be detected.
3. Cross-linking reagents for different situations are well developed.
Cons
1. This method cannot differentiate the direct or indirect
interaction.
2. Need specific antibody.

3. It is technically difficult to control the degree of cross-linking.
Over cross-linking results in high background noise on Western
blots.

TRP channel interaction is critical for many cellular processes in
mammalian cells. The protein—protein interaction can be detected
by a fluorescence microscope approach, which is called FRET
detection. First, target proteins are fused with CFP and/or YFP.
The fluorescence from CEP-, YFP-, and FRET-channelsis recorded,
and FRET ratio be calculated by the formula.
The following is a step-by-step protocol.
1. Seed cells on coverslips.

2. Transfect the following fusion proteins into cultured mamma-
lian cells:

(a) CFP fused to YEP (positive control).
(b) Unfused, free CFP and unfused, free YFP (negative control).
(c) Protein 1-CFP and Protein 2-YFP.
(d) Protein 1-YFP and Protein 2-CFP.
3. Place the coverslip in a chamber 12-24 h after transfection.

4. Mount the chamber on an inverted microscope equipped with
a CCD camera and three-cube FRET filters including (excita-
tion, dichroic, emission): YFP (S500,/20 nm; Q515Ip;
§535/30 nm); FRET (S430,/25 nm; 455dclp; S535,/30 nm);
and CFP (§430,/25 nm; 455dclp; $470,/30 nm) (Olympus).

5. Subtract the average background signal.

6. Capture the fluorescence images of the transfected cells at
CFP-, YFP-, and FRET-channels, respectively.

7. Calculate the FRET ratio (FR) (Fig. 4) by the following
equation:

FR = F,;, / F, =[Ser (DA)= Ry, *Seip (DA)] / Ry,
* I:SYFP (DA)_ RDZ * SCFP (DA)]
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Fig. 4. FRET detection for the interaction between TRPV4 and TRPC1. Horizontal axes indicate FRET ratio of living cells
expressing the indicated constructs (12). Each point represents the FRET ratio of a single cell. The red lines and error bars
indicate the average FRET ratio values and SE. When the FRET ratio is 1, there is no FRET; when the FRET ratio is greater
than 1, there is FRET. Data are given as mean + SE (n=50-81). GIRK, G-protein-activated inwardly rectifying K* channels.

where F, represents the total YFP emission with 430,/25-nm exci-
tation, and F, represents the direct YFP emission with 500,/20-nm
excitation. In S_ . .(SPECIMEN), CUBE indicates the filter cube
(CFPD, YFD, or FRET), and SPECIMEN indicates whether the cell
is expressing donor (D, CFP), acceptor (A, YEP), or both (DA).
Ry, = Siper(D)/Scpp(D)y - Rpyy= Sypp(D)/Sep(D), - and - Ry =Sy
(A)/S8,;p(A) are predetermined constants that require measure-
ment of the bleed-through of the emission of only CFP- or YFP-
tagged molecules into the FRET channel and the emission of only

CFP-tagged molecules into the YFP channel.
Pros
1. FRET detection wusually only detect direct protein
interactions.
2. FRET detection can measure real-time protein interaction in
living cells and in normal conditions.

Cons

1. CFP- and YFP-tagged constructs are transfected (over-ex-
pressed) in the target cells, thus may not reflect the processes
in native cells.

2. Highly specialized FRET detection equipment with defined
wavelength is needed.
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3.7. Whole-Cell Patch
Clamp

3.8. Fluorescence
Measurement of
Intracellular Ca?*
Concentration ([Ca*],)

== preimmune

- -=T1E3
80
60

—~ 40

'S 2

< 0

a2 2

-~ 40 Time (s)
-60
80
00

Fig. 5. Representative trace for time course of 40.-PDD (5 umol/l)-stimulated whole-cell
current in human umbilical vein endothelial cells (12). Cells were preincubated with T1E3
(1:100) or preimmune IgG (1:100, as control) for 1 h at 37°C prior to the experiment.

—

. Seed cells on coverslips.

2. Prepare appropriate pipette solution and bath solution.

3. Place a coverslip in a chamber containing bath solution and
mount the chamber on a microscope.

4. Pull a glass micropipette with P-97 micropipette puller (Sutter

Instrument) and fill the pipette tip with pipette solution.

5. Lower the pipette towards the cell. When the pipette tip is in
contact with the cell membrane, apply suction through the
pipette pressure tubing to make the gigaseal on cell membrane

(Note 9).

6. Switch to voltage clamp. Record the whole cell current density
(pA/pF) by an EPC-9 patch amplifier (HEKA) in response to
successive voltage pulses of +80 mV and -80 mV for 100 ms
duration (Fig. 5).

7. Plot the whole cell current values vs. time (Fig. 5).

Pros

1. Patch clamp is the most sensitive and reliable technique to

measure electrical activity of living cell membrane.

2. Patch clamp can be combined with other techniques such as
fluorescence microscopy and wire myograph to produce more
powerful outcome.

Cons

1. Patching primary cultured cells may be technically challenging.

2. Relatively slow outputs.

Fluorescent probes, or fluorescent dyes, are molecular probes
which show a spectral response upon binding Ca?*. Once cells are
loaded with these dyes, it is possible to measure the intracellular
Ca?* changes using fluorescent microscopy.
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. If necessary, convert the Fura-2 ratio F340/F380 to [Ca**]

. Prepare 0.02% pluronic F127: add 0.2 mg pluronic F127 to

1 ml H,O.

. Prepare normal physiological salt solution (NPSS) (See

Sect. 2.2).

. Seed cells on coverslips.
4. Load 10 umol/I Fura-2/AM and 0.02% pluronic F-127 for

30 min in dark at 37°C in NPSS.

. Mount the cell coverslip onto the recording chamber and place

on the stage of an inverted microscope (Olympus IX81,
Olympus).

. Record the [Ca’*] fluorescence using a fluorescence imaging

system (Olympus) at excitation wavelength 340 and 380 nm.

. Analyze the data by MetaFluor Analyst software (Molecular

Devices, Sunnyvale, CA). The changes in [ Ca?*], are indicated by
the changes of the ratio of the fluorescence under 340 nm rela-
tive to the fluorescence under 380 nm (F340,/F380) (Fig. 6).
based on the calibration using Calcium Calibration Buffer Kit
(Invitrogen) (Fig. 7).

Pros

1. Fluorescent dyes are highly sensitivity to changes in cytosolic

Ca2+

2. This method measures real-time [Ca’*] in living cells under

physiological /pathological conditions.

Flow

[ G
N W &
[ [ ]

-
-
1

[Ca*] (340/380)

TG+BFA

(1) 300 600
Time (s)

Fig. 6. Representative traces for the potentiation of flow-induced Ca?* influx in human
umbilical vein endothelial cells (22). TG, thapsigargin, 4 umol/l, was given for 15 min; BFA,
brefeldin A, 5 umol/l, was given for 30 min before TG.
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3.9. Isometric Tension
Measurement

4004 BK (200 M)
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300 | Ca™ (2 mM)
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Fig. 7. Bradykinin-induced Ca?* entry (23). A representative trace of Fura-2 fluorescence
in rat aortic endothelial cells bathed in 0Ca?*-PSS in response to bradykinin (200 nM)
challenge.

Cons

1. Due to difference in hardware and software, different detec-
tion systems may give out very different values of fluorescence
intensity and /or changes in fluorescence intensity (or ratios).
This makes data comparison difficult. In this regard, ratiomet-
ric dyes such as Fura-2 is preferred, because the values can be
converted into Ca** concentration after careful calibration.

The mouse aorta is isolated and mounted onto two thin stainless
steel holders (Danish Myotechnology). One holder is connected to
a force displacement transducer. The other one is connected to a
movable device that allowed the application of an appropriate pas-
sive tension, which is determined to be the optimal resting tension
for obtaining the maximal active tension induced by 60 mM K*
solution (see Sect. 2.2) bubbled with 95% O, +5% CO, (Note 10).
The vessel tension is measured by an isometric tension myograph
(model 610 M, Danish Myotechnology). Data were acquired and
analyzed using PowerLab (AD Instruments) and LabChart (AD
Instruments).

1. Kill the male C57BL mice (~5 week-old) by cervical dislocation.

2. Cut out the thoracic aorta and place it into an ice-cold Krebs—
Henseleit solution (see Sect. 2.2) bubbled with a gas mixture
of 95% O, and 5% CO,,.

3. Remove the fat and peripheral tissues under dissection
microscope.
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4. Cut the aorta into 2-mm segments.

. Mount the aortic rings onto two thin stainless steel holders

(supplied by the isometric tension myograph) in 5 ml organ
baths containing Krebs—Henseleit solution bubbled with a gas
mixture of 95% O, and 5% CO, at 37°C.

. Equilibrate the aortic rings for about 30 min (Note 11).
. Apply 60 mM K* solution to test the contractile function of the

aortic rings.

. Wash out with Krebs—Henseleit solution for two times.

9. Repeat step 7-8.

10.

11.

12.
13.
14.

15.

Preconstrict the aortic rings with 10 uM phenylephrine to
achieve sustained contraction.

Apply acetylcholine with cumulative concentrations into the
bath solution to test the integrity of endothelium.

Wash out with Krebs—Henseleit solution for three times.
Repeat step 10.

Apply cumulative chemicals into the bath solution to test its
relaxation effect.

Acquire and analyze data by PowerLab and LabChart (Fig. 8).

Pros

1.

2.

Isometric tension measurement allows direct measurement of
contractile force generated from blood vessels.

Wire myograph can be combined with fluorescent microscopy
to detect the vessel contraction and intracellular Ca?* changes
simultaneously.

;. \
| . |2 5 mN \‘—\ﬁ_________-

SNAP

100nM 300nM 1uM 300 uM

ompne L l d

J’ \

—
5 min

Fig. 8. Representative time courses of isometric tension in isolated mouse aortic seg-
ments in response to cumulatively increasing concentrations of SNAP applied to the bath
(24). The aortic segments (~2 mm in length) were preconstricted with 10 uM phenyleph-
rine (Phe). SNAP, S-nitroso-N-acetylpenicillamine.
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3.10. Isobaric Diameter
Measurement

Cons

1. Wire myograph only measures small vessels (internal diameter
60 um-3 mm), whereas contractility of large blood vessels are
measured in isolated organ bath.

2. The vessels under measurement are not exposed to hydrostatic
pressure. The conditions are not physiological.

The rat mesenteric artery is isolated and mounted onto a pressure
myograph chamber (model 110P, Danish Myotechnology).
External diameter is recorded using a CCD camera. Flow is initi-
ated by creating a pressure different between inflow and outflow.
The mean intraluminal pressure is maintained at 50 mmHg
throughout whole procedure. Data were acquired and analyzed by
MyoView software (GE Healthcare).

1. Kill the Sprague-Dawley rats by inhalation of CO,,.

2. Remove the ileum and immerse the mesentery in Krebs—
Henseleit solution (see Sect. 2.2) bubbled with a gas mixture
of 95% O, and 5% CO,.

3. Carefully dissect the third- or fourth-order mesenteric artery
(~2-3 mm long).

4. Transfer the artery to a pressure myograph chamber (model
110P, Danish Myotechnology) filled with oxygenated Krebs—
Henseleit solution at 37°C.

5. Cannulate one glass micropipette (tip diameter ~125 um) into
the proximal part and the other into distal end of the artery
and secure with two fine nylon sutures.

6. Connect both cannulation pipettes to independent reservoirs
set at the same height and solution level to ensure there is
no flow.

7. Set the intraluminal pressure to 50 mmHg and equilibrate the
artery for 30 min at 37°C by oxygenated Krebs—Henseleit
solution (flow rate ~2—-3 ml/min).

8. Pressurize the artery to 80 mmHg, and apply a longitudinal
force to stretch the vessel until it appears straight and then by
an extra 10%.

9. Decrease the pressure back to 50 mmHg, and incubate the
vessel for another 10 min before an experimental maneuver.

10. Monitor the artery by a charge-coupled device camera (video
camera module) attached to a light inverted microscope.

11. Analyze the external diameter of the vessel and luminal pres-
sure by MyoView software (GE Healthcare) (Fig. 9).
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Fig. 9. Representative traces showing the effect of T1E3, a TRPC1 blocking antibody, on flow-induced vascular isobaric
diameter changes in isolated mice mesenteric arteries (12). Arteries were preincubated with preimmune 1gG (1:50) or TTE3
(1:50) overnight. The solid bar on the top of the trace indicates the period when intraluminal flow (Kreb’s solution with 1%
BSA) was applied. The arteries were preconstricted with phenylephrine (Phe).

Pros

1. Pressure myograph allows blood vessels to assume the stereo-
logical conformation as they would be in vivo.

2. Pressure myograph can be combined with fluorescent micros-
copy to detect the vessel diameter and intracellular Ca?* changes
simultaneously.

Cons

1. Arteries with an internal diameter smaller than 60 pm are
difficult to be cannulated and recorded by pressure
myograph.

2. Only one vessel can be studied in each experiment, namely
slow output.

4, Notes

1. Always wear gloves when handling the PVDF membrane, oth-
erwise it may be damaged or contaminated.

2. Check the affinities of protein A agarose for various IgG sub-
classes before use. Consider other kind of protein agarose (e.g.,

protein G agarose) if the binding capacity of protein A agarose
is low for some certain species.

3. Preimmune IgG should be used as control if antibodies are to
be used for experiments.
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4.

10.

11.

Use DTSSP and DSP for cross-linking molecules at the cell
surface and within the cell, respectively.

. Do not prepare stock solutions for the cross-linkers. The

NHS-ester moieties become nonreactive due to hydrolyza-
tion. Reconstitute the cross-linkers immediately before use
and discard any unused reconstituted cross-linkers.

. Use micromolar concentrations of proteins to compensate the

protein loss from during chemical cross-linking.

. The concentration of DTSSP and the incubation duration

should be determined empirically.

. Cross-linked protein complexes often appear fuzzy on the

X-ray film.

. In patch clamp, the starting seal membrane resistance must

achieve 1 GQ.

In myograph, determine the passive tension carefully. Too
much higher tension will cause the vessel rings injury.

If the basal tension is still not stable after 30 min, a longer time

of equilibrium is needed.
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Chapter 4

Atherosclerosis Models with Gell-Mediated Galcification

Beili Zhu

Abstract

This protocol describes a novel chronic total occlusion (CTO) model that features cell-mediated calcium
deposits in rabbit femoral arteries. CTO is the most severe case of atherosclerosis, and it remains a big
challenge in cardiology. There are urgent needs to establish a CTO animal model in order to develop new
devices and drugs. The purpose of this protocol is to provide such a platform for advancing the treatment
of CTOs.

Our CTO model features the following four prominent characteristics of a clinical calcified atheroscle-
rosis: (1) The occlusion site occurs gradually. (2) Calcium deposits are mediated by cells and they progress
over time. (3) Acute and chronic inflammation at occlusion sites. (4) Recanalization (new vessel forma-
tion) at occlusion sites. These facts indicate that our model bears great similarities to clinical CTO disease.
The strategy we apply here is to implant tissue-engineering scaffolds into rabbit femoral arteries and induce
the cells on scaffolds to deposit calcium themselves.

In this chapter, we first describe a detailed protocol of scaffold fabrication, growth factor coating on
scaffolds, and the initiation of cellular calcification. We then provide easy-to-follow steps to implant cellular
constructs into animal arteries using interventional techniques. Finally, we describe the methods to detect
calcium in CTOs and the staining approaches to identify other pathological characteristics at the occlusion
sites. Additionally, we provide notes to highlight the critical steps in order to successfully carry out this pro-
tocol. An animal CTO model generated by the above techniques will provide a useful platform to develop
new devices and test novel drugs for treatment of the most severe case of atherosclerotic calcification.

Key words: Atherosclerosis, Chronic total occlusion, Calcium, Inflammation, Recanalization, Tissue
engineering scaffolds, Polycaprolactone, Primary human osteoblasts, TGF-B1

1. Introduction

Atherosclerosis is a leading cause of death in North America, and
more than nine million people suffer from this disease each year (1).
Chronic total occlusion (CTO) is the most severe case of athero-
sclerosis. It features various degrees of calcium deposits and throm-
bus in completely obstructed arteries (2).
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Intracellular traffic is a highly regulated process (3-5). In the
same way, calcification in CTO is an active, cell-mediated progres-
sion that is similar to osteogenesis in bone (6, 7). CTO only occurs
in 10% of all percutaneous coronary interventions (PCls), but it
reflects the most severe case in atherosclerosis and is so-called the
final frontier in cardiology (8). Therefore, there is a strong need
to develop CTO models that simulate this most severe stage of
atherosclerosis in human. Such models will be extremely useful
tor the development of novel interventional devices and drugs to
treat CTOs.

Many approaches have been explored to create animal models
of CTO. In most animal models, arterial occlusion was achieved
by blocking the blood flow using ligation (9, 10). This abrupt
blockage does not mimic the gradual progression of vessel occlu-
sion in atherosclerosis. The most recent models implanted gelatin
sponges with bone powder or Ca** dip-coated poly-L-lactone scat-
folds in arteries (11, 12). Calcium was detected at occlusion sites
in these studies. However, there is a concern whether these non-
cell generated calcium is similar to the pathological form found in
human CTOs.

In this protocol, we present an advanced gradual occlusion
model of CTO. It features calcium deposits that progress over time
and is mediated by cells just like in human conditions. Besides, the
two prominent features of atherosclerosis: chronic inflammation
and recanalization (new vessel formation) are also found in this
CTO model (13). Our tissue-engineering approach is to culture
primary human osteoblasts on TGF-B1-coated polycaprolactone
scaffolds. Then, by catheter-based interventional techniques, we
implant cellular scaffolds into rabbit femoral arteries.

In atherosclerotic calcification, calcium deposits are the prod-
ucts of vascular cells which have been differentiated into osteo-
blast lineage (6, 7). In this study, in order to initiate calcification
carlier, primary osteoblasts (HOBs) were directly chosen as the
cell type to deposit calcium. The most common approach to
induce in vitro calcification of HOB cultures is the addition of
B-glycerophosphate and dexamethasone (Dex) to cell culture
medium (14). Another frequently used method is to treat osteo-
blasts with BMP-2, TGF-B1, or leptin in medium (15-18). Among
these growth factors, TGF-PB1 is secreted by osteoblast linecage
cells (19, 20) and is a sufficient growth factor in bone matrix.
Therefore, we design the coating of TGF-f1 on scaffolds and then
the seeding of primary human osteoblasts on top of them (21). By
direct contact between osteoblasts and TGF-B1, cells will contin-
uously deposit calcium in blood flows. The scaffold carrier we
choose is polycaprolactone (PCL), which is a biodegradable
polymer that has been widely used as scaffolding material in bone
tissue engineering (22).
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In this proposal, we describe how to fabricate scaffolds from
PCL raw material, to prepare TGF-B1 coating on scaffolds, and to
culture HOBs in vitro on scaffolds for precalcification treatment.
We also provide a step-by-step protocol on how to implant these
HOB-PCL constructs into rabbit femoral arteries using catheter-
based techniques. Finally, we show a detailed guide on how to
detect calcium deposits and other pathological markers in CTO
using chemical detection methods and imaging approaches.

2. Materials

2.1. Fabrication of
PCL scaffolds

2.2. TGF-1 Coating
on PCL Scaffolds

1. Polycaprolactone (IV=1.0-1.3; GMP grade) (Lactel Durect
Co., Birmingham, AL, USA)

2. Sodium Chloride (Sigma, St. Louis, MO, USA)
3. Glass Scintillation Vials, 20 ml (Wheaton, Millville, NJ, USA)

4. Pouches 7-1/2x13” cool box (Certol, Commerce City, CO,
USA)

5. A set of sieves: 250-500 pum in mesh size
(a) Stainless steel pan (VWR, Sugar Land, TX, USA)
(b) Stainless steel cover (VWR)
(¢) 500 pum sieve (VWR)
(d) 250 pm sieve (VWR)
6. Dichloromethane (purity>98%, Sigma)
(

7. Virgin PTFE Rod (Molds) (MSC Industrial, San Antonio, TX,
USA)

1. TGF-B1 (R&D Systems, Minneapolis, MN, USA)

2. Bovine Serum Albumin low endotoxin, cell culture tested
(Sigma)

3. Low binding tubes (GLP-PGC Scientifics, Palm Desert, CA,
USA)

4. Fibronectin 1 mg/ml (Sigma)

5. BD syringes with Luer-Lok tips 60 ml (BD Biosciences, San
Jose, CA, USA)

6. 25 Gauge Syringe needle (BD Medical, Franklin Lakes, NJ,
USA)

7. Corning Ultra-Low Attachment 96 well plates (Corning,
Corning, NY, USA)

8. Corning Ultra-Low Attachment 24 well plates (Fisher Scientific,
Houston, TX, USA)
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2.3. In Vitro Culture
and Differentiation of
Primary Human
Osteoblasts

2.4. Implantation
of PCL-HOB Scaffolds
into Rabbit Artery

2.5. Characterization
of Calcification and
Pathological Features
at Chronic Total
Occlusion Sites

[\
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. Primary Human Osteoblasts (HOBs) (Lonza, Walkersville, MD)

. Minimal essential medium-Alpha (aMEM), no nucleosides

(Invitrogen, Carlsbad, CA, USA)

. L-ascorbic acid (Sigma)

. B-glycerophosphate (Sigma)

. Dexamethasone (Sigma)

. Osteoblast basal media (Lonza)

. Single Quotes (Lonza)

. Trypsin-EDTA (Lonza)

. Nalgene Sterile Disposable Filter Units (Thermo Scientific,

Logan, UT, USA)

. New Zealand White Rabbits, male, weighing 4.5-5 kg (Myrtle’s

Rabbitry, Thompsons Station, TN, USA)

2. French introducer sheath (Boston Scientific, Natick, MA, USA)

. 5 French Angled Glide-catheter (Terumo Medical, Somerset,

NJ, USA)

4. 0.014 in. guide wire (Boston Scientific)

N QN U b N

o)

10.

11.
12.

13.

. 5 French straight XP Glide-catheter (Terumo Medical)

. Tissue-Tek OCT compound 4583 (Electron Microscopy

Sciences, Hatfield, PA, USA)

. Formalin Solution, neutral buffered, 10% (Sigma)

. Transfer pipette (VWR)

. Silane Coated Slides (Electron Microscopy Sciences)
. Ca**-free PBS (Invitrogen)

. Osteolmage Bone Mineralization Assay (Lonza)

. Aqueous Mounting Medium (Vector Laboratories, Burlingame,

CA, USA)

. Cover Glass 22 x50 mm (Fisher)
. Microscope slide super PAP Pen, Fine tip 2.5 mm (Polysciences,

Warrington, PA, USA)

Harleco Hematoxylin, Gill III (EMD chemicals, Billerica, MA,
USA)

Harleco Eosin Y Solution, Aqueous, (EMD chemicals)

Tissue Path Disposable Base Molds (15x15x5 mm) (Fisher
Scientific)

Sodium Bicarbonate Powder (Sigma)
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. Scanning Electron Microscope (JEOL JSM-6610LV, Peabody,

MA, USA)

. Energy-dispersive X-ray spectroscopy (EDS) detector (EDAX

Apollox System, Mahwah, NJ, USA)

. Leica Cryostat (Leica Microsystems, Buffalo Grove, IL, USA)
. Confocal Microscope (Olympus FV-1000, Olympus, Center

Valley, PA, USA)

. Light Microscope (Olympus)

3. Methods

3.1. Fabrication of
PCL Scaffolds

PCL scaftolds were fabricated by the vibration particle technique
(21, 23-25). All tools, PTFE molds, and beakers are cleaned and
placed in a sterile pouch and autoclaved prior to all experiments
(Note 1).

1.

Select sodium chloride by sieves at mesh sizes of 250 and
500 pum. Only particles in the range of 250 pm-500 pm are
used in this experiment.

. Pour NaCl (250-500 pm) into a clean dry 250 ml beaker.

Cover the beaker with aluminum foil and punch some holes on
top for ventilation purposes.

. Place the beaker in a furnace at 200°C and bake for at least2 h.

Take it out to room temperature right before the experiment.

. Pour 11.37 ml dichloromethane and 1.33 g poly-(e-caprolac-

tone) in a 20 ml scintillation vial. Close the cap and vortex at
maximum speed on a vortex meter for 20 min until PCL dis-
solves completely in dichloromethane.

. Spread 7.875 g NaCl evenly at the bottom of a PTFE mold.

The mold is machined to have a rectangular cavity of
33x20x 15 mm.

. Once the polymer solution is added on top of the mold, vortex

the mold continuously for 2 min (Note 2).

. Add the second set of NaCl at 7.87 g evenly into the mold on

top of the previous polymer—salt mixture. Continue the vigor-
ous vortexing to mix the salt and polymer solution well.

. After about a minute or two, the polymer solution tends to dry

and is too stiff to vortex anymore. Before it totally dries out,
stop the vortex mixer and spread the last set of salt (3.50 g)

into the mold to evenly cover the top of the polymer solution
(Note 3).
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Fig. 1. (a) Polycaprolactone (PCL) scaffolds (diameter =3 mm; length =5 mm). (b) Cross-sections of polycaprolactone scaf-
folds under light microscopy (13). Reproduced by permission of John Wiley & Sons, Inc.

3.2. TGF-31 Coating on
PCL Scaffolds (Note 5)

9.

10.

11.

12.

13.

14.

15.

16.

1

Itis recommended to make 2—-3 molds of polymer—salt mixture
at once to yield sufficient amount of scaffolds for in vitro and
in vivo experiments.

The polymer—salt mixture in the PTFE molds was left in cus-
tomized plexiglass operation box for 24 h at room tempera-
ture. It is under the continuous air flow generated by two fans
on two opposite sides of the box.

Place molds in a vacuum oven (500 mTorr) at 45°C for another
24 h.

Screw a metal circular punch (Inner diameter 3 mm) onto an
arbor press, and punch scaffolds out of the molds (Note 4).
Each mold can yield 50 scaffolds at a diameter of 3 mm.

Place scaffolds from each mold in a separate 1 L beaker filled
with 800 ml of ddH, O for 2 days at room temperature. Change
water once after 24 h.

Collect porous scaffolds floating in water into a 15 ml centri-
fuge tube. Unscrew the cap and dry them in a lyophilizer for
24 h. The lyophilizer is set at —-40°C under vacuum.

Take out ready-to-use scaffolds from lyophilizer, seal the cap,
and store them at -20°C.

Check the pores of scaffolds under a light microscope. The
pore size ranges from 200 to 600 pm, and the porosity is>90%

(Fig. 1).

. Place 30 scaffolds in a 60 ml syringe. Fill in 15 ml of 75% etha-

nolin ddH,O. Remove air from the syringe, put on a 25-Gauge
syringe needle, and obstruct the needle tip with a piece of clean
Styrofoam.

. Vigorously plunge the syringe for about a minute in order to

remove air from scaffolds and allow 75% ethanol to penetrate
inside pores.
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of Primary Human
Osteoblast Cultures
on TGF-B1 Coated
Scaffolds
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. Scaffolds are floating on ethanol at first, and once they all sink

to the bottom of the syringe, it indicates fluids get inside the
pores. You can stop plunging at that time.

4. Let scaffolds sit in syringe for 15 min for sterilization.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

1.

. Take scaffolds out from 75% ethanol and place them in a new

20 ml syringe. Fill syringe with PBS and repeat steps 1-4.

. In order to wash out any residual ethanol. Change PBS two

more times and repeat steps 1-3.

. Aliquote 1 mg/ml fibronectin into 200 pl volume and store at

-20°C.

. Prepare fresh fibronectin solution at a concentration of 20 pg/

ml in PBS for each experiment.

. Place scaftolds in a new 60 ml syringe and fill the syringe with

15 ml fibronectin solution at a concentration of 20 pg/ml.
Repeat steps 14.

Take scaffolds out of the syringe and place each one in an indi-
vidual well of a regular 96-well plate.

Fill each well with 300 pl fibronectin solution at a concentra-
tion of 20 ug/ml (Note 6).

Seal the 96-well plate with parafilm and place it on ice at 4°C
fridge overnight (Note 7).

The next morning, prepare 4 mM HCl using ddH,O and ster-
ilize it by filtering through a 0.2 pm membrane.

Reconstitute TGE-B1 powder in 4 mM HCI to prepare a stock
solution at a concentration of 40 ng/ul in low binding tubes.

Prepare 1% BSA by adding 0.1 g bovine serum albumin in
10 ml ddH,O.

Dilute TGF-B1 stock solution to 5 ng,/20 ul volume using 1%
BSA (Note 8).

Take out PCL scaffolds coated with fibronectin from 4°C. Put
them on a sterile gauze to suck out liquid and then move them
to an ultra-low attachment 96-well plate. Each well holds one
scaffold.

Drop load 20 pl of TGF-B1 solution (as prepared in step 16)
onto each scatfold using a micropipette.

After all scaffolds are loaded with TGF-f1, the ultra-low attach-
ment 96-well plate is placed on ice at 4°C for 3 h.

Culture Human Osteoblasts (HOBs) in osteoblast basal

medium supplemented with single quotes in a humidified
incubator at 37°C with 5% CO,,.

. Culture cells in T-150 flasks, and change medium every 2

days.
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3.4. Implantation of
Precalcified HOB-PCL
Constructs into Rabbit
Femoral Arteries via
Catheterization (Note 9)

. Passage cells using trypsin—-EDTA when cultures reached

80-90% confluence. HOBs at third passage are used for all cell
culture experiments.

. The medium used for precalcification is a-MEM supplemented

with 7% FBS, 1% antibiotic/antimycotic, 100 pg/ml ascorbic
acid, 5 mM B-glycerolphosphate, and 1071 M dexamethasone.
Medium was sterilized by passing through a 0.2 pum filter.

. Take out scaffolds from 4°C and put them on a sterile gauze to

suck out liquid. Move scaffolds to a dry ultra-low attachment
24-well plate. A total number of 2 x10°> HOBs are seeded on
each scaffold in each well.

. Put the plate inside an incubator for 2 h.

. Take the plate out and add 1 ml precalcification medium into

each well.

. Medium is changed every 3 days, and HOB-PCL constructs

are harvested for implantation after 28 days of culture.

. The animals are preanesthetized using a mixture of ketamine

(30 mg/kg) and midazolam (0.2 mg/kg) administered intra-
muscularly (i.m.). The animals are intubated and anesthesia
was maintained using isoflorane inhalant (1-2%) administered
with 100% O,.

. Each rabbit receives a control PCL scaffold and a test scaffold

with osteoblasts and TGF-B1, and two time points (10 and
28 days) can be used for the study.

. The control PCL scaffold only has the loading of fibronectin,

but without TGF-B1 or osteoblasts.

. Perform a right common carotid artery cut-down, and place a

5 French introducer sheath into the artery.

. Advance a 0.014 in. guide wire first across the aortic arch.

6. Use a 5 French angled Glide-catheter to follow over the wire,

11.

go pass the aortic arch, and advance to a point proximal to the
iliac bifurcation.

. Perform a baseline angiogram of femoral arteries on both sides

of the body.

. Advance the guide wire down into one femoral artery to just

proximal to the stifle.

. Retract the Glide-catheter and leave the 0.014 wire in place.
10.

Thread a treated PCL scaffold onto the end of the wire and
push the scaffold down to the mid-thigh area of one femoral
artery using a 5 Fr straight XP Glide-catheter (Fig. 2a).

Use the same technique and place a control scaffold in a similar
position of the contralateral femoral artery (Fig. 2b).
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a
Advancing Direction Push the catheter against the polymer

0.014” guide wire Scaffolds The hollow 5Fr Glidecath on the 0.014” wire

b

Abdominal Aorta

Femoral Artery Femoral Artery

Fig. 2. (@) Schematic description of scaffold delivery to create chronic total occlusion (CTO) in a rabbit femoral artery.
(b) Location of CTO sites in targeted femoral arteries (13). Reproduced by permission of John Wiley & Sons, Inc.

Fig. 3. Angiogram of both left and right femoral arteries before implantation: baseline (a), and after implantation of scaffolds
(b) from the same animal (13). Reproduced by permission of John Wiley & Sons, Inc.

12. Perform a postscaffold implantation angiogram immediately.

13. Document the deployment of the constructs and verity the
percentage occlusion of the vessels (Fig. 3).

14. Remove the catheter and the wire.

15. Ligate the right carotid artery with 4-0 silk suture.
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3.5. Harvest
of Femoral Arteries

3.6. Tissue
Preservation

3.7. Detection of
Galcium Element in GTO

3.8. Fluorescent
Imaging of Calcium
and Cell Nuclei

16.
17.

B N~

(92}

N

s ST NS ]

Use a 3-0 absorbable suture to close incision in two layers.

Allow rabbits to recover and monitor their health until the end
study days of 10 and 28.

. Sedate the rabbit and intubate it as stated in Sect. 1.4 step 1 (13).
. Make an abdominal incision and isolate the abdominal aorta.
. Place a 5 Fr introducer sheath inside the vessel.

. Perform an angiography to document the percentage occlu-

sion of both femoral arteries at day 10 and day 28 time
points.

. Euthanize the rabbits while they are still under anesthesia.
. Flush femoral arteries with saline.

. Excise the arteries.

. Fix femoral arteries in 10% neutral buftered formalin for 24 h.
. Cut arteries cross-sectionally into small tubes.
. Embed artery segments in Tissue-Tek OCT compound.

. Cut sections in 60 pM thickness using a Leica cryostat

(Note 10).

. Mount tissue onto silane-coated microscope slides.

. Wash tissue on slides with Ca?* free PBS gently using transfer

pipets.

2. Place slides flat in chemical hood and air-dry them overnight.

. Examine the dry specimen using a scanning electron micro-

scope equipped with an energy-dispersive X-ray Spectroscopy
(EDS) detector (EDAX Apollox system).

. CTO specimen containing calcium elements will show a signal

peak at 3.8 kev range (Fig. 4).

. Circle the staining area on slides using a microscope slide

marker, and perform the staining when slides are in horizontal
position.

2. Wash tissue on slides three times in PBS.

. Use Osteo Image mineralization assay to stain calcium

deposits.

4. Dilute wash buffer 1:10 in de-ionized water.

. Wash slides twice with 1xwash buffer.

. Dilute staining reagent 1:100 in staining reagent dilution

buffer.

. Add fresh ddH,O and incubate on slides for another 5 min.
. Add 200 pl diluted sterilizing reagent to each slide.
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Fig. 4. EDS profile of chronic total occlusion (CTO) arteries at day 28 with control scaffolds (a), and treated scaffolds (b) (13).
Reproduced by permission of John Wiley & Sons, Inc.

9. Incubate slides in dark for 30 min at room temperature.
10. Aspirate staining reagent using a transfer pipette.
11. Wash slides gently three times with wash buftfer.
12. Counterstain cell nuclei with DAPI.
13. Mount slides with mounting medium.

14. View slides under the FITC channel for calcium and DAPI
channel for cell nuclei using a confocal microscope (Fig. 5).
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Fig. 5. Stains for calcium (green fluorescence) at chronic total occlusion (CTO) sites of rabbit femoral arteries with scaffold
implantation at 10 days (a). Nuclei were counterstained with DAPI (blue fluorescence) from the same location (b). Scale bar
was 250 pum. (c) Quantitative area of calcium deposits in treated and control CTO sites at 10 days (*p<0.05) (13).
Reproduced by permission of John Wiley & Sons, Inc.

3.9. Hematoxylin 1. Take out slides from freezer to room temperature and wait 10
and Eosin Staining min for slides to dry.

2. Circle the staining area on slides using a microscope slide
marker, and perform the staining when slides are in horizontal
position.

. Incubate slides with ddH,O for 5 min.

. Suck out H,O on slides using a transfer pipette.

. Add fresh ddH,O and incubate on slides for another 5 min.
. Remove H,O from slides using a transfer pipette.

. Stain slides with hematoxylin solution for 2 min.

0 NN O Ol W

. Wash slides twice with H,O, 5 min incubation each time
(Note 11).

9. Stain tissue with 0.1% sodium bicarbonate (bluing agent;
0.05 g sodium bicarbonate in 50 ml ddH,O) for 30 s, and no
more than 30 s.

10. Incubate slides with 70% ethanol for 2 min and then remove
the solution.

11. Incubate slides with 90% ethanol for 2 min and remove the
solution.

12. Incubate slides with 95% ethanol for 2 min and remove the
solution.

13. Stain tissue sections with 1% Eosin Y solution for 2 min.
14. Rinse slides with ddH,O twice, 10 s for each time.

15. Air-dry the slides.

16. Mount slides with aqueous mounting media (Note 12).

17. Image slides under a light microscope (Figs. 6 and 7).
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Fig. 6. Recanalization, the new blood formation in control and treated CTO sites at 28 days
using hematoxylin—eosin staining. Arrow heads point to the small new blood vessels, and
asterisks show the location of scaffolds. Arrows identify the elastic lamina of arteries (13).
Reproduced by permission of John Wiley & Sons, Inc.

Fig. 7. Acute and chronic inflammatory response in control and treated CTO sites at
28 days using hematoxylin—eosin staining. Arrows point to leukocytes, and arrow heads
show lymphocytes (13). Reproduced by permission of John Wiley & Sons, Inc.
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4. Notes

10.

. All the experimental procedures should be performed under

sterile conditions.

. It is essential to vortex the polymer and salt mixture continu-

ously at a speed that the top of the solution vigorously moves
throughout the whole process. Vortexing is critical to make
NaCl particles distribute evenly inside the polymer solution.
The resulting scaftolds yield evenly distributed pores.

. Adding the last set of salt is very important to achieve good

quality scaffolds. If polymer solution is still very wet after
the last addition of salt (3.5 g) has been added, pour another
3.5 g NaCl into the mold to see if that can dry the solution
out. However, by doing so, you increase the length of your
scaffolds and make them difficult to punch out in the fol-
low-up steps. If polymer solution is already dry before the
last set of salt has been added, drop an additional 0.5-1 ml
dichloromethane into the mold and vortex continuously.
Repeat step 7.

. The inner diameter of the metal circular punch determines the

diameter of scaffolds. The rim at the tip of the punch should
be sharpened so that extraction process can be easy.

. All steps in this section should be performed in biological

hoods.

. Scaffolds should all sink to the bottom of the wells after the

addition of fibronectin solution. If some of them still float, that
means the majority of the pores in that scaffold is not pene-
trated by fibronectin and they should not be used for the fol-
low-up experiments.

. PCL is hydrophobic by nature and does not favor the attach-

ment of cells. Fibronectin acts as a glue to bind both TGF-1
and cells onto the scaffolds.

. Aliquote stock TGF-B1 to the amount needed for each experi-

ment and store them at —~80°C. Avoid repeated freeze thawing
cycles.

. The weight of rabbits need to be in the range of 4.5-5 kg or

larger. A 5 Fr catheter cannot fit in the femoral arteries of rab-
bits that are less than 3 kg in weight.

Sections must be 60 um or thicker to maintain the integrity of
OCT sites. Slides thinner than 60 pm will experience hollow
defects in the area of scaffold cross-sections. It is key to the
success of the following staining and calcium detection
experiments.
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11. Itis suggested to test different incubation time and concentration
of hematoxyline and eosin used to achieve a good balance of blue
and pink color for good imaging effect.

12.

Only aqueous mounting media can be used. Polycaprolactone

(PCL) is soluble in some organic solvents including xylene,
and thus organic solvents must be eliminated through the
whole process of staining.
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Chapter 5

Models of Hypertension and Blood Pressure Recording

Luciana Aparecida Campos and Ovidiu Constantin Baltatu

Abstract

Hypertension and cardiovascular events continue to constitute the leading global diseases affecting around
20% of the world’s population. Although there have been significant advances in the treatment and preven-
tion of these diseases, important efforts are being made aiming at deciphering the outstanding issues in the
areas of cardiovascular physiology and pathology, positively impacting the development of new strategies
applied to the diagnosis and treatment of hypertension. In this search, many animal models of disease have
been developed and are currently being employed, demonstrating a most valuable tool in understanding
the biological bases of the disease.

Key words: Hypertension, Experimental model, Blood pressure monitoring, End-organ damage

1. Introduction

Hypertension is not a modern phenomenon. Although blood
pressure was first measured in a dying mare in 1733 by Stephen
Hales, it was not until 1950s, when the first articles on the disease
started to appear, that we became aware of the relationship between
high blood pressure and cardiovascular diseases that continue to
constitute up-to-date the leading global diseases affecting about
20% of the world’s population (1).

There was a longstanding theory that body pressor substances
caused hypertension due to their actions on the peripheral blood
vessels. The substance or its site of synthesis was yet to be discov-
ered. It was only in 1898 that a substance called renin was discov-
ered by Robert Tigerstedt and Bergman, his pupil. Their basic
hypothesis was that “...a blood-pressure raising substance is formed
in the kidneys and passed into the blood.” (2). To test this hypoth-
esis, they homogenized fresh rabbit kidney in saline, centrifuged it,
and then injected the supernatant fluid into other rabbits. The
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outcome was that the injections resulted in an increase in blood
pressure in the recipient rabbits. Their experiments did not stop
there. Through various other experiments, Tigerstedt and Bergman
demonstrated that the pressor substance, discovered and named by
the authors as renin, was water soluble and heat labile, all of which
pointed renin as being a protein. Also, they showed that renin
could only be extracted from renal cortex and renal venous blood,
and that the pressor action appeared to be mediated by an effect on
vascular smooth muscle, although not necessarily a direct effect.

Hypertension became known when Harry Goldblatt estab-
lished renovascular hypertension in the 1930s by clipping the renal
artery of a dog and producing, thus, the first animal model of sec-
ondary form of hypertension (3). Since then, many attempts have
been performed to develop experimental nongenetic and genetic
models of hypertension targeting the system.

Over the past 60 years various animal models of hypertension
have been developed, mainly rats. In this chapter we will summa-
rize the most frequently used experimental animal models of hyper-
tension with its predominant characteristic phenotypes, mentioning
strains of animals other than rats used as models of hypertension.
Recent articles on hypertension can be reviewed (2, 4-8).

An animal model of hypertension should fulfill the following
criteria:

1. It should have persistently elevated levels of arterial pressure
comparable to human hypertension.

2. It should have functional injury and pathology correlating to a
clinical scenario.

3. It should be reproducible between and among experiments.

4. It should be a simple and cost-effective model for pharmaceu-
tical development.

5. It should allow cross-over testing of a series of compounds.

The most used experimental species is the rat due to the extensive
characterization of its cardiovascular physiology which has many sim-
ilarities with the human one, ease to breed and reproduce, and cost-
effective. Transgenic rats have been developed to target specific genes
of regulatory systems in order to progress our understanding on car-
diovascular system. Knockout mice have been also developed and
recognized as useful for cardiovascular pathophysiology, although
cardiovascular phenotyping has been proven to be more challenging.
Large animal species such as dogs, pigs, and monkeys are also used to
produce experimental hypertension. However, breeding and costs
made such large animals not suitable for routine testing.

Various models of hypertension are utilized to study different
human forms of hypertension. The mostly utilized model for
human essential hypertension is the spontaneously hypertensive rat
that does not have a known cause of hypertension. Several other
models have been developed and employed (Table 1) to progress
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Table 1
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The most common models of hypertension and their phenotypes

Animal models

Main phenotype

Renovascular hypertension 2K1C or IKI1C (Goldblntt
hypertension) (9)

Renal artery clipped /mechanic type of hypertension in
rabbits, dogs, pigs, monkeys, mice, and rats. Clipping one
renal artery and preserving both kidneys (two-kidney
one-clip model—2K1C) or removing the contralateral
one (one-kidney one-clip—1K1C) leads to hypertension
that develops progressively and reaches around
180 mmHg systolic 3 weeks after surgery

Cardiac hypertrophy (50%)

Renal hemodynamic and excretory
alterations, particularly in the
nonclipped kidney:

In 2K1C plasma renin activity is
increased; there is no salt and water
retention because of the other nor-
mal kidney that is intact

— In 1KIC plasma renin activity is
normal and rapid salt and water
retention because of no pressure
diuresis and natriuresis

Pharmacological models for systemic hypertension—endocrine etiology

Anygiotensin II-Induced Hypertension (10)

Infused doses of Ang II of 50-250 ng/kg per minute
subcutaneously, which do not produce direct vasocon-
striction are described as “subpressor” or “slow pressor”
and can induce a gradual increase of blood pressure in
days to weeks. It is a model of renovascular hypertension
with low plasma renin activity

DOCA-salt—endocrine hypertension (11)

The administration for at least 6 weeks of 10-20 mg/kg/
week DOCA (deoxycorticosterone acetate) subcutane-
ously in combination with a drinking saline (0,9.2%
NaCl) and with unilateral nephrectomy induces a low
renin form of hypertension in rats, mice, dogs, and pigs

L-NAME-induced hypertension (12)

L-NAME (NG-nitro-l-arginine methyl ester) given at
2040 mg/kg body weight, intraperitoneally or orally
decreases NO production leading to hypertension in rats,
dogs, and pigs

Genetic models for systemic hypertension

Spontaneously Hypertensive Rats (SHR) (13)

Selective inbreeding of Wistar Kyoto (WKY) rats with the
highest blood pressure. It is the most commonly used
animal model of primary (essential) hypertension.
Hypertension starts at 5-6 weeks of age and the systolic
pressure may reach 180-200 mmHg in the adult,
depending on strain and gender

Cardiac hypertrophy and fibrosis

Inversion of circadian rhythm of blood
pressure in rats (model of nondipper
hypertension)

Cardiac hypertrophy (30%, with no
cardiac failure)

Impaired renal function—proteinuria,
glomerulosclerosis

Impaired endothelium-dependent
vascular relaxation.

Hypertension of about 180 mmHg
systolic; most of in-life studies are
investigating pathophysiology and
treatment at 4 weeks

Early generalized impairment of
endothelial function

Progressive kidney damage (proteinuria,
intrarenal vascular, tubular and
glomerular lesions)

Cardiac hypertrophy (30%, with normal
cardiac output) and increased total
peripheral resistance

Impaired endothelium-dependent
vascular relaxation

After 24 months of age, may develop
manifest heart failure

(continued)
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Table 1

(continued)

Animal models Main phenotype

SHR Stroke Prone (SHR-SP) (14) Tendency to die from cerebrovascular,
It is a substrain of SHR that develop cerebrovascular lesions i.e., stroke and renal lesions

spontaneously in over 80% of rats

Milan Hypertensive rat (MHS) (15) 1. Hypertension develops at 8 weeks
Breeding of a hypertensive rat strain that develops altera- of age and reaches systolic levels of
tions in renal sodium and water metabolism with 160-175 mmHg at 10 weeks of

consequent hypertension. age

2. Cardiac hypertrophy (10%)
3. Increased renal sodium reabsorption

Lyon Hypertensive Rats (16) Hypertension develops at 6 weeks of
Lyon Hypertensive (LH/Mav) rats obtained through age, reaching levels of 175 mmHg
selective breeding have spontaneous and salt-sensitive systolic at adult age; salt diet further
hypertension in comparison with the normotensive increase blood pressure
control LN (Lyon Normotensive), the high genetic Renal damage (exaggerated proteinuria)
similarity between these two strains, simultaneously High body weight
selected from the same colony of outbred Sprague- Hyperlipidemia
Dawley Elevated insulin-to-glucose ratio
New Zealand genetically Hypertensive rats (17) Hypertension develops early after birth
New Zealand genetically hypertensive (NZGH) rat was reaching systolic arterial pressure of
derived from the same Wistar background as the SHR. more than 200 mmHg at 10 weeks
The NZGH rat has similar time course in the develop- of age
ment of hypertension as the SHR Elevated left ventricular mass

Alterations in hemodynamics and
vascular reactivity
Increased renal afferent arteriole

Dabl-rat—ygenetic hypertension (18) Hypertension develops with salt diet
Dahl salt-sensitive (DS) and salt-resistant (DR) inbred rat with systolic arterial pressure levels of
strains with 8% NaCl diet develop hypertension about 185 mmHg
(>140 mmHg systolic arterial pressure) Cardiac hypertrophy with subsequent
On 8% NaCl diet, DS rats develop fulminant hypertension severe heart failure

and marked vascular and renal lesions after 3—4 weeks and Renal damage (severe and early
die within 8 weeks. In contrast, DR rats on 8% NaCI diet proteinuria)

develop hypertension and associated vascular and renal Impaired endothelium-dependent
lesions in 3—4 months vascular relaxation
Sabra rat (19) Hypertension develops with values
Sabra salt-sensitive rat (SBH/y) in contrast to the resistant above 200 mmHg systolic blood
SBN /y rat becomes hypertensive under a high-salt diet pressure
(1% NaCl in drinking water) and DOCA (subcutaneous  Model used to study the genetics of salt
25-mg DOCA tablet) in 3 weeks sensitivity
Transgenic models for hypertension—models of hypertension with a defined genetic cause
TGR (mRen 2)27(20) Cardiac hypertrophy (40%) and fibrosis
Transgenic rat carrying the mouse renin Ren-2d as transgene. Renal damage (proteinuria, structural
It develops fulminant hypertension at an early age and changes)
end-organ damage similarly to human malignant phase Impaired endothelial-dependent
hypertension. Homozygote rats die at 2 months of age relaxations

(continued)
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Main phenotype

Human Renin—Human Angiotensinogen Donble
Transgenic Rats (21)

Breeding of transgenic human renin female TGR(hREN)
with transgenic angiotensinogen male TGR(hAOGEN),
double-transgenic rats (dTGR) expressing human renin
and angiotensinogen are generated

Transgenic rats with inducible renin expression (22)

The same mouse Ren-2 gene has been used to generate a
transgenic rat with inducible hypertension under the
transcriptional control of the cytochrome P450, Cyplal
promoter, which can be induced by treating the animals
with indole-3 carbinol, a xenobiotic drug

TGM(rAOGEN)123 (23)
Overexpression of the rat angiotensinogen gene in mice
leads to hypertension

Mice lacking Atvial Natriurvetic Peptide (ANP) (24)

Disruption of the proAND gene in homozygous mutants
leads to no circulating of atrial ANP and hypertension,
and in heterozygotes leads to normal circulating ANP
levels and normal blood pressure

Mice lacking the guanylyl cyclase-A receptor for atrial
natriuretic peptide (25)

Mice lacking a functional Nprl gene coding for natriuretic
peptide receptor A have hypertension. Described as a
model of resistant to salt (blood pressure does not change
by more than 5 mm Hg when salt intake is high)

Mice lacking the proatvial natriuvetic peptide convertase
corin (26)

Corin-deficient (Cor~~) mice have spontaneous
hypertension, which is enhanced with dietary salt loading

eNOS mutant mice (27)

Knockout mice homozygous but not heterozygous for
disruption of the gene endothelial nitric oxide synthase
(eNOS~~) mice develop mild hypertension

Fulminant hypertension followed by
overt organ damage of heart and
kidney comparable to malignant
hypertensive patients

Early mortality

Vessel wall changes in peripheral
tissues—kidney, heart, and mesen-
tery—with medial thickening and
fibrinoid necrosis

Multiple small hemorrhagic lesions

Stroke lesions with 0.9% saline in
addition to drinking water

Cardiac hypertrophy and fibrosis
Renal dysfunction, albuminuria, and
fibrosis

Develop hypertension when fed a high
salt diet

Cardiac hypertrophy
Mice may die through congestive heart
failure or aortic dissection

Cardiac hypertrophy

Pregnant Cor~~ mice demonstrate
late-gestation proteinuria and
enhanced high blood pressure during
pregnancy

Increase in wall thickness
Abnormal microvascular density

Besides experimental hypertension induced through surgical and/or pharmacological manipulation of experimental
animal, there are also models obtained through transgenic manipulations or selective inbreeding. The most character-
ized experimental animal models of hypertension with their main phenotype are presented in the table above
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our understanding on numerous forms of human secondary hyper-
tension of a known cause. Experimental hypertension can be
achieved through:

1. Surgical and /or pharmacological manipulation of experimen-
tal animal.

2. Genetic manipulation by targeting a specific gene of interest
through the stimulation, inhibition, or ablation (knock out) of
its synthesis.

3. Selective inbreeding of hypertensive animals.

2. Materials

2.1. Renovascular 1. Rats weighing from 120 to 200 g are used.

Hypertension 2K1C or 2. U-shaped silver ribbon clip or with 4-0 silk suture.
1K1C (Goldblatt

Hypertension)

2.2. Angiotensin 1. Adult rats at least 3 months old are used.

I"’”dUCEd_ 2. Osmotic minipumps (Alzet, Alza Corp, St. Paul, MN) with

Hypertension different infusion and duration rates are utilized, depending of
the intended duration of the angiotensin II administration.

3. Angiotensin II (Sigma-Aldrich, St. Louis, MO) is dissolved in

0.9% saline at a concentration calculated to allow the desired
infusion rate (i.e., of 50-250 ng Ang II per kilogram per
minute).

2.3. DOCA-Salt- 1. Deoxycorticosterone acetate, DOCA (Sigma-Aldrich).

Induced Endocrine

Hypertension

3. Methods

3.1. Renovascular Clipping one renal artery and preserving both kidneys (two-kidney

Hypertension 2K1C or one-clip model—2KI1C) or removing the contralateral one (one-

1K1C (Goldblatt kidney one-clip—1K1C) leads to hypertension.

Hypertension)

1. Induce anesthesia with a commonly used anesthetic such as
36 mg/kg body weight of 3% sodium pentobarbital intraperi-
toneally (Note 1).

2. Make a median longitudinal incision in the abdominal wall.



3.2. Angiotensin
ll-Induced
Hypertension

3.3. DOCA-Salt-
Induced Endocrine
Hypertension

3.4. Methods for Blood
Pressure Measurements

3.4.1. Indirect
Measurements: The
Oscillometric Method
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3. The left renal artery is reached through the median abdominal
incision and constricted with a U-shaped silver ribbon clip or
with 4-0 silk suture; constriction of renal artery should be
more than 50% (Note 2).

4. Close the abdominal incision at muscle and then skin layers
with silk sutures.

5. The experimental model is considered successtul if hyperten-
sive with systolic BP more than 160 mmHg for 2 consecutive
days after 4 weeks of ligation.

Chronic infusion of angiotensin II at doses which do not produce
an acute increase in blood pressure leads to hypertension.

1. Fill the minipumps with the angiotensin II solution following
the Alzet instructions for filling procedure (Note 3).

2. Rats are anaesthetized with ether.

3. A subcutaneous tunneling is made with a bunt-tip forceps
through a 1.5 cm incision in the retroscapular area and the
minipumps filled with the angiotensin II solution are implanted
subcutaneously.

Administration of deoxycorticosterone acetate (DOCA) to unine-
phrectomized rats receiving drinking water containing 1% NaCl
causes endocrine hypertension resulting from hypervolemia and
high salt intake.

1. Rats are anesthetized (i.e., with pentobarbital sodium—60 mg/
kg ip).

2. An incision in the left flank of the lumbar region is performed.

3. The left kidney is exposed from the perirenal fat (Note 4).

4. The renal pedicle is isolated, two ligatures are tied on it and
thereafter it is sectioned distally from the ligatures and the left
kidney is removed.

5. The DOCA pellet is placed through the incision in a subcuta-
neous tunneling made with surgical forceps with blunt tip

(Note 5).

6. The incision wound is closed with surgical clippers or silk
sutures.

It uses the same principle of oscillometric determinations of arte-
rial pressure in humans. This method can be used in large animals
(dogs, rabbits) by placing the cuff on forelimb (radial artery) or
hindlimb (tibial artery), or in small animals (rats, mice) by placing
the cuff on tail (tail artery). The cuff connected to a sphygmoma-
nometer or pressure transducer is inflated above the systolic pres-
sure and then deflated. When cuff is deflated pulsations start
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3.4.2. Direct
Measurements: Intra-
arterial Cannulation

3.4.3. Direct
Measurements: Intra-
arterial Cannulation and
Telemetry Recordings

appearing when pressure in the cuff equals systolic pressure. This
method affects heart rate, stress hormones, and consequently,
blood pressure due to the stress imposed to the restrained animal.

A catheter is implanted in carotid or femoral artery and exterior-
ized through a tunneling under the skin. The catheter is filled with
1% heparin in normal saline and connected to a pressure transducer
and then to the preamplifier and recorded on the polygraph or
physiography. Although more reliable, it has many drawbacks and
limitations, such as easy blockage of the system by blood clots, and
decreased blood flow to the brain and to inferior limbs, with cath-
eter placed in jugular and femoral arteries, respectively.

Telemetry is the actual gold standard for blood pressure measure-
ment chronically for weeks or months. The blood pressure trans-
mitter has an intra-arterial catheter and a wireless transmitter.
A receiver with data acquisition system allows continuous monitor-
ing of blood pressure in conscious and unrestrained animals that
have implanted the telemetry transmitter.

4, Notes

1. In order to achieve a proper experimental group of rats,
2K1C/1KI1C should be induced in a number of animals at
least double of the targeted group number, since only 45-50%
develop stable hypertension.

2. To produce the 1K1C model, the left kidney is exposed from
the perirenal fat; the renal pedicle is isolated, two ligatures are
tied on it and thereafter it is sectioned distally from the liga-
tures and the left kidney is removed.

3. The most important step is the filling of the minipumps—the
pump should be filled completely with drug solution and no
air bubbles should be allowed to be trapped within the body of
the pump; handle with gloves to avoid deposition of skin oils.

4. When exposing the kidney from the perirenal fat care should
be taken not to remove the adrenal gland besides the kidney.

5. A mild DOCA-salt hypertension model that might allow study-
ing mechanisms that serve as a primary cause of hypertension
development has been recently described by Kandlikar and
Fink (28). In this model, no nephrectomy is performed and a
lower dose of DOCA is used in rats receiving drinking water
containing 1% NaCl and 0.2% KCI to induce an increase of
blood pressure of about 20 mmHg.



5 Models of Hypertension and Blood Pressure Recording

References

1.

10.

11.

12.

13.

14.

15.

16.

Ezzati M, Lopez AD, Rodgers A, Vander
Hoorn S, Murray CJ (2002) Selected major
risk factors and global and regional burden of
disease. Lancet 360:1347-1360

. Phillips MI, Schmidt-Ott KM (1999) The dis-

covery of Renin 100 years ago. News Physiol
Sci 14:271-274

. Goldblatt H, Weinstein H, Kahn JR (1941)

Studies on experimental hypertension: Xiv. The
effect of intermittent renal arterial occlusion on
the blood pressure of the dog. J Exp Med
73:439-451

. Pinto YM, Paul M, Ganten D (1998) Lessons

from rat models of hypertension: from Goldblatt
to genetic engineering. Cardiovasc Res 39:77-88

. Bader M (2010) Rat models of cardiovascular

diseases. Methods Mol Biol 597:403-414

. Osborn JW, Fink GD (2010) Region-specific

changes in sympathetic nerve activity in angio-
tensin II-salt hypertension in the rat. Exp
Physiol 95:61-68

. Hainsworth AH, Markus HS (2008) Do in vivo

experimental models reflect human cerebral
small vessel disease? A systematic review.
J Cereb Blood Flow Metab 28:1877-1891

. Yagil Y, Yagil C (1998) Genetic basis of salt-

susceptibility in the Sabra rat model of hyper-
tension. Kidney Int 53:1493-1500

. Laragh JH (1991) On the mechanisms and

clinical relevance of one-kidney, one-clip hyper-
tension. Am J Hypertens 4:5415-545S

Simon G, Abraham G, Cserep G (1995) Pressor
and subpressor angiotensin II administration.
Two experimental models of hypertension. Am
J Hypertens 8:645-650

Schenk J, McNeill JH (1992) The pathogene-
sis of DOCA-salt hypertension. ] Pharmacol
Toxicol Methods 27:161-170

Jover B, Mimran A (2001) Nitric oxide inhibi-
tion and renal alterations. ] Cardiovasc
Pharmacol 38(Suppl 2):565-S70

Trippodo NC, Frohlich ED (1981) Similarities
of genetic (spontaneous) hypertension. Man
and rat. Circ Res 48:309-319

Okamoto K, Tabei R, Fukushima M, Nosaka S,
Yamori Y (1966) Further observations of the
development of a strain of spontancously
hypertensive rats. Jpn Circ ] 30:703-716
Bianchi G, Ferrari P, Cusi D, Salardi S, Guidi E
et al (1986) Genetic and experimental hyperten-
sion in the animal model-similarities and dissimi-
larities to the developmentofhuman hypertension.
J Cardiovasc Pharmacol 8(Suppl 5):564-S70
Julien C, Bertolino S, Medeiros IA, Barres C,
Sassard ] (1997) Renin secretion in Lyon

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

99

hypertensive rats. Clin Exp Hypertens 19:
699-711

Ledingham JM, Laverty R (1998) Renal affer-
ent arteriolar structure in the genetically hyper-
tensive (GH) rat and the ability of losartan and
enalapril to cause structural remodelling. J
Hypertens 16:1945-1952

Rapp JP, Dene H (1985) Development and
characteristics of inbred strains of Dahl salt-
sensitive and salt-resistant rats. Hypertension
7:340-349

Yagil C, Katni G, Rubattu S, Stolpe C, Kreutz
R et al (1996) Development, genotype and
phenotype of a new colony of the Sabra hyper-
tension prone (SBH/y) and resistant (SBN /y)
rat model of slat sensitivity and resistance.
] Hypertens 14:1175-1182

Mullins JJ, Peters J, Ganten D (1990) Fulminant
hypertension in transgenic rats harbouring the
mouse Ren-2 gene. Nature 344:541-544
Ganten D, Wagner J, Zeh K, Bader M, Michel
JB et al (1992) Species specificity of renin
kinetics in transgenic rats harboring the human
renin and angiotensinogen genes. Proc Natl
Acad Sci USA 89:7806-7810

Kantachuvesiri S, Fleming S, Peters J, Peters B,
Brooker G et al (2001) Controlled hyperten-
sion, a transgenic toggle switch reveals differ-
ential mechanisms underlying vascular disease.
J Biol Chem 276:36727-36733

Kimura S, Mullins JJ, Bunnemann B, Metzger
R, Hilgenfeldt U et al (1992) High blood pres-
sure in transgenic mice carrying the rat angio-
tensinogen gene. EMBO J 11:821-827

John SW, Krege JH, Oliver PM, Hagaman JR,
Hodgin JB et al (1995) Genetic decreases in
atrial natriuretic peptide and salt-sensitive
hypertension. Science 267:679-681

Lopez MJ, Wong SK, Kishimoto I, Dubois S,
Mach V et al (1995) Salt-resistant hyperten-
sion in mice lacking the guanylyl cyclase-A
receptor for atrial natriuretic peptide. Nature
378:65-68

Chan JC, Knudson O, Wu F, Morser J, Dole
WP et al (2005) Hypertension in mice lacking
the proatrial natriuretic peptide convertase
corin. Proc Natl Acad Sci USA 102:785-790
Shesely EG, Maeda N, Kim HS, Desai KM,
Krege JH et al (1996) Elevated blood pressures
in mice lacking endothelial nitric oxide synthase.
Proc Natl Acad Sci USA 93:13176-13181
Kandlikar SS, Fink GD (2011) Mild DOCA-
salt hypertension: sympathetic system and role
ofrenal nerves. Am J Physiol Heart Circ Physiol
300:H1781-H1787



Chapter 6

Balloon Injury in Rats as a Model for Studying TRP Channel
Contribution to Vascular Smooth Muscle Remodeling

Wei Zhang and Mohamed Trebak

Abstract

Many vascular occlusive diseases are characterized by endothelial dysfunction and phenotypic switch of
vascular smooth muscle cell (VSMC) from quiescent contractile to proliferative migratory phenotypes.
These cellular responses can be recapitulated and studied in vivo in animal models of vascular injury.
A typical example is the balloon injury model which causes endothelial denudation and distending mural
injury in the operated blood vessel wall. VSMCs respond to this vascular injury by enhanced proliferation
and migration, neointimal growth, and subsequent vascular occlusion. In these protocols, a balloon cath-
eter (a catheter with a tiny balloon at the tip) is inserted into a blood vessel (usually the carotid artery)
lumen and then the balloon is inflated and dragged in the vessel in order to cause endothelial denudation
and distending mural injury. Many ion channels, including isoforms of STIM /Orai and transient receptor
potential (TRP) channels have showed altered expression during the process of VSMC phenotypic switch.
The vascular injury model offers means to study the in vivo contribution of changes in expression of these
ion channels to vascular occlusion. After injury, expression of TRP channels in injured vessel section can
be altered positively or negatively by transducing these vessel sections with viral particles encoding either
c¢DNA clones or shRNA constructs specific to a given ion channel.

Key words: Balloon angioplasty, Neointima, Smooth muscle remodeling, Rat carotid artery, Viral
transduction, Ton channels

1. Introduction

Endothelial dysfunction and vascular smooth muscle cell (VSMC)
proliferation /migration are involved in many vascular occlusive dis-
eases (1—4). Animal models are experimental animals carrying dis-
eases or disorders which in some aspects mimic certain human
diseases. They are used for etiological study and potential drug
screening. Animal models are either spontaneous or induced. The
balloon injury model is a physically induced animal model, which

Arpad Szallasi and Tamas Bir6 (eds.), TRP Channels in Drug Discovery: Volume Il, Methods in Pharmacology and Toxicology,
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has been in use since 1983 (5-7). The distinguishing feature of
this model is that it mimics the complications of a therapeutic
procedure called angioplasty which is performed on patients to
restore blood flow in an artery clogged by atherosclerotic plaque.
Angioplasty is a clinically widespread procedure which crushes
the atherosclerotic plaque in narrowed sections of an artery using
a balloon that is guided by a catheter to the site of plaque deposit,
and then inflated with water pressure 75-500 times the normal
blood pressure. Mechanical stress caused by the inflated balloon
crushes the plaque but also causes damages to the blood vessel
wall, including partial loss of the endothelial layer and distending
injury in the media layer. The loss of endothelial integrity exposes
the media layer containing VSMCs to the blood and multiple
stimuli it contains. Stimuli such as platelet-derived growth factor
(PDGEF) trigger VSMC to proliferate and migrate. These prolit-
erative migratory VSMC will produce and secrete extracellular
matrix proteins. VSMCs and extracellular matrix thus form a new
mural structure called neointima, which occupies part of the ves-
sel lumen and causes artery narrowing, blood flow reduction, and
occlusion.

Rat is the most commonly used animal species for balloon
injury model. The carotid artery is used as the target vessel of
injury due to the easy access and minor pain or harm to the
animal. There are two carotid arteries symmetrically located on
the left and right side of trachea in the neck. Balloon injury is
usually performed on the left one (left carotid artery), while the
right one is used as an internal control. Local drug/gene deliv-
ery in the injured carotid artery wall is a tool for investigation
of the molecular biological mechanism and potential therapeu-
tic targets of VSMC proliferative disorders. Viruses encoding
either cDNA clones or shRNA constructs specific to a given
gene are administered in the vessel lumen right after balloon
injury. These viral strategies are used to either express a protein
(cDNA) that is thought beneficial or prevent the upregulation
of a protein (shRNA) that is thought detrimental to vessel heal-
ing. Typically, these viral particles encode a marker such as the
green fluorescent protein (GFP) under a separate promoter for
visualization of extent of medial infection by the virus.

2. Materials

2.1. Animals

1. The use of rats for these experiments has to be reviewed and
approved by the Institutional Animal Care and Use Committee
(IACUC) or equivalent at the host institution’s Animal
Resource Facility. Such animal facility should be licensed by
the US Department of Agriculture and the Division of
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2.2. Preoperative
Procedures: Solutions
and Supplies

2.2.1. Solutions

2.2.2. Supplies

2.3. Surgical
Procedures: Solutions
and Supplies

2.3.1. Solutions

Laboratories and Research of the Department of Public
Health of its corresponding State and should be accredited
by the American Association for the Accreditation of
Laboratory Animal Care. The most highly used and best
characterized strain of rat for balloon injury model is Sprague—
Dawley (SD rats).

. Animals are fed with normal diet perioperatively. Male rats are

preferred since the female hormone estrogen modulates
neointima formation in response to balloon injury (8). Animal
weights that have been mostly reported in literature are
between 350 and 500 g. According to the authors’ experience,
the optimal size of SD rats for balloon injury is between 400
and 500 g. The fully grown animal has a carotid artery with
large diameter and thick walls which allows the balloon cathe-
ter easy access into the vessel lumen and avoids severe damage
to the blood vessel wall. Severe damage to the vessel will lead
to blood leakage and thrombosis.

. Povidone-Iodine scrub or other topical antiseptic/bactericide

agent

2. Absolute alcohol

[ SO ST NS ]

O 0 NN O »

. Artificial Tears Ointment (Rugby Laboratories, Duluth, GA)
. Anesthetic drugs (e.g. Ketamine + Xylazine) (Sigma-Aldrich,

St. Louis, MO)

. Autoclave
. Hair remover
. Sterile cover sheet (surgical blanket)

. Heat pad (Braintree Scientific, Inc., Braintree, MA) or alterna-

tive heating source

. Lamp (Fisher Scientific LED light source)
. Needles and syringes

. Surgical gauze

. Cotton-tipped applicators

. Tape

10.
. Animal weighing scale
12.

Surgery platform (Braintree Scientific, Inc.)

Personal Protective Equipment: surgical gown, hair cover, sur-
gical mask, surgical gloves, goggles, or safety glasses

. Sterile saline solution

. Lidocaine hydrochloride (10 mg/mL, Hospira, Inc., Lake

Forest, IL)

. Ketamine HCI (100 mg/mL, Vedco Inc., St. Joseph, MO)
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2.3.2. Supplies

2.3.3. Surgical Instruments
(Fig. 1)

2.4. Postoperative
Procedures: Solutions
and Supplies

2.4.1. Solutions

2.4.2. Supplies

4.

QN UL W

Xylazine (100 mg/mL, Webster Veterinary, Devens, MA)
diluted to 20 mg/mL

. Absolute alcohol

. Heat pad (Braintree Scientific, Inc.) or alternative heating

source

. Lamp (Fisher Scientific LED light source)

. Needles and syringes

. Surgical gauze

. Cotton-tipped applicators

. Fogarty balloon embolectomy catheters, 2 French (Edwards

Lifesciences, Germany)

7. Trocar guiding needle

. Inflation device for balloon catheter
. Suture: 4-0/3-0 black braided silk (Roboz Surgical Instrument

Company, Inc., Gaithersburg, MD)

. Scalpels and surgical blades
. Operating scissors (Roboz)
. Microdissecting scissors (Roboz)

. Small curved forceps (Hartmann Mosquito Forceps 4” curved,

Apiary Medical, Inc. San Diego, CA,)

. Microclips (Roboz)

. Microclip applying forceps (Roboz)

. Angled microdissecting forceps (Roboz)

. Tissue forceps (Roboz)

. Retractors (Crile Retractor 4” double ended, Apiary Medical,

Inc.)

. Intravascular Over-the-Needle Teflon Catheter (24G, Baxter

Travenol Laboratories, Deerfield, IL)

. Suture (Roboz)
. Needle and needle holder

. Povidone-lodine scrub (Aplicare, Inc., Meridien, CT), or

other topical antiseptic/bactericide agent

. Buprenex (buprenorphine, Signa-Aldrich)

. Surgical gauze

2. Heat pad (Braintree Scientific, Inc.)

. Animal cage with water supply
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Fig. 1. Surgical setup and surgical equipment. 1. Inflation device for balloon catheter;
2. Retractor; 3.Angled microdissecting forceps; 4. Microdissecting spring scissors(VANNAS);
5. Microsuturing needle holder; 6. Microdissecting scissors, curved blade; 7. Microdissecting
forceps, curve tip width 0.8 mm; 8. Microdissecting scissors; 9. Hemostatic forceps,
curved; 10. Absolute alcohol with small arterial clamps soaked in; 11. Lamp; 12. Artificial
tears ointment; 13. Scalpel; 14. Pillow made from paper towel; 15. Heatpad; 16. Surgery
platform; 17. Povidone—lodine scrub; 18. Saline; 19. Cotton-tipped applicators; 20. Gauze;
21. Tissue forceps; 22. Needle holder; 23. Operating scissors; 24. Syringes; 25. Fogarty
balloon catheter.

3. Methods

3.1. Preoperative
Procedures

1. Autoclave surgical tools.

2. Weigh animals and calculate the dose of anesthetic drugs (ket-
amine 70 mg/kg +xylazine 6 mg/kg).

3. Administer the anesthetic drugs intraperitoneally (i.p.) (Note 1).
It usually takes 5-10 min for the rat to be sedated to a surgical
level of anesthesia (verified by toe pinch). An additional small
dose of anesthetic drugs (ketamine 7 mg/kg+xylazine 0.6 mg/
kg) will be administered if the rat was not adequately sedated
>10 min after the initial dose (Note 2).

4. Place the sedated animal carefully on the surgical platform
supinely with head towards the surgeon (Note 3). We suggest
putting a small pillow (made by paper towel or gauze,
5cmx3 cmx 1.5 cm) under the animal’s neck. This will reduce
the stress on the animal’s neck and also make it easier for the
surgeon to shave and to perform the surgery.
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3.2. Surgery

W. Zhang and M. Trebak

. Use tape to fix the animal on the surgical platform with heat

pad.

. Use the hair remover to remove the hair in the ventral neck

region.

. Swab this area with Povidone—Iodine scrub and 70% alcohol.

. Cover the animal body with a sterile cover sheet, but expose

the surgical area.

The surgeon should wear all the surgical personal protective equip-
ment, including surgical mask, hair cover, surgical gloves, glasses,
and gown during the surgery procedures.

1. Use a scalpel to make a straight longitudinal incision in the

skin and make sure not to cut the tissue underneath. The
length of the incision is 3—4 cm.

. Use dull forceps to blunt dissect the connective tissue from the

skin. Keep the forceps tips up and make sure not to puncture
the skin or the underlying tissue.

. Use medium scissors to cut the connective tissues overlying the

glands and keep the tips up when cutting. When seeing the
two glands use dull forceps to separate them gently.

. Use dull forceps to dissect muscle layers longitudinally along

with the left side of trachea. Make sure not to puncture or
press the trachea. Add sterile saline in the surgical area once in
a while to keep the tissue moist. Carefully separate muscular
tissues to expose the leftt common carotid artery. Use retractor(s)
to hold the skin and muscle tissues back so that the carotid
vasculature would be accessed.

. Dissect muscle bluntly along the common carotid artery

toward its distal end (head) until seeing the bifurcation and
two branches—external carotid artery and internal carotid
artery. At this point the surgeon has to be extremely careful
not to injure the vagus nerve, the fine white string adjacent to
the common carotid artery. Separate the vagus nerve from the
carotid vasculature carefully and bluntly. Dissect away the nerve
and all adjacent tissues from the artery and expose an isolated
part of the artery which is 1.5-2 c¢m long starting from the
bifurcation of carotid artery towards the proximal end.

. Bluntly dissect away the connective tissue surrounding the

bifurcation and the external /internal carotid arteries. The sur-
geon needs to be very careful not to tear the blood vessels
including small branches. If necessary the small blood vessels
could be ligated and then cut off to avoid bleeding. It is very
common to tear a small blood vessel apart when dissecting the
adjacent tissues. If bleeding occurs, immediately clamp the
broken end of the blood vessel to stop bleeding, and use saline
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10.

and gauze to clean the blood in the surgical area. Then perma-
nently ligate the broken blood vessel with sutures.

. Keep dissecting to isolate the external carotid artery from the

adjacent tissues. The length of that portion of external carotid
artery that one could be able to isolate from the surrounding
tissues is approximately 3—-6 mm, from the bifurcation to its
distal end (towards the head). Place two pieces of 4-0 silk
suture around the external carotid artery. Hold one piece of
the suture to slightly lift up the bifurcation in order to get
access to the internal carotid artery underneath (ventral aspect).
Carefully and bluntly dissect the adjacent tissue on the internal
carotid artery, except a small gland cling on it. In most cases, it
is very difficult to isolate that gland from the internal carotid
artery. The length of the isolated portion of internal carotid
artery should be about 2 mm, sufficient for placing an artery
clip on it.

. Ligate the distal end of external carotid artery. Make a double-

knot tie on the most distal end of the isolated portion of exter-
nal carotid artery. At this point do not cut the extra suture
since it will be used to retract the external carotid artery during
the following processes. Place a microclip on the common
carotid artery at the proximal end of the isolated portion.
Gently lift up the suture around the external carotid artery
near the bifurcation and place another clip on the internal
carotid artery (clip the gland too if it could not be separated
from the internal carotid artery). When applying microclip, the
use of forceps is recommended to easily place the clip on inter-
nal carotid artery. Now the blood flow has been stopped by the
clips (Fig. 2).

. Gently retract the distal suture on the external carotid artery

and make an arteriotomy incision on it by the small microscis-
sors. The incision should be made as close as possible to the
suture knot and its size should be less than half of the vessel
circumference. Blood in the closed portion of carotid artery
will flow out from the incision and should be cleaned away
with saline and gauze.

Slightly pull the distal suture on external carotid artery with a
clamp, in order to tense the blood vessels. Use the angled
microdissecting forceps to prop the arteriotomy hole open and
insert the uninflated 2F balloon catheter into the vessel lumen.
Be careful not to puncture the balloon with the forcep tips.
Advance the balloon catheter proximally through external
carotid artery to the common carotid artery. Try not to prop
up the vessel wall with the balloon catheter tip when advanc-
ing; otherwise the vessel wall will be punctured and leaky.
Insert the balloon catheter all the way to the proximal site
where the clip is.
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Fig. 2. Application of microclips to carotid artery to stop blood flow. The disposable sterile
cover sheet (Polylined sterile field, Busse Hospital Disposables, NY) was cut a hole in the
middle to expose the surgical area. The carotid artery was dissected away from the sur-
rounding tissues. External carotid artery was ligated at its distal end of the dissected
portion. Two microclips were placed on the internal carotid artery and at the proximal end
of the dissected portion of common carotid artery, respectively. The extra suture of the tie
on external carotid artery was not cut off and was pulled distally by the forceps in order to
tense the blood vessel.

11.

12.

Slowly inflate the balloon with 1.4-1.8 atm pressure, depend-
ing on the diameter of the carotid artery. Slightly pull the bal-
loon catheter back to check the resistance of the vessel wall.
Adjust the pressure of the balloon in order to make sure that
the balloon can slowly be pulled back while avoiding excessive
stretching of the artery. Lock the stopcock and the pump to
maintain the pressure. Gently pull the balloon with rotation
back to the bifurcation (Fig. 3). Avoid withdrawing the bal-
loon too close to the arteriotomy hole since the inflated bal-
loon would easily slip out of the hole. Deflate the balloon and
re-insert it proximally to the site of the clip on the common
carotid artery. Inflate the balloon again with the same pressure
and repeat the same procedure a total of three times. During
these procedures lidocaine should be dispensed on top of
carotid artery in order to relax the vessel.

Deflate and withdraw the balloon out of the vessel lumen. If
treatment with virus-encoding ¢cDNA clone or shRNA is
intended, thaw the appropriate virus and prepare a 1 mL syringe
and an intravascular over-the-needle catheter (Note 4). Remove
the needle, and set the catheter on the syringe. Suck up the
virus solution (30-50 pL) into the catheter and syringe; insert
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Fig. 3. Balloon inflation in the carotid artery. The balloon catheter was inserted into the
carotid artery and inflated with 1.5 atm pressure.

Fig. 4. Viral transduction into the carotid artery. After injury and withdrawal of the balloon
catheter, lentivirus solution was provided intravascularly through the Teflon catheter and
syringe.

the catheter into the arteriotomy hole. Advance the catheter tip
into the common carotid artery and tie the suture with a single
knot on the external carotid artery to fix the catheter and close
the hole. Inject the virus solution into the lumen of common
carotid artery while avoiding air bubbles. Maintain the virus
solution in the artery lumen for 30 min (Fig. 4). Keep the
exposed tissue moist by covering it with a piece of moist gauze.
Administer 10% initial dose of the anesthetic drug through i.p.
to the animal. Keep an eye on the animal during these 30 min
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3.3. Postoperative
Procedures

13.

14.

15.

16.

in case it wakes up. When the virus treatment is done, suck back
the virus solution into the syringe to avoid virus entering the
blood circulation. Loosen the tie and withdraw the catheter.

Right after the virus treatment is completed, or right after
completion of balloon injury (if no virus treatment is required),
tie the suture on external carotid artery and proximal to the
arteriotomy hole. Make the knot close to the bifurcation in
order to reduce the risk of leak and thrombosis. Make sure not
to tie the surrounding tissues.

Slightly loosen the clip on the internal carotid artery (do not
remove) by applying forceps and check if there is bleeding; the
surgical procedures may cause leak or puncture on the blood
vessel. If you notice excessive bleeding, quickly clip it back and
remove the forceps. If there is a puncture on external carotid
artery, make one more tie if possible. If bleeding occurs because
of a leak from the common carotid artery, press a piece of
gauze on the leaky site until it stops bleeding. Then remove
both clips to restore blood flow.

Remove all clamps or other surgical instruments and cut off
excess suture. Place the retracted tissues such as muscles and
glands back on top of the carotid vasculature layer by layer.
Close skin using 4-0 black silk sutures and a running (continu-
ous) suture. Double-knot both ends.

Swab on all sides of the closed wound with the Povidone—
Iodine or other antiseptic/bactericide/virucide agent to
reduce risks of infection.

. Keep rats on heat pad after surgery to avoid hypothermia;

postsurgical hypothermia is major cause of postsurgery deaths
in rodents. However, hyperthermia caused by hot heat pad
may also be lethal; cover the heat pad with towels before plac-
ing rat on it.

. Postsurgical analgesia: Administer one dose of 0.05-0.2 mg/

kg buprenorphine via intramuscular injection (i.m.) to the rat.

. The animals should be closely and continuously monitored

after surgery. When the rat is awake and ambulant, put it back
into its cage and provide sufficient water and food.

. Carefully clean the balloon catheter with water and alcohol.

Check the balloon to make sure it could still be inflated and has
no leak; it could be reused several times in future surgeries if
properly cleaned with alcohol and saline every time before use.

. Clean the virus-contaminated catheter and syringe with bleach.

The catheter can be reused after being cleaned with bleach and
rinsed with alcohol and distilled water.

. Clean all the stainless steel instruments with soap and water

and then spread them on paper towels to air-dry.
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4. Notes

. Anesthetic drugs and analgesic drugs are generally controlled

substances. They must be approved for use in rats and handled
by licensed /authorized personnel following the strict guide-
lines and policies of the research institution.

. If a supplemental dose of anesthetic drugs (10-20% of original

dose) is deemed necessary it is usually administered around 1 h
after the initial dose was given, according to the surgeon’s
experience.

. Rat should be monitored during all the surgical procedures.

Some may need more anesthetic drugs to keep them sedated
due to individual heterogeneity between animals.

. Lentivirus was stored at —80°C and thawed on ice before use.

Open the tube cap and suck up virus in a hood in order to
avoid inhalation of viral aerosol.
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Chapter 7

TRP Channels in the Brain

Antonio Reboreda

Abstract

In the past few years the presence of one or another member of the TRP channel family has been described
basically in all tissues studied. Moreover, the pattern of expression and the susceptibility to modulators of
cach channel subtype in each tissue will shape their influence on the cell /tissue response. With this idea in
mind this review aims to give an overall and updated perspective about the TRP expression research focus-
ing mainly on TRPA1, TRPC, TRPM, and TRPL subfamilies, in nervous tissue, summarizing the data
available on the presence of TRP channels and the techniques employed on each study. A comment on
their putative function is also provided.

Key words: TRP, Transient receptor potential, TRPA1, TRPM, TRPC, TRPV, TRPML, Expression,
Nervous system, Neuron

1. Introduction

TRP or transient receptor potential channels were discovered first
in Drosophila as light sensitive channels responsible for the trans-
duction of the light stimulus to an electrical response in the photo-
receptor (1). Soon after, mammalian homologs were cloned (2—4)
and those were followed by different subfamilies of cationic chan-
nels with different patterns of expression depending on the animal,
age, and tissue.

TRP channels are modulated by a wide panoply of physico-
chemical agents and contribute to cell depolarization. In the last
few years, several works have characterized the presence and func-
tion of TRP channels in neuronal and nonneuronal tissue; in the
present review, we will focus on the pattern of expression in mam-
malian nervous system.
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The TRP channel family is formed by 7 subfamilies, 6 of them
present in mammals (TRPC, TRPM, TRPV, TRPA, TRPP, and
TRPML) grouping 28 channels. They have 6 transmembrane
domains and a pore forming region between segments 5 and 6.
Besides, the physiological properties of these channels, their pat-
tern of expression in different tissues, and different parts of the
neurons will determine their function.

2. TRPA1

TRPAL is a channel involved in the transduction of painful ther-
mal, mechanical, and chemical stimuli. Northern blot analysis show
expression of mRNA in the human brain among other nonneu-
ronal tissues (5), nevertheless no detailed study has been published.
In the peripheral nervous system, TRPAI channel presence has
been shown in DRG, spinal roots, motoneurons, peripheral nerves,
and intestinal plexi (myenteric and submucous) by immunohis-
tochemical and western blot techniques (6).

Virtually all the published data about TRPA1 localization in
nervous tissue have been carried out in rats and mice. Rat TRPA1
has been found in sensory ganglia using molecular and immuno-
logical techniques: DRG (6-8), trigeminal ganglia (8-10) (for a
detailed study see: (11)), geniculate ganglion (12), nodose gan-
glion (13), and in the complex of jugular, nodose, and petrosal
ganglia (14). Physiological data, using selective agonists, points
out also to the possible expression of the channel in other systems
like striatum (15), tractus solitarius nucleus (16), presynaptic ter-
minals to the supraoptic nucleus (17), and astrocytes in rat hip-
pocampal astrocyte—neuron cultures (18).

Mice TRPAI has a similar distribution to rat nervous system,
almost no studies reported the presence of the channel in the cen-
tral nervous system, being the sensory part of the peripheral nervous
system the main body of evidence of the expression of the channel.
Northern blot experiments show the expression of the mRNA in
nociceptive DRG neurons, where it appears after the first postnatal
week (19) and not in whole brain (20, 21); northern and western
blot plus immunohistochemistry corroborated the expression of
the channel at the sensory terminals in dorsal root trigeminal and
nodose ganglia (22). RT-PCR showed mRNA expression in the
lung vagal sensory neurons (23). Western blot experiments dem-
onstrated also the appearance of TRPAI channel in the sciatic
nerve and spinal cord (24). It has been detected in tongue nerve
terminals, nerves innervating vestibular sensory cells, olfactory
neurons, and nerve fibers in the lamina propria by immunohis-
tochemistry (25-27). RT-PCR and immunohistochemistry also
reported expression of TRPA1 in enteric neurons and fibers (28).
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3. TRPC Subfamily

3.1. TRPC1

Transient receptor potential canonical (TRPC) channels were the
first discovered in mammals and they have the strongest homology
with their Drosophila counterparts. It is formed by seven mem-
bers, named from TRPCI to TRPC7. Each channel is formed by
two dimers of each subunit being homotetramers or heterotetram-
ers, the possible combinations (besides the homomers) are (1 +4 /5,
2+6,4+5,3+6,3+7,6+7; 1+3 only in embryo). TRPCI pres-
ence and levels have been studied by mRNA detection methods, by
electrophysiological methods (patch clamp), and immunological
based methods (immunostaining and western blot) showing a
changing pattern with age and species.

It was the first mammalian homolog discovered and the homomer
constitutes a Ca?* permeant cationic channel (29). It is present in
human, mouse, and rat. In humans TRPC1 mRNA levels are very
high during the embryonic period in telencephalon, diencephalon,
and hindbrain; in adults it is present in amygdala, corpus callosum,
caudate nucleus, hippocampus, cingulate gyrus, globus pallidus,
hypothalamus, locus coeruleus, middle frontal gyrus, medulla
oblongata, nucleus accumbens, parahippocampus, putamen, stria-
tum, superior frontal gyrus, thalamus, substantia nigra, subtha-
lamic nucleus, cerebellum, and spinal cord. The mRNA levels in
the cerebellum are about twice the levels in other tissues, where it
is very similar among them (3, 30). Nevertheless, TRPCI1 expres-
sion has been characterized more deeply in rat and mice.

Rat TRPC1 mRNA is also expressed in many areas of the ner-
vous system, and the presence of the channel has been reported by
several authors (31-33); the mRNA is present in all the areas exam-
ined: cortex, olfactory bulb, hippocampus, forebrain, midbrain,
brainstem, cerebellum, dorsal raphe, tuberomamillary nucleus, and
ventral tegmental area (31, 33-35). The protein has been detected
in CAl and CA3 pyramidal neurons, granule cells in the dentate
gyrus, cells in the amygdala, and cerebellar Purkinje cells (36). In
the hippocampus the subcellular location comprises dendrites,
soma, and axon; nevertheless the presence of the protein in the
synapses is negative (36), in cerebellar Purkinje cells and dopamin-
ergic neurons of the substantia nigra association of TRPCI pro-
teins with the mGluR1 receptor has been reported in the spines of
the molecular layer in the cerebellum and in the dendritic arboriza-
tion of the dopaminergic neurons (37, 38).

Mouse TRPCI is also ubiquitous in the nervous system with a
maximum expression of the mRNA during the embryonic period
(39). weak expression of mRNA has been reported in cortex (layer
II to 1V), putamen, diencephalon, brain stem, and cerebellum
(Purkinje cells and granule cells); medium expression appears in
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3.2. TRPC2

3.3. TRPC3

hippocampal pyramidal cells and dentate gyrus granule cells (40).
In the medial temporal lobe, strong protein expression has been
shown mainly in the dendritic tree of central nucleus amygdala
neurons, decreasing the levels in the basolateral, lateral, and central
nuclei. This cellular distribution is also present in the pyramidal
layers of CAl, CA2, and CA3; granule cells in the dentate gyrus,
subicullum, and entorhinal cortex (41). TRPCI protein is also
present in the DRG, spinal cord, and nodose ganglia, increasing
mRNA levels from the embryonic stage to adulthood (42).

In the last few years several works have related working mem-
ory and spatial navigation phenomena in rodents with the presence
of a metabotropic sustained plateau depolarization; this plateau is
generated with the contribution of TRPC channels expressed on
this area, probably an heteromer of TRPC1 + TRPC4 /5 (43, 44).

In humans, it is a pseudogene that contains several mutations codi-
fying stop codons (45) while in rodents it is expressed in the vome-
ronasal organ of rodents contributing to the detection of
pheromones (46); it is also expressed in large sensory neurons of
the dorsal root ganglia (42) and in the aminergic neurons of dorsal
raphe and ventral tegmental area (35). It is not present in the
tuberomammillary nucleus and locus coeruleus (35).

TRPC3 channel mRNA expression in humans has been character-
ized for the first time in 1996 (47). Riccio et al. (30) demonstrate
a strong expression in cerebellum, caudate, putamen, and striatum.
It is also expressed in the other brain regions studied but 2—4 times
less: amygdala, cingulate gyrus, globus pallidus, hippocampus,
hypothalamus, locus coeruleus, middle frontal gyrus, medulla
oblongata, nucleus accumbens, parahippocampus, substantia nigra,
superior frontal gyrus, thalamus, and spinal cord.

TRPC3 expression in the rat has been reported in the brain
and cerebellum, where the mRNA levels are the highest compared
to the other tissues (33). A more detailed characterization of
TRPC3 mRNA expression has shown it in cortex, olfactory bulb,
midbrain, brainstem, cerebellum (31), dorsal raphe, and ventral
tegmental area (35). In the rat hippocampus, tuberomamillary
nucleus and locus coeruleus TRPC3 have been reported as non-
present by other authors (31, 35) but immunohistochemical char-
acterization shows TRPC3 protein expression in the soma of CAl
and CA3 pyramidal cells and granule cells of the dentate gyrus (48)
also in cholinergic interneurons in the striatum (49). At the cellular
level, TRPC3 appears in rat synaptosomes, indicating the presence
of the channel at the synaptic level (50). Hippocampal expression
of TRPC3 matches with the expression described for TRPC1 /4 /5
more than TRPC6 raising the possibility of forming heteromers
with TRPC1 instead of TRPC6 (48). Nevertheless, protein expres-
sion studies show that TRPC3 protein couples to TrkB receptor
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and both reaches maximum levels during the fetal and short time
after birth in rat (till P20) and human, in adults even if the mRNA
is present the protein is not expressed (51). This difference in
results could be due to the heteromers formed during the develop-
ment period (complexes with TRPC1/4/5) different from the
ones formed in adulthood (TRPC6/7) or to a modification of
TRPC3 protein in adulthood due to post-translational modification
or alternative splicing.

Mice TRPC3 expression provides the majority of the data about
the localization of this channel. “In situ” hybridization experiments
agreed with the data from humans and rats showing the maximum
expression levels in cerebellar Purkinje cells without labeling the
molecular layers; it has also a high expression in the mitral olfactory
cells and periglomerular cells. In the putamen positive labeling has
been found in large size cells. Weak expression is also reported in
septal and thalamic nuclei and several brain stem nuclei: dorsal
cochlear, inferior olive, and locus coeruleus (40, 52). Western blot
experiments show the presence of the channel in the mice medullary
ventral respiratory group, where it contributes to the respiratory
rhythm (53). RT-PCR data complements the previous experiments
showing the same pattern of expression and adding the presence of
a weak expression at hippocampal level (34). The autonomous ner-
vous system also shows expression of mRNA of this channel in dorsal
root and nodose ganglia where the levels of TRPC3 mRNA increase
during development matching TRPCI1 time course (42).

TRPC4 in humans is expressed in the nervous system being the
higher amount of mRNA located in parahippocampus, nucleus
accumbens, amygdala, hippocampus, and cingulate gyrus; a lower
but not very different amount of mRNA is located in cerebellum,
globus pallidus, hypothalamus, locus coeruleus, middle frontal
gyrus, medulla oblongata, putamen, striatum, substantia nigra,
superior frontal gyrus, and thalamus. TRPC4 mRNA appears also
at the spinal cord but a much lower level (30).

In rat TRPC4 decreases the expression from E18 to adult-
hood, northern blot plus “in situ” hybridization techniques
reported that in young animals the mRNA appears mostly in sep-
tum, cortical plate, and hippocampus with a weaker staining in the
dentate gyrus; towards the adulthood the expression remains only
in neurons from the CAl and CA2 of the hippocampal formation
(54). Nevertheless other authors show a more extensive expression
of the mRNA throughout the rat and mice brain and increasing
protein levels from E18 to adult animals in hippocampus, prefron-
tal cortex, subiculum, and entorhinal cortex (55). “In situ” hybrid-
ization displays a strong labeling in CAl, CA2, lateral septum,
subiculum, and tenia tecta; moderate labeling is found in amygdala,
cerebellar Punkinje and granule cells layers, entorhinal cortex,
habenula, CA3, dentate gyrus, ventral hypothalamus, motor,
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orbitofrontal, piriform, prefrontal and somatosensory cortices
(layers 2, 3, 5, and 6). Weak expression is shown in hippocampal
hilus, paraventricular hypothalamus, medial septum, and substan-
tia nigra. This study also points out several locations where the
mRNA is not expressed: caudate putamen, molecular layer of the
cerebellum, corpus callosum, dorsal hypothalamus, islands of
Calleja, thalamus, nucleus accumbens, and layer I of motor, pre-
frontal, and somatosensory cortices (55). This difference in results
could be caused by a splice variant (33, 54, 56, 57).

More sensitive techniques such as RT-PCR reported a wide-
spread expression in adult olfactory bulb, hippocampus, dorso-
lateral geniculate nucleus, cortex and nodose ganglia (31, 33, 58),
nonserotoninergic neurons of the dorsal raphe, tuberomamillary
nucleus, and ventral tegmental area (35). Immunohistochemical
studies reveal the presence of TRPC4 channel in the hippocampal
area where CAl-3 pyramidal neurons and granule cells of the
dentate gyrus present the protein in their cell bodies and lateral
septum (48, 55).

The mice TRPC4 are also distributed in many areas of the
nervous system. The first studies in the whole brain reported a
strong expression in olfactory mitral and granule cells, septal nuclei,
subiculum, and pyramidal and granule cell layers of the hippocam-
pus; weak expression appears in the granule cell later of the cere-
bellum (40). Expression of mRNA was also found using the same
technique in cortical neurons (52); internal granular layer of the
olfactory bulb, but not in mitral cells (59). These differences in
expression are maybe reflecting again the different expression of
TRPC4 isoforms.

Protein expression has been reported by using selective anti-
bodies in basal ganglia, cerebellum, cerebrum, forebrain, and hip-
pocampus (34). A similar pattern of expression to rat TRPC4 was
found in mice by using RT-PCR (55).

Finally, TRPC4 is expressed also in rat and mice dorsal root
ganglion neurons where its level increases from E12 to adulthood
and after nerve injury (60) reflecting their involvement in axonal
and dendrite growth.

It is the closest member to TRPC4; they are almost identical
in structure and electrophysiological properties. Moreover,
their distribution in mouse and rat CNS has been shown to be
similar (55).

In humans TRPC5 mRNA is mainly expressed in the cerebel-
lum, followed by cerebral cortex, entorhinal cortex, occipital and
frontal lobe by northern blot analysis (59, 61). Real time RT-PCR
reported the highest levels of expression in amygdala, cerebellum,
cingulate gyrus, and superior frontal gyrus; intermediate levels
were detected in locus coeruleus, nucleus accumbens, and parahip-
pocampal region; the lowest levels of TRPC5 mRNA were detected
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in caudate nucleus, globus pallidus, medulla oblongata, thalamus,
putamen, striatum, substantia nigra, and spinal cord (30).

The mRNA TRPC5 distribution in rat and mice is similar in
the nervous system of both species. “In situ” hybridization showed
a strong expression in the hippocampal area and cerebral cortex
layers 2—6, but almost all the areas studied show more or less pres-
ence; nevertheless mRNA was not detected in caudate putamen,
corpus callosum, lateral and medial septum, cortical layer 1, sub-
stantia nigra (55), locus coeruleus (62) (but see (35)), dorsal raphe,
tuberomamillary nucleus, and ventral tegmental area (35). The
DRG ganglia also present mRNA expression of TRPC5 with a
peak at E18 during development, followed by a decrease in young
animals and a gradual raise in adulthood (42). The contribution of
those TRPC5 to sustained depolarizations (plateau potentials) has
been exposed by electrophysiological recordings in prefrontal cor-
tex (44 ), entorhinal cortex (43), hippocampal CAl pyramidal neu-
rons (63), and locus coeruleus (62).

In humans the highest levels of TRPC6 mRNA quantified by
RT-PCR have been shown in placenta and lung. Inside the nervous
system there is relative medium expression in the caudate nucleus
and cingulate gyrus; the rest of the areas studied show an homoge-
neous low expression, those areas are: amygdala, cerebellum, glo-
bus pallidus, hippocampus, hypothalamus, locus coeruleus, middle
frontal gyrus, medulla oblongata, nucleus accumbens, parahip-
pocampus, putamen, striatum, subtantia nigra, superior frontal
gyrus, thalamus, spinal cord, and pituitary (30, 64).

The rat TRPC6 mRNA is expressed in the cerebellar interneu-
rons, Purkinje cells, and granule cells (65). The mRNA is also
expressed in the ventral tegmental area, tuberomamilary nucleus,
and Raphe nucleus colocalizing with orexin, while it was not
detected in the locus coeruleus (35). The channel has been detected
by immunohistochemistry in: Petrosal ganglion (66), in the devel-
oping hippocampus the TRPC6 channel is found in all regions till
P14 (67) while in adulthood only the molecular layer is labeled
(48); retinal ganglion cells (68, 69), substantia nigra of the stria-
tum associated to mGIuR1 but not in cholinergic interneurons
(49) and a small number of hypocretin-orexin neurons in the hypo-
thalamus (70). TRPC6 channel has been also detected in the brain
resistance arteries where they play a central role in the regulation of
the myogenic tone (71).

Mice TRPC6 channel has also a wide distribution in the ner-
vous system. The protein has been shown in the microvilli of the
apical portion of the olfactory epithelium (72); the mRNA was
detected by RT-PCR in most of the nervous system, but the higher
levels were found in the basal ganglia, cerebrum, forebrain, and
hippocampus (C2 area) with some difference in the levels among
mouse strains (34) and pituitary cells (64).
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It was the last member of the TRPC subfamily to be cloned (73).
TRPC7 mRNA in human nervous tissue has a widespread distribu-
tion with higher levels in the cerebellum, medulla, occipital pole,
frontal lobe, temporal lobe, amygdala, hippocampus, caudate
nucleus, nucleus accumbens, hypothalamus, locus coeruleus, puta-
men, and striatum (30).

The rat homologous TRPC7 mRNA is expressed in Dorsal
raphe (except in the serotoninergic neurons), tuberomamillary
nucleus, ventral tegmental area, and it is absent from the locus
coeruleus (35). The TRPC7 has been identified in the striatum
cholinergic interneurons where it is activated by mGluR1 and
mGluR5 (49) and in the soma of nodose ganglion neurons (it is
absent in the baroreceptor afferents) (74) and it has also been
demonstrated its presence in the hypothalamic hypocretin/orexin
neurons (70).

Since the first cloning of TRPC7 in mouse (73) where they
described a moderate expression in the brain compared to other
tissues (heart, lung, and eye) not many studies explored the expres-
sion of the mRNA or the protein in the nervous system. The pres-
ence of the mRNA has been shown at very low levels in mice
embryonic brain and cortex (39) and in DRG and NG neurons. In
the NG, mRNA level increases from E18 to adulthood (42).
Western blot experiments show the presence of TRPC7 together
with TRPC3 in the medullary ventral respiratory group (53).

4. TRPM Subfamily

4.1. TRPM1

It is composed of eight members named from TRPM1 to TRPMS
all of them with a high homology but they can be classified in sev-
eral groups according to their similarities in sequence: TRPM1 /3,
TRPM4 /5, and TRPM6,/7; TRPM2 and TRPMS are not grouped
due to their differences with the other members. They participate
in multiple functions due to their sensitivity to physical and chemi-
cal stimuli (for a review on their function, see (75, 76)). Their
levels of expression varies depending on the tissue, so in the human
brain TRPM2 and TRPM3 have the highest mRNA levels followed
by TRPM6 and TRPM7; TRPM1, 4, and 5 have a reduced expres-
sion and TRPMS is virtually undetectable (77).

Besides the general distribution mentioned before, there is only
another work, focused in different isoforms of TRPMI expressed in
human melanocytes, reporting again TRPM1 mRNA expression in
the brain by (78). To our best knowledge there is no study about
fine regional distribution in the nervous system of human or rat.
In the mouse, the study of TRPM1 expression has been inves-
tigated in the sensory system reporting the absence of this subunit
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in the nodose ganglion and DRG (lumbar and thoracic) (79).
There are other reports about the presence of TRPMI1 in several
sensory cells of the inner ear (26) and the ON bipolar cells of the
mouse retina (80-82).

TRPM?2 is one of the most expressed TRPM subunits in human
(77). In the human brain has been shown two isoforms, a long
version (6.5 kb) expressed ubiquitously and a short one (5.5 kb)
present only in the caudate and putamen (83, 84). The regions
where the presence of the long isoform as it has been shown by
northern blot are: cerebellum, cerebral cortex, medulla, spinal
cord, occipital pole, frontal lobe, amygdala, corpus callosum, hip-
pocampus, putamen, caudate nucleus, subthalamic area, thala-
mus, and substantia nigra (83, 84). RT-PCR experiments showed
a very similar pattern with the highest expression in the caudate,
putamen, and striatum and the lowest in the spinal cord; interme-
diate expression is found in amygdala, cerebellum, cingulate
gyrus, globus pallidus, hippocampus, hypothalamus, locus coer-
uleus, medial frontal gyrus, medulla oblongata, nucleus accum-
bens, parahippocampal gyrus, substantia nigra, superior frontal
gyrus, and thalamus (85).

In the rat nervous system, TRPM2 expression has been
explored studying mRNA and protein presence in: cortex (86, 87)
and CA1—CA3 hippocampal pyramidal neurons but not in
interneurons (88, 89). TRPM2 mRNA is present also in striatum
(91, 92) and substantia nigra pars compacta but not in the pars
reticulata (93, 94). Besides the expression in neurons, TRPM2 is
also present in the rat microglial cells but not in astrocytes nor
cerebellar granule cells (95). Recently the functional presence of
the channel has been also demonstrated in the peripheral nervous
system DRG neurons (96).

Mice TRPM2 channels can be found distributed through the
whole brain as in human and rat. Northern blot experiments
reported localized expression in olfactory bulb, cerebrum, hip-
pocampus, midbrain, and cerebellum (97) and in cortex, striatum,
and cerebellum (84). It was also detected in hippocampal pyrami-
dal cells by “in situ” hybridization and immunocytochemical tech-
niques (88) where they contribute to synaptic transmission (98).
RT-PCR data reported a medium level expression in cerebrum,
cerebellum, forebrain, basal ganglia, and hippocampus (34).

Together with TRPM2, TRPM3 is one of the most expressed
TRPM subunits in the brain, it is also the last member described
for the TRPM subfamily (for a review, see (99)). This subunit has
been detected in the human brain by northern blot and western
blot (100). Some authors (77) reported the highest mRNA levels
in the brain but other authors claim that highest expression is
detected in kidney (101). These differences could be explained by
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the multiple isoforms detected for this channel due to the existence
of several alternative splicing sites (102). RT-PCR experiments
showed also expression in the human spinal cord (101).

Due to their recent cloning (100) data on localized rat TRPM3
expression in the nervous system is very scarce. It has been shown
that the channel is expressed in the four layers of the cerebellar
cortex (103).

At the whole brain level TRPM3 expression has been reported
by northern blot in mice (102) while “in situ” hybridization
showed expression in eye, dentate gyrus, the intermediate lateral
septal nuclei, the indusium griseum, and the tenia tecta; an inter-
esting difference with rat and mouse is that no TRPM3 expression
has been found in the kidney (34, 102, 104). RT-PCR experiment
shows differences among the expression level of three mouse strains
in the cerebrum [34]; it has been also reported strong mRNA
expression of TRPM3 on basal ganglia, forebrain, cerebellum, hip-
pocampus (34), and in dorsal root and trigeminal ganglia which
participates in the detection of noxious thermal stimuli (105). In
the eye strong mRNA expression is detected in the retinal pig-
mented epithelium (80).

Two isoforms have been reported to be present in human brain
using northern blot technique (though bands are very weak):
TRPM4a (106) and TRPM4b (107, 108) which differs from each
other mainly in their permeability to divalent cations (TRPM4b
only allows monovalent cations to pass through the channel
pore). RT-PCR experiments show also a weak TRPM4 mRNA
expression in the whole brain (77). The main isoform is TRPM4b,
while TRPM4a and TRPM4c are alternative splicing isoforms
(108, 109).

The main role described for TRPM4 in rat nervous system is
its participation in the vascular tone in the cerebral arteries and
vascular smooth muscle cells (110). Rat brain express TRPM4a
(mainly) and TRPM4b mRNA but the TRPM4a protein is rarely
found in the membrane in transfected cells, where TRPM4b is the
main subunit (111). A recent work reports TRPM4 protein
expression in several hypothalamic nuclei: cell bodies of the mag-
nocelular cells in the supraoptic nucleus, paraventricular nucleus,
nucleus circularis, and neurons within the medial forebrain bundle
(112, 113).

Mouse TRPM4 mRNA was reported for the first time in mouse
brain by northern blot experiments (a very faint band) (108) and
RT-PCR (114, 115). Functional and RT-PCR analysis reported
also the expression of the channel in pre-Botzinger neurons
together with TRPM5 (116, 117) and microglial cells (118).

Human TRPM5 distribution was studied for the first time by
Prawitt (119) using northern and southern blot and RT-PCR
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techniques; they reported a very weak expression of the mRNA in
the nervous system compared to other tissues. Some authors (77)
reported only a residual expression by RT-PCR of TRPM5 mRNA
in human brain.

The expression in rodent brain is also scarce. This channel has
been associated mainly to taste and odor transduction since the
protein is expressed in taste buds (120, 121) and olfactory epithe-
lium (122, 123), recently their involvement in sensing the chemi-
cal composition of the luminal environment in the auditory tube
has also been described (124). Nevertheless, localized expression
inside the nervous system has been reported by RT-PCR in cere-
bral arteries but not in vascular smooth cells (110) and preBotz-
inger neurons (116). RT-PCR experiments in mice also shown
that TRPM5 and TRPM4 are expressed in dorsal root and nodose
ganglion neurons during the embryonic period but the levels are
drastically reduced in the first 2 weeks postnatal (125). It is also
present in the supraoptic nucleus, together with TRPM4, but at
lower levels (113).

It is, together with TRPM7, the only known ion channel—kinase
protein (126). The main function of those channels is the mainte-
nance of the Mg*/Ca?* homeostasis (127, 128). Some authors
(77) reported a weak expression of TRPM6 mRNA by RT-PCR in
human brain. Using the same technique TRPM6 mRNA expres-
sion is reported to be present in the vascular tissue inside the human
brain (129).

Rodent expression data of TRPM6 in the nervous system is
scarce and only RT-PCR in dorsal root and nodose ganglia have
shown a gradual increase of the levels from embryo to adulthood
(79). To the best of our knowledge no expression studies in the
brain have been reported.

TRPM7 mRNA expression has been described in human brain for
the first time by northern blot and RT-PCR (130); nevertheless
the number of mRNA copies is small (77).

In rodents, the mouse TRPM7 mRNA has been shown in
the whole brain by northern blot (131) and the protein is
expressed in rat brain microglia (132). RT-PCR shows mRNA
expression in cortex and cerebellum (86) and increasing levels in
nodose ganglia as the mouse develops while dorsal root remains
low in adult after a peak in the second postnatal week (79).
Western blot and immunocytochemical techniques show the
protein at the presynaptic level in cultured rat sympathetic neu-
rons (133) where they seem to facilitate vesicle fusion with the
plasma membrane (134).

Functional experiments demonstrate TRPM?7 currents in CA3
(135) and CA1l neurons (136).
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According to the RT-PCR data obtained by Fonfria et al (77), no
copies of TRPMS are present in the human brain. Nevertheless
immunohistochemical methods showed some positive neurons in
DRG (137).

Rat TRPMS is expressed in several areas of the peripheric ner-
vous system: northern-blot and “in situ” hybridization showed the
presence of the channel in DRG and trigeminal ganglion small neu-
rons, while no mRNA was detected in spinal cord nor brain (8, 138).
RT-PCR and immunohistochemical experiments further demon-
strated the presence in DRG neurons (139). Also some vagal
afferents show a positive response to antibodies against TRPMS
(140). In the central nervous system hippocampal cultured cells’
negative response to menthol was used as a result to prove the
nonexpression of this channel (141). Also immunohistochemistry
discarded the presence of TRPMS in ventromedial medulla (142).

The profile of TRPMS expression in the mouse is very similar
to the rat. RT-PCR display a gradual increase in DRG and nodose
ganglion TRPM8 mRNA levels during development (79), a similar
increase has been reported by using DRG from TRPMS8%" trans-
genic mice (143). Northern blot experiments also show TRPMS in
DRG but failed to do so in spinal cord, superior cervical ganglion,
and brain, and “in situ” hybridization labeled small neurons of the
trigeminal neurons (20, 144). Overall, TRPMS positive neurons
contribute to cold sensation together with TRPA1 and TRPV1 in
DRG, trigeminal ganglion, geniculate ganglion (7, 9, 12, 145-
147) but recent work on trigeminal ganglion neurons show that
TRPMS together with Kvl potassium channels plays a critical role
in thermal sensation even in TRPA~~ mice (148). In the complex
formed by jugular, nodose, and petrosal ganglia, TRPMS is
expressed together with TRPAI and TRPV1 but it does not local-
ize in the same cell with TRPA1 (14) reflecting the different role
that each channel could be playing in cold transduction (149).

5. TRPV Subfamily

5.1. TRPV1

This group is composed of six channels named from TRPV1 to 6.
They can be activated by different mechanism but at least the
TRPV1 to 4 have in common their sensitivity to different ranges of
temperature. They are commonly associated with sensory systems
but accumulating evidence show that they can also play an impor-
tant role in several processes in the central nervous system.

The first studies about TRPV1 localization in human nervous sys-
tem were made using labeled resiniferatoxin ([*H]RTX), those
pioneering studies showed positive labeling in preoptic area, locus
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coeruleus, medial hypothalamus, reticular formation, and ventral
thalamus (150). [*H]RTX binding studies also characterized the
presence of TRPV1 channels in Cynomolgus monkeys finding the
highest value in the dorsal horn of the spinal cord, the other areas
stained were: locus coeruleus, preoptic area, hypothalamus, soma-
tosensory cortex, somatomotor cortex, pontine reticular forma-
tion, and midbrain gray matter (151). The first work cloning
human TRPVI reported by RT-PCR experiments expression of
mRNA in spinal cord, whole brain, cerebellum, hippocampus,
frontal cortex, layers 3 and 5 of the parietal cortex, and the highest
expression in DRG (152-154). Immunohistochemical experiments
corroborated the presence of the protein in human DRG (155).

Rat expression of TRPV1 is also very similar to the reported
for human with DRG levels being the highest compared to spinal
cord, whole brain, cerebellum, hippocampus, and frontal cortex
(153). Immunohistochemical data also show the presence of the
channel in trigeminal ganglia, nodose ganglia, DRG, periaque-
ductal gray, and rostral ventromedial medulla and throughout the
cortex (155-158); the DRG unmyelinated projections to the spi-
nal cord are also labeled by antibodies against TRPV1 as well as
lamina I and IT (156, 159). Besides the presence in the hippocam-
pus, RT-PCR and immunohistochemistry techniques have shown
the presence of the channel in cortex (layers 3 and 5), medial
amygdala, medial and lateral habenula, striatum, hypothalamus,
centromedian and paraventricular thalamic nuclei, substantia
nigra, locus coeruleus, reticular formation, cerebellum, and infe-
rior olive (8, 152, 160). In the substantia nigra, TRPV1 is located
also presynaptically in glutamatergic synapses (160). A detailed
study using immunohistochemistry techniques and western blot
in the rat central nervous system demonstrates TRPV1 channel
presence in hippocampus, spinal cord, hindbrain, cerebellum,
mesencephalon, cortex, olfactory bulb and DRG staining neu-
rons, astrocytes, and pericytes (161). Functional experiments
reported also the presence in the rat hippocampus (162).

The mice TRPV1 distribution is also very similar to human
and rat. Two studies provide a very detailed description of the
distribution of TRPV1 in the nervous system, and the results were
compared to the TRPV1~~ mice as a control. The first study uses
[*H]RTX finding labeling in olfactory nuclei, frontal, piriform,
parietal and retrosplenial cortices (distributed throughout all lay-
ers), hippocampus (pyramidal layer, stria oriens, and radiata),
dentate gyrus, amygdala, lateral and medial septal nuclei, caudate
putamen, thalamus (mainly in paracentral and medial habenular
nuclei), hypothalamus (arcuate, dorsal medial, periventricular, and
ventromedial hypothalamic nuclei), interpeduncular nuclei, peri-
aqueductal gray, raphe nuclei and superior colliculus, locus coer-
uleus, cerebellar cortex (mainly in cellular layers), dorsal horn of
the spinal cord (mainly in the lumbar area), dorsal root, and
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trigeminal ganglia (163). The second study consists in a fine
immunohistochemical study looking at several areas of the central
nervous system which showed positive expression in hippocampus
(pyramidal neurons in CA1-CA3 and molecular layer of the den-
tate gyrus), basal ganglia (caudate putamen, globus pallidus, and
substantia nigra) thalamus, hypothalamus, cerebral peduncle,
pontine nuclei, periaqueductal gray matter, cerebellar cortex
(exterior of the Purkinje cell, basket cells), dentate cerebellar
nucleus, and periaqueductal gray (164). RT-PCR experiments
detected also mRNA in dorsal root, nodose, and superior cervical
ganglia (165).

A close homolog to TRPV1, they can form heteromers. The data
about human expression of this channel in the nervous system
show a reduced and localized expression. Immunohistochemistry
techniques show a restricted expression to cerebellar Purkinje cells
in the whole CNS (166). Using a cynomolgus macaque as an
experimental model some authors show also a restricted expression
for TRPV2 by immunohistochemistry staining in the hypotha-
lamic-neurohypophisial system, only hypothalamic paraventricular,
suprachiasmatic, and supraoptic nuclei were stained and mainly
oxytocin and vasopressin releasing neurons (167).

On the other hand, TRPV2 seems widely expressed in rat cen-
tral nervous system and DRG where it also heteromerizes with
TRPV1. Greffrath, Binzen, Schwarz, Saaler-Reinhardt, and Treede
(2003) and Liapi and Wood (2005) achieved a positive labeling
using immunohistochemistry and observed colocalization with
TRPV1 (157, 168). In the same work (157) described the expres-
sion of the channel throughout the rat central nervous system
mainly in layers IV, V, and VI; also cingulate and insular cortex; no
TRPV2 was detected in the piriform cortex. Frederick et al. (8) by
a ribonuclease protection assay detected mRNA of TRPV2 in
DRG, trigeminal ganglion, spinal cord, cerebellum, hippocampus,
and cortex. During the embryonic period mouse TRPV2 is
expressed in DRG and motoneurons in the spinal cord where they
promote axon outgrowth (169). In the adult rat TRPV2 is
expressed throughout the spinal cord mainly in nociceptive areas
(laminae I and Tii) (170) and dorsal lateral nucleus, nucleus ambig-
uus, and motor trigeminal nucleus (171). Immunofluorescence
showed that TRPV2 is also expressed in the trigeminal and nodose
ganglia (172, 173). RT-PCR detected mRNA of TRPV2 also
appears in enteric neurons (174).

Besides in the embryonic spinal cord, mouse mRNA TRPV2
is also expressed in the nodose ganglion (165). RT-PCR detects
mRNA mainly in basal ganglia, cerebellum, forebrain, hippocam-
pus, DRG, nodose ganglion, and superior cervical ganglion (34,
165). Immunohistochemistry labels nerves with TRPV2 chan-
nels in the olfactory epithelium and the myenteric plexus, mainly
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inhibitory motor neurons and primary afferent neurons
(27, 175). The same technique also labels neurons in the dorsal
root ganglion (176).

Human expression of TRPV3 was described by two groups inde-
pendently. The first group reported the expression of the TRPV3
mRNA by RT-PCR: the maximum expression is found in the cen-
tral nervous system (177), immunohistochemistry experiments
showed also the protein at the DRG level. The second group
reported the expression of the TRPV3 mRNA by RT-PCR in the
brain, spinal cord, and DRG of humans; they also carried out “in
situ” hybridization experiments in cynomolgus monkey showing
mRNA expression in the central nervous system in cortex, thala-
mus, and striatum; in the spinal cord they got labeling in the ven-
tral horn and interneurons in the intermediate zone and deep
laminae of the dorsal horn; in the peripheral nervous system they
found expression in the superior cervical ganglion, dorsal root
ganglion, and trigeminal ganglion. No staining was detected in
glial cells (178). Immunohistochemistry also show expression of
TRPV3 in several human tissues: DRG, peripheral nerves, and
ventral spinal cord (137).

Using a ribonuclease protection assay the TRPV3 mRNA in
DRG, trigeminal ganglion, spinal cord, cerebellum, and cortex was
detected (8). Rat TRPV3 was also found by RT-PCR in the sub-
stantia nigra pars compacta (179).

Expression of TRPV3 has also been studied using mouse as a
model but surprisingly northern blot data showed a strong expres-
sion in keratinocytes but it did not found mRNA in brain, DRG,
nor spinal cord (180), which it makes sense with functional data
pointing out that only heat sensation through keratinocytes is
affected in TRPV3~~ mice (181, 182). Nevertheless, expression of
the channel has been found in the nerve terminals of the olfactory
epithelium by immunohistochemistry (27). Also recent behavioral
experiments showed that an incense compound that activates puta-
tive TRPV3 channels induces a behavior change in WT mice vs.
TRPV3~~ (183). RT-PCR shows also a very low expression of
TRPV3 mRNA in basal ganglia, cerebellum, cerebrum, forebrain,
and hippocampus (34).

The first work where they cloned the human TRPV4 channel
reported no mRNA (“in situ” hybridization) expression in the
brain, DRG, or sensory nerve fibers, but they got a positive result
inperipheralfibers (sympatheticand parasympathetic). Nevertheless,
immunohistochemistry in human tissue showed TRPV4 in DRG
and peripheral nerves (137).

Some authors reported also no expression in rat TRPV4 DRG
(184); in this case northern blot techniques also reported no
expression in brain, hypothalamus, nor sensory ganglia (or faint in
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trigeminal ganglion (185). Nevertheless, other groups using
northern blot and single cell RT-PCR (186) and by immunohis-
tochemical techniques (187) showed mRNA and protein expres-
sion in DRG, brain, and dorsal horn of the spinal cord.
Immunohistochemical experiments showed also a positive in
hypothalamus neuropil (188, 189) and using western blot and
immunohistochemistry (190) showed TRPV4 expression in the
suproptic and paraventricular nuclei. The TRPV4 mRNA was
detected in DRG and trigeminal ganglion but only obtained a
very faint signal in spinal cord, cerebellum, and cortex (8). DRG
TRPV4 was also detected by northern blot (191). This channel
has also been detected in astrocytes of cortex and hippocampus
and surrounding cortices but not in neurons using RT-PCR, west-
ern blot, and immunocytochemistry (89, 192).

In mice, TRPV4 have been found by “in situ” hybridization
in: vascular organ of the lamina terminalis, subfornical organ,
median preoptic area, ependymal cells of the lateral ventricles and
scattered neurons in cortex, thalamus, hippocampus, and cerebel-
lum (185). Also “in situ” hybridization and immunoblotting dem-
onstrated TRPV4 expression in hippocampal neurons and astrocytes
“in situ” and immunocytochemistry in vitro (193). The expression
in nerve fibers in the olfactory epithelium has also been shown
(27). Finally, RT-PCR data displayed a strong mRNA expression in
basal ganglia and cerebellum and a lower expression in cerebrum,
forebrain, and hippocampus (34).

Both channels are structurally close and they are related to Ca?*
homeostasis and they are not expressed in the nervous system, for
a recent review see (194).

6. TRPML
Subfamily

6.1. TRPML1

The TRPML subfamily is composed by three members (TRPMLI,
TRPML2, and TRPML3). The data available about expression and
function of this family is scarce; they are part of the lysosomal and
endosomal mechanisms except TRPML3 which can be present in
the membrane and they can form homomers and heteromers
among them (195). For a review on each of these channels, see

(196-198).

This member of the TRPML subfamily is expressed ubiquitously in
humans (199) and mice (200) and it is involved in the late endo-
cytic pathway (201).
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A detailed study about RT-PCR expression has been published
where the expression of the channel is reported in all the tissues
studied in mice (202).

Like TRPML2, TRPML3 mRNA presence was also studied by
RT-PCR with a positive result in expression in all the tissues stud-
ied (202).

7. Concluding
Remarks

In the present review we tried to briefly summarize the widespread
distribution of the novel TRP cation channel family in the nervous
system; their location, together with their ability to be modulated
by very different physical, chemical, and intracellular stimuli, is a
reflection of the different roles they can play. Functionally, TRP
channels seem involved from high cognitive processes such as spa-
tial navigation and working memory, where they are modulated by
neurotransmitters, to the simplest signal transduction such as ther-
moreception or mechanoreception, where the temperature or a
mechanical change is enough to generate a response. Besides the
functions directly related to the nervous system they also play a

central role in Ca**/Mg* homeostasis and intracellular

mechanisms.

We are still beginning to understand the importance of the
TRP in those processes and we hope this review will help to those
interested on their characterization.
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Chapter 8

Investigation of the Possible Role of TRP
Channels in Schizophrenia

Loris A. Chahl

Abstract

Schizophrenia is a debilitating psychiatric disorder. The limitations of current treatments for schizophrenia
have led to an ongoing search for new drug targets. The observations that subjects with schizophrenia have
impaired thermoregulation, are less sensitive to pain than normal subjects, and exhibit reduced niacin flare
responses suggested that TRPV1 channels, and possibly also other temperature-sensitive TRPs that are
co-expressed with TRPV1 on sensory neurons, might be linked with schizophrenia. In order to model
deficit in function of TRP channels in animals, capsaicin treatment of neonatal rats was used to induce
lifelong loss of a high proportion of primary afferent neurons that co-express TRPV1 and related TRP
channels. The methods used to test the proposal that TRPV1 deficit induces brain and behavioral changes
expected in an animal model of schizophrenia are described.

Key words: TRP channels, Schizophrenia, TRPV1, Animal models

1. Introduction

Schizophrenia is a debilitating psychiatric disorder characterized by
positive symptoms including hallucinations and delusions, negative
symptoms such as anhedonia and social withdrawal, and cognitive
deficits in attention and executive function. The etiology of the
disorder is not clear, but it is widely accepted that it is a neurode-
velopmental disorder involving both genetic and environmental
factors (1, 2). The symptoms of the disorder commonly manifest
in early adulthood with a higher incidence in males. Several suscep-
tibility genes for schizophrenia have been identified, including
neuregulin 1 (NRG1), catechol-O-methyltransferase (COMT),
dysbindin, disrupted in schizophrenia 1 (DISC1), and regulator of
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G-protein signaling (RGS) protein-4 (RGS-4), with the strongest
evidence being for NRG1 (3-13).

Studies on postmortem human brain from subjects with
schizophrenia have shown that the brains are reduced in volume
(14-16), have larger ventricles and thinner cortices compared
with those of healthy individuals (17, 18). Selemon et al. (19, 20)
also observed that neuronal density was increased in the prefron-
tal cortex of subjects with schizophrenia and proposed that the
symptoms of schizophrenia resulted from reduced cortical con-
nectivity, a proposal that is now known as the “reduced neuropil
hypothesis” (21).

Drugs used for the treatment of the symptoms of schizophre-
nia have a range of pharmacological actions but share the property
of dopamine D, receptor antagonism. Although the classical dop-
amine D, receptor antagonists are effective in treating the positive
symptoms of schizophrenia, they produce serious motor side
effects. The newer atypical antipsychotic drugs produce fewer
motor side effects than the older drugs but none of the current
antipsychotic agents is effective in treating all of the symptoms of
schizophrenia, the cognitive deficits being notably resistant to
treatment.

The limitations of current treatments for schizophrenia have
led to an ongoing search for new drug targets. In recent years tran-
sient receptor potential (TRP) channels have emerged as targets
worthy of investigation in psychiatric disorders (22, 23). Of
particular interest is the TRPV1 channel (previously known as the
capsaicin or vanilloid receptor 1 (VR1)), first identified in sensory
neurons (24, 25) but now known to be widely distributed in both
the central and peripheral nervous systems. The TRPV1 channel is
activated by plant substances such as capsaicin, endogenous sub-
stances including the endocannabinoid, anandamide, inorganic
ions (Ca* and Mg?*), as well as pH change and physical stimuli
such as heat and mechanical stimuli (25-27).

An investigation of the possible role of TRPV1 channels in
schizophrenia was prompted by the observations that subjects with
schizophrenia have impaired thermoregulation (28-30), are less
sensitive to pain than normal subjects (31-35) and exhibit reduced
flare responses to niacin (nicotinic acid) and methylnicotinate
(36, 37). Injection of capsaicin into the preoptic area of rats pro-
duced hypothermia, whereas desensitization of TRPV1 channels
by repeated capsaicin administration induced impaired ability to
thermoregulate against heat (38) similar to that observed in schizo-
phrenia. The central effects of capsaicin on thermoregulation are
mediated by action on TRPV1 channels since they were absent in
TRPV1-KO mice (24). Indeed, it has been proposed that TRPV1
channels play a role in body temperature maintenance in non-
pathological states (39).
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Activation of peripheral TRPV1 channels on sensory neurons
by agonists such as capsaicin results in nociception by activation of
spinal neurons, and neurogenic flare and inflammation by release
from their peripheral terminals of neuropeptides, including sub-
stance P and calcitonin gene related peptide (CGRP) (40, 41).
These observations raised the possibility that schizophrenia could
result from a lifelong deficit in function of TRPV1-expressing, cap-
saicin-sensitive primary afferent neurons, leading to reduced con-
nectivity in the higher central nervous system such as has been
demonstrated in the mouse barrel cortex following reduced soma-
tosensory input following whisker trimming (42). The association
between cannabis use and first episode psychosis (43—46), and the
complex interactions between TRPV1, cannabinoid and dopamin-
ergic mechanisms in the central nervous system (CNS) (see 23)
added further support to the proposal that TRPV1 channels might
be linked with schizophrenia.

Schizophrenia in all its complexity may be a uniquely human
disorder and thus development and validation of animal models
for testing new drug targets presents difficulties. Indeed, it is likely
that no single animal model will fully manifests all of the signs
considered to be characteristics of schizophrenia. Nevertheless,
many animal models have been developed in an attempt to model
aspects of schizophrenia. These include neurochemical, neurode-
velopmental, and genetic models. Earlier models were neuro-
chemical models that involved manipulations of the dopaminergic
system. More recent neurochemical models have focused on other
neurotransmitter systems such as the glutamatergic system. Other
models include the neonatal ventral hippocampal lesion model, an
important neurodevelopmental model (47), several genetic mod-
els (7, 8), and animal models of gene—environment interactions
(48). In a study of animal models of schizophrenia, it is pertinent
to consider those aspects that may be measured in animals.
Changes in behavior such as increased locomotor activity, disrup-
tion of prepulse inhibition to acoustic startle, and impaired learn-
ing may be measured in animals. Brain structural changes such as
reduced brain weight, reduced cortical thickness, increased ven-
tricle size, and increased cortical cell density may also be mea-
sured. Reversibility of behavioral changes with antipsychotic
drugs, despite their limitations in the treatment of schizophrenia,
is also commonly considered an important criterion for assessing
the validity of an animal model of schizophrenia. Whilst it might
not be possible to model in animals aspects of the disorder such as
thought disorder, delusions, and cognitive deficits, it has been
suggested that research directed at greater understanding of ani-
mal cognition might result in discovery of improved drugs for
treatment of schizophrenia (49).

In order to model deficit in function of TRPV1 channels, the
well-known property of capsaicin of induction of lifelong loss of a



144 L.A. Chahl

high proportion of TRPV1-expressing primary afferent neurons by
treatment of neonatal rats was used (50). Newson et al. (51) used
this property of capsaicin to test the proposal that TRPV1 deficit
induces brain changes, including increased neuronal density, simi-
lar to those found in schizophrenia. The behavior of the rats was
also observed since behavior is very commonly measured in puta-
tive animal models of schizophrenia.

The results from the investigation of the possible role of
TRPV1 channels in schizophrenia described below showed that at
5-7 weeks rats treated as neonates with capsaicin had increased
locomotor activity in a novel environment and the male rats had
reduced brain weight. The capsaicin-treated rats also had reduced
hippocampal and coronal cross-sectional area, reduced cortical
thickness, and increased neuronal density in several cortical areas
(51). Thus treatment of neonatal rats with the TRPV1 ligand, cap-
saicin, was found to produce brain structural changes similar to
those found in postmortem brain of humans with schizophrenia.
More recently it has been found that neonatal capsaicin treatment
induced changes in central cholinergic, monoaminergic, and can-
nabinoid systems in the adult animal (52). It should be noted that
capsaicin injection in neonates produces a brief period of hypoxia
which may cause long-lasting changes in rat brain. Therefore, it
remains to be determined whether the changes observed by
Newson et al. (51) and Zavitsanou et al. (52) in rat brain following
neonatal capsaicin treatment resulted from loss of TRPV1 channel
function in the peripheral or central nervous system or from some
other toxic effect.

2. Materials

2.1. Animals

2.2. Drugs

Litters from six time-mated pregnant female Wistar rats were used.
The rats were housed in plastic cages (73 x 54 x 24 cm) with shred-
ded paper bedding, and a wire mesh top cover. The animals were
kept at a constant temperature of 21°C+1°C on a 12-12 h light-
dark cycle with lights on at 7:00A.m. Food and water were freely
available.

1. Capsaicin (Sigma-Aldrich Pty Ltd., Australia) stock solution
102 M made in a vehicle of 10% Tween 80 and 10% ethanol in
saline

2. Sodium pentobarbitone (Lethabarb, Virbac (Australia) Pty
Ltd., Australia)

3. Salbutamol sulfate aerosol (Ventolin, Allen & Hanburys,
Australia)
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2.3. Equipment
and Solutions
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The specific equipment used in the experiment is detailed below.
Alternative equipment for behavioral observations and microscopy
may be substituted.

1.
2.

o NN O Ul W~ W

13.
14.

Syringes and 30 g needles.

Perspex observation chamber (height 32 cmxdepth 44 cmx
length 72 cm) located in the home room and containing two
foam objects placed identically for each animal.

. Guillotine

. 10% formalin solution

. Cryostat

. Gelatin chrom alum-coated slides

. Coverslips

. Cresyl violet 5% solution OR 0.003% thionin, 1.7% ethanol,

and 0.13% formalin, adjusted to pH 3.5 with glacial acetic acid

. Ethanol solutions (70%, 95%, 100%)
10.
11.
12.

Histolene (Fronine, Riverstone, NSW, Australia)
Ultramount (Fronine)

Zeiss Axioskop light microscope with a motorized stage and
a miniature monitor (Lucivid—Microbrightfield Inc., USA)
attached to a camera lucida

Neurolucida software (Microbrightfield)

Paxinos and Watson (1998) rat brain atlas (53)

3. Methods

3.1. Neonatal
Gapsaicin Treatment

. Within 24-36 h of birth, remove dam from the home cage and

remove neonatal rats one at a time for treatment.

. Place neonates in the supine position on a bed of crushed ice.

Immediately upon disappearance of the righting reflex (less
than 1 min), remove neonates from the ice and inject subcuta-
neously (s.c.) with either capsaicin, 50 mg/kg (Note 1), or an
equivalent volume of vehicle, consisting of 10% alcohol and
10% Tween 80, into the dorsal region of the neck, using a ster-
ile 30-gauge needle and syringe.

. Following injection, place neonates in a small clear perspex

observation chamber with other injected littermates: each ani-
mal being placed between the fingers of a latex glove filled with
37°C water and warmed with a heating lamp (Note 2).

. Spray a measured dose (two ‘puffs’) of salbutamol aerosol

(Ventolin) into the chamber to alleviate respiratory difficulty
induced by capsaicin (Note 3).
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3.2. Behavioral
Observations

3.3. Histology

3.4. Microscopy

5. Keep neonates in the observation chamber until all signs of
respiratory distress have disappeared and they have regained
their righting reflex.

6. Place capsaicin-treated neonates in a small, warm-holding cage
until all littermates had been injected and had recovered.
Transfer neonates to a clean cage with the dam. Observe the
dam’s behavior to ensure she accepts the neonates (Note 4).

7. Check and weigh rat pups twice weekly. Wean rats at 21-23 days
after birth by placement into new cages, with one or two other
animals of the same sex.

1. On observation days, typically twice weekly, remove rats from
the home cage and place them in a perspex observation cham-
ber located in the home room.

2. Commence measurement of behaviors immediately without
giving the animals time to become familiar with the observa-
tion cage. Observe each animal for 10 min using the same
trained observer and strict criteria to manually quantify behav-
iors including number of circuits of the cage (locomotor activ-
ity), number of climbs of an object or sides (climbing), number
of rears (rearing), face washing, scratching, and chewing (ste-
reotypy). Validate behavioral observations with a second inde-
pendent observer who is blind to the treatment of the rats
(Note 5). Weigh animals after each session.

1. At 5-7 weeks of age, euthanase rats with a lethal dose of sodium
pentobarbitone, 100 mg/kg, intraperitoneally, and remove
head using a guillotine.

2. Remove brains from the skulls. Weigh and place brains in 10%
formalin solution for 2 weeks.

3. Cut serial coronal sections, 50 um, on a cryostat. Mount every
third section on gelatin chrom alum-coated slides, air dry, and
Nissl stain with cresyl violet solution for 1 min and wash in
running water until the water becomes clear, or with thionin
solution for 18 h at room temperature (54 ). This latter method
yielded superior staining for neuronal counting since the cells
were stained blue and the white matter pink (Fig. 1).

4. Following staining, dehydrate sections in ascending concentra-
tions of ethanol (70%, 95%, 2x 100%).

5. Clear sections with histolene and coverslip with Ultramount.

Select closely matched sections from each brain at several levels with
the aid of the rat brain atlas (53). Observe sections under bright-
field microscopy using a light microscope with a motorized stage
and a miniature monitor attached to a camera lucida. Use neurolu-
cida software to trace outlines of the sections and count neurons.
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Fig. 1. Photomicrographs of the secondary motor cortex from a capsaicin-treated rat (a) and a vehicle control (b). Note
greater neuronal density and beaded-like columns of cells in the capsaicin-treated rat.

3.4.1. Measurement of
Section Areas and Cortical
Thickness

3.4.2. Neuronal Cell
Counting

1. Measure total area of sections at Bregma 2.70 mm, 1.20 mm,

-1.60 mm, -2.56 mm, -3.60 mm, and -5.80 mm, hippocam-
pal area at Bregma -2.56 mm and -3.60 mm, lateral ventricle
area at Bregma 1.20 mm, -1.60 mm, and -2.56 mm, and
aqueduct area at Bregma -5.80 mm (Fig. 2).

. Measure cortical thickness at several levels. Measure corpus

callosum thickness, and width between the dorsal tips of the
left and right cingulum at Bregma 1.20 mm, -1.60 mm and
-2.56 mm (Fig. 2).

. Count neurons using a two-dimensional counting method, in

the following regions: anterior cingulate (AC), the primary
somatosensory cortex jaw (SIJ), the secondary motor cortex
(M2), and caudate putamen (CPu) at Bregma 1.20 mm, the
primary auditory cortex (Aul) at Bregma -3.60 mm, and the
primary visual cortex monocular (VIM) at Bregma -5.80 mm.
For each region use a counting box of appropriate size and
count all neurons in the box in which the nucleolus is visible
(Note 6).

. Calculate neuronal density from the total neuronal count

divided by the area of the counting box measured by the
Neurolucida software. Calculate the neuronal density for each
region for each animal as the average results for left and right
sides of the brain and express as cells per pm?.
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Bregma 1.20 mm

*~cT
corpus
callosum
thickness
corpus
callosum width
Bregma -1.60 mm Bregma -2.56 mm

Bregma -3.60 mm Bregma -5.80 mm

Fig. 2. Diagrams of coronal brain sections at Bregma 1.20 mm, —1.60 mm, —2.56 mm, —3.60 mm, and —5.80 mm showing
the location of structures measured in this study. Cross-sectional area was calculated from the area of the entire section.
Location of measurements of cortical thickness (CT), and corpus callosum height and width (see insert) are shown as thick
lines, areas of the lateral ventricles (LV) and aqueduct (AQ) are shown in black, and the hippocampus (H) is shown cross-
hatched. (Bregma 2.70 mm not shown). (Reproduced from Reference 51).

3.5. Statistical Analyze data that do not involve repeated measures of the same

Analyses parameter on the same animals by two-way analysis of variance
using a statistical package such as GraphPad Prism 4.0 (GraphPad
Software Inc.). Where analysis shows a significant gender effect,
analyze data for males and females separately using Bonferroni
post-tests. For data where measures on the same animals were
repeated (behavioral data), use two-way analysis of variance with
repeated measures (Note 7). Express results as means and standard
errors of the means (SEM). For all data analyses use a=0.05.
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4. Notes

1. The dose of capsaicin, 50 mg/kg, is used since it had been
shown in previous studies to produce marked loss of capsaicin-
sensitive primary afferent neurons (50).

2. Itis important to keep the pups warm since they lose heat rap-
idly following ice anesthesia and capsaicin treatment.

3. Respiratory difficulty in capsaicin-treated pups is not com-
pletely prevented by salbutamol (51) and therefore it is possi-
ble that the brief period of hypoxia following capsaicin injection
might induce long-lasting changes in rat brain. A study of the
effects of hypoxia alone would be a useful extension to the
present study.

4. Neonatal rats appear to suffer no ill effects from hypothermia.
Also, no local tissue damage occurred at the injection site in
any of the animals. Using the method described the survival
rate of the animals following capsaicin treatment is high,
approximately 90%.

5. Use of strict criteria results in a high level of inter-rater
reliability.

6. Stereological counting is not considered necessary. The risk of
double counting is avoided by using sections 50 um thick and
counting only cells with the nucleolus visible.

7. For behavioral data with occasional missing data points, two-
way analysis of variance with repeated measures should be per-
formed with a statistical package such as SPSS 12.0 for
Windows, as missing data points cannot be handled by
GraphPad Prism 4.0.
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Chapter 9

Investigating Diseases of Dopaminergic Neurons
and Melanocytes Using Zebrafish

Amanda Decker and Robert Cornell

Abstract

Zebrafish offer experimental advantages that have been exploited by developmental biologists and,
increasingly, by those interested in disease mechanisms. Parkinson’s disease is characterized by the loss of
dopaminergic neurons of the substantia nigra and motor symptoms such as slow movement, rigidity, and
tremor. Traditionally investigators have used rodents and non-human primates as model animals to study
the genetic and environmental causes of Parkinson’s diseases. However zebrafish offer an attractive alterna-
tive for behavioral studies because the larvae are small enough to fit into multi-well plates and thus are
amenable to automated behavioral analysis. While there are significant anatomical differences between the
zebrafish and human brains, in the zebrafish diencephalon there is a group of dopaminergic neurons whose
projections are analogous to those of neurons in the human substantia nigra. Studies taking advantage of
these features have measured the swimming behavior of zebrafish larvae in which expression of genes
linked to familial Parkinson’s disease have been reduced, or that have been treated with pharmaceutical
agents that target dopaminergic neurons. These studies have also included histological analyses of dop-
aminergic neurons. Zebrafish have also been used to dissect the genetic pathways that govern differentia-
tion and survival of melanocytes. The assumption is that disruption of these pathways underlies diseases of
melanocytes, which include vitiligo, a disease of melanocyte degeneration, and metastatic melanoma. It is
believed that melanocytes and dopaminergic neurons must share vulnerability to particular mutations or
environmental insults because risk for Parkinson’s disease and metastatic melanoma are associated with one
another. Interestingly a mutagenesis screen in zebrafish may have identified one such shared requirement.
In a forward screen, a mutant exhibiting melanocyte cell death was isolated and later shown to harbor a
loss-of-function mutation in the gene encoding ion channel Transient Receptor Potential Melastatin-like
7 (TRPM7). TRPMY7 was previously identified as possibly conferring risk for a Parkinsonian condition.
This example reveals the potential for studies in zebrafish to reveal the genetic requirements of dopamin-
ergic neurons, of melanocytes, and those shared by both cell types. This chapter provides the protocols
used by our research group to examine the behavior of zebrafish larvae, and to monitor dopaminergic
neurons and melanocytes by histology.

Key words: Zebrafish, Parkinson’s disease, Melanocyte, Vitiligo, Dopamine
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1. Introduction

1.1. Zebrafish as a
Model to Investigate
Pathways Controlling
the Viability of
Dopaminergic Neurons

Parkinson’s disease (PD) is a common neurodegenerative disorder
with a poorly understood etiology. It is characterized by the loss of
dopaminergic neurons of the substantia nigra, and consequently
motor symptoms such as slow movement, rigidity, and tremor.
Although recessive and dominant forms of familial PD exist, most
cases are idiopathic, indicating that both genetic and environmen-
tal factors contribute to the disease state (1). Research on the
genetic underpinnings of PD has been carried out using the mouse
as a model system. However, the fact that deleting mouse orthologs
of familial PD genes only rarely alters the number of dopaminergic
neurons demonstrates the difficulty of modeling PD in the mouse
(reviewed in 2). It is thus important to explore new model systems
for use in establishing the genetic underpinnings of PD.

The zebrafish (Danio rerio) is a versatile model organism that
can be used to study the neural basis of behavior and of movement
disorders (reviewed in 3). Larval zebrafish exhibit a repertoire of
measureable behaviors, and these increase in complexity as the ani-
mal ages (4). Advantages of using zebrafish as a model organism to
study movement defects include the fact that a large number of
animals can be tested in a single experiment, behaviors can be mea-
sured in automated fashion, water-soluble pharmacological agents
can be administered easily, and the animals are amenable to genetic
manipulation. Investigators in this field have quantified locomotor
activity of larval zebrafish using custom-built materials (5) or auto-
mated behaviorrecordingapparatuses built by Noldus (Wageningen,
The Netherlands) (6) and Viewpoint (Montreal, Canada) (7).

The above-described features of zebrafish and the presence in the
zebrafish ventral diencephalon of a proposed anatomical correlate of
the mammalian substantia nigra (8) have led to the use of zebrafish in
investigating the genetic and environmental factors that contribute to
the death of dopaminergic neurons in PD and other neurodegenera-
tive diseases. Specifically, many studies have tested the consequences
of down-regulating zebrafish orthologs of familial Parkinson’s disease
genes, including 4j-1 (9, 10), pinkl (11-13), Irrk2 (14, 15), and
parkin (16, 17). Each of these studies included both motility assays
and histology-based analysis of dopaminergic neurons. Notably,
zebrafish appear to be sensitive to the toxins that destroy DA neurons
in humans; both embryos and adult fish treated with pharmacologi-
cal agents that induce parkinsonism (such as 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroxydopamine
(60OHDA)) are less motile and have fewer DA neurons than untreated
embryos (18-22). The investigations carried out to date suggest that
the zebrafish model, with its unique set of experimental advantages,
will be extremely useful in investigating the pathogenic mechanisms
underlying motor disorders such as PD.
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1.2. Zebrafish as a
Model to Investigate
Pathways Controlling
the Viability of
Melanocytes

Melanocytes produce melanin through a metabolic pathway that
generates toxic intermediates like dihydroxyindole; these metabo-
lites are thought to predispose melanocytes to disease (23, 24).
The melanocyte disease vitiligo co-occurs with auto-immune dis-
orders and is associated with polymorphisms in genes that contrib-
ute to immune responses (25). However, the pathogenesis of
vitiligo may be influenced by the presence of reactive oxygen spe-
cies (ROS), including those produced during melanin synthesis, as
suggested by the elevation of ROS in skin when vitiligo is active
(26). Interestingly melanocytes and dopaminergic neurons share
risk factors—either genetic or environmental—because people with
PD are at increased risk for metastatic melanoma, a deadly skin
cancer that originates in either melanocytes or melanocyte stem
cells (27). Given the similarity of melanin and dopamine metabolic
pathways, mutations in genes encoding enzymes shared by these
pathways would seem obvious candidates to confer risk for diseases
of both cell types. However, the pathways have no known com-
mon enzymes. Of note, single nucleotide polymorphisms near
PLA2G6 are associated with elevated risk both for Parkinsonism
(28-31) and for cutaneous melanoma (32). These findings indi-
cate that PLA2G6, encoding a phospholipase, is one of the elusive
genes that is important for the normal physiology of both cell
types. Identifying the shared vulnerabilities of melanocytes and
dopaminergic neurons is expected to yield insight into the serious
diseases that affect these cell types.

Zebrafish are well established as a model for the study of
genetic pathways regulating melanocyte development and survival,
and mutagenesis screens have identified over 200 pigmentation
mutants (33, 34). Melanophores in fish and amphibians, in con-
trast to melanoctyes, their mammalian counterparts, do not trans-
fer melanosomes to neighboring keratinocytes. Nevertheless, the
genetic pathways involved in the lineage specification and differen-
tiation of mammalian melanocytes appear to be highly conserved
in the melanophores of fish. These events are controlled by the
presence of growth factors and the expression of a particular com-
bination of transcription factors over time (35, 36). The expression
of matfn (microphthalmia-associated transcription factor a) and dct
(dopachrome tautomerase) defines the melanoblast stage of mel-
anophore development (37, 38), although it should be noted that
mitfa expression is not limited to melanoblasts (39). Future inves-
tigations delineating the mechanisms that govern melanophore
differentiation and survival in zebrafish will shed light on the basic
aspects of melanophore biology, including the genetic and envi-
ronmental vulnerabilities they share with dopaminergic neurons.

In our efforts to answer these questions, we conducted a muta-
genesis screen in zebrafish for mutants deficient in melanophores
(40). We discovered that the ion channel transient receptor poten-
tial melastatin-like 7 (TRPM?7) is necessary for melanophore
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survival in zebrafish (41). Trpm7 is a ubiquitously expressed
channel that conducts divalent cations (42, 43). In ¢t7pm7 mutants,
melanophore death is dependent on melanin synthesis, implying
that Trpm7 is involved in containing the toxic intermediates of
melanin synthesis within the melanosome (44). Interestingly, a
TRPMY7 variant is associated with a parkinsonian disorder called
amyotrophic lateral sclerosis-parkinsonism/dementia complex of
Guam (45). This implies that TRPM7 may be another of the elu-
sive shared genetic requirements of melanocytes and dopaminergic
neurons, although a requirement for TRPM7 in dopaminergic
neurons has not yet been demonstrated directly.

Here we provide protocols that we deploy in our investigations
of pathways regulating the development and survival of dopamin-
ergic neurons and melanophores.

2. Materials

2.1. Equipment

2.1.1. Equipment
for Behavior Analysis

2.1.2. Equipment for
Expression Analysis

2.1.3. Equipment
for Acridine Orange
and TUNEL Assays

2.2. Reagents
and Solutions

2.2.1. Reagents
and Solutions for Behavior
Analysis

2.2.2. Reagents
and Solutions for Histology

1. Zebrabox (Viewpoint Zebrabox, Viewpoint LifeSciences)

2. Incubator at 28.5°C, fitted with lights on a 14 h on/10 h off
cycle

3. 96-well plates (Note 1)

Water bath set to 70°C.

Microscope equipped for epifluorescence illumination and with a
GFP filter set.

1. Drugs (1-methyl-4-phenylpyridinium, MPP + -iodide available
from Sigma) (Note 2)

2. Embryo medium: 5 mM NaCl, 0.017 mM KCI, 0.33 mM
CaCl,, 0.033 MgSO,, 0.1% methylene blue in deionized water
(dHL0)

3. Ringer’s Solution: 116 mM NaCl, 2.9 KCI, 1.8 mM MgCl,,
5 mM HEPES in dH,0

1. Four percent PFA (fixing solution): 4% paraformaldehyde in
PBS pH 7-7.5 (store at —20°C)

2. Anti-Dig FAB Frag-AP (Roche)
3. Blocking solution: PBST with 2 mg/ml BSA, 5% sheep serum
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2.2.3. Reagents
and Solutions
for Immunohistochemistry

2.2.4. Reagents and
Solutions for Acridine
Orange and TUNEL Assays

4.

Color buffer: Tris 0.1 M pH 9.5, MgCl, 50 mM, NaCl
100 mM, 0.1% TWEEN-20, in dH,0 (make on day of use)

. Hybl hybridization mix: 50% formamide, SSC 5x, 0.1%

TWEEN-20, 1 M citric acid (plus enough to adjust pH of mix-
ture to 6.0) in dH,0

. Hyb2: Hybl with 50 ug/ml heparin, 0.5 mg/ml yeast tRNA
. NBT/BCIP (nitro-blue tetrazolium/bromo-4-chloro-3-indo-

lyl phosphate) (Roche)

. PBS: 0.8% NaCl, 0.02% KCl, and 0.02 M PO, buffer in dH,0

9. PBST: PBS, 0.1% Tween-20

10.

11.

12.

13.
14.

15.

PBDT: 0.5% DMSO, 1% BSA, 0.5% Triton-X-100, 1% goat
serum in PBS

PO, buffer (0.1 M): 68 mM Na HPO,, 31.6 M NaH,PO, in
dH,0

Prot K: Proteinase K diluted in PBS from storage solution in
50% glycerol, 10 mM Tris pH 7.5, 20 mM CaCl, in dH,0
Probe: synthesis creates antisense RNA probes (46)

SSC (sodium chloride sodium citrate) 20x stock: 3 M NaCl,
300 mM Na citrate, pH to 7.0 with citric acid

Tricaine (3-aminobenzoic acid ethyl ester methanesulfonate)
(Sigma): working solution is 10 ppm or 25-300 mg/1

. Antibodies: Anti-tyrosine hydroxylase (Millipore) (1:400—

1:1,000), Goat anti-mouse IgG (1:200), Mouse perodixase
anti-peroxidase (1:200)

2. Bleach solution: 0.1% KOH, 3% H,O, in PBSTX

. DAB solution: 0.05 M PO, buffer, 1% DMSO, 0.05% DAB

4. DAB (3,3'-diaminobenzidine): 1 g DAB in 25 ml dH,0 (can

92}
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be prepared ahead and frozen in 1 mg/25 pl aliquots)

. PBSTX: PBS with 0.1% Triton-X-100

. Acridine Orange (Sigma)

. Fluorescein dUTP (Roche)

. TdT (terminal deoxynucleotidyl transferase) (Roche)

. TTase (thioltransferase) bufter: 2 mM CoCl, added the day of

the experiment to dH,0

. TTBST: 25 mM Tris buffer, 0.2 M Na cacodylate, 0.25 mg/

ml BSA, 0.2% TWEEN-20, pH to 6.6
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3. Methods

3.1. Methods for
Locomotion Analysis

3.1.1. Preparation

3.1.2. Motility Test

This visual assay of motor behavior (adapted from (47)) shows the
distance that individual fish swim in a given time period with alter-
nating light and dark conditions. Although we chart movement
using a commercial automated system, at least one group has
assembled an automated system from the basic components (cam-
era, lens, light box, computer) and written open-source software to
run it (5). Manual methods have also been reported, but we have
found that these fail to capture subtle differences between groups
revealed by large-scale analysis.

1. Harvest embryos and raise them in embryo medium, in an
incubator at 28°C and with regulated light conditions. Methods
for zebrafish care and husbandry have been published else-
where (48).

2. Manually dechorionate embryos at 2 dpf (days postfertilization).
3. Transfer larvae to wells at 4 dpf. Exclude larvae that do not
respond to a light touch and those with gross morphological
malformations from movement analysis (49).
In the absence of drug treatment
(a) Transfer one larva into each well of a 96 well plate.
(b) Fill each well with Ringer’s solution (just enough to avoid
forming a convex surface; total volume should be 370 ul).

With drug treatment

(a) Transfer larvae into a small Petri dish.

(b) Fill the Petri dish to 3 ml with Ringer’s solution, and apply
drug or vehicle (controls).

(c) Incubate, applying gentle rocking or agitation.

(d) Use a 1 ml pipette tip to transfer one larva in a total volume
of 370 pl of Ringer’s solution including drugs into one well

of a 98-well dish.
4. Return plate to incubator O/N (over night).

5. Move the plate loaded with larvae into the measurement appara-
tus at 5 dpf'and allow it to equilibrate for at least 1 h (Note 3).

1. Calibrate the machine according to the manufacturer’s sugges-
tions, and empirically determine the optimal conditions for each
experiment by checking to make sure that movement is traced
without false positives. We routinely use the following settings:

Format: “Tracking” format

Integration period: 60 s
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3.1.3. Data Analysis

3.2. Methods
for Histology

3.2.1. Whole-Mount
Immunohistochemistry for
Anti-tyrosine Hydroxylase
in 5-Day Postfertilization
Larvae

Detection threshold: black 19

Movement threshold: small/large, 10.0 cm/s; ‘inact’ /small,
0.1 cm/s

Light driving: A repeated cycle of light for 30 min fol-
lowed by darkness for 30 min (Note 4)

. Perform analysis in a quiet, dark, and secluded room without

variation in ambient temperatures or olfactory stimuli.

. Monitor behavior for 7 h in alternating light/dark conditions

using the tracking feature.

. At end of the assay, examine fish individually for touch response

and exclude dead or unresponsive individuals from further
analyses.

. Viewpoint provides tracking data for distance moved, duration

of movement, and the number of movements for the defined
categories of large, small and “inact” along with movement
tracings.

. Compute the variable total distance for each fish = smldist + lard-

ist (note that with these settings there will be very little lardist-
categorized movement).

. Assign each fish to a category and find descriptive statistics

over desired time period (Fig. 1).

This whole-mount immunohistochemistry protocol was adapted
from one published elsewhere (48).

1.

Place fish anesthetized with tricaine into 4% PFA and incubate

with gentle rocking for 7 h at room temperature (21-22°C,
RT), or O/N to 24 h at 4°C.

. Wash in dH,O one time and then incubate in dH,0 O/N or

for up to 24 h at RT, to permeabilize the tissue through osmotic
shock.

. Pre-incubate fish for 0.5-1 h in PBDT +2.5% GS.

4. Incubate fish in primary antibody diluted in PBDT +2.5% GS,

for 4-5 h at RT or O/N at 4°C.

. Wash on rotator with PBSTX, four times for 15 min (4x15).

6. Incubate in secondary antibody in PBDT +2.5% GS 4-5 h at

RT, or O/N at 4°C.

. Wash in PBSTX 4 x 15 min.
. Incubate in tertiary antibody in PBDT +2.5% GS for 4-5 h at

RT, or O/N at 4°C.

. Wash in PBSTX 2 x 15 min, and then in 0.1 M PO, buffer (pH

7.3) 2x15 min (Note 5).
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Fig. 1. Average distance moved by 48 zebrafish larvae at 5 dpf, over a total of 7 h during which the larvae are subjected
to a cycle of 30 min of darkness followed by 30 min light (indicated by /ine above the bars). Error bars are equal to one
standard error. Note that behavior in the first cycle usually does not match that in subsequent cycles. The reason for this
difference is unclear but may reflect stress invoked by the transition from the acclimation period.

10. Pre-incubate fish in 0.75-1 ml of DAB solution for 20 min
while mixing.

11. Add 10 ul of 0.1% H,O,. Monitor the reaction until the desired
signal intensity is achieved (4—10 min).

12. Stop the reaction by removing the DAB mixture and rinsing in
PBS 3x.

13. To visualize internal staining in pigmented larvae, rinse once in
PBS and add bleach solution for up to 1 h.

14. Place fish in 50% PBS/50% Glycerol for documentation.
Embryos are stable for several months stored at 4°C.
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3.2.2. In Situ Hybridization ~ This protocol for in situ hybridization is abbreviated and adapted
(for mitfa or dct in the from a previously published one (46).

Presence of Melanoblasts)

Whole-Animal In Situ Day 1

Hybridization

Performed at RT in approximately 500 pl volumes, for up to 30

larvae per microcentrifuge tube.

1.

Place fish anesthetized with tricaine into 500 pl of 4% PFA in a

1.5 ml microcentrifuge tube, and incubate for 6 h at RT, or
O/N at 4°C.

2. Rinse in PBST 3 x5 min.

o N O

. For long-term storage, place in 100% methanol (MeOH) and

store at —20°C. Before use, re-hydrate at RT in sequential
10-min washes: 66% MeOH/33% PBST, 33% McOH /66%
PBST, 100% PBST.

. Incubate 24-hpt embryos for 10 min in 10 pg/ml Prot K in

PBST at RT, with gentle rocking.

. Stop the Prot K reaction by fixing in 4% PFA for 30 min at RT.
. Wash 4 x5 min in PBST.

. Wash in Hybl1 for 1-2 h at 70°C.

. Add warm Hyb2 with probe (1x) and incubate O/N at 70°C.

Day 2

1.
2.

N O U

Pre-warm wash solutions to 70°C.

Remove probe Hyb mix and save (it can be re-used many
times).

. Perform three 10-min washes at 70°C in the following

sequence: 66% Hyb2 and 33% 2x SSC, 33% Hyb2 and 66% 2x
SSC, 100% 2x SSC.

. Follow with 3 x20 min washes at 70°C, with 0.2x SSC.

. Wash 5 min at RT in PBST.

. Incubate in blocking solution for 1 h at RT.

. Incubate in 1:5,000 dilution of sheep-anti-DIG-Alkaline

Phosphatase (AP Fab fragments) in blocking solution, or
1:20,000 of sheep-anti-FITC-AP at 4°C O/N (Note 6).

Day 3

1.
2.
3.

Wash 6 x20 min at RT in PBST.
Wash 3 x5 min in color buffer.

Develop in a dark container with 20 pl/ml NBT/BCIP solu-
tion, for about 1 h at RT (Note 7).
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4.
5.

Wash 3x 10 min in PBST (Note 8 for double in situ).

Visualize under bright field and store in PBST at 4°C for sev-
eral weeks.

Acridine Orange Staining Acridine orange (AO) is a fluorescent vital dye that stains apoptotic
cells (50).

1.

. Wash 3x 10 min in Ringer’s solution.

[SATNN -GN S

Place live embryos or larvae in 1x AO at RT for 30 min.

. Anesthetize in tricaine.
. Mount live embryos in 3% methylcellulose for several minutes.

. Visualize with GFP filter (signal will appear green rather than

orange).

TUNEL Assay Terminal dUTP nick end labeling (TUNEL) labels the fragmented
DNA observed in apoptotic cells (51). This protocol is based on (52).

Day 1

1.

QN Ul B W

7.
8.
9.
10.

Re-hydrate dechorionated embryos stored in 100% methanol
at RT in sequential 10-min washes: 66% MeOH /33% TTBST,
33% McOH /66% TTBST, 100% TTBST.

. Digest in Prot K for 30 min with 1 pg/ml at 37°C.

. Wash in 2 mg/ml glycine 2 x5 min.

. Wash 3.5 min in TTBST 1x.

. Wash 2 x5 min in 1x TTase buffer.

. Add 0.5 pl TdT enzyme (100 U) and Fluorescein dUTP to

400 pl TTase buffer for a final concentration of 0.05 uM
Fluorescein dUTPD.

Pre-incubate 45 min at 4°C in the dark.
Incubate for 1 h at 37°C in the dark.
Rinse twice in TTBST in the dark.

Wash with TTBST 4°C O/N in the dark.

Day 2

1.
2.
3.
4.

Incubate at 70°C for 30 min.

Incubate in blocking solution for 2 h at RT.
Add sheep-anti-FITC-AP at 1:20,000 dilution.
Incubate 4°C O/N.

Day 3

1.
2.
3.

Wash in TTBST 6 x20 min RT.
Rinse in color buffer 2 x5 min.

Develop in dark at RT, in 20 pg,/ml NBT /BCIP solution with
5% polyvinyl alcohol diluted in color buffer.
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NN

. Rinse in TTBST 3 x 10 min.
. Visualize with GFP filter.

4. Notes

References

. Plates with 96 or 48 wells produce similar results, whereas we
detect greater amounts of movement in plates with 24 wells
(49). For 96-well plates, the following styles have worked well:
ELISA, flat-bottom, and round bottom.

. As MPP +degrades quickly in solution, for longer assays it
should be replaced daily.

. Even after O /N acclimation within the zebrabox, movement is
erratic for up to an hour. Differences can be obscured by this
noise, a point that is especially relevant for motor assays, as
most studies have not used a positive control.

. We use 0 power light for 180,000 ms, followed by a transition
from 0 to 100-power over the course of 1 s, and 100 power
light for 18,0000 ms. Over long periods, light produces more
spontaneous swimming behavior, but a light to dark transition
triggers a strong, short-term bout of swimming (53).

. If background signal is excessive, carry out additional washes
(2x5 min in PBS).

. If background signal is excessive, add 0.3 M levamisole along
with either anti-DIG or anti-FITC in blocking solution.

. I signaling is weak, development can be continued on the next
day. In this case, remove the NBT /BCIP, place embryos into
PBST and store at 4°C O/N. Continue the reaction in the
morning. If signal is too strong, place embryos in 100% MecOH
at -20°C O/N, and then continue with wash steps.

. For a double in situ with both DIG and FITC, add one
secondary antibody at a time (usually FITC first). Develop,
inactivate alkaline phosphatase by incubating in 100 mM
glycine-hydrochloride, pH 2.2, for 30 min., rinse in PBST,
re-fix the specimen in 4% PFA, incubate in blocking solution,
and then proceed with the other secondary antibody.
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Chapter 10

A Practical Guide to Evaluating Anxiety-Related
Behavior in Rodents

Caitlin J. Riebe and Carsten T. Wotjak

Abstract

Tests of innate fear and anxiety take advantage of the natural anxieties and interests of mice and rats. They
often rely on the animals” motivation to explore their environment as well as their apprehension towards
novelty or exposure. Here we describe the technical and experimental details of five classical tests of anxi-
ety-like behavior which are frequently applied for experiments in rats and mice. The open field test is a
simple open arena, which can be used to assess anxiety as well as general locomotor activity. The light-dark
box and elevated-plus maze (EMP) offer the animals a choice between nonaversive and aversive areas of an
apparatus and the novelty-induced hypophagia (NIH) and social interaction tests rely on novelty-induced
suppression of natural behaviors in mice and rats. Our practical guide ends with a discussion of advantages
and limitations of each test. We hope that our recommendations enable an easy establishment of the behav-
ioral paradigms and allow for a better comparability of the results between different labs.

Key words: Mice, Rats, Anxiety, Fear, Behavior, Innate, Rodent

1. Introduction

Behavioral tests have been used to assess anxiety for decades and
stem back to 1934 when Calvin Hall (1) pioneered the use of the
open field to analyze emotional behavior in rats. Since then many
complex behavioral paradigms for gauging animal emotionality
have been developed; however, the key to assessing innate anxiety
is engineering the paradigms in such a way as to be able to observe
and quantify the natural behavior of the animals. These tests do
not rely on any learning or conditioning processes and instead seek
to mimic certain aspects of the animals’ natural environment which
may induce fear or anxiety.

Rodents, such as mice and rats, are naturally exploratory crea-
tures and spend much of their lives foraging for food and shelter.
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However, being so vulnerable to predation, they are also wary of
novel, unprotected or brightly lit environments. Tests of innate
anxiety in rats and mice take advantage of their natural curiosity as
well as their fears of novel, exposed environments. Parameters are
defined and calibrated to create a conflict between the motivation
to explore and their innate anxiety; finding the appropriate balance
allows for detection of both increases as well as decreases in anxi-
ety-like behavior in comparison to control groups or baseline
measures.

This chapter will provide practical guidelines for five of the
major behavioral tests used to assess innate anxiety in mice and
rats. The open field test is one of the most widely used behavioral
tests in rodents and is based on exploratory behavior in a brightly
lit open area. The elevated-plus maze (EPM) and the light—dark
box are based on exploration in an environment with relatively
protected vs. relatively bright, exposed areas. These tests create
distinct situations where the animals’ fears and drive to explore are
in direct conflict. Novelty-induced hypophagia (NTH; aka novelty-
induced suppression of feeding; NSF) evaluates feeding behavior
in an anxiety-producing novel environment and takes advantage of
the fact that anxious animals tend to be less motivated to eat. Lastly,
the social interaction test assesses mutual investigation between
two conspecifics and relies on anxiety-induced changes in social
behavior.

2. Materials

2.1. Subjects

1. The strain, sex, and housing conditions of the animals must be
carefully considered and reported for each experiment.
Regarding the strain, it should be noted that rodent (and espe-
cially mouse) strains are very specific and that even closely
related strains may display very different behavioral character-
istics (2). Therefore, it is mandatory to strictly adhere to the
exact mouse strain nomenclature.

2. When considering sex, not only can anxiety-related character-
istics differ between the sexes, but such behavior can vary
across the estrus cycle of the female. Estrus stage must be con-
trolled with ovariectomization and hormone replacement or
determined by vaginal swabs.

3. It is recommended that animals are singly housed to avoid
being disturbed by the testing of cage mates, and kept on a
reverse light—dark cycle so that animals are tested during their
active phase. Housing conditions must be constant and clearly
defined for each experiment. In general, each experimental
group should include 10-12 mice or 6-8 rats.
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2.2. Testing Apparatus

2.2.1. Open Field Test

2.2.2. Light-Dark Box

4. Mice can be picked up by the first 1 /3 of their tail, whereas rats
can either be picked up at the very base of the tail or, prefera-
bly, grasped under the shoulders. Handling of the animals can
affect anxiety-related behavior and should be minimized and
kept constant for all animals. Usually when placed in a testing
apparatus, animals should be facing a wall or closed arm of the
apparatus. This is done to ensure that the animal does not
automatically run into the open or out of the closed arm when
released from the experimenter.

The testing areas should always be isolated from the area where the
animals are housed. If a completely separate room is not available
then the testing area may be segregated from the rest of the room
with an opaque curtain. It is important that all sides of the area are
similar in color and appearance to avoid creating any preference or
aversion to one section or another.

1. The open field is a large square arena surrounded by walls
where a variety of anxiety related and exploratory behaviors
can be measured (Notes 1 and 2). The arena should be at least
60 cmx60 cm for mice and about 120 cmx 120 cm for rats
(Note 3). The walls should be about 50-60 cm high, i.e., high
enough that the animals cannot escape (Fig. 1).

2. A video camera connected to a recording device is mounted
above the open field at a sufficient distance to be able to detect
the animal at all locations within the apparatus (Note 4).

1. The light—dark box is an enclosed square divided into a brightly
lit and a dimly lit compartment connected by a short tunnel
(Note 5). The entire box is 52 cmx20 cm with 25 ¢cm high
walls all around. There is a 7 cm thick double wall dividing the

60 cm
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Fig. 1. The open field test is a simple square open arena. The dimensions for mice are
shown in black and the dimensions for rats are shown in gray. The apparatus should be
at least 60 cm x 60 ¢cm for mice and 120 cm x 120 cm for rats. The walls should be about
60 cm high or high enough that animals cannot escape. The entire box is illuminated
between 150 and 700 lux.
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2.2.3. Elevated Maze

® 2

25cm

30 cm 7 cm 15cm

Fig. 2. The light—dark box is a 52 cm x 25 cm square arena with 25 cm high walls, which
can be utilized for both mice and rats. The box is divided into @ 30 cm and 15 cm compart-
ment linked by a 7 cm wide double wall. A 7 cmx 7 cm tunnel is cut out of the wall to
create a tunnel between the two compartments. The smaller compartment is lit at 15-20 lux
with a red light and the large compartment is lit at 150—700 lux with a white light.

length of the box into a 30 cm and a 15 ¢cm compartment.
Both sides of the double wall have a 7 cmx7 cm door cutout
in the bottom center. The doors of either side of the double
wall are connected by a tunnel, which spans the distance
between the walls and is the same height and width as the
doors (Fig. 2). The same apparatus dimensions can be used for
both mice and rats (Note 6).

2. The entire floor and inner walls of the dark compartment are
painted black with waterproof paint and the light compart-
ment is left light gray. A white light is mounted above the light
compartment at a sufficient height to create illumination on
the floor of the compartment between 150 and 700 lux. A red
light is mounted above the dark compartment to illuminate it
at 15-20 lux. A camera should be mounted above the appara-
tus, so that the entire apparatus including both sides of the
tunnel is fully visible.

1. The elevated-plus maze consists of an elevated “+” shaped

platform with walls surrounding two adjacent arms (the closed

arms). The other two arms have no walls and are considered
the open arms. For mice, the dimensions are as follows: 30 cm
arm length, 5 cm arm width, 15 cm wall height and raised

40-75 cm from the floor. For rats, the platform dimensions are

slightly larger: 50 cm arm length, 10 cm arm width, 40 cm wall

and raised 70-120 cm from the floor (Fig. 3). The open arms
may have a small (~3-5 mm) rim running along the edge of
the floor to prevent animals from sliding off.
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2.2.4. Novelty-Induced
Hypophagia/Suppression
of Feeding

15cm /40 cm

40-75¢cm/

Fig. 3. The elevated-plus maze is a “+” shaped apparatus with walls surrounding two
adjacent arms. The dimensions for mice are shown in black and the dimensions for rats
are shown in gray. For mice the arms is 30 cm x5 cm with 15 cm walls for the closed
arms and for rats the arms are 50 cm x 10 cm with 40 cm walls around the closed ones.
The entire apparatus is raised off the floor by 40—75 cm for mice and 70-120 cm for rats.
The closed arms are illuminated at 15-20 lux and the open arms are illuminated at about
300 lux.

2. Four separate light fixtures are used for the EPM—one
mounted above each arm. White light of approximately
300 lux is used over the open arms and red light (15-20 lux)
over the closed arms (Note 7). A camera should be mounted
above the apparatus in a position that allows visibility of the
animal everywhere within the maze. The camera can also be
tilted at a slight angle to the maze to allow for better dif-
ferentiation among behaviors such as freezing, sniffing, head
dipping, and grooming, especially in the middle area of the
maze and on the open arms.

Testing for the novelty-induced hypophagia (aka novelty-induced
suppression of feeding; NSF) test is done in a clean standard hous-
ing chamber without bedding (Fig. 4) or in an open field appara-
tus. The chamber is illuminated with up to 700 lux with overhead
lighting. A camera is mounted either beside or behind the chamber
so that the entire inner chamber is visible. In preparation, oat flakes
are soaked with a 30% sucrose solution either by spraying the flakes
with the solution or pipetting a couple drops of solution onto the
flakes and then allowing them to dry. Several of the sucrose-soaked
oat flakes (2-3 for mice, 5-10 for rats) are weighed and placed in
the center of the testing cage or arena.
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Fig. 4. The novelty-induced hypophagia test is done either in an empty housing cage or in
an open field apparatus illuminated up to 700 lux from an overhead white light source.
Sucrose-soaked oat flakes are placed in the center of the apparatus.

e

Fig. 5. The social interaction test takes place in a clean housing chamber with fresh bed-
ding on the floor and illuminated up to 700 lux with overhead white lights. A second hous-
ing cage with the bottom cutoff is placed upside down on top of the first cage to serve as
a wall extension preventing the animals from escaping.

2.2.5. Social Interaction The social interaction test is performed in a clean standard hous-

Test ing chamber with fresh bedding in the bottom. A second empty
housing chamber is used as a lid by cutting off the bottom and
placing it upside down on top of the test chamber (Fig. 5). The
cage is illuminated with up to 700 lux from overhead white light.
A video camera is positioned beside the cage so that the entire
inner area is visible.
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3. Methods

3.1. Open Field Test

3.1.1. Procedure

3.1.2. Data Analysis

3.2. Light-Dark Box

3.2.1. Procedure

1. Remove an animal from their home cage and place it gently in
the open field facing a corner. The animal is allowed to freely
explore for 5 min, during which behavior is recorded (Note 8).

2. Remove the animal from the apparatus and return it to their
home cage.

3. Clean the apparatus before testing the next animal (Note 9).

1. A characteristic anxiety-like behavior of rodents is thigmotaxis,
which, in the open field, is maintaining contact with the walls
when walking around the apparatus (Note 10).

2. Thigmotaxis can be measured as time spent in contact with the
walls or the distance covered while in contact with the walls.
Many video tracking programs can score thigmotaxis, where it
can be defined as the animal being within 2—4 cm of the walls—
the exact distance will depend on how the program defines and
tracks the animal as well as the size of the animal (Note 11).
Additionally, the “center” of the open field can be defined as
distinct from the periphery. Ideally, this is a square shape in the
middle of the apparatus that covers the same area as the perim-
eter. However, some tracking programs will automatically
define the center. The following measures are scored for the
open field: total distance traveled, immobility time (or total
time minus time spent moving), thigmotaxis time, thigmotaxis
distance, time in the center, distance traveled in the center.
Measures of thigmotaxis distance and center distance are nor-
malized to the total distance traveled. This is done by dividing
each measure by the total distance measure (e.g., center dis-
tance %=center distance /total distance traveled).

3. Total distance traveled and immobility time give a sense of the
general activity level of the animal. Observer-based analysis will
not include distance measures; instead a score of how often an
animal rears (i.e., raises up onto its hindpaws) can be used to
indicate general activity level. Anxiety level is inferred from
time spent or distance traveled while engaging in thigmotaxis
vs. time spent or distance traveled in the center (observer-based
analysis will only include a time score for either behavior).
More anxious animals will spend more time engaging in thig-
motaxis and less time venturing out to the center, whereas less
anxious ones will spend more time exploring the center and
less time on the walls.

The light—dark box can be performed one of two ways, which dif-
fer in the starting position of the animal. In option 1, the animals
begin in the light box and in option 2 they begin in the dark box.
Both options will be outlined here.
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3.2.2. Analysis

3.3. Elevated-Plus
Maze

3.3.1. Procedure

3.3.2. Analysis

Option 1: An animal is taken from their home cage and placed in
the center of the light compartment facing the doorway. As soon
as the animal enters the dark compartment the 5-min testing ses-
sion begins. The animal is allowed to freely explore during this
time and returned to their home cage afterwards.

Option 2: An animal is taken from their home cage and placed
in the center of the dark compartment facing the doorway. A 5-min
testing session begins immediately, where the animal is allowed to
freely explore before being returned to their home cage (Note 12).

Option 1: A timer is started as soon as an animal is placed in the
apparatus and the latency to enter the dark compartment is observed
and recorded. Once the animal first enters the dark compartment a
new timer is set for the 5-min test session, within which time in
each compartment, latency to re-enter the light compartment and
number of entries into each compartment are scored.

Option 2: The 5-min testing session begins as soon as the ani-
mal is placed in the dark compartment. Time in each compart-
ment, latency to enter the light compartment, and number of
entries into each compartment are scored.

The time in the light and dark compartments are used to cal-
culate a proportional score for each measure (see below). Time in
the tunnel area is not scored and not included in analysis and
calculations:

Light time=time in light/(time in light + time in dark)

Dark time=time in dark/(time in light + time in dark)

Transition scores (i.e., the total number of entries into either
compartment) are used to control for general locomotor activity.
The latency to enter the dark box (option 1) is a measure of anxiety
with a lower latency associated with high anxiety. Conversely,
higher latency to (re-)enter the light box is associated with high
anxiety. Higher scores for dark time as well as lower scores for light
time both indicate higher anxiety.

1. The animal is taken from their home cage and gently placed
into the neutral center area facing a closed arm.

2. The animal is allowed to freely explore the maze for 5 min and
then removed from the maze and returned to their home cage.

1. For analysis, the EPM is divided into three distinct areas: the
closed arm areas, the open arm areas, and the neutral or center
area between the four arms of the maze. Entries into and time
spent in central area are not included in the analyses. Behavior
is scored for the following measurements: number of open arm
entries, number of close arm entries, time in open arms, and
time in closed arms. An entry into a closed or open arm occurs
when the animal has left the center area onto the arm and not
when the animal has entered the center region (Note 13).
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3.4. Novelty-Induced
Hypophagia

3.4.1. Procedure

3.4.2. Analysis

3.5. Social Interaction

3.5.1. Procedure

3.5.2. Analysis

2. The total number of closed arm entries is a measure of general
activity. Entries into the open arms and time spent in the open
arms give a measure of anxiety, with decreased time and entries
related to increased anxiety.

Open arm entries = number of open arm entries /(open arm + closed
arm entries)
Open arm time =time on open arm/(total time in open+closed
arms)

1. Several days prior to testing animals must be familiarized with
the food to be used during testing (Notes 14 and 15). This is
to eliminate the effect of taste novelty and put emphasis on
environmental neophobia. In order to familiarize them, each
animal is given 1-2 sucrose-soaked oat flakes on 3 separate
days before the test day. The latency to eat the oat flakes (scor-
ing details provided below) is recorded each day and can be
used as a baseline score as well as to assess the overall motiva-
tional state of the animals.

2. For testing, an animal is removed from their home cage and
placed facing a corner in the novel test area. The animal is
allowed to freely explore the environment and food for 10 min
and then returned to their home cage. The leftover food is
removed and weighed before the used test cage is set aside and
a new cage is prepared for the next animal.

The measures taken include the latency to begin eating the pro-
vided food as well as the amount of food consumed. The latency to
eat does not include mere physical contact with the food or the
carrying of food around the cage, but only the time at which the
animal first puts the food in their mouth to eat.

Two animals from the same experimental group are both placed
into the test cage at the same time. They are allowed to freely
explore for 5 min after which they are both returned to their
respective home cages (Note 16). The used test cage is set aside
and a new cage is prepared for the next animals; however, the same
lid cage may be used repeatedly.

The duration of investigative behavior between the two animals is
scored and one score is recorded for each pair of animals.
Investigative behaviors include sniffing of the anogential region,
ears, trunk, tail, and mouth as well as grooming or closely follow-
ing one another. The duration of aggressive behaviors, such as bit-
ing, boxing, or mounting as well as sexual behaviors are also
recorded (if present). Lower time spent on social investigation as
well as more time spent on aggressive behaviors is indicative of
higher anxiety (Note 17).
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4, Notes

1. Testing apparatuses can be constructed out of opaque or

painted plexiglass, acrylic or polyethylene plastic. If wood is
used, all the inner edges and corners must be sealed and the
inner walls painted with waterproof paint to allow for thorough
cleaning of the apparatus. In cases where video analysis is to be
used it is advisable to use a light gray material or paint for the
apparatus. Thus, both black and white strains of mice and rats
can be detected by the video analysis software allowing the
same setup to be used with all strains tested. The testing area
should always be isolated from the area where the animals are
housed. If a completely separate room is not available, the test-
ing area may be segregated from the rest of the room with an
opaque curtain. It is important that all sides of the area are
similar in color and appearance to avoid creating any preference
or aversion to one section or another.

. The open field can also be constructed in a circular shape, using

all the same procedures and analyses as with the square box.
However, as with any circular apparatus, animals can be prone
to stereotypies in that they may begin to continuously run in
circles because there is no edge or barrier to stop them.

. The actual size of the open field box makes a significant difter-

ence in the ability to assess anxiety-related behavior with the
test. The test can, and often is, used as a general control measure
for locomotion within a test battery.! In this case smaller dimen-
sions (e.g., 30 cmx 30 cm for mice and 60 cmx 60 c¢m for rats)
are sufficient. However, in order to be able to measure anxiety-
related behavior larger areas are needed. The bigger the box, the
more open and exposed the center area is, which creates a sharper
contrast to the relatively protected wall areas and allows for a
better distinction between anxious and nonanxious animals.

4. Whether behavior is scored online or offline, all behavioral

testing should be recorded with a camera. Before an animal is
placed in an apparatus the video recorder is turned on and the
animal number is indicated orally or visually to the camera. As
soon as an animal is placed in a testing situation the experi-
menter moves away from the setup as quickly and quietly as
possible and remains as quiet as possible throughout duration
of the test. In cases where online scoring is done, the observer
does not watch the animal directly, but rather remotely, from a
monitor hooked up to the recording camera, where the experi-
menter can be out of view of the animal.

'When used as a test for locomotion, the open field should be illuminated
with only 0-20 lux.
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10.

. Lighting is especially important because it allows the experi-

menter to control the aversiveness of the testing environment.
The testing room should be evenly illuminated with an overhead
white light source. Lighting should be adjustable between 20
and 600 lux. It must be ensured that the lighting is stable and
does not flicker as this can be quite aversive for the animals.

. An alternate construction of the light—dark box excludes the

tunnel area between the light and dark compartments. In this
case there is just a door between the two sides of the box.
However, this apparatus may provide a less sensitive measure
of anxiety behavior.

. Not only the total illumination, but also the difference in illu-

mination between the open and closed arms must be consid-
ered in the EPM. This difference in illumination creates a kind
of light—dark box effect within the EPM and can be adjusted to
obtain appropriate baseline scores. For example, if animals tend
to be too anxious, the lighting above the open arms can be
lowered. It is recommended that untreated animals spend
15-20% of the time on the open arms to allow for a bidirec-
tional modulation of anxiety-like behavior.

. Testing in the open field may take place for up to 30 min in

order to evaluate locomotor activity or cognitive abilities such
as learning and memory. However, only the first 5 min of test-
ing is used to analyze anxiety behavior. Confounding factors,
such as immobility (i.e., freezing or resting) are not likely to
take place within this time. After the initial 5 min significant
habituation takes place and anxiety measures would reach floor
values. Therefore, analysis of anxiety behavior becomes con-
founded by the fact that decreases in anxiety are undetectable.

. Any testing apparatus must be thoroughly cleaned or replaced

after each animal. The entire floor and inner walls of the appa-
ratus are wiped down with a mixture of soap and water, fol-
lowed by clean water and then completely dried with a towel.
However, excessively rigorous cleaning and drying procedures
should be avoided as they can create static (particularly if the
setup is made of plexiglass or plastic), which can be particularly
disturbing for the animals.

Observers must be trained to score behavior for any test and
demonstrate satisfactory inter- and intra-rater consistency in
their scoring before analyzing test results. Each observer scores
behavior slightly differently, but it is most important to have
consistency within one scorer. Ideally, a training DVD of about
20 trails should be established. Trainees repeatedly score this
DVD and compare their scores among themselves as well as
with those of previous observers. The inter-rater correlation
must be at least 90% and the intra-rater correlation must be at
least 85%.
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11.

12.

For scoring purposes it should be noted that an entryinto any
area or compartment is defined as the animal having a/l four paws
within that area or compartment. Unless otherwise noted, a
latency score is the amount of time it takes for an animal to first
engage in a given behavior starting from the test onset. Although
behavioral definitions may vary, consistency in the analysis must be
maintained. When scoring test results observers must always be
blind to the experimental condition of the animal.

Analysis of video recordings can be done with various com-
puter tracking programs. Such software is set to automatically
detect the rat or mouse as a distinct object, separate from the
background and track its progress within a defined area or
areas. In this way total distance traveled, as well as entries into,
latency to enter, and time in defined areas can be analyzed. The
sampling rate of any tracking program should be set to 4 Hz
(higher rates do not provide additional information).

Alternatively, automatic analysis can be done via infrared
beams. The beams are part of the apparatus setup and linked to
a recording program that automatically detects and records
each time the animals breaks a beam. Infrared beams are most
useful in tests where immobility and entries are scored, such as
the open field, light—dark box, and EPM. Infrared beams can
also be used to automatically evaluate vertical exploration, such
as rearing (i.e. upward exploration).?

Although both procedural options for the light-dark box have
been included, there are some notable advantages to option 2.
First of all, placing animals directly in an exposed and bright
environment (as is done in option 1) could lead to freezing
behavior before the animal enters the dark box—this is an indi-
cation of fear, however the resulting high latency would be
analyzed as low anxiety. With option 2, only the latency to
enter the light compartment is scored where high latency indi-
cates fearfulness. This measurement is unconfounded by freez-
ing, since freezing in the dark box and the resulting increased
latency would both be indicative of increased anxiety.

Secondly, placing animals first into the light compartment
may serve to reduce the animals’ curiosity about the light com-
partment. With their curiosity satiated and their fear of expo-
sure still effective they may be unmotivated to re-enter the
light compartment once they leave it. The results then reflect
a reduced exploratory drive, rather than increased anxiety.

2One disadvantage of using infrared beams is that the dimensions of the setup
are often limited by commercially available supplies. Another disadvantage is
the lack of video protocols that can be used in conjunction with infrared beams
and as a consequence, the procedure operates in a so-called black-box.
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13.

14.

15.

16.

It may even be for these reasons that these two methods are
not directly comparable and can produce different results with
the same treatments (3).

The elevated-zero maze is a variation of the EPM also consisting
of open and closed areas; however, the platform is a continuous
ring rather than a cross shape. Two adjacent quarters of the ring
are surrounded by walls on cither side and the other two quar-
ters are left open. This setup serves to eliminate the neutral zone
of the EPM and animals are forced to be in either an open or
closed area. However, time spent in this neutral zone seems to
be an important indicator of exploratory motivation and should
therefore not be eliminated from the apparatus or analyses (4).
Additionally, animals prone to stereotypic behavior may con-
tinuously run in circular areas and fail to properly explore the
apparatus.

One caveat to remember when employing food-related tests,
such as the NIH test, is that the appetitive value of food may
not always be constant across groups. Pharmacological and
genetic manipulations can both increase or decrease appetite
or the rewarding properties of food independently of anxiety.
Therefore, differences in behavior in the NIH test may not
necessarily reflect changes in anxiety, but rather changes in the
motivation for food. For example, knockout of a specific gene
may dampen the value of food rewards leading to a longer
latency to start feeding. Although the gene may have no effect
on anxiety per se this would be interpreted as increased anxiety.
Additionally, sedation or hyperactivity caused by some drug
treatments may affect feeding behavior (for review see 5).

It has been recommended here to use a highly palatable food
in the NIH test. However, another alternative is to food deprive
animals and offer normal chow food during the test. In this
case, animals are food deprived for 24 h before testing; they are
still allowed normal access to water. Testing continues in the
same manner as previously described except several grams of
normal chow are offered instead of sucrose-soaked oat flakes.
However, caution must be exercised when employing food
deprivation because it is a significant stressor for the animals,
which can have long-lasting effects on behavior (6).

There are actually two options for interaction partners in the
social interaction test—either a second animal from the same
experimental group, as described above, or a separate stimulus
animal. The disadvantage of using an animal from the same
group is that the N of each group is cut in half and statistical
power is reduced. This can, of course, be overcome by increas-
ing the number of animals in the experiment; however, due to
limitations with certain treatments or animal strains, this is not
always possible. The disadvantage of using a separate stimulus
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animal is that its behavior can confound the results. For example,
if its behavior changes over time as a result of being repeatedly
exposed to different test animals.

17. The results of the social interaction test alone are not necessarily
enough to draw conclusions on the anxiety state of animals. This
is due to the fact that reduced social investigation is also a hall-
mark of other psychiatric disorders, such as schizophrenia and
autism, and may not be a pure measure of anxiety (7). Especially
when characterizing different strains of animals (from breeding or
genetic modification), it would be advisable to use other behav-
ioral measures of anxiety along with the social interaction test.

5. Concluding
Remarks

Although all of the behavioral tests outlined here can be used to
evaluate innate anxiety, some would be recommended above oth-
ers. For instance, the social interaction test is confounded by the
fact that reduced social investigation can be a symptom of schizo-
phrenia- or autism-related behavior rather than just anxiety.
Additionally, the NIH test can be confounded by changes in the
appetitive value of the food reward independently of changes in
anxiety. Therefore, these tests should not be employed without
validation with other, more “pure” tests for assessing anxiety.

For mice, the light-dark box would be the first choice for evalu-
ating innate anxiety; it has relatively few practical problems and con-
founding factors and has been well tested and consistently validated
in mice. The EPM comes in second place as a test for innate anxiety
in mice. Although it is a relatively pure measure of anxiety and a well
validated test the EPM can have highly variable results. This is due
to animals that fail to enter the open arms at all or, conversely, get
“stuck” on the open arms if they freeze up in extreme fear or even
hang on the edges or fall off altogether. The NIH test is a good
choice for mice when looking at stress-induced changes in anxiety
because it combines stress-induced anhedonia as well as novelty
fear. In these circumstances, the differences between groups are
amplified making the test more sensitive than normal. However,
one must remain aware of the effects of stress and the fact that this
is no longer a pure measure of anxiety. To date, the use of the open
field as a test for innate anxiety in mice may be questioned, as it lacks
significant pharmacological validation. This may be because the test
is confounded by the high overall locomotor activity of mice.

In rats the EPM would be a first choice for measuring innate
anxiety; it is not prone to the same variability as with the mouse
EPM and is a well-validated behavioral test in rats. The open field
tends to also be a reliable measure of anxiety in rats, which are
relatively calm in nature compared to mice.
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When using the open field to control for locomotor activity
behavior should be analyzed using either a video tracking program
or infrared beams. Video tracking has the advantage of allowing
for reanalysis of the recording in case of mistakes or in order to
assess additional behaviors, such as rearing or immobility. Infrared
beams have the advantage of being able to be used in complete
darkness; however, this will not allow for any video recording, and
therefore no re-analysis. Rearing and immobility can be difficult to
define and score by an observer, but are often automatically
assessed using infrared beam tracking. When establishing video or
infrared tracking protocols they should always first be validated
with observational data.

Light is one of the parameters used to induce fear and anxiety
in rodents and must therefore be carefully considered in all
behavioral tests. Additionally, lighting in the housing room(s)
must be taken into account in conjunction with behavioral test-
ing. If strong overhead lights are used in the housing room, ani-
mals situated at the top of a rack may encounter much brighter
conditions than those housed lower down. Upon testing these
animals may show less avoidance of brightly lit areas, which would
confound or complicate the results. Therefore, lighting condi-
tions in the housing areas should be kept as uniform as possible or
all animals to be used in an experiment should be kept in areas of
fairly uniform lighting conditions. For example, animals may not
be kept on the top level of housing racks, but rather just empty
cages with bedding.

Lighting is the simplest way to increase or decrease the aver-
siveness of testing situations and can be used to easily adjust the
baseline anxiety profile of any behavioral test. Illumination levels
have been suggested for many of the tests; however, no standard
procedure can be given as lighting must be adjusted to reach an
intermediate baseline behavioral readout of 15-20% for open arm/
light compartment/center time. It is noteworthy that too high
light intensities may render the entire setup aversive (i.e., no areas
of relative safety) as well as the fact that there is an interaction
between the state of the animal (e.g., modified by prior stress expo-
sure) and light condition (8).

Although a regular procedure, cage changing is a significant
stressor to both rats and mice. Therefore, it should be avoided for
1- 2 days before testing. For tests that use novel cages, such as
NIH and social interaction, the home cages should not be changed
for at least 4 days prior to testing. This is to ensure that there is a
significant difference in odor between the home cage environment
and the novel cage environment.

Interpretation of the results of the behavioral tests described
must always be made with caution. Since they rely on both anxiety- as
well as exploratory-based behaviors, these tests generally fail to dis-
tinguish between decreased anxiety and increased novelty seeking or
between increased anxiety and decreased curiosity. To help resolve
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Fig. 6. The stretch-attend posture is a typical risk assessment behavior seen in rodents.
It occurs when an animal, in @ more protected area of an apparatus, stretches its body
towards a less protected area while remaining close to the floor and sniffing the air or
ground in front of it. Such behaviors can give insight into the animals’ exploratory drive
and can be sensitive measures for evaluating changes in anxiety.

such issues, many behavioral tests of innate fear and anxiety can
include an analysis of risk-assessment behaviors, such as a stretched
attend posture (Fig. 6), scanning, or sniffing. The stretch attend pos-
ture is when an animal, in a more protected area of an apparatus,
stretches its body towards a less protected area while remaining close
to the floor and sniffing the air or ground in front of it. Risk-assessment
behaviors give an indication of the animal’s motivation to explore
and can be more sensitive measures for detecting changes in anxiety
in relation to exploratory motivation.

Although video tracking systems can give very precise analysis
of time, location, and distance, a lot of potentially valuable data
cannot be detected with such programs. For example, vertical
motions such as rearing or jumping are difficult, if not impossible,
to define in most video tracking programs. Immobility and freez-
ing, which can be important indices of anxiety, are also often not
differentiated from stationary grooming. Most importantly, risk
assessment behaviors can often not be analyzed using tracking sys-
tems and in some tests, such as the EPM, it has been found that the
risk assessment behaviors and not open arm time or entries corre-
late with corticosterone levels (9). Therefore, whenever possible
offline video analysis should be done by an experimenter to score
ethological behaviors in addition to automatic tracking analysis.

All behavioral tests should include some measure of activity,
such as with the open field under nonaversive light conditions
(0-20 lux), and it is important to compare activity levels across
groups in addition to measures of anxiety. For example, many
pharmacological compounds can cause hyperactivity or lethargy. In
these cases latency scores between groups cannot be compared, as
they depend just as much on activity level as on anxiety level. In
general, there should be similar changes in entry counts and time
for any given area and divergent changes (i.¢., one measure increases
while the other decreases) indicate changes in activity.

Despite the widespread use of the behavioral tests outlined in
this chapter, each one must be pharmacologically validated when
newly established in a research group. This is done in order to
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Fig. 7. All behavioral tests must be pharmacologically validated when they are established
to ensure the setup is suited for invoking anxiety and evaluating changes in anxiety-like
behavior. This validation is done with IP injections of anxiolytic compounds such as benzo-
diazepines (e.g., diazepam, 0.5—-2 mg/kg). Ideally, more than one dosage is tested and
compared against a vehicle treated and a nontreated control group. (@) As shown exem-
plarily for a prototype plus-maze experiment, injection stress can lead to increased anxi-
ety-related behavior and lower doses of the anxiolytic compound may only buffer the effect
of the stress bringing behavioral measures back to untreated levels. In order to properly
evaluate the setup, the treatment must be able to decrease anxiety-related behaviors
(which may be seen as an increase or decrease in a specific measure, depending on the
test and behavior being evaluated) beyond that of the nontreated control group. (b) At the
same time, one must control for effects on locomotor activity, since an unspecific increase
in arousal/exploratory behavior might be mistaken for a specific anxiolytic effect.

ensure that the test has been setup in a way that enables analysis of
anxiety. This validation is done with an anxiolytic compound, such
as diazepam (at a dosage of 0.5-2 mg/kg IP). Several dosages may
need to be tested and should all be compared against a vehicle
treated and a nontreated control group. Often injection stress can
lead to increased anxiety-related behavior, which is then only buff-
ered by diazepam treatment. In order to properly evaluate the
anxiety dependence of the setup, diazepam treatment must be able
to decrease anxiety-related behaviors beyond that of the non-
treated control group (see Fig. 7). Additionally, when testing
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novel potentially anxiolytic drugs a positive control (i.e., diazepam
treatment) group should always be included.

When first characterizing the anxiety profile of a group of
animals it is common to do a battery of several different anxiety
tests. Utilizing more than one test reduces the impact of con-
founding variables from any one test and increases the likelihood
of finding a significant effect. On one hand, there may be interac-
tions between the various tests, whereby a prior test affects anxi-
ety behavior per se (e.g., due to repeated handling of the animals),
which is then recorded in subsequent tests. On the other hand,
this method is an efficient use of animals where genetic manipula-
tions or treatment may be time consuming or costly. Regardless,
it must be taken into consideration that the overall chance of a
Type I error increases as an increasing number of measurements
are utilized. Therefore, it is highly recommended that the key
significant findings from a test battery be repeated with an inde-
pendent sample of animals. This will also control for any anxiety-
related effects of the test battery itself.

One of the major disadvantages of most behavioral tests is that
they cannot be used for repeated testing within animals. The reason
for this can often be explained by a decreased motivation to explore.
Although rodents are very curious about new places, they do not
want to unnecessarily expose themselves to anxiogenic environ-
ments. Therefore, once animals have been exposed to unprotected
or bright environments they will have a reduced need to explore it
upon being re-exposed to the test setup. This phenomenon is also
known as one trial sensitization, where avoidance of aversive compo-
nents of a test is induced upon repeated testing, and is characterized
by a loss of anxiolytic response to benzodiazepine treatment (10).
This is especially true for the EPM and light—dark box. However, it
can also apply to novel objects and social interaction, where curiosity
may also become satiated leading to a decrease in exploration.
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Chapter 11

Rodent Models of Conditioned Fear: Behavioral
Measures of Fear and Memory

Jennifer L. McGuire, Jennifer L. Coyner, and Luke R. Johnson

Abstract

Pavlovian fear conditioning is a robust technique for examining behavioral and cellular components of fear
learning and memory. In fear conditioning, the subject learns to associate a previously neutral stimulus
with an inherently noxious co-stimulus. The learned association is reflected in the subjects’ behavior upon
subsequent re-exposure to the previously neutral stimulus or the training environment. Using fear condi-
tioning, investigators can obtain a large amount of data that describe multiple aspects of learning and
memory. In a single test, researchers can evaluate functional integrity in fear circuitry, which is both well
characterized and highly conserved across species. Additionally, the availability of sensitive and reliable
automated scoring software makes fear conditioning amenable to high-throughput experimentation in the
rodent model; thus, this model of learning and memory is particularly useful for pharmacological and toxi-
cological screening. Due to the conserved nature of fear circuitry across species, data from Pavlovian fear
conditioning are highly translatable to human models. We describe equipment and techniques needed to
perform and analyze conditioned fear data. We provide two examples of fear conditioning experiments,
one in rats and one in mice, and the types of data that can be collected in a single experiment.

Key words: Amygdala, Associative learning, Memory, Stress, Fear, Pavlov, Autoscoring, Freezing,
Conditioned stimulus, Unconditioned stimulus, Conditioned response

1. Introduction

Classical fear conditioning, also known as Pavlovian fear condi-
tioning, is a robust procedure for evaluating associative learning
and memory. As such it is a key behavioral model for testing phar-
macologic agents regulating learning and memory. During fear
conditioning, the subject learns to associate a previously non-
threatening stimulus (designated the conditioned stimulus or CS),
with an innately noxious stimulus (designated the unconditioned
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stimulus or US). If this association is successfully learned and
remembered, the previously neutral CS will by itself elicit a fear
response (designated the conditioned response or CR) appropri-
ate to the original noxious US. Normally, the CS—-US association
is readily acquired and the memory and subsequent CR can persist
for years without further reinforcement. Disruption of learning
and memory by pharmacological agents can occur at the acquisi-
tion, consolidation, reconsolidation, and extinction phases of
classical fear conditioning.

Associative learning is a critical survival tool and as such the
underlying mechanism for classical fear conditioning is highly
conserved across species. Animals as diverse as fruit flies and humans
can be conditioned using similar procedures (1). In experimental
classical fear conditioning, the CS can be almost any discrete non-
threatening cue such as a tone, light, or scent; the US is noxious or
mildly painful. Generally, in vertebrates, the US can be as simple as
a puff of air into the face or a brief electric shock. Auditory condi-
tioning, where the CS-US is a tone—shock pairing is most fre-
quently used in rodents (mice and rats) and is described in this
chapter.

The neural circuitry underlying auditory fear conditioning is
the most studied and best understood of the fear conditioning
paradigms. In auditory fear conditioning, a commonly used CS is
a neutral non-noxious sound using a single frequency tone (1-3).
Auditory signals reach the lateral amygdala via two routes: a direct
thalamoamygdala route and indirectly via the auditory cortex (2).
Evidence indicates that synaptic plasticity at these synapses under-
lies the formation of an auditory conditioned fear memory (2, 4, 5).
Behavioral expression of conditioned fear memory requires an
intact central nucleus of the amygdala (6-9). Learned associations
of the CS with the training context require synaptic input from the
hippocampus (1, 3). Thus, intact hippocampal function is essential
for contextual components of fear conditioning (10-12). Synaptic
input from the prefrontal cortex is required both for the extinction
of conditioned fear memories (13-15) and for the behavioral
expression of conditioned fear (15-17). Behavioral changes in the
components of fear conditioning can therefore be indicative of
function in the areas of the brain from which they originate.

Following classical fear conditioning, physiological and
behavioral indicators of fear are expressed upon presentation of
the CS. Physiologic changes include activation of the hypotha-
lamic pituitary adrenal (HPA) axis and the autonomic nervous
system (ANS) (18-20). A key behavioral response to the CS is
freezing behavior. Freezing is an innate defensive behavior lead-
ing to the cessation of all movement except as required for breath-
ing (21, 22). This is a well-validated indicator of fear in rodents
(23, 24). Freezing behavior is an ideal behavior to measure
because it is quantifiable, easy to obtain through direct observation,
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and measurement can be automated. Below we describe common
rodent subjects, apparatus, and methods to perform and analyze
fear conditioning experiments.

2. Materials

2.1. Rodents as
Subjects

. All strains of rats and mice can be used for classical fear condi-

tioning. An important consideration for fear conditioning and
behavioral testing in general, is the age of the rodent at the
time of experimentation. Most experiments and pharmacologi-
cal manipulations are carried out in adult animals. Fear condi-
tioning can be performed on animals of any age and learning
can occur. However, in very young and adolescent animals the
learning and memory phenotype is quite different from adult
animals (21, 25). For general phenotyping of learning and
memory deficits or enhancement, adult animals (generally
between 8 and 16 weeks of age) are used.

. Rodent subjects should be housed under uniform conditions

with respect to lighting, temperature, and potential stressors,
such as cage changes, housing room traffic, or other distur-
bances (26).

. Animals ordered into the facility from a laboratory animal sup-

plier should be allowed to habituate to their new housing con-
ditions for a week or more.

. Unless circumstances dictate single housing (such as postsurgi-

cal animals or highly aggressive animals) rodents should not be
singly housed as this may have adverse effects on behavioral
results (27, 28). Rats are generally housed two or three per
cage while mice may be housed up to five per cage. With
aggressive strains of mice, such as C57BL/6 housing male ani-
mals fewer than five to a cage may be optimal.

. Enrichment items such as pressed cotton nesting material or

rodent chew toys may also be provided and should meet insti-
tutional guidelines. It should be pointed out however, that
enrichment facilitates coping and resilience to stress (29, 30)
and may be problematic in studies attempting to evaluate con-
sequences of stress on behavior and brain function or in studies
along similar lines.

. All experiments conducted on animals must be reviewed and

approved by an Institutional Animal Care and Use
Committee.

. The numbers of animals required per experimental group

should be determined by power analysis. Generally 7-10 rats
per condition and 10-15 mice per condition provide sufficient
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2.2. Equipment Needed
for Laboratory-Based
Pavlovian Fear
Conditioning

2.3. Equipment Needed
for Measurement of
Freezing Behavior

statistical power. The example experiments described here were
conducted on adult male (8-10 weeks old) Sprague—Dawley
rats and adult (8-12 weeks old) C57Bl/6xDBA /2] hybrid
male and female mice.

The primary and essential components for fear conditioning are:

. A conditioning chamber with an electrical conduction rod
floor.

. An electrical shock generator.
. A tone generator.
. Cameras and recording equipment.

. A sound attenuation box to isolate sounds, especially an audi-
tory CS, within the conditioning chamber.

. Additional components include alternate flooring and wall
panels to change the appearance of the testing environment
(Fig. 1) and software for automated scoring of freezing behav-
ior if desired. Fear conditioning chambers are available from
many companies who manufacture behavioral testing appara-
tus. In the example experiments, fear conditioning apparatus
for rats were manufactured by Coulbourn Instruments

(Whitehall, PA).

. Pavlovian fear conditioning allows the investigator to obtain
quantitative measures of conditioned fear memory. A well-
characterized response to conditioned fear in rodents is “freez-
ing.” Freezing is an innate defensive behavior leading to the
cessation of all movement, excluding respiration. Freezing
behaviorisanideal behavior to measure because itis quantifiable,
easy to obtain, and measurement can be automated.

. Measures of freezing are obtained for each subject by visual
observation and /or automated scoring of freezing. Scoring of
freezing by a human observer should be consistent and repro-
ducible. Variability between human scorers can occur, thus ide-
ally only one person should score each data set. If this is not
possible, or the data set is large, internal controls for consis-
tency should be used.

. For high-throughput analysis, freezing behavior can be scored
using automated scoring programs. Commercially available
automatic freeze scoring software include FreezeFrame® avail-
able through Coulbourn Instruments (Whitehall, PA) and
AnyMaze® software available through Stoelting (Wood Dale,
IL). Mousemove (described in (31)) is a free program for scor-
ing freezing behavior available for download from the Malinow
group at Cold Spring Harbor Laboratories (http://malinow-
lab.cshl.edu/downloads/). Computerized systems combine
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Fig. 1. Examples of training and testing environments in classical fear conditioning. Panel A depicts the fear conditioning
chamber used for habituation, training, and context testing. The chamber is enclosed by a sound-attenuating outer box (not
visible in this figure) aimed at reducing extraneous noise. The chamber is equipped with a camera, speaker (attached to
the sound generator), and a small house light. Panel B depicts the chamber used for cue testing. Investigators must ensure
that this chamber looks, feels, and smells differently from the original chamber so as to isolate the fear response exclu-
sively to the CS. The chamber dimensions and appearance of the walls have been altered, and the flooring is a mesh grid
rather than the conducting rods. Light conditions have been changed (a yellow film has been placed over the fixture) and
the cleaning solution used between animals is changed from 70% alcohol (used in the learning and context association
phases) to either 1% acetic acid or a commercially available disinfectant.

the sensitivity and objectivity desired for unbiased data.
FreezeFrame®, and most automated scoring software for
freezing, is not a tracking system, but rather, a motion detec-
tion system that is capable of detecting movements as small as
1 mm. This is accomplished by calculating motion in a given
digital image detected over a period of time and given a score
based on pixels. Then, two successive images are subtracted
and if the pixel score equals zero (0), no motion occurred. In
contrast, if a nonzero score is calculated between two succes-
sive images, it is due to motion. The animal is monitored sev-
eral times each second and so the ability to reliably detect fine
movements of the head and limbs is possible and consistent
between animals. Additionally, FreezeFrame® is capable of
scoring freezing in low-light levels and will filter shadows or
artifact from electronic equipment.

4. Measures of freezing calculated by any automated system
should be compared to values determined by the human
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investigator in pilot trials. Whatever method of scoring is
chosen, it is critical that the investigator ensures consistency
across groups of subjects. It is highly advisable to video
record each aspect of the experiment so that the investigator
has the ability to verify freezing scores and analyze multiple
aspects of behavior (Note 1).

5. In the experiments described below, using rats as subjects,
freezing behavior was manually scored from recorded video,
by an observer blind to the training conditions. Data from
experiments using mouse subjects were scored using
Freezeframe automated scoring software available from
Coulbourn Instruments (Whitehall, PA). Freezeframe allows
the user to define freezing. This is done by setting the thresh-
old of maximum movement (number of pixels changing) and
the minimum duration for which the number of pixels chang-
ing must remain below threshold, a temporal parameter termed
“bout.” The freezing threshold was determined by a trained
researcher from digital playback of recorded training sessions
in the Freezeframe program and the minimum bout duration
was set at 0.25 s.

3. Methods

A “classical” fear conditioning protocol involves four components:
habituation, training, context memory test, and cue (CS) memory
test (see Fig. 1 and data in Figs. 2 and 3). An additional component
of extinction of the conditioned response can be included as well
(Note 2). Extinction is a new learning process in which upon
repeated presentation of the CS in the absence of the US the sub-
ject learns that the CS no longer predicts the US. Subsequent to
this new learning, the CS no longer generates the conditioned
response. For each phase of fear conditioning, pertinent data
should be collected. Baseline measurements of movement and anx-
lety can be obtained prior to training, either over a number of days
during habituation or on the training day prior to the first CS-US
presentation (Note 3). Some automated scoring programs include
a tracking component, which will measure actual distance traveled
during the test or segments of the test, but determining baseline
freezing is sufficient to indicate potential confounding differences
in pretraining activity. This is particularly important under circum-
stances where experimental manipulations may be sedating, cause
hyperactivity, impair locomotor function and balance (which may
make movement on the grid floor more difficult), and for obtain-
ing a complete phenotype of genetically modified animals.
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3.1. Habituation

Fig. 2. Classical fear conditioning example data from rats. Data from memory test to both
cued stimulus (tone) and to the contextual environment. Data shows effect of increased
number of CS + US pairings during training on the subsequent memory test. (a) Schematic
of experimental design—male Sprague—Dawley rats were habituated to the training con-
text for 20 min for 3 days prior to fear conditioning. On the training day, individual cohorts
received 0, 1, 3,5, or 10, 30 s 5 kHz pure tone auditory cues co-terminating with a 0.6 mA.
5 s foot shock. 24 h after training, animals were tested for fearful contextual association
and 24 h after the context test the same animals were tested for fear to the training cue
in a novel context. (b) Increasing the number of CS-US pairings from 0 (control animals
receiving no tones or shocks) to 10 increased the strength of memory consolidation creat-
ing a stepwise increase in the amount of both context-driven and cue-driven fear behav-
ior. Animals receiving 5 and 10 CS-US pairings froze significantly more to the training
context 24 h later than animals receiving 0 or 1 CS-US pair. P10 animals that received 10
CS-US pairings froze more to the auditory cue than either PO or P1 animals while P3 and
P5 froze significantly more than the PO controls. Data expressed as mean +/— SEM, * and
** indicate p<0.05.

1. Move animals out of the housing room to a holding room near
to the rooms housing the fear conditioning chambers. Allow
the animals a minimum of 20-30 min to calm down after trans-
port. Habituating animals to the conditioning chambers as
well as to human handling, transport, and other aspects of the
experimental procedures is important for minimizing uncondi-
tioned freezing (Note 4). In the example experiments, rats
were handled daily for a total of 5 days in an effort to reduce
the stress of human contact.

2. Put the animals into the training/testing chamber and allow
the animal to explore the environment. To reduce baseline
freezing (32), rats were habituated to the conditioning cham-
ber each day for 20 min for three consecutive days (Fig. 2a).
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Fig. 3. Classical fear conditioning example data from mice. Data from memory acquisition and test to cued stimulus (tone).
Data shows effect of increased number of CS +US pairings and increase in US intensity (amperage) during training on the
subsequent memory test. (@) Schematic of experimental design. After a 3-min habituation period, C57BL/6 x DBA/2J mice
underwent fear conditioning in one of three training conditions as indicated. For all three training protocols, the conditioned
stimulus was a 30 s 5 kHz pure tone that co-terminated with either a 0.5 mA or 1.0 mA 2 s foot shock. (b) All three training
groups showed equivalent freezing to tone. Notice that freezing increases significantly to the second tone as no learning
occurs prior to the completion of the first CS-US pair. Notice also that the group receiving ten CS-US presentations reaches
a ceiling for freezing behavior around CS-US 5. (¢) The 3-min habituation period in both the training and cue tests is infor-
mative as to baseline anxiety state in the animals. Prior to any training mice showed very little freezing. 24 h later in a novel
environment, all three training groups showed significantly higher baseline freezing than their pretraining baselines,
although none of the groups differed from each other. Data is expressed as mean +/— SEM, *=p<0.05.
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3.2. Training

3.
4. Rats readily adjust to being handled whereas mice do not.

Return the animals to housing room.

Therefore, mice were not handled prior to the habituation-
training day (Fig. 3a). With repeated handling, mice may begin
to show signs of chronic stress (33).

. Habituation of mice consisted of 3 min in the chamber on the

training day before the onset of the first tone.

. All the training and testing protocol should be programmed in

advance. It is generally a good idea to run a pilot experiment
to determine a protocol which gives an appropriate level of
freezing in the memory tests for the control condition. When
there is no a priori hypothesis as to whether the experimental
treatment will facilitate or impair memory formation, freezing
in the control condition should fall into a median range of
50-60%. If the treatment is expected to facilitate memory
formation, a less rigorous training protocol will allow more
sensitive detection of increases in freezing behavior. In the
reverse condition when treatment impairs fear memory, a more
rigorous training protocol may be desirable.

. Move the animals out of the housing room to the holding

room.

. While the animals are recovering from transport, check the

chambers. Make sure the volume of the conditioned stimulus
is set as desired, check the voltage of the grid floor, and make
sure the cameras are working. Make sure there are available
supplies for cleaning the chambers between animals.

. In delay conditioning, the conditioned stimulus is contingent

in time with the unconditioned stimulus. In the example
experiments, a 30 s 5 kHz, 75 dB pure tone conditioned stim-
ulus co-terminates with a brief foot-shock delivered through
the conducting rod floor. Schematics of the timeline for each
experiment are provided in Figs. 2 and 3 (Note 5).

. In both experiments, subjects were allowed 3 min in the cham-

ber prior to the first CS-US presentation (Figs. 2a and 3a).

. In experiments with three or more CS-US presentations, the

interval between CS-US presentations was variable to prevent
the subject from anticipating CS onset. In the experiments
described in Fig. 2, the interval varied between 90 and 180 s
with a mean of 120 s. In the 10x 0.5 mA condition described
in Fig. 3, the inter-trial interval varied between 15 and 50 s
with a mean of 30 s.

. Within an experiment, each subject received the same pattern

of CS-US presentations. In the rat experiments (Figs. 2 and 4)
the US was delivered for 0.5 s at 0.6 mA current. In the mouse
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Fig. 4. Examples of within-trial extinction of context and cued fear. (@) Context extinction:
24 h after fear conditioning male Sprague—Dawley rats were returned to the training
chamber for 15 min. 20 s of each minute was scored for freezing behavior. Percent of time
freezing in each 20 s bin was graphed across the 15 min. (b) Cue extinction: 24 h after
context testing, the same animals introduced to a second, novel chamber. After a 3-min
habituation period, the same 30 s 5 kHz tone used in the training procedure was pre-
sented in the new chamber. The tone was presented ten times over 15 min with a variable
inter-tone interval. Pretone freezing and percent freezing to each cue was plotted over the
course of the test.

experiments (Fig. 3) the US was delivered for 2 s at either
0.5 mA or 1.0 mA current as described.

8. Place the animal into the chamber and run the training
protocol.

9. Return the animal to the holding room and thoroughly clean
the chamber (Note 4).

10. Training can be compared between experimental and control
conditions for rate of acquisition and maximal freezing
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3.3. Gontext Memory

3.4. Cue Memory

11.

1.

(Fig. 3b). When using mild shock as the unconditioned stimulus,
differences in pain threshold, which will affect the rate of acqui-
sition, extent of freezing, and subsequent memory test should
be accounted for. Again this is particularly important when
experimental manipulations may have analgesic (or hyperalgesic)
effects and in transgenic animals.

The strength of learning and the resultant memory can be eas-
ily manipulated by varying the training intensity either through
the number of CS-US presentations or the intensity of the US
(Fig. 2b).

Testing context memory involves simply returning the subject
to the training environment and measuring fear behavior. In
this test, rats were returned to the training chamber for 15 min
1 day after fear conditioning training (Fig. 2). Freezing can be
scored over the duration of the test or in smaller bins of time
across the test. In this example, freezing was scored for the first
20 s of each minute (Fig. 2b).

. In longer tests, particularly those that are being manually

scored, scoring shorter bins of time may be more time efficient.
In our experience, scoring 20 s of each minute is representative
of freezing across the entire test. Furthermore, by breaking up
longer context tests into bins of time, the reduction of fear
(context extinction) over time, when no CS or US is presented,
can be determined (Fig. 4a).

. Move the animals from the housing area to the holding

room.

. To test learning and memory to the CS component of condi-

tioned fear (tone in the example experiments), testing must be
conducted in an environment free (to the greatest practical
extent) of contextual reminders of the training (34). The goal
is to have a pure measure of the strength of the tone-shock
association. Ideally, testing could occur in completely novel
chambers; however, this is not usually practical and the training
chambers are used for the cue test. In this case, as many features
of the testing environment are changed as possible. Changes
include the chamber dimensions or geometry, flooring, lighting,
cleaning solution, and other olfactory cues, adding patterns to
the chamber walls and if possible changing the lighting condi-
tions and visual cues in the testing room itself (Fig. 1).

. While the animals are recovering, check the testing chambers

and make sure the sound generator is set to produce an identi-
cal conditioned stimulus to the training stimulus in frequency
(KHz) and volume (dB). Alter the contextual cues in the
chamber if the training chamber is also the testing chamber.
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4.

10.

11.

In the mouse experiments, the testing chambers were altered
to provide the new environment for the cue test (Fig. 1). The
conducting rod floors were replaced with a mesh grid floor and
white paper used to line the catch pan underneath. Graphic
black and white patterns were applied to the walls of the con-
ditioning chambers. Strips of acetate were slotted into the inte-
rior of the chamber to further change the visual appearance.
Yellow acetate filters were placed over the house lights to
change the lighting effect. A 1% acetic acid solution was used
to mask the previous cleaning solution and provide new olfac-
tory cues. Lights in the testing room were dimmed from the
training day to change the appearance of the testing room.

. In the rat experiments, testing for cued fear memory was con-

ducted in a second chamber novel to the rat subjects. Lighting
conditions, box geometry, flooring surface (smooth surface
with sawdust bedding as opposed to the conducting rod floor),
wall color, and olfactory cues differed from the training
chamber.

. Place subjects into the chamber and start the protocol.

. Subjects were allowed a 3-min exploration period in the novel

environment prior to the first CS presentation. Freezing behav-
ior was scored for the initial 3-min exploration period and for
each CS presentation.

. After 3 min, a CS identical 30 s 5 kHz tone used in the fear

conditioning training was presented to the animals. Over the
course of the test (20 min), the CS was presented ten times
with a variable inter-trial interval. The inter-trial interval was
between 90 s and 180 s with a 120 s mean but was a different
pattern from that used in fear conditioning training.

. Once the test is completed, return the animal to the holding

room and thoroughly clean the chamber.

Freezing to the first CS presentation is the purest indicator of
the conditioned response to the auditory stimulus, without the
influence of preceding stimuli. Frequently however, multiple
tones are presented during the course of the test and total cue-
associated freezing is reported. Data presented in Fig. 2b is the
mean freezing across all tone presentations for each training
condition. Additionally, in tests where the CS is presented
many times, within-trial extinction to the un-reinforced condi-
tioned stimulus can be evaluated (Fig. 4b.)

Comparisons of pretraining freezing with posttraining freezing
in a novel environment (Fig. 3¢) may indicate fear generalization
or stress-induced neophobia. However, in situations where the
training environment is masked to produce the alternate context
for cue testing, context bleed-through due to inadequate mask-
ing of the training environment should be considered.
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4, Notes

1. Videos of the testing were digitally recorded for manual scoring.
Mouse experiments were conducted in Coulbourn Habitest
chambers and scored using Coulbourn’s FreezeFrame® soft-
ware. The mouse chambers are 7 in. wide by 7 in. deep by
12 in. high with V4in. conducting rods spaced Y2 in. apart. Rat
chamber dimensions are 12 in. wide by 10 in. deep by 12 in.
high with Yin. conducting rods spaced 3%in. apart. Specific
chamber dimensions can vary; however, they must be appro-
priate for the animal (e.g., grid floor spacing is wider for rats)
and allow for the ability to move and explore.

2. Caretul and thorough planning and preparation are the key to
successful execution of behavioral experiments. Determine in
advance the duration of each stage of the fear conditioning
experiment and timing for other experimental manipulations
such as drug administration. Also, verify availability of the
chambers, holding areas, and manpower to complete the
experiment well in advance.

3. Within a given experiment, make every effort to test subjects at
the same time of the day. While fear conditioning is an excep-
tionally robust behavioral paradigm, circadian rhythms in hor-
monal and molecular systems influencing learning and memory
may introduce subtle phenotypic changes and variability
(35-37). The majority of researchers train and test animals
housed on a standard 12:12 light cycle (lights on during the
day) with good results.

4. Researchers conducting behavioral experiments must make an
effort to control as many variables as possible and no amount
of attention to detail is too much. Subtle factors such as odors
(e.g., perfumes, fear pheromones, the smell of other animals)
or extraneous noise (mechanical equipment, construction,
nearby vocalization) in the housing, holding, or testing rooms
potentially impact the results. To that end, it is important to
thoroughly clean the chambers (particularly the grid flooring)
between subjects with an appropriate cleaning solution (e.g.,
70% ethanol, 1% acetic acid) and testing rooms should be clean
and away from high-traffic locations.

5. The experiments described above are tests of long-term mem-
ory (LTM), that is, the animals are tested after the period of
time required for new protein synthesis and stabilization of
learning and short-term memory (STM) into enduring mem-
ory (38). Pavlovian fear conditioning of the rodent has revealed
a discrete time course for such changes believed to be 4-6 h for
the consolidation of training into long-term memory (39, 40).



The mechanisms of STM and LTM are distinct. Short-term
memory involves activation of cAMP second messenger sys-
tems and short-term synaptic remodeling independent of new
protein synthesis (41). Long-term memory formation is depen-
dent on new protein synthesis in the amygdala (39,42, 43). It
should be noted that experimental treatments frequently have
differential effects on short- and long-term memory (39, 41).
Pavlovian fear conditioning can be used to test either STM or
LTM based upon whether conditioning training and subse-
quent context and cue testing occur within the 4-6 h consoli-
dation window or beyond it. Caution should be used when
testing both short- and long-term memory in the same cohort
of animals. Behavior is influenced by previous experience and
as a result, tests for STM may influence behaviors on any sub-
sequent behavioral tests such as those for LTM.

. Having low volume (around 60 dB) background noise in the

training/testing chamber may help obscure unavoidable noise
outside and is frequently either a ventilation fan in the sound
attenuation box or a scrambled frequency white noise pro-
duced from the sound generator. The holding room should be
in close proximity to the testing room, but situated where the
animals cannot hear the auditory cue prior to training or to
testing. Preexposure to the CS will adversely affect the learning
of the CS-US association through a process called latent inhi-

. Ideally, stressors such as cage changes should not coincide with

a testing day. Likewise, if animals were without water during a
prolonged period of time (e.g., overnight due to water bottle
leakage) and /or were subjected to wet bedding, the resulting
stress to the animal may adversely affect behavioral results.

. Maintaining a detailed lab notebook with anticipated and

unanticipated aspects or occurrences of an experiment will aid
the investigator in data analysis and alert the research group to
factors that potentially played a role in their results.
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Chapter 12

Chick Anxiety-Depression Screening Model

Stephen W. White and Kenneth J. Sufka

Abstract

The chick anxiety—depression model is a hybrid, dual pharmacological screening assay in which both
anxiety and depression present sequentially over a 2 h isolation period. This separation stress paradigm
utilizes socially raised domestic fowl chicks, aged 4-6 days posthatch, that are isolated from conspecifics
during which distress vocalizations (DVocs) are recorded. DVoc rates during the first 5 min are high and
represent the anxiety-like phase; DVoc rates decline over the next 20-30 min to about 50% the initial rate
and then stabilize for the remainder of the test session. This last 90 min represents the depression-like
phase. These two phases are pharmacologically dissociable in that anxiolytics reduce the rate of DVocs
during the anxiety-like phase and antidepressants delay the onset of the depression-like phase by attenuating
the decline of DVoc rates.

Key words: Chick, Anxiety—depression, Social separation, Domestic fowl, Anxiolytic screen,
Antidepressant screen, Separation stress, Hybrid-model

1. Introduction

Rodent-based models remain the mainstay for pharmacological
screening of anxiolytics and antidepressants. The open-field test
and the elevated plus maze are common models used to screen
anxiolytics. Exposure to open spaces acts as an anxiogenic stimulus
inducing decreased exploratory behavior that serves as a measure
of anxiety. Anxiolytic drugs have been shown to increase the
amount of exploratory behavior in these models. The tail suspension
and forced-swim tests are common models used to screen antide-
pressants. Exposure to an inescapable stressor leads to immobility
(i.e., behavioral despair). Antidepressants have been shown to delay
the onset of immobility in these models. While these models are
widely utilized in drug discovery research, they are not without
limitations.
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A major validity issue in efficacy screening models is the degree
of their pharmacological sensitivity; in some instances, a model
may be vulnerable to false positives where a drug shows efficacy in
the animal model yet fails in clinical trials and /or it may be vulner-
able to false negatives where a drug screens ineffective in the model
yet would have benefited individuals with syndrome (for review see (1)).
This lowers the predictive validity of the screening model and
leads to two problems. First, models prone to false positives push
ineffective drugs into Phase I and II of clinical trials exposing
human subjects to possible harmful compounds and costing millions
of dollars thus using valuable investment resources. Second,
models prone to false negatives keep effective compounds from
clinical use and, as such, fail to provide adequate treatment for
those who suffer. This latter problem also affects corporate /share-
holder profitability.

An additional concern is whether rodent screening models
meet the National Institute of Health’s (NIH) and United Kingdom’s
“3R” policy of Replacement, Reduction, and Refinement.
Replacement refers to replacement of animal models with non-
animal models or models that use less sentient species; Reduction
refers to reducing the number of purpose-bred animals for use in
research; Refinement refers to developing procedures which minimize
the pain and suffering and /or improve overall animal welfare.

As an alternative that addresses many of the concerns detailed
above, we have developed an anxiety—depression simulation/
screening paradigm using an avian model. This chick paradigm
seems to provide a more clinically relevant non-rodent-based
model of a neuropsychiatric syndrome and appears useful as a high-
utility, dual-drug screen for anxiolytic and antidepressant com-
pounds. Below we provide an overview of the procedure and detail
studies demonstrating the chick anxiety—depression model pos-
sesses face, construct, and predictive validity (2—4).

The chick anxiety—depression model utilizes socially raised
chicks isolated at 4-6 days posthatch. Chicks tested with
conspecifics show low rates of vocalization throughout a 2 h test
session whereas chicks tested in isolation show high rates of dis-
tress vocalizations (DVocs) during the first 5 min (i.e., the anxi-
ety-like phase) which decline over the next 20 min by 40-50% of
the initial rate and remain steady throughout the remaining iso-
lation period (i.e., depression-like phase). The reduced DVoc
rates during this latter phase mirror the pattern seen in tradi-
tional behavioral despair depression models. Evidence for an
anxiety-like phase is provided by the ability of the benzodiaz-
epine agonist chlordiazepoxide to lower DVoc rates during the
first 5 min of isolation. Evidence that the 30-120 min interval of
isolation represents a depression-like phase comes from the abil-
ity of the tricyclic antidepressant imipramine to attenuate the
decline in DVocs during this period (2).
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Further research by this lab has demonstrated that all current
FDA approved drugs for the treatment of anxiety, specifically panic
disorder, which this portion of the model simulates, and depres-
sion have proven efficacious in the paradigm (4, 5). Anxiolytic
drugs that have screened positive include meprobamate, pentobar-
bital, clonidine, chlordiazepoxide, phenelzine, and alprazolam
(3,5, 6). Antidepressant drugs that have screened positive include
phenelzine, imipramine, citalopram, and maprotiline (3, 7).
Another interesting parallel with clinical findings is that certain
classes of antidepressant drugs possess anxiolytic effects and this
model has accurately screened them as well. For example, the
antidepressants phenelzine, imipramine, and maprotiline, attenuate
DVoc rates in the anxiety-like phase (3, 7).

A more recent pharmacological validation study (4) of putative
antidepressant compounds acting at novel targets has provided
interesting results that also parallel human clinical data. Separate
dose response studies were conducted with seven compounds that
screened positive for antidepressant effects in rodent depression
models and included the androgen precursor prasterone, the
N-Methyl-d-aspartate receptor antagonists memantine and ketamine,
the progesterone receptor antagonist mifepristone, the balanced
monoamine triple reuptake inhibitor DOV216,303, the y-Amin-
obutyric acid receptor antagonist CGP36742, and the corticotropin
receptor 1 antagonist antalarmin. Prasterone, memantine, ketamine,
and DOV216,303 attenuated and CPG36742 enhanced the
pattern of vocalizations in the anxiety-like phase. Prasterone,
ketamine, mifepristone, DOV216,303, and CPG36742 attenuated
behavioral despair, whereas memantine and antalarmin did not.
This pattern of drug effects parallels what clinical data exists and
highlights two important characteristics of this dual screening
assay. First, the model better predicts Phase II and III clinical
failures (e.g., antalarmin and memantine). Second, the model has
the potential to reveal contraindications of compounds where
anxiety and depression are comorbid. For example, the chick
anxiety—depression model demonstrated CPG36742 attenuated
the depression-like phase but exacerbated the anxiety-like phase.
Given that a significant number of individuals are comorbid (8, 9)
with anxiety and depression, this GABA-B antagonist would
unlikely pass clinical trials (4).

When compared to the rodent models, the chick anxiety—
depression model more closely meets the NIH and UK’s “3R”
policy of Reduction, Refinement, and Replacement. The model
reduces the number of purpose-bred research animals as male
chicks are a by-product of the commercial egg-laying industry and
are typically discarded at hatch. Their use in drug screening adds
no purpose bred research animals and decreases use of rodents.
The model also possesses a refined methodology as it minimizes
the stress-provoking stimuli to a single test session in which two
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clinical syndromes are presented. Typical rodent models either
simulate anxiety or depression, thus subjecting more animals to
stressors. Finally, the chick model replaces the standard rodent-
based models of anxiety and depression with a phylogenetically
lower and, perhaps, less sentient species.

One final issue in drug screening models is the matter of utility.
Utility refers to how simple and cost effective a paradigm is to
employ. While rodent models are simple to use, requiring little in
special equipment and measure spontaneous behaviors, they are
expensive in purchase costs and per diem provisions. Typically,
the purchase price of an individual mouse costs in the $5.00—
$6.00 range and an individual rat costs in the $20.00-$25.00
range. Comparatively, our vendor charges $0.60 per chick. On an
animal cost basis alone, a chick model runs about 10% of a mouse
model and 2.5% of a rat model. In addition to the lower purchase
price of animals, the per diem costs are less for the chick model
than for the rodent models. Rodent per diem cages charges are
over $1 per day in which rats are typically housed 1/cage and
mice 3-5/cage. Rodents are typically quarantined for 3-7 days
prior to being used in any screening trial. Our chick model is
conducted within a week from hatch and has a total vivarium
charge of under $40. As a comparison the chick per diem costs
run about 3% of a rodent model.

2. Materials

2.1. Animals

2.2. Testing Equipment

Cockerels are received into the laboratory at 1-2 days posthatch
and housed in 34x57 x40 cm cages with 9-15 chicks per cage
(n=12 is typical). Food and water are available ad libitium via
gravity feeders (Fig. 1). Daily maintenance that entails the replace-
ment of tray liners and filling food and water gravity feeders is
conducted during the hour that precedes the animal’s dark cycle.
Lights are operated on a 12:12 light dark cycle. Supplemental
heating sources are provided to maintain appropriate housing
temperatures in the range of 32+ 1°C.

1. A six unit testing apparatus containing Plexiglas chambers
(25%25%x22 cm) surrounded by sound-attenuating media is
used to record separation-induced vocalizations aimed at
modeling anxiety-like (0-5 min of social separation) and
depression-like (30-120 min of social separation) patterns
of responses (Figs. 1 and 2). Each unit is lined with acoustical
fiber media, illuminated by a 25-W light bulb, and ventilated
by an 8-cm-diameter rotary fan (Model FP-108AX SI,
Commonwealth Industrial Corp., Taipei, Taiwan).
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Fig. 1. Animal housing unit.

Fig. 2. Six-unit isolation test apparatus and data acquisition hardware.

2. Miniature video cameras (Model PC60XP, SuperCircuits, Inc.,
Liberty Hill, TX) mounted in the sound-attenuating enclo-
sures at floor level and routed through a multiplexor (Model
PC47MC, SuperCircuits, Inc.) provided televised display of
the chicks for behavioral observation.

3. To record DVocs, microphones (Radio Shack Omnidirectional
Model 33-3013 (modified for AC current)) are mounted at
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the top of the Plexiglas chamber. These vocalizations are routed
to a computer equipped with custom designed software for
data collection.

3. Methods

10.

11.

. Squads of six chicks are taken from their home cage and placed

within a lidded plastic transport container.

. To track subject assignment to various treatment conditions,

chicks are marked using colored felt pens (i.e., six colors at two
different body locations).

. Body weight is determined for each chick to determine dosing

and identify outliers (i.e., low body weight).

. Drugs can be administered through various routes. Routes of

administration include intracerebroventricular (ICV), intra-
muscular (IM), intraperitoneal (IP), and oral (gavage is not
necessary as chicks reflexively swallow when fluid is placed into
beak).

Injection to test interval varies from 0 min to 24 h depend-
ing upon route of administration and pharmacokinetic proper-
ties of test articles. Our typical procedure uses IM injection
and a 15 min interval.

. Chicks are group transported inside the lidded container to an

adjacent testing room.

. Each chick is placed into an individual testing unit.
. Doors for the testing chamber are then closed and secured.

. The program for recording vocalizations is started and allowed

to run for time intervals ranging from 3 min (for anxiety mod-
eling only) up to 120 min (for anxiety—depression modeling).

. Following the completion of the test session chicks are removed

from the testing apparatus and returned to the home cage.

Records of the electronic files from the data collection pro-
gram recording vocalizations are stored on the hard drive and
backed up on a flash drive for data analysis.

The dependent measure of DVocs can be expressed in a number
of different ways. In our initial examination, we present the data
as means (+SEM) in 1-5 min blocks across the entire test period.
This gives us a fine-grained evaluation to ensure (a) replication
of anxiety—depression patterns of responses and (b) what
blocks to submit to statistical analyses. For such analyses
prefer to use rate /minute as the dependent measure for describ-
ing the anxiety-like (0-5 min test period) and depression-like
(30-120 min test period) phases. The depression-like phase
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may also be sequentially presented in smaller time units if
highlighting differences in onset of action of test articles.

Our experimental designs (isolated vs. non-isolated X vehicle
and several drug doses across the test session) require 3-, 2- and
1-way Analysis of Variance (ANOVAs). Factors include: stress
treatment condition (between), drug dose (between), and time
(within). Given that drug effects are typically not seen under
non-isolated test conditions, separate 1-way ANOVAs across
drug dose tor each of the anxiety-like and depression-like phases
are used to test for significant drug effects. We typically use
Fisher’s LSD tests for post-hoc analyses.

4. Notes

4.

. Our custom designed data collection software was developed

in-house. Mechanical counters have been used in previous
experiments. Both work sufficiently; and any means to reliably
record vocalizations can be utilized. It is worth mentioning
that chicks produce two distinct types of vocalizations. One is
an attempt to re-establish contact with conspecifics, or DVocs.
These chirps are the target behavior to be recorded and occur
when placed in isolation. The other type of vocalization is
referred to as a pleasure call and occurs when foraging for food
and/or with conspecifics; these calls have a lower spectro-
graphic frequency signal and lower decibel level. Adjustments
to the volume levels on the microphones or software applica-
tion is necessary in order to obtain all of the DVocs as they do
tend to vary in intensity (loudness).

. Consideration of the welfare of the animals during shipment

should be made. Shipment mortality rates of chicks can be
affected by the seasonal changes in temperature and general
climate without special shipping cartons. Our supplier provides
insulated shipping containers in order to protect animals deliv-
ered in the colder winter months.

. The isolation apparatus we use is custom manufactured. Any

apparatus that isolates chicks while providing proper sound
attenuation, ventilation, and light would suffice. Our appara-
tus is designed with six isolation chambers to maximize data
collection. While we find this number to be convenient, we see
no reason why a larger or smaller apparatus would not work.

We have previously used battery-operated microphones and
tound them unreliable in that it was difficult to know when a
battery was running low. We modified our microphones to
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operate on an AC circuit and we suggest that battery-operated
microphones should not be used.

. Some pharmacological agents cause sedation. Monitoring the

animals with mini-cameras allows us to detect drug induced
sedation that may confound DVoc rates.

. During our research, we have found subtle experimenter dit-

terences in behavioral data collected. Such data variability can
be minimized by assigning single roles to each component in
the experiment from weighing/coding to injection protocol to
data collection procedures.

. It is paramount to keep chicks in a social environment during

all procedures up to the isolation manipulation. When a proce-
dure must be conducted on an individual chick (e.g., weigh-
ing), this should be done as quickly and efficiently as possible
to ensure that they are returned to the group to minimize
social separation stress.

. During housing we monitor chicks for low growth rates under

the assumption this may reflect poor health and delayed matu-
ration. These animals are routinely removed and replaced with
animals that were to serve as conspecifics during testing. Where
our standard housing for experimental test animals is 12 per
cage, we recommend conspecific housing at 15-18 per cage.

. Given chicks engage in robust feeding/drinking behavior at

the onset of the 12-h light cycle, we control for this potential
confound by initiating testing 1-2 h into the light cycle.
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Chapter 13

A Clinically Relevant Thrombhoembolic Stroke
Model in the Aged Rat

Ryan C. Turner, Alisa S. Elliott, Jason D. Huber, and Charles L. Rosen

Abstract

Animal models have been an integral component of scientific discovery concerning ischemic stroke
pathophysiology and the accompanying therapeutic targets. Unfortunately, the knowledge gleaned from
these studies has failed to translate to enhanced therapeutics in the clinical environment [O’Collins VE,
Macleod MR, Donnan Ga, Horky LL, van der Worp BH, Howells DW, Ann Neurol 59: 467-477,
2006]. We argue that this failed translation is a direct result of inadequate animal models that fail to
address the greatest risk factor for stroke, age [Rosen CL, Dinapoli VA, Nagamine T, Crocco T,
J Neurosurg 103:687-694, 2005]. Herein we provide comprehensive step-by-step instructions for a
clinically relevant thromboembolic stroke model in aged rats [ Dinapoli VA, Rosen CL, Nagamine T,
Crocco T, J Neurosci Methods 154: 233-238, 2006]. This technique, utilizing the only FDA-
approved therapeutic agent for the treatment of stroke, tissue plasminogen activator (tPA), allows for
pathophysiologic studies in addition to testing potential therapeutic agents in combination with the cur-
rently approved treatment regimen.

Key words: Stroke, Middle cerebral artery occlusion, Rat model of ischemia, Selective
embolization, TPA

1. Introduction

The desire to model stroke in the preclinical environment remains
relevant due to the immense societal impact of stroke. Stroke
remains the world’s second leading cause of mortality, resulting in
~6,000,000 deaths annually (1). Worse yet, survivors often experi-
ence significant morbidity. These factors necessitate the development
of improved therapeutic agents that can be applied to a greater
percentage of those afflicted with stroke.
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In spite of more than 100 agents that have progressed from
what appeared to be successful preclinical studies to clinical trials,
tissue plasminogen activator remains the only FDA-approved treat-
ment and can be used in a relatively small number of patients
due to contraindications and a limited window of opportunity (2).
The question of why so many agents have failed to translate
successfully remains largely unanswered. Assessing this failed trans-
lation, it is clear that one key difference exists between the animal
models and the clinical realm—the consideration of age.

The average stroke patient is elderly—approximately 72% of
patients are over the age of 65 yet the vast majority of preclinical
studies are completed in 3-month-old rats which equates to essentially
a young adult (3). Additionally, 52% of stroke victims are female
but most preclinical studies utilize male animals. Furthermore, 87%
of strokes are ischemic and caused by a thrombus or embolus
occluding a vessel, most often being the middle cerebral artery.
Despite this fact, many preclinical studies utilize other methods of
occlusion ranging from a suture to endothelin-1 to photothrombosis.

The stroke model described in this work seeks to model the
clinical scenario as closely as possible by utilizing aged, female rats
and a thrombus to occlude the middle cerebral artery (4). While
this is but one model of ischemia in terms of technique and animal
type used, we believe it is the most clinically relevant for studying
the pathophysiology of stroke and assessing various proposed phar-
macologic agents.

2. Materials

2.1. Equipment

Equipment described below is used in our laboratory. Alternatives
are available and may be substituted where appropriate.

1. VetEquip RC? (Rodent Circuit Controller) anesthesia machine

2. Harvard Apparatus Homeothermic Blanket Control Unit
with Probe

. Harvard Apparatus Homeothermic Blanket

. Oster GOLDEN A5 with #10 clip for hair removal

. Leica M400-E Operative Microscope

. Moor Instruments DRT4 Laser Doppler Perfusion Monitor
. Aitecs SEP-215 Plus syringe pump for administering saline

O NN O\ Ul W

. Harvard Apparatus Pump 11 for administering tissue plasmi-
nogen activator

9. Integra 2.7 mm twist drill bit with adjustable safety stop
10. Integra Camino Bolt (cranial bolt for insertion of Doppler probe)
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11.

12.
13.
14.

1.

Thrombus Preparation

2.3. Surgical Instruments

and Supplies

[S2 N NV I 8]
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ISMATEC Reglo Peristaltic Pump for cardiac perfusion of
the animal

-80°C freezer
Autoclave (for sterilizing surgical equipment)

Incubator (for thrombus preparation)

Intramedic Clay Adams brand Nonradiopaque polyethylene
tubing

(a) PE 50—I.D. 0.58 mm and O.D. 0.965 mm
(b) PE 10—I.D. 0.28 mm and O.D. 0.61 mm

. Petri dish

. 1 ml syringe

. Bunsen Burner

. 0.9% Physiologic Saline

. Kendall Curity Gauze Sponges (for making gauze pillow)

. VWR Laboratory Labeling Tape (for making gauze pillow)
. Puritan Cotton Tipped Applicators

. Kendall MonoJect 20 ml syringe

. Ethicon 3-0 Coated Vicryl Suture

. Syneture 5-0 Sofsilk Suture

. Forceps (sharp and dull; different sizes)

. Surgical scissors (large and small sizes)

. Surgical scalpel

10.
. Microscissors
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

Bard-Parker Stainless Steel Surgical Blade #15

Microvascular clips (x 2)
Microvascular clip holder
Hemostat

Needle Driver

Bone Rongeur for craniotomy
2 mm brain block

Razor blades

Sterile surgical gowns

Sterile surgical gloves

Sterile surgical drapes
Instrument pouch for autoclave

Microsyringe for thrombus injection
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2.4. Drugs/Chemicals

. Baxter 0.9% Sodium Chloride Injection USP 1,000 ml

. 2,3,5-Triphenyl tetrazolium chloride, Sigma-Aldrich

. Activase (tissue plasminogen activator), Genentech

. Phosphate-buffered Saline (PBS)

. Scrub Care® Providone Iodine Cleansing Solution, Scrub

. Dechra VETROPOLYCIN veterinary ophthalmic ointment

. Isoflurane

3. Methods

3.1. Chemical
Preparation

3.1.1. Activase (Tissue
Plasminogen Activator)

3.1.2. 2% Tripheny!
Tetrazolium Chloride

3.2. Surgical
Preparation

3.2.1. Preparation
of Sterile Surgical
Instruments

3.2.2. Anesthesia
Induction

1.

[\

The following sections describe all steps of the thromboembolic
stroke model beginning with chemical and surgical preparation
through achieving reperfusion.

Add 100 ml of physiologic saline to 100 mg bottle of Activase,
creating a concentration of 1 mg/ml.

. Dissolve the mixture by gentle shaking.
. Aliquot 1.5 ml in 2 ml Eppendortf tubes and store at —~80°C until

needed. To achieve the final dose of 5 mg/kg, 5 ml/kg is given.
For example, a 300 g rat receives 1.5 ml of the 1 mg/ml mixture.

. Weigh 2 g of 2,3,5-Triphenyl tetrazolium chloride.

2. Place in a 100 ml Pyrex round media storage bottle with screw cap.

g N

o)

. Fill to 100 ml with phosphate-buffered saline.

. Place clean instruments in autoclave pouch. Instruments

should be in the open position when applicable to ensure
proper sterilization.

. Place autoclave pouch containing instruments in the autoclave.
. Ensure autoclave is filled with deionized water.
. Run autoclave (most cycles are at least 20 min).

. After cycle is complete and pressure reduced, crack the auto-

clave door slightly.

. Run drying cycle (per manufacturer instructions).
. Allow temperature to normalize with room temperature.

. Remove pack.

. Place rat in the anesthesia induction chamber.

. Induce anesthesia for 10 min with the gas valve set at 4.0%.
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3. Remove rat from induction chamber and place the nose of the
rat in the nose cone.

4. Maintain anesthesia via nose cone with the gas valve set at 2.0%
for remainder of procedure.

3.2.3. Aseptic Surgical 1. Shave the hair of the rat in the proper position (see below).

Preparation 2. Apply sterile surgical drapes around the surgical site.

3. Ready these areas for surgery using a surgical preparation solu-
tion such as betadine.

4. Place a drop of eye ointment in each eye to prevent postsurgi-
cal ophthalmic infections.

3.2.4. Preparation 1. Roll gauze pads together creating a 2.5 cm diameter by 5 cm
of Gauze Pillow long cylinder.

2. Secure with laboratory labeling tape.

3.3. Creation 1. Position the young-adult donor rat on the homeothermic
of Thrombus heating pad in a supine position while placing the lower limbs
in the down position, exposing the groin region.
2. Prepare the right groin area for aseptic surgery (see above).

3. Using a surgical scalpel, make a 4 cm incision parallel to the
midline in the groin.

4. Using blunt dissection techniques, dissect down to the femoral
artery and vein. Passing through the layers of fat and connec-
tive tissue, the inferior epigastric artery will become visible,
arising from the femoral artery and coursing towards the
superficial layers of the lower abdomen.

5. Using a 3-0 suture, retract the external oblique muscle overly-
ing the femoral artery using a hemostat in order to widen the
field of view.

6. Isolate the femoral artery from the surrounding femoral vein
and nerve.

7. Using a 5-0 suture, ligate distal portion of femoral artery.

8. Place microvascular clip (aneurysm clip) proximally to ligated
portion of the femoral artery. Leave sufficient space (approxi-
mately 2 cm) between suture and clip. This process is visual-
ized in Fig. 1.

9. Once microvascular clip and suture are in place, effectively
ceasing blood flow through this portion of the femoral artery,
use microscissors to make a small cut in the top portion of the
femoral artery. Use caution to not sever the entire vessel so
that the base of the artery remains intact despite an opening in
the top portion.

10. Cut a 15 cm long segment of PE50 tubing. Bevel one end of
the cut segment at approximately 45°.
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3.4. Preparation
of Thrombus for MCAQ

Medial -

Tail (—I—) Head

Lateral . . microvascular
» ~clip placement

- Femoral Vein  =———> , :
R g Artery Inferiqr Epigastric Artery
" & Vein (atachment to
T " femoral bipolared &

severed)

Distal ligation of femoral
artery (for thrombus creation)

Fig. 1. Femoral artery dissection in preparation for blood draw to create thrombus. Note
space between suture and microvascular clip—this is where femoral artery lumen will be
exposed to insert PE50 tubing.

11.

12.

13.

14.

15.

16.
17.

18.

Insert beveled end of PE50 tubing into opening of the femoral
artery. With application of light pressure, artery circumference
will stretch to accommodate the tubing.

Once beveled end of PE50 tubing is entirely inside the artery
lumen (0.5 cm inside), release the microvascular clip briefly.

PES50 tubing should rapidly fill with blood. Upon filling, the
microvascular clip is replaced.

Remove blood-filled PE50 tubing and bipolar coagulate the
femoral artery proximal to incision, in order to prevent
bleeding.

Remove microvascular clip and remove traction on overlying
muscles.

Suture wound with 3-0 suture.

Place blood-filled PE50 tubing in an incubator at 37°C for
120 min.

Store thrombus in refrigerator overnight.

. Remove thrombus from refrigerator.
. Add saline to petri dish to wash thrombus.
. Affix a 20 cm segment of PE10 tubing to a 1 ml syringe via a

sharp 27 gauge needle.



13 A Clinically Relevant Thromboembolic Stroke Model in the Aged Rat 217

3.5. Measurement
of Cerebral Blood Flow

4.

10.

11.

Insert free end of PE10 tubing into lumen of thrombus-filled
PE50 tubing.

. With slow but constant pressure, eject thrombus into saline-

filled petri dish.

. Visually assess thrombus diameter and appearance for unifor-

mity using the microscope. A well-formed thrombus should
appear consistent throughout (a smooth exterior with no miss-
ing pieces).

. Wash clot by drawing into PE10 tubing attached to a syringe

and expelling repeatedly back into saline. Upon initial expul-
sion, red cells will become detached from thrombus resulting
in a cloudy appearance within saline. When clot is washed thor-
oughly it should appear ~25% narrower and no additional
cloudiness produced.

. Prepare modified PE50 tubing for injection of the thrombus.

This is done by heating the PE50 tubing over a bunsen burner,
removing from the heat, and then stretching the heated por-
tion quickly, reducing the diameter.

. You should now have a piece of PE50 tubing that is regular in

diameter on the left and right end and much thinner in the
middle. Cut tubing in the middle of the thin portion creating
two pieces of the modified PE50 tubing.

Set a micrometer to 0.3 mm. Pull the modified PE tube
between the jaw blades, starting at the thinnest portion and
progressing to the thicker segment. Where blades “catch” the
tubing is where the tubing is then cut. This creates a modified
PE50 segment of tubing with an outer diameter of 0.3 mm.

When ready to inject thrombus, draw clot into modified PE50
tubing either directly or indirectly (via PE10 tubing).

When performing middle cerebral artery occlusion, confirmation of
proper thrombus (or suture in other models) placement is essential
for verifying the induction of ischemia as well as for monitoring
tissue plasminogen activator-induced reperfusion. Briefly, a cranial
bolt with accompanying laser Doppler cerebral blood flow (CBF)
probe is inserted into the cranium above the area corresponding to
the vascular region supplied by the middle cerebral artery (MCA).
This provides continual readings to document CBF at baseline as well
as during and after insertion of thrombus and during reperfusion.

1.

2.

3.

Position rat on homeothermic heating pad such that it is on its
left side, with the right side exposed.

Prepare region between ear and eye for aseptic surgery (see
above).

Using a surgical scalpel, make an incision that is 2 cm medial and
cephalic to right ear to 2 cm lateral and cephalic to right ear.
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. Temporalis muscle should now be exposed. Using scalpel, make

a 1 cm incision along right edge at the point where temporalis
muscle inserts into skull. Make another 1 ¢cm incision parallel to
the first incision in cephalic direction. Now to complete tempora-
lis flap, cut along medial insertion. Use the bipolar at low
setting (i.e., 15-20 Malis units) to control bleeding.

. Reflect temporalis flap using 3-0 suture and a hemostat to

expose Bregma.

. After removing excess tissue to clearly expose sutures, use tip of

scalpel blade to start a small burr hole approximately 3 mm cau-
dal to Bregma and 3 mm medial to the linea temporalis (twirl the
scalpel with attached blade in your fingers, similar to a drill bit).

. Once a starting groove has been made in skull with scalpel blade,

switch to drill bit (approximately 7 /64 of an inch) and continue
making burr hole. Do this part slowly and remove bone frag-
ments frequently, particularly once dural surface is exposed.

. When the burr hole is finished, it should be a perfect circle and

dura mater should be exposed such that you can see vascula-
ture (Fig. 2).

Fig. 2. Burr hole ready for insertion of cranial bolt and laser Doppler probe for cerebral
blood flow measurement.
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3.6. Middle Cerebral
Artery Occlusion

9.

10.

11.

12.

Affix cranial bolt over middle cerebral artery by carefully
screwing it into parietal bone surrounding burr hole.

Insert laser Doppler probe into cranial bolt opening for
monitoring cerebral blood flow.

Remove hemostat providing traction and withdraw suture
from temporalis muscle.

Rat is now ready to be positioned for middle cerebral artery
occlusion procedure.

The thromboembolic model described herein is advantageous in
that it most closely mimics the clinical scenario. This is accom-
plished by administering a thrombus created from a young-adult
donor rat into the middle cerebral artery, the vessel most frequently
occluded in the human population. Additionally, proper place-
ment can be verified through the use of the laser Doppler cerebral
blood flow recording discussed previously.

1.

Place rat in supine position on homeothermic heating pad
being caretul not to disrupt laser Doppler probe that has been
inserted previously for monitoring purposes.

. Place a small pillow (see above) under head of rat such that

anterior portion of head and neck are parallel to operating
table. This is important as it brings anatomical structures of
interest (carotid artery and its branches) more superficial. This
allows increased access to the bifurcation of the carotid artery
and visualization of the internal carotid artery.

. Place forelimbs of rat in traction such that chest is fully exposed,

enhancing visualization during dissection.

. Using surgical scalpel, make a midline cervical incision running

from near the mandible to the sternum.

. Dissect through superficial connective tissue to visualize

mandibular glands and muscles overlying the trachea.

. Focusing to right (the rat’s right side) of the midline, a

triangle formed by three different muscles should be appar-
ent (Fig. 3). The medial border of this triangle is created by
the sternohyoid, the inferior lateral border by the sternomas-
toid, and the superior lateral by the inferior portion of the
digastric.

. Separate these muscles by dissecting through connective tis-

sue between the muscles. Use care to avoid damaging mus-
cles as this can result in unnecessary trauma and excessive
bleeding.

. Retract superior lateral border of triangle (inferior portion of

digastric) by encircling muscle with 3-0 suture and providing
traction using a hemostat. Common carotid artery should now
be visible in center of the triangle.
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Lateral

External Carotid Artery

Muscle

Fig. 3. Vessels prepared for insertion of thrombus. The external carotid artery stump, seen
ligated by the suture, is the site of insertion. This stump can be manipulated such that it
is in line with the internal carotid artery, allowing for a straight shot from the ECA stump
into the ICA and subsequently the MCA.

9.

10.

11.

12.

13.

14.

15.

16.

Carefully isolate common carotid artery from surrounding
connective tissue.

Follow common carotid artery superiorly to its bifurcation
into external and internal carotid arteries.

Carefully isolate external carotid artery, the more superficial of
the branches from the common carotid artery. The other
branch from bifurcation is the internal carotid artery.

Follow external carotid artery cephalically until the superior
thyroid artery (first anterior-oriented branch off of external
carotid) comes into view (Fig. 4). The superior thyroid artery
may be attached underneath the superior angle of the triangle,
between the digastric muscle and sternohyoid muscle.

Bipolar coagulate superior thyroid artery and cut in the center
of bipolared portion, separating superior thyroid artery from
external carotid artery.

Ligate external carotid artery near origin from common carotid
artery. Use a single tie that can be untied easily as this is a tem-
porary ligation.

Bipolar coagulate external carotid artery in the most distal
region possible, above where the superior thyroid artery
branched off.

Cut external carotid artery in middle of the bipolared segment,
creating the external carotid artery stump at the bifurcation of
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Middle Cerebral Artery

Internal Carotid Artery

Pterygopalatine Artery

Superior Thyroid Artery

\ Occipital Artery

External Carotid Artery

€«——— Common Carotid Artery

Fig. 4. Diagrammatic representation of vasculature in the neck and brain relevant for middle cerebral artery occlusion
(MCAO). It is important to note the location of the superior thyroid artery and the occipital artery as these must be dissected
and bipolared prior to thrombus insertion. When inserting the thrombus, ensure the modified tubing is placed from the
external carotid artery stump into the internal carotid and then the middle cerebral, avoiding the pterygopalatine artery.

the common carotid artery. This stump should move freely
while attached to the common carotid artery at this point—if
not, dissect more thoroughly such that the stump can be
moved such that it is inline with the internal carotid artery.

17. Isolate internal carotid artery. While isolating, a branch origi-
nating near the ECA-ICA bifurcation becomes apparent called
the occipital artery.

18. Isolate the portion of the occipital artery nearest the internal
carotid artery and bipolar this vessel. Once the vessel is bipo-
lared sufficiently, cut this vessel in the bipolared segment. The
external carotid artery stump can be seen in Fig. 3. Also visible
in this figure is the common carotid artery and the internal
carotid artery.

19. Finish isolating the internal carotid artery down to the next
branch (pterygopalatine artery). Ensure that both the ICA
and the pterygopalatine artery can be seen at this bifurcation
(Fig. 4) as it is essential that the tubing can be visualized in
the proper vessel when inserted in subsequent steps.

20. Apply two microvascular clips—one on the common carotid
artery and one on the internal carotid artery. These are to occlude
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Fig. 5. Laser Doppler recording of CBF during MCAO procedure. (1) Baseline CBF recording, (2) occlusion with modified
tubing prior to clot injection, (3) verification by withdrawing catheter approximately 1 mm, (4) injection of clot and CBF
reduction to 20% or less of baseline, (5) reperfusion from tPA administration.

21.

22.

23.

24.

25.

blood flow temporarily while inserting the thrombus. A drop in
CBF in the MCA territory, as measured with the laser Doppler
monitoring system, should be observed at this point (Fig. 5).

Mark the modified PE50 tubing prepared previously with a
permanent marker at 18 mm from the modified end. This mark
will allow for visualization through the artery as the clot is
inserted in subsequent steps.

Draw the clot into the modified PE50 tubing using the
microsyringe. If the clot cannot be drawn into the modified
tubing, wash the clot more in the saline until small enough to
be drawn into the modified tubing.

Position the microsyringe with attached modified PE50 tubing
filled with the clot such that the modified tubing is in line with
the external carotid artery stump. To do this, use modeling clay
positioned in the groin of the rat as the mounting point for the
microsyringe and adjust this superiorly or inferiorly such that
the modified tubing and clot are in the proper location.

Cut the bipolared segment off of the external carotid artery
stump so that the lumen can be visualized.

Loosen the suture placed aro