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Abstract

Protein kinase Cy (PKC+y) null mutant mice demonstrate increased behavioral impulsivity and ethanol consumption. Pharmacological studies
have shown that 5-HT, /¢ receptors modulate impulsivity and ethanol consumption in rodents and that PKC can regulate 5-HT; 4/ receptors. To
determine whether PKCry plays a selective role in 5-HT, o ,c receptor regulation, biochemical and behavioral experiments were performed in PKCry
mutant and wild-type mice. DOI-stimulated phosphoinositol hydrolysis and ['*’I]-DOI saturation binding in the PFC, and quantitative
autoradiography of ['2°I]-DOI binding sites in 15 brain regions were analyzed. DOI-induced head twitch responses (HTR) were measured in naive
mice after an acute 2.5 mg/kg injection of DOI. Results indicated that DOI-induced HTR was significantly greater in mutant mice compared to
wild-type mice. Results of the phosphoinositol hydrolysis, membrane binding, and autoradiography experiments indicated that in mutant mice,
increased HTR was associated with increased 5-HT, 4 ¢ receptor function in the PFC, but not increased receptor number or affinity suggesting that
PKC regulates receptor function but not receptor number. These data support a role for 5-HT, 5, receptors in the PFC in mediating some of the

behavioral differences observed between PKC+y mutant and wild-type mice.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Null mutant mice lacking the neuronal-specific gamma
isotype of protein kinase C (PKCv) are more impulsive in an
appetitive signaled-nosepoke task and consume more ethanol in
a free-choice paradigm when compared to wild-type control
mice (Bowers and Wehner, 2001). The neural mechanism by
which PKC+y impacts these behaviors is most likely complex.
However, PKCy is primarily located post-synaptically; there-
fore, it is possible to limit the investigation of mechanisms to
post-synaptic processes. A logical neurotransmitter candidate is
the serotonin (5-HT) system, as numerous human and animal
studies have shown that dysfunction of the central serotonergic
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system is related to both increased behavioral disinhibition
(Harrison et al., 1997, 1999; Ho et al., 1998; Leyton et al., 2001)
and increased ethanol consumption (Fils-Aime et al., 1996;
LeMarquand et al., 1994a,b; McBride et al., 1995; Murphy et al.,
1982).

The 5-HT receptor system is heterogeneous with at least 15
subpopulations of neuronal receptors from 7 distinct families
(5-HT,-5-HT5), which are encoded by different genes (Barnes
and Sharp, 1999). One of these families, 5-HT, g/, has been
shown to be associated with PKC such that agonist-stimulated
receptor desensitization and down-regulation are regulated by
PKC activity (Anji et al., 2001; Kagaya et al., 1990; Roth et al.,
1998). A recent investigation of PKC isotype expression in
neonatal rat spinal cord after 5-HT, receptor stimulation
reported that gene expression for the PKCry isotype was
upregulated after treatment with the 5-HT,,,c agonist, 2-5-
dimethoxy-4-iodoamphetamine (DOI) (MacDonald et al.,
2001). In addition, Anji et al. (2001) implicate PKCa and
PKCvy in the regulation of 5-HT,, receptor mRNA. This
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suggests a possible selective role of PKCvy in 5-HT, receptor
regulation. Further support for this association is indicated by
the shared brain regional localization of PKC+y and 5-HT,
receptors, including prefrontal cortex, as well as their post-
synaptic localizations (Backstrom et al., 2001; Naik et al., 2000;
Pazos et al., 1985; Thomas and Everitt, 2001).

In the present study, experiments were designed to explore
further the potential link between PKCry, 5-HT,4,c receptors,
prefrontal cortex (PFC), and altered behavioral responses in
PKCy mutants compared to wild-type mice. To test the
hypothesis that PKCvy null mutant mice have a dysregulation
in the function and/or number of 5-HT,4/c receptors in the
PFC, we evaluated DOI-stimulated phosphoinositol (PI)
hydrolysis in slices isolated from the PFC of mutant and
wild-type mice. In addition, we measured ['**I]-DOI binding
using tissue extracts from the PFC followed by quantitative
autoradiography of ['*’I]-DOI binding sites in several brain
regions including the PFC and other regions associated with
drug reward. To confirm the role of 5-HT,,c receptors in
regulating behavioral differences between PKCvy mutant and
wild-type mice, we extended our previous studies of behavior
to include a characterization of DOI-induced head twitch
responses (HTR) because this response is regulated by the
serotonin system in the PFC (Willins and Meltzer, 1997). The
head twitch response is a behavioral manifestation of the
functional activation of 5-HT, receptors (Darmani and Gerdes,
1995; Darmani et al., 1990, 1992; Willins and Meltzer, 1997)
and can be measured easily and quickly in mice.

2. Materials and methods
2.1. Animals

Male and female mice were 80—120 days of age at the time
of testing and were housed in like-sex groups of 2—5. Mice were
given food and water ad /ibitum and maintained on a 12 h light/
dark cycle (lights on at 7:00 AM). PKCy null mutant mice were
derived using gene-targeting and homologous recombination
techniques (Abeliovich et al., 1993) and are currently bred on an
F1 C57BL/6 X 129/S6 mixed genetic background at the
Institute for Behavioral Genetics (Boulder, CO). The F1
generations are bred from heterozygous crosses from two
congenic strains: C57BL/6.PKCy and 129/S6.PKC+y. This
breeding strategy produces homozygous mutant, heterozygous,
and homozygous wild-type genotypes within a single litter,
thereby providing wild-type littermate controls for each
experiment. The PKC~y mutation is maintained in a heterozy-
gous condition on C57BL/6 and 129/S6 inbred strains because
homozygous null mutant mice do not survive on the C57BL/6
background (Bowers et al., 1999). All mice were genotyped
prior to testing using DNA analysis of tail DNA as described
previously (Bowers and Wehner, 2001). Groups of null mutant
and wild-type littermate control mice used in the following
experiments were derived from multiple litters. All animal use
procedures were performed in accordance with the NIH Guide
for Care and Use of Laboratory Animals and were approved by
the University of Colorado IACUC.

2.2. Phosphoinositol (PI) hydrolysis

Male and female PKC+vy mutant (n=8) and wild-type mice
(n=28) were sacrificed by cervical dislocation; the brains were
rapidly removed and placed in an ice-cold brain matrix where
the prefrontal cortex (PFC) was removed for slicing. Tissue
from PFC was sliced (400 nM thick) with a Mcllwain tissue
chopper. Assay conditions were based on a protocol described
by Berridge et al. (1982) with the following modifications.
Slices were labeled for 60 min with [*H]-myo-inositol (3 pCi/
tube) (Perkin Elmer, 18.5-25 Ci/mmo) in the presence of LiCl
(10 mM) and pargyline (10 pM). Agonist stimulation was done
by incubation for 60 min with DOI (10 uM final). This
concentration was based on results from Toscano et al. (1999)
who reported maximal stimulation by DOI at 10 pM. Inositol
phosphates were bound using a resin slurry (1:1, AG 1-X8 resin,
formate form/H,0O; Bio Rad Laboratories, Hercules, CA) added
to each sample tube. Tubes were vortexed for 4 min, then
centrifuged for 5 min at 2600 rpm. Samples were washed 4X
with cold 5 mM myo-inositol to remove free [*H]-myo-inositol.
Inositol monophosphates were eluted with a final wash using
1 M formate/0.1 M formic acid. After centrifugation aliquots of
the supernatant were placed in vials containing scintillation
fluid. Radioactivity was counted and agonist stimulation was
calculated as a percent of basal stimulation. Proteins were
measured using the method of Bradford (1976).

2.3. ['I]-DOI membrane binding

Binding experiments were done according to McKenna et al.
(1989b) with some modifications. Prefrontal cortices were
isolated from naive mutant (n=3) or wild-type (n=3) mice. The
tissue was immediately homogenized in 50 mM Tris buffer (pH
7.4) containing 0.1% ascorbate and 4 mM CaCl,, then
centrifuged. Proteins were determined by the method of
Bradford (1976). Incubations were conducted in 96-well
microtiter plates consisted of 20 pg protein and 0.02—5.0 nM
of ['**I]-DOI (3 replicates/concentration). Non-specific binding
was defined at each concentration with 1 uM Kketanserin.
Reactions were terminated by filtration through glass fiber
filters (0.38 mm thickness, Inotech Biosystems International,
Inc., Rockville, MD) presoaked in 0.1% polyethylenimine using
an Inotech Cell harvester. Filters were washed 3X with ice-cold
50 mM Tris and were counted in a gamma counter.

2.4. ['*I]-DOI quantitative autoradiography

Mutant (n=6) and wild-type (n=6) mice were sacrificed by
cervical dislocation and the brains were quickly removed and
frozen in isopentane on dry ice. Brains were stored at —70 °C
until sliced. Tissue sections (14 uM thick) were cut in a cryostat
a —20 °C and were thaw mounted onto Fisher Superfrost slides
(Fisher Scientific, Pittsburgh, PA). Coronal sections were taken
from 3.20, 1.70, and 1.10 mm anterior to Bregma to examine
prefrontal cortex, rostral and caudal striatum, respectively
(Franklin and Paxinos, 1997). A comparison of rostral and
caudal striatum was included based on the findings of Bowers
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et al. (2000) that DOI stimulates DA release in caudal, but not
rostral, nucleus accumbens core and shell regions. Binding was
done according to McKenna et al. (1989a) with some
modifications. Slides were preincubated for 20 min at RT in
50 mM Tris buffer (pH 7.4) containing 0.1% ascorbate, 0.1%
BSA, and 4 mM CaCl, followed by incubation for 90 min in the
presence of 5:00 PM ['*°T]-DOL. This concentration was chosen
based on the membrane binding experiments where the signal to
noise ratio was the strongest. Because the affinity of DOI for 5-
HT,c receptors is only about 10-fold greater than the affinity for
the 2A site (Appel et al., 1990; Knight et al., 2004; McKenna et
al., 1989a), we make the assumption that both 2A and 2C
receptor density was being measured. Non-specific binding was
defined in the presence of 10 uM ketanserin. Slides were placed
in X-ray cassettes opposite Super Resolution phosphor screens
(Packard Bioscience, Meriden, CT) for 7 h. ['*°I]-standards
were included in each exposure (GE Healthcare) Autoradio-
graphic images were quantified using the Cyclone Storage
Phosphor System (Packard Bioscience). Net binding density
values (DLU/mm?; total binding minus nonspecific binding)
obtained for a given brain region across six consecutive tissue
sections were averaged for each mouse.

2.5. Behavioral procedures

On experimental days, mice were placed in a quiet testing
room for 1 h before injections. Testing began by placing the
mouse in a clear Plexiglas box (20x26x 15 cm) layered with
bedding for a 20 min habituation period. At 20 min, mice were
injected with either saline (n=6/group) or 2.5 mg/kg DOI
(Sigma—Aldrich, St. Louis, MO) (n=15/group). Separate
groups of mice were used for each treatment group. DOI is
classified as a phenalkylamine hallucinogen whose affinity for
5-HT,a,c receptors is strongly correlated to its hallucinogenic
potency (Glennon et al., 1984; Titeler et al., 1988). DOI was
dissolved in 0.9% saline and injected intraperitoneally at
0.01 ml/g body weight. This dose of DOI has been shown to
elicit a robust frequency of head twitch responses in mice
(Darmani et al., 1990). Mice were videotaped for 20 min and
scoring began immediately after injection. The head twitch
response is a very distinctive paroxysmal head-twitching
behavior that is easily distinguished from head bobbing, lateral
movements of the head, or grooming. Scoring was also divided
into four 5 min bins to evaluate any response pattern differences
within the 20 min test. Ear scratch responses were also observed
after DOI treatment. The results were similar to the head twitch
responses in that mutant mice exhibited a greater response (data
not shown).

2.6. Data analysis

Data from the phosphoinositol hydrolysis and quantitative
autoradiography experiments were analyzed by Student’s z-test.
Autoradiography data were analyzed independently within each
brain region. Some slides were omitted from analyses due to
experimental error (two wild-type samples). Membrane binding
data from PFC were evaluated using non-linear regression

analysis (SigmaPlot 8.0) that provided B,,,,x and K4 values. The
head twitch experiments were analyzed by ANOVA with
genotype, drug dose, and sex as between subjects factors. Initial
analyses indicated that the sexes did not differ in any measure;
therefore male and female data were combined for subsequent
analyses.

3. Results

3.1. Biochemical characterization of naive PKCy mutant and
wild-type mice.

3.1.1. Phosphoinositol hydrolysis

Fig. 1 shows a comparison of 10 pM DOI-stimulated
phosphoinositol hydrolysis in the prefrontal cortices of mutant
and wild-type mice indicating that 5-HT,,c function was
significantly greater in mutant mice (¢;4,=2.58, p<0.02). DOI-
stimulation over basal values averaged 125% in mutant PFC
compared 108% in wild-type PFC.

3.1.2. ['¥1]-DOI binding

Studies using membrane preparations from prefrontal cortex
were performed to determine B, and K4 values. Results from
the non-linear regression analysis of saturation binding in the
prefrontal cortex of mutant and wild-type mice demonstrated
that the genotypes did not differ in receptor number (B.x:
101.96+0.91 fmol/mg protein and 111.60+9.70 fmol/mg
protein; mutant and wild-type respectively) or affinity Ky:
0.99+0.26 nM and 1.29+£0.31 nM; mutant and wild-type
respectively). An analysis of the ratio of total binding over non-
specific binding at each concentration indicated that the
strongest signal to noise ratio (non-specific binding averaged
27.5% of total binding) was seen at 0.5 nM. Therefore, this
concentration was selected for the quantitative autoradiography
experiments.

3.1.3. ['*°I]-DOI quantitative autoradiography
Because the saturation binding experiments did not reveal
differences in the number of binding sites or affinity for DOI
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Fig. 1. DOI-stimulated phosphoinositol hydrolysis in PFC from mutant and
wild-type mice. The percent of basal stimulation in mutant and wild-type mice in
the presence of 10 uM DOI is greater in mutant mice compared to wild-type
mice (* p<0.02).



444 B.J. Bowers et al. / Pharmacology, Biochemistry and Behavior 85 (2006) 441-447

Table 1
Comparison of regional densities of ['*°I] DOI binding sites in PKC+y mutant
and wild-type mice

Region Specific binding
Mutant Wild-type

fmol/mg tissue equivalent+SE
Prefrontal cortex * 33.09+1.55 31.17+1.13
Lateral olfactory tract 32.51+2.06 26.70+2.93
Cortex (rostral only)

Anterior cingulate 12.93+1.15 14.69+1.21

Layer V 20.03+0.79 20.18+2.48
Claustrum 26.19+1.26 26.05+2.76
Dorsal endopiriform nucleus 24.11+1.21 25.52+2.90
Lateral striatum 27.99+1.56 27.16+3.11
Olfactory tubercle 25.44+1.44 25.84+2.25
Septum * 9.59+1.43 9.88+2.42
Caudate putamen (rostral) 8.65+0.86 8.46+1.16
Caudate putamen (caudal) 4.73+£0.33 4.18+0.58
Nucleus accumbens (rostral)

Shell 17.25+1.06 17.24+2.06

Core 14.88+0.98 15.39+2.12
Nucleus accumbens (caudal)

Shell 13.68+0.46 12.39+1.36

Core 9.58+0.42 9.18+1.25

* Septum densities include DP, LSI, SHi, LSD as published in Franklin KBJ and
Paxinos (1997).
Abbreviations: FrA, frontal association cortex; PrL, prelimbic cortex; MO,
medial orbital cortex; LO, lateral orbital cortex; DLO, dorsolateral orbital
cortex; VO, ventral orbital cortex; DP, dorsal pendicular nucleus; LSI, lateral
septal nucleus, intermediate, SHi, septohippocampal nucleus; LSD, lateral septal
nucleus, dorsal.

* Prefrontal cortex densities include FrA, PrL, MO, LO, DLO, VO as
published in Franklin KBJ and Paxinos G (1997).

in the prefrontal cortex, autoradiographic analyses of ['*°I]-
DOI binding sites in other brain regions associated with
impulsivity and drug reward were done. The amount and
distribution of binding sites were evaluated in 15 brain regions
(Table 1). Levels of ['**I]-DOI binding were not different
between mutant and wild-type mice in any brain region. Non-
specific binding was low and was consistent across brain
regions. Specific binding in the PFC (33.09+1.55 fmol/mg
and 31.12+1.13 fmol/mg; mutant and wild-type respectively)
was in the range seen in the saturation binding experiment at
0.5 nM DOI (32.81£1.65 fmol/mg and 25.424+2.91 fmol/mg;
mutant and wild-type, respectively). However, differences in
the amount of binding were observed among the brain regions
with high levels found in prefrontal cortex, claustrum, lateral
striatum, dorsal endopiriform nucleus, lateral olfactory tract,
and olfactory tubercle. Lower levels of binding were seen in
the striatal areas with rostral and caudal caudate putamen
exhibiting the least. This is in agreement with previous studies
that found similar patterns of receptor distributions in mouse
(Li et al.,, 2003) and rat brain (McKenna et al., 1989a;
Saavedra and Himeno, 1991). In the present study, ['*°I]-DOI
binding was greater in rostral nucleus accumbens compared to
caudal nucleus accumbens. This differs from what would have
been predicted since Bowers et al. (2000) found that DOI-
induced DA release was greater in caudal nucleus accumbens,
suggesting an increased 5-HT,,c receptor density in this

region. However, Appel et al. (1990) also found a gradient of
decreasing receptor density from rostral to caudal regions.

3.2. The effects of DOI on behavioral responses

3.2.1. Head twitch response

The DOI-induced head twitch response was included in this
study to confirm the role of 5-HT,,,c receptors in regulating
behavioral differences between PKCvy mutant and wild-type
mice. The results of an overall univariate ANOVA indicated
significant main effects of genotype (F; 4,=9.20, p<0.01) and
drug treatment (F4,=94.71, p<0.0001), and a significant
interaction between genotype and drug treatment (/; 4o=5.15,
p<0.05). These results are illustrated in Fig. 2A which shows
that 2.5 mg/kg DOI significantly increased HTR in both
genotypes compared to saline; however, mutant mice exhibited
a greater number of DOI-induced HTR compared to wild-type
mice. Saline injections had little effect on the head twitch
response in either genotype, and were not different between
genotypes.

When the patterns of head twitch responses in 2.5 mg/kg
DOlI-treated mutant and wild-type mice were analyzed in 5 min
bins, a repeated measures ANOVA indicated a significant main
effect of bins (£5,,4=13.8, p<0.0001), genotype (/' 35=32.3,
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Fig. 2. Head twitch responses (HTR) in mutant and wild-type mice after acute
doses of saline or 2.5 mg/kg DOI. A. At 2.5 mg/kg DOI both mutant and wild-
type mice had significantly greater responses than saline controls (* p<0.0001).
Mutant mice exhibited significantly greater DOI-induced HTR than wild-type
mice (* p<0.01). B. Patterns of HTR in mutant and wild-type mice in four 5 min
bins on Day 0 after an acute injection of 2.5 mg/kg DOI. Response patterns
differed between genotypes (p<0.0001) which interacted with bins
(p<0.0001).
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p<0.0001), and a significant bins X genotype interaction
(F53.114=6.9, p<0.0001). Fig. 2B illustrates that the interaction
is due to the different pattern of responses in mutant mice across
the 20 min compared to wild-type mice; i.e., mutant mice
demonstrate an increase in responses in the last 15 min of the
test compared to wild-type mice.

4. Discussion

The primary objective of the present study was to determine
whether the neuronal-specific isotype of PKC, PKCv, regulates
5-HT;a,c receptor number and function in the prefrontal cortex
and whether there are behavioral correlates relating to this
potential dysfunction. In support of this hypothesis the relevant
findings of this study are: 1) in naive PKC+y null mutant mice 5-
HT,/c receptor function, as measured by phosphoinositol
hydrolysis, is increased in prefrontal cortex compared to wild-
type mice; 2) receptor numbers are not different between the
genotypes in PFC, or in several other brain regions; and 3) the
head twitch response, a behavioral response to 5-HT, 5 receptor
activation in the PFC, is increased in PKC+y null mutant mice
compared to wild-type littermate controls after an acute in-
jection of 2.5 mg/kg DOL

4.1. Biochemical assessments of 5-HT>,,c receptors

The results from the phosphoinositol hydrolysis experiment
are indicative of an interaction of 5-HT,4,c receptors with
PKCY, such that G protein-coupling may be regulated by PKCry
after agonist stimulation. This interaction is part of a
constitutive negative feed-back mechanism between PKC and
G protein-coupling that maintains a homeostasis of receptor
function (Berg et al., 2001; Kagaya et al., 1990). Roth et al.
(1998) describes a potential pathway of desensitization invol-
ving PKC phosphorylation of the receptor itself. Upon agonist
stimulation, PKC is activated via phospholipase C-induced
diacyl glycerol and Ca”" release. Activated PKC phophorylates
the 5-HT,,c receptor which causes arrestins to bind to the
receptor. Once arrestins are bound, receptor-G protein-coupling
is compromised and the receptor loses function. We suggest that
this negative feed-back desensitization process is dysregulated
in PKC+y null mutant mice such that phosphorylation of the
receptor does not occur resulting in heightened receptor
function. This indicates a specific role for the gamma isotype
in the phosphorylation of the 5-HT; 4, receptor. The effects of
this dysregulation would be increased sensitivity to endogenous
serotonin and to agonist stimulation resulting in alterations in
serotonin-mediated behaviors. The apparent desensitization
effects of DOI in the present experiment were observed under
experimental conditions described in the Materials and methods
section; therefore, non-specific effects by DOI at 10 uM or
incomplete desensitization after a 60 min incubation period
cannot be ruled out. However, Toscano et al. (1999) have shown
that at 1 uM the potent 5-HT, A, antagonists, mesulergine and
methysergide, completely block 10 pM DOI-stimulated phos-
phoinositol hydrolysis in rat spinal cord slices indicating that at
10 uM, DOI is specific for 5-HT,4,c receptors. In addition,

maximum 5-HT-induced desensitization of 5-HT,, receptors
occurs as early as 10 min and 5-HT,c receptors by 60 min in
CHO cells (Berg et al., 2001). Therefore, in the present study
the 60 min incubation time would be sufficient for
desensitization.

It was important to measure whether the number of affinity
of 5HT,a,c receptors differed as a function of genotype to
provide a detailed picture of how the deletion of PKC+y could
affect the SHT system. The results from membrane binding
experiments using ['*°I]-DOI and quantitative autoradiography
of ['**1]-DOI binding sites in naive mice indicated that mutant
and wild-type mice do not differ in the number or affinity of 5-
HT,/c receptors in prefrontal cortex, or in 14 other brain
regions associated with impulsivity and drug reward. In vitro
experiments have shown that the integrity of 5-HT,, receptor
mRNA is regulated by a PKC-dependent mechanism (Ferry
et al., 1994). However, the data from the present study suggest
that PKCy is not involved in this process and does not regulate
receptor gene expression.

4.2. Behavioral assessments of SHT,4,c receptors

In order to strengthen the argument that 5-HT, /¢ receptor
function in PFC is dysregulated in PKC+vy null mutant mice,
mutant and wild-type mice were injected i.p. with DOI to
produce HTR. Willins and Meltzer (1997) implicated the PFC
as the primary brain region controlling 5-HT,-mediated HTR by
directly administering DOI into the medial prefrontal cortex of
rat. DOI injections produced head twitch responses in both
genotypes; however, HTR was greater in mutant mice compared
to wild-type controls. This suggests that PKCr~y regulates this 5-
HT,/c-mediated behavior such that DOI produces a more
robust response by acting at the more functionally sensitive
receptor found in mutant mice. The magnitude of the phos-
phoinositol hydrolysis difference between the genotypes did not
completely correspond to the substantial difference in the head
twitch response. Since the behavioral adaptations appear to be
mediated by PKCy, it is possible that other neurotransmitter
systems that are regulated by PKC+y are involved in these
responses. For example, we have shown previously that PKCry
regulates ethanol-stimulated GABA, receptor function in
cortex (Harris et al., 1995). It has been shown that GABAergic
drugs modulate head twitch behavior in rodents, perhaps
through interaction with 5-HT, receptors (Handley and Singh,
1985; Moser and Redfern, 1988; Tadano et al., 2001). Feng
et al. (2001) reported that activation of 5-HT, receptors in the
prefrontal cortex of rats increased in vitro PKC activity toward
GABA, receptor vy, subunits. Moreover, the role of other
neurotransmitter systems cannot be ruled out. Hayslett and
Tizabi (2003, 2005) have shown that drugs acting at the
nicotinic cholinergic and dopaminergic systems can regulate
DOIl-induced HTR.

The pattern of head twitch responses measured in 5 min bins
suggests that acute desensitization does not occur in the mutant
mice. In vitro studies have shown that 5-HT, 5 receptors are acutely
desensitized, as measured by PI turnover, after as little as 15 min
exposure to 5S-HT (Kagaya et al., 1990; Van Oekelen et al., 2001).
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4.3. Relevance of current findings to impulsivity and ethanol
consumption in PKC7y mutants

PKC+y mutants show increased impulsivity in a signaled-
nosepoke task (Bowers and Wehner, 2001). Impulsivity in
humans and rodents has been associated with decreased
serotonin levels in brain (Harrison et al., 1997; Leyton et al.,
2001). However, Dalley et al. (2004) demonstrated that deficits
in impulse control, using a simplified form of the 5 choice serial
reaction task in rat, are positively associated with elevated
levels of serotonin in the prefrontal cortex. This effect may be
specifically associated with the 5-HT,, receptor (Winstanely
et al., 2004). In rodents, treatment with the 5-HT,4/c agonist,
DOI, increases impulsive responding (Evenden and Ryan,
1999; Evenden, 1998; Koskinen et al., 2000). If 5-HT,x
receptor function is enhanced in PKCvy mutant mice, the
impulsive responding that we observed in these mice may be
regulated by increased sensitivity to endogenous serotonin. This
idea is more compelling in relationship to the findings of Dalley
et al. (2004) because the appetitive signaled-nosepoke task that
was used to evaluate impulsivity in the PKC mice is based on
impulse control to an auditory stimulus (Bowers and Wehner,
2001). Thus, we speculate that alterations in SHT, A, receptor
function observed here may underlie the increased impulsivity
phenotype in PKCvy mutants.

PKC+vy mutants also show increased consumption of ethanol
(Bowers and Wehner, 2001). Although decreased density of 5-
HT, 4 receptors in the PFC have been associated with increased
ethanol consumption (Blakley et al., 2001; Ciccocioppo et al.,
1997, 1999; McBride et al., 1993) a relationship between in-
creased PI hydrolyis in this brain region and ethanol
consumption has not been reported. However, using the selected
rat lines, P and NP, Pandey et al. (1996) did show that in the
high drinking P rats, 5-HT,c-mediated PI hydrolysis and
receptor binding are increased in choroid plexus. Therefore, in a
general sense, 5-HT» /¢ receptor function may be important in
regulating a genetic vulnerability to ethanol consumption. With
this in mind, the enhanced PI hydrolysis observed in the PFC of
PKCvy mutant mice supports the idea of a role for PKCvy that
includes ethanol drinking. Experiments to test the direct effects
of 5-HT;4/c drugs on impulsivity and ethanol consumption in
PKC+y mice are in progress. The results of these experiments
will give a more definitive explanation for the role of 5-HT, 5,
receptors in these behaviors.

In conclusion, these results suggest a role for PKCvy in the
functional regulation of the 5-HT,4,c receptor in the PFC as
measured by PI hydrolysis. Therefore we speculate that a
dysregulation of 5-HT; 4, receptor function occurs in the PFC
of PKCvy null mutant mice and that this may underlie the
increased impulsivity, ethanol consumption (Bowers and
Wehner, 2001), and DOI-induced head twitch (present study)
demonstrated in these mice.
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