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Lack of barbering behavior in the
phospholipase Cf1 mutant mouse: a
model animal for schizophrenia

HEE-SUP SHIN, DAESOO KIM, AND HAE-YOUNG KOH

Summary

Abnormal phospholipid metabolism has been implicated in the pathogen-
esis of schizophrenia, and phospholipase C (PLC) B1 was shown to be reduced in
specific brain areas of patients with schizophrenia. However, the causal relation-
ship of the PLCB1 gene with the behavioral symptoms of schizophrenia remains
unclear. Recent studies with the knockout (KO) mice for the PLCB1 gene have
revealed an array of interesting phenotypes, which along with other previous
information makes the PLCB1 knockout mouse a good candidate for an animal
model for schizophrenia. This also suggests that the PLCB1-linked signaling path-
ways may be involved in the neural system whose function is disrupted in the
pathogenesis of schizophrenia. In this chapter we will introduce various stud-
ies relevant to this issue, highlighting the social withdrawal phenotypes of the
mutant, such as barbering behaviors.

Introduction

An animal model for a disease is expected to display endophenotypes,
which are quantifiable phenotypes relevant to symptoms of the disease to be mod-
eled (Braff and Freedman 2002; Gould and Gottesman 2006; van den Buuse et
al. 2005). The endophenotypes currently pursued in schizophrenia models are:
locomotive hyperactivity, sensorimotor gating deficit, deficits in social interac-
tion, and cognitive deficits (e.g., learning and memory). Genetically modified mice
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targeted on candidate susceptibility genes have so far been generated as animal
models for schizophrenia. These mouse models display at least one or two of the
endophenotypes listed above (Gainetdinovetal. 2001; Gerberet al. 2001; Kellendonk
et al. 2006; Lijam et al. 1997; Miyakawa et al. 2003; Robertson et al. 2006; Yee et al.
2005).

PLCR1 is a G-protein-coupled receptor (GPCR)-associated enzyme and hydrolyzes
phosphatidylinositol 4,5-bisphosphate to produce second messengers, diacylglyc-
erol and inositol 1,4,5-trisphosphate (IP3). The second messengers in turn activate
PKC or calcium-dependent cellular components, respectively, thereby inducing
a whole array of cellular responses. Three different groups of neurotransmitter
receptors — muscarinic, metabotropic glutamate, and serotonin receptors — are
known to be coupled to PLCB1 for their signal transduction in neuronal cells
(Chuang et al. 2001; Kim et al. 1997; Rhee and Bae 1997). PLCB1 is expressed in
select areas of the brain such as the cerebral cortex, hippocampus, amygdala, lat-
eral septum, and olfactory bulb (Watanabe et al. 1998). Therefore, it is implicated
for participation in diverse brain functions, and possibly for involvement in psy-
chiatric disorders. Besides, possible genetic association of PLCB1 with schizophre-
nia has been reported in linkage studies (20p12; Arinami et al. 2005; Peruzzi
et al. 2002), and its abnormal expression patterns were observed in the brains
of patients with schizophrenia (Lin et al. 1999; Shirakawa et al. 2001). These results
implicate a derangement of the PLCB1-dependent phospholipid signaling in
schizophrenia.

In as much as PLCB1 is an enzyme involved in phospholipid metabolism, it
is interesting to note that phospholipids are required not only for the structure
of neural membranes but also for the signal transduction processes that link
receptor occupancy and actual neuronal response (Oude Weernink et al. 2006).
The importance of membrane phospholipid composition in normal functioning
of the brain (e.g., neurotransmission) was proposed following the observation that
phospholipid composition affects the activities of ion channels, transporters, and
receptors (Bourre et al. 1991; Spector and York 1985). Furthermore, there is evidence
for abnormalities in the phospholipid metabolism in schizophrenic patients (for
a review see du Bois et al. 2005).

All this information raised a possibility that a defect in PLCB1 signaling may
result in the development of schizophrenia-like conditions. The availability of
KO mice for this gene (Kim et al. 1997) has allowed testing of this hypothe-
sis. Indeed, we found that PLCB1~/~ mice demonstrate various endophenotypes
regarded relevant to schizophrenia in humans (Koh et al. 2008; McOmish et al.
2008b). Uniquely among reported mouse models for schizophrenia, PLCB1~/~ mice
demonstrate endophenotypes in all the four categories: locomotive hyperactivity,
sensorimotor gating deficit, deficits in social interaction, and cognitive deficits.
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Furthermore, previous studies showed a derangement in the cortical development
in the PLCB1~/~ mice (Hannan et al. 2001). The PLCB1~/~ mice, therefore, may serve
as an ideal animal model for studying the brain functions disrupted in schizophre-
nia and other related disorders, and for developing drugs to treat the disease.

A major part of the description in this chapter is based on one of our recent
reports (Koh et al. 2008), to which readers are referred for further details.

Locomotive hyperactivity

Among the positive symptoms of human schizophrenia, locomotive
hyperactivity may be the only endophenotype that can be easily measured in
the mouse model of the disease. Casual inspection of home-cage behaviors sug-
gested that PLCB1-KO mice are more active than their wild-type (WT) littermates.
To confirm their hyperactivity, locomotor activity in an open-field arena (a square-
floored rectangular box made of white acrylic, 40 x 40 x 50 cm) was monitored.
To start the test each mouse was gently placed at the center of the open-field kit
under diffused lighting. The distance of spontaneous movement during a one-
hour period was monitored at five-minute intervals via digital video recording.
The video data were analyzed by software that tracks the horizontal movement
of the weight center of the object using the contrast between the object and the
background. PLCB1~/~ mice showed increased locomotor activity for most of the
monitoring period relative to WT mice. The total distance traveled by PLCR1~/~
mice in one hour was significantly higher than that of WT mice. PLCB1~/~ mice
showed a tendency of early increase in locomotor activity and an evident habitu-
ation. After habituation, at 55- and 60-minute bins, the locomotor activities were
not significantly different between WT and PLCB1~/~ mice. These results show that
the PLCB1~/~ mice show locomotor hyperactivity in a novel environment.

In both humans and rodents, amphetamine-induced increase in the locomotor
activity is known to involve increased dopamine release in the ventral striatum
(Creese and Iversen 1975; Drevets et al. 2001). Amphetamine-induced neurochem-
ical effect in the striatum was found to be greater in patients with schizophrenia
than in controls (Laruelle et al. 1996). Especially, this enhancement was correlated
with psychosis (Laruelle et al. 1999). These findings suggested that an enhanced
striatal dopamine release is the main neural correlate of psychosis, which became
the basis for using locomotor hyperactivity as a model for positive symptoms of
schizophrenia. In the open-field test, PLCB1~/~ mice exhibited increased locomotor
activity, even without treatment with psychostimulants. Many other putative mice
models have been known to exhibit locomotor hyperactivity at baseline and/or in
response to novelty.
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Sensorimotor gating deficit and its reversal by an antipsychotic drug

Sensorimotor gating is essentially a protection mechanism against sen-
sory information overload (Geyer et al. 2001). Measures of failure in such inhibition
include prepulse inhibition of the acoustic startle response (PPI), where a weaker
and shorter prepulse stimulus suppresses the response to a subsequent startle
stimulus (Turetsky et al. 2007). Human patients with schizophrenia are impaired
in PPI, and it has been reported that there is a substantial covariation between
the severity of positive symptoms and the degree of the PPI deficit (Weike et al.
2000).

The PPI test is one of the most widely used neurological tests in animals with
suspected neurological defects. Mice of around 11 to 15 weeks old, were tested
for PPI by using an acoustic startle chamber (Coulbourn Instruments, Allentown,
PA, USA). All the animals used were behaviorally naive in that no other kinds of
tests had been performed on them previously, and only a single session of the PPI
test was performed on each animal. The startle reflex was triggered by a pulse
stimulus in the form of a 40-ms, 120-dB burst of white noise (startle stimulus,
SS). Inhibition of the SS-elicited startle response was achieved by using a 20-ms
prepulse stimulus (PP) of various intensities (74, 82, and 90 dB of white noise) that
preceded the SS by 100 ms. The test was composed of a series of seven blocks, each
of which was a “semi-random” mixture of eight different trial types (no stimulus,
SS only, three PP only, three PP plus SS), separated by 10 to15-s intertrial intervals.
The percentage prepulse inhibition (% PPI) was calculated as [1 - (response to PP-SS
coupling/response to SS only)| x 100. In the pulse-alone trials, the acoustic startle
response (ASR) of the PLCB1~/~ mice was somewhat lower than that of the WT, but
the difference was not statistically significant. However, a significant attenuation
of PPI was observed in the PLCB1~/~ mice compared to the WT at all prepulse
intensities.

Haloperidol is a dopaminergic D2 receptor antagonist and is used to treat
schizophrenia. Furthermore, it has been observed that the PPI in antipsychotics-
medicated patients does not significantly differ from that of the healthy control
group (Weike et al. 2000). Therefore, we tried to see if the PPI impairment of
PLCB1~/~ mice can be ameliorated by treatment with haloperidol. Haloperidol
(0.2 mg/kg body weight) was intraperitoneally administered 45 minutes before the
test. There was no significant effect of haloperidol on the ASR measured in SS
pulse-alone trials. However, the haloperidol treatment reversed the decreased PPI
in the PLCB1~/~ mice to a level similar to that of the WT mice treated with either
vehicle or haloperidol. The responsiveness to haloperidol of the impaired PPI
phenotype of PLCB1~/~ mice may be analogous to that in human schizophrenia
patients. Like locomotor hyperactivity, PPI deficit has been observed in most of the
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putative mice models of schizophrenia, although its responsiveness to antipsy-
chotics has been rarely reported (Yee et al. 2005; Russig et al. 2004).

In addition to haloperidol, clozapine has also been used to reverse the impaired
PPI of PLCA1~/~ mice (McOmish et al. 2008a). In this study, however, haloperidol
was ineffective in reversing the PPI impairment, presumably due to inadequate
drug doses and the different protocols used.

Social withdrawal phenotypes of PLCB1~/~ mice

From anecdotal observations of the mice housed as uniform genotypes, it
appeared that PLCB1~/~ mice interacted less frequently among themselves than
WT mice, suggesting a possible abnormality in social interaction in PLCB1~/~ mice.
Therefore, we have tried to examine the social behavior of the mutant mouse.

Lack of barbering (whisker trimming) behavior

Casual inspection of physical appearance revealed a striking difference
between PLCB1~/~ and WT mice. Most WT male and female mice were completely
devoid of long whiskers (Figure 7.1A left), whereas all the PLCB1~/~ mice had
full sets of long whiskers (Figure 7.1A right). At the age of weaning, all PLCB17/~
and WT mice had full sets of long whiskers, but as they got older WT mice lost
long whiskers, probably resulting from mutual whisker trimming. These prelimi-
nary observations suggested that PLCB1~/~ mice lack whisker trimming behavior,
which may indicate reduced social interaction.

To quantify this behavior, WT and PLCB1~/~ mice were housed in pairs as
either uniform or mixed genotypes and were scored for the presence of whiskers
longer than 0.5cm at three months of coupling. Five pairs of WT;WT, five pairs
of WT;PLCR1~/-, and four pairs of PLCB1~/~; PLCR1~/~ were tested. At three
months of coupling, the relative amount of long whiskers (longer than 0.5 cm)
on individual mice were obtained by cutting all the whiskers and measuring
the lengths [(number of long whiskers/number of all whiskers) x 100], and the
results were compared between groups. In the uniform genotype housing, the
relative amount of long whiskers was significantly greater in PLCB1~/~ mice (92.4
=+ 2.76%) compared to that in WT mice (10.3 +3.1%) (t=18.63, df=16, p <0.0001)
(Figure 7.1B, +[+;+/+, —/—;—/—). While WT mice had significantly more long
whiskers in the mixed (76.8 & 8.6 %) than in the uniform genotype housing (t=7.1,
df=13, p<0.0001) (Figure 7.1B, +[+;+/+, +/+;—/—), PLCB1~/~ mice had signifi-
cantly more long whiskers in the uniform than in the mixed genotype housing
(6.3+1.4 %) (t=20.28,df =11, p <0.0001) (Figure 7.1B, +/+;—/—, —/—;—/—). These
results demonstrated that WT mice trimmed the whiskers of their cage-mates,
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Figure 7.1 Lack of mutual barbering behavior in PLC81~/~ mice. Wild-type and
PLCB1~/~ mice housed in pairs of either uniform or mixed genotypes were scored for
the presence of whiskers longer than 0.5 cm at three months of coupling. (A) In the
uniform genotype housing, the WT mice were completely devoid of long whiskers
(left, 4+/4). However, the PLCB1~/~ mice had full sets of long whiskers (right, —/—).

(B) In the uniform genotype housing (+/+;+/+, —/—;—/—), the relative amount of long
whiskers was significantly higher in the PLCB1~/~ mice (KO) compared to the WT.
While WT mice had significantly more long whiskers in the mixed (+/+;—/—) than in
the uniform genotype housing (+/+;+/+), PLCB1~/~ mice had significantly more long
whiskers in the uniform (—/—;—/—) than in the mixed genotype housing (+/+;—/—). All

bars with error bars are mean + SEM.

but PLCB17/~ mice rarely did so. This interpretation was confirmed by 2 x 2 x 2
(genotype x gender x pairing) ANOVA for percentage control of long whiskers,
which showed a significant interaction between genotype and pairing (F; 50 = 184,
p <0.001). No interaction was observed between gender and either genotype or
pairing (F=0.171 and 0.011, respectively, p >0.05).
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Socially recessive trait determined by the tube test for social dominance

Social dominance was tested for 24 WT and 24 PLCR1~/~ mice as described
(Messeri et al. 1975). The whole social dominance tube kit was made of clear
acrylic. Two waiting chambers, 10 x 10 x 10 cm, were connected through a tube,
30 x 3 x 3 cm, between them with a sliding door at the entrance to each chamber.
A WT and a PLCB1~/~ mouse of the same gender were put in each of the waiting
chambers, and then were released to enter the tube by opening the doors. A sub-
ject was considered a winner when it remained in the tube while its opponent
completely retreated from the tube. The winner was given a score “1,” and the
loser, “0.” Each mouse went through a single ten-minute session. In most cases, a
single contact between the two mice happened during a session. In cases where
multiple contacts happened during a session, a subject was declared winner if
it won in more than one out of three contacts. Since the scores of the WT and
PLCB17/~ subjects in a pair were not independent, a x? one-sample analysis was

used to determine whether the number of wins by PLCB1~/~ mice was signifi-
cantly different from an outcome expected by chance. Each mouse was tested
once with a mouse of the opposite genotype and the same gender. Only two of 24
PLCB1~/~ mice tested (8.33 %) won over the opponent, which is significantly less
than expected by chance (x2 =16.7, p <0.001; Figure 7.2). This result demonstrates
that PLCB1~/~ mice are socially recessive to WT mice when matched against each

other.

Lack of nesting behavior

Casual inspection of mice cages housing uniform genotypes (four or five
mice per cage) revealed that WT mice always build fluffy nests with the wooden
chips provided, at a corner of the cage floor, whereas PLC1~/~ mice do not build
anything so that the cage floor always looks even and flat. Based on this preliminary
observation, nesting behavior was quantified using commercial cotton nesting
material. Each mouse was placed alone in a cage with 3 x 3 cm pieces of cotton
nesting material evenly spread on top of the ordinary wooden chips. An hour later,
photographs were taken of the floor of each cage to inspect whether there was a
nest made of the cotton material. Within an hour after being placed in a cage with
the cotton pieces, each of the nine WT mice tested built a nest, but none of the
9 PLCB1~/~ mice tested did (Figure 7.3).

Social withdrawal is one of the negative symptoms of human schizophrenia.
Whisker trimming, also called barbering behavior, is observed in both male and
female mice from many of the commonly used inbred mouse strains. This behavior
seems to reflect a cooperative social activity, and also to be associated with social
dominance (Strozik and Festing 1981). PLCB1~/~ mice that lack barbering behavior,
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Figure 7.2 PLCB1~/~ mice are socially recessive. Social dominance was tested using the
acrylic tube kit (upper panel). Each mouse was tested once with a mouse of the
opposite genotype and the same gender. Only 2 of 24 PLCB1~/~ mice tested (KO, 8.33%)

won, showing that wild-type mice (WT) are more dominant than PLCB1~/~ mice.

also exhibited a socially recessive traitin the social dominance tube test, suggesting
that the lack of barbering in PLCB1~/~ mice is related to a low level of social
interaction. Nest building is an activity shared by all members of the home cage
and it provides an area for group sleep/huddling (Schneider and Chenoweth 1970).
Thus, it is regarded as a behavioral measure of social interaction (Crawley 2004;
Long et al. 2004). The lack of barbering and nesting behavior, and the socially
recessive trait, can be endophenotypes relevant to the negative symptoms found
in many schizophrenia patients. A similar set of phenotypes relevant to social
withdrawal were also observed in mice lacking disheveled homolog 1 (Dvl1-KO)
(Lijam et al. 1997).

Cognitive deficits of the PLCB1~/~ mice

Working memory deficit: delayed non-match to sample (DNMTS) T-maze test

Working memory deficit is often the major contributor to the morbidity of
schizophrenia. We have evaluated PLCB1~/~ mice for the working memory capacity
using the DNMTS T-maze test according to the procedure as previously described
(Kellendonk et al. 2006; Dias and Aggleton 2000) with minor modifications. In this
test, in order to obtain food, a mouse has to remember the arm in the T-maze that
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Before One hour after housing

Figure 7.3 Lack of nest building behavior in PLCB1~/~ mice. Nesting behavior was
tested using commercial cotton nesting material acutely provided in the cage. Within
an hour after being placed in a cage with the cotton pieces, each of all the wild-type
mice (+/+, n =9) tested built a nest, but none of the PLC81~/~ mice (-/-, n = 9) tested
did.

it has just visited and choose to go to the other arm of the maze. A correct choice
is scored when the mouse visits the alternate arm in the choice run. The criterion
for completing the task was reached when 11 correct choices out of 12 consecutive
trials (92%) were made. Each mouse was tested for up to 28 days, during which
the sequence of baiting sides (right or left) was randomized. All of the eight WT
mice tested reached the criterion (11 correct choices out of 12 consecutive trials)
with 6.38 4 0.34 days of delay. In contrast, none of the eight PLCB1~/~ mice tested
ever reached the criterion within 28 days. However, PLCB1~/~ mice performed
normally in the simple right-left discrimination T-maze test where the baiting
target was fixed at one side, either left or right, for all trials throughout the whole
experimental period.
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The delayed alternation tasks such as DNMTS T-maze have been widely used to
assess working memory function in rats and mice, and impaired working memory
is considered a core cognitive deficit in schizophrenia (Elvevag and Goldberg 2000).
The inability of PLCB1~/~ mice to reach the criterion within a given period of
time, with no significant impairment in the simple right-left discrimination task,
suggests that they may have a working memory deficit. Similar deficit was observed
in striatal dopamine receptor D2 knockup mice (Kellendonk et al. 2006).

Deficits in hippocampus-dependent long-term memory

PLCB1~/~ mice also showed an impaired performance in the Morris water
maze, along with a lack of cholinergic, Type-II, theta rhythms on the hippocam-
pal field recordings (Shin et al. 2005). A similar behavioral deficit was observed in
human schizophrenic patients in tests with a virtual Morris water maze (Hanlon
et al. 2006). Impaired spatial learning has also been observed in dopamine trans-
porter knockout mice (DAT-KO) in a study using the eight-arm radial maze (Gainet-
dinov et al. 1999). Recently, the hippocampus-dependent fear conditioning was
also shown to be impaired in PLCB1~/~ mice (McOmish et al. 2008a).

Discussion

Schizophrenia is characterized by positive symptoms (delusion, halluci-
nation, disorganized speech, and psychomotor hyperactivity), negative symptoms
(flat affect, avolition, poverty of speech and language, and social withdrawal),
and cognitive impairments (deficits in attention, planning and abstract thinking,
and short- and long-term memory deficits) (Andreasen 1995; Lewis and Lieberman
2000). Due to the heterogeneity in potential pathogenetic mechanisms suggested
by heavy genetic linkage studies that identified multiple susceptibility loci and
alleles (Gogos and Gerber 2006), there can not exist a single ideal mouse model
of schizophrenia that can represent all the aspects of this disease. Instead, behav-
ioral paradigms with relevance to schizophrenia are sought on the basis of mul-
tiple overlapping criteria. These are indirect behavioral measures that resemble
the features of the disorder, and abnormalities in a behavioral pattern found in
already existing models, as well as directly measurable abnormalities that are
almost exactly the same in mice and human patients (Arguello and Gogos 2006;
Powell and Miyakawa 2006).

PLCB1~/~ mice exhibited some of the endophenotypes related to all the three
categories of symptoms of schizophrenia - positive, negative, and cognitive symp-
toms. The pattern of severe behavioral abnormalities of these knockout mice is
strikingly similar to those of existing putative mice models of schizophrenia. This
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finding is another encouraging example supporting the idea that various kinds of
genetic mutations could result in a similar behavioral symptom in mice, which
may potentially correspond to psychiatric disorders in humans. The PLCB1~/~
mouse is still among the very few cases of animal models of schizophrenia pro-
posed to date, e.g., NMDA receptor subunit NR1 knockdown (Cheli et al. 2006; Mohn
et al. 1999), stable tubule only peptide (STOP) knockout (Andrieux et al. 2002; Brun
et al. 2005; Fradley et al. 2005), and conditional calcineurin (CN) knockout mice
(Miyakawa et al. 2003; Zeng et al. 2001).

The results suggest that PLCB1-linked signaling pathways are relevant to the
physiology of neural functions disrupted in schizophrenia, and thus add sig-
nificance to the previous works implicating PLCB1 and related phospholipid
metabolism in the pathogenesis of schizophrenia (Arinami et al. 2005; du Bois
et al. 2005; Peruzzi et al. 2002; Lin et al. 1999; Shirakawa et al. 2001). In addi-

tion, some of the endophenotypes of PLCB1~/~ mice, the locomotor hyperac-
tivity and sensorimotor gating deficits, are subject to beneficial modulation by
environmental enrichment (McOmish et al. 2008b): an observation with impor-
tant implications in the management of schizophrenia patients. PLCB1~/~ mice
may be used for future experiments to discover basic pathogenetic mech-
anisms underlying schizophrenia, which will eventually help develop novel

therapeutics.
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