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Intrinsic sensory deprivation induced by neonatal capsaicin

treatment induces changes in rat brain and behaviour of possible

relevance to schizophrenia
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1 Schizophrenia is considered to be a neurodevelopmental disorder with origins in the prenatal or
neonatal period. Brains from subjects with schizophrenia have enlarged ventricles, reduced cortical
thickness (CT) and increased neuronal density in the prefrontal cortex compared with those from
normal subjects. Subjects with schizophrenia have reduced pain sensitivity and niacin skin flare
responses, suggesting that capsaicin-sensitive primary afferent neurons might be abnormal in
schizophrenia.

2 This study tested the hypothesis that intrinsic somatosensory deprivation, induced by neonatal
capsaicin treatment, causes changes in the brains of rats similar to those found in schizophrenia.
Wistar rats were treated with capsaicin, 50 mg kg~ subcutaneously, or vehicle (control) at 24-36h of
life. At 5-7 weeks behavioural observations were made, and brains removed, fixed and sectioned.

3 The mean body weight of capsaicin-treated rats was not significantly different from control, but
the mean brain weight of male, but not female, rats, was significantly lower than control.

4 Capsaicin-treated rats were hyperactive compared with controls. The hyperactivity was abolished
by haloperidol.

5 Coronal brain sections of capsaicin-treated rats had smaller cross-sectional areas, reduced CT,
larger ventricles and aqueduct, smaller hippocampal area and reduced corpus callosum thickness, than
brain sections from control rats. Neuronal density was increased in several cortical areas and the
caudate putamen, but not in the visual cortex.

6 Itis concluded that neonatal capsaicin treatment of rats produces brain changes that are similar to
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those found in brains of subjects with schizophrenia.
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Introduction

Schizophrenia is a chronic psychotic disorder, the aetiology
of which remains unknown. Although the overt signs and
symptoms of schizophrenia do not usually manifest until early
adulthood, epidemiological studies have suggested that it
is a neurodevelopmental disorder that has its origins in the
prenatal or neonatal period (see Harrison, 1997; Schultz &
Andreasen, 1999; Lewis & Lieberman, 2000; Ashe et al., 2001).

Studies on human brain have shown that the brains of
subjects with schizophrenia are reduced in volume compared
with those of healthy individuals (Schlaepfer et al., 1994;
McDonald et al., 2002; Selemon et al., 2002), the frontal lobe
being the more severely affected of all four lobes (Selemon
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et al., 2002). Furthermore, the brains of subjects with
schizophrenia have larger ventricles and thinner cortices,
particularly in the prefrontal and temporal regions, than
those of normal subjects (Shenton et al, 1992; McCarley
et al., 1999).

An important observation was that by Selemon et al. (1995;
1998), who found increased neuronal density in the prefrontal
cortex of subjects with schizophrenia. This finding led to the
‘reduced neuropil hypothesis’ that the symptoms of schizo-
phrenia result from reduced cortical connectivity rather than
a reduction in neuron numbers (Selemon & Goldman-Rakic,
1999). Reduced interneuronal space (Buxhoeveden et al.,
2000), mean cell-spacing abnormalities (Casanova et al.,
2005) and reduced neuronal size (Rajkowska et al., 1998;
Chana et al., 2003) have also been found in the neocortex of
subjects with schizophrenia. Recently, the concept has arisen
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that schizophrenia might result from aberrations in the
neuroplasticity phenomena that govern normal brain devel-
opment and function (Frost et al., 2004; McCullumsmith et al.,
2004; Arnold et al., 2005).

A major impediment to schizophrenia research has been the
lack of validated animal models (De Hert & Ellenbroek, 2000;
Gerrits et al., 2002). The present study was prompted by the
observations that deficits in pain sensation are present in
subjects with schizophrenia (Kudoh et al., 2000; Blumensohn
et al., 2002) and their relatives (Hooley & Delgado, 2001), and
vascular responsiveness is altered, as shown by a reduced
niacin skin flare in many subjects with the disorder (Waldo,
1999; Messamore et al., 2003). These observations suggested
that capsaicin-sensitive primary afferent neurons might be
abnormal in schizophrenia.

Capsaicin acts on transient receptor potential vanilloid 1
(TRPV1) receptors, which are calcium-permeable ion channels
gated by reduced pH and high temperature (Caterina et al.,
1997; Caterina & Julius, 2001). These receptors are located on
a population of neuropeptide-containing unmyelinated pri-
mary afferent neurons which mediate nociception, axon reflex
flare and neurogenic inflammation (Holzer, 1991; Szallasi &
Blumberg, 1999). Capsaicin activates primary afferent neurons
bearing TRPV1 receptors to produce release of neuropeptides,
in particular calcitonin gene-related peptide and tachykinins,
which produce flare and increased vascular permeability (see
Holzer, 1991). On repeated application, desensitization occurs
to these actions of capsaicin, with resultant loss of sensitivity
of the sensory neurons to activation. Thus, agonists acting on
TRPV1 receptors, including capsaicin and resiniferatoxin, may
be used to reduce the sensitivity of sensory neurons, and are
currently in clinical use in humans for a number of syndromes
involving sensory neurons such as neuropathic pain and
bladder hypersensitivity (see Valenzano & Sun, 2004). Capsai-
cin also has a neurotoxic effect, and, if given to neonatal rats,
it produces life-long loss of capsaicin-sensitive primary afferent
neurons (Jancso et al., 1977).

TRPV1 receptors have recently been found to be widely
distributed in the brain (Mezey et al., 2000; Toth et al., 2005).
Although less is known of the effects of activation of TRPV1
on central neurons, recent evidence indicates that they may
mediate excitatory actions in the hypothalamus (Hori et al.,
1988; Sasamura et al., 1998), locus coeruleus (Marinelli et al.,
2002), ventral tegmental area (Marinelli et al., 2005) and
substantia nigra (Marinelli et «l., 2003), but potentiate
depression in the cornu ammonis 1 (CAl) region of the
hippocampus (Al-Hayani et al., 2001). Interestingly, neonatal
capsaicin treatment has been reported not to affect the
expression or distribution of TRPV1 receptor messenger
ribonucleic acid (mRNA) in rat brain (Mezey et al., 2000).

Models of neonatal somatosensory deprivation, such as
the mouse whisker barrel model, have shown that neonatal
sensory deprivation induced by whisker trimming results in
reduced synaptic density in the barrel cortex (Sadaka et al.,
2003). If ‘reduced neuropil’ in schizophrenia is the result of
reduced synaptic density, it is possible that it might result from
intrinsic somatosensory deprivation during development. The
aim of the following experiments was to test the hypothesis
that intrinsic somatosensory deprivation during development
causes changes in the brains of rats similar to those found in
the brains of subjects with schizophrenia. Since neonatal
capsaicin treatment produces loss of a population of primary

afferent neurons, it would be expected to give rise to an
intrinsic somatosensory deprivation. Thus, the effects of
neonatal capsaicin treatment on the brain were examined in
the present study. Rats were used in these studies since there
is considerable knowledge of the effects of capsaicin treatment
in this species.

Methods
Animals

Wistar rats were used in this study. All handling of animals
and procedures were carried out in accordance with the
guidelines established by the Animal Care and Ethics
Committee of the University of Newcastle, an accredited
research institution. Litters from six time-mated pregnant
female rats were used in two cohorts. Cohort 1 comprized two
litters and cohort 2, four litters. The rats were housed in plastic
cages (73 x 54 x 24cm?®) with shredded paper pellet bedding,
and a wire mesh top cover. The animals were kept at a
constant temperature of 21 +1°C on a 12-12h light—dark cycle
with lights on at 0700 h. Food and water were freely available.

Drugs

The drugs used in this study were: capsaicin (Sigma-Aldrich
Pty Ltd, Australia); sodium pentobarbitone (Lethabarb,
Virbac (Australia) Pty Ltd, Australia); salbutamol sulphate
aerosol (Ventolin, Allen & Hanburys, Australia); haloperidol
(Serenace, Sigma Pharmaceuticals Pty Ltd, Australia). The
stock solution of capsaicin, 107>M, was made in a vehicle of
10% Tween 80 and 10% ethanol in saline.

Capsaicin treatment

Within 24-36 h of birth, the mother rat was removed from the
home cage and the newborn rats were individually removed for
injection of capsaicin or vehicle, under ice anaesthesia.
Neonates were placed in the supine position on a bed of
crushed ice. Immediately upon disappearance of the righting
reflex, neonates were removed from the ice and injected
subcutaneously (s.c.) with either capsaicin, 50 mgkg™!, or an
equivalent volume of vehicle, consisting of 10% ethanol and
10% Tween 80, into the dorsal region of the neck, using a
30-gauge needle. This dose of capsaicin was chosen since it
has been shown in previous studies to produce marked loss
of capsaicin-sensitive primary afferent neurons (Jancso et al.,
1977). Following injection, neonates were placed in a clear
perspex observation chamber with other injected littermates,
each animal being placed between the fingers of a latex glove
filled with 37°C water and warmed with a heating lamp. As
each neonate was added to the chamber, a measured dose (two
‘puffs’) of salbutamol aerosol (Ventolin) was sprayed into the
chamber to alleviate respiratory difficulty induced by capsai-
cin. Neonates were kept in the observation chamber until all
signs of respiratory distress had disappeared and they had
regained their righting reflex. They were then placed in a small,
warm holding cage until all littermates had been injected and
had recovered. They were then transferred to a clean cage with
their mother. Shreds of bedding from the original home cage
were also placed in the new cage. The mother’s behaviour was
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observed to ensure that she accepted the neonates. The rat
pups were checked and weighed twice weekly. Rats were
weaned 21-23 days after birth by placement into new cages,
with one or two other animals of the same sex. One animal
in cohort 1 died within the first week following capsaicin
treatment, but all animals in cohort 2 survived for the duration
of the experiment.

Behavioural observations

For assessment of behaviours, cohort 1 rats and half of cohort
2 rats were observed once only between 36 and 49 days of age
and the data combined. On observation days, rats were
removed from the home cage and placed in a perspex
observation chamber (height 32cm x depth 44 cm x length
72cm) located in the home room and containing two foam
objects placed identically for each animal. Measurement of
behaviours was commenced immediately without giving the
animals time to become familiar with the observation cage.
Each animal was observed for 10min by the same trained
observer who manually quantified behaviours, including the
number of circuits of the cage (locomotor activity), number of
climbs of an object or sides (climbing), number of rears
(rearing), face washing, scratching and chewing (stereotypy).
On several occasions during the course of the experiments,
behavioural observations were validated by a second indepen-
dent observer who was blind to the treatment of the rats, and
who was located in an adjacent room behind a glass wall. Use
of strict criteria for the assessment of behaviours ensured
consistent ratings by the observer. Animals were then weighed
and euthanased with a lethal dose of sodium pentobarbitone,
100mgkg™', intraperitoneally. The behaviours of the other
rats in cohort 2 were measured twice weekly over a 3-week
period, that is, 23-26, 34-37 and 3942 days, alternating
between day and night observations, so that at each age there
were results from a day and a night observation session. These
animals were also observed on three additional occasions,
without any treatment (session 1 — baseline activity), 30 min
following administration of 0.9% saline (session 2) and
haloperidol 1 mgkg~'s.c. (session 3). Animals were weighed
after each session and euthanased immediately after the
observation session following administration of haloperidol.
It was observed during the course of the first experiment that
the tails of capsaicin-treated rats appeared shorter than those
of control rats. Therefore, tail lengths of cohort 2 animals were
measured following euthanasia.

Histology

Following euthanasia, the heads of the rats were removed
using a guillotine. Brains were removed from the skulls,
weighed and placed in 10% formalin solution for 2 weeks.
Serial coronal sections, 50 um, were cut on a cryostat. Every
third section was mounted on gelatin chrom alum-coated
slides, air-dried and Nissl-stained with 5% cresyl violet
solution for Imin and washed in running water until the
water became clear (cohort 1), or with thionine using the
method of Tolivia & Tolivia (1985) (cohort 2). In the latter
method, slides were placed for 18h at room temperature in
a solution of 0.003% thionine, 1.7% ethanol and 0.13%
formalin, adjusted to pH 3.5 with glacial acetic acid. This
method yielded superior staining for neuronal counting since

the cells were stained blue and the white matter pink.
Following staining, all sections were dehydrated in ascending
concentrations of ethanol (70, 95, 2 x 100%), cleared with
histolene (Fronine, Riverstone, NSW, Australia) and cover-
slipped with Ultramount (Fronine).

Microscopy

Closely matched sections from each brain at several levels were
selected with the aid of the rat brain atlas of Paxinos & Watson
(1998). The sections were observed under bright-field micro-
scopy using a Zeiss Axioskop light microscope with a
motorized stage and a miniature monitor (Lucivid — Micro-
brightfield Inc., U.S.A.) attached to a camera Ilucida.
Neurolucida software (Microbrightfield) was used to trace
outlines of the sections and count neurons using a two-
dimensional counting method without correction for cell
splitting. The total area of sections was measured at Bregma
2.70, 1.20, —1.60, —2.56, —3.60 and —5.80 mm, hippocampal
area at Bregma —2.56 and —3.60 mm, lateral ventricle (LV)
area at Bregma 1.20, —1.60, and —2.56 mm, and aqueduct area
at Bregma —5.80 mm (Figure 1). Cortical thickness (CT) was
measured at all levels except Bregma 2.70mm. Corpus
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thickness
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Figure 1 Diagrams of coronal brain sections at Bregma 1.20,
—1.60, —2.56, —3.60, and —5.80mm, showing the location of
structures measured in this study (adapted from Paxinos & Watson,
1998). Cross-sectional area was calculated from the area of the entire
section. Location of measurements of CT, and corpus callosum
height and width (see inset) are shown as thick lines, areas of the
LVs and AQ are shown in black, and the hippocampus (H) is shown
cross-hatched (Bregma 2.70 mm not shown).
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callosum thickness and width between the dorsal tips of the left
and right cingulum were also measured at Bregma 1.20, —1.60
and —2.56 mm (Figure 1).

Neurons were counted in six specific regions: anterior
cingulate (AC), the primary somatosensory cortex jaw (SIJ),
the secondary motor cortex (M2) and caudate putamen (CPu)
at Bregma 1.20mm, 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, a counting box
of appropriate size was used and all neurons in which the
nucleolus was visible were counted in the box. Neuronal
density was calculated from the total neuronal count divided
by the area of the counting box measured by the Neurolucida
software. The neuronal density for each region for each animal
was calculated as the average results for the left and right sides
of the brain and expressed as cells per um?>.

Statistical analyses

Data that did not involve repeated measures of the same
parameter on the same animals were analysed by two-way
analysis of variance using GraphPad Prism 4.0 (GraphPad
Software Inc.). Where analysis showed a significant gender
effect, data for males and females were analysed separately
using Bonferroni post-tests. For data where measures on the
same animals were repeated (behavioural data), two-way
analysis of variance with repeated measures was performed
using SPSS 12.0 for Windows, since the occasional missing
data point could not be handled by GraphPad Prism 4.0.
Growth rate was analysed using linear regression. Results
are shown in figures and tables as means and standard
errors of the means (s.em.’s). For all data analyses,
P=0.05 was used.

Results

Capsaicin-treated rats from both cohorts developed normally,
except that some animals groomed their faces excessively to the
extent that the skin became damaged. It was also noted by the
investigators and the animal house staff that the cages of
capsaicin-treated rats were dirtier than those of control
animals.

Body weight

At 3643 days of age, the mean body weights of male and
female capsaicin-treated rats in cohorts 1 and 2 were not
significantly lower than those of vehicle-treated rats (Figure 2).
Linear regression of mean body weights measured every 3-4
days from the day of weaning (21-23 days of age) until
euthanasia at 3643 days over time showed that growth rates
of the male and female capsaicin- and vehicle-treated rats did
not differ significantly (Figure 2). Therefore, except where
specified otherwise, data from cohorts 1 and 2 were combined.

Brain weight

Two-way analysis of variance showed that there was a
significant effect of capsaicin treatment on brain weight
(F141=10.95, P=0.002), and a significant interaction between
capsaicin treatment and gender (F;4=9.94, P=0.003).
Bonferroni post-tests following two-way analysis of variance
showed that the mean brain weights of capsaicin-treated male
rats were significantly lower than those of vehicle-treated male
rats (P<0.001), whereas the mean brain weights of capsaicin-
treated female rats were not significantly different from those
of vehicle-treated female rats (Figure 2).
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Figure 2 Effect of neonatal capsaicin treatment on body weight (a), brain weight (b), tail length (c), and growth rate of male (d)
and female (e) rats. Histograms show mean +s.e.m. measurements obtained from rats at age 36-49 days. Solid histograms show data
from 13 capsaicin-treated male rats and 10 capsaicin-treated female rats for body weight and brain weight data, and cross-hatched
histograms show data from 13 vehicle control male rats and 7 vehicle control female rats. For tail length data, there were five rats in
each treatment and gender group. Growth rates from weaning at age 21-23 days until euthanasia at 3643 days of male and female
rats are shown as linear regression lines (A, capsaicin; /\, vehicle). Asterisks show significant differences from vehicle control.

**xP<0.001; *P<0.05.
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Tail length

Tail lengths of cohort 2 rats only were measured. The mean tail
lengths of capsaicin-treated male rats were significantly less
than those of vehicle-treated male rats (P<0.05, Bonferroni
post-test following two-way analysis of variance), whereas the
mean tail lengths of female rats did not differ significantly
from those of vehicle-treated animals (Figure 2).

Behaviour

Since the behaviours were measured over a short period of
time immediately after the rats were placed in the observation
cage, the behavioural measures gave an indication of the
ability of the animals to become familiar with a novel
environment rather than a general background level of
activity. For assessment of behaviours, cohort 1 rats and half
of cohort 2 rats were observed once only between 36 and 49
days of age and the data combined. Repeated-measures two-
way analysis of variance showed that the capsaicin-treated
male and female rats in both cohorts were hyperactive
overall compared with vehicle controls (F;4=44.26,
P<0.0001). Bonferroni post-tests showed that climbing
and rearing behaviours were significantly greater in the
capsaicin-treated male rats than in male vehicle controls (both
P<0.01), and climbing behaviour was significantly greater in
capsaicin-treated female rats than in female controls (P <0.05)
(Figure 3).
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Figure 3 Effect of neonatal capsaicin treatment on the behaviours
of male and female rats at age 36-49 days observed over 10 min.
Solid histograms show mean +s.e.m. data from 13 capsaicin-treated
male rats and 10 capsaicin-treated female rats and cross-hatched
histograms show data from 13 vehicle control male rats and seven
vehicle control female rats. Asterisks show significant difference
from vehicle control. **P<0.01; *P<0.05.

The behaviours of the other rats in cohort 2 were measured
twice weekly over a 3-week period, that is, 23-26, 34-37 and
39-42 days, alternating between day and night observations, so
that at each age there were results from a day and a night
observation session. The results are shown in Table 1. Two-
way repeated-measures analysis of variance showed that
capsaicin-treated rats in this group were also significantly
more active overall than vehicle controls (F;,6=26.17,
P<0.0001), and that there was a significant effect of age
(Fis, 31.15=16.39, P<0.0001), and time of day (F; ,=22.20,
P<0.0001). Analysis at the three ages showed that capsaicin-
treated male and female rats were not more active than vehicle
controls at age 23-26 days. Indeed, at this age, male vehicle
controls were more active on rearing behaviour (P<0.05,
Bonferroni post-test) than capsaicin-treated rats. However, at
age 34-37 days, both male and female capsaicin-treated rats
were more active during the day, but not at night, on
locomotor (male, P<0.05; female, P<0.01), climbing (male,
P<0.05; female, P<0.05), rearing (male, P<0.015; female
P<0.05) and stereotypy (male, P<0.05; female P<0.05)
behaviours than controls. At 39-42 days, male capsaicin-
treated rats were more active than controls during the day on
locomotor (P <0.05) and stereotypy (P <0.01) behaviours, and
were more active on climbing at both day (P <0.05) and night
(P<0.05) observations than controls. At age 39-42 days,
female capsaicin-treated rats were more active during the day
than controls on locomotor activity (P <0.05), and more active
during the night on stereotypy (P<0.01) behaviour than
controls (Table 1). Analysis of the data for time of day showed
that although capsaicin-treated male and female rats were
more active at both day and night observation sessions than
controls (Fjss=30.65, P<0.0001), there was no effect of
gender on day or night behaviour. Analysis of the combined
behavioural data from all animals in both cohorts showed no
significant effect of gender on behaviour.

The effect of haloperidol, 1 mgkg™"s.c. given 30 min before,
was assessed on the behaviours of the rats at age 4649 days.
Haloperidol produced a marked inhibition of behaviours of
both capsaicin male and female rats (both P<0.001) and
vehicle male (P<0.01) and female (P<0.05) rats (Figure 4).

Measurements on coronal brain sections

The data for measurements made on coronal sections at six
brain levels are shown in Table 2. Two-way analysis of
variance showed significant reductions in cross-sectional area
in capsaicin-treated rats at Bregma 1.20mm (F,;s=4.62,
P<0.05), Bregma —1.60mm (F,;5=4.38, P<0.05), Bregma
—2.56mm (F,;4=4.52, P<0.05), Bregma —3.60mm
(Fi16=28.68, P<0.01) and Bregma —5.80mm (F;;,=4.69,
P<0.05). CT was significantly less in capsaicin-treated rats at
Bregma 1.20mm (F,;5=7.10, P<0.05), Bregma —3.60 mm
(Fi16=5.40, P<0.05) and Bregma —5.80mm (F; ;,=23.46,
P<0.001). Ventricle area was significantly greater in capsaicin-
treated rats at Bregma —1.60mm (F,,4=4.73, P<0.05).
Hippocampal area was significantly less in capsaicin-treated
rats at Bregma —3.60mm (F;;s=7.48, P<0.05). Corpus
callosum thickness at Bregma 1.20 mm was also significantly
less (Fy15=18.11, P<0.001). There was a significant effect of
gender for the corpus callosum thickness (Bregma 1.20 mm:
F115=9.94, P<0.01; Bregma —1.60mm: F,;,=12.99,
P<0.01). Bonferroni post-tests showed that the corpus
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Table 1 Effect of neonatal capsaicin treatment on behaviours of male and female rats during day and night 10-min

observation sessions at ages 23-26, 34-37 and 39-42 days

Age Capsaicin Vehicle
Male Female Male Female
Day Night Day Night Day Night Day Night
23-26 days
Locomotor  6.40+2.20 3.00+1.34 4.60+1.29 5.80+1.59 3.60+0.51 1.60+0.51 4.20+0.37 2.40+0.93
Climbing 15.40+6.27 6.40+4.48 11.20+4.58 19.00+7.87 24.20+4.21 3.80+1.24 1560+2.71 7.40+2.56
Rearing 10.40+2.16* 2.20+1.74 8.60+2.20 4.40+1.94 21.004+3.55 1.004+0.77 12.60+3.85 1.60+0.68
Stereotypy 9.80+2.75 5.80+3.28 2.60+1.60 3.20+0.73 4.80+1.16 1.80+1.11 4.004+1.18 2.004+1.05
34-37 days
Locomotor  8.00+1.14* 7.80+1.69 9.00+1.38*%*  3.20+1.36 1.404+0.75 1.40+0.51 3.204+0.58 4.60+1.60
Climbing 37.60+6.50%  24.40+5.61 41.60+6.34* 7.60+3.74 4.60+4.35 1.20+0.73  7.00+3.13 15.00+4.71
Rearing 13.8042.40**  9.40+3.64 12.80+4.76* 6.00+4.00 0.40+0.24 0.80+0.80 1.80+1.36 6.00+3.08
Stereotypy  11.00+3.36* 8.20+1.46 9.60+ 1.54* 4.80+1.53 0.40+0.25 1.80+0.20 1.80+1.11 1.004+0.45
39-42 days
Locomotor  9.20+1.80%* 9.60+1.72 9.00+1.05%  10.40+0.87 2.204+0.73  3.60+0.68 4.40+0.68 6.60+0.51
Climbing 37.80+9.84*  40.20+7.16% 39.80+3.17 38.40+5.46 5.60+1.89 15.00+4.02 15.40+4.32 26.60+1.63
Rearing 6.404+2.06 7.204+2.50 8.60+3.36 11.00+1.18 280+1.24 1.60+0.93 3.00+1.45 4.80+1.28
Stereotypy  21.40+5.16%* 12.20+3.51 9.00+1.58*%  16.80+3.65* 2.60+093 280+1.02 3.80+1.50 4.40+0.93

Values show mean+s.e.m. behaviour counts obtained from five rats. Asterisks show significant differences from vehicle control.

*¥*P<0.01; *P<0.05.
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Figure 4 Effect of haloperidol 1mgkg 's.c. on the behaviour of
male and female capsaicin- and vehicle-treated rats at age 3942
days observed over 10min. Histograms show mean+s.e.m. beha-
viour counts obtained from five rats. Solid histograms show data for
capsaicin-treated rats and cross-hatched histograms show data from
vehicle control rats. Asterisks show significant differences between
saline and haloperidol treatments. ***P<(.001; **P<0.01;
*P<0.05.

callosum thickness of male rats, rather than female rats, was
significantly affected by capsaicin treatment at both of these
brain levels (Bregma 1.20mm: P<0.01; Bregma —1.60 mm:

P<0.05). The width between the left and right cingulum was
not different at any brain level. The area of the cerebral
aqueduct (AQ) was significantly larger in capsaicin-treated rats
(F1,15=6.39, P<0.05) (Table 2).

Neuronal density

The mean results for neuronal density for each group of rats
for each of the six regions counted are shown in Figure 5. Two-
way analysis of variance showed that there was no significant
effect of gender on neuronal density in any of the brain areas
investigated. However, capsaicin treatment produced a sig-
nificant increase in neuronal density in the AC (F;;5=8.03,
P<0.05), SIJ (F,,6=8.13, P<0.01), M2 (F,;5=14.54,
P<0.01), Aul (F),6=15.56, P<0.01) and CPu (F; 4=5.96,
P <0.05), but not in the primary VIM. Although there was no
significant difference in neuronal density in the primary visual
cortex, there was a trend towards an increase in the female
animals. An overall increase of 17.54+6.6% was found in the
anterior cingulate, 16.5+6.0% in the primary somatosensory
cortex, 32.6+8.2% in the M2, 20.24+5.8% in the Aul and
20.1+8.9% in the CPu (s.e.m. of ratios calculated according to
the method of Motulsky, 1995). The neurons in the anterior
cingulate and motor cortex, in particular, appeared to be
bunched and arranged in beaded columns.

Discussion

In this study, neonatal capsaicin treatment of rats was used
to cause permanent destruction of a population of capsaicin-
sensitive primary afferent fibres, thereby presumably reducing
the somatosensory input into the brain for the life of the
animal. Although the possibility of a permanent effect of
neonatal capsaicin treatment on central TRPV1 receptors
cannot be excluded, it is considered unlikely in light of the
report that TRPV1 receptor mRNA expression was unaffected
in rat brain (Mezey et al., 2000). In the first weeks of life, the
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Table 2 Effect of neonatal capsaicin treatment on brain measurements of male and female rats

Capsaicin
Brain measurement Male Female
Cross-sectional area (mm?)
2.70 81.69+2.54 81.31+3.28
1.20 97.47+2.30 99.72+2.97
—1.60 119.6142.65 123.7443.43
—2.56 127.06+3.19 126.12+4.11
—3.60 125.30+3.72 123.54+4.81
—5.80 116.4144.31 110.7245.56
Cortical thickness (mm)
1.20 2.1540.07 2.06+0.06
—1.60 1.72+0.06 1.82+0.05
—2.56 1.55+0.07 1.5540.06
—3.60 1.40+0.04 1.50+0.04
—5.80 1.27+0.04 1.29+0.04
Ventricle area (mnr’)
1.20 0.5440.09 0.38+0.07
—1.60 0.9740.21 1.1540.17
—2.56 0.40+0.09 0.51+0.07
Hippocampal area (mm?)
—2.56 10.05+1.07 8.73+0.96
—3.60 12.494+1.20 10.59+1.08
Corpus callosum thickness (mm)
1.20 0.90+0.03% 0.88+0.02
—1.60 0.94+0.04% 0.83+0.03
—2.56 0.77+0.04 0.66+0.04
Corpus callosum width (mm)
1.20 3.36+0.09 3.43+0.08
—1.60 2.3240.10 2.50+0.09
—2.56 2.43+0.06 2.50+0.05
Aqueduct (mm?)
—5.80 0.18+0.02 0.15+0.02

Vehicle Significance of capsaicin treatment
Male Female
84.68+3.28  83.09+2.54
102.58 £2.97 103.51+£2.30 *
132.99+3.43 130.3942.65 *
126.27+4.11 132.25+3.19 *
139.65+4.81 135.68+3.72 ok
127.09+5.56  128.44+4.31 *
2.35+0.07 2.16+0.05 *
1.7940.06 1.7240.04
1.654+0.07 1.654+0.05
1.62+0.04 1.50+0.03 *
1.4140.04 1.40+0.03 o
0.47+0.08 0.32+0.07
0.82+0.18 0.58+0.17 *
0.53+0.08 0.52+0.07
8.86+0.96 7.83+£0.96
1497+1.08 13.96+1.08 *
1.0940.04 0.98+0.03 o
1.06+0.05 0.84+0.04
0.86+0.06 0.73+£0.04
3.4440.18 3.514+0.09
2.68+0.19 2.43+0.10
2.58+0.11 2.58+0.06
0.09+0.02 0.08 +£0.02 *

Brain levels are mm from Bregma (see text and Figure 1 for description of measurements). Values shown are means +s.e.m. obtained from
five rats. Asterisks show the overall significance of capsaicin treatment, ***P <0.001; **P<0.01; * P<0.05. Hatches show the significance
of capsaicin treatment on male rats for comparisons where there was a significant effect of gender, #*P<0.01; *P<0.05.

capsaicin-treated rats apparently developed normally and, at
5-7 weeks of age, they had body weights similar to those of
vehicle-treated rats. However, the male capsaicin-treated rats
had shorter tails, indicating that development, at least of male
rats, was slightly affected.

Shortly after weaning (23-26 days), the behaviour of
capsaicin-treated rats in a novel environment was similar to
that of vehicle controls. However, at 5 and 7 weeks of age,
capsaicin-treated rats were found to be more active in a novel
environment than vehicle control animals. There was no
gender difference in the effect of capsaicin treatment on
behaviour. In this study, the behaviour of rats was observed in
a novel environment for only 10 min, and thus no basal level of
activity was established. Therefore, the findings might indicate
either that the capsaicin-treated rats did not adapt as rapidly
to the novel environment as control rats, or that they had
a higher basal level of activity than controls. Long-term
behaviour monitoring would be required to distinguish
between these possibilities. Other aspects of behaviour were
not investigated in the present study. However, monitoring of
the social interactions of capsaicin-treated rats would clearly
be of interest.

The D, receptor antagonist, haloperidol, greatly reduced
the activity of all rats and abolished the hyperactivity of
capsaicin-treated rats, indicating that the general basal
activity of rats and the hyperactivity of capsaicin-treated
rats were mediated by dopaminergic activity. Hyperactivity
associated with increased dopaminergic activity has been
reported in several other animal models of schizophrenia,
such as the neonatal ventral hippocampal lesion model (Lipska
et al., 2003). However, hyperactivity is not a feature of
schizophrenia. Despite the long-standing dopaminergic
hypothesis of schizophrenia and the effectiveness of dopamine
receptor antagonists in treatment of psychosis, further work
is still required to determine the role of dopamine in
schizophrenia.

An important finding was that the male, but not female,
capsaicin-treated rats had significantly lower brain weights
than vehicle controls. Capsaicin-treated rats also had smaller
coronal section areas at several brain levels, thinner cortices,
larger LV and aqueduct areas, and smaller hippocampal area
than vehicle-treated animals, but there was no significant effect
of gender on these parameters. However, there was a
significant effect of gender on corpus callosum thickness, male
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Figure 5 Mean neuronal densities expressed as cells per um? in brain regions of male and female capsaicin- and vehicle-treated rats.
AC, anterior cingulate; SIJ, primary somatosensory cortex jaw region; M2, secondary motor cortex; Aul, primary auditory cortex;
VIM, primary visual cortex monocular; CPu, caudate putamen. Histograms show mean+s.e.m. behaviour counts obtained from
five rats. Single-hatched histograms show data from male rats and cross-hatched histograms data from female rats. Asterisks show

significant differences from vehicle control. **P<0.01; *P<0.05.

rats being more affected than female rats. The brain changes in
capsaicin-treated rats bear a strong resemblance to the changes
that have been reported in the brains of subjects with
schizophrenia (Shenton et al., 1992; Schlaepfer et al., 1994;
McCarley et al., 1999; Keshavan et al., 2002; McDonald et al.,
2002; Selemon et al., 2002).

It is noteworthy that, in the present study, male rats were
more affected by capsaicin treatment on a number of
parameters, including tail length, brain weight and corpus
callosum thickness, suggesting that intrinsic sensory depriva-
tion induced by capsaicin had a greater effect on male rats than
female rats. Several studies have demonstrated that the
number of male sufferers of schizophrenia is greater than
females. In a recent study on brain volumes, it was found that
increased ventricle size was predominately demonstrated only
in male sufferers of schizophrenia (McDonald ez al., 2002).

Elucidation of the mechanism of the gender difference in the
action of capsaicin might provide useful information on the
gender-specific aspects of neurodevelopment and their rele-
vance to schizophrenia.

Rats treated as neonates with capsaicin were found to have
significantly greater neuronal densities than control rats, in
the somatosensory cortex, motor cortex, Aul and CPu, but
not in the primary visual cortex. Interestingly, there was
no significant effect of gender on neuronal density. Since
nociceptive pathways ascend to the thalamus and thus to the
somatosensory cortex, the loss of capsaicin-sensitive primary
afferent neurons in rats treated as neonates with capsaicin
might be expected to result in reduced connectivity in the
somatosensory cortex. However, the changes seen in other
cortical areas and in the CPu are important observations that
require consideration.
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Each brain region is a complex of intrinsic and extrinsic
feedforward and feedback neural networks. Thus, changes in
sensory input might be expected to produce changes in the
cortical association areas, as well as the motor areas and the
basal ganglia, which receive glutamatergic projections from
the motor cortex. An interesting observation was that the
neurons in the anterior cingulate and motor cortex appeared
to be bunched and arranged in beaded columns. It is
noteworthy that mean cell-spacing abnormalities have recently
been reported in the neocortex of subjects with schizophrenia
(Casanova et al., 2005).

There have been several reports of aberrant processing of
somatosensory information at thalamic and cortical levels in
schizophrenia (Reite et al., 2003; Waberski et al., 2004).
Functional magnetic resonance imaging studies by Schroder
et al. (1999) have shown reduced sensorimotor cortex
activation during motor performance in subjects with schizo-
phrenia. In a study using cognitive-habit learning, Weickert
et al. (2002) concluded that the abnormality in schizophrenia
was in the cortical input in subjects with schizophrenia,
whereas the striatal circuitry was normal. However, no studies
on the neuronal density in the CPu of subjects with
schizophrenia have been reported.

The finding of a significant increase in cell density in the
Aul in capsaicin-treated rats is particularly noteworthy, since
it has been demonstrated that a deficit in somatosensory input
can effect changes in the auditory cortex. Auditory hallucina-
tions and thought disorder are cardinal symptoms of schizo-
phrenia, the severity of which have been correlated with
reductions in auditory cortex grey matter volume (Kasai et al.,
2003). Recently, anatomic evidence of pathology in the Aul of
subjects with schizophrenia has been reported. Sweet et al.
(2004) found a reduction in the mean pyramidal cell somal
volume in layer 3 neurons of the auditory cortex, consistent
with abnormalities in auditory feedforward projection neurons
in schizophrenia. Beasley et al. (2005) also found that neuronal
size was reduced in layer 3 of the planum temporale, an
auditory association region within the superior temporal
gyrus. Since pyramidal cell somal volume is correlated with
the extent of dendritic arborization and the number of
dendritic spines (Jacobs et al., 1997), it is tempting to speculate
that neuronal density might also be increased in the auditory
cortex in schizophrenia. However, Beasley ez al. (2005) did not
find increased neuronal density in the planum temporale. Both
neuronal density and neuron somal volume are indirect
indicators of the extent of dendritic arborization, and it is
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