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Capsaicin exhibits neuroprotective effects in a model of transient
global cerebral ischemia in Mongolian gerbils
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1 Capsaicin, the irritant principle of hot peppers, is a vanilloid agonist known to activate the
transient receptor potential channel vanilloid subfamily member 1 (VR1), recently reported to be
involved in neurodegeneration. The present study investigated the role of VR1 in a model of global
cerebral ischemia in gerbils.

2 Over the dose range tested, capsaicin (0.01, 0.025, 0.05, 0.2 and 0.6 mgkg™"), given 5min after
recirculation, dose-dependently antagonized the ischemia-induced electroencephalographic total
spectral power decrease and restored relative frequency band distribution evaluated 7 days after
ischemia.

3 Capsaicin, at all tested doses, fully prevented ischemia-induced hyperlocomotion evaluated 1 day
after ischemia.

4 Capsaicin dose-dependently antagonized ischemia-induced memory impairment evaluated in a
passive avoidance task, 3 days after ischemia.

5 Capsaicin showed a dose-dependent hypothermic effect evaluated for 2h after recirculation.

6 At 7 days after ischemia, a progressive survival of pyramidal cells in the CA1 subfield in capsaicin-
treated gerbils, with a maximum of 80%, at a dose of 0.2mgkg~', was obtained.

7 The selective VR1 antagonist, capsazepine (0.01 mgkg™"), reversed capsaicin-induced protective
effects, in a competitive manner.

8 These results suggest that the neuroprotective effect of capsaicin may be attributable, at least in
part, to VRI1 desensitization and provide a valuable target for development of interventional

pharmacological strategies.

British Journal of Pharmacology (2005) 144, 727-735. do0i:10.1038/sj.bjp.0706115

Published online 24 January 2005

Keywords: Capsaicin; vanilloid agonist; vanilloid antagonist; ischemia; EEG; memory; motor activity; rectal temperature;
CALl; neuroprotection
Abbreviations: ANOVA, analysis of variance; CPZ, capsazepine; EEG, electroencephalographam; TRPV1, transient receptor
potential channel vanilloid subfamily member 1; VR1, vanilloid receptor 1
Introduction

Capsaicin (N-(3-methoxy-4-hydroxy-benzyl)-8-methyl-6-trans-
nonenamide or N-vanillyl-8-methyl-6-trans-nonenamide), the
irritant principle of hot peppers, is a vanilloid agonist known
to activate the transient receptor potential channel vanilloid
subfamily member 1 (TRPV1), named vanilloid receptor 1
(VR1) (Gunthorpe et al., 2002; van der Stelt & Di Marzo,
2004) and to possess analgesic (Perkins & Campbell, 1992),
anti-inflammatory (Kim et «l, 2003) and hypolocomotor
effects (Di Marzo et al., 2001).

TRPV1 is believed to function as a molecular integrator of
noxious stimuli (Szallasi & Blumberg, 1999; Cortright &
Szallasi, 2004). However, the recent discovery in both human
and rat brains of TRPV1, where it is unlikely to be gated by
noxious stimuli, has suggested additional functional roles for
this channel (Sasamura & Kuraishi, 1999; Hayes et al., 2000;
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Mezey et al., 2000) in physiological processes such as satiety,
cognition and motor control (Szallasi et al., 1995). There is also
some evidence of involvement of TRPV1 in neurodegeneration:
(i) Pathological changes in brain temperature or pH, for
example after a severe stroke, may influence TRPVI1 activity
(Marinelli et al., 2002) suggesting an important role in events
occurring after ischemia (like modulation of glutamate release
and consequent activation of excitatory amino-acid receptors);
(i) TRPV1 is present in brain regions (hippocampus) that are
highly susceptible to neurodegenerative insults, suggesting that
this ion channel might contribute to the cellular processes
involved in neuronal death (Mezey et al., 2000); and (iii)
capsaicin and the vanilloid antagonist capsazepine (CPZ),
peripherally administered, have been shown to exhibit neuro-
protection against ouabain-induced excitotoxicity in rats
through a mechanism not fully identified (Veldhuis ez al., 2003).

In addition, TRPV1 can be activated by endogenously
generated compounds such as anandamide and lipoxygenase
products, which accumulate during brain injury (Marinelli
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et al., 2002). In this context, capsaicin has been shown to
stimulate the biosynthesis of endocannabinoids (Di Marzo
et al., 2001), which may afford neuroprotection.

In the current study, we investigated the possible neuropro-
tectant effect of capsaicin in vivo using a model of transient
global cerebral ischemia in the gerbil. Since capsaicin can be
tested only up to 1.0mgkg~' due to its toxic effects in vivo (Di
Marzo et al., 2001), we employed a wide range of doses (from
0.01 to 0.6 mgkg™") below 1 mgkg™'. To quantify the ischemic
damage, we measured, from 1h to 7 days after recirculation,
different parameters known to be hardly influenced by global
cerebral ischemia: electroencephalographic (EEG) spectral
power, spontaneous motor activity, memory function and
hippocampal CA1 neuronal count. We measured motor
activity on day 1, since ischemia-induced hyperlocomotion is
maximal 24 h after occlusion (Araki et al., 1986), memory
function on day 3 according to Sala ez al. (1997), and EEG
spectral power and neuronal counts on day 7 since EEG
decrease has been related to pronounced damage of neurons
on day 7 (Suzuki et al., 1983; Hunter et al., 1995; Peruche et al.,
1995). Rectal temperature was also monitored during the first
2 h after recirculation.

The role of TRPV1 was studied using the vanilloid
antagonist CPZ peripherally administered.

Methods
Animals

Male Mongolian gerbils (Meriones unguiculatus) (Charles
River, Calco, Como, Italy) weighing 60-80g were housed
singly in standard laboratory conditions: air-conditioned room
(22+2°C), 12-h light/12-h dark illumination cycle, free access
to food and water.

The gerbils were allowed to acclimatize themselves to the
environment for a period of 1 week prior to the surgical
implantation of cortical electrodes. All gerbils were submitted
to EEG electrodes implantation and then divided in different
groups on the basis of the treatment received. Each animal was
submitted to all tests.

All procedures were approved under Italian Governmental
decree No. 94/2000-A.

Surgical procedure

Gerbils were anesthetized with an intraperitoneal injection of
chloral hydrate (450mgkg~', Sigma, St Louis, MO, U.S.A.)
dissolved in saline and given at a volume of 9mlkg~'. Four
electrodes (Bilaney, Dusseldorf, Germany) for EEG recordings
were implanted, as described elsewhere (Sala et al., 1997), on
the right and left of the parieto-occipital cortex according to
the coordinates (anterior + 2, posterior —3, lateral 2, ventral
1.6 from bregma) of a brain atlas (Loskota et al., 1974). A
further electrode was inserted into the nasal bone as ground.
The five electrodes were connected to a pedestal (Bilaney,
Dusseldorf, Germany) and fixed with an acrylic cement
(Palavit, New Galetti & Rossi, Milan, Italy). After the chronic
implantation of the electrodes, 1 week was allowed for
recovery from surgery before experiments started.

EEG recording

Freely moving awake gerbils were acclimatized in a sound-
attenuated Faraday chamber and then their EEG was recorded
for 1h a day, for 3 days, to determine the basal total and
relative spectral power. Spectral powers between 0 and 25 Hz
(0.2-4.0Hz 6, 4.2-8.0Hz 0, 8.2-13Hz o, 13.2-25Hz f) were
evaluated using a resolution of 0.2Hz. The signals were
recorded on paper and processed for fast Fourier transform
spectral analysis. EEG recordings were also made during
ischemia and 7 days after. Each 1h spectral power was
calculated as the mean of six 1 min recordings taken at 10 min
intervals.

Cerebral ischemia

After basal EEG recordings, each gerbil was again lightly
anesthetized ~ with ~ 2,2,2-tribromoethanol (200 mgkg™,
10mlkg™"; Sigma Aldrich, St Louis, MO, U.S.A.). Body
temperature was kept at 37°C throughout surgery with a
heating lamp during 10-min ischemia, which was induced by
common carotid occlusion as previously described (Braida
et al., 2000). The ischemia was verified qualitatively on paper
by the complete flattening of the EEG. A group of animals
(sham-operated) was submitted to the same surgical procedure
except for carotid clamping.

Body temperature

The experiments were performed in the sound-attenuated
Faraday chamber. Controls, sham-operated and ischemic
gerbils were trained to the temperature measurements for 5
days before thermoregulator reactions were tested as described
by Sala et al. (1997). Briefly, after a 1-h acclimatization period
in the test room, maintained at 22°C, body temperature was
monitored with a rectal thermistor probe (PRA-22002-A,
Ellab, Roedovre, Denmark) inserted 3 cm into the colon. After
a 30-s equilibration period, the temperature was recorded to
the nearest 0.1°C on a CTD 85-M Thermometer (Ellab,
Roedovre, Denmark). During temperature measurements,
gerbils were unrestrained and were held gently by hand at
the base of the tail. Temperature was measured three times
(every 10 min) before induction of ischemia (basal) and again
at 30, 60, 90 and 120 min after recirculation.

Locomotor activity

Spontaneous motor activity was evaluated as previously
described (Braida et al., 2000) in an activity cage (43cm
long x 43cm wide x 32cm high; Ugo Basile, Varese, Italy)
placed in a sound-attenuating room. The cage was fitted with
two parallel horizontal infrared beams located 2cm from the
floor. Cumulative horizontal movement counts were recorded
for 30 min, every 5min, 1 day after ischemia.

Passive avoidance task

On the third day after ischemia, each gerbil was submitted to
the passive avoidance task. The apparatus (Ugo Basile, Varese,
Italy) consisted of a box divided by a guillotine door into two
compartments of the same size (22cm long x22cm
wide x 21 cm high) in which the floor had a grid of stainless
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steel rod. One compartment was lit with a 10 W electric bulb,
and the other compartment was dark. The step-through type
passive avoidance task was used as described by Katoh et al.
(1992), with some modifications. Adaptation was carried out
10 min before the training, and retention 1 day after the
training. For the adaptation, a gerbil was placed in the light
compartment, and allowed to explore both compartments by
leaving the guillotine door open for Smin. After 10min,
training started during which each gerbil was placed in the
light compartment and allowed to enter the dark. When the
gerbil entered the dark compartment, the door was auto-
matically closed and an unavoidable scrambled foot shock
(1.5mA) was delivered for 5s. Each gerbil was then allowed to
stay there for 10s. The procedure was immediately repeated
twice. For the retention test, gerbils were placed in the light
compartment and the latency to re-enter the dark compart-
ment was recorded up to a maximum of 180s.

Histology

At 7 days after the ischemic injury, all the gerbils were
anesthetized with an overdose of chloral hydrate 5% and
transcardially perfused with 4% paraformaldehyde (Sigma
Aldrich, St Louis, MO, U.S.A.) for the histological determina-
tion as previously described (Braida et al., 2003). Then, brains
were removed and placed in the same fixative overnight.
Brains were embedded in paraffin wax. Five serial 5-um
coronal hippocampal sections at 1.5, 1.7 and 1.9 mm caudal to
bregma were cut using a microtome (Leica, Mod. RM2125RT,
Solms, Germany) and stained with cresyl violet (Sigma
Aldrich, St Louis, MO, U.S.A.). Neurons with a normal
appearance in the pyramidal cell layer of the CA1 sector were
counted blind (from coded slides) in each section for each
group.

Treatment

Gerbils submitted to ischemia were divided in 12 groups of
five animals each, receiving s.c. vehicle+ vehicle, vehi-
cle + capsaicin (0.01, 0.025, 0.05, 0.2 and 0.6mgkg™") (Tocris
Cookson Ltd, U.K.), CPZ (0.0l mgkg™") (Tocris Cookson
Ltd, U.K.) + vehicle and CPZ (0.01 mgkg™") + capsaicin (0.01,
0.025, 0.05, 0.2 and 0.6 mgkg™"). Capsaicin was injected 5min
after recirculation, while CPZ was given 15min before carotid
occlusion. Vehicle was given 5Smin after or 15min before
ischemia. Both drugs were dissolved in an appropriate vehicle
(Tween 80, ethanol, saline, 1:1:8) and injected in a volume of
10mlkg~"'. A further group, sham-operated, received the same
volume of vehicle.

Statistical analysis

Results were presented as mean+s.e.m. Total EEG spectral
data were expressed as mean of the percent difference vs
preischemic value while relative power was expressed as
percent of total. For the temperature results, data were
expressed as the means of °C deviation from the baseline.
EEG, motor activity, latency time and neuronal count were
analyzed by one-way analysis of variance (ANOVA) for
multiple comparisons, followed by Tukey’s test. Temperature
data were analyzed by repeated measures analysis of variance
(two-way ANOVA) with drug treatment as a between-subjects

factor and time as a within-subjects factor. The post hoc
individual comparisons were performed with Bonferroni’s test
or Student’s z-test. The accepted level was P<0.05. All
statistical analyses were performed using software Prism
version 4 (GraphPad, U.S.A.).

Results

The physiological parameters, such as food and water
consumption and body weight, were stable throughout the
study in all groups (data not shown).

EEG

A quantitative EEG analysis of gerbils treated with increasing
doses of capsaicin is given in Figure 1, in which significant
between-group differences were observed in terms of percent
vs preischemic value of mean total spectral power
(Fa1.48=32.913, P<0.0001, ANOVA), evaluated on day 7.
Post hoc analysis showed that, in comparison with sham-
operated values, the vehicle group had a decrease of EEG
power of about 80%. Increasing doses of capsaicin progres-
sively antagonized the ischemia-induced EEG flattening. At
higher doses (0.2 and 0.6mgkg™'), a complete recovery was
obtained. CPZ per se (0.01 mgkg™") did not induce any change
in comparison with the vehicle group (data not shown). Thus,
this dose was chosen to study a possible antagonism.
Pretreatment with CPZ only partially antagonized the
protective effect observed with capsaicin alone at the doses
of 0.2 and 0.6 mgkg™".

There was a drug treatment effect in the relative distribution
of power over frequency bands, except for f (F(i2.s, = 164.00,
P<0.0001, ANOVA for 0) (F(1252=93.26, P<0.0001, ANO-
VA for 0) (Faasy=74.19, P<0.0001, ANOVA for a)
(F2:52=0.96, NS, ANOVA for f) calculated 7 days after
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Figure 1 Cortically derived EEG total spectral power evaluated as
the difference (A%) from the preischemic value in freely moving
awake gerbils given increasing doses (mgkg™') of capsaicin 5min
after recirculation either singly or in combination with CPZ at a
dose of 0.01 mgkg™" administered s.c. 15 min before bilateral carotid
occlusion. Veh=vehicle. Each column represents the mean
(+s.e.m.) of five animals. *P<0.001 compared with sham;*P<0.001
compared with capsaicin 0.2 and 0.6; “P<0.001 compared with
vehicle; “P<0.05, °P<0.001 in comparison with CPZ + capsaicin
(one-way ANOVA followed by Tukey’s test).
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Table 1 Effect of capsaicin and CPZ on spectral power distribution evaluated 7 days after ischemia, in gerbils

Drug (dose (mgkg™' s.c.)) 3 (0.2-4.0Hz)
Sham 45+3.0
Vehicle® 62 +2.0%**
Capsaicin (0.01)° 654 1.9%%*
Capsaicin (0.025)° 584 1.2%%x*
Capsaicin (0.05)° 50+ 1.6%*
Capsaicin (0.2)° 38+3.05%
Capsaicin (0.6)° 4042.0%%
CPZ (0.01) 634 1.0%%*
CPZ (0.01) + capsaicin (0.01) 624 1.0%%*
CPZ (0.01)° + capsaicin (0.025) 62+ 1.5%**

60 + 2.k HHHH#
58 I 1.5***###
50 £ 1.0**###

CPZ (0.01)° + capsaicin (0.05)
CPZ (0.01)°+ capsaicin (0.2)
CPZ (0.01)°+ capsaicin (0.6)

0 (4.2-8.0Hz) o (8.2-13Hz) B (13.2-25Hz)
44420 10+0.4 1.040.3
3242.0%% 541,75 1.0+0.6
3040.8%* 440.5%* 1.0+0.22
334 1.6%* 8+0.9 1.040.3
39+ 1.2% 10+0.9° 1.0+0.3
4943.0% 1340.8° 1.040.3
4841.0% 1140.8 1.5+0.4
3142.5% S+ 1.5%* 1.040.5
314 1.0% 240.3%* 1.0+0.2
3042.0%* 740.9% 1.0+0.4
3242.0%%# 7+1.0% 1.0+0.2
30+ 1.GHH 1140.65 1.0+0.2
37401544 124108 1.040.3

“*Vehicle was given 15 min before carotid occlusion or Smin after recirculation.

®Capsaicin was administered s.c. 5min after recirculation.
°CPZ was injected s.c. 15min before carotid occlusion.

Each value represents mean (+s.e.m.) of five animals. CPZ =capsazepine. *P< 0.05, **P<0.01, ***P<0.001 compared with sham-
operated group; $P<0.05, 3P <0.01, ***P<0.001 compared with the vehicle group and CPZ alone; P <0.05, ##P <0.001 compared with

capsaicin alone, same dose (ANOVA followed by Tukey’s test).

recirculation. Post hoc analyses revealed that ischemia
significantly increased the relative EEG power density in the
J, 0 and o frequency band in the vehicle-treated group
(Table 1). Increasing doses of capsaicin progressively restored
the power density distribution. No differences were found
between vehicle- and CPZ-alone-treated gerbils, while the
antagonist significantly reversed the protective effect of
capsaicin starting from the dose 0.05mgkg™' shown for §
and 6 bands.

Spontaneous locomotor activity

Significant between-group modifications in spontaneous loco-
motor activity were found (F(;; 45y=23.638, P<0.0001, ANO-
VA ) (Figure 2). As expected, the vehicle group showed an
increase of motility in comparison to the sham-operated group
(Tukey’s test). The post hoc Tukey’s test showed that capsaicin
completely antagonized ischemia-induced hyperlocomotion at
all tested doses. CPZ (0.01 mgkg™"), which per se did not affect
ischemia-induced hyperlocomotion (data not shown), reversed
the protective effect of capsaicin at doses of 0.01 and
0.025mgkg™" (Tukey’s test) but it failed to block the
protective effect of capsaicin shown at higher doses.

Passive avoidance

The mean latency time revealed a significant difference
between groups (F(;45=35.22, P<0.000l, ANOVA)
(Figure 3). Post hoc analyses revealed that vehicle-treated
gerbils exhibited a significant impairment as shown by the
decrease of mean escape latency in comparison with the sham-
operated group. In the range of doses between 0.01 and
0.2mgkg™", capsaicin produced a progressive increase of the
latency. No effect was observed with the highest dose. When
CPZ was given in combination with increasing doses of
capsaicin, a complete antagonism was obtained (Tukey’s test).
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Figure 2 Effect of increasing doses (mgkg™") of capsaicin given s.c.
5min after recirculation either singly or in combination with CPZ at
a dose of 0.0l mgkg™' administered s.c. 15min before bilateral
carotid occlusion on spontaneous motor activity evaluated for
30min, 1 day after ischemia in gerbils. Veh = vehicle. Each column
represents the total number of horizontal counts (mean +s.e.m.) of
five animals. *P<0.001 compared with sham; °P<0.001 compared
with corresponding capsaicin alone; “P<0.01, ‘P <0.001 compared
with vehicle (one-way ANOVA followed by Tukey’s test).

CPZ alone did not modify the ischemia-induced mean escape
latency (data not shown).

Body temperature

A repeated measures ANOVA revealed a significant dose
(Fa1.144y=55.62, P<0.0001, ANOVA), time (F 3 144y = 622.60,
P<0.0001, ANOVA) and interaction effect (F 33 144)=55.62,
P<0.0001, ANOVA) of rectal temperature between groups
evaluated at 30, 60, 90 and 120min after recirculation
(Figure 4). Post hoc test revealed a nonsignificant decrease of
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body temperature in both sham-operated and vehicle-treated
groups at all tested intervals. Increasing doses of capsaicin
progressively decreased the mean rectal temperature at 30 min.
At 60 min, a hypothermic effect was still present for capsaicin
0.2 and 0.6, while at 90 min this effect was shown only for the
highest dose. No significant hypothermic effect at 120 min was
observed. Pretreatment with CPZ, which per se did not affect
this parameter (data not shown), completely antagonized
capsaicin-induced hypothermic effect in the range between
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Figure 3 Escape latency evaluated in the passive avoidance task 3
days after ischemia. Increasing doses (mgkg™') of capsaicin were
given s.c. Smin after recirculation either singly or in combination
with CPZ at a dose of 0.0l mgkg™"' administered s.c. 15 min before
bilateral carotid occlusion. Veh = vehicle. Each column represents
the mean (+s.e.m.) of five animals. *P<0.01, ®P<0.001 compared
with sham; °P<0.001 compared with corresponding capsaicin alone;
4P<0.001 compared with vehicle (one-way ANOVA followed by
Tukey’s test).

0.025 and 0.2mgkg™". The effect produced by the highest dose
of capsaicin was reversed by CPZ starting from 60 min.

Histology

Histological examination of the hippocampus at 7 days after
recirculation following 10min of occlusion showed severe
alteration in the CA1 region (Figure 5b) in comparison to the
sham-operated animals (Figure 5a). Most of the pyramidal
cells were darkly stained and shrunken. Increasing doses of
capsaicin led to a progressive survival of neurons (data not
shown), except for the highest (0.6 mgkg~"). Maximal protec-
tion was obtained with capsaicin at 0.2mgkg™" (Figure 5c).
Pretreatment with CPZ significantly antagonized capsaicin-
induced neuroprotective effect (Figure 5d). ANOVA revealed
a significant difference in the number of survived neurons in
the CALl region (F(;3,=45.89, P<0.0001) (Figure 6). There
was a mean loss of 80% of neuronal cells in vehicle-treated
gerbils in comparison with the sham-operated group. A
progressive survival in the animals given increasing doses of
capsaicin compared to the vehicle group was obtained in the
range of doses between 0.02 and 0.2mgkg~',with a peak of
75%.

Discussion

We report here a full protection afforded by the VR1 agonist
capsaicin on global cerebral ischemia in the gerbil. The
neuroprotection was quantified in terms of complete recovery
of total and relative spectral power, spontaneous motor
activity, memory function and hippocampal CAl neuronal
density. These parameters are known to be affected by global
cerebral ischemia as previously reported (Suzuki et al., 1983;
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+ VEH + CPZ

Figure 4 Effect of increasing doses (mgkg™") of capsaicin given s.c. 5min after recirculation either singly or in combination with
CPZ at a dose of 0.0l mgkg ' administered s.c. 15min before bilateral carotid occlusion on changes from baseline in rectal
temperature. Veh = vehicle. Rectal temperatures were measured starting from 5 min after recirculation. Each column represents the
mean (+s.e.m.) of five gerbils. *P<0.05, ®P<0.01, “P<0.001 compared with sham; “P<0.001 compared with corresponding

capsaicin alone (two-way ANOVA followed by Bonferroni’s test).
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Figure 5 Photomicrographs of the hippocampal CAl region
of gerbils with or without 10-min ischemia, evaluated 7 days
after ischemia. (a) Sham-operated animal. (b) Ischemic animal
treated with vehicle Smin after recirculation. (c) Ischemic animal
treated with capsaicin (0.2mgkg~') Smin after recirculation.
(d) Ischemic animal treated with CPZ (0.01 mgkg™') and capsaicin.
Bar =50 ym.
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Figure 6 Effect of increasing doses of capsaicin (mgkg™') on
neuronal count evaluated 7 days after recirculation in the CAl
region of the hippocampus of sham-operated or ischemic gerbils.
Capsaicin was given s.c. 5min after recirculation. For the antagon-
ism, capsaicin (0.2 mgkg~") was given in combination with CPZ at a
dose of 0.01mgkg™' given s.c. 15min before bilateral carotid
occlusion. Each column represents the mean (+s.e.m.) of five
hippocampal sections from the same coronal plane for each animal.
n=>5 for each group. *P<0.05, °P<0.001 compared with sham;
°P<0.05, ‘P<0.01, °P<0.001 compared with vehicle; "P<0.001
compared with capsaicin alone (one-way ANOVA followed by
Tukey’s test).

Araki et al., 1986; Hunter et al., 1995; Peruche et al., 1995; Sala
et al., 1997). In addition, both cognitive and sensorimotor
deficits can be found in some human pathologies such as heart
attack and coronary artery bypass surgery (Hunter et al.,
1998). Furthermore, the histopathology seen in the gerbil is
similar to that observed in the hippocampal CA, region of
human brain following cardiac arrest (Hunter et al., 1995).
Capsaicin prevented all these mentioned neuropathological
consequences of ischemia, suggesting its therapeutic potential.

For all behavioral parameters, a dose-dependent effect was
obtained except for spontaneous motor activity, as capsaicin
completely reduced ischemia-induced hyperlocomotion, at all
tested doses. We can suggest that, even if tested on day 1 after
treatment, capsaicin per se might exhibit hypolocomotor
activity by increasing biosynthesis and release of anandamide,
as previously found in rats by Di Marzo et al. (2001), using a
similar range of doses.

Severe interference with cerebral blood flow has a pro-
nounced effect on electrical activity, which is reflected in EEG
flattening. The decrease in EEG spectral power observed 7
days after ischemia has been related to a severe neuronal
damage (delayed death), since the cells are replaced by
astrocytes in the hippocampal CA1 subfield (Peruche et al.,
1995). The protection induced by capsaicin indicates that the
compound may contrast the cascade of pathological events
that lead to neuronal death. The hippocampus is a preferred
area for global ischemia-induced damage and the CA1 sector is
the most selectively vulnerable to the reduced cerebral blood
flow (Schmidt-Kastner & Freund, 1991). The survival of CA1
neurons obtained 7 days after ischemia with capsaicin
(0.2mgkg™") may account for the protection against EEG
flattening in capsaicin-treated gerbils.

Results obtained from the EEG power spectral analysis
indicate changes in the relative spectral composition of vehicle
ischemic gerbils. There was a shift toward the lower frequency
band, causing an increase in the relative power of the ¢ band.
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The increase in relative power of this frequency band is
considered a sign of synchronization of neuronal activity
(Frigeni et al., 2004). The increase was associated with a
decrease in relative power of the 0 and o frequency bands.
Comparable EEG alterations have been reported for different
kinds of focal brain ischemia and different animals species
(Gloor et al., 1977, Hossmann & Schuier, 1980; Kataoka et al.,
1987). Following treatment with capsaicin, as opposed to
vehicle treatment, there was a significant recovery of spectral
power distribution toward basal values, suggesting the
presence of recovering neuronal activity.

Capsaicin promoted an important protection against motor
hyperactivity. This paradoxical behavior may indicate a
reduction of the ischemic animal’s ability to form spatial
maps (O’Neill & Clemens, 2000) because of the loss of CAl
neurons. These findings are further sustained by memory
results. Capsaicin prevented ischemia-induced impairment of
memory retention as shown by the longer mean escape latency,
in comparison to vehicle-treated ischemic gerbils. It is widely
reported that a brief period of cerebral ischemia induces
neurological dysfunction in laboratory animals, which is
reflected in the deterioration of memory function due to a
more vulnerability of CA1 pyramidal cells (LaPoncin-Lafitte
et al., 1981; Kiyota et al., 1985).

The protective effect of capsaicin was accompanied by a
clear dose-dependent hypothermic effect. Presently, postis-
chemic hypothermia provides the best long-term functional
and histological protection after global ischemia (Freund et al.,
1990; Colbourne & Corbett, 1995; Colbourne et al., 1999b;
Hickey et al., 2000). For instance, prolonged mild hypothermia
persistently reduces CA1l zone delayed neuronal death even
when cooling begins up to 12 h postischemia (Colbourne et al.,
1999a). Hypothermia-induced improvement in postischemic
functional recovery has been recently demonstrated, which
correlated with decreased production of ascorbyl radicals,
considered as a marker of oxidative stress either in vitro or in
vivo (Sharma et al., 1994; Vergely et al., 1998) and in isolated
rat heart model (Gambert et al., 2004). Capsaicin given s.c.
from 0.1 to Smgkg ' has been reported to cause a fall of body
temperature in several animal species (Sasamura & Kuraishi,
1999), acting directly on thermoregulatory neurons of the
hypothalamus (Kobayashi et al., 1998; Osaka et al., 2000). Our
data suggest that VR1 is required for the hypothermic effect in
agreement with Caterina et al. (2000) who found no decrease in
body temperature in VR1—/— mice when compared with wild-
type mice. However, no antagonism on rectal temperature with
CPZ (30mgkg™') pretreatment in mice given capsaicin
(0.3mgkg™") i.v. (Di Marzo et al., 2000) was observed. The
different animal species, route of administration, doses and
experimental protocol used in the present study probably
account for this discrepancy.

The protective effect of capsaicin is supported by previous
findings in which the VRI1 agonist, given i.p. at a dose of
I mgkg™', led to neuroprotection against ouabain-induced in
vivo excitotoxicity in Wistar rats (Veldhuis er al., 2003). The
proposed mechanism suggested by the authors was a VRI
desensitization or endocannabinoids biosynthesis stimulation.

In our ischemic model, pretreatment with CPZ, at a dose
that per se was ineffective, reversed, in a competitive manner,
total spectral power, behavioral correlates and body tempera-
ture, suggesting that the protective effect of capsaicin was VR1
mediated.

The mechanism by which capsaicin exhibits its protective
effect is still unclear. However, it has been reported that during
brain injury, N-acyl-ethanolamines (including anandamide) and
other membrane breakdown products accumulate in the brain
(Hansen et al., 2002). These compounds activate VR1 with
subsequent Ca>* influx (Szallasi & Blumberg, 1999), glutamate
release (Marinelli et al., 2002) and substantial contribution to
neuronal excitotoxicity (apoptosis) (Maccarrone et al., 2000;
Hail, 2003). Conversely, exogenous compounds capable of
quickly desensitizing VRI1, such as capsaicin, might exert
neuroprotective action by preventing VRI1 activation by
endogenous stimuli. In this respect, pretreatment with CPZ
may prevent VR1 desensitization. A block of capsaicin-induced
desensitization has been reported to occur also centrally (Hajos
et al., 1987). It can be argued that a simple dose of capsaicin
(0.2mgkg") may not be enough to produce vanilloid receptor
desensitization. It is well documented that anandamide binds
with great affinity to cannabinoid receptor type 1 (CB1) leading
to a neuroprotection, most likely via a dominant presynaptic
inhibition of glutamate release (Shen & Thayer, 1998;
Nagayama et al., 1999; Sinor et al., 2000). In addition, a great
amount of the endovanilloid ligand anandamide accumulates
considerably in response to ischemia (Hansen er al., 2002),
which causes a homologous desensitization of the capsaicin-
induced response and vice versa in human VR1-transfected cells
(Smart et al., 2000). Thus, an additive effect of capsaicin and
anadamide in producing a massive increase of Ca®", leading to
desensitization, can be hypothesized.

The antagonism obtained with CPZ does not agree with the
findings of Ray et al. (2003), who found that CPZ per se
protected against cell death in an oxygen glucose deprivation
model of organotypic hippocampus slices culture derived from
both VR1 knockout and wild-type mice, via a non-VRI-
mediated mechanism. In addition, a high dose of CPZ
(10mgkg™") led to neuroprotection as previously reported in
an in vivo rat model of excitotoxicity (Veldhuis ez al., 2003).
The low dose and the different model of injury used in the
present study probably account for this discrepancy. Experi-
ments are in progress to verify if higher doses of CPZ lead to
neuroprotection in our model. A possible explanation for the
lack of a protective effect of CPZ may be the presence in the
central nervous system of an as yet undefined CB,/VR,
receptor, as already suggested by different authors (Brooks
et al., 2002; Hajos & Freund, 2002; Veldhuis et al., 2003),
sensitive to capsaicin and CPZ at a very low dose, which might
play a role in neuroprotection.

It is widely reported that large increases in Ca’" influx
during and following brain ischemia contribute to both acute
and delayed neuronal death. On the other hand, moderate
increase in Ca®" influx may activate cell survival programs
and promote resistance to hypoxia or ischemia, increasing the
antiapoptotic protein, protein kinase B, and the MAP kinase
ERK levels. It has been recently reported that calcimycin or
ionomycin Ca®* preconditioning greatly reduced cell death in
CA1-CA3 and dentate neurons following 7 days after
simulated ischemia induced by oxygen and glucose deprivation
(Bickler & Fahlman, 2004). It can be argued that our single
dose of capsaicin moderately increased Ca®" influx that served
as potent preconditioning stimulus via VRI1 activation,
inducing a tolerance of subsequent larger elevation in Ca**
influx. However, since capsaicin was given after recirculation,
it is unlikely that it worked as preconditioning stimulus.
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Since cytotoxic and vasogenic edema appears during
and after bilateral carotid occlusion in gerbils (Hakamata
et al, 1997), we cannot exclude the possibility that
other mechanisms may have contributed to the protection
afforded by capsaicin. For example, capsaicin has potent
anti-inflammatory properties by inhibiting the activity of
cyclooxygenase-2 and the expression of inducible nitric oxide
synthase protein in lipopolysaccharide-stimulated murine
peritoneal macrophages (Kim et al., 2003) and in vivo via
inhibition of nuclear factor-kB, a transcription factor
essentially involved in reactive oxygen species-induced
apoptosis (Sancho et al., 2002), through a mechanism
not VR1 mediated. Furthermore, the possibility that capsai-
cin’s neuroprotection could involve a release of neuropeptides
from sensory neurons cannot be ruled out. A number of
studies have shown that capsaicin-induced desensitization
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