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receptors in the rat hippocampal slice
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Abstract

We have previously reported that the synthetic cannabinoid receptor agonist WIN55,212-2 causes a selective reduction in paired-
pulse depression of population spikes in the CA1 region of the rat hippocampal slice. This effect is consistent with the observation
that activation of cannabinoid receptors inhibits GABA release in the hippocampus. We have now investigated the actions of the
putative endogenous cannabinoids 2-arachidonoyl-glycerol (2-AG) and anandamide in this system. 2-AG mimicked the effect of
WIN55,212-2 by selectively reducing paired-pulse depression at concentrations ofil-38 contrast, anandamide caused a
selective increase in paired-pulse depression at concentrations ofili4-3bhis effect was mimicked by the vanilloid receptor
agonists capsaicin and resiniferatoxin, and blocked by the vanilloid receptor antagonist capsazepine, but not by the cannabinoid
receptor antagonist AM281. These results are the first to demonstrate a clear functional vanilloid receptor-mediated effect in the
hippocampus, and further, that anandamide but not 2-AG acts at these receptors to increase paired-pulse depression of populatior
spikes.O 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction and Di Marzo, 2000). In support of this, VR1 located
on sensory neurones has been reported to mediate the
Capsaicin, the pungent extract of hot chilli peppers, vasodilator effect of anandamide (Zygmunt et al., 1999),
excites a subset of primary afferent neurones by bindingand anandamide was shown to activate VR1-mediated
to vanilloid receptors (Szallasi and Blumberg, 1999). responses in rat dorsal root ganglion cells (Smart et al.,
The receptor has been cloned (VR1) and it forms & Ca 2000) and in host cells expressing cloned rat (Zygmunt
permeable ion channel that can be gated by reduced pHet al., 1999; Ross et al., 2001) or human VR1 (Smart et
and high temperature (Caterina et al., 1997). VR1 is al., 2000).
present in a subset of dorsal root ganglion neurones that Whether VR1 is present in the brain is somewhat con-
give rise predominantly to C-fibres, consistent with its troversial. Northern blot analysis originally suggested
proposed role in nociception (Guo et al., 1999). Damag- that VR1 mRNA was absent from brain tissue (Caterina
ing stimuli such as low pH and high temperature have et al., 1997) but subsequent PCR based strategies have
been considered as ‘endogenous agonists’ of VR1, butshown that VR1 mRNA is present (Sasamura et al.,
whether a true endogenous ligand also exists is still a1998; Mezey et al., 2000) and is especially high in the
matter of debate (Piomelli, 2000). One candidate is the CA1 and CA3 regions of the hippocampus (Mezey et al.,
putative endogenous cannabinoid anandamide (Zygmunt2000). Similarly, initial autoradiographic studies using
et al., 1999), which shows considerable structural simi- [*H]resiniferatoxin failed to detect specific binding sites
larity to other VR1 ligands such as capsaicin (Szallasi in the central nervous system (Acs et al., 1994; Szallasi
et al., 1995), but a modified technique later showed sig-
nificant specific 3[H]resiniferatoxin binding in both rat
* Corresponding author. Tel.+44-1224-273086; fax+ad-1224- ~ and human brain (Acs et al,, 1996). Most recently,
273019. immunoreactivity for antibodies raised against the N and
E-mail address: s.n.davies@abdn.ac.uk (S.N. Davies). C termini of VR1 has been reported in many areas of
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the brain, including the hippocampus (Mezey et 4.,
2000). The evidence regarding any functional effects
mediated by central VR1 receptors is no less clear cut.
Microinjection of capsaicin into the hypothalamus or
substantia nigra causes, respectively, a dose-dependent
fall in temperature (Jansco-Gabor et al., 1970) or an
increase in motor activity (Dawbarn et a., 1981), and
systemically administered capsaicin is reported to
increase the firing rate of neurones in the locus coeruleus
(Hajos et a., 1987). However, the lack of any suitable
vanilloid receptor antagonist at the time of these experi-
ments leaves open the possibility that these responses
may have been a product of non-specific effects such as
membrane perturbation (Aranda et a., 1995; Feigin et
al., 1995). A notable more recent exception is therefore
the demonstration that capsaicin triggers release of gluta-
mate from hypothalamic tissue dices in a capsazepine-
sensitive manner (Sasamura, 1998).

We have previously reported that while the synthetic
cannabinoid receptor (CB) agonist WIN5S5,212-2 has no
effect on a single population spike evoked in the CAl
region of the adult rat hippocampal dlice, it does cause
a powerful reduction in the paired-pulse depression of a
second population spike evoked at short interpulse inter-
vals after the first (Paton et al., 1998; Al-Hayani and
Davies, 2000). This probably reflects areduction in feed-
back inhibition (Knowles and Schwartzkroin, 1981)
caused by a selective inhibition of GABA release
(Katona et a., 1999; Hoffman and Lupicia, 2000). In the
following experiments, we have examined the actions of
the putative endogenous cannabinoids, anandamide and
2-arachidonoyl-glycerol (2-AG), and compared these
with the effects of the vanilloid receptor agonists, cap-
saicin and resiniferatoxin.

2. Methods

Young adult Sprague Dawley rats (aged 4-6 weeks)
were decapitated under deep halothane anaesthesia and
the brain was rapidly removed into ice cold artificial cer-
ebrospinal fluid (ACSF). The hippocampi were dissected
out and 400 um thick transverse slices were cut using a
Mcllwain tissue chopper. Slices were stored in a holding
chamber at room temperature before being transferred as
required to an interface type recording chamber which
was continuously perfused with ACSF at a rate of
1.5ml/min and a temperature of 29-30°C. The ACSF
contained (in mM): NaCl 124, KCl 3, NaHCO; 26,
NaH,PO, 1.25, p-glucose 10, MgSO, 1 and CaCl, 2,
and was continuously bubbled with 95%0,-5%CO,. A
glass extracellular recording electrode was placed in
stratum pyramidale of the CA1 region to record popu-
lation spikes evoked by a stimulating electrode placed
in stratum radiatum at the CA1-CA3 border. Stimulus
strength was always set to elicit a population spike of

approximately haf the maximum amplitude. Paired-
pulse stimulation at interpulse intervals between 5 and
200 ms was used in order to identify effects on both the
amplitude of the first population spike (PS1), and the
extent of paired-pulse depression of the second popu-
lation spike (PS2). Anandamide, capsaicin, and AM281
were obtained from Tocris (UK); 2-AG and capsazepine
from Sigma-Aldrich (UK); resiniferatoxin from Semat
International Ltd (UK). All drugs were applied by
addition to the perfusion medium. Anandamide was sup-
plied as a soluble emulsion and was dispersed directly
into the perfusion medium. All other drugs were dis-
persed using either DM SO or Tween 80. Control experi-
ments using Tween 80, DMSO or the oil used to make
the anandamide emulsion at equivalent concentrations to
those used in the experiments, all showed no effect on
the synaptic responses. All statistical tests were made
using Student’s paired t-test where P<<0.05 was con-
sidered significant.

3. Results

Paired-pulse stimulation at interpulse intervals
between 5 and 200 ms resulted in a powerful inhibition
of PS2 which usually persisted up to the 40 ms interpulse
interval, and at longer intervals, a paired-pulse facili-
tation. Perfusion of the putative endogenous cannabinoid
anandamide for 20 min at concentrations of 1, 10 and
30 uM had no effect on the amplitude of PS1 but caused
a concentration-dependent decrease in the amplitude of
PS2, i.e. the extent of paired-pulse depression was
increased. This effect was most evident at interpulse
intervals between 15 and 50ms (using the 20 ms
interpulseinterval, 10 uM anandamide caused the ampli-
tude of PS2 to fall from 53+10 to 31+6% of PS1, n=6,
Fig. 1(@—(c)). This effect is in contrast to the synthetic
cannabinoid receptor agonist WIN55,212-2 which, in
dlices prepared from adult rats, also has no effect on
PS1 but causes the amplitude of PS2 to increase, thus
decreasing the extent of paired-pulse depression (Paton
et a., 1998; Al-Hayani and Davies, 2000). The effect of
anandamide on PS2 dtill persisted after perfusion of the
CB, receptor antagonist AM281 (500 nM) (using the
20 ms interpulse interval, after treatment with AM281,
perfusion of 30 UM anandamide caused the amplitude of
PS2 to fall from 51+5 to 26:6% of PS1, n=4, Fig. 1(d)).
In contrast, perfusion of the VR antagonist capsazepine
(10 uM) prior to application of anandamide totally
blocked the effect of subsequently applied anandamide
on PS2 (using the 20 ms interpulse interval, PS2 was
71+3% of PS1 in 10 uM anandamide plus 10 UM capsa-
zepine, compared to 65+4% of PS1 before drug adminis-
tration, n=4, Fig. 1(d) and (e)). It is noteworthy that after
blockade of vanilloid receptors with capsazepine, the
effect of anandamide was more cannabinoid-like, in that
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Fig. 1. Anandamide decreases PS2 amplitude in the hippocampal
dlice and this is blocked by capsazepine but not by AM281. (a)
Example synaptic responses recorded from a single slice stimulated
with paired pulses at an interpulse interval of 20 ms. The response on
the left was recorded under control conditions whereas the response
on the right was recorded after perfusion of 10 uM anandamide for
20 min. Note no change in PS1, but a reduction in the amplitude of
PS2. The scale bar represents 10 msand 2 mV. (b) Slices were continu-
ally stimulated with paired pulses at an interpulse interval of 20 ms to
illustrate the time course of action of 10 uM anandamide, perfused for
the period indicated by the bar, on PS1 (circles) and on PS2 (triangles).
Points represent meantstandard error, n=6. (c) The effect of 10 uM
anandamide on the full range of interpulse intervals as recorded from
the same dlices at the start (open bars) and end (filled bars) of the
period is illustrated in (b). In this, and in similar figures, * indicates
a significant difference from control at that specific interpulse interval.
(d) Histograms represent the change in PS2 amplitude evoked by 1,
10, and 30 uM anandamide, and by 10 uM anandamide after treatment
with 500nM AM281 or 10 UM capsazepine. (€) Example synaptic
responses show, from left to right, recordings from a single slice under
control conditions, in the presence of 10 uM capsazepine, and in the
presence of 10 uM anandamide after treatment with capsazepine. Note
no effect of capsazepine alone, or of capsaicin after treatment with cap-
sazepine.

10+AM 10+CZ

it increased the amplitude of PS2. This effect was appar-
ent at interpulse intervals between 10 and 150 ms
although it only reached statistical significance at the
30 ms interval. The antagonist had no effect on either
PS1 or PS2 on its own.

2-AG, another putative endogenous ligand for the can-
nabinoid receptor, behaved more like the cannabinoid
receptor agonist WINS5,212-2. Perfusion of 2-AG at
concentrations of 1, 10 and 30 uM for 20 min again had
no effect on PS1, but caused a concentration-dependent
increase in the amplitude of PS2, i.e. paired-pulse
depression was decreased (using the 20 ms interpulse
interval 10 uM 2-AG caused the amplitude of PS2 to
increase from 59411 to 105+4% of PS1, n=4, Fig. 2(a)—
(c)). This effect of 10 uM 2-AG was completely blocked
by prior perfusion of AM281 (using the 20 ms interpulse
interval, PS2 was 58+9% of PS1 in 10 uM 2-AG plus
500 nM AM 281, compared to 60+6% of PS1 before drug
administration, n=4, Fig. 2(d) and (e)).

In contrast, the definitive VR ligand capsaicin, and the
ultrapotent VR agonist resiniferatoxin, both mimicked
the effect of anandamide. Perfusion of capsaicin for
20 min at concentrations of 0.5, 0.75 and 1 UM had no
significant effect on the amplitude of PS1, but caused a
concentration-dependent decrease in the amplitude of
PS2 (using the 20 ms interpulse interval, in the presence
of 1uM capsaicin the amplitude of PS2 was reduced
from 66112 to 17+8% of PS1, n=4, Fig. 3(a)—(c)). Per-
fusion of 10 uM capsazepine for 20 min prior to admin-
istration of capsaicin blocked the effect of capsaicin on
paired-pulse depression (using the 20ms interpulse
interval, PS2 was 55+2% of PS1 in 1 uM capsaicin plus
10 uM capsazepine, compared to 51+3% of PS1 before
drug administration, n=4, Fig. 3(d) and (€)). Resinifera-
toxin perfused for 20 min at concentrations of 0.5, 1 and
10nM aso had no effect on PS1, but again increased
paired-pulse depression (using the 20 ms interpulse
interval, 10nM resiniferatoxin perfused for 20 min
reduced the amplitude of PS2 from 48+4 to 35+9% of
PS1, n=4, Fig. 4(a)—c)). The inhibition of PS2 by 10 nM
resiniferatoxin was apparently smaller than that pro-
duced by anandamide or capsaicin, however, higher con-
centrations of resiniferatoxin produced no greater inhi-
bition of PS2. The effect of 10 nM resiniferatoxin was
completely blocked by prior perfusion of capsazepine
(using the 20 ms interpulse interval, PS2 was 57+2% of
PS1 in 10 nM resiniferatoxin plus 10 UM capsazepine,
compared to 53+5% of PS1 before drug administration,
n=4, Fig. 4(d) and (e)).

4. Discussion
Anandamide was the first putative endogenous ligand

for cannabinoid receptors to be identified, however, there
is some overlap between the structures of anandamide
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Fig. 2. 2-AG increases PS2 amplitude. (a) Example synaptic
responses recorded from a single slice recorded under control con-
ditions and after perfusion of 10 uM 2-AG for 20 min. Note no change
in PS1, but an increase in the amplitude of PS2. The scale bar rep-
resents 10 ms and 2 mV. (b) Time course data showing that perfusion
of 10 uM 2-AG for 20 min increases the amplitude of PS2 (and there-
fore reduces paired pulse depression) recorded at the 20 ms interpulse
interval, n=4. (c) Data from the same slices showing the effect of 2-
AG on the full range of interpulse intervals. (d) PS2. Change in PS2
amplitude evoked by 1, 10, and 30 uM 2-AG, and by 10 uM 2-AG
after treatment with 500 NnM AM281. (e) Example synaptic responses
show, from left to right, recordings from a single slice under control
conditions, in the presence of 500 nM AM281, and in the presence of
10 UM 2-AG éfter treatment with AM281. Note no effect of AM281
alone, or of 2-AG after treatment with AM281.

and vanilloid receptor ligands such as capsaisin, (Szallasi
and Di Marzo, 2000) and therefore attention was
focussed on whether anandamide may aso act as an
endogenous vanilloid receptor ligand (Premkumar and
Ahern, 2000). Because the primary role of vanilloid
receptors has previously been considered as being in per-
ipheral nociception, these experiments have been
directed towards studies on peripheral sensory neurones.
In contrast, early attempts to demonstrate the existence
of central vanilloid receptors were largely unsuccessful
(Acs et a., 1994; Szallas et da., 1995). However,
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Fig. 3. The VR1 agonist capsaicin mimics the effect of anandamide.
(a) Example synaptic responses recorded from a single slice recorded
under control conditions and after perfusion of 1 uM capsaicin for
20 min. Note no change in PS1, but a decrease in the amplitude of
PS2. The scale bar represents 10 ms and 2 mV. (b) Using continuous
stimulation at an interpulse interval of 20 ms perfusion of 1 uM cap-
saicin for 20 min has no effect on PS1 (circles), but causes a decrease
in PS2 (triangles), n=4. (c) Data from the same slices showing the
effect of capsaicin over al interpulse intervals. (d) Histograms rep-
resent the effect of 0.5, 0.75 and 1 uM capsaicin on PS2, and 1 uM
capsaicin after treatment with 10 UM capsazepine. (€) Example synap-
tic responses show recordings from a single slice, from left to right,
under control conditions, in the presence of 10 uM capsazepine, and
in the presence of 1 UM capsaicin after treatment with capsazepine.
Note no effect of capsazepine alone, or of capsaicin after treatment
with AM281.

improved techniques have consistently shown evidence
for the existence of central vanilloid receptors in several
areas (Acs et a., 1996; Mezey et d., 2000), including
the hippocampus (Mezey et al., 2000).

Our interest in this field arose when we found that the
putative endogenous cannabinoid anandamide did not
mimic the effect of the synthetic cannabinoid
WIN55,212-2 on paired-pulse depression of population
spikes recorded in the CA1 region of the rat hippocampal
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Fig. 4. The VR agonist resiniferatoxin mimics the effect of ananda-
mide. (a) Example synaptic responses recorded from a single slice
recorded under control conditions and after perfusion of 10 nM resini-
feratoxin for 20 min. Note no change in PS1, but a decrease in the
amplitude of PS2. The scale bar represents 10 ms and 2 mV. (b) Using
continuous stimulation at an interpulse interval of 20 ms perfusion of
10 nM resiniferatoxin for 20 min has no effect on PS1 (circles), but
causes a decrease in PS2 (triangles), n=4. (c) Data from the same dlices
showing the effect of resiniferatoxin over all interpulse intervals. (d)
Histograms represent the effect of 0.5, 1 and 10 nM resiniferatoxin on
PS2, and 10 nM resiniferatoxin after treatment with 10 uM capsazep-
ine. (€) Example synaptic responses show, from left to right, recordings
from a single slice under control conditions, in the presence of 10 nM
capsazepine, and in the presence of 10 nM resiniferatoxin after treat-
ment with capsazepine. Note no effect of capsazepine alone, or of
resiniferatoxin after treatment with capsazepine.

dlice. The term paired-pulse depression originates from
the observation that the second of a pair of population
spikes evoked at short interpulse intervals is powerfully
depressed. Several factors contribute to paired-pulse
plasticity, but in slices with intact synaptic circuitry this
depression is largely due to a strong GABAergic feed-
back inhibition of the CA1 pyramidal cells (Knowles and
Schwartzkroin, 1981). The study of paired-pulse
depression has proved a useful screen for the effects of

cannabinoids since, in adult animals, CB, agonists have
little effect on the population spike evoked by a single
stimulus, but cause a consistent decrease in paired-pulse
depression (Paton et a., 1998; Al-Hayani and Davies,
2000). In contrast, the results presented here show that
anandamide caused a dramatic increase in paired-pulse
depression, i.e. a decrease in the amplitude of the PS2,
with little or no effect on PS1. The findings that this
effect was mimicked by capsaicin and resiniferatoxin at
appropriate concentrations (Szallasi and Blumberg,
1999), and blocked by capsazepine, suggest that the
effect is mediated by vanilloid receptors. The maximum
effect of resiniferatoxin was, however, substantialy
smaller than that evoked by anandamide or capsaicin. It
is notable that Caterina et al. (1997) also reported that
resiniferatoxin produced a somewhat smaller maximal
activation of membrane currents in VR1 transfected
oocytes than capsaicin. In addition, we have found
(Gibson, 2000) that the maximum inhibition of electri-
cally evoked contractions of the mouse isolated vas
deferens by resiniferatoxin is significantly lower than
that of capsaicin. Therefore, it is possible that resinifera
toxin, although a very potent agonist, may have lower
efficacy than capsaicin. Alternatively, these findings may
be explained by different desensitization characteristics
of these compounds (Szallasi and Blumberg, 1999).
2-AG is ancther putative endogenous cannabinoid, but
it is apparently not an effective vanilloid receptor agonist
(Zygmunt et a., 1999). This is reflected in the fact that
it in our experiments it acted like a cannabinoid and not
like a vanilloid receptor agonist by causing a decrease
in paired-pulse depression. The observation that in the
presence of capsazepine, anandamide had only a very
small WIN55,212-2-like effect is intriguing. Anandam-
ide is the subject of enzymatic breakdown by fatty acid
amide hydrolase (FAAH; Deutsch and Chin, 1993) and
in some systems addition of FAAH inhibitorsis required
to show effects of anandamide. This suggests that anand-
amide, rather than a breakdown product, is the effective
cannabinoid receptor ligand. In contrast, robust vanilloid
receptor-mediated effects of anandamide were observed
in the absence of any enzyme inhibition, which makes
it possible that it is some breakdown product of ananda-
mide rather than anandamide itself, which activates van-
illoid receptors (Hwang et a., 2000; Piomelli, 2000).
The results show, for the first time, a functional elec-
trophysiological effect of vanilloid receptors in the hip-
pocampus, and also that anandamide acts as an effective
vanilloid receptor agonist. Our experiments have not
addressed the mechanism of action of these vanilloid
receptor-mediated effects of anandamide, but they are
consistent with activation of vanilloid receptors causing
a selective increase in inhibitory GABAergic synaptic
transmission in the hippocampus. Further experiments
using pharmacologically isolated synaptic responses
would be required to clarify this point. Neither isit clear
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whether the actions of vanilloid receptors in the hippo-
campus are related to their involvement with nociception
in the periphery, or whether this represents some totally
unrelated physiological function. It is clear, however,
that activation of vanilloid receptors in the hippocampus
has powerful effects on synaptic transmission. This
therefore opens up avenues for the investigation of the
physiologica role of these receptors in the CNS, and
their possible exploitation for therapeutic ends.
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