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Abstract Transient forebrain ischemia of 5-min
duration causes delayed neuronal death (DND) of vul-
nerable CA1 neurons in the gerbil hippocampus, which
can be prevented by ‘‘preconditioning’’ with a short
ischemic stimulus of 2.5-min duration. While a key role
of excitatory glutamate receptors for both phenomena
has been widely accepted, little is known about the
postischemic regulation of central cannabinoid (CB1)
receptors. The present study was designed to test whe-
ther ischemic preconditioning is associated with specific
alterations of protein expression and/or ligand binding
of these receptors compared to ischemia severe enough
to induce DND. Gerbils were subjected to either a 5-min
ischemic period resulting in DND of CA1 neurons, or a
2.5-min period of ischemia usually used for precondi-
tioning. Postischemic hippocampal CB1 receptor protein
expression was investigated immunohistochemically,
while postischemic ligand binding of [3H]CP 55940 to
CB1 receptors was analyzed by quantitative receptor
autoradiography in both experimental groups after 24,
48, and 96 h (n=4–5 per time point), respectively, and
compared to sham-treated gerbils (n=10). Short-term
ischemia of 2.5-min duration caused a transient reduc-
tion of hippocampal CB1 receptor protein expression,
while receptor binding density was permanently
decreased. In contrast, 5-min ischemia did not alter
protein expression or ligand binding up to 48 h. Based

on these data, postischemic down-regulation of hippo-
campal CB1 receptors, specifically seen after short-term
ischemia usually used for preconditioning, may partici-
pate in the mechanisms of endogenous postischemic
neuroprotection.
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Introduction

Transient global ischemia of only 5-min duration causes
selective and delayed neuronal death (DND) of hippo-
campal CA1 neurons 3–4 days after recirculation [19].
DND can be prevented by a short ischemic period or
other potentially noxious stimuli close to but below the
threshold of damage (for review see Dirnagl et al. [10]).
While the crucial role of excitatory glutamate receptors
both for DND and tolerance induction has been con-
vincingly demonstrated [4, 18, 30], little is known about
the potential participation of cannabinoid receptors.
Since the cloning of a central cannabinoid (CB1)
receptor from rat and man [12, 24], and the discovery of
an endogenous cannabinoid system (for review see Di
Marzo et al. [9]), research activities have focused on its
therapeutic potentials concerning treatment of a variety
of neurological diseases, including in vivo models of
excitotoxic brain damage. Enthusiasm roused by earlier
studies [28] has been damped by the growing number of
data also demonstrating deleterious effects of postle-
sional cannabinoid receptor activation. Our present
study was designed to address the question whether
hippocampal CB1 receptors are specifically and
differentially regulated after two experimental ischemic
paradigms with neuronal death (5-min ischemia) versus
neuronal survival (2.5-min ischemia) to further eluci-
date the role of the endocannabinoid system for the
postischemic neuronal fate.
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Materials and methods

Animal experiments

Experiments were performed on adult male Mongolian
gerbils (Meriones unguiculatus, 70–80 g) obtained from
Charles River Deutschland (Sulzfeld, Germany). The
animals had free access to food and water prior to
experiments. The gerbils were subjected to transient
forebrain ischemia by bilateral occlusion of the common
carotid artery [20, 35]. Anesthesia was achieved with a
mixture of 30% O2, 70% N2O and 1.5% halothane. Two
experimental groups of animals were investigated. One
group was subjected to a global ischemia of 5-min
duration, the other group to a short 2.5-min period of
ischemia, usually used for preconditioning. Control
gerbils (n=10) were subjected to a sham operation,
comprising anesthesia and all surgical procedures except
clamping of the carotid arteries. At the determined three
time endpoints of the experiment, i.e., 24, 48, and 96 h
after reperfusion (n=4–5 per time point), the respective
animals were killed. Brains were either perfusion-fixed
with 4% paraformaldehyde (PFA) for immunohisto-
chemistry or rapidly removed and frozen for receptor
autoradiography. All animal procedures were carried out
according to the guidelines of the German animal
protection law.

Immunohistochemistry

At the determined endpoints of the experiment, the
animals were deeply anesthetized and perfused through
the ascending aorta with saline for 2 min followed by
4% PFA in 0.1 M phosphate buffer for 10 min. The
brains were removed, postfixed overnight in the same
fixative, and then transferred to 0.5% PFA/0.1 M
phosphate buffer until further processing. Immunohis-
tochemistry was performed on coronal free-floating
50-lm vibratome sections with an antibody against
cannabinoid receptor 1, obtained from Calbiochem
(Schwalbach, Germany), generated in rabbits immu-
nized with a synthetic peptide corresponding to amino
acid residues 1–14. The antibody is well characterized
and the specificity of antisera has previously been dem-
onstrated [17, 27]. After pretreatment with methanol
70%/1% H2O2 for 10 min, free aldehyde moieties were
blocked by a 10-min incubation in phosphate-buffered
saline (PBS)/0.4% borohydride. Sections were then
incubated in normal swine serum (10% in PBST) for
30 min, followed by the primary antisera for 72 h at
4�C. The primary antibody was diluted 1:200. Immu-
noreactivity (IR) was visualized by the avidin-biotin
complex method (Vectastain, Vector Laboratories,
USA). Sections were developed in 0.02% diam-
inobenzidine with 0.02% H2O2. The reaction product
was intensified by adding 0.02% cobalt chloride and
nickel ammonium sulfate. Omitting the primary antisera

in a subset of control slides resulted in no immuno-
staining at all (not shown).

For semiquantitative analysis of receptor protein
expression, hippocampi were investigated by optical
densitometry as previously described [34], with minor
modifications. All sections were examined at a final
magnification of ·40 using a Zeiss Axiophot microscope
(Jena, Germany). Images were scanned in equal light
conditions with a digital camera (Roper, Ottobrunn/
Munich, Germany). From hippocampal subfields CA1
and CA3, the pyramidal layer and both dendritic layers
were selected on the monitor. Optical density was
automatically determined using the AIS imaging
research software (Imaging Research Inc., St. Catha-
rines, Ontario, Canada). The optical density of the
corpus callosum was used as reference value for back-
ground staining and subtracted from the total optical
density, resulting in specific immunolabeling. Values
(given in %) are expressed as mean ± SEM. Statistical
analysis was performed using the General statistics
module of Analyse-it for Microsoft Excel (Analyse-it
Software, Ltd., Leeds, UK). Significant group effects
were confirmed by analysis of variance (ANOVA) and
Bonferroni error protection with a significance level at
P<0.05.

Receptor autoradiography

For receptor autoradiography, the gerbils were decapi-
tated, their brains rapidly removed, frozen in isopentane
at –30�C for 10 min, and stored at –80�C until analysis.
Coronal cryostat sections of 12-lm thickness were seri-
ally cut at –20�C at the level of the dorsal hippocampus
and mounted on TESPA-coated slides. Quantitative in
vitro receptor autoradiography studies were performed
using [3H]CP 55940, purchased from NENTM Life sci-
ence Products Inc. (Boston, USA), as ligand for CB1
receptors. Labeling of the CB1 receptor was performed
according to the protocol of Herkenham et al. [16].
Briefly, slides were incubated with 10 nM [3H]CP 55940
(50 mM Tris-HCl buffer, pH 7.4, containing 5% BSA)
for 90 min at 22�C. Incubation was terminated by
washing in ice-cold buffer containing 1% BSA for 4 h.
Unspecific binding was determined by co-incubation of
alternating sections with [3H]CP 55940 and an excess of
appropriate unlabeled CP 55940. After the final rins-
ing procedure, slides were carefully dried in a stream
of warm air. Air-dried, 3H-labeled sections were
co-exposed with 3H-labeled plastic standards (Micro-
scales�; Amersham, Braunschweig, Germany) and
brain-paste standards to a 3H-sensitive film (Kodak
BioMaxMR, Kodak Scientific Imaging Film) for
8 weeks. Developed films were scanned in equal light
conditions with a DMC video camera (Polaroid, Of-
fenbach, Germany) and digitized with the AIS image
analysis system (Imaging Research Inc., St. Catharines,
Ontario, Canada). Gray value images of the co-exposed
plastic standards were used to compute a non-linear
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calibration curve, which defined the relationship be-
tween gray values in the autoradiographic brain slices
and concentrations of radioactivity. Plastic standards
were calibrated to tissue standards with known con-
centrations of radioactivity. Final values were normal-
ized to sham-operated controls (100%) and expressed as
mean ± SEM, as described by Hansen et al. [13].
Quantitative analysis of radioactivity was performed in
the hippocampal formation. Subfields CA1 and CA3
were marked on the monitor and the gray values auto-
matically assessed by the imaging software. In all cases,
nonspecific binding was just above background labeling
or not visible at all. Therefore, background density
could be used as an estimate of unspecific binding and
subtracted from total binding. Statistical analysis was
performed using the General statistics module of
Analyse-itTM for Microsoft Excel. Ligand binding was
analyzed by calculating mean concentration values for
each reperfusion time point and hippocampal region.
Significant group effects were confirmed by analysis of
variance (ANOVA) and Bonferroni error protection. A
P value <0.05 was considered statistically significant.

Results

Immunohistochemistry

Ischemia for 5 min

Hippocampal CB1 receptor-like IR in sham controls
was prominent in the neuropil of CA1 and CA3 pyra-
midal layers. Strata radiatum and oriens were stained to
a lesser degree. Some strongly labeled interneurons were
visible within the pyramidal cell layer but also in den-
dritic layers. After a 5-min period of global ischemia, IR
was slightly, but not significantly, reduced in CA1 and
CA3. Significant lower levels of CB1 receptor staining
intensity were found 96 h after ischemia, especially in
the dendritic strata oriens and radiatum of CA1 hippo-
campal subregion (Figs. 1, 2).

Ischemia for 2.5 min

A 2.5-min period of ischemia caused a significant
reduction of CB1 receptor-like IR, by about 40%, of
sham-operated animals after 24 and 48 h in all layers of
hippocampal CA1 and CA3 subfields. At 96 h after
reperfusion, CB1 receptor IR returned to control levels
(Figs. 1, 2).

Receptor autoradiography

Ischemia for 5 min

In sham-operated control gerbils, dense [3H]CP 55940
ligand binding was visible in hippocampal subfields CA1
and CA3 (Fig. 1). [3H]CP 55940 ligand binding levels in

the vulnerable CA1 subfield remained widely unchanged
after a 5-min period of ischemia, up to 96 h after rep-
erfusion (Fig. 3). In CA3, a marked but not significant
increase of [3H]CP 55940 binding values to about 60%
compared to that of sham-operated gerbils was detect-
able after 96 h Fig. 3).

Ischemia for 2.5 min

A 2.5-min period of ischemia caused a significant and
persistent reduction of [3H]CP 55940 binding levels by
about 30% of sham-operated control animals (Figs. 1,
3). Similarly, [3H]CP 55940 binding density was also
significantly reduced in CA3, 24, 48, and 96 h, respec-
tively, after reperfusion (Figs. 1, 3).

Discussion

Our present study demonstrates for the first time that a
2.5-min period of ischemia, usually used to induce
ischemic tolerance, is associated with a decrease of hip-
pocampal CB1 receptor density as shown both by
receptor autoradiography and immunohistochemistry
(Figs. 1, 2, 3). Global ischemia of 5-min duration fol-
lowed by DND of vulnerable CA1 neurons fails to alter
ligand binding to these receptors (Figs. 2, 3). Immuno-
histochemically, decreased CB1 receptor immunoreac-
tivity in CA1 is seen only in association with neuronal
death 96 h after reperfusion. These data suggest that
down-regulation of CB1 receptors may participate in
endogenous ischemic resistance.

Originally, elevation of endocannabinoids after brain
injury and subsequent activation of CB1 receptors was
thought to be part of an autocrine protection system of
the CNS [25]. Therefore, activation of CB1 receptors
should be protective and their blockade deleterious [22,
23, 28, 31, 32, 33, 40]. However, a growing body of
evidence rebuts a general neuroprotective role of cann-
abinoids and the endocannabinoid system in response to
excitotoxic injuries. Tetrahydrocannabinol (THC), the
major psychoactive component of marijuana, has been
shown to induce apoptotic cell death in hippocampal
slices [6]. Furthermore, THC could not prevent hippo-
campal neuronal death in a rat forebrain ischemia model
[22]. Transgenic mice lacking the enzyme fatty acid
amide hydrolase, which is necessary to degrade endoc-
annabinoids, exhibited increased seizure susceptibility
and increased neuronal loss of hippocampal CA1 and
CA3 neurons in bicuculline and kainate seizure models
[7]. On the other hand, pharmacological blockade of
CB1 receptor function was able to prevent disseminating
brain damage in a neonatal rat model following
NMDA-induced excitotoxicity [14]. In a rat model of
focal ischemia, a significant decrease of infarct volumes
by application of the cannabinoid receptor antagonist
SR141716A has convincingly been demonstrated by
Berger et al. [3]. These controversial results may be due
to the diverse cellular distribution of CB1 receptors,
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which are not only expressed by neurons but also—and
obviously of more importance—by vascular smooth
muscle cells and endothelial cells [11, 15, 41]. In fact, in
the heart, with CB1 and CB2 receptors restricted to the
endothelium, pharmacological blockade of these recep-
tors leads to impaired vasodilatation and loss of the
preconditioning effect [5]. Since changes in the cerebral
blood flow do not represent the biological basis for
preconditioning in the brain [1], our findings demon-
strating down-regulation of these receptors in the same
situation is not per se contradictory, but indicates that
CB1 receptors are only a first step in a multitude of
intracellular pathways.

The kinetics of [3H]CP 55940 binding after a 2.5-min
ischemia, with persistent decrease between 24 and 96 h,
paralleled reduced CB1 receptor immunoreactivity in
the preconditioned CA1 subfield between 24 and 48 h.
After 96 h, however, CB1 receptor protein expression
returned to control levels in contrast to persistently
lowered [3H]CP 55940 binding density at this time
point (Figs. 1, 2, 3). It could be argued that this
reduction of CB1 receptor protein expression is an
epiphenomenon due to inhibition of protein synthesis,
which also occurs after a short period of ischemia and,
eventually, recovers to near normal 4 days after recir-
culation [2, 29]. However, after a 5-min period of

Fig. 1 Representative
photomicrographs from
hippocampal CB1 receptor
protein expression (left) and
[3H]CP 55940 ligand binding
(right) after a short 2.5-min
ischemia, usually used for
preconditioning. Hippocampal
CB1 receptor IR in the
vulnerable CA1 subfield is
maintained up to 48 h, and then
declines in association with
delayed neuronal death. In
contrast, ligand binding to CB1
receptors is decreased in CA1
and CA3 from 24 h up to 96 h
of reperfusion (CB1 receptor
cannabinoid type 1 receptor, IR
immunoreactivity). Bar 100 lm
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ischemia with irreversible inhibition of protein synthesis
[29, 38], CB1 receptor immunoreactivity persists up to
48 h, suggesting that the observed reduction after the

short ischemic period is an active process. Persistently
decreased [3H]CP 55940 ligand binding to CB1 recep-
tors 96 h after a priming 2.5-min ischemia, the time
point when the second ischemic insult is superimposed
in our model of ischemia tolerance induction [35, 36,
37], indicates that despite retained abundance of
receptor protein the endocannabinoid system is still
down-tuned, which may confer neuroprotection. An
alternative explanation for the transient decrease of
CB1 receptor immunoreactivity could be an increased
amount of internalized receptors as a consequence of
enhanced release and binding of endocannabinoids
upon transient ischemia [3, 8]. However, pre-treatment
of slides with Triton should also detect internalized
receptors.

In spite of decreased CB1 receptor immunoreactivity
in CA1 96 h after global ischemia of 5-min duration in
association with severe neuronal loss [34, 36], [3H]CP
55940 binding was not significantly reduced in CA1 at
any time point investigated (Fig. 3). A similar
phenomenon was observed in a model of focal ischemia
in the infarct core 5 h after ischemia (unpublished
observation). One possible explanation for this persis-
tence of near-normal levels of [3H]CP 55940 binding in
postischemic CA1 is a delayed degradation of CB1
receptor-binding sites. Alternatively, [3H]CP 55940 may
bind to ischemia-resistant GABAergic interneurons [39]
or to astrocytes, which also possess CB1 receptors [26]
and proliferate after the ischemic insult [21]. However, in
this case, immunolabeling of CB1 receptors should also
be maintained.

Fig. 3 Quantitative analysis of hippocampal [3H]CP 55940 ligand
binding after 5- and 2.5-min ischemia. A 2.5-min period of ischemia
usually used for preconditioning causes significant down-regulation
of CB1 receptor binding density in CA1 and CA3 from 24 h
onwards, while after a 5-min period of ischemia ligand binding is
widely unchanged at any time point investigated. *Significant;
P<0.05, ANOVA with Bonferroni error protection

Fig. 2 Semiquantitative analysis of hippocampal CB1 receptor IR
after 5- and 2.5-min ischemia. After 5-min ischemia, CB1 receptor
IR in CA1 is slightly, but not significantly, decreased after 24 and
48 h. In association with neuronal death after 96 h, immunostain-
ing is significantly lowered. Similarly, in CA3, IR is only slightly

reduced. In contrast, a 2.5-min period of ischemia usually used for
preconditioning leads to a transient decrease of CB1 receptor IR in
CA1 and CA3 between 24 and 48 h (so stratum oriens, sp stratum
pyramidale, sr stratum radiale). *Significant; P<0.05, ANOVA
with Bonferroni error protection

12



In conclusion, survival of vulnerable CA1 neurons
after a short ischemic period, usually used for tolerance
induction, is associated with a decrease of CB1 receptor
density in hippocampal subfields CA1 and CA3, whereas
an ischemic period of 5-min duration followed by DND
of hippocampal CA1 principal neurons fails to reduce
CB1 receptors in these regions. Thus, our data strongly
suggest that down-regulation of central CB1 recep-
tors may participate in endogenous postischemic
neuroprotection of vulnerable hippocampal neuronal
subpopulations.
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