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Summary
The present review is a collection of different materials related to ADHD, the human
EndoCannabinoïd System (ECS) and phyto-cannabinoïds. As the medical use of
cannabinoïds for the treatment of ADHD is not fully accepted by the medical community in
Europe, a group of patients wanted to have the worldwide view of the current state-of-theart in that field. A number of patients worked together in order to build up the more
exhaustive and complete collection of scientific articles, papers, internet resources, doctors
and patients testimonies available on the internet.
2008 is the first year where clinical studies have been published in the field of ADHD and
cannabinoïds. Two studies report surprising results, in opposition with expectations, putting
in light the apparent ADHD paradoxal reaction to cannabinoïds. The first study relates the
case of an ADHD patient, medicated with Dronabinol (THC) and cannabis, and driving
performance evaluation. The second study is partly related to ADHD adolescents and
reveals a positive effect of cannabis on mental health and behavior.
The review is divided in two main parts. The first one is a short review of the ECS theory. It
outlines in particular an underlying neurological mechanism called Inhibition Retrograde
Signaling. It reviews the implication of the ECS in emotional responses through CB1
receptors. In this part is also pointed out the importance of the ECS regarding chronic
symptoms expressed in ADHD: impulsivity, anxiety, fear, and distraction. It finally suggests
that the ECS is probably closely involved in the neuro-immunity and that CB2 receptors, in
addition to CB1 receptors, also appear to be interesting pharmacological targets for ADHD
treatment.
The second part of the review is much more practical. It is mainly based on California
doctors’ experiences and patients testimonies. Indeed, in 1996, California was the first US
states to tolerate medicinal cannabis (MC). Since then, a large number of doctors had the
opportunity to prescribe cannabis to treat patients. To date, the estimative number of
Californian patients treated with MC is 350 000. In that state, many doctors approve, from
their patients real experiences, the viability and efficiency of MC to treat ADHD symptoms
in comparison to standard medications. At the end of the report are presented the 3 MC
grades available, under prescription, in the Netherlands’ pharmacies since 2005.
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Case report

Cannabis improves symptoms of ADHD
Peter Strohbeck-Kuehner, Gisela Skopp, Rainer Mattern
Institute of Legal- and Traffic Medicine, Heidelberg University Medical Centre, Voss Str. 2, D-69115 Heidelberg, Germany

Abstract
Attention-deficit/hyperactivity disorder (ADHD) is characterized by attention deficits and an altered activation level. The purpose of this case investigation was to highlight that people with
ADHD can benefit in some cases from the consumption of THC. A 28-year old male, who showed
improper behaviour and appeared to be very maladjusted and inattentive while sober, appeared to
be completely inconspicuous while having a very high blood plasma level of delta-9tetrahydrocannabinol (THC). Performance tests, which were conducted with the test batteries
ART2020 and TAP provided sufficient and partly over-averaged results in driving related performance. Thus, it has to be considered, that in the case of ADHD, THC can have atypical effects
and can even lead to an enhanced driving related performance.
Keywords: ADHD, cannabis, performance, driving
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Introduction
Assessing the performance or impairment of cannabis
users is generally problematic as there is no stringent
proof of a linear dose-effect relationship between the
concentration of delta-9-tetrahydrocannabinol (THC)
in blood and THC-induced impairment. The cause of
the absence of such a relationship has not been identified. In this context it is rarely considered that the missing correlation may be due in part to a conceivable
positive effect of cannabis on the behaviour and performance of individuals. Recently, Adriani et al. [1]
gave evidence that cannabinoid agonists reduce hyperactivity in a spontaneously hypertensive rat strain,
which is regarded as a validated animal model for attention deficiency hyperactivity disorder (ADHD).
There was also a significantly better treatment retention
of cocaine dependent patients with comorbid ADHD
among moderate users of cannabis compared to abstainers or heavy users [2].
ADHD was long considered a disorder limited to children and adolescents. It has now been proven that
ADHD symptoms may persist into adulthood [3,4].
Individuals suffering from ADHD characteristically
have an increased drive to move around and are unable
to calm down. They are lacking in directed planning of
their actions and the ability to assess the impact of their
decisions. Their ability to organize day-to-day activi© International Association for Cannabis as Medicine

ties is reduced, they usually have a poor short-term
memory, are forgetful and tend to work in a chaotic
and inefficient way. Emotionally, they are prone to
impulsive outburst, excessiveness and instability [5,6].
This present case study describes a male, 28 years of
age, who was diagnosed with attention deficit hyperactivity disorder (ADHD), and whose response to THC
suggests that such a positive effect may exist. Considering that the subject applied for the reinstallation of
his driving licence gives particular significance to psycho-physical performance deficits caused by ADHD.
Numerous studies have shown that various performance functions, such as divided attention, selective
attention, long-term attention and vigilance are impaired [7].

Case Description
The subject had a record of several violations of the
German drug control law. He also had a record of numerous violations of traffic laws, including speeding,
running of a red traffic light and driving under the
influence of cannabis during which a high THC concentration in blood had been detected.
Seven years ago, the subject had been diagnosed with
ADHD (ICD 10 F90.0) for the first time, and that diagnosis had been assessed repeatedly and independently
since by several psychiatric units. There was some
1
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evidence from his carrier that typical symptoms were
already present in childhood, they were, however, not
properly recorded. Comorbidities such as addiction,
including cannabis, or personality disorders were absent. He had been treated over a period of about 12
months through a combination of methylphenidate
(Ritalin®, 20-30 milligram/day) and behaviour therapy. Being not sufficiently efficacious, the medication
was stopped. A subsequent certificate by a specialist
for general medicine suggests that ADHD symptoms
were much improved under cannabis and that dronabinol (THC) had been prescribed, even though ADHD is
not indicated for this drug.
Prior to the first contact the subject had been advised
not to consume any medicinal or recreational drug.
During that first visit he showed grossly conspicuous
behaviour. His attitude was pushy, demanding and
lacking distance. He expressed impatience, for example
by drumming his fingers on the table. He also constantly shifted position, folded arms behind his head or
leaned over the table in front of him. He was not open
to discussing the potential impairment of driving skills
caused by cannabis consumption. As the conversation
continued and he was informed of the preconditions for
a positive assessment of his suitability to operate a
vehicle, his behaviour became even more conspicuous
and aggressive. Finally, he got up, grabbed the table,
leaned forward and shouted that he needed a driving
license and that he needed cannabis. Overall he showed
behaviour typical of persons who suffer from ADHD.
During this visit, an appropriate performance of the
tests was impossible.
He was then offered to undergo, at a later time, a test of
the impact of dronabinol on performance. During this
appointment he appeared fundamentally changed and

was not disturbed at all. He stated that he had stopped
smoking cannabis, was taking dronabinol on a regular
basis and that he had consumed it just two hours ago.
He appeared calm, but not sedated, organized and restrained. Unlike during the first meeting he was able to
accept and discuss arguments. When trying to make
clear that THC was indispensable for his quality of life
he became more engaged but without losing restraint.
Rather, he was understanding of the position of the
expert and indicated that the path to get back his driver
license may be long but that he was willing to undertake it. His behaviour, motor function, mood and consciousness did not give any indications of a prior use of
a psychoactive substance.
The tests of performance functions that are relevant to
driving skills involved the four subtests of ART2020, a
computer-controlled test system, which is commonly
used to assess driving performance. These subtests
evaluate complex reactions (RST3), sustained attention
(Q1), directed attention (LL3) and visual surveying and
perception (TT15). In addition the functions of “vigilance” and “divided attention” were tested with the
attention test module (TAP).
The results of these tests (see Fig. 1) showed that the
subject met, in all of the functions tested by ART2020,
not only minimum criteria but that he achieved average
or, in some areas, even above-average results. In the
very demanding tests for “vigilance” and “divided
attention” categories he also showed average performance. ADHD or acute effects of THC by themselves
would usually impair performance particularly in these
tests.
A blood sample was taken after completion of the tests.
It showed a very high concentration of THC (71 ng/mL
serum), of the psychoactive metabolite 11-hydroxy-
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Figure 1: Subjects actual performance and minimum criteria.
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THC (30 ng/mL serum) and of the main nonpsychoactive metabolite 11-nor-delta-9-carboxy-THC
(251 ng/mL serum). Such levels indicate recent as well
as frequent consumption of THC-containing matters,
and the analyte pattern also suggests smoking. Detection of cannabinol in hair (5.3 ng/mg) along with THC
(3 ng/mg) gives evidence that the medication could not
have been the only source of the THC.
Only much later did the subject, who had been arrested
for a drug offence a few days after the second visit,
report that he had not consumed pharmaceutical dronabinol products but instead smoked cannabis just before the tests, since it was much less costly.

Conclusions
The present case report suggests that individuals suffering from ADHD, a dysfunction with a symptomatic
change in activity levels, may - in some cases - benefit
from cannabis treatment in that it appears to regulate
activation to a level which may be considered optimum
for performance. There was evidence, that the consumption of cannabis had a positive impact on performance, behaviour and mental state of the subject.
The present observation corroborates previous data of
Müller-Vahl et al. [8] suggesting that in patients suffering from Tourette syndrome, treatment with THC
causes no cognitive defects. Gilles de la Tourette syndrome is a neurobehavioral disorder associated with
motor and vocal tics as well as behavioural and cognitive problems. The authors also hypothesized that the
effects of cannabinoids in patients may be different
from those in healthy users suggesting an involvement
of the central cannabinoid receptor systems in the pathology of the disorder. The same conclusion may be
drawn from previous studies [1, 2] and the present case
report, although more information on these atypical
effects should be provided and the underlying mechanisms are still to be elucidated.
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Abstract
Background: Controversy exists regarding whether young people at risk for schizophrenia are at increased risk of adverse mental
effects of cannabis use.
Methods: We examined cannabis use and mental health functioning in three groups of young people aged 14–21; 36 non-psychotic
siblings of adolescents with schizophrenia (genetic high risk group), 25 adolescents with attention deficit hyperactivity disorder (ADHD)
and 72 healthy controls. The groups were sub-divided into ‘users’ and ‘non-users’ of cannabis based on how often they had used cannabis
previously. Mental health functioning was quantified by creating a composite index derived from scores on the Schizotypal Personality
Questionnaire (SPQ), Strengths and Difficulties Questionnaire (SDQ) and Global Assessment of Function (GAF).
Results: A significant positive association between cannabis use and mental health disturbance was confined to young people at
genetic high risk for schizophrenia. To determine whether the relationship was specific to particular dimensions of mental health
function, a second composite index was created based on scores from the SPQ Disorganisation and SDQ hyperactivity-inattention
sub-scales. Again, there was a significant positive association between cannabis use and factor scores which was specific to the
genetic high risk group. There was a trend for this association to be negative in the ADHD group (p = 0.07).
Conclusions: The findings support the view that young people at genetic high risk for schizophrenia are particularly vulnerable to
mental health problems associated with cannabis use. Further research is needed to investigate the basis of relationships between
cannabis and mental health in genetically vulnerable individuals.
© 2008 Elsevier B.V. All rights reserved.
Keywords: Schizophrenia; High-risk; Cannabis; Mental health; ADHD

1. Introduction
Cannabis use in adolescence is associated with
mental health problems in early adulthood (McGee
⁎ Corresponding author. Tel.: +44 115 823 0258; fax: +44 115 823 0256.
E-mail address: chris.hollis@nottingham.ac.uk (C. Hollis).

et al., 2000) and is estimated to double the risk of
psychosis and schizophrenia in early adult life
(Arseneault et al., 2004; Fergusson et al., 2006).
While the association with psychosis appears robust,
the mechanism and causal direction remains unclear.
Lack of direct causality would render ineffective public
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health interventions based on reducing cannabis use
(Macleod et al., 2004). An alternative explanation for
the association between cannabis and mental health
problems is reverse causality where adolescent cannabis
use is a consequence of personality factors and
psychological disturbance that are themselves risks for
psychosis and adult psychiatric disturbance (for a recent
review see Degenhardt and Hall, 2006).
So far it is unclear whether being at genetic high risk
for schizophrenia increases the risk of exposure to
cannabis and/or increases sensitivity to its adverse
psychological effects. One example of a gene-environment
(cannabis) interaction is the catechol-o-methyl transferase
(COMT) val158 met polymorphism which appears to
moderate the link between adolescent cannabis use and
psychosis (Caspi et al., 2005). The Edinburgh High Risk
Study found that cannabis use increased the risk of
psychotic symptoms in young people both at high and
low genetic risk of schizophrenia (Miller et al., 2001). Other
studies suggest that psychological adverse effects of
cannabis are greatest in young people already at high-risk
by virtue of pre-existing psychotic symptoms (van Os
et al., 2002; Verdoux et al., 2003), although one study
of an ultra high-risk group reported no difference in rates
of transition to psychosis between users and non-users of
cannabis (Phillips et al., 2002).
Here we examined whether adolescents at genetic
high risk of schizophrenia (healthy siblings of patients)
were more prone to the psychological adverse effects of
cannabis than either healthy adolescents at low genetic
risk or adolescents with attention deficit hyperactivity
disorder (ADHD). Importantly and in contrast to much
of the previous work in this field, the high-risk group in
the present study were entirely free from any signs or
symptoms of psychosis or of the schizophrenia
prodrome. This enabled us to measure relationships
between cannabis use and mental health without the
potentially confounding effects of pre-existing psychotic or prodromal symptoms. Furthermore, previous
research has tended to focus on relationships between
cannabis use and the development of psychotic
symptoms (Phillips et al., 2002) or other aspects of
mental health associated with increased risk of psychosis, such as schizotypal personality traits (Barkus et al.,
2006). We were interested in measuring relationships
between cannabis use and a broad range of mental health
domains. We included adolescents with ADHD to
determine whether the association of cannabis with
mental health problems was specific to adolescents at
increased genetic risk of schizophrenia, or whether it
was also present in a group of adolescents with a nonpsychotic mental health disorder.

2. Materials and methods
2.1. Participants
Participants were recruited as part of a large-scale
study assessing neuro-cognitive function and mental
health (see Groom et al., 2008 for a detailed description
of recruitment and assessment methods). Full ethical
approval was granted by the Trent Multi-centre
Research Ethics Committee and by the Research and
Development department of the Nottinghamshire
Healthcare NHS Trust. Three groups of adolescents
aged 14 to 21 years were included in the present investigation: i) a group at genetic high-risk for schizophrenia
consisting of 36 non-psychotic siblings of patients
with adolescent-onset schizophrenia (15 males, mean
age 17.50 years ± 2.18); ii) 72 ‘healthy control’ adolescents (30 males, mean age 17.19 years ±2.03) and iii) 27
adolescents with ADHD (25 males, mean age
15.69 years ± 1.47). Participants gave fully informed
consent if aged 16 years or older; parental consent (with
participant assent) was obtained for those aged less
than 16. There were significant group differences for age
(F(2,132) = 7.489, p = 0.001) and gender (χ2(2) = 27.17,
p b 0.001). Post hoc Tukey tests showed the ADHD
group were significantly younger than the HC and SZ-SIB
groups (p b 0.01). Pairwise chi-square tests showed the
ADHD group had a higher male:female ratio than the
HC (χ2 (1) = 26.31, p b 0.001) and SZ-SIB (χ2 (1) =
17.26, p b 0.001) groups. There were no significant
differences between the HC and SZ-SIB groups for age
and gender and no significant differences between any
groups for parental Socio-Economic Status (SES)
measured using the National Statistics for SocioEconomic Classification (Statistics, 2004). All participants had an IQ score of at least 70 on the Wechsler
Abbreviated Scale of Intelligence (WASI) (Wechsler,
1999). Recruitment and assessment procedures for
each group are described below.
2.1.1. Schizophrenia-sibling group (SZ-SIB)
Participants in the SZ-SIB group were the full
biological siblings of adolescents with a diagnosis of
early-onset schizophrenia-spectrum disorder. Selection
of patients was based on the following criteria: DSM-IV
diagnosis of schizophrenia-spectrum disorder (code
295) (determined by thorough interview using the
Schedules for Clinical Assessment in Neuropsychiatry
(SCAN) (Wing et al., 1990) and case-consensus conference of 3 psychiatrists); age of onset before 19 years;
first psychotic episode within previous 5 years; IQ at
least 70; no other neurological illness. Of 85 young
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people referred to the study team with a broad diagnosis
of functional psychosis, 50 satisfied the study diagnostic
criteria and of these 41 had at least one sibling eligible
for inclusion; all patients gave consent for their sibling
to be contacted about the study. One sibling was recruited
per patient. Sibling pairs did not have to be same-sex. In
cases where a patient had more than one sibling in the age
range of 14 to 21 years the sibling closest in age to the
proband (either younger or older) was approached first for
inclusion. If this sibling was not willing to take part, the
sibling next closest in age to the proband was approached.
Of 41 siblings who initially agreed to take part five later
withdrew from the study leaving 36. The mean difference
in age between affected and unaffected siblings included
in the study was 2.38 (± 1.3) years with 70% of
participants in the SZ-SIB group being younger than the
proband. All siblings were free from psychotic and
prodromal symptoms on the Structured Interview for
Prodromal Symptoms (SIPS) (Miller et al., 2003) and
Psychosis Screening Questionnaire (PSQ) (Bebbington
and Nayani, 1995). They were therefore a group at
increased genetic risk of schizophrenia-spectrum disorder
but showing no signs of clinical risk.
2.1.2. Attention deficit hyperactivity disorder group
(ADHD)
Forty-six young people with a clinical diagnosis of
ADHD were contacted about the study; 34 volunteered
to participate. Psychiatric assessment was conducted
using the Parental Account of Childhood Symptoms
(Taylor and Hepstinall, 1993). All were diagnosed with
DSM-IV ADHD combined type (314.01) following a
consensus conference of 3 psychiatrists and all were free
from psychotic symptoms. Three were excluded due to
IQ less than 70; 3 were excluded due to scoring less than
22 on the Social Communication Questionnaire (Rutter
et al., 2003), a screening threshold used to exclude
possible pervasive developmental disorder. Contact was
lost with 1 participant.
2.1.3. Healthy control group (HC)
Healthy control subjects were recruited from local
schools; further education colleges providing nonprofessional vocational courses, and the University of
Nottingham. Of 89 who volunteered to take part, 72
satisfied the inclusion criteria and were willing to take
part. Participants were free from personal or family
history of psychosis or schizophrenia prodrome (on the
PSQ and SIPS) and from symptoms of ADHD measured
with the hyperactivity-inattention sub-scale of the
Strengths and Difficulties Questionnaire (Goodman,
1997).
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2.2. Assessment of mental health function
In addition to the measures completed for group
inclusion/exclusion, the following were completed by
all participants:
Schizotypal Personality Questionnaire (SPQ) (Raine,
1991): a 72-item self-report measure of schizotypal
personality traits. A score of 1 is given for each positive
response. A total score (‘SPQ Total’) is derived and
scores can be summed to assess the number of traits
related to each of three dimensions: cognitive–perceptual;
interpersonal; disorganisation. A higher than average number of traits is associated with increased risk of
schizophrenia-spectrum conditions (e.g. Miller et al.,
2002).
Strengths and difficulties questionnaire (SDQ): 40item questionnaire assessing function in 4 domains
(hyperactivity-inattention; emotional symptoms; peer
relations; conduct problems) using a 3-point Likert scale
with ‘0’ denoting absence of problems. Parent- and selfrated versions were completed. A total score (‘SDQ-self
Total’; ‘SDQ-parent Total’) reflects problems across all
domains. Scores can also be summed to create 4 subscales, 1 for each domain.
Global assessment of function (GAF) (WHO, 1992):
a rating scale completed by the interviewer on the basis
of discussion with the interviewee. A score from 0–100
rates the interviewee's overall functioning in daily
life. A score of 0 indicates severe impairment in all
aspects of function (occupational; social; emotional;
psychological) and a score of 100 indicates excellent
functioning.
2.3. Cannabis use
Cannabis use was assessed using the substance
misuse interview from Section 12 of the SCAN which
begins by asking the interviewee whether they have
ever used drugs and if so, whether they have used drugs
more than once or twice. In the present sample regular
use of drugs other than cannabis was rare; we therefore
focussed on cannabis. Those who report using drugs
once or twice or more than once or twice are asked a
series of further questions to determine whether they
have a substance abuse disorder. To assess relationships between cannabis use and mental health function
in the present study cannabis use was dichotomised
into i) regular cannabis use (i.e. more than once or
twice) and ii) never or occasional use (i.e. never used,
or only once or twice). For simplicity these groups will
henceforth be referred to as ‘users’ and ‘non-users’
respectively.
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2.4. Statistical analysis
The primary aim of analysis was to investigate
relationships between cannabis use and mental
health and to determine whether these relationships
differed between a group at high genetic risk of psychosis (SZ-SIB group) and two groups at low genetic
risk of psychosis; a healthy control group and a
comparison group of adolescents experiencing mental
health problems other than psychosis (ADHD group).
Data for the measures of mental health function
were not normally distributed. Non-parametric Mann–
Whitney U-tests were conducted to compare users and
non-users on each measure, within the HC, SZ-SIB and
ADHD groups. To provide an index of mental health
function which captured the overall profile revealed by
the non-parametric analysis and which was amenable to
parametric analysis, Principal Components Analysis
(PCA) was conducted on the square root transform of 4
variables (SPQ Total; SDQ-self Total; SDQ-parent
Total; GAF). One component was identified, accounting
for 72.6% of variance; all variables loaded highly on the
component (N0.8) which was labelled ‘Mental Health
Disturbance Index’. Univariate ANCOVA (age as
covariate) with the factors Group (HC, SZ-SIB,
ADHD) and Cannabis (users; non-users) was conducted
to investigate differences in factor scores. Significant
main effects and interactions were followed with
planned independent samples t-tests; we predicted
significantly higher factor scores (indicating greater
mental health disturbance) for users than non-users
within each group (HC; SZ-SIB; ADHD). Gender was
not included as a covariate in the analyses as there were
only 2 females in the ADHD group. Independentsamples t-tests were conducted to compare mental
health factor scores of males and females within the HC

and SZ-SIB groups and within the user and non-user
groups. There were no significant differences; for
brevity, the results are not reported.
Factor scores deviated slightly from a normal
distribution in the HC and SZ-SIB groups (Shapiro–
Wilk statistic significant at p = 0.02 and p = 0.002,
respectively). To ensure the results obtained using
parametric statistical methods were reliable, Mann–
Whitney U-tests were conducted to compare users and
non-users within each group. The results were consistent with those obtained using parametric methods;
parametric methods are reported.
3. Results
3.1. Cannabis use in the HC, SZ-SIB and ADHD
groups
The lifetime prevalence of regular cannabis use was
39% (14/36) in the SZ-SIB group, 33% (9/27) in the
ADHD group and 26% (19/72) in the HC group. There
was no significant difference in the proportion of users
between groups (χ2(2) = 1.827, p = 0.41). Of those who
used cannabis more than once or twice (the ‘users’ group),
the following percentages represent those who used
cannabis at least once monthly: HC: 68%; SZ-SIB: 43%;
ADHD: 89%.
3.2. Relationships between cannabis use and mental health
Table 1 presents the descriptive statistics for mental
health scores of cannabis users and non-users within
the HC, SZ-SIB and ADHD groups. There were
no significant differences between users and non-users
in the HC and ADHD groups but significant differences in the SZ-SIB group for SDQ-self Total (z =

Table 1
Descriptive data for measures of mental health function in cannabis users and non-users in all groups
Measure a

Cannabis

SPQ Total

Non-users
Users
Non-users
Users
Non-users
Users
Non-users
Users

SDQ-self Total
SDQ-parent Total
GAF

Group b, c
HC

SZ-SIB

ADHD

11.00 (4.00–15.00)
9.00 (2.50–25.25)
6.00 (4.00–8.50)
9.00 (3.25–13.25)
5.00 (3.00–8.00)
2.50 (1.25–10.75)
87.00 (85.50–90.00)
86.50 (73.25–88.75)

8.00 (5.00–15.00)
17.50 (5.75–37.75)
6.00 (4.00–8.00)
10.00 (7.75–15.00)
5.00 (3.00–10.00)
11.50 (5.75–13.50)
89.00 (82.00–90.00)
83.50 (71.75–86.25)

32.00 (24.00–41.00)
29.00 (4.50–40.00)
18.00 (15.00–19.50)
17.00 (10.00–23.50)
24.00 (17.50–28.00)
24.00 (15.50–32.00)
61.00 (57.50–66.50)
66.00 (62.50–71.00)

a

SPQ = Schizotypal Personality Questionnaire; SDQ-self total = Strengths & Difficulties Questionnaire, self-rated version, SDQ-parent total =
Strengths & Difficulties Questionnaire, parent-rated version; GAF = Global Assessment of Function.
b
HC = Healthy control group; SZ-SIB = schizophrenia-sibling group; ADHD = ADHD group.
c
Data shown are median with 25th–75th percentile in parentheses.
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Table 2
Descriptive data for factor scores on the Mental Health Disturbance
Index and Hyperactivity–Disorganisation Index

3.3. Relationships between cannabis use and specific
dimensions of mental health

Group a

To determine whether relationships between mental
health and cannabis use were explained by scores on
specific sub-scales from the SPQ and SDQ, Mann–
Whitney U-tests were conducted to compare users and
non-users on the Cognitive-perceptual, Interpersonal
and Disorganisation sub-scales of the SPQ and the
Hyperactivity-inattention sub-scales of the SDQ, selfand parent-rated versions. The descriptive data are
shown in Table 3. There were no significant differences
between users and non-users in the HC and ADHD
groups. In the SZ-SIB group users had significantly
higher scores on the SDQ-self hyperactivity-inattention
sub-scale (z = − 2.183, p b 0.05) and a trend towards
significantly higher scores on the SPQ Disorganisation
sub-scale (z = − 1.658, p = 0.1). These variables were
entered into PCA, from which one component was
identified accounting for 83.82% of the variance. The
component was labelled ‘Hyperactivity-Disorganisation
Index’ (see Table 2 for descriptive statistics of factor
scores). Univariate ANCOVA with the factors Group
(HC; SZ-SIB; ADHD) and Cannabis (users; non-users)
and with age as covariate was conducted on the
factor scores and revealed a significant effect of
Group (F(2,109) = 46.488, p b 0.001) and a significant Group ⁎ Cannabis interaction (F(2,109) = 2.684,
p b 0.05). Independent-samples t-tests revealed significantly higher factor scores for users than non-users in
the SZ-SIB group (t(33) = − 2.189, p b 0.05) and a trend
towards significantly lower factor scores for users than
non-users in the ADHD group (t(24) = 1.835, p = 0.079).
Comparison of users and non-users in the HC group was
non-significant.

HC
SZ-SIB
ADHD

Cannabis

Non-users
Users
Non-users
Users
Non-users
Users

Factor
Mental health
disturbance
index b

Hyperactivitydisorganisation
index b

−0.82 (0.38)
−0.64 (0.62)
−0.77 (0.67)
−0.06 (0.16)
0.91 (0.62)
0.78 (0.83)

− 0.62 (0.63)
− 0.58 (0.57)
− 0.68 (0.55)
− 0.12 (0.81)
1.28 (0.64)
0.78 (0.72)

a
HC = Healthy control group; SZ-SIB = schizophrenia-sibling group;
ADHD = ADHD group.
b
Data shown are age-adjusted group means with standard deviations
in parentheses.

− 2.72, p b 0.01), GAF (z = − 2.285, p b 0.05) and a trend
towards significance for SDQ-Parent Total (z = − 1.827,
p = 0.071).
These results indicate a relationship between cannabis use and mental health function in the SZ-SIB group
which is not present in the HC and ADHD groups.
Univariate ANCOVA was conducted on factor scores for
the Mental Health Disturbance Index derived from PCA
(see Table 2 for descriptive statistics of factor scores).
There were significant effects of Group (F(2,101) =
56.32, p b 0.001), Cannabis (F(1,101) = 4.21, p b 0.05)
and a significant Group ⁎ Cannabis interaction (F(2,101)=
4.11, p b 0.05). Independent-samples t-tests were conducted to compare cannabis users and non-users within
each group. There was no significant difference in the HC
or ADHD groups but a significantly higher factor score
(greater mental health disturbance) for users than nonusers in the SZ-SIB group (t(31)= −3.154, p = 0.004).

Table 3
Descriptive data for SPQ and SDQ sub-scales in cannabis users and non-users in all groups
Measure a

SPQ cognitive-perceptual
SPQ interpersonal
SPQ disorganisation
SDQ-self H-A
SDQ-parent H-A

Cannabis

Non-users
Users
Non-users
Users
Non-users
Users
Non-users
Users
Non-users
Users

Group

b, c

HC

SZ-SIB

ADHD

2.00 (0.00–6.00)
2.00 (0.00–7.00)
5.00 (2.00–9.00)
4.00 (1.00–11.50)
3.00 (0.00–5.25)
3.00 (1.00–5.50)
2.00 (1.00–4.00)
3.00 (1.00–5.00)
1.00 (0.00–3.00)
0.00 (0.00–2.50)

4.00 (1.00–7.00)
5.50 (0.75–13.00)
6.00 (3.00–11.00)
9.00 (2.00–18.50)
1.00 (0.00–5.00)
5.00 (0.00–9.00)
2.00 (1.00–3.50)
3.00 (2.75–5.50)
2.00 (1.00–3.00)
2.50 (0.75–4.25)

13.00 (6.50–19.00)
13.00 (3.00–20.50)
14.00 (10.50–19.00)
9.00 (1.50–18.00)
10.00 (7.00–12.00)
7.00 (1.00–11.00)
8.00 (5.50–9.00)
6.00 (4.50–8.00)
9.00 (6.50–10.00)
9.00 (4.50–10.00)

a

SPQ = Schizotypal Personality Questionnaire; SDQ = Strengths & Difficulties Questionnaire; H-A = hyperactivity-inattention sub-scale of SDQ.
HC = Healthy control group; SZ-SIB = schizophrenia-sibling group; ADHD = ADHD group.
c
Data shown are median with 25th–75th percentile in parentheses.
b
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In response to a reviewer's comment, the first
ANCOVA which investigated the relationship between
cannabis use and factor scores on the ‘Mental Health
Disturbance Index’ was re-run with cigarette smoking
behaviour included as an additional covariate. This
procedure was performed to ensure the significant
group ⁎ cannabis use interaction was not influenced by
nicotine use. Cigarette smoking was assessed using
Section 12 of the SCAN. Ratings were dichotomised in
the same way as cannabis use: ‘non-users’ reported
smoking cigarettes never or rarely (once or twice);
‘users’ reported smoking cigarettes more than once or
twice. The group ⁎ cannabis use interaction remained
significant at p b 0.05 with this covariate included in the
model; the results are therefore reported without the
covariate and it was not included in the secondary
analysis investigating relationships between cannabis
use and specific aspects of mental health disturbance.
4. Discussion
Analysis of factor scores from a composite measure of
mental health derived from the SPQ, SDQ and GAF
revealed a significant positive association between cannabis use and mental health problems in adolescents at high
genetic risk for schizophrenia, which was not statistically
significant in healthy adolescents in the general population.
Further investigation revealed the same pattern when
analysing factor scores from a composite index derived
from two sub-scales: the Disorganisation sub-scale of the
SPQ and the hyperactivity-inattention sub-scale of the SDQ
(self-rated version). The effects remained robust with age
and nicotine use included as covariates. The young
people included in this study were a well-functioning,
non-psychotic group who were entirely free from psychotic
or prodromal symptoms. This suggests that even among
high-risk individuals who are unlikely to develop a
psychotic illness, cannabis use is associated with worse
mental health problems. The results also highlight the
importance of considering a range of mental health
domains when assessing the effects of cannabis use in
those at increased genetic risk of psychosis.
The cross sectional nature of this study makes it
difficult to infer causality. However, our findings do not
support the hypothesis that cannabis use is in general
related to mental health disturbance because the
cannabis users in the ADHD group had similar, or
possibly lower, mental health problem scores than nonusers. Our results are more consistent with the
hypothesis that there is a specific relationship between
risk for schizophrenia and cannabis use. The differential
effects of cannabis across groups suggest that the

psychological effects of cannabis use are moderated by
variation in genetic and neuro–chemical vulnerability.
Adolescents at high genetic risk for schizophrenia may
have a hypersensitive dopaminergic system rendering
them more vulnerable to cannabis-stimulating dopamine
release in the mesolimbic system (Fergusson et al.,
2006). In contrast, this release could attenuate some
behavioural symptoms of ADHD by normalising a
hypofunctioning dopamine system (Swanson et al.,
2007). Hence, the risks of mental health problems
associated with cannabis use in young people may differ
within the population. Identification of moderating factors
and neurobiological mechanisms associated with cannabis use in adolescents is a key target for future research
leading to evidence-based risk prevention.
There are a number of methodological limitations of
this study. Dichotomising the sample into users and nonusers of cannabis meant that some participants included
in the users group may have used cannabis not much
more frequently than once or twice. This approach
might have resulted in a lack of sensitivity to the
possibly greater mental health problems experienced by
those who use cannabis very regularly. However, within
the context of this study, this method was the most
appropriate for the following reasons. Firstly, rates of
cannabis use were low in all groups meaning that further
dividing the samples into those with more regular use
yielded too few cases for reliable statistical analysis.
Secondly, a large proportion of those who had used
cannabis reported doing so at least once per month,
indicating fairly regular use for such a young cohort.
Thirdly, the method was more likely to hide differences
in mental health function between users and non-users
than artificially inflate them. The finding of greater
mental health problems in users than non-users in the
schizophrenia high risk (SZ-SIB) group suggests therefore that even low rates of use might be significant in
this population. Further research using larger samples
and a measure of cannabis use which provides interval
level data is needed.
A second limitation is the cross-sectional design. It is
not possible to determine from our analysis whether the
mental health problems in high-risk siblings of schizophrenia patients were present before their regular cannabis
use, or have emerged since. Longitudinal research
assessing all aspects of mental health function from an
early age is needed. In relation to this, consideration of
other factors such as stressful lifetime events and degree
of socio-economic deprivation was beyond the scope of
the present study. Previous research has shown these to be
important when assessing mental health in those at high
risk of psychosis (Miller et al., 2001) and they might also
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have influenced the relationship between cannabis and
mental health in our high-risk group.
Finally, there were low rates of cannabis use and of
mental health problems in the SZ-SIB group and it is
possible that this high functioning sample may not be
representative of the wider schizophrenia high-risk
population. Further research is needed to determine
whether the results can be replicated in larger samples and
in those who are deemed to be at high risk of psychosis
due to the presence of prodromal or attenuated psychotic
symptoms.
4.1. Conclusions
This study revealed a relationship between cannabis use
and mental health problems in young people at increased
genetic risk of schizophrenia who were free from
prodromal or psychotic symptomatology at the time of
assessment. This relationship was specific to the high-risk
group when comparing them with adolescents at low
genetic risk of psychosis and those with ADHD. The
findings highlight the importance of assessing broader
domains of mental health function in this group rather than
focussing solely on prodromal or psychotic symptoms;
although further research is needed to investigate causality.
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The endocannabinoid system has been involved in the regulation of anxiety, and proposed as an inhibitory modulator of neuronal, behavioral and adrenocortical responses to stressful stimuli. Brain regions such as the amygdala, hippocampus and cortex,
which are directly involved in the regulation of emotional behavior, contain high densities of cannabinoid CB1 receptors. Mutant
mice lacking CB1 receptors show anxiogenic and depressive-like behaviors as well as an altered hypothalamus pituitary adrenal
axis activity, whereas enhancement of endocannabinoid signaling produces anxiolytic and antidepressant-like eﬀects. Genetic and
pharmacological approaches also support an involvement of endocannabinoids in extinction of aversive memories. Thus, the endocannabinoid system appears to play a pivotal role in the regulation of emotional states. Endocannabinoids have emerged as
mediators of short- and long- term synaptic plasticity in diverse brain structures. Despite the fact that most of the studies on this
field have been performed using in vitro models, endocannabinoid-mediated plasticity might be considered as a plausible candidate underlying some of the diverse physiological functions of the endogenous cannabinoid system, including developmental,
aﬀective and cognitive processes. In this paper, we will focus on the functional relevance of endocannabinoid-mediated plasticity
within the framework of emotional responses. Alterations of the endocannabinoid system may constitute an important factor in
the aetiology of certain neuropsychiatric disorders, and, in turn, enhancers of endocannabinoid signaling could represent a potential therapeutical tool in the treatment of both anxiety and depressive symptoms.
Copyright © 2007 Marı́a-Paz Viveros et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
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1.

INTRODUCTION

Fear is an adaptive component of the acute stress response
to potentially dangerous stimuli which threaten the integrity
of the individual. However, when disproportional in intensity, chronic, irreversible, and/or not associated with any actual risk, it constitutes a maladaptive response and may be
symptomatic of an anxiety-related neuropsychiatric disorder such as generalized anxiety, phobia, or post-traumatic
stress disorder (PTSD), among others. A diversity of mechanisms, including GABAergic, serotonergic, and noradrenergic systems, appears to be involved in the regulation of
anxious states which may contribute to an appropriate emotional response to aversive events [1]. In the recent years, an
increasing interest in the endocannabinoid system has arisen
as part of the complex circuitry that regulates anxiety and as
a crucial mediator of emotional learning. Brain distribution
of cannabinoid CB1 receptors is consistent with an involvement of this system in the regulation of emotional reactivity.

Indeed, CB1 receptors are highly expressed in brain structures such as the amygdala, hippocampus, anterior cingulate
cortex, and prefrontal cortex [2–8], key regions in the regulation of emotional responses. Moreover, the cannabinoid CB1
agonist CP 55,940 increased Fos immunoreactivity in brain
structures known to be involved in anxiety and fear-related
responses such as the central nucleus of the amygdala, the
periaqueductal gray, and the paraventricular nucleus (PVN)
of the hypothalamus [9].
Depression is a mood disorder in which the prevailing
emotional mood is distorted or inappropriate to the circumstances. There are important links between chronic stress
and depression. Upon exposure to acute stressful stimuli,
the organism initiates a series of neuroendocrine short-term
responses that are beneficial in terms of adaptation. However, exposure to chronic, unavoidable situations of stress
may have deleterious consequences, including endocrine,
emotional, and cognitive alterations associated with neuropsychiatric disorders such as depression. In this context,
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hyperactivity of the hypothalamus-pituitary-adrenal (HPA)
axis with increased glucocorticoids levels appears to be linked
to major depression [10, 11]. There is evidence for an involvement of the endocannabinoid system in the regulation
of neural, behavioral, and endocrine responses to aversive
stimuli [12, 13] and it has been suggested that stress-induced
dysregulation of specific components of the endocannabinoid system might be associated with deficits in behavioral
flexibility that can be manifested in stress-related disorders
such as PTSD and depression [14].
Endocannabinoids have been shown to act as retrograde transmitters at the synaptic level. Though the exact
role of retrograde endocannabinoid signaling in vivo is not
fully clarified yet, it is likely that by this mechanism endocannabinoids play important roles in synaptic transmission and plasticity, including modulation of emotional responses. Indeed, endocannabinoids have recently emerged
as one of the most thoroughly investigated, and widely accepted, classes of retrograde messengers in the brain [15].
Cannabinoid-induced neuroplasticity may underlie diverse
physiological functions modulated by the endocannabinoid
system, that is, pain [16] and memory [17]. Synaptic plasticity within the amygdala appears to play a crucial role in acquisition, storage, and extinction of aversive memories, basic neural processes that serve adaptive behaviors, and the
endocannabinoid system has emerged as a crucial mediator
of such neuroplasticity-related phenomena. Marsicano et al.
[18, 19] proposed that endocannabinoids facilitate extinction of aversive memories through their selective inhibitory
eﬀects on local inhibitory networks in the amygdala, providing evidence for a functional role of endocannabinoid
release-based synaptic plasticity. Apart from the amygdala,
there are some other brain areas that have been postulated as
substrates for cannabinoid-induced neural plasticity such as
the hippocampus and the hypothalamus where cannabinoiddependent synaptic plasticity is involved in the regulation of
the stress-response system [17, 20]. Pharmacological modulation of the endocannabinoid system has been proposed as
a novel potential therapeutical strategy for the treatment of
anxiety disorders and depression [21], and therapeutic interventions directed at normalization of the HPA system [11]
might potentially include modulation of endocannabinoid
signaling.

2.

THE ENDOCANNABINOID SYSTEM AND
CANNABINOID-RELATED COMPOUNDS

The endocannabinoid system includes the cannabinoid receptors, the endogenous lipid ligands (endocannabinoids),
and the enzymatic machinery for their synthesis and inactivation. Endocannabinoids are important neuromodulators that appear to be involved in a plethora of physiological processes such as modulation of nociception, regulation
of motor activity, cognitive processes, neuroprotection, immune function and inflammatory responses, antiproliferative actions in tumoral cells, control of cardiovascular system, and neurodevelopment, among others [22–29]. No-

tably, the endocannabinoid system appears to be critically
involved in the maintenance of homeostasis [28, 30]. In this
review, we aim to highlight its function as a stress-recovery
system.
Endocannabinoids are polyunsaturated fatty acid derivatives. The ethanolamide of arachidonic acid anandamide
(AEA) and 2-arachidonoylglycerol (2-AG) are the most studied endocannabinoids and have been implicated in a wide
range of physiological and pathological processes. Other
molecules such as 2-arachidonyl-glyceryl ether (noladin,
2-AGE), O-arachidonoyl-ethanolamine (virhodamine), and
N-arachidonoyl-dopamine (NADA) have been discovered
more recently. The anabolic and catabolic pathways for
AEA and 2-AG appear to rely on very complex enzymatic
cascades and are in the progress of being elucidated. In
brief, the enzime N-acylphosphatidylethanolamine-specific
phospholipase D (NAPE-PLD) synthesizes AEA from Narachidonoylphosphatidylethanolamine (NArPE), whereas
the diacylglycerol lipase (DAGL) generates 2-AG from diacylglycerol (DAG) substrates. Due to their lipophilic nature,
endocannabinoids cannot be stored in vesicles. It is widely
accepted that, unlike other mediators, the endocannabinoids
are synthesized and released on demand, in response to diverse physiological and pathological stimuli, and appear to
exert important actions as retrograde messengers. Endocannabinoid inactivating mechanisms include cellular reuptake and hydrolysis. AEA appears to be taken up by several cell types at least in part via a facilitated transport
mechanism, known as the anandamide membrane transporter (AMT), which can also transport 2-AG intracellularly. Though this putative transporter has not been isolated or cloned yet, there are compounds that are considered as inhibitors of cellular uptake. A fatty acid amide
hydrolase (FAAH) is the main AEA hydrolase, whereas a
monoacylglycerol lipase (MAGL) is critical in degrading 2AG. It is important to take into consideration that the actions of endocannabinoids are considered to be spatially
and temporally restricted. Therefore, the eﬀects of exogenously applied cannabinoids, which lack such selectivity, do
not necessarily mimic physiological functions of the endocannabinoid system [26, 28]. Compounds that enhance endocannabinoid signaling by inhibiting endocannabinoid reuptake (e.g., VDM11, OMDM-1, OMDM-2, UCM707) or
by degradation (e.g., the FAAH inhibitors URB597, AM374,
or N-arachidonoyl-serotonin) are widely used in preclinical
studies and appear to have a potential therapeutical interest.
A profound discussion of biochemical aspects of the endocannabinoid system is beyond the scope of this paper, but
the reader can find comprehensive excellent reviews (e.g.,
[27, 28, 31–35]) as well as recent papers on specific aspects
such as alternative biosynthetic pathways for endocannabinoids [36, 37] and endocannabinoid membrane transport
[38].
Cannabinoids mainly exert their pharmacological eﬀects
by the activation of specific membrane receptors. Mammalian tissues contain at least two types of cannabinoid receptors, CB1 and CB2, which are metabotropic receptors
coupled to G-proteins of the Gi/o type. CB1 receptors are
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localized mainly in the central nervous system, but are also
present in a variety of peripheral tissues; they are among the
most abundant and widely distributed G-protein coupled receptors in the brain. Transduction systems include inhibition of adenylyl cyclase and of certain voltage-sensitive calcium channels (predominately, those found presynaptically)
and activation of inwardly-rectifying potassium channels
and mitogen-activated protein (MAP) kinase [39]. Autoradiographic and immunohistochemical studies have shown
that CB1 receptors are expressed in multiple brain areas, including the olfactory bulb, neocortex, pyriform cortex, hippocampus, amygdala, basal ganglia, thalamic and hypothalamic nuclei, cerebellar cortex and brainstem nuclei. In particular, a high density of CB1 receptors is found in cortical and
limbic regions associated with emotional responses. The levels of expression vary among the various brain regions and
neuronal subpopulations, and there is apparently no strict
correlation between levels of expression and receptor functionality. Thus, the activity of cannabinoids at CB1 receptor
depends not only on the relative receptor density but also on
other factors such as receptor coupling eﬃciency [2, 28, 40–
43]. It has been widely accepted that cannabinoids regulate
GABA release by activation of CB1 receptor type, and the
highest levels of CB1 cannabinoid receptors are found on the
terminals of cholecystokinin-positive GABAergic interneurons [44, 45]. On the other hand, the expression of CB1 receptor in glutamatergic neurons has been vigorously debated
in recent years. In fact, some authors proposed that a novel
non-CB1/non-CB2 cannabinoid-sensitive receptor could be
responsible for the inhibition of glutamatergic neurotransmission [46, 47]. However, it has been now well established
that functional cannabinoid CB1 receptors are present on
glutamatergic terminals of the hippocampal formation, colocalizing with vesicular glutamate transporter 1 [48], as well
as in other cortical areas (see, e.g., [26, 49, 50]). These evidences do not exclude that a non-CB1 receptor might exist
in the brain, but there is to date no molecular evidence for
such novel receptor.
Cannabinoid CB2 receptors are mostly peripherally located on immunological tissues, and therefore implicated
in immunological functions. However, they have also been
found within the central nervous system on neurons and glial
cells with their expression mainly related to conditions of
inflammation [51–53]. More recent immunohistochemical
analyses have revealed immunostaining for CB2 receptors in
apparent neuronal and glial processes in diverse rat brain areas, including cerebellum and hippocampus [54, 55]. These
results change the classical view of peripherally located CB2
receptors and suggest broader functional roles for these receptors.
It has been shown that some of the eﬀects of anandamide are mediated by the transient receptor potential
vanilloid type-1 channel (TRPV1), formerly called vanilloid receptor VR1 [39]. These receptors have been traditionally known for their function in sensory nerves where
they mediate perception of inflammatory and thermal pain,
but they are also expressed within the brain contributing to
other important physiological functions. Co-expression of
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cannabinoid CB1 and TRPV1 receptors was found by using immunofluorescence techniques in diverse brain areas
involved in the regulation of emotional responses. In particular, within the hippocampus, CB1/TRPV1 was detected
on cell bodies of many pyramidal neurons throughout the
CA1–CA3 subfields and in the molecular layer of dentate
gyrus [56]. Interestingly, TRPV1 knockout mice (TRPV1KO) showed less anxiety-related behavior in the light-dark
test and in the elevated plus-maze than their wild-type littermates as well as less freezing to a tone after auditory
fear conditioning and stress sensitization. TRPV1-KO also
showed impaired hippocampus-dependent contextual fear
together with a decrease in long-term potentiation (LTP)
in the Schaﬀer collateral-commissural pathway to CA1 hippocampal neurons. These data provide first evidence for fearpromoting eﬀects of TRPV1 with respect to both innate and
conditioned fear and for a decisive role of this receptor in
synaptic plasticity [57]. Collectively, these findings open new
avenues for the study of possible functional relationships
between CB1 and TRPV1 receptors, in particular regarding
stress, fear, and anxiety responses.
Recently, an additional G-protein-coupled receptor
(GPCR) GPR55 has been proposed as a possible new cannabinoid receptor that might play a physiological role in lipid
or vascular biology [58].

3.

BASIC PRINCIPLES OF ENDOCANNABINOIDMEDIATED SYNAPTIC PLASTICITY

One of the most salient features of the nervous system is its
plasticity, including structural and functional changes in individual neurons and synapses. This characteristic is present
both during brain development and in the adult life. Synaptic plasticity allows changes in the strength and number of
synaptic connections between neurons. It is considered as
one of the major mechanisms underlying learning and memory and appears to mediate several other functions in the
central nervous system. The resulting changes in synaptic
eﬃcacy are thought to be crucial in experience-dependent
modifications of neural function. A closely related concept
is behavioral flexibility that allows an organism to adapt to
variable environmental demands and produce adaptive responses.
Given the prominent presynaptic localization of cannabinoid CB1 receptors, together with its mainly inhibitory
actions, cannabinoids have been proposed as local retrograde modulators, with an important role in modulating essential physiological functions and contributing in diverse
synaptic plasticity phenomena [59–62]. The endocannabinoid system seems to aﬀect neuronal excitability participating in the maintenance of homeostatic conditions in the
brain [26, 63, 64]. In this respect, data obtained from conditional CB1 mutant mice suggest that the endocannabinoid system may protect neurons against excessive activity, and consequently against excitotoxicity. Marsicano et
al. generated conditional mutant mice that lacked expression of the CB1 receptor in principal forebrain neurons but
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not in adjacent inhibitory interneurons. In mutant mice,
the excitotoxin kainic acid (KA) induced excessive seizures
in vivo, and the threshold to KA-induced neuronal excitation in vitro was severely reduced in their hippocampal
pyramidal neurons. Moreover, KA administration rapidly
raised hippocampal levels of anandamide and induced protective mechanisms in wild-type principal hippocampal neurons, whereas these protective mechanisms could not be triggered in mutant mice. These findings indicate that neural excitability is increased in CB1-deficient mice and that
the endocannabinoid system may act as a neuroprotective system against abnormally increased discharge activity [26, 65]. The CB1 receptor-mediated neuroprotective effect in the kainate model is apparently mediated by decrease of excitability of glutamatergic hippocampal neurons
[48].
Activation of postsynaptic receptors, at diverse neuronal
types, induces the release of endogenous cannabinoid compounds that move backwards across the synapse, until reaching the cannabinoid CB1 receptor, to which they bind, therefore inhibiting further neurotransmitter release. Endocannabinoid-mediated synaptic plasticity can be transient or long
lasting and can be found at both excitatory and inhibitory
synapses in diverse brain structures. Endocannabinoidmediated short-term synaptic plasticity includes two electrophysiological phenomena, depolarization-induced suppression of inhibition (DSI), and depolarization-induced suppression of excitation (DSE). DSI is due to a presynaptic
action that reduces GABA release, while DSE results from
presynaptic inhibition of glutamatergic release. There is also
an involvement of the endocannabinoid system in long-term
forms of synaptic plasticity. Long-term potentiation (LTP)
is a long-lasting increase in the strength of a synapse, while
long-term depression (LTD) is a long lasting weakening of
synaptic strength. Both are mechanisms of synaptic plasticity that can persist for hours to weeks and have important implications on various forms of learning and memory.
Endocannabinoid-induced long-lasting inhibition of neurotransmitter release has been found in diverse brain structures and at both excitatory and inhibitory synapses (for exhaustive discussion of these phenomena, see [15, 26, 64, 66,
67]).
4.

EFFECTS OF CANNABINOIDS ON
ANXIETY-RELATED RESPONSES

The main feature of the recreational use of cannabis is that
it produces a euphoriant eﬀect. This “high” can be accompanied by decreased anxiety and increased sociability. However, cannabis can also produce dysphoric reactions, feelings of anxiety, panic, paranoia, and psychosis [68–72]. It is
possible that the reasons for this lie on the bidirectional effects of cannabinoids on anxiety, with low doses having anxiolytic, and high doses having anxiogenic-like eﬀects. The
previous history of the individual and the environmental
context may also critically influence the induced cannabinoid eﬀects. Data from animal models provide further evidence for the complexity of the scenario. Low doses of sev-

eral cannabinoid receptor agonists, nabilone [73], CP 55,940
[74, 75], and Δ9 -tetrahydrocannabinol (THC) [76] induced
anxiolytic-like eﬀects in both the elevated plus-maze and
the light-dark box. In contrast, high doses of the cannabinoid agonist HU-210 produced anxiogenic-like responses
in the defensive withdrawal test [77] and enhanced emotional responding to tactile stimulation [78], and mid-high
doses of CP 55,940 showed anxiogenic-like eﬀects in the
plus-maze [74, 75, 79, 80] and in the social interaction test
[81].
It has been shown that exposure to chronic stress enhances the anxiety-like responsiveness to cannabinoids in
rats [82], a phenomenon that is also observed in humans.
Accordingly, Patel et al. [83] have recently analyzed the interactions between cannabinoids and environmental stress
in the regulation of amygdalar activation in mice. The combination of restraint stress and CB1 agonist administration
produced robust Fos induction within the central amygdala,
indicating a synergistic interaction between environmental
stress and CB1 receptor activation. These data suggest that
the central amygdala could be an important neural substrate
relevant to the context-dependent eﬀects of cannabinoids on
emotional/aﬀective responses.
It is worth noting that, in addition to anxiety, there are
other behavioral responses, such as motor activity and exploration [75, 80, 81, 84, 85], that are aﬀected by cannabinoid agonists in a biphasic manner. In general, low doses
are stimulatory, whereas high doses are inhibitory. Bimodal
eﬀects of cannabinoids might be explained by two distinct
populations of presynaptic CB1 receptors, with diﬀerent sensitivities to cannabinoids, particularly WIN 55,212-2 (WIN),
located possibly on glutamatergic and GABAergic neurons
[26, 86]. The administration of WIN resulted in a biphasic,
dose-dependent eﬀect on hippocampal acetylcholine (ACh)
release: a low dose and a high dose of the compound induced
a transient stimulation and a prolonged inhibition of hippocampal ACh eﬄux, respectively. These amphidromic responses appeared to involve the same structural entities, Gicoupled CB1 receptors, but diﬀerent neuroanatomical sites.
The low-dose excitatory eﬀects were mediated in the septum,
whereas the high-dose inhibitory eﬀects were mediated locally in hippocampus. Moreover, the stimulatory and the inhibitory eﬀects of the cannabinoid agonist involved activation of dopamine D1 and D2 receptors, respectively [7]. Local infusion of cannabinoid compounds in specific brain areas might be instrumental to identify neural pathways and
neuroanatomically separated CB1 receptor subpopulations
that may play distinct roles and mediate opposing actions
of cannabinoids, notably, anxiolytic versus anxiogenic eﬀects
[87]. This possibility might further explain why elevation
of endocannabinoids levels sometimes has eﬀects that are
diﬀerent from those observed with exogenous cannabinoids
[26]. An additional hypothesis which might account for the
biphasic eﬀects of cannabinoids is the possible diﬀerential
implication of Gs and Gi proteins in the stimulatory and inhibitory eﬀects, respectively [88]. It would be interesting to
test this hypothesis in vivo, in relation to anxiety-related effects.
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5.

ROLE OF THE ENDOCANNABINOID SYSTEM IN
THE REGULATION OF ANXIETY
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metabolic disorders, and the most frequent adverse events resulting in discontinuation of the drug included depression
and anxiety [95–97].

5.1. CB1 receptor knockout mice
The development of knockout (KO) mice deficient in
CB1(CB1-KO) receptors has provided an excellent tool to
evaluate the physiological roles of the endocannabinoid system, and particularly its possible implication in the regulation of anxiety. The CB1-KO mice showed an increase in the
aggressive response measured in the resident-intruder test
and an anxiogenic-like behavior in the light-dark box, the elevated plus-maze test, and the social interaction test [89, 90].
On the other hand, Marsicano et al. [18] did not find an
anxiogenic-like response in the plus-maze in their CB1-KO
mice. Discrepancies might be attributed to diﬀerences in the
genetic background of mutant mice, and also to diﬀerences
on baseline anxiety levels and to context-dependent stress
elicited. In particular, CB1-KO mice exclusively showed an
anxiogenic-like behavior under high-stress conditions: light
in the plus-maze and unfamiliar environment in the social
interaction test [18, 89–91]. An impaired action of anxiolytic
drugs, such as bromazepam and buspirone, has been also observed in mutant mice [90]. This latter result suggests that
functional integrity of cannabinoid CB1 receptors is necessary to achieve a complete eﬃcacy of anxiolytic drugs, which
may have consequences in the treatment of mood-related
disorders, including those derived from cannabinoid abuse.
5.2. Pharmacological blockade of CB1 receptors
Evidence for an endogenous anxiolytic cannabinoid tone
also comes from certain eﬀects of the CB1 receptor antagonist rimonabant (SR141716A). This drug has anxiogenic
eﬀects in adult rats submitted to the defensive withdrawal
test and the elevated plus-maze [79, 92]. The cannabinoid
receptor agonist CP 55,940 reduced ultrasonic vocalization
in rat pups separated from their mother, indicating an anxiolytic eﬀect, and rimonabant not only reversed this eﬀect,
but also enhanced pup ultrasonic vocalizations when administered alone [93]. These results further support the view
that there is an endogenous regulation of emotional states
mediated by the cannabinoid system that might be present
since early developmental stages. As for CB1-KO animals,
certain results obtained in mice following rimonabant administration showed apparently contradictory results since
this compound was found to be anxiolytic in the plus-maze
[89]. These data may reflect species diﬀerences, but it seems
likely that environmental context and baseline anxiety levels
critically account for at least some of the discrepancies observed in the literature. The context dependency is indirectly
supported by the “one-trial sensitization” phenomenon described by Rodgers et al. [94] in the plus-maze. In these experiments, the CB1 receptor antagonist had no behavioral
eﬀects in maze-naı̈ve mice, but induced an anxiolytic-like effect in the second trial of the test.
With respect to recent clinical trials, rimonabant has been
tested for its possible therapeutical application in obesity and

5.3.

Inhibitors of endocannabinoids inactivation

As indicated above (Section 2), the enzyme FAAH catalyzes
the hydrolysis of the endogenous cannabinoid anandamide.
Pharmacological blockade of this enzyme by URB597 and
URB532 produced anxiolytic-like eﬀects in the elevated zeromaze in adult rats and in the isolation-induced ultrasonic
emission test in rat pups. These eﬀects were accompanied by
augmented brain levels of anandamide and were prevented
by CB1 receptor blockade. Moreover, the anxiolytic actions
of URB597 were not accompanied by typical cannabinoid
signs of intoxication in rodents such as catalepsy or hypothermia. These results indicate that anandamide participates in the modulation of emotional states and point to
FAAH inhibition as an innovative approach to antianxiety
therapy [98].
A model has been proposed to explain the possible mechanism by which the AEA-CB1 receptor system may participate in the control of anxious states. Endocannabinoids
might be generated in the amygdala in response to the anxiety inducing stimulus, and would, therefore, regulate emotional states by influencing amygdala outputs [99]. This view
is supported also by the fact that AEA content in the mouse
basolateral amygdala rises when the animal is conditioned
to expect a foot shock after hearing a tone [18]. Thus, the
endocannabinoid system, and AEA in particular, might be
activated in response to anxiogenic situations and this activation could be part of a negative feedback system that
limits anxiety [99]. In line with this hypothesis, there are
data suggesting a role of endocannabinoid signaling as an inhibitory modulator of behavioral and neuronal responses to
aversive stimuli [13] and in the inhibition of stress-induced
activation of HPA axis [12] (see next section). A recent paper by Patel and Hillard [100] further supports a crucial
role for endocannabinoids in the induction of anxiolyticlike eﬀects. The inhibitor of endocannabinoids metabolism,
URB597, produced a linear dose-dependent anxiolytic eﬀect.
In turn, AM404 that is considered as an inhibitor of endocannabinoids uptake exerted an action that was more similar to that elicited by direct agonists, with low doses producing anxiolytic eﬀects and the highest dose having no eﬀect
[98]. The diﬀerent profiles of AM404 might be due to the fact
that in addition to increasing the endocannabinoid-mediated
tone, this compound can also activate TRV1 receptors [101]
which, as indicated by the study by Marsh et al. quoted above
[57], are also involved in the regulation of anxiety.
Collectively, a majority of evidence suggests the existence
of an anxiolytic endocannabinoid tone. The modulatory role
of the endocannabinoid system against stress is further supported by studies from Patel et al. [12, 13] indicating that
endocannabinoids act as inhibitory modulators of both neuronal and behavioral activations during an acute stress and
negatively modulate HPA axis activity (see Section 7).
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Neural Plasticity
CONDITIONED FEAR RESPONSES, AVERSIVE
MEMORIES, AND FEAR EXTINCTION

Neurobiological substrates of emotional-based learning have
been extensively examined in animal models that allow the
study of acquisition, expression, and retention of Pavlovian
fear conditioning . In this paradigm, an initially innocuous/neutral stimulus (the to-be conditioned stimulus (CS);
e.g., a light, tone, or odor) is paired with an innately aversive unconditioned stimulus (US; e.g., a footshock). Following several pairings, the subject comes to exhibit a conditioned fear response to the CS. Conditioned fear behavioral
and physiological responses include changes in heart rate
and blood pressure and freezing or cue-induced fear potentiated startle reflex. Excessive fear and anxiety are hallmarks
of a variety of disabling neuropsychiatric disorders. Adaptive strategies leading to an appropriate interplay between
fear expression and fear extinction are necessary for adequate
coping with aversive encounters. In experimental studies like
the ones mentioned above, fear inhibition is frequently studied through a procedure in which the previously fear conditioned subject is exposed to the fear-eliciting cue in the absence of any aversive event. This procedure results in a decline in conditioned fear. In other words, repeated presentation of the conditioned stimulus alone leads to extinction
of the fearful response. There are clear clinical implications
of research on fear extinction. Anxiety- related pathologies
such as phobias and post-traumatic stress disorder (PTSD)
seem to be disorders of fear dysregulation in which inhibition
of fear is absent or insuﬃcient in situations that are patently
safe. In the last years, there is an increasing interest in revealing the neural mechanisms of fear inhibition, including the
regions in which extinction-related plasticity occurs and the
cellular and molecular processes that are implicated in this
plasticity-related phenomenon (comprehensive reviews on
these mechanisms can be found in [102–105]). In the present
section, we will focus on the possible functional implication
of the endocannabinoid system.
The use of CB1-KO mice and pharmacological blockade of CB1 receptors have yielded information regarding
the involvement of the endocannabinoid system in conditioned fear responses. It has been reported that CB1-KO
mice showed strongly impaired short- and long-term extinction in auditory fear-conditioning tests, with unaﬀected
memory acquisition and consolidation. Consistent with this
finding, pharmacological blockade of CB1 receptors with rimonabant led to a similar deficit in extinction in wild-type
mice [18]. The authors also found that during the extinction protocol (exposure to the tone alone), the levels of endocannabinoids were raised within the basolateral amygdala,
a region known to control extinction of aversive memories,
both in mutant and normal mice. In subsequent studies,
Azad et al. [19] showed that low-frequency stimulation of
aﬀerents in the lateral amygdala released endocannabinoids
postsynaptically from neurons of the basolateral amygdala of
mice, and thereby induced an LTP of inhibitory GABAergic synaptic transmission (LTDi) via a presynaptic mechanism. In turn, lowering inhibitory synaptic transmission

significantly increased the amplitude of excitatory synaptic
currents in principal neurons of the central nucleus, which
is the main output site of the amygdala. LTDi was blocked
by rimonabant, abolished in CB1-KO animals, and significantly enhanced in mice lacking FAAH, the anandamidedegrading enzyme [19]. More recently, it has been addressed
whether CB1 blockade would similarly disrupt extinction in
rats, using fear-potentiated startle as a measure of conditioned fear. The authors further investigated whether pharmacologic augmentation of CB1 activation would lead to enhancements in extinction. The results indicated that rimonabant dose-dependently blocked the extinction of conditioned
fear in rats, as it does in mice. Moreover, administration of
AM404, an inhibitor of endocannabinoid reuptake, led to a
dose-dependent enhancement in extinction and this eﬀect
was blocked almost completely by rimonabant, indicating
an implication of CB1 receptors. The animals treated with
AM404 also showed decreased shock-induced reinstatement
of fear, suggesting that this compound may reduce susceptibility to reinstatement of fear [106]. Lin et al. [107] have
shown that bilateral infusion of CB1 receptor agonists into
the amygdala after memory reactivation blocked reconsolidation of fear memory measured with fear-potentiated startle. These authors proposed that activation of CB1 receptors
could facilitate extinction on one hand and block reconsolidation on the other.
Hölter et al. [108] have compared CB1-KO mice with
their wild-type controls in an appetitively motivated operant conditioning task including food reward. During the extinction phase, when the positive reinforcement was omitted,
control and CB1-KO mice showed a similar decline in accuracy of performance and total number of correct responses,
accompanied by an increase in errors of omission [108]. A recent pharmacological study using rimonabant [109] further
supports the notion that the cannabinoid CB1 receptor plays
a pivotal role in extinction of aversive memories but is not
essential for extinction of positively reinforced memories.
It has been claimed that fear conditioning in mice combines both associative and non-associative (sensitization)
components and that extinction involves a significant habituation component [110]. In a more recent study, Kamprath
et al. [111] have found that CB1-KO mice were severely impaired not only in extinction of the fear response to a tone
after fear conditioning, but also in habituation of the fear response to a tone after sensitization with an inescapable footshock. Based on these findings, they have proposed that CB1
receptor might be critically involved in non-associative learning processes (habituation), which would contribute to the
decrease in the fear response. A mouse model has been recently proposed that may allow exploring the role of the endocannabinoid system in the associative and non-associative
components of fear has been recently proposed [112].
7.

CANNABINOIDS AND THE HYPOTHALAMUSPITUITARY-ADRENAL AXIS

An electrophysiological study by Di et al. [20] has revealed
that glucocorticoids elicit a rapid, nongenomic suppression
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of glutamate release onto parvocellular neuroendocrine cells
of the hypothalamic paraventricular nucleus (PVN) by stimulating the retrograde release of endocannabinoids that
would subsequently activate presynaptic cannabinoid CB1
receptors. By this mechanism, endocannabinoids may be involved in the modulation of a number of peptidergic systems, including CRH. Patel et al. [12] have addressed a role
of the endocannabinoid system in the modulation of stressinduced adrenocortical activity in vivo. These authors confirmed previous studies showing that rimonabant was able
to increase serum corticosterone concentrations under basal
conditions. Moreover, the CB1 receptor antagonist potentiated restraint stress-induced HPA axis activation, whereas
pretreatment of mice with either a low dose of the CB1 receptor agonist CP 55,940, the endocannabinoid transport
inhibitor AM404, or the FAAH inhibitor URB597 significantly decreased or eliminated restraint-induced corticosterone release. Acute restraint-induced corticosterone release
was associated with a decrease in hypothalamic 2-AG content, whereas the attenuation of adrenocortical response observed after prolonged stress was associated with an increase
in hypothalamic 2-AG content. In view of the above data, the
following speculative model can be suggested: during resting (baseline) conditions, the HPA axis would be tonically
inhibited by endocannabinoids via CB1 receptors located in
the PVN of the hypothalamus. In this way, the endocannabinoid system might keep under control the stress response.
Upon an acute stress exposure, that is, when the stress response is needed, a reduction of endocannabinoids signaling would allow the HPA axis to be activated (disinhibition).
If the stress becomes chronic, endocannabinoid levels would
increase again to restore a normal homeostasis.
With respect to the eﬀects of exogenous cannabinoid agonists, in general the literature indicates that they exert a
dose-dependent eﬀect on adrenocortical activity with high
doses increasing corticosterone responses [21, 84, 113]. As
previously indicated, high doses of cannabinoids are also
anxiogenic. However, we have found that, at certain doses,
the eﬀects of cannabinoids on anxiety can be dissociated
from their eﬀects on adrenocortical activity. Thus a high dose
of the cannabinoid agonist CP 55,940 (75 μg/kg) induced
both, anxiogenic-like eﬀects in the plus-maze and stimulation of adrenocortical activity [80]. However, a dose of
50 μg/kg induced an anxiogenic-like eﬀect in the same test,
without increasing corticosterone concentrations [113].
As in the case of anxiety, literature regarding HPA axis
activity supports the general concept that the pharmacological administration of exogenous cannabinoids may lead to a
completely diﬀerent action when compared with the physiological functions of the endocannabinoid system [26, 28, 30].

8.

ENDOCANNABINOID SYSTEM AND DEPRESSION

Several lines of evidence suggest that the endocannabinoid
system may play a role in the aetiology of depression and
could represent a new therapeutic target for its treatment.
CB1-KO mice showed altered HPA axis function [90] and a
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higher sensitivity to exhibit depressive-like responses in the
chronic unpredictable mild stress procedure, which suggests
an increased susceptibility to develop an anhedonic state
[114]. These characteristics together with their heightened
anxiety [89, 90] and deficits in extinction of aversive memories [18] have been proposed to be analogous to certain
symptoms of melancholic depression [115].
Several cannabinoid compounds have been evaluated in
behavioral tests such as the forced swimming test (FST)
and the tail-suspension test (TST) that are among the most
widely used screening tests of antidepressant potential of
novel compounds [116]. In the rat FST, administration of
AM404 (endocannabinoid uptake inhibitor) and HU-210, a
potent CB1 receptor agonist, induced decreases in immobility (indicative of antidepressant activity) that were blocked
by pretreatment with the selective CB1 receptor antagonist AM251. The reduction in immobility induced by the
cannabinoid compounds was comparable to that seen with
the reference antidepressant desipramine [117]. In turn, the
FAAH inhibitor URB597 exerted potent antidepressant-like
actions in the mouse TST and the rat FST, and these eﬀects
were prevented or attenuated by rimonabant [118].
During the last years, there has been an active investigation on the implications of hippocampal neurogenesis
in the pathophysiology and treatment of mood disorders.
Preclinical and clinical studies indicate that stress (possibly
through the action of elevated glucocorticoids) and depression lead to atrophy and loss of neurons in the adult hippocampus. On the other hand, chronic antidepressant treatment up-regulates hippocampal neurogenesis which could
counteract the stress-induced damage [119, 120]. An elegant study by Jiang et al. [121] revealed an important implication of hippocampal neurogenesis in the antidepressant and anxiolytic-like eﬀects of cannabinoid agonists. They
showed that both embryonic and adult rat hippocampal neural stem/progenitor cells were immunoreactive for cannabinoid CB1 receptors, indicating that cannabinoids could act
on these receptors to regulate neurogenesis. A chronic (but
not acute) treatment with the potent synthetic cannabinoid HU210 promoted neurogenesis in the hippocampal
dentate gyrus of adult rats and exerted anxiolytic- and
antidepressant-like eﬀects. The cannabinoid–induced newborn neurons appeared to be of functional significance, since
X-irradiation of the hippocampus blocked both the neurogenic and behavioral eﬀects of chronic HU210 treatment.
These evidences strongly suggest that cannabinoid agonists
might produce anxiolytic- and antidepressant-like eﬀects by
promoting hippocampal neurogenesis. In line with these
findings, administration of the endocannabinoids uptake inhibitor AM404 prior to exposure to predator odor stress inhibited both the stress-induced activation of defensive burying and the suppression of cell proliferation in the hippocampus [122], indicating a role for endocannabinoids in the
modulation of stress-induced changes in hippocampal cell
proliferation.
The eﬃcacy of antidepressants has been linked in part to
their ability to reduce the activity of the HPA axis [123]. In
view of the above data, it is tempting to speculate that the
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endocannabinoid system is somehow involved in the action
of currently used antidepressant drugs. In favor of this hypothesis, it has been shown that chronic administration of
the tricyclic antidepressant desipramine resulted in a significant increase in the density of the cannabinoid CB1 receptor
in both hippocampus and hypothalamus as well as in a reduction in swim stress-induced corticosterone secretion and
immediate early c-fos gene in the medial dorsal parvocellular region of the PVN of the hypothalamus. Moreover, acute
treatment with the CB1 receptor antagonist AM251 before
exposure to stress occluded the eﬀects of desipramine on corticosterone secretion and neuronal activation [124].

9.

CONCLUDING REMARKS

During the last few years, the increasing interest in the
link between the endocannabinoid system and emotional responses has led to a number of interesting data derived from
animal studies. These results may contribute to understand
the complex scenario of cannabinoid eﬀects in humans, and
to clarify the mechanisms underlying associations between
cannabis abuse and mental disorders. Results obtained from
transgenic mice lacking CB1 receptors and by using CB1 receptors selective antagonists and inhibitors of endocannabinoids inactivation suggest the existence of an intrinsic endocannabinoid tone which contributes to the regulation of
stress responses and anxiety. An adequate endocannabinoid
function appears to be necessary for adaptive extinction
of aversive memories. The endocannabinoid system might
play a pivotal role in maintaining homeostasis, notably with
regard to physiological and behavioral responses to acute
and prolonged stress. Certain forms of endocannabinoiddependent synaptic plasticity have been proposed as crucial
mechanisms subserving these phenomena. Throughout this
review, we have focused on the endocannabinoid system as
a major player in the modulation of synaptic transmission
and plasticity considering solely interneural communication.
However, the critical functional role of glial cells in maintaining a correct brain function and their implications in
diverse neuropathological conditions are now clearly recognized. The new concept of the tripartite synapse in which the
glial cell (notably astrocytes) plays an active role in the modulation of neurotransmission has recently emerged [125].
Expression of cannabinoid CB1 receptors and endocannabinoid synthesis and release have been observed in diﬀerent
types of glial cells [126, 127]. This “glial endocannabinoid
system” may have important physiological and pathological
implications [128, 129] and it would be interesting to explore
a possible role in the expression of synaptic plasticity in limbic and extra-limbic regions related to stress, fear, and anxiety responses.
Disregulation or malfunctioning of the endocannabinoid
system might contribute to the aetiology of anxiety-related
disorders and to certain symptoms of melancholic depression. In turn, the endocannabinoid system might constitute
an interesting pharmacological target for the development of
anti-anxiety and antidepressant therapies.

The involvement of the endocannabinoid system in the
regulation of anxiety and its participation in the modulation
of behavioral and physiological responses to aversive situations have other obvious implications. Cannabis abuse may
be one of the causes disrupting the necessary balance for an
appropriate function of the system. There are functional interactions between the endocannabinoid system and other
monoaminergic and peptidergic systems also involved in the
regulation of emotional responses [113, 130]. Thus, the disruption of the endocannabinoid system as a consequence of
cannabis abuse may alter these other neurochemical systems
contributing to the development of emotional disorders. In
addition to acute aversive emotional reactions to cannabis,
the chronic use of this addictive drug may result in mental
disturbances and neuropsychiatric disorders. In particular,
there are data suggesting that exposure to cannabis derivatives is associated with a higher risk of schizophrenia, depression, and anxiety [68–72, 131, 132]. In this review, we have
highlighted the importance of endocannabinoid-based neuroplasticity phenomena in the regulation of neuroendocrine
and neurochemical systems implicated in the modulation of
emotional responses and extinction of perseverative behaviors and inadaptative aversive memories. Consequently, it is
likely that impairment of endocannabinoid-mediated synaptic transmission and plasticity contribute to the expression of
at least some aspects of these psychiatric illnesses.
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Chapter 6
The Role of the Endocannabinoid System in the
Central Nervous System
Pivotal studies over the past 2 decades firmly established the presence and
distribution of cannabinoid CB1 receptors, endocannabinoids, and their
metabolic enzymes in the brain,1-7 thereby confirming the presence of the
endocannabinoid system (ECS) in the central nervous system (CNS). In
1988, Howlett et al8 described the presence of high-affinity binding sites for
cannabinoids in rat brain membranes. Shortly afterwards, Herkenham et al9
performed autoradiographic mapping studies of cannabinoid binding sites
in rat, human, rhesus monkey, dog, and guinea pig brain.9 Matsuda et al
cloned the CB1 receptor10 and determined its distribution by in situ hybridization studies in rat brain.11 Determining the location of CB1 receptors in the
brain has provided significant insight into the function of the ECS in the CNS
(Table 1).12
Table 1. CB1 Receptors in the Central Nervous System
Structure

Function

Hippocampus

Cognition and encoding memory

Cerebellum

Coordination of motor function, posture,
balance

Basal ganglia

Motor function, reinforcement behaviors

Hypothalamus

Thermal regulation, neuroendocrine regulation,
appetite

Spinal cord

Nociception

Brain stem

Nausea and emesis, appetite

Cerebral cortex

Cognition, emesis

Prefrontal cortex

Executive function, reinforcement

Adapted from Croxford, 2003.12
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Figure 1. Coronal sections of human brain showing autoradiography of [3H]CP-55940 binding.
[3H]CP-55940 is a radiolabeled synthetic cannabinoid used to visualize the distribution of
cannabinoid receptors (predominantly CB1 receptors in the brain). Gray levels represent
relative levels of receptor densities. (A) C, caudate; P, putamen; TH, thalamus; GP, caudateputamen (e, external; i, internal); Hy, hypothalamus; Am, amygdala (x 1.3 magnification). (B)
SNr, substantia nigra pars reticulata; Hi, hippocampus; DG, dentate gyrus; Ent Cx, entorhinal
cortex (x 1.7 magnification). (C) Cer, cerebellum (x 2.6 magnification). Reproduced with
permission.9

Cell Biology
CB1 receptors are among the most abundant receptors in the brain.13 In the
brain areas with the highest levels of CB1 receptors, their density is similar
to levels of g-aminobutyric acid- (GABA) and glutamate-gated ion channels.14 [35S]GTPgS autoradiography studies in rat brain demonstrate that the
distribution of cannabinoid-activated G proteins, in general, parallels CB1
receptor mRNA expression and binding.14 [3H]CP-55940 autoradiography
studies demonstrate the presence of CB1 receptors in human brain (Figure 1).
The extent of CB2 expression in brain is controversial. However, expression of
CB2 receptor mRNA and protein were recently demonstrated in rat and ferret
brainstem neurons.15 Determining the extent of CB2 receptors in the brain is
an active area of investigation. An interesting aspect of CB2 receptors is that
in many cases their levels strongly increase following a pathological insult.
For example, CB2 receptor expression is induced in brain microglial cells
during inflammation.16
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An important role for CB1 receptors in the brain is to mediate retrograde
signaling. This is defined as the communication by signaling molecules (in
this case, endocannabinoids) derived from postsynaptic and delivered to
presynaptic structures (opposite to the direction of travel of conventional
neurotransmitters) (Figure 2).17-19 Substantial evidence demonstrates that
retrograde signaling underlies a variety of short- and long-term changes in
synaptic efficacy.18
Ca2+
Ca2+ channel
G protein
βγ α

Presynaptic
Neurotransmitter
axon
vesicles

Neurotransmitter
receptor

Lipid
precursor

CB1
receptor

Endocannabinoid

Postsynaptic
cell

Ca2+ channel
mGluR
Ca2+
Figure 2. Retrograde signaling by endocannabinoids in the brain. Postsynaptic depolarization
opens voltage-dependent Ca2+ channels. The influx of Ca2+ through these channels activates
the enzymes that synthesize endocannabinoids from arachidonic acid-containing membrane
phospholipids. Activation of postsynaptic group I metabotropic glutamate receptors (mGluRs)
can also generate endocannabinoids. Endocannabinoids then leave the postsynaptic cell
and activate CB1 receptors located in the presynaptic cell membrane. G-protein activation
liberates Gbg which inhibits Ca2+ influx. This decreases the probability of release of a vesicle
of neurotransmitter. Reproduced with permission.13
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CB1 receptors are localized mainly on axons and axon terminals where their
stimulation is directly coupled to inhibition of certain voltage-activated
Ca2+ channels.20,21 Endocannabinoid activation of CB1 receptors also opens
somatic potassium (K+) channels, and the resulting hyperpolarization
inhibits neuronal firing.22 Thus, inhibition of Ca2+ channels and stimulation
of K+ channels both contribute to inhibition of neuronal excitability and
suppression of neurotransmitter release.20 CB1 receptor activation attenuates
GABA and glutamate release from CB1 receptor–containing nerve terminals.21
Endocannabinoid-mediated activation of CB1 receptors on nerve terminals is
widespread in the brain. It inhibits neurotransmitter release in many brain
regions including the striatum, hippocampus, cerebellum, cortex, hypothalamus, and nucleus accumbens.23 In addition to inhibiting glutamate and
GABA release, CB1 receptor activation also inhibits serotonin and acetylcholine release at other synapses and inhibits release of neuropeptides.21,24
It is likely that some of the CNS effects of anandamide occur through a
complex interplay with other systems (see Chapter 2). For example, high
concentrations of anandamide activate the transient receptor potential vanilloid (TRPV1) receptor (ion channel found on sensory neurons) causing Ca2+
influx and subsequent neurotransmitter release.25

Roles of the ECS in the Central Nervous System
Appetite
Ample preclinical data suggest that CB1 receptor stimulation in the CNS
facilitates feeding. For example, short-term food deprivation in rats leads to
elevated levels of brain endocannabinoids (see Chapter 3, Figure 1),26 and
administration of 2-AG into the shell subregion of the nucleus accumbens (a
limbic forebrain area implicated in eating motivation) induces short-term
hyperphagia (abnormally increased consumption of and appetite for food).26
CB1 receptor signaling is intimately involved in several forms of neuronal
plasticity; that is, the ability of nerve cells to change their properties for
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CB1 Receptor
activation

K+ Channels

—

Voltage-gated Ca2+ Channels

Neuronal excitability
Neurotransmitter release
Figure 3. Inhibition of Ca2+ channels and stimulation of K+ channels both contribute to inhibition
of neuronal excitability and suppression of neurotransmitter release.20 CB1 receptor activation
leads to inhibition of voltage-gated Ca2+ channels, which may be involved in decreasing Ca2+
influx, glutamate release, and subsequent excitotoxic progression. CB1 receptor activation
also inhibits adenylyl cyclase activity and its downstream signaling pathways (see Chapter 2),
which may play a role in the therapeutic effects of cannabinoid agonists. K+ channel-induced
hyperpolarization of the cell with the subsequent decrease neurotransmitter release may also
be involved in neuroprotection.22 Adapted from Karanian and Bahr.80

example by making new synapses or altering the strength of existing
synapses. Energy balance is regulated by a complex interaction of neural
signals emanating from the brain, as well as hormones from peripheral
organs that act on the brain and other tissues (see Chapter 3). For example,
the adipocyte-derived protein, leptin, reduces food intake by activating leptin
receptors in the hypothalamus.27 One influence of leptin on endocannabinoid
levels appeared to occur in the hypothalamus, as levels of hypothalamic
anandamide and 2-AG decreased in normal rats treated with intravenous
leptin (vs rats treated with control solution). Hypothalamic levels of
anandamide and 2-AG increased in mice with disrupted leptin signaling (db/
db mice).28 In contrast, levels of endocannabinoids in the cerebellum did not
differ between db/db mice and wild-type mice.28
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Prefrontal
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Nucleus
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B

Glutamate

PFC

GABA
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Hippocampus

VTA

Figure 4. (A) A simplified schematic of the brain reward system: the ventral tegmental area
(VTA), the nucleus accumbens (NAc), and the prefrontal cortex (PFC). Dopaminergic axons
project from the VTA to the NAc and the PFC. This pathway is activated by the expectation
of rewarding stimuli. Expression of CB1 receptors is represented by pink dots, based on THCbinding studies. (B) Neurotransmitter pathways that CB1 receptors might modulate in cueand drug-induced reinstatement of drug-seeking. CB1 receptor expression is high on neurons
impinging on mesolimbic dopamine reward circuits, where perceptions associated with
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pleasure/palatability and appetite/incentive stimuli are processed.119 Functional interactions
have been reported between CB1 receptors and the dopamine, GABA, and glutamate systems.
For example, CB1 receptor activation enhances the release of dopamine from VTA-originating
neurons by disinhibition of GABA-containing interneurons in this area. At the level of the
NAc, the release of glutamate from neurons originating in several cortical and subcortical
areas that are known to be involved in relapse is modulated by CB1 receptors. Stimulation
of NAc CB1 receptors may suppress glutamatergic activity, with consequent inhibition of
GABAergic neurons that normally inhibit VTA dopamine neurons. The basolateral amygdala
and hippocampus have an important role in mediating discrete and contextual cue-induced
relapse. The anatomical sites where CB1 receptors exert their modulatory action on drugseeking behavior are still unknown.

Neurons in the lateral hypothalamus appear to play a role in the motivational aspects of food intake. Jo et al29 showed that leptin attenuates the CB1
receptor-mediated suppression of inhibitory postsynaptic currents in perifornical lateral hypothalamic neurons (see Chapter 4, Figure 1). Presumably,
this is due to a suppression of endocannabinoid formation by leptin.29 In
addition, hormones from the gastrointestinal tract act in concert with central
mechanisms to regulate food intake.30 Moreover, hormones and metabolites,
including insulin and fatty acids, cross the blood–brain barrier in the hindbrain and hypothalamus, thereby modulating hunger and satiety.31

Learning and Memory
Studies in rodents indicate that acute and chronic treatment with CB1
receptor agonists disrupts working memory (memory of new/recent
information).32-35 However, reference memory (recall of previously learned
information) does not appear to be similarly affected.36 Animal studies
also demonstrate that endocannabinoids facilitate selective extinction
of aversive memories.37,38 Electrophysiological data in mice suggest that
endocannabinoids can both produce long-term depression and enhance
long-term potentiation (both cellular correlates of learning),39 providing a
clue to the cellular mechanisms by which the ECS may influence learning.
Selective CB1 receptor blockade can enhance mnemonic processes in rats,
mice, and birds40-42 and enhance memory in rodents.43-45 Moreover, CB1
receptor knockout mice exhibited enhanced memory.41 In humans, acute
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administration of the cannabinoid THC transiently impairs immediate and
delayed free recall of information presented while under the influence of the
drug.46 While the ECS appears to be intimately involved in several forms of
cognition, additional studies are needed to fully define this relationship.

Emotionality
There are ample—albeit discordant—data on the ECS and emotionality,
likely reflecting the model system used in the various studies. Animal studies
suggest that altered ECS activity can affect anxiety- and depression-like
behavior.47 Both high and low levels of ECS activity have been linked with
mood disorders.48-50 Preclinical and human studies are equivocal with regard
to the effect of CB1 receptor blockade and emotional responses to stress.51-54
Haller et al55 observed increased anxiety-like behavior in CB1 receptor
knockout mice compared with wild-type mice when the animals were
exposed to a stressful environment. Other data suggest an antidepressant
effect of CB1 receptor blockade. For example, Shearman et al47 treated wildtype mice with the cannabinoid receptor antagonist AM251 and subjected
them to the tail-suspension test (TST) and forced-swim test (FST), in which
antidepressant activity is determined by increased mobility. Similar to the
antidepressant desipramine, AM251 significantly reduced immobility in
both the TST and FST. AM251 induced antidepressant-like effects appeared
to be mediated by CB1 receptors. This is supported by the observations that:
1) co-administration of the CB1 receptor agonist CP55940, at a dose that did
not induce motor impairment or profound hypothermia, reversed effects
of AM251 in the TST; and 2) effects of AM251 in the FST were absent in CB1
receptor knockout mice.
Human studies suggest a relationship between CB1 receptor activity and
affective disorders, and support an antidepressant-like potential for CB1
receptor blockade (reviewed in Witkin et al).51 However, the role of the
ECS in depressive disorders is complex, and there is scientific debate on
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the role of CB1 receptor antagonism and agonism in major depressive
and anxiety disorders.51-54,56 Clinical studies are needed to determine the
potential effects of CB1 receptor blockade treatment on emotionality in
different patient populations. Rimonabant (a CB1 receptor antagonist) was
approved by the European Medicines Agency (EMEA) in June 2006 for the
treatment of obesity; however, the EMEA recommended that rimonabant be
contraindicated in patients with ongoing major depression and in patients
being treated with antidepressants following the FDA’s advisory committee
decision to vote against recommending the approval of rimonabant in
the US due in part to lack of safety data in people with depression.57,58
Although depression and anxiety are manageable disorders, there is a need
for prospective analysis of emotionality in clinical trials with CB1 receptor
antagonists.

Nausea and Emesis
Preparations of cannabis were used for the treatment of nausea 3000 years
ago. Current studies suggest that the ECS may play an important role in
the physiology of nausea and emesis, common side effects of many drugs
(eg, cancer chemotherapy) and diseases (eg, irritable bowel syndrome and
migraine).
Nausea
Synthetic cannabinoids (D9-THC) are FDA approved for the treatment of
nausea and vomiting associated with cancer chemotherapy (ie, nabilone
and drobinol).59,60 Anticipatory nausea and vomiting appear to be best
explained by classical conditioning, where a previously neutral stimulus
(eg, smells of the chemotherapy environment) elicits a conditioned
response (eg, anticipatory nausea and vomiting) after a number of prior
pairings.61 Cancer chemotherapy may be “paired” with a variety of other
neutral, environmental stimuli (eg, smells of the setting, oncology nurse,
chemotherapy room).61 These previously neutral stimuli may then elicit
anticipatory nausea and vomiting in future chemotherapy cycles. Many
patients report anticipatory nausea and vomiting upon re-exposure to the
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cues previously associated with treatment.60 In a rat model of anticipatory
nausea, a gaping reaction (a marker for nausea) is induced during
exposure to a context previously paired with lithium chloride–induced
illness.62 Pretreatment with THC suppressed the lithium-induced nausea.62
Conversely, CB1 receptor blockade with SR141716 or AM251 was shown
to potentiate lithium-induced nausea in rats in other studies63,64 but not
when the CB1 receptor antagonist AM4113 was used.65 Taken together, these
preclinical data may explain how activating CB1 receptors can be beneficial
in treating anticipatory nausea associated with chemotherapy, and suggest
that CB1 receptor antagonists may accentuate the nausea associated with
chemotherapy. In clinical trials, the CB1 receptor antagonist rimonabant has
been shown to induce nausea in 11.2%-12.9% of subjects receiving 20 mg
of rimonabant compared with 3.2%-6.0% of subjects receiving placebo.66-69
In a 12-week weight-loss study, CB1 receptor blockade with taranabant
induced nausea in 10.4%-31.4% of subjects receiving 0.5-6 mg of taranabant
compared with 6.7% of subjects receiving placebo.70
Emesis
ECS stimulation with THC produces anti-emetic effects.71 In animal models,
cisplatin-induced emesis in shrew was blocked by THC and synthetic cannabinoid agonists.73 The anti-emetic effects may involve both central and peripheral mechanisms.71 A study by Van Sickle et al15 suggests that brainstem CB2
receptors play a role in the inhibition of emesis. In this study, the anti-emetic
effects of 2-AG and the endocannabinoid reuptake inhibitor VDM11 were reversed when ferrets were cotreated with the CB2 receptor antagonist AM630.15
Other studies in ferrets showed that the CB1 receptor mediates the anti-emetic
action of cannabinoids in the dorsal vagal complex.73,74 More recently, data
from the ferret model demonstrated the presence of an endogenous tone on
CB1 and TRPV1 receptors that inhibits emesis.75
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Motor Function
CB1 receptor agonists typically reduce locomotor activity. This is manifested
by both a decrease in spontaneous activity and rigid immobility (at
higher doses).76 Preclinical data suggest that signaling by anandamide
acting on TRPV1 receptors may modulate spontaneous and L-3,4dihydroxyphenylalanine (L-DOPA)–induced locomotion in rats,77 and that
endocannabinoid signaling through the CB1 receptor may be required
for cerebellum-dependent discrete motor learning in mice.78 At low
concentrations (<1 µM) in vitro and low doses (<3 mg/kg) in vivo, the CB1
receptor antagonists SR141716 and AM251 appear to be selective for the CB1
receptor. However, studies carried out at high antagonist doses may uncover
interactions with non-CB1 receptors, which might explain the hyperactivity
observed with SR141716 at <10 mg/kg.79

Neuroprotection
The ECS has been implicated in protection against human diseases of
the CNS in several animal models (reviewed in Karanian and Bahr).80
Cannabinoid agonists and cannabinoid antagonists may hold therapeutic
potential (both for symptom management and for disease progression) for
various CNS disorders, such as multiple sclerosis, Parkinson’s disease, and
Huntington’s disease (reviewed in Pacher, Bátkai, and Kunos, 2006).81 This
therapeutic potential is under investigation.
The ECS, including both CB1 and CB2 receptors, may play a role in the
pathophysiology of various neuropathologies (reviewed in Howlett et al82).
Thus, manipulation of ECS activity can be protective or toxic to the CNS.
Examination of human postmortem brains showed that levels of FAAH and
CB2 receptors were increased in Alzheimer’s disease.83 It has been speculated
that endocannabinoids might be protective during inflammatory neurodegeneration. For example, enhancing brain 2-AG levels with an inhibitor of
endocannabinoid reuptake (VDM11) seems to protect against b-amyloid
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neurotoxicity in rats.84 Thus, modulating ECS activity might be a future
therapeutic target for the treatment of neurodegenerative diseases.85

Neuroexcitability
Excessive activity of excitatory (ie, glutamatergic) systems could lead to the
pathological processes of excitotoxicity,86 and ECS activation may serve to
protect neurons against acute excitotoxicity.84 This effect may involve specific
cellular signaling pathways, including decreased Ca2+ influx and decreased
glutamate release (Figure 3).87,88
It is important to consider the relative protective vs excitotoxic CNS effects
of ECS activity in the context of the particular animal neurological model,
and with regard to acute injury or chronic repair. Indeed, the impact of CB1
receptor blockade on outcome following various models of brain injury is
conflicting. For example, CB1 receptor blockade with SR141716 produced
protective effects in some ischemic models of brain, despite the fact that CB1
agonists also exhibited the same protective effect in other models.89-92 The
CB1 receptor antagonists SR141716 and AM251 increased neurogenesis by
approximately 50% in the mouse dentate gyrus and subventricular zone.93
However, this increase in neurogenesis was observed in CB1 receptor knockout
mice, but not in vanilloid TRPV1 receptor knockout mice, suggesting that the
effect involved TRPV1 receptors and not CB1 receptors.93 Thus, ECS activity is
associated with both neuroprotection94-96 and neurotoxicity97 in various experimental models. Additional studies are needed to determine the therapeutic potential of interventions via the ECS for various neuropathologies.
The ECS has also been implicated in other conditions in which neuronal
excitotoxicity has been suggested to play a role, such as epilepsy.
Cannabis has been used historically to treat epilepsy.81 CB1 receptor activation
is typically anticonvulsant and appears to play a role in regulating seizure
duration and frequency.98 CB1 receptor blockade with SR141716 or AM251
causes status epilepticus-like activity in a hippocampal neuronal culture
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model of acquired epilepsy.99 Moreover, CB1 receptor blockade with SR141716
was shown to induce seizures in pilocarpine-treated rats.100 These effects
may be explained by ECS modulation of excitability in CNS neurons, and the
ECS may protect against acute excitotoxicity in CNS neurons.85 Stimulation
of nucleus accumbens CB1 receptors suppresses glutamatergic activity, with
consequent inhibition of GABAergic neurons.101,102 However, data from animal
studies are very dependent on the models used; some of which hold very
little relevance to human epilepsy. Thus, additional studies are needed to
determine the therapeutic potential for targeting the ECS for the treatment of
epilepsy.81

Pain Perception
The ECS has a well-established role in modulating pain and represents a
validated clinical target. Cannabinoid agonists are effective in animal models
of acute and chronic pain.103-105 Animal studies have revealed an important
role of the CB1 receptor, and likely the CB2 receptor, in modulating pain perception. Some of these effects are counterintuitive. For example, CB1 receptor
blockade suppressed the antinociceptive effects of paracetamol106 and THC107
can produce hyperalgesia.108
Genetic deletion of the FAAH gene in mice elevates brain anandamide levels
and unmasks the anti-nociceptive effects of this compound. In addition,
FAAH knockout mice have attenuated inflammatory responses and exhibit
enhanced CB1 receptor–mediated analgesia.109 Likewise, pharmacological
blockade of FAAH activity reduces nocifensive behavior in animal models
of acute and inflammatory pain. In a mouse chronic constriction injury
(CCI) model of neuropathic pain, oral administration of the selective FAAH
inhibitor URB597 produced a dose-dependent reduction in nocifensive
responses to thermal and mechanical stimuli, which was prevented by the
CB1 receptor blockade with SR141716.110 The antihyperalgesic effects of
URB597 were accompanied by a reduction in plasma extravasation induced
by CCI.110 This effect was prevented by CB1 receptor blockade and attenuated

83

by the CB2 receptor antagonist SR144528, further supporting a role for both
CB1 and CB2 receptors in the nociceptive effects of endocannabinoids.110 Both
the non-selective cannabinoid agonist HU210 and the selective CB2 receptor
agonist JWH-133 attenuated established inflammatory hypersensitivity and
swelling in the carrageenan model of inflammatory hyperalgesia in rats.111
Recently, Agarwal et al105 studied the analgesic effects of cannabinoids
in mice that lacked functional CB1 receptors specifically in nociceptive
neurons in the peripheral nervous system. These mice exhibited reduced
antinociceptive effects from local and systemic, but not intrathecal,
administration of cannabinoids. These data suggest that CB1 receptors in
peripheral sensory neurons have a prominent role in cannabinoid-mediated
analgesia.
Substantial human studies support efficacy of cannabinoid agonists for
treating neuropathic pain,112-114 For example, the analgesic properties of
whole plant extracts of Cannabis sativa (GW-1000-02) were demonstrated
to be effective in a randomized, double-blind, placebo-controlled study in
patients with neuropathic pain of peripheral origin.113 Taken together, these
data support a potential role for cannabinoid-based drugs in the treatment of
chronic inflammatory pain and neuropathic pain.

Reinforcement
Reinforcement, which occurs when a stimulus is temporally paired with
a response that increases the frequency of subsequent responses, plays
an important role in the development, maintenance, and recovery from
addiction.115,116 THC self-administration in squirrel monkeys was shown to be
CB1 receptor mediated,117 and CB1 receptor blockade with SR141716 reduced
cue-induced reinstatement of drug-seeking behavior.118,119 The ECS likely
plays an important role in brain reward processes through its interactions
with the mesolimbic dopaminergic system,120 primarily by modulating
neurotransmitter release (Figure 4).21,101 Specifically, CB1 receptors appear
to mediate the effects of endocannabinoids in the brain reward process.
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Endocannabinoids can increase extracellular levels of, dopamine,120 and
CB1 and dopamine receptors have been shown to interact in rat and monkey
striatum.121 Thus, the ECS may be involved in the reinforcing properties of
several drugs of abuse including nicotine, ethanol, and opiates. There is
evidence to suggest that stimulation of nucleus accumbens CB1 receptors
suppresses glutamatergic activity, with consequent inhibition of GABAergic
neurons that normally inhibit ventral tegmental area dopamine neurons.101
The therapeutic potential of CB1 receptor antagonists in the treatment of
addiction is being explored with great interest (reviewed in Mackie122 and
Howlett et al14).

Summary
The role of the ECS in depressive disorders, epilepsy, motor function, and
neuronal function is complex. ECS stimulation is associated with both
neuroprotection and neurotoxicity in various experimental models. The
effects of acute and chronic CB1 receptor blockade are often opposite, and
this needs to be considered when evaluating the preclinical data. Additional
studies are needed to determine potential therapeutic interventions via the
ECS for various neuropathologies. Tissue-specific CB1 receptor knockout mice
will facilitate these studies. Both cannabinoid agonists and cannabinoid
antagonists may hold therapeutic potential for various disorders of the CNS.
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TAMÁS F. FREUND, ISTVÁN KATONA, AND DANIELE PIOMELLI
Institute of Experimental Medicine, Hungarian Academy of Sciences, Budapest, Hungary; Department
of Clinical Neurobiology, University Hospital of Neurology, Heidelberg, Germany; and Department
of Pharmacology, University of California Irvine, Irvine, California

I. Introduction
II. The Life Cycle of Endocannabinoids
A. Introduction
B. Biosynthetic pathways
C. Termination of endocannabinoid effects: transport and degradation
III. Regional and Cellular Distribution of Neuronal CB1 Cannabinoid Receptors
A. Characteristic differences in CB1 receptor distribution in the brain
B. Selective expression of CB1 cannabinoid receptors by identified cell types of complex networks
IV. Anatomical, Physiological, and Pharmacological Evidence for the Presynaptic Localization of CB1
Cannabinoid Receptors in the Brain
A. Anatomical evidence for presynaptic cannabinoid receptors
B. Physiological and pharmacological evidence for presynaptic cannabinoid receptors
C. Are there postsynaptic CB1 receptors?
V. Physiological Roles of Endocannabinoids
A. The cannabinoid root
B. The DSI (DSE) root: control of GABAergic and glutamatergic synaptic transmission via
retrograde synaptic signaling
C. Marriage of the two lines of research explains the mechanism of DSI (and DSE) while
endowing endocannabinoids with function
D. Electrical activity patterns required for the release of endocannabinoids
VI. Conclusions

1018
1020
1020
1020
1023
1028
1028
1030
1035
1036
1039
1044
1045
1045
1048
1049
1054
1056

Freund, Tamás F., István Katona, and Daniele Piomelli. Role of Endogenous Cannabinoids in Synaptic
Signaling. Physiol Rev 83: 1017–1066, 2003; 10.1152/physrev.00004.2003.—Research of cannabinoid actions was
boosted in the 1990s by remarkable discoveries including identification of endogenous compounds with cannabimimetic activity (endocannabinoids) and the cloning of their molecular targets, the CB1 and CB2 receptors. Although
the existence of an endogenous cannabinoid signaling system has been established for a decade, its physiological
roles have just begun to unfold. In addition, the behavioral effects of exogenous cannabinoids such as delta-9tetrahydrocannabinol, the major active compound of hashish and marijuana, await explanation at the cellular and
network levels. Recent physiological, pharmacological, and high-resolution anatomical studies provided evidence
that the major physiological effect of cannabinoids is the regulation of neurotransmitter release via activation of
presynaptic CB1 receptors located on distinct types of axon terminals throughout the brain. Subsequent discoveries
shed light on the functional consequences of this localization by demonstrating the involvement of endocannabinoids in retrograde signaling at GABAergic and glutamatergic synapses. In this review, we aim to synthesize recent
progress in our understanding of the physiological roles of endocannabinoids in the brain. First, the synthetic
pathways of endocannabinoids are discussed, along with the putative mechanisms of their release, uptake, and
degradation. The fine-grain anatomical distribution of the neuronal cannabinoid receptor CB1 is described in most
brain areas, emphasizing its general presynaptic localization and role in controlling neurotransmitter release. Finally,
the possible functions of endocannabinoids as retrograde synaptic signal molecules are discussed in relation to
synaptic plasticity and network activity patterns.
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I. INTRODUCTION
Descriptions of the Cannabis sativa plant and its
medicinal properties were already accessible to Greek
and Roman physicians in the first century AD, when Dioscorides included the plant in his classic textbook of
pharmacology, entitled Materia Medica (“The Materials
of Medicine”). Ancient Indian and Chinese medical writers were even more accurate than their European colleagues in describing the remarkable physiological and
psychological effects of this plant (for review, see Ref.
241). We know now that these effects, which in humans
include a variable combination of euphoria, relaxation,
reflex tachycardia, and hypothermia, are primarily produced by the dibenzopyrane derivative, delta-9-tetrahydrocannabinol (delta-9-THC), present in the yellow resin
that covers the leaves and flower clusters of the ripe
female plant. The chemical structure of delta-9-THC was
elucidated by the pioneering studies of R. Adams (6) and
Gaoni and Mechoulam (114). Unlike morphine, cocaine,
and other alkaloids of plant origin, delta-9-THC is a highly
hydrophobic compound, a property that, curiously
enough, has slowed the progress on the mode of action of
this compound for nearly three decades. The affinity of
delta-9-THC for lipid membranes erroneously suggested,
indeed, that the drug’s main effect was to modify in a
nonselective manner the fluidity of cell membranes rather
than to activate a selective cell-surface receptor (157,
207).
Two series of events contributed to a radical change
of this view. First, motivated by the potential therapeutic
applications of cannabis-like (“cannabimimetic”) molecules, laboratories in academia and the pharmaceutical
industry began to develop families of synthetic analogs of
delta-9-THC. These agents exerted pharmacological effects that were qualitatively similar to those of delta-9THC but displayed both greater potency and stereoselectivity. The latter feature cannot be reconciled with nonspecific membrane interactions, providing the first
evidence that delta-9-THC exerts its effects by combining
with a selective receptor. Second, as a result of these
synthetic efforts, it became possible to explore directly
the existence of cannabinoid receptors by using standard
radioligand binding techniques. In 1988, Howlett and her
co-workers (84, 167) described the presence of high-affinity binding sites for cannabinoid agents in brain membranes and showed that these sites are coupled to inhibition of adenylyl cyclase activity. Conclusively supporting
these findings, in 1990 Matsuda et al. (236) serendipitously
came across a complementary DNA encoding for the first
G protein-coupled cannabinoid receptor, now known as
CB1.
In heterologous expression systems, CB1 receptors
were found to be functionally coupled to multiple intracellular signaling pathways, including inhibition of adenyPhysiol Rev • VOL

lyl cyclase activity, inhibition of voltage-activated calcium
channels, and activation of potassium channels (56, 148,
221, 222, 236, 239). In situ hybridization and immunohistochemical studies have demonstrated that CB1 receptors
are abundantly expressed in discrete regions and cell
types of the central nervous system (CNS) (see also sect.
III) but are also present at significant densities in a variety
of peripheral organs and tissues (41, 225, 226, 235, 345).
The selective distribution of CB1 receptors in the CNS
provides a clear anatomical correlate for the cognitive,
affective, and motor effects of cannabimimetic drugs.
The cloning and characterization of CB1 receptors
left several important problems unsolved. Since antiquity,
it has been known that the actions of Cannabis and
delta-9-THC are not restricted to the CNS, but include
effects on nonneural tissues such as reduction of inflammation, lowering of intraocular pressure associated with
glaucoma, and relief of muscle spasms. Are these peripheral effects all produced by activation of CB1 receptors?
An initial answer to this question was provided by the
discovery of a second cannabinoid receptor exquisitely
expressed in cells of immune origin (260). This receptor,
called CB2, only shares ⬃44% sequence identity with its
brain counterpart, implying that the two subtypes diverged long ago in evolution. The intracellular coupling of
the CB2 receptor resembles, however, that of the CB1
receptor; for example, in transfected cells, CB2 receptor
activation is linked to the inhibition of adenylyl cyclase
activity (113).
The experience with opioid receptors and the enkephalins has accustomed scientists to the idea that
whenever a receptor is present in the body, endogenous
factor(s) that activate this receptor also exist. Not surprisingly, therefore, as soon as cannabinoid receptors
were described, a search began to identify their naturally
occurring ligand(s). One way to tackle this problem was
based on the premise that, like other neurotransmitters
and neuromodulators, an endogenous cannabinoid substance should be released from brain tissue in a calciumdependent manner. Taking this route, Howlett and coworkers incubated rat brain slices in the presence of a
calcium ionophore and determined whether the media
from these incubations contained a factor that displaced
the binding of labeled CP-55940, a cannabinoid agonist, to
brain membranes. These studies demonstrated that a cannabinoid-like activity was indeed released from stimulated slices, but the minute amounts of this factor did not
allow the elucidation of its chemical structure (97, 98).
Devane, Mechoulam, and co-workers (85, 243), at the
Hebrew University in Jerusalem, adopted a different strategy. Reasoning that endogenous cannabinoids may be as
hydrophobic as delta-9-THC, they subjected porcine
brains to organic solvent extraction and fractionated the
lipid extract by chromatographic techniques while measuring cannabinoid binding activity. This approach turned
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out to be highly successful, and the researchers were able
to isolate a lipid cannabinoid-like component, which they
characterized by mass spectrometry and nuclear magnetic resonance spectroscopy as the ethanolamide of arachidonic acid. They named this novel compound “anandamide” after the sanskrit “ananda,” inner bliss.
The chemical synthesis of anandamide confirmed
this structural identification and allowed the characterization of its pharmacological properties (112). In vitro and
in vivo tests showed a great similarity of actions between
anandamide and cannabinoid drugs. Anandamide reduced
the electrogenic contraction of mouse vas deferens and
closely mimicked the behavioral responses produced by
delta-9-THC in vivo; in the rat, the compound was found
to produce analgesia, hypothermia, and hypomotility.
However, these effects may not be exclusively due to
cannabinoid receptor activation, as anandamide is readily
metabolized to arachidonic acid, which can be converted
in turn to a variety of biologically active eicosanoid compounds. Subsequent studies demonstrated that anandamide is released from brain neurons in an activity-dependent manner (89, 126) and elucidated the unique biochemical routes of anandamide formation and inactivation in
the CNS (25, 44, 45, 69, 89). Thus anandamide fulfills all
key criteria that define an endogenous cannabinoid (endocannabinoid) substance.
In their 1992 study, Devane, Mechoulam, and coworkers (242) reported that several lipid fractions from
the rat brain contained cannabinoid-binding activity, in
addition to anandamide’s. In characterizing these fractions, they discovered that some of them were composed
of polyunsaturated fatty acid ethanolamides similar to
anandamide (e.g., eicosatrienoylethanolamide), but others were instead constituted of a distinct lipid component,
sn-2-arachidonoyl-glycerol (2-AG) (242). Sugiura et al.
(330) arrived independently to the same conclusion. That
polyunsaturated fatty acid ethanolamides should mimic
anandamide, to which they are structurally very similar,
does not come as a great surprise. Moreover, the pharmacological properties of these fatty acid ethanolamides,
essentially indistinguishable from those of anandamide,
and their scarcity in brain relegate them, at least for the
moment, to a position secondary to anandamide’s. We
cannot say the same for 2-AG. This lipid, considered until
now a mere intermediate in glycerophospholipid turnover
(see sect. II), is present in the brain at concentrations that
are ⬃170-fold greater than those of anandamide and possesses two pharmacological properties that make it crucially different from the latter: it binds to both CB1 and
CB2 cannabinoid receptors with similar affinities, and it
activates CB1 receptors as a full agonist, whereas anandamide acts as a partial agonist.
Research of endocannabinoids begs for a conjunction of in situ biochemistry and physiology. We have
learned much over the past 10 years on the behavioral
Physiol Rev • VOL
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effects of these molecules, on how these lipid mediators
are produced physiologically, and on the functional roles
that they may serve. A major step was the discovery that
depolarization-induced suppression of inhibition (DSI; or
excitation, DSE), a type of short-term synaptic plasticity
originally discovered in the cerebellum and the hippocampus (214, 288), is mediated by endocannabinoids (199,
200, 271, 375). This discovery allowed the results of over
a decade of research on retrograde synaptic signaling in
these networks to be considered as functional characteristics of endocannabinoid signaling. The substrate of retrograde signaling and DSI is the predominantly presynaptic distribution of CB1 receptors on axon terminals in the
hippocampus (188), as well as throughout the brain,
where activation of CB1 by endocannabinoids can efficiently veto neurotransmitter release in many distinct
types of synapses (see sect. IV). The conditions of synthesis, release, distance of diffusion, duration of effect, and
site of action were all extensively characterized for the
mediator of DSI (for review, see Ref. 10) that turned out
to be an endocannabinoid (271, 375). The fact that neurons are able to control the efficacy of their own synaptic
input in an activity-dependent manner (a phenomenon
called retrograde synaptic signaling) is functionally very
important, since this mechanism may subserve several
functions in information processing by neuronal networks from temporal coding and oscillations to group
selection and the fine tuning of signal-to-noise ratio. The
crucial involvement of endocannabinoids in these functions just began to emerge from recent studies, which are
reviewed in section V. Due to the exceptionally rapid
expansion of this field in recent years (and to our special
interest in neuronal signaling in complex integrative centres of the brain), we decided to focus the present review
on questions related to the composition of the endocannabinoid system and its physiological roles in controlling
brain activity at the regional and cellular levels as synaptic signal molecules. We did not aim to provide detailed
accounts of studies dealing with other, similarly important, aspects of cannabinoid research, which have been
dealt with in excellent recent reviews, e.g., about the
relation of the endocannabinoid system to pain modulation (281, 366), the immune system (194), neuroprotection
(136), and addiction (228).
The final message of the present review is that to
understand the possible physiological functions of the
endogenous cannabinoids, their roles in normal and
pathological brain activity, pharmacological agents targeting the cascade of anandamide and 2-AG formation, release, uptake, and degradation will have to be developed.
Such drugs, which undoubtedly will become invaluable
research tools to study the potential functions listed
above, may also provide novel therapeutic approaches to
diseases whose clinical, biochemical, and pharmacologi-
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cal features suggest a link with the endogenous cannabinoid system.
II. THE LIFE CYCLE OF THE
ENDOCANNABINOIDS
A. Introduction
A basic principle that has emerged from the last two
decades of research on cellular signaling is that simple
phospholipids such as phosphatidylcholine or phosphatidylinositol should be regarded not only as structural components of the cell membrane, but also as precursors for
transmembrane signaling molecules. Intracellular second
messengers like 1,2-diacylglycerol (DAG) and ceramide
are familiar examples of this concept. Along with their
intracellular roles, however, lipid compounds may also
serve important functions in the exchange of information
between cells. Indeed, biochemical mechanisms analogous to those involved in the generation of DAG or ceramide give rise to biologically active lipids that leave their
cell of origin to activate G protein-coupled receptors located on the surface of neighboring cells. Traditionally
overshadowed by amino acid, amine, and peptide transmitters, biologically active lipids are now emerging as
essential mediators of cell-to-cell communication within
the CNS, where G protein-coupled receptors for multiple
families of such compounds, including lysophosphatidic
acid and eicosanoids, have been identified (67, 285).
In this section, we discuss the biochemical properties
of endogenous lipids that activate brain cannabinoid receptors. These compounds share two common structural
motifs: a polyunsaturated fatty acid moiety (e.g., arachidonic acid) and a polar head group consisting of ethanolamine or glycerol (Fig. 1). Because of these features,
endocannabinoid substances seemingly resemble the eicosanoids, ubiquitous bioactive lipids generated through
the enzymatic oxygenation of arachidonic acid. However,
the endocannabinoids are clearly distinguished from the

eicosanoids by their different biosynthetic routes, which
do not involve oxidative metabolism. The two best characterized endocannabinoids, anandamide (arachidonoylethanolamide) (85) and 2-AG (242, 330), may be produced instead through cleavage of phospholipid precursors present in the membranes of neurons, glia, and other
cells. In the following sections, we will first focus on the
biochemical pathways that lead to the formation of endocannabinoids in neurons and then turn to the mechanism
by which these compounds are deactivated.
B. Biosynthetic Pathways
1. Anandamide biosynthesis
Anandamide formation via energy-independent condensation of arachidonic acid and ethanolamine was described in brain tissue homogenates soon after the discovery of anandamide and was attributed to an enzymatic
activity that was termed “anandamide synthase” (81, 83,
201). Subsequent work has demonstrated, however, that
this reaction is in fact catalyzed by fatty acid amide
hydrolase (FAAH), the primary enzyme of anandamide
hydrolysis, acting in reverse (203). Since FAAH requires
high concentrations of arachidonate and ethanolamine to
synthesize anandamide, higher than those normally found
in cells, this enzyme is unlikely to play a role in the
physiological formation of anandamide (for further discussion, see sect. IIC6).
Another model for anandamide biosynthesis is illustrated schematically in Figure 2. According to this model,
anandamide may be produced via hydrolysis of the phospholipid precursor N-arachidonoyl phosphatidylethanolamine (PE), catalyzed by a phospholipase D (PLD)-type
activity (89, 331, 332). The precursor consumed in this
reaction may be resynthesized by a separate enzyme activity, N-acyltransferase (NAT), which may transfer an
arachidonate group from the sn-1 glycerol ester position
of phospholipids to the primary amino group of PE (89).
The validity of this model was initially questioned, be-

FIG. 1. Molecular structure of endogenous lipids
that activate brain cannabinoid receptors. These endocannabinoid compounds share two common structural
motifs: a polyunsaturated fatty acid moiety (e.g., arachidonic acid) and a polar head group consisting of ethanolamine or glycerol. For details, see section II, A and B4.
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cause previous studies had failed to detect N-arachidonoyl PE in mammalian tissues (266, 267, 318). More recent
chromatographic and mass spectrometric analyses have
unambiguously shown, however, that N-arachidonyl PE is
present in brain and other tissues, where it may serve as
a physiological precursor for anandamide (44, 46, 89, 332).
Although biochemically distinct, anandamide formation and N-arachidonoyl PE synthesis are thought to proceed in parallel. Both reactions may be initiated by intracellular Ca2⫹ rises (44, 45, 89, 315, 331, 332) and/or by
activation of neurotransmitter receptors (125, 327). For
example, administration of dopamine D2-receptor agonists to rats in vivo causes a profound stimulation of
anandamide release in the striatum (125), which is likely
mediated by de novo anandamide synthesis (A. Giuffrida
and D. Piomelli, unpublished observations). Unfortunately, the two key enzyme activities responsible for
these reactions, PLD and NAT, have only been partially
characterized, and their molecular properties are still unknown (44, 45, 282, 283).
2. 2-AG biosynthesis
2. Scheme illustrating the possible mechanism of anandamide
formation. PE, phosphatidylethanolamine. For details, see section IIB1.
FIG.

There are two possible routes of 2-AG biosynthesis in
neurons, which are illustrated in Figure 3. Phospholipase
C (PLC)-mediated hydrolysis of membrane phospholipids
may produce DAG, which may be subsequently converted
to 2-AG by diacylglycerol lipase (DGL) activity. Alternatively, phospholipase A1 (PLA1) may generate a lysophos-

FIG. 3. Scheme illustrating the possible mechanism of 2-arachidonoylglycerol (2-AG) formation.
DAG, 1,2-diacylglycerol; DGL, 1,2-diacylglycerol
lipase; PI, phosphatidylinositol; PLC, phospholipase
C; PLA1, phospholipase A1. For details, see section
IIB2.
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pholipid, which may be hydrolyzed to 2-AG by a lyso-PLC
activity. In the intestine, where 2-AG was originally identified (242), this compound accumulates during the digestion of dietary triglycerides and phospholipids, catalyzed
by pancreatic lipases (39). The fact that various, structurally distinct inhibitors of PLC and DGL activities prevent
2-AG formation in cultures of cortical neurons indicates
that the PLC/DGL pathway may play a primary role in this
process (328). The molecular identity of the enzymes
involved remains undefined, although the purification of
rat brain DGL has been reported (100, 101).
As first suggested by experiments with acutely dissected hippocampal slices, neural activity may evoke
2-AG biosynthesis in neurons by elevating intracellular
Ca2⫹ levels (327, 328). In the hippocampal slice preparation, electrical stimulation of the Schaffer collaterals (a
glutamatergic fiber tract that projects from CA3 to CA1
neurons) produces a fourfold increase in 2-AG formation,
which is prevented by the Na⫹ channel blocker tetrodotoxin or by removing Ca2⫹ from the medium. Noteworthy,
the local concentrations reached by 2-AG after stimulation are in the low micromolar range (328), which should
be sufficient to activate the dense population of CB1
receptors present on axon terminals of hippocampal
GABAergic interneurons (187, 188). The possible significance of this process for hippocampal network activity is
discussed in sections IV and VC.
In addition to neural activity, certain neurotransmitter receptors also may be linked to 2-AG formation. For
example, in primary cultures of cortical neurons, glutamate stimulates 2-AG synthesis by allowing the entry of
Ca2⫹ through activated N-methyl-D-aspartate (NMDA) receptor channels (327). Interestingly, this response is
strongly enhanced by the cholinergic agonist carbachol,
which has no effect on 2-AG formation when applied
alone (327). The molecular basis of the synergistic interaction between NMDA and carbachol is unclear at present
but deserves further investigation in light of the potential
roles of 2-AG in hippocampal retrograde signaling (see
sect. VC).
3. Fatty acid ethanolamides that do not interact with
known cannabinoid receptors
The anandamide precursor N-arachidonoyl PE belongs to a family of N-acylated PE derivatives, which
contain different saturated or unsaturated fatty acids
linked to their ethanolamine moieties and give rise to the
corresponding fatty acid ethanolamides (FAE). These
compounds generally lack CB1 receptor-binding activity
but display a number of remarkable effects and possible
biological functions. In this regard, two FAE have been
studied in some detail, palmitoylethanolamide (PEA) and
oleoylethanolamide (OEA).
Physiol Rev • VOL

PEA exerts profound analgesic and anti-inflammatory effects in vivo, which have been attributed to its
ability to interact with a putative receptor site sensitive to
the CB2-preferring antagonist SR144528 (48, 99, 174, 238).
The molecular identity of this site is unknown, although it
is probably distinct from the CB2 receptor whose gene has
been cloned (260). PEA is present at high levels in skin
and other tissues where, together with locally produced
anandamide, may participate in the peripheral control of
pain initiation (48).
Despite its chemical similarity with PEA, OEA shows
weak analgesic properties (49) but exerts potent appetitesuppressing effects in the rat (303). Because these effects
are prevented by sensory deafferentation, and intestinal
OEA biosynthesis is linked to the feeding state (increasing
in fed and decreasing in starved animals), it has been
suggested that OEA may be involved in the peripheral
regulation of feeding (303).
4. Other endogenous agonists at cannabinoid receptors
A series of close structural analogs of anandamide
with activity at cannabinoid receptors have been isolated
from brain tissue. These compounds, which include eicosatrienoylethanolamide and docosatetraenoylethanolamide (144), may be generated through the same enzymatic route as anandamide, albeit in smaller quantities.
Distinct from these polyunsaturated ethanolamides
as well as from 2-AG are two recently discovered brain
lipids: 2-arachidonoyl glyceryl ether (noladin ether) (143)
and O-arachidonoyl ethanolamine (virodhamine) (291)
(Fig. 1). Noladin ether was isolated from porcine brain
and identified by using a combination of mass spectrometry, nuclear magnetic resonance, and chemical synthesis.
The compound binds to CB1 receptors with high affinity in
vitro [dissociation constant (KD) 21 nM] and produces
cannabinoid-like effects in the mouse in vivo, including
sedation, immobility, hypothermia, and antinociception
(143). Virodhamine was identified in rat brain by mass
spectrometry and chemical synthesis and shown to
weakly activate CB1 receptors in a 35S-labeled guanosine
5⬘-O-(3-thiotriphosphate) (GTP␥S) binding assay (halfmaximal effective concentration, 1.9 M) in which the
compound also displayed partial agonist activity (291).
Moreover, virodhamine decreases body temperature in
the mouse, although less effectively than anandamide,
and inhibits anandamide transport in RBL-2H3 cells (291).
A possible confounding factor in these studies is due,
however, to the chemical instability of virodhamine,
which in an aqueous environment is rapidly converted to
anandamide. The formation and inactivation of these molecules, as well as their physiological significance, is the
subject of ongoing investigations (105).
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5. Endocannabinoid release
Both anandamide and 2-AG may be generated by and
released from neurons through a mechanism that does
not require vesicular secretion. However, unlike classical
or peptide neurotransmitters, which readily diffuse across
the synaptic cleft, anandamide and 2-AG are hydrophobic
molecules and, as such, are constrained in their movements through the aqueous environment surrounding
cells. How may these compounds reach their receptors on
neighboring neurons?
Experiments with bacterial PLD suggest that, in cortical neurons, ⬃40% of the anandamide precursor
N-arachidonoyl PE is localized to the cell surface (45),
which also contains 2-AG precursors such as phosphoinositol phosphate and bisphosphate (341). This suggests
that both endocannabinoids may be generated in the plasmalemma, where they are ideally poised to access the
external medium. As with other lipid compounds, the
actual release step may be mediated by passive diffusion
and/or facilitated by the presence of lipid-binding proteins
such as the lipocalins (9).
The existence of different routes for the synthesis of
anandamide and 2-AG suggests that these two endocannabinoids could in principle operate independently of
each other. This idea is supported by three main findings.
First, electrical stimulation of hippocampal slices increases the levels of 2-AG, but not those of anandamide
(328). Second, activation of dopamine D2 receptors in the
striatum enhances the release of anandamide, but not that
of 2-AG (125). Third, activation of NMDA receptors in

cortical neurons in culture increases 2-AG levels but has
no effect on anandamide formation, which requires instead the simultaneous activation of NMDA and ␣-7 nicotinic receptors (327). It is unclear at present whether
these differences reflect regional segregation of the PLC/
DGL and PLD/NAT pathways, the existence of receptoractivated mechanisms linked to the generation of specific
endocannabinoids, or both.
C. Termination of Endocannabinoid Effects:
Transport and Degradation
1. Anandamide transport
Carrier-mediated uptake into nerve endings and glia,
probably the most frequent mechanism of neurotransmitter inactivation, is also involved in the clearance of lipid
messengers. This idea may appear at first counterintuitive: why should a lipid molecule need a carrier protein to
cross plasma membranes when it could do so by passive
diffusion? A large body of evidence indicates, however,
that even very simple lipids such as fatty acids are transported into cells by protein carriers, several families of
which have now been molecularly characterized (2, 160,
316). Indeed, carrier-mediated transport may provide a
rapid and selective means of delivering lipid molecules to
specific cellular compartments (for example, enzyme
complexes implicated in lipid metabolism). Thus it is not
surprising that neural cells might adopt the same strategy
to interrupt lipid-mediated signaling (Fig. 4).

FIG. 4. Scheme illustrating the possible mechanism of anadamide uptake and
degradation by an as yet unidentified
transporter and a hydrolytic enzyme, fatty
acid amide hydrolase (FAAH), respectively. For details, see section II, C1 and
C6.
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Anandamide transport meets four key criteria of a
carrier-mediated process: saturability, fast rate, temperature dependence, and substrate selectivity (25, 89, 156). In
rat cortical neurons in primary culture, the uptake of
exogenous [3H]anandamide is saturable at 37°C, reaches
50% of its maximum within 4 min, and displays a Michaelis constant (Km) of 1.2 M and a maximum accumulation
rate (Vmax) of 90.9 pmol 䡠 min⫺1 䡠 mg protein⫺1 (25).
Comparable kinetic values are observed in rat cortical
astrocytes (Km ⫽ 0.32 M; Vmax ⫽ 171 pmol 䡠 min⫺1 䡠 mg
protein⫺1) and human astrocytoma cells (Km ⫽ 0.6 M;
Vmax ⫽ 14.7 pmol 䡠 min⫺1 䡠 mg protein⫺1) (25, 286), as well
as in a variety of nonneural cells (for a review, see Ref.
108). For example, RBL-2H3 basophilic leukemia cells
accumulate [3H]anandamide with a Km of 11.4 M and a
Vmax of 17.5 ⫻ 10⫺17 mol/cell (293).
Anandamide transport differs from that of amine and
amino acid transmitters in that it does not require cellular
energy or external Na⫹, implying that it may be mediated
through facilitated diffusion (25, 156, 286, 293). Because
anandamide is rapidly hydrolyzed within cells (see sect.
IIC6), it is reasonable to hypothesize that intracellular
breakdown contributes to the rate of anandamide transport. Accordingly, HeLa cells that overexpress the anandamide-hydrolyzing enzyme FAAH also display higher
than normal rates of [3H]anandamide accumulation (73).
However, in primary cultures of rat neurons and astrocytes or in adult rat brain slices, FAAH inhibitors have no
effect on [3H]anandamide transport at concentrations that
completely abrogate [3H]anandamide hydrolysis (23, 25,
124). From these results it is reasonable to conclude that
anandamide transport in the CNS is largely independent
of intracellular hydrolysis. Whether persistent disruption
of FAAH activity may eventually change the distribution
of anandamide between intracellular and extracellular
pools is an interesting question that warrants examination.
The substrate selectivity of anandamide transport
has been investigated in rat cortical neurons and astrocytes (25, 89) and, more systematically, in human astrocytoma cells (286). In the latter model, [3H]anandamide
uptake is not affected by a variety of lipids that bear close
structural resemblance to anandamide, including arachidonic acid, PEA, ceramide, prostaglandins, leukotrienes,
hydroxyeicosatetraenoic acids, and epoxyeicosatetraenoic acids. Furthermore, [3H]anandamide accumulation
in these cells is insensitive to substrates or inhibitors of
fatty acid transport (phloretin), organic anion transport
(p-amino-hippurate and digoxin), and P-glycoproteins (verapamil, quinidine) (286). However, [3H]anandamide uptake is competitively blocked by nonradioactive anandamide (IC50 ⫽ 15.1 M) and by the anandamide analog
N-(4-hydroxyphenyl)-arachidonamide (AM404) (IC50 ⫽
2.2 M) (24, 286). A similar sensitivity to AM404 has been
reported for rat cortical and cerebellar neurons (25, 176),
Physiol Rev • VOL

rat cortical astrocytes (25), and rat brain slices (24). Inhibitory effects of AM404 on anandamide accumulation
also have been observed in a number of nonneural cells,
although the concentrations of AM404 needed to produce
such effects are generally higher than in neurons (for a
review, see Ref. 108). Together, these data are consistent
with the view that anandamide is internalized by neurons
and astrocytes through a selective process of facilitated
diffusion. The molecular identity of the protein(s) responsible for this process is, however, unknown.
2. 2-AG transport
Nonradioactive 2-AG prevents [3H]anandamide uptake in various cell types, suggesting that the two endocannabinoids may compete for the same transport system. Three observations support this hypothesis. First, in
astrocytoma and other cells, [3H]anandamide and [3H]2AG are accumulated with similar kinetic properties (26,
286). For example, in C6 glioma cells, [3H]2-AG uptake
displays a Km of 1.7 M and a Vmax of 240 pmol 䡠 min⫺1 䡠
mg protein⫺1, values that are very close to those obtained
with [3H]anandamide (26). Second, anandamide and 2-AG
can prevent each other’s transport (24, 26). Third, the
accumulation of either endocannabinoid is blocked with
similar potencies by the transport inhibitor AM404 (24,
26). Thus AM404 inhibits [14C]anandamide and [3H]2-AG
accumulation in C6 glioma cells with IC50 values of 7.5
and 10.2 M, respectively (26).
Despite these similarities, differences in the properties of anandamide and 2-AG uptake also have been documented. For example, incubation with arachidonic acid
causes a marked reduction in [3H]2-AG uptake by astrocytoma cells, but it has no effect on [3H]anandamide
accumulation (24). Two alternative explanations may be
offered for this discrepancy. Arachidonic acid may directly interfere with a 2-AG carrier distinct from anandamide’s, or the fatty acid may indirectly prevent the facilitated diffusion of [3H]2-AG by inhibiting its conversion to
arachidonic acid (possibly through product inhibition) in
the intracellular compartment. If the latter explanation is
correct, agents that interfere with the incorporation of
arachidonic acid into phospholipids, such as triacsin C
(an inhibitor of acyl-CoA synthesis), also should decrease
[3H]2-AG uptake. Accordingly, triacsin C selectively prevents the uptake of [3H]2-AG by astrocytoma cells, but not
that of [3H]anandamide (24). Thus, although anandamide
and 2-AG may utilize similar transport mechanisms, or
even share a common one, they may differ in how their
intracellular degradation affects the rate of transport.
3. Structure-activity relationship
Anandamide and 2-AG share three common structural features: 1) a highly hydrophobic fatty acid chain, 2)
an amide (anandamide) or an ester (2-AG) moiety, and 3)
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a polar head group (Fig. 1). Systematic modifications in
the hydrophobic carbon chain indicate that the structural
requisites for substrate recognition by the putative anandamide transporter may be different from those of substrate translocation. Substrate recognition may require
the presence of at least one cis double bond in the middle
of the fatty acid chain, indicating a preference for substrates (or competitive inhibitors) with a fatty acid chain
that can adopt an extended U-shaped conformation. In
contrast, a minimum of four cis nonconjugated double
bonds may be required for translocation, suggesting that a
closed “hairpin” conformation is required in order for
substrates to be moved across the membrane (286). Molecular modeling studies show that transport substrates
(such as anandamide and 2-AG) have both extended and
hairpin low-energy conformers (286). In contrast, extended but not hairpin conformations may be thermodynamically favored in pseudo-substrates such as oleoylethanolamide, which displace [3H]anandamide from transport without being internalized (286, 295).
The effects of head group modifications on anandamide transport have also been investigated (176, 286). The
results suggest that ligand recognition may be maintained
when the head group is removed (as in arachidonamide),
or replaced with substantially bulkier moieties (as in
AM404), and when an ester bond substitutes the amide
bond (as in 2-AG). Notably, ligand recognition appears to
be favored by replacing the ethanolamine group with a
substituted hydroxyphenyl group [as in AM404 and its
derivative N-(2-methyl-4-hydroxy-phenyl)arachidonamide
(25, 79) or a furane group (215)] (Fig. 1).
4. Distribution of anandamide transport in the CNS
Biochemical experiments have demonstrated the existence of anandamide transport in primary cultures of rat
cortical neurons and astrocytes (25), as well as rat cerebellar granule cells (156). But what brain regions express
the transporter is still unclear, primarily due to a lack of
molecular understanding of the transporter(s) involved in
this process. In one study, the CNS distribution of anandamide transport was investigated by exposing metabolically active rat brain slices to [14C]anandamide and measuring the distribution of radioactivity by autoradiography. The CB1 antagonist SR141716A (rimonabant) was
included in the incubation medium to prevent binding of
[14C]anandamide to CB1 receptors, and AM404 was used
to differentiate transport-mediated [14C]anandamide accumulation from nonspecific association with cell membranes and cell debris (124). These experiments suggest
that the somatosensory, motor, and limbic areas of the
cortex, as well as the striatum, contain substantial levels
of AM404-sensitive [14C]anandamide uptake. Other brain
regions showing detectable transport include the hipPhysiol Rev • VOL
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pocampus, the amygdala, the septum, the thalamus, the
substantia nigra, and the hypothalamus (124).
5. Inhibitors of anandamide transport
Although a variety of compounds have been shown
to inhibit anandamide transport, the anandamide analog
AM404 remains a standard of reference, mainly because
of its relatively high potency and its ability to block
anandamide transport both in vitro and in vivo (24, 127,
156, 176, 286, 293).
AM404 inhibits [3H]anandamide uptake in rat brain
neurons and astrocytes (25), human astrocytoma cells
(286), rat brain slices (24), and a variety of nonneural cell
types (see, for review, Ref. 108). The inhibitor also enhances several CB1 receptor-mediated effects of anandamide, without directly activating cannabinoid receptors
(24, 25). For example, AM404 increases anandamideevoked inhibition of adenylyl cyclase activity in cortical
neurons (25), augments the presynaptic inhibition of
GABA release produced by anandamide in the midbrain
periaqueductal gray (PAG) (358), and mimics the effects
of cannabinoid agonists on hippocampal depolarizationinduced suppression of inhibition (375) (see sect. VC). The
fact that the cannabinoid antagonist SR141716A prevents
these effects suggests that AM404 may act by preventing
anandamide inactivation and enhancing its interactions
with cannabinoid receptors. Importantly, however,
AM404 also can be transported inside cells (286), where it
may reach levels that are sufficient to inhibit anandamide
degradation by FAAH (176).
The target selectivity of AM404 has been investigated
in some detail. Initial studies showed that AM404 has no
affinity for a panel of 36 potential targets, including G
protein-coupled receptors, ligand-gated channels, and
voltage-dependent channels (22). Subsequent work suggested, however, that AM404 may activate the capsaicinsensitive VR1 vanilloid receptor in vitro (27, 325, but see
Ref. 215 for opposing results). It is unlikely that this effect
occurs in vivo, since AM404 does not display any of the
pharmacological properties of a vanilloid agonist (see
below). Yet, these findings underscore the need to design
novel inhibitors of anandamide transport endowed with
greater target selectivity. Ongoing research efforts in this
direction have led to the development of several arachidonic acid derivatives that are equivalent or slightly superior to AM404 in inhibiting anandamide transport in
vitro (79, 215) and in vivo, with effects similar to those of
AM404 (77).
Consistent with its low affinity for CB1 receptors,
AM404 does not act as a direct cannabinoid agonist when
administered to live animals. The compound has no antinociceptive effects in the mouse hot-plate test (25) and
does not reduce arterial blood pressure in the urethaneanesthetized guinea pig (47). In the same models, how-
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ever, AM404 magnifies the responses elicited by exogenous anandamide, actions that are prevented by the CB1
antagonist SR141716A (25, 47). Furthermore, when administered alone, AM404 reduces motor activity (22), attenuates apomorphine-induced yawning (22), decreases
the levels of circulating prolactin (132), and alleviates the
motor hyperactivity induced in the rat by striatal 3-nitropropionic acid lesions (206). These actions resemble
those of anandamide and are blocked by SR141716A (22,
127), suggesting that endogenous anandamide may be
involved. In keeping with this notion, systemic administration of AM404 in the rat causes a time-dependent increase in circulating anandamide levels (127).
The participation of anandamide in the effects of
AM404 in vivo has been questioned (108) based on the
ability of this compound to interact with vanilloid receptors in vitro (27, 325; but see Ref. 215). Yet, the fact that
SR141716A blocks the motor inhibitory actions of AM404
at doses that are selective for CB1 receptors strongly
argues for a predominant, if not unique, role of the endocannabinoid system in the behavioral response to AM404
administration. Furthermore, the pharmacological properties of AM404 are very different, often opposite to those
of capsaicin and other vanilloid agonists. For example,
capsaicin produces pain and bronchial smooth muscle
constriction (336), whereas AM404 has no such effect
when administered alone, and in fact enhances anandamide’s analgesic and bronchodilatory actions (22, 49). The
ability of intraperitoneal capsaicin to inhibit movement,
described by Di Marzo et al. (91), superficially mimics one
property of AM404, but should be viewed with caution, as
it most likely results from the strong visceral pain and
subsequent “freezing response” elicited by capsaicin. In
conclusion, current evidence suggests that AM404 may
magnify the actions of anandamide primarily by inhibiting
the clearance of this compound from its sites of action.
6. Anandamide hydrolysis: role of FAAH
Almost a decade before anandamide was discovered,
Schmid and collaborators (265) identified a hydrolase
activity in rat liver that catalyzes the hydrolysis of fatty
acid ethanolamides to free fatty acid and ethanolamine
(265). That anandamide may be a substrate for such an
activity was first suggested by biochemical experiments
(80, 81, 89, 159, 351) and then demonstrated by molecular
cloning, heterologous expression, and genetic disruption
of the enzyme involved (68, 69).
FAAH (previously called anandamide amidohydrolase and oleamide hydrolase) is an intracellular membrane-bound protein whose primary structure displays
significant homology with the “amidase signature family”
of enzymes (69, 119). It acts as a hydrolytic enzyme for
fatty acid ethanolamides such as anandamide, but also for
esters such as 2-AG (134, 204) and primary amides such as
Physiol Rev • VOL

oleamide (70). Site-directed mutagenesis experiments indicate that this unusually wide substrate preference may
be due to a novel catalytic mechanism involving the
amino acid residue lysine-142. This residue may act as a
general acid catalyst, favoring the protonation and consequent detachment of reaction products from the enzyme’s
active site (279). This mechanism was recently confirmed
by the solution of the crystal structure of FAAH complexed with the active site-directed inhibitor methoxy
arachidonyl fluorophosphonate (34).
In addition to FAAH, other enzymes may participate
in the breakdown of anandamide and its fatty acid ethanolamide analogs. A PEA-hydrolyzing activity distinct
from FAAH was described in rat brain membranes (80)
and human megakaryoblastic cells (352). This activity
was purified to homogeneity from rat lung and shown to
possess a marked substrate preference for PEA over
anandamide (353). PEA does not bind to any of the known
cannabinoid receptors but produces profound analgesic
and anti-inflammatory effects (48, 238), which are prevented by the CB2-preferring antagonist SR144528 (48,
49). Future studies will undoubtedly address the relative
roles of FAAH and this newly discovered enzyme in the
biological disposition of PEA and anandamide.
The ability of FAAH to act in reverse (i.e., to synthesize anandamide from arachidonic acid and ethanolamine) has generated some confusion as to the mechanism of anandamide formation. Early reports of anandamide synthesis from free arachidonate and ethanolamine
(81, 83) have now been unambiguously attributed to the
reverse of the FAAH reaction (16, 181, 203). Because high
concentrations of arachidonic acid and ethanolamine are
needed to drive FAAH to work in reverse, it is unlikely
that this reaction plays a physiological role in anandamide
generation (see sect. IIB1). One possible exception is
represented by the rat uterus, where substrate concentrations in the micromolar range are required for the synthetic reaction to occur, implying that FAAH or a similar
enzyme might contribute to anandamide biosynthesis in
this tissue (319).
7. Structure-activity relationship
Systematic structure-activity relationship investigations have identified several general requisites for substrate recognition by FAAH. First, FAAH accommodates a
wide range of fatty acid amide substrates, but reducing
the number of double bonds in the fatty acid chain generally results in a decrease in hydrolysis rate (29, 30, 80,
351). Second, replacing the ethanolamine moiety with a
primary amide yields excellent substrates. For example,
the rate of hydrolysis of arachidonamide is two to three
times greater than anandamide’s (29, 204). Third, anandamide congeners containing a tertiary nitrogen in the
ethanolamine moiety are poor substrates (204). Fourth,
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introduction of a methyl group at the C2, C1⬘, or C2⬘
positions of anandamide yields analogs that are resistant
to hydrolysis, probably due to increased steric hindrance
around the carbonyl group (1, 204). Fifth, substrate recognition at the FAAH active site is stereoselective, at least
with fatty acid ethanolamide congeners containing a
methyl group in the C1⬘ or C2⬘ positions (1, 204). Finally,
fatty acid esters such as 2-AG also are excellent substrates for FAAH activity in vitro (134, 279).
8. FAAH distribution in the CNS
Early biochemical experiments showed that FAAH
activity is abundant throughout the CNS, with particularly
high levels in the neocortex, the hippocampus, and the
basal ganglia (80, 159). Subsequent investigations have
confirmed this wide distribution. Thus, in situ hybridization studies in the rat have found that FAAH mRNA
expression is higher in the neocortex and hippocampus;
intermediate in the cerebellum, thalamus, olfactory bulb,
and striatum; and lower in the hypothalamus, brain stem,
and pituitary gland (340). Immunohistochemical experiments suggest that large principal neurons in the cerebral
cortex, hippocampus, cerebellum, and olfactory bulb
have the highest levels of FAAH immunoreactivity (95,
347). For example, large pyramidal neurons in the neocortex are prominently stained together with their apical
and basal dendrites in layer V (347). Moderate immunostaining is observed also in the amygdala, the basal ganglia, the ventral and posterior thalamus, the deep cerebellar nuclei, the superior colliculus, the red nucleus, and
motor neurons of the spinal cord (347). A more recent
study reported staining of principal cells and astrocytes in
various regions of the human brain (307). However, the
protein recognized by the antibody utilized in these experiments has an apparent molecular mass of ⬃50 kDa
(by SDS-polyacrylamide gel electrophoresis), which does
not correspond to that of native FAAH (⬃60 kDa) (307).
Many FAAH-positive neurons throughout the brain
are found in close proximity to axon terminals that contain CB1 cannabinoid receptors (see sect. III), providing
important evidence for a role of FAAH in anandamide
deactivation. Yet, there are multiple other regions of the
brain where there is no such correlation, a discrepancy
that likely reflects the participation of FAAH in the catabolism of other bioactive fatty acid ethanolamides, such as
OEA (302) and PEA (48, 49).
9. Inhibitors of FAAH activity
A number of inhibitors of anandamide hydrolysis
have been described, including fatty acid trifluoromethylketones, fluorophosphonates, ␣-keto esters and ␣-keto
amides (30, 82, 198), bromoenol lactones (23), and nonsteroidal anti-inflammatory drugs (109, 110). These compounds lack, in general, target selectivity and biological
Physiol Rev • VOL
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availability; thus attempts to use them in vivo (64) should
be interpreted with caution.
An emerging second generation of FAAH inhibitors
comprises three groups of molecules. The first are fatty
acid sulfonyl fluorides, such as palmitylsulfonylfluoride
(AM374). AM374 irreversibly inhibits FAAH activity with
an IC50 of 10 nM and displays a 50-fold preference for
FAAH inhibition versus CB1 receptor binding (82). Systemic administration of AM374 enhances the operant lever-pressing response evoked by anandamide administration, but exerts no overt behavioral effect per se (310),
raising the possibility that AM374 may protect anandamide from peripheral metabolism but may not have access
to the brain. The second group of FAAH inhibitors is
represented by a series of substituted ␣-keto-oxazolopyridines, which are both reversible and extremely potent
(30), but whose pharmacological selectivity and in vivo
properties are not yet known. The third group is constituted by a class of aryl-substituted carbamate derivatives
(185). The most potent member of this class, the compound URB597, inhibits FAAH activity with an IC50 value
of 4 nM in brain membranes and an ID50 value of 0.1
mg/kg in live rats. This compound has 25,000-fold greater
selectivity for FAAH than cannabinoid receptors, which is
matched by an apparent lack of cannabimimetic effects in
vivo (185). The pharmacological profile of URB597, which
is currently under investigation, includes profound antianxiety effects accompanied by modest analgesia (185).
10. Physiological roles of FAAH
The generation of mutant mice in which the faah
gene was disrupted by homologous recombination has
shed much light on the role of FAAH in anandamide
inactivation (68). FAAH ⫺/⫺ mice cannot metabolize
anandamide and are therefore extremely sensitive to the
pharmacological effects of this compound: doses of anandamide that are inactive in wild-type mice exert profound
cannabimimetic effects in these mutants. FAAH ⫺/⫺ mice
also have markedly elevated brain anandamide levels and
reduced nociception (68). This finding is consistent with
the roles of anandamide in the modulation of pain sensation (see, for review, Refs. 49, 173) and is supported by
the analgesic activity of FAAH inhibitors (185).
Recently, a single nucleotide polymorphism in the
human gene encoding for FAAH, which produces a proteolysis-sensitive variant of the enzyme, was found to be
strongly associated with street drug and alcohol abuse
(324). This important observation reinforces the central
role played by the endocannabinoid system in the control
of motivation and reward (228).
11. 2-AG hydrolysis: the role of monoglyceride lipase
The fact that FAAH catalyzes the hydrolysis of 2-AG
along with anandamide’s has prompted the suggestion
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that this enzyme may be responsible for eliminating both
endocannabinoids. There is, however, strong evidence
against this hypothesis. First, inhibitors of FAAH activity
have no effect on [3H]2-AG hydrolysis at concentrations
that completely block anandamide degradation (24). Second, 2-AG hydrolysis is preserved in mutant FAAH ⫺/⫺
mice, which do not degrade either endogenous or exogenous anandamide (212).
In agreement with these results, a 2-AG hydrolase
activity distinct from FAAH has been identified and partially purified from porcine brain (133). This activity likely
corresponds to monoglyceride lipase (MGL), a cytosolic
serine hydrolase that converts 2- and 1-monoglycerides to
fatty acid and glycerol (180). Several findings support this
conclusion (93). First, heterologous expression of rat
brain MGL confers strong 2-AG-hydrolyzing activity and
MGL immunoreactivity to HeLa cells. Second, adenovirusmediated transfer of the MGL gene in intact neurons
increases MGL expression and shortens the life span of
endogenously produced 2-AG, without any effect on either 2-AG synthesis or anandamide degradation. Third,
MGL mRNA and protein are discretely distributed in the
rat brain, with highest levels in regions where CB1 receptors are also present (93).
The distribution of MGL in the rat hippocampus is
particularly noteworthy. The high density of MGL immunoreactivity in the termination zones of the glutamatergic
Schaffer collaterals suggests a presynaptic localization of
this enzyme at CA3-CA1 synapses. 2-AG may be produced
by CA1 pyramidal cells during Schaffer collateral stimulation (328), and the newly generated endocannabinoid
may mediate depolarization-induced suppression of inhibition (271, 374, 375; see sect. VC), if able to diffuse to the
nearby GABAergic boutons, or a suppression of excitation (273, but see sect. VB2). Thus MGL is exquisitely
poised to terminate the actions of 2-AG at hippocampal
synapses.
III. REGIONAL AND CELLULAR DISTRIBUTION
OF NEURONAL CB1 CANNABINOID
RECEPTORS
A. Characteristic Differences in CB1 Receptor
Distribution in the Brain
In a landmark study published in 1990, Herkenham
and co-workers took advantage of the newly developed
cannabinoid agonist [3H]CP-55,940, the same highly selective ligand that had helped identify cannabinoid receptors
two years earlier (84), to investigate for the first time the
distribution of cannabinoid binding sites in the brain
(152). Their results showed that these sites strikingly
coincide with the neural substrates for cannabinoid actions predicted from behavioral experiments and started
Physiol Rev • VOL

a season of intense research on the CNS distribution of
cannabinoid receptors. In the following pages, we will
summarize the current status of this research, highlighting the correspondence between cannabinoid receptor
distribution and behavioral effects of cannabimimetic
agents. In the next sections, we focus on the cellular and
subcellular localization of cannabinoid receptors and on
the consequences of their physiological or pharmacological activation.
Various radioactive ligands (both agonists and antagonists) have been used to identify the sites of action of
cannabimimetic drugs at the regional and cellular level
(129, 149 –152, 225, 299, 370). One surprising observation
stemming from these binding experiments, and confirmed
later with other neuroanatomical techniques, is that cannabinoid receptors are much more densely expressed in
the rat brain than are any other G protein-coupled receptors (Fig. 5, A and C) (152). Indeed, in several brain
regions cannabinoid receptors are present in densities
that are comparable to those of GABA or glutamate receptor channels, which, owing to their relatively low ligand affinities, are highly concentrated at synapses to
allow fast neurotransmission to occur. This puzzling finding is still unexplained but can be conceptualized in the
light of recent discoveries suggesting that the synaptic
functions served by the endocannabinoid system may be
much broader than previously suspected. These functions, which will be discussed in detail in section VC,
appear to be primarily concerned with the short-range,
activity-dependent regulation of synaptic strength and to
extend to a diversity of CNS structures.
The broad regulatory roles of the endocannabinoids
also may be surmised from the diverse effects of cannabimimetic drugs on physiology and behavior. In both
animals and humans, these agents elicit a wide, but very
distinctive spectrum of biological responses (166), which
are epitomized by a tetrad comprising rigid immobility
(catalepsy), decreased motor activity, analgesia, and hypothermia. This tetrad assay, developed by Billy R. Martin
and his collaborators (see for example, Ref. 65), provides
a convenient early screening to identify novel cannabimimetic drugs and highlights the role of the endocannabinoid system in motor behavior. Consistent with such a
role, two brain regions that are intimately involved in
movement regulation, the basal ganglia and the cerebellum, stand out among others for their very high densities
of cannabinoid binding sites (Fig. 5, A and C). On the
other hand, the marked binding capacities observed in
limbic areas of the cerebral cortex, especially the cingulate and frontal cortices, as well as the amygdala, concord
with the potent analgesic and antihyperalgesic properties
of cannabinoid agonists and with their impact on emotional reactivity (Fig. 5, A and C) (115, 229). Although not
as dense, significant cannabinoid binding is also found in
other pain-processing areas of the CNS, including the
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FIG. 5. Autoradiographic film images (A–C) show cannabinoid receptor
localization in rat (A) and human brain
(C) marked by the tritiated ligand CP55,940 in an in vitro binding assay described by Herkenham et al. (152). Sagittal slide-mounted section of rat brain
hybridized with a CB1-specific oligonucleotide probe (B) shows locations of
neurons that express the mRNA at this
level. In both rat and human, high levels
of receptor protein are visible in the
basal ganglia structures globus pallidus
(GP), entopeduncular nucleus (Ep), and
substantia nigra pars reticulata (SNR).
High binding is also seen in the cerebellum; moderate binding levels are found
in the hippocampus (Hipp), cortex, and
caudate putamen (CPu); and low binding
is seen in the brain stem and thalamus.
Note that the GP, Ep, and SNR do not
contain CB1 mRNA-expressing cells (B);
this is because the receptors in these
areas are on axons (large arrows in A
and C) and terminals, and the mRNAexpressing cells of origin reside in the
caudate and putamen. High-magnification photomicrographs (D–G) of rat CPu
show that CB1 mRNA-expressing neurons, marked by white dots (silver grains
in the emulsion) are colocalized with enkephalin (Enk) and dynorphin (Dyn)
mRNA-positive striatal projection neurons (D and E, respectively), but not with
choline acetyltransferase (ChAT) or somatostatin (SOM) mRNA-positive striatal
interneurons (F and G, respectively).
Open arrows depict CB1-positive but
dynorphin- or enkephalin-negative somata, whereas solid arrows indicate double-labeled cells. Scale bars: B, 1 mm; C,
2 mm; F, 20 m. [D–G from Hohmann
and Herkenham (164); figure was kindly
prepared by Miles Herkenham and Andrea Hohmann.]

PAG and the dorsal horn of the spinal cord. An important
property of cannabimimetic agents, which is not modeled
by the tetrad assay, relates to the ability of these compounds to influence cognitive functions, including shortterm memory and attention (142). The high densities of
cannabinoid binding sites in the hippocampus and other
cortical structures provide a likely neural substrate for
this property (Fig. 5, A and C).
Sheer density of CNS binding sites is not sufficient to
precisely account for the spectrum of cannabinoid effects. Studies on the activation of G proteins by cannabinoid agonists in acutely dissected brain slices have revealed, indeed, the existence of an uneven coupling of
cannabinoid receptors with G protein activation in different brain structures (37, 38, 304 –306, 322). For example,
Physiol Rev • VOL

receptors in structures such as the hypothalamus and the
thalamus, although relatively low in number, display very
tight G protein coupling, suggesting that they may be
more efficacious than receptors found elsewhere in the
brain. The molecular basis for these regional variations is
unclear at present, but they may help reconcile the comparatively low density of cannabinoid receptors found in
the hypothalamus with the profound neuroendocrine effects of cannabinoid drugs (261).
A quantitative summary of the distribution of cannabinoid binding sites in the rat brain has been provided (see
Table 1 in Ref. 151). Similar distribution patterns have been
found in other mammalian and nonmammalian species (see
Fig. 5C), implying that the endocannabinoid system may
play conserved roles in vertebrate phylogeny (57, 152).
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B. Selective Expression of CB1 Cannabinoid
Receptors by Identified Cell Types of
Complex Networks
The mapping of brain cannabinoid binding sites by
Herkenham et al. (152) preceded by a few months the
molecular identification of the first cannabinoid receptor,
the G protein-coupled receptor that is now called CB1
(236). A related gene encoding a second cannabinoidsensitive G protein-coupled receptor, the CB2, was identified soon afterward (260). The CB1 receptor is distributed throughout the body but is predominantly found in
neurons of the central and peripheral nervous systems. In
contrast, the CB2 receptor is highly concentrated in immune cells and appears to be absent from CNS neurons
(41, 113). Genetic deletion studies have confirmed that
CB1 receptors contribute in a major way to the behavioral
effects of cannabimimetic drugs. Thus mutant mice lacking functional CB1 receptors do not exhibit the tetrad of
behavioral responses evoked by cannabinoid agonists
(208, 380). As mentioned above, the tetrad only partially
illustrates the complexity of cannabinoid actions and ostensibly excludes those involving cognitive systems. It is
conceivable therefore that certain responses to cannabimimetic agents may be preserved in mutant CB1⫺/⫺
mice (36, 88, 253). This possibility is strongly supported
by electrophysiological experiments, which show that
CB1⫺/⫺ mice, although impaired in their CB1-mediated
regulation of GABAergic transmission, retain an intact
cannabinoid modulation of glutamate transmission (Fig.
12) (139). A parsimonious interpretation of these results,
which is also consistent with current morphological data
(Figs. 9A and 10, A and B) (138), is that glutamatergic
axon terminals contain a cannabinoid-sensitive receptor
that is molecularly distinct from CB1 (see sect. IVB1B).
To understand the complex neurobiological effects
of cannabinoid drugs and their endogenous counterparts,
it is first necessary to precisely outline the neuronal cell
types that express cannabinoid receptors. The molecular
characterization of the CB1 receptor opened the way to in
situ hybridization studies on the CNS distribution of this
receptor’s mRNA (Fig. 5B) (236). The subsequent development of specific antibodies allowed the comparison of
mRNA and protein expression, and investigators could
now delve in greater detail into the cellular and subcellular localizations of this receptor (see Figs. 6 – 8) (138, 187,
188, 345). In this section, we synthesize the rapidly growing body of data from several laboratories about CB1
cannabinoid receptor localization in particular cell types
of given brain areas. Remarkably, these anatomical studies confirmed that, likewise to the patterned distribution
of cannabinoid binding sites in certain brain regions, expression of the CB1 receptor gene is restricted to specific
cell types subserving distinct functional roles in certain
Physiol Rev • VOL

FIG. 6. Light micrographs of hippocampal sections (A and B from
mouse, C from rat) immunostained for CB1 receptor using an antibody
raised against a COOH-terminal intracellular epitope (A and B, showing
the CA1 region), and another recognizing the NH2-terminal extracellular
epitope (C, showing the CA3 region). The COOH-terminal antibody is
more sensitive and provides somewhat stronger labeling, particularly in
the dendritic layers, but the general staining pattern is similar. CB1positive axon terminals are seen in high density particularly in stratum
pyramidale, where they surround the negative cell bodies of pyramidal
cells in all subfields. Somatic staining appears only in interneurons
mostly in strata radiatum and oriens, occasionally in stratum pyramidale
(arrows). No immunostaining is visible in the CB1 receptor knock-out
mouse (B). s.o., Stratum oriens; s.p., stratum pyramidale; s.r., stratum
radiatum; CB1 ⫹/⫹, wild-type mouse; CB1 ⫺/⫺, CB1 receptor knock-out
mouse. Scale bars, 50 m. [Modified from Katona et al. (188) and Hájos
et al. (138).]

neuronal networks, which may indeed account for the
striking diversity of cannabinoid effects.
1. Methodological considerations
Comprehensive in situ hybridization experiments
have revealed three populations of brain cells that can be
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FIG. 7. A–C: immunostaining of the
rat somatosensory cortex for CB1 reveals
a dense axon labeling in all layers with
variable densities. The highest density of
labeled fibers can be seen in layers II and
upper III, as well as in layers IV and VI. A
much smaller amount of stained axons is
visible in layer V and deep layer III,
whereas layer I has only negligible labeling. Both synaptic varicosities (small arrows) and preterminal, thin axon segments show strong staining, as seen at
higher power in B (layer II-III) and C
(layer VI). A large number of varicosities
surround the CB1-negative somata of pyramidal cells (asterisks). CB1-immunoreactive cell bodies show the characteristics of interneurons (large arrows). D: in
the cerebellar cortex, Purkinje cells (P)
are negative for CB1; their dendrites (arrowheads) appear as negative images in
the otherwise strongly positive molecular layer. The dense terminal labeling in
the molecular layer corresponds to both
parallel and climbing fibers, and perhaps
also includes stellate cell axon terminals.
The somata and axon initial segments of
Purkinje cells are surrounded by CB1positive axons of basket cells (arrows).
Scale bars: A, 100 m; B–D, 25 m.

grouped according to their levels of CB1 mRNA (225, 231,
235). Cells with very high CB1 mRNA expression are
found in many cortical regions, especially in the hippocampus, but also in the anterior olfactory nucleus, the
neocortex, and the amygdala. Cells with moderate CB1
mRNA levels are characteristically present in the striatum
and the cerebellum, whereas cells with very weak CB1
mRNA expression are widespread throughout the brain.
Although this broad classification is generally accepted,
more precise descriptions of CB1 mRNA distribution are
still controversial. Discrepancies have been reported not
Physiol Rev • VOL

only in the intensity of labeling among brain regions, but
even in the presence or absence of CB1 mRNA in certain
cell types (even though the authors used the same oligonucleotides). Subsequent immunocytochemical studies
have helped clarify some of these issues but have left
others unsolved and, indeed, generated their own share of
unexplained results. For example, recent reports of
strong CB1 immunostaining in cerebellar Purkinje cells
(252, 276) are in striking contrast to the lack of CB1
mRNA noted in these cells by many investigators (225,
235). Surely, these problems will be appropriately ad-
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FIG. 8. A: remarkable subregional selectivity of CB1 receptor expression was found in the
amygdala. The basolateral nucleus (BLA) is
heavily positive for CB1, whereas the central
nucleus (Ce) is devoid of any staining. The
sharp border between them is visible at higher
power in B. The CB1-positive fibers form a
dense network in BLA and surround the negative principal cell bodies and dendrites. The
white matter (ic, internal capsule) is dark due to
the osmium treatment, not to immunostaining.
Scale bars: A, 500 m; B, 100 m. [From Katona
et al. (186), copyright 2001 by the Society for
Neuroscience.]

dressed and resolved in due time (e.g., by using CB1⫺/⫺
mice for probe and antibody testing, see Fig. 6, A and B).
Meanwhile, here we will primarily discuss those results,
which are unequivocally supported by a combination of
multiple neuroanatomical and functional approaches.
2. Cortical areas
In situ hybridization and immunocytochemical studies consistently show that CB1 receptors are highly abundant in many forebrain areas, including the anterior olfactory nucleus, the hippocampal formation (Fig. 6), the
neocortex (Fig. 7, A–C), and the basolateral as well as the
cortical amygdaloid nuclei (Fig. 8) (138, 186 –188, 225,
231, 235, 345). CB1-positive cells in these areas display a
scattered distribution pattern, represent only a small percent of the total cell population, and belong to the heterogeneous population of GABAergic interneurons (188,
231, 345). In the forebrain, GABAergic interneurons can
be divided into various classes based on the cell typeselective expression of neurochemical markers, two
prominent examples of which are the neuropeptide cholecystokinin (CCK) and the calcium-binding protein parvalbumin (111, 190). Double-labeling studies have revealed
that only one subset of GABAergic interneurons contains
CB1 receptors, those that also express and presumably
release CCK. In contrast, other major interneuron types,
such as those containing parvalbumin, lack CB1 receptors. This pattern of expression is common to most forebrain areas, having been found in the anterior cortical
nucleus (231), the basolateral amygdala (186, 231, 240),
the cortical amygdaloid nuclei (186), the hippocampal
formation (188, 231, 346), and the neocortex (28, 231).
Moreover, an analogous pattern is also seen in the human
hippocampal formation (187). This selective distribution
implies that CB1 receptor-dependent effects of cannabinoids on many of the physiological processes related to
these forebrain areas (e.g., cognitive functions like learning and memory) might involve the modulation of a parPhysiol Rev • VOL

ticular subpopulation of GABAergic interneurons and predicts that this interneuron population may be closely
connected with the participation of the endocannabinoids
in the short-range modulation of synaptic activity, which
will be further discussed in section VC.
Although the strong expression of CB1 receptors in
GABAergic interneurons of the cortex is now well established, the presence of CB1 receptors in principal
cells of the forebrain is still debated. Initial in situ
hybridization studies reported a modest CB1 mRNA
expression in principal neurons of the neocortex (225,
235). Subsequent double-labeling experiments showed,
however, that all CB1-expressing cells in this structure
are also positive for the 65-kDa isoform of glutamic
acid decarboxylase (GAD65), the GABA-synthesizing
enzyme that marks GABAergic cells (231). Moreover,
although several investigators have reported low CB1
mRNA expression in principal neurons of the CA3 and
CA1 subfields of the hippocampus (225, 231, 235), a
more recent study suggested that CB1 labeling may be
restricted to GABAergic interneurons (254). Even looking at the original figures claiming CB1 expression in
pyramidal neurons (see, for example, Fig. 8B of Ref.
225), the density of labeling over the principal cells
(5–10 silver grains) seems to be remarkably low compared with the interneuronal labeling (the cells are
completely filled with a huge number of grains). This
very low expression pattern within the principal neurons of cortical networks is similar in most other forebrain areas and was found in the human brain as well
(231, 370).
This disagreement could not be settled by immunocytochemical localization of the CB1 protein. Experiments with antibodies raised against the NH2 terminus of
the CB1 receptor found labeling of principal neurons in
many forebrain areas (252, 276, 284). However, these
studies also report CB1 immunoreactivity in cell populations from other brain areas, which were found to be
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negative for CB1 mRNA in all in situ hybridization studies
(i.e., Purkinje cells in the cerebellum, cells in the laterodorsal nucleus in the thalamus, in the substantia nigra,
and in glial cells). Other investigators utilized different
antibodies directed either against the NH2 or the COOH
terminus of the CB1 protein, and unequivocally established antibody specificity with control tests on brains of
mutant CB1⫺/⫺ mice (Fig. 6, A and B). These carefully
controlled studies found CB1 immunostaining only in
GABAergic interneurons of the cortex (138, 186 –188, 345,
346). However, the fact that principal cells were not
stained in these experiments does not rule out the possibility that a very low amount of CB1 protein, undetectable
by the antibodies, may be present in principal cells. Moreover, targeting of the receptor to axon terminals could
further decrease antibody access to the antigen and account for the lack of cell body staining. Indeed, several
laboratories have reported that glutamatergic synaptic
currents in neurons of the prefrontal cortex and hip-
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pocampus are inhibited by cannabinoid agonists via a
presynaptic mechanism (17, 139, 251, 323; see sect.
IVB1B). Yet, the lack of CB1 immunoreactivity on axon
terminals forming asymmetrical synapses (which are typically excitatory) strongly argues against the presence of
CB1 receptors at these glutamatergic terminals (Figs. 9A
and 10B) (138, 186 –188). This clear morphological finding
is also supported by work with CB⫺/⫺ mice, which suggests that an additional receptor, pharmacologically related, but molecularly distinct from the CB1, may mediate
the cannabinoid modulation of glutamatergic transmission in the hippocampus (Fig. 12) (139). We will return to
this hypothesis in section IVB1B.
3. Basal forebrain
CB1 receptors are also present in several subcortical
nuclei of the basal forebrain. Cells expressing moderate
levels of this receptor are located mainly in the tenia

FIG. 9. A–D: subcellular localization
of CB1 receptors using an antibody
raised against a COOH-terminal intracellular epitope, and the immunogold procedure in the hippocampal CA1 region of
the rat. Silver-enhanced gold particles
(small arrows) represent CB1-immunoreactive sites. Labeling was found to outline the inner surface of the membrane of
axon terminals (b) that established symmetrical synaptic contacts (large arrows
in A–D) characteristic of GABAergic
synapses. Boutons (asterisk in A) forming asymmetrical synaptic specializations (open arrow in A) were always negative. CB1-receptor immunoreactivity was
rarely seen on the plasma membrane of
cell bodies or dendrites. Serial sections
of the same boutons are shown in A and
B, as well as in C and D, the former
synapsing on a dendritic shaft (d) in stratum radiatum and the latter on a soma
(s). E and F: colocalization of CB1 and
cholecystokinin (CCK) in the same axon
terminals using the diffusible (homogeneous electron dense) DAB end product
to label CCK, and silver-gold to label the
NH2-terminal extracellular epitope of
CB1 (small arrows). The outer surface of
the CCK-positive bouton, which forms a
symmetrical synapse on a cell body
(large arrow), is decorated with silver
grains. G: no colocalization was found
between parvalbumin (star), a marker of
another basket cell type, and CB1 (small
arrows) using the same technique. Both
terminals form symmetrical synapses
(large arrow) on the same proximal dendrite (d) of a pyramidal cell. Scale bars:
A–G, 0.2 m. [Modified from Katona et
al. (188) and Hájos et al. (138).]
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tecta, the lateral and medial septum, and the nuclei of the
vertical and horizontal limbs of the diagonal band (225,
231, 235, 345). Colocalization experiments show that CB1
receptors may be present in somatostatin-positive neurons of the lateral septum (164) and in cholinergic cells in
the medial septum and the nucleus basalis of Meynert
(216).
4. Basal ganglia
In keeping with the profound impact of cannabimimetic drugs on motor activity (for a review, see Ref. 313),
in situ hybridization studies have invariably reported
strong expression of CB1 mRNA in the striatum (225, 235).
Detailed analysis at the regional and cellular level uncovered a selective expression pattern in specific components of basal ganglia networks (164, 231). In rodents, the
highest density of CB1 mRNA is found in the dorsolateral
portion of the striatum, where the transcript is primarily
localized to GABAergic medium spiny cells, which constitute ⬎90% of striatal neurons. In contrast, CB1 mRNA
expression is rather low in two key output structures of
the basal ganglia in the globus pallidus and in the substantia nigra. This is also true for the human basal ganglia,
which lack however the dorsoventral gradient of mRNA
expression seen in rodents (225, 370).
Although the globus pallidus and the substantia nigra
pars reticulata contain little CB1 mRNA, cannabinoid
binding is remarkably dense in these structures, implying
that CB1 receptors may be mainly localized to the axons
of striatonigral and striatopallidal GABAergic neurons
(150). Indeed, two colocalization studies have now established that CB1 mRNA is expressed by neurons that also
contain high levels of the enzyme GAD65 and low levels of
its higher molecular mass isoform, GAD67 (164, 231). In a
separate study, CB1 mRNA was found to be coexpressed
with both preproenkephalin (a marker of striatopallidal
neurons) and prodynorphin (a marker of striatonigral
neurons), indicating that striatal projection neurons express CB1 receptors irrespectively of their specific target
region (Fig. 5, D–E) (164).
Interestingly, a small fraction of CB1-positive neurons contain neither preproenkephalin nor prodynorphin
(164) and express high levels of GAD67, which is typical
of striatal interneurons. Thus, in addition to medium spiny
projection cells, other neurons (presumably local-circuit
interneurons) also may express CB1 mRNA. Because colocalization experiments revealed that CB1 is found neither in somatostatin-positive nor in cholinergic interneurons (Fig. 5, F and G), the presumptive candidates are the
remaining parvalbumin-containing cells (164). Indeed,
Marsicano and Lutz (231) demonstrated that ⬃15% of the
CB1-expressing neurons are positive for parvalbumin,
providing direct evidence that striatal local-circuit neurons express CB1 receptors. It is important to reiterate
Physiol Rev • VOL

that this expression pattern is opposite to the one found
in cortical and amygdaloid structures, where parvalbumin-positive interneurons do not express CB1 receptors
(186, 188, 231, 346). While the above results are based on
the presence of CB1 mRNA in striatal projection neurons
and local-circuit cells, the cellular expression pattern has
not been confirmed yet at the protein level, although the
presence of the CB1 protein in striatal neurons has already been demonstrated by immunostaining (345).
5. Thalamus
In situ hybridization studies have reported very low
levels of CB1 mRNA expression in the thalamus (225,
235). Subsequent work confirmed this finding both at the
mRNA and at the protein level and extended it to the
human brain (231, 345, 370). Neurons expressing moderate amounts of CB1 mRNA were observed in the habenula
and the anterior dorsal part of thalamus, while CB1-immunoreactive cells were found in the reticular nucleus
and zona incerta (225, 231, 235, 284, 345). Further studies
are needed, however, to unambiguously identify these
cells and solve remaining inconsistencies in the literature
regarding their exact location in different nuclei. This
need is further underscored by the finding that anterior
and dorsal nuclei of the thalamus may express high levels
of monoacylglycerol lipase, an intracellular serine hydrolase implicated in terminating the biological effects of the
endocannabinoid, 2-AG (93).
6. Hypothalamus
There is a coherent body of evidence indicating that
the endocannabinoid system participates in the hypothalamic regulation of feeding (90) and neuroendocrine function (261). Likewise, anatomical investigations agree in
finding moderate levels of CB1 receptor expression in the
ventromedial and anterior nuclei of the hypothalamus
(225, 231, 235), while pharmacological experiments suggest that these receptors may be particularly well coupled
to G proteins (37, 38). Importantly, a double-labeling
study showed that CB1 receptors are colocalized with
calretinin, a marker for glutamatergic neurons in select
hypothalamic nuclei (193), but not with GAD65 (231).
This suggests that glutamatergic, but not GABAergic, cells
may express CB1 receptors in these nuclei. Other hypothalamic nuclei display very low levels of CB1 expression
in a population of uniformly distributed cells. These nuclei include the medial and lateral preoptic nucleus, the
magnocellular preoptic and hypothalamic nucleus, the
premammilary nucleus and the lateral nucleus of the
mammilary body, and the lateral hypothalamus (225, 231,
235). However, as elsewhere in the brain, there is still
disagreement as to the precise identity and localization of
hypothalamic CB1-expressing neurons, which will undoubtedly foster further scrutiny.
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7. Midbrain
The finding that noxious stimuli trigger anandamide
release in the PAG, as assessed by in vivo microdialysis
(365), implies that this midbrain structure may serve as a
relay in the pain-processing circuit modulated by the endocannabinoids. Yet, a coherent description of the regional and cellular expression of CB1 receptors in the
midbrain is still lacking. Although current data suggest
that several midbrain nuclei may have very low to moderate expression of CB1 mRNA, they are in conflict regarding the exact identity of these nuclei (225, 235). Immunostaining studies have shown that the superior colliculus contains CB1-positive neuronal cell bodies, but the
identity of these cells was not determined (345). To be
able to interpret the growing body of work on the analgesic and antihyperalgesic effects of cannabinoid agents,
these morphological gaps need to be filled.
8. Medulla and pons
Detailed morphological studies of the hindbrain are
also rare. A notable exception is represented by the recent immunocytochemical demonstration of CB1 receptors in the dorsal vagal complex of the ferret, which may
be relevant to the autonomic and antiemetic effects of
cannabinoid agonists (355). The exclusive presence of
these receptors in local GABAergic interneurons, but not
in preganglionic motor neurons (355), shows how this
intriguing morphological leitmotif may recurrently be
found at most levels of the neuraxis.
9. Cerebellum
CB1 receptor mRNA is highly abundant in the cerebellum (Fig. 5B) (225, 235). Owing to the well-determined
circuitry of the cerebellar cortex, along with its laminar
structure, the identification of neuronal elements expressing CB1 receptors in this region is relatively straightforward. Strong expression levels are found in glutamatergic
granule cells, but not in the GABAergic Purkinje cells
(Fig. 7D). In the molecular layer, several large cells were
also reported to express CB1, which might belong to the
basket and stellate cells (345). However, it is not known
whether all cerebellar interneurons express CB1 or a subtype selectivity exists among them.
10. Spinal cord
One of the most important aspects of cannabinoids in
terms of medicinal usefulness is their analgesic and antihyperalgesic effect at multiple stages of the pain-processing pathway, from high cognitive centers of the forebrain
to the midbrain and down to peripheral tissues (48, 229,
234, 245, 297, 365). The spinal cord, where cells expressing CB1 receptors have been extensively characterized, is
obviously an integral component of this circuit. Most in
Physiol Rev • VOL
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situ hybridization and immunostaining studies agree that
CB1 receptors are present in select neuronal populations
of the spinal dorsal horn (7, 102, 165, 311). In lamina II,
GABAergic neurons expressing CB1 also contain nitric
oxide synthase (NOS), a marker for a subset of spinal
interneurons called islet cells (311). In addition, CB1positive cells have also been found in lamina X, which
surrounds the central canal of the spinal cord (311); however, by using a different antibody, these cells could only
be visualized after spinal transection (102).
The presence of CB1 receptors in the dorsal root
ganglia is now well established (for review, see Ref. 258).
Primary sensory neurons in these ganglia are classified
based on the selective expression of various neuropeptides [calcitonin gene-related peptide (CGRP), substance
P, somatostatin], or the responsiveness to neurotrophic
factors [nerve growth factor (NGF), glial-derived growth
factor (GDNF), present in nociceptive neurons]. These
cell-specific markers are rather heterogeneously colocalized with CB1 receptors. In a small population of dorsal
root ganglion cells, CB1 receptors are present in CGRPand substance P-expressing neurons, but not in somatostatin-positive cells (165). This suggests that CB1 receptors may be expressed only by a subset of peptidergic
nociceptive neurons, which represent ⬃25% of all CB1positive cells, whereas the remaining CB1-expressing cells
may belong to other subpopulations of nociceptive or
nonnociceptive neurons. Work in dorsal root ganglion
cultures suggests that CB1 receptors colocalize with another nociceptor marker, the acid- and heat-sensitive vanilloid receptor 1 (VR1) (8). Further triple immunolabeling experiments confirmed this observation and suggested
that ⬃25% of CB1-bearing neurons are nonnociceptive and
that distinct types of nociceptive neurons express the
receptor as well (7, 258). This highly heterogeneous distribution may contribute to explain the unprecedented
analgesic effectiveness of cannabinoid agents, particularly in animal models of persistent pain of neuropathic
origin (154, 173).
IV. ANATOMICAL, PHYSIOLOGICAL, AND
PHARMACOLOGICAL EVIDENCE FOR
THE PRESYNAPTIC LOCALIZATION OF CB1
CANNABINOID RECEPTORS IN THE BRAIN
Based on the selective distribution of CB1 receptors
in the CNS and their pervasive association with GABAergic interneurons, one would predict that the endocannabinoid system may play important and, possibly, unique
roles in the local control of neuronal network activity. A
growing body of functional evidence supports this prediction. For example, microdialysis experiments have found
that anandamide is released in the striatum by activation
of dopamine D2 receptor, where it may act as a short-
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range mediator to counterbalance dopamine activity (22,
125). Furthermore, an endocannabinoid substance, which
remains unfortunately uncharacterized, has been recently
identified as a key component in two related forms of
trans-synaptic communication, known as depolarizationinduced suppression of inhibition (DSI) and depolarization-induced suppression of excitation (DSE) (200, 271,
375). In section V, we discuss how the endocannabinoid
system may participate in these processes. But to do that,
we first need to take a further step in the localization of
CB1 receptors, down to the subcellular level.
G protein-coupled receptors, such as the CB1, are
embedded within the lipid bilayer of the plasma membrane. The membrane surface of a nerve cell can be
subdivided into two functionally distinct spatial domains.
The dendritic tree and cell body are equipped to receive
synaptic contacts at specialized structures called active
zones, where receptors for fast-acting neurotransmitters
such as glutamate or GABA are concentrated. G proteincoupled receptors are rarely associated with these structures; rather, a significant proportion of these receptors
are found outside the synapse, within the so-called perisynaptic zone or even further away on the dendritic tree
(see, for example, Ref. 19), where they can influence
synaptic currents and neuronal excitability by triggering
the formation of diffusible intracellular second messengers. Another group of G protein-coupled receptors is
situated on axon terminals, where they are exquisitely
poised to regulate the release of neurotransmitters,
thereby controlling the final output of a neuron. Thus the
question arises, in which neuronal surface domain are
CB1 receptors localized? The most direct way to approach
this question consists, when a receptor-specific antibody
is available, in analyzing the subcellular distribution of the
receptor by using electron microscopy. This approach can
also provide a wealth of information on the structure and
function of the synapse, such as the complement of neurotransmitters and additional membrane receptors
present. Evidence from anatomical studies such as these,
as well as functional experiments, indicates that CB1 receptors are predominantly found in axon terminal membranes, where they may be involved in the presynaptic
regulation of neurotransmitter release.
A. Anatomical Evidence for Presynaptic
Cannabinoid Receptors
Indirect anatomical evidence for the localization of
CB1 receptors on axon terminals was first provided by in
situ hybridization (236) and receptor binding experiments
(152). These studies showed that, in the basal ganglia, CB1
receptor mRNA is almost exclusively localized to neurons
within the striatum (236), whereas cannabinoid binding is
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strongest in the globus pallidus and the substantia nigra
pars reticulata (Fig. 5, A–C) (152, 236). This mismatch
implies that CB1 receptors synthesized in the cell bodies
of striatal projection neurons are transported to axon
terminal fields in the pallidum and substantia nigra. In
keeping with this hypothesis, ibotenic acid lesion of the
rat striatum produces a marked loss of cannabinoid binding in these two regions (150). A similar presynaptic
localization also has been suggested for CB1 receptors in
dorsal root ganglion neurons, because resection of the
dorsal root significantly decreases cannabinoid binding in
the dorsal horn of the spinal cord (163).
An important achievement in cannabinoid research
was the development of specific antibodies recognizing
CB1 receptors, which have become indispensable research tools (94, 138, 284, 345). Antibodies raised against
either the NH2 terminus or the COOH terminus of the CB1
protein provided crucial information about the precise
localization of CB1 receptors at the regional, cellular, and
subcellular levels. However, immunohistochemical studies require careful investigation and well-designed controls, since it is rare that an antibody is absolutely specific
for the desired target protein. Thus reports claiming immunoreactivity for CB1 receptors in cells (e.g., cerebellar
Purkinje neurons), which do not produce the mRNA of
CB1, or immunolabeling of glial cells due to the antibody
recognizing the antigen carrier protein should be viewed
with caution (240, 252, 276, 302). Essential in this regard
was the generation of mutant CB1⫺/⫺ mice (208, 380),
which were instrumental to demonstrate antibody specificity (Fig. 6, A and B) and limit the confusion resulting
from staining artifacts (138, 186).
Initial light microscopy studies revealed the existence of numerous CB1-immunoreactive fibers throughout
the brain (Figs. 6, A and C, 7, A–C, and 8B) (94, 95, 138,
186 –188, 345). Based on their distinctive morphological
appearance, thin and rich in varicosities, these fibers were
tentatively identified as axons. This identification received its first subcellular confirmation from work conducted in the rat hippocampus (188). The varicosities
observed at the light microscopy level were found to
correspond to axon terminals packed with synaptic vesicles and to be densely covered by CB1 receptors (Figs. 9,
A–D, and 10). Notably, when an antibody against the
extracellular NH2 terminus of the CB1 receptor was used
in combination with silver-impregnated gold particles, the
particles were exclusively found at the outer surface of
the axonal plasma membrane (Fig. 10, C–E) (188). On the
other hand, when the staining was carried out with a
different antibody, specific for the COOH terminus, the
gold particles only labeled the intracellular surface of the
boutons (Figs. 9, A–D, and 10, A and B) (138).
CB1-positive axons have a scattered pattern of distribution, which largely parallels that obtained with radioli-
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FIG. 10. Subcellular localization of CB1 receptors in
the human hippocampal CA1 region using an antibody
raised against a COOH-terminal intracellular epitope (A
and B) and another recognizing an NH2-terminal extracellular epitope (C–E). Silver-enhanced gold particles (small
arrows) represent CB1-immunoreactive sites on the inner
(A and B) and outer (C–E) surface of axon terminal membranes, corresponding to the subcellular localization of
the respective epitopes. Only boutons forming symmetrical synapses (large arrows) were labeled, as in the rat,
which is characteristic of GABAergic, but not of glutamatergic (asterisk) axons. Scale bars: A–E, 0.2 m. [From
Katona et al. (187), copyright 2000 with permission from
Elsevier Science.]

gand binding (94). An especially dense fiber meshwork is
observed in the globus pallidus, the substantia nigra pars
reticulata, and the entopeduncular nucleus, probably on
axons deriving from the striatum. In many cortical areas,
as well as in olfactory systems, CB1-immunoreactive axons are abundant and form pericellular baskets around
CB1-negative cell bodies. Likewise, CB1-positive axons
equipped with numerous boutons cover the somata of
Purkinje cells in the cerebellum and shape the characteristic pinceaux (paint-brush) structures around the axon
initial segments (Fig. 7D). In addition, the stratum moleculare of the cerebellum also exhibits strong CB1 immunoreactivity, while leaving blank the dendritic tree of
Purkinje cells (Fig. 7D).
The cell origin of these fibers can sometimes be inferred from the combination of cellular CB1 expression pattern and the distribution of CB1-positive axons. For example, in the cerebellum, the dense staining seen in the stratum
moleculare likely results from axons of CB1-expressing granule cells, which constitute the so-called parallel fibers. In
most cases, however, the cell origin and phenotype of CB1carrying axons is still uncertain. Recent efforts have helped
determine the precise subcellular distribution of CB1 re-
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ceptors in the rodent somatosensory cortex, the hippocampus, and the amygdala, as well as in the human
hippocampus (28, 138, 186 –188). In these areas, CB1 receptors localize to specific types of axon terminals, and as
a rule, boutons engaged in asymmetrical (excitatory) synapses do not carry CB1 receptors, whereas boutons engaged in symmetrical (inhibitory) synapses do (see for
example Fig. 10B). This indicates that GABAergic, but not
glutamatergic, axon terminals contain the receptors.
GABAergic interneurons are extremely heterogeneous,
however, and not all of them express CB1 receptors.
Indeed, only a subpopulation of GABAergic interneurons,
those that utilize CCK as a peptide cotransmitter, was
found to be CB1 positive (Fig. 9, E and F), whereas those
marked by parvalbumin were not (Fig. 9G) (see sect.
IIIB2). Because CCK- and parvalbumin-positive interneurons have distinct roles in the regulation of cortical activity, it is likely that endocannabinoid substances also have
specific functions in the modulation of cortical network
properties. This notion is strongly supported by the retrograde messenger role of endocannabinoids in DSI,
which is clearly restricted to select inhibitory synapses
within the hippocampus (233, 271, 374) (see sect. V).

83 • JULY 2003 •

www.prv.org

1038

FREUND, KATONA, AND PIOMELLI

Outside the cortex, detailed information on the subcellular distribution of CB1 receptors is only available for
the peripheral nervous system, where CB1 receptors also
appear to be concentrated at nerve endings. In the rat and
guinea pig lung, sparse nerve fibers bearing CB1 receptors
are found among bronchial smooth muscle cells (46, 363).
Although such fibers rarely form true synapses, immunogold labeling reveals that CB1 receptors are located close
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to vesicle accumulations, where they may act to modulate
neurotransmitter release. Importantly, neuropeptide Y, a
neurochemical marker for noradrenergic sympathetic
nerve fibers (18), was found to colocalize with CB1 in
these axon terminals (46, 363). Accordingly, cannabinoids
potently inhibit norepinephrine release in peripheral tissues and organs through a presynaptic mechanism (131,
172, 344, 363).
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B. Physiological and Pharmacological Evidence
for Presynaptic Cannabinoid Receptors
Although anatomical studies may reveal the precise
localization site of a particular receptor type, they may
only provide predictions about its functional importance.
In the last decade, two major approaches, electrophysiological recordings and neurochemical release studies,
contributed fundamentally to our understanding of the
physiological role of endocannabinoids and the consequences of cannabinoid receptor activation. Most of these
studies point to the same conclusion as anatomical studies, i.e., CB1 receptors presynaptically regulate the release
of certain types of neurotransmitters from axon terminals. The major goal of these studies is to establish which
of the numerous types of neurotransmitters are influenced by cannabinoids at certain brain areas. Not surprisingly, the release of nearly all major neurotransmitter
types was shown to be affected by cannabinoid agents.
Similarly to CB1-specific antibodies in anatomical experiments, the development of pharmacological probes,
such as selective CB1 receptor agonists and antagonists,
was indispensable to advance the field (71, 158, 213, 298).
However, as is the case with immunohistochemical experiments, the establishment of the role of CB1 receptors
in many of the described processes requires careful evaluation. Recent studies using CB1⫺/⫺ mice provided evidence that conventional cannabinoid receptor ligands, as
well as the endocannabinoids, are not exclusively selective for CB1 receptors (36, 60, 88, 139, 175, 227, 253, 381).
In the following sections, we survey the various lines
of pharmacological evidence for the existence of presynaptic cannabinoid receptors on many different types of
axons in several brain areas and aim to evaluate in the
light of anatomical data whether CB1 or another molecular target may underlie certain effects of cannabinoids.
1. Cortical areas
EAS.

A) CANNABINOID EFFECTS ON GABA RELEASE IN CORTICAL ARIn the hippocampus, electrophysiological and neuro-

transmitter release experiments concord in indicating
that cannabimimetic agents modulate GABA release via a
presynaptic mechanism. Whole cell patch-clamp experiments show that cannabinoid agonists decrease amplitude and frequency of GABAA receptor-mediated inhibitory postsynaptic currents (IPSCs) elicited by action potentials (Figs. 11, A–C, and 12B) (138, 161, 171). These
effects are mediated by CB1 receptors, because they are
blocked by the CB1 antagonist SR141716A (Fig. 11A) and
are completely absent in CB⫺/⫺ mice (Fig. 12B) (138, 139).
The presynaptic action of cannabinoids was suggested by
the lack of effect on the amplitude of miniature IPSCs
(Fig. 11D), as well as by a reduction in vesicle release
probability (measured using the paired-pulse ratio). These
data are in striking agreement with the anatomical studies
showing the presynaptic localization of CB1 receptors on
GABAergic axon terminals. In the basolateral amygdala,
which has a morphological architecture in many respects
similar to the hippocampus, cannabinoid agonists produce comparable responses. The compounds inhibit synaptic GABAA-mediated currents in principal neurons of
this region, but cause no such effect in the central nucleus, which does not contain CB1 receptors (186). The
significance of these findings was also recently confirmed
in vivo in the prefrontal cortex (104). In accordance with
the exclusive expression of CB1 by GABAergic neurons in
the neocortex (231), the cannabinoid receptor agonist
WIN 55,212–2 reduced cortical GABA levels, which was
prevented by the cannabinoid receptor antagonist SR
141716A (104). Moreover, neurochemical release experiments extended the validity of this finding from the rat
(188) to the human hippocampus (187). Taken together,
these results indicate that GABAergic axon terminals are
one of the major targets of cannabinoids in cortical networks, where they reduce the release of GABA in a CB1
receptor-mediated manner.
B) CANNABINOID EFFECTS ON GLUTAMATE RELEASE IN CORTICAL
AREAS: INVOLVEMENT OF A NEW RECEPTOR? Results from a variety of cortical tissue preparations are consistent in indicating that cannabinoid agonists can reduce excitatory

FIG. 11. Synthetic cannabinoids suppress inhibitory postsynaptic currents (IPSC) in hippocampal pyramidal cells as
revealed by whole cell patch-clamp recordings. A: plot of the IPSC amplitude shows an ⬃50% reduction of monosynaptic
responses evoked by focal electrical stimulation after bath application of the cannabinoid receptor agonist WIN55,212–2
(WIN). Pretreatment with a cannabinoid receptor antagonist, SR141716A, and its coapplication with WIN55,212–2
prevents the suppression of the evoked IPSC amplitude. B: consistent with the anatomical results, only a subset of
inhibitory axons is responsive to CB1 receptor activation. Representative traces evoked by minimal stimulation from two
different stimulus sites are shown. As the amplitude plot shows, one of the evoked IPSCs (left panel) was sensitive to
another cannabinoid ligand, CP55,940, as indicated by the increased number of transmission failures. After washout, the
synaptic responses returned to control levels. The IPSCs evoked by stimulation of a different site (right panel) were
insensitive to the agonist application, since there was no obvious change in their failure rate during the CP55,940
treatment. C: activation of substance P receptors enhances the firing rate of predominantly those hippocampal
interneurons (5), which express CB1 receptors (188). As a consequence of increased interneuron firing, both the
conductance and frequency of IPSCs increased significantly, the increment of which could be reduced by 1 M
WIN55,212–2 (bar graphs, n ⫽ 7). D: raw traces depicting mIPSCs in the presence of 0.5 M tetrodotoxin are shown
before (top panel) and after (bottom panel) bath application of the synthetic cannabinoid CP55,940. The averaged mIPSC
conductance or the averaged frequency did not differ significantly before or after applying CP55,940 (bar graphs, n ⫽ 8).
[Modified from Hájos et al. (138); figure kindly prepared by Dr. Norbert Hájos.]
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FIG. 12. The cannabinoid receptor
agonist WIN55,212–2 (WIN) inhibits glutamatergic but not GABAergic synaptic
transmission in CB1 receptor knock-out
mice. A: in CA1 pyramidal neurons of
both CB1 ⫹/⫹ and CB1 ⫺/⫺ mice, the
amplitudes of monosynaptically evoked
excitatory postsynaptic currents (EPSCs)
were reduced in a similar manner by bath
application of 1 M WIN, the effects of
which could be readily reversed by 1 M
SR141716A (SR), a cannabinoid receptor
antagonist. B: 1 M WIN decreased the
amplitudes of evoked IPSCs in CB1 ⫹/⫹
mice but had no effect in CB1 ⫺/⫺ animals. [Modified from Hájos et al. (139);
figure kindly prepared by Dr. Nobert
Hájos.]

synaptic neurotransmission (Fig. 12A) (15, 17, 251, 323,
333). These actions are probably exerted at a presynaptic
locus, for three reasons: 1) cannabinoid agonists increase
paired-pulse facilitation, 2) they do not change postsynaptic responses to glutamate or kainate applications, and
3) they cause a characteristic increase in response failures and coefficient of variation of excitatory postsynaptic currents (EPSCs). The ability of the CB1 antagonist
SR141716A to prevent these inhibitory responses suggested early on that CB1 receptors might be involved.
Nevertheless, the fact that careful anatomical analyses
negated this hypothesis sent the field up an apparent
cul-de-sac: how could cannabinoid agonists inhibit glutamate release if CB1 receptors are only weakly, if at all,
expressed by glutamatergic neurons and are absent from
glutamatergic terminals (138, 186 –188, 231)? The use of
CB1⫺/⫺ mice offered a solution to this conundrum. Cannabimimetic agents reduce glutamatergic EPSCs in
CB1⫺/⫺ mice to the same degree as they do in wild-type
ones, although they no longer affect GABAergic IPSCs
(Fig. 12) (139). The most economical hypothesis compatible with this result is that glutamatergic axon terminals
contain a novel cannabinoid-sensitive site, which is
blocked by SR141716A, but is molecularly distinct from
the cloned CB1 receptor.
Further pharmacological characterization revealed
that the new cannabinoid-sensitive receptor has an order
of magnitude lower affinity for WIN55,212–2 compared
with CB1 (137), as the EC50 for the suppression of EPSCs
was 2.01 M, whereas for IPSCs 0.24 M (161). In addition, cannabinoid effects on EPSCs could be antagonized
by the vanilloid antagonist capsazepine, and mimicked by
Physiol Rev • VOL

the agonist capsaicin, whereas vanilloid compounds were
without effect on GABAergic IPSCs (Fig. 13) (137). These
data clearly indicate that cannabinoid receptors controlling IPSCs versus EPSCs are pharmacologically distinct.
The latter type is unlikely to be the vanilloid receptor VR1,
since WIN55,212–2 does not bind to VR1 on sensory
nerves (381). Moreover, VR1 forms a nonselective cation
channel (55), whereas cannabinoid effects on glutamatergic EPSCs are mediated via a pertussis toxin-sensitive G
protein-coupled process (251, 329), which is in accordance with the ability of WIN 55,212–2 to stimulate
[35S]GTP␥S binding in several brain regions of CB1 knockout mice (36). It is reasonable therefore to conclude that
a cannabinoid-sensitive receptor other than CB1 or VR1 is
located on glutamatergic, but not on GABAergic, axons in
the hippocampus and possibly other brain areas (though
we do not know whether this site corresponds with the
one identified by Breivogel and collaborators, Ref. 36).
C) CANNABINOID EFFECTS ON ACETYLCHOLINE RELEASE IN CORTICAL AREAS. The cannabinoid receptor agonist WIN
55,212–2 decreases acetylcholine release from electrically
stimulated rat hippocampal slices (120). This effect is
mimicked by other synthetic cannabinoid agonists, as
well as by the endocannabinoid anandamide, and is prevented by the CB1 antagonists SR141716A and AM281
(121–123, 182–184). Comparable inhibitory actions also
have been demonstrated in the rodent neocortex (121,
183). The role of CB1 receptors in these responses, suggested by the effects of CB1 antagonists, is further supported by anatomical and genetic data. CB1 receptors are
expressed by neurons in the medial septum and ventral
diagonal band, where cholinergic innervation of the hip-

83 • JULY 2003 •

www.prv.org

ENDOCANNABINOIDS IN SYNAPTIC SIGNALING

1041

FIG. 13. Vanilloid receptor ligands regulate glutamatergic, but not GABAergic,
neurotransmission in the rat hippocampus.
A: bath coapplication of the synthetic cannabinoid agonist WIN55,212–2 (1–5 M,
WIN), with the vanilloid receptor antagonist capsazepine (10 M; CZ), prevented
the suppression of monosynaptically
evoked EPSC amplitude, but not the amplitude of evoked IPSCs in CA1 pyramidal
cells. B: 10 M capsaicin, a vanilloid receptor agonist, suppressed the amplitude of
evoked EPSCs, but not of evoked IPSCs.
[Modified from Hájos and Freund (137); figure kindly prepared by Dr. Nobert Hájos.]

pocampus originates (225, 235). In the monkey forebrain,
septal CB1-immunoreactive cells, along with other CB1positive neurons in the nucleus basalis of Meynert (where
the cortical cholinergic pathway originates), express choline acetyltransferase (ChAT), the synthetic enzyme for
acetylcholine (216). Furthermore, the cannabinoid modulation of acetylcholine release was reduced in “knockdown” experiments with antisense oligonucleotides (182)
and abolished in the hippocampus and the neocortex of
CB1 knock-out mice (184). Although unequivocal anatomical demonstration of CB1 receptors on cholinergic axon
terminals is still needed, physiological evidence also supports their existence. In hippocampal slices perfused with
a Ca2⫹-free, K⫹-rich medium containing the Na⫹ channel
blocker tetrodotoxin, cannabinoid agonists attenuate
Ca2⫹-evoked acetylcholine release, probably by inhibition
of voltage-gated Ca2⫹ channels (183). Importantly, a parallel result was obtained in cortical and hippocampal
synaptosomes, again implying a presynaptic site of action
(121).
What is the functional significance of these in vitro
findings? Cholinergic innervation of cortical brain regions
is thought to play an important role in cognitive processes, many of which are strongly impaired by cannabinoid treatment (35). An appealing causal link between
these observations is strengthened by the finding that
cannabinoid agonists reduce acetylcholine levels in rat
cortical and hippocampal microdialysates, when administered at relatively high doses (mg/kg) (54, 118). However,
recent experiments uncovered that lower doses of these
drugs (g/kg) cause an opposite effect, elevating acetylcholine level in the prefrontal cortex and the hippocampus (3, 4). Such an “inverted U” dose-response relationship warrants further investigation but may be explained
Physiol Rev • VOL

by the activation of different cannabinoid receptor types,
likely possessing distinct agonist sensitivity (see Refs. 36,
137), or by the dose-dependent engagement of excitatory
or inhibitory afferent pathways of the basal forebrain,
which may enhance or reduce the intrinsic activity of
cholinergic neurons. In any case, the predominant effect
of presynaptic CB1 receptors present on cholinergic axon
terminals within the cortex is likely to be the inhibition of
acetylcholine release, although such an effect alone may
not entirely explain cannabinoid actions on cognition
(268).
D) CANNABINOID EFFECTS ON NOREPINEPHRINE RELEASE IN
CORTICAL AREAS. Along with cholinergic fibers, ascending
noradrenergic pathways are also sensitive to cannabinoid
modulation (182, 317). Norepinephrine release is inhibited by cannabinoid agonists, albeit in a species-specific
manner, being reduced in human and guinea pig hippocampus and cortex, but not in rat hippocampus or
mouse hippocampus, neocortex, and amygdala (122, 123,
153, 184, 317, 344). These species differences are intriguing, especially in light of the highly conserved distribution
of CB1 receptors on the axon terminals of hippocampal
GABAergic (138, 139, 187, 188) and septohippocampal
cholinergic neurons (184, 216). In the rat locus coeruleus,
where ascending noradrenergic pathways originate, CB1
mRNA expression is very low (225, 235). Thus it would be
interesting to determine whether a diverging pattern of
CB1 receptor expression might explain the greater sensitivity of human and guinea pig noradrenergic transmission to cannabinoid regulation.
E) CANNABINOID EFFECTS ON SEROTONIN RELEASE IN CORTICAL
AREAS. The finding that cannabinoid agonists reduce both
electrically and Ca2⫹-evoked serotonin release in mouse
brain cortical slices (264) accords with the prevailing
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presynaptic localization of CB1 receptors. But whether
serotonergic terminals do in fact contain such receptors is
still unknown. Notably, the observed maximal reduction
(⬃20%) in serotonin release is quite low compared with
other transmitters like acetylcholine or GABA (50 – 80%)
(120, 188, 264). Furthermore, in situ hybridization studies
in the raphe nuclei have yielded inconsistent results (225,
235), and immunohistochemical investigations have not
yet been reported.
F) CANNABINOID EFFECTS ON CCK RELEASE IN CORTICAL AREAS.
As we have already pointed out, CB1 receptors are located
on the axon terminals of a specific GABAergic cell population in several cortical networks characterized by the
expression of CCK (Fig. 9, E and F) (28, 186 –188). Therefore, it is not unexpected that cannabinoid agonists inhibit potassium-evoked CCK release in rat hippocampal
slices (21). More surprising, however, and still unexplained, is the observation that CCK release is unchanged
in the frontal cortex (21). This discrepancy is surprising in
light of the coexpression of CB1 and CCK in the entire
neocortex and in the hippocampus (231). In addition, the
observed maximal reduction of cholecystokinin was only
⬃40% in the hippocampus, which seems to be quite low
considering the fact that nearly all CCK-containing axon
terminals carry CB1 receptors in this brain region (188).
Clarifying this point is particularly important in view of
the possible interactions of CCK and anandamide in regulating anxiety and other emotional states (185).
2. Basal ganglia
A) CANNABINOID EFFECTS ON GABA RELEASE IN THE BASAL
GANGLIA.

CB1 cannabinoid receptors are expressed by at
least three different GABAergic cell populations in the
striatum (164, 231). Hence, cannabinoid effects on GABA
release in different regions of the basal ganglia are well
documented, and solid evidence for presynaptic cannabinoid receptors on GABAergic axon terminals derives
from several different pharmacological approaches. Application of cannabinoid agonists to parasagittal slices of
the rat midbrain causes a significant reduction of GABAA
receptor-mediated currents recorded in substantia nigra
pars reticulata neurons after stimulation of the internal
capsule (367). Comparable results were obtained in coronal midbrain sections, although in this preparation
GABAergic currents are more likely to derive from local
GABAergic interneurons (58). The presynaptic nature of
these responses is supported by the increased pairedpulse ratio of evoked IPSCs and by the lack of cannabinoid modulation on GABAA receptor-mediated currents
elicited by bath application of GABA (59, 367).
In vivo experiments have provided additional insight
on the roles of CB1 receptors on striatonigral GABAergic
terminals (for review, see Ref. 313). Both systemically and
locally applied cannabinoid agonists increase spontanePhysiol Rev • VOL

ous activity of substantia nigra pars reticulata neurons,
probably by removing an ongoing GABAergic inhibition
(247, 339). Moreover, striatal stimulation inhibits the firing of nigral neurons, which is also alleviated by cannabinoids. Blocking of GABAA receptors by bicuculline reverses this effect, indicating that cannabinoid treatment
suppresses GABA release (247).
Striatal stimulation also results in reduced firing of
pallidal neurons, and this effect is antagonized by systemic administration of a cannabinoid agonist (248). Surprisingly, local administration of the compound into the
globus pallidus does not reverse this effect, raising doubts
as to the role of striatopallidal GABAergic projections
(249).
Although cannabinoid binding is lower in the striatum compared with its output structures, it is still quite
abundant (152). In addition, endocannabinoid release and
local cannabinoid receptors may participate in the modulation of striatal neuronal activity (125). Szabó et al.
(334) provided electrophysiological evidence that cannabinoids inhibit the amplitude of IPSCs recorded from
medium spiny neurons. One presumptive site for this
action is the axon terminals of intrinsic inhibitory interneurons (parvalbumin positive; Ref. 231), which provide
the major inhibitory control over the activity of striatal
projection neurons (197). The contribution of recurrent
axon collaterals of medium spiny neurons cannot be excluded at present.
In the shell of the nucleus accumbens, cannabimimetic agents decrease the amplitude of evoked IPSCs and
increase the paired-pulse ratio, but do not alter the amplitude of miniature IPSCs, indicating a presynaptic inhibitory effect on GABA release (162, 230). In situ hybridization and immunostaining studies of this region report low
CB1 receptor levels (94, 225, 226, 235, 345), but this low
signal may simply reflect a restricted distribution of the
receptor to select interneuronal subtypes, as is the case
elsewhere in the CNS. The important functions served by
the nucleus accumbens in motivational and reward processes and the impact that cannabinoid drugs exert on
such processes should encourage further studies aimed at
establishing the precise localization of CB1 receptors in
this structure.
B) CANNABINOID EFFECTS ON GLUTAMATE RELEASE IN THE
BASAL GANGLIA. The glutamatergic innervation of the basal
ganglia derives from three main sources. Neurons in the
striatum receive glutamatergic axon terminals from cortical and thalamic projection neurons, whereas neurons in
the substantia nigra pars reticulata and globus pallidus
receive glutamatergic input from the subthalamic nucleus. Both pathways can be modulated by cannabimimetic agents, which inhibit excitatory postsynaptic currents in the striatum as well as the substantia nigra pars
reticulata (116, 168, 169, 335). The increased paired-pulse
ratio and coefficient of variation, together with the lack of
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effect of cannabinoids on response to bath-applied glutamate, support a presynaptic site of action. In addition,
currents evoked by direct glutamate application are not
modulated by cannabinoids, demonstrating the lack of a
postsynaptic component in these effects. A recent study
by Gerdeman et al. (117) provided definitive evidence that
the reduction of glutamate release in the striatum is mediated by CB1 receptors, by showing that this effect is
absent in CB1 ⫺/⫺ mice. Furthermore, these authors also
demonstrated that the ability of cannabinoid agonists to
acutely inhibit glutamate release is a crucial factor in the
initiation of striatal long-term depression (117), a form of
synaptic plasticity characterized by a persistent diminution in excitatory transmission.
The cannabinoid modulation of glutamatergic neurotransmission in the globus pallidus and the substantia
nigra pars reticulata may be of considerable functional
importance (313). Indeed, in contrast to striatal GABAergic projections to the output nuclei, which are usually
quiescent, the subthalamic glutamatergic innervation to
these two structures is tonically active. The administration of cannabinoid agonists produces changes in the
firing of pallidal and nigral neurons, which are consistent
with a decrease in this intrinsic activity (249, 314). It will
be interesting to determine whether the endocannabinoid
system plays a similar role and, if so, under which physiological circumstances.
In the nucleus accumbens, cannabinoid agonists reduce the amplitude of field excitatory postsynaptic potentials (EPSPs) as well as EPSCs recorded from medium
spiny neurons in the core, but not the shell region of this
nucleus (162, 300). The relatively high cannabinoid concentrations required to produce these effects, and the low
expression of CB1 receptors in the projection neurons of
the prefrontal cortex, basolateral amygdala, and thalamus
that innervate the nucleus accumbens, suggest that in this
region, as in the hippocampus (139), cannabimimetic
agents target a CB1-like receptor distinct from CB1. However, the possibility that the reduced cannabinoid sensitivity may reflect the very low expression level of CB1
receptors in glutamatergic neurons cannot be excluded,
and recent experiments demonstrating that evoked EPCS
are not modulated by cannabinoids in CB1 knock-out
mice may also favor this explanation (301).
3. Cerebellum
A) CANNABINOID EFFECTS ON GABA RELEASE IN THE CEREBELLUM.

The cerebellum contains one of the highest densities
of CB1 receptors in the brain. Expression of these receptors in local GABAergic interneurons (both basket and
stellate cells) has been suggested by many studies,
whereas Purkinje cells do not contain CB1 mRNA (225,
235). Immunostainings revealed CB1-positive putative
GABAergic axon terminals forming a pericellular matrix
Physiol Rev • VOL
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around the axon initial segment and cell body of Purkinje
cells or impinging upon their dendritic tree (Fig. 7D) (87,
345).
In accordance, GABAergic synaptic currents recorded from Purkinje cells are strongly modulated by
cannabinoids. Takahashi and Linden (337) provided the
first evidence that spontaneous IPSCs are suppressed by
cannabinoid agonists. They estimated that the amplitude
of action potential-dependent IPSCs is reduced by ⬃75%,
whereas the amplitude of miniature IPSCs is not affected,
suggesting a presynaptic mechanism of action. Subsequent experiments using paired recording and imaging of
calcium transients in inhibitory axon terminals confirmed
this observation (87) and extended it, by showing that
endocannabinoids may also regulate afferent inhibitory
inputs to Purkinje cells in a retrograde manner (see details in sect. V) (87, 199, 377). Verifying the role of CB1
receptors, this response is absent from CB1⫺/⫺ mice
(377).
B) CANNABINOID EFFECTS ON GLUTAMATE RELEASE IN THE
CEREBELLUM. In the cerebellum, as in many other brain
regions, cannabinoids can effectively modulate neurotransmission not only at inhibitory but also at excitatory
synapses. Two pathways provide excitatory input to the
cerebellum, the climbing fibers originating from the inferior olive and the parallel fibers deriving from local glutamatergic granule cells. Early anatomical studies reported a high density of cannabinoid binding sites in the
molecular layer of the cerebellar cortex along with the
expression of CB1 mRNA in granule cells (152, 225, 235),
indicating, but not proving, the presence of CB1 receptors
on parallel fibers. Subsequent immunohistochemical experiments supported this notion by revealing a dense
CB1-positive axonal meshwork in the molecular layer (94,
345). Hence, CB1 receptors are situated in a central position to modulate the excitatory input of Purkinje cells.
Indeed, whole cell patch-clamp studies revealed that cannabinoids effectively decrease parallel fiber EPSCs (211,
337). Experimental evidence supports a presynaptic effect, in which activation of cannabinoids results in a
reduced probability of glutamate release. Neither the excitability of parallel fibers nor the response to locally
applied glutamate was modified by cannabinoid receptor
agonists (211, 337). Moreover, although the frequency of
miniature EPSCs was decreased, the amplitude was also
unchanged, indicating the presynaptic localization of cannabinoid receptors. An important consequence of this
phenomenon is that cannabinoids may impair cerebellar
long-term depression (211). In addition, recent experiments uncovered that endocannabinoids also serve as
retrograde signaling molecules in DSE, a phenomenon
discussed in detail in section V (200).
In contrast to the cannabinoid effects on parallel
fibers, the localization of cannabinoid receptors on climbing fibers seems to be more modest. While a cannabinoid

83 • JULY 2003 •

www.prv.org

1044

FREUND, KATONA, AND PIOMELLI

agonist strongly reduced the amplitude of parallel fiber
EPSCs (⬃12% of baseline level), EPSCs deriving from
putative climbing fibers were only slightly modulated
(⬃74% of baseline level) (337). However, experimental
evidence shows that modulation of glutamate release at
climbing fibers is also under the control of endocannabinoids released by the postsynaptic Purkinje cells (200,
223). In this case, the role of CB1 receptors is not clear
yet, because only low levels of CB1 mRNA were found in
the inferior olive, where climbing fibers originate (235).
Recent data also suggest the existence of additional cannabinoid binding sites in the cerebellum distinct from
CB1, although the molecular identity and precise localization of these putative sites is still unknown (253).
4. Areas and pathways involved in pain perception
A) CANNABINOID EFFECTS ON GABA AND GLYCINE RELEASE IN
SPINAL AND SUPRASPINAL NOCICEPTIVE AREAS.

Cannabinoid agonists regulate pain sensation by acting at the supraspinal,
spinal, and peripheral level (48, 154, 234, 245, 281, 297,
365). One common feature of the regulatory actions of
these compounds is their ability to reduce inhibitory neurotransmission in the rostral ventromedial medulla, the
PAG, and the trigeminal nucleus caudatus (177, 358, 359).
Patch-clamp experiments revealed that in these three
structures cannabinoid agonists reduce GABA release
through a presynaptic mechanism. In the trigeminal nucleus, the release of another inhibitory transmitter, glycine, is also reduced (177). Although the presynaptic localization of cannabinoid receptors is confirmed by several experiments, the role of CB1 receptors remains
equivocal. In addition, detailed studies clarifying the precise localization of CB1 receptors at the subcellular level
in these brain areas have not yet been conducted.
B) CANNABINOID EFFECTS ON GLUTAMATE RELEASE IN SPINAL
AND SUPRASPINAL NOCICEPTIVE AREAS. The regulation of glutamatergic neurotransmission may also contribute to the
antinociceptive activity of cannabinoid agonists. In the
dorsal horn of the spinal cord, these agents suppress
glutamate release from primary sensory afferents. Whole
cell patch-clamp recordings in substantia gelatinosa neurons have indeed demonstrated that cannabinoid agonists
reduce both the amplitude and frequency of spontaneous
EPSCs (259). The frequency, but not the amplitude, of
miniature EPSCs was diminished, indicating a presynaptic effect. The presumptive target sites of these effects are
the axon terminals of afferent sensory fibers, since
evoked EPSCs are also significantly decreased by cannabinoid agonists upon stimulation of the neighboring dorsal root ganglion. The stimulation protocol used in this
study indicated that mainly A␦- and C-fibers were affected, which was also confirmed by using the vanilloid
agonist capsaicin (219, 259). These results parallel anatomical evidence that dorsal root ganglion neurons exPhysiol Rev • VOL

press CB1 receptors (165), and cannabinoid binding sites
are reduced after dorsal rhizotomy or neonatal capsaicin
treatment, although only 16% of the total CB1 receptor
population was estimated to be located on C-fibers (163,
165).
Along with the spinal cord, glutamatergic neurotransmission is also affected in neurons of the PAG (358),
which may also contribute to the role of cannabinoids in
alleviating pain sensation. Interestingly, however, it
seems that the inhibitory effect of cannabinoids on glutamate release cannot be extended to all regions involved in
antinociceptive activity of cannabinoids. Remarkably,
while GABAergic neurotransmission was massively inhibited by cannabinoids in the trigeminal nucleus caudalis,
the evoked EPSCs upon stimulation of the trigeminal tract
remained unaffected (177). However, the trigeminal tract
contains a mixed population of glutamatergic axons with
different conduction velocities and activation thresholds.
The C-fibers exhibit a higher activation threshold, and
thus the effect of cannabinoids on a selected small population of fibers (see above) may be masked by the use of
different stimulation protocols (0.07– 0.1 Hz in Ref. 177
and 10 Hz in Ref. 259).
C) CANNABINOID EFFECTS ON NEUROPEPTIDE RELEASE IN SPINAL
AND SUPRASPINAL NOCICEPTIVE AREAS. As observed throughout
the brain, CB1-bearing terminals in the spinal cord contain
modulatory neuropeptides in addition to fast-acting
amino acid neurotransmitters. Two neuropeptides, substance P (SP) and CGRP, are coexpressed with CB1 receptors in dorsal root ganglia (165). Accordingly, low
doses of the endocannabinoid anandamide inhibit capsaicin-evoked CGRP release from both central and peripheral axon terminals of primary sensory neurons in the
dorsal horn of the spinal cord, as well as in hindpaw skin
(296, 297). In addition, at low concentrations, anandamide
also inhibits SP and CGRP release elicited by electrical
field stimulation (342), an effect that probably results
from the activation of CB1 receptors and may contribute
to the analgesic and anti-inflammatory properties of this
lipid mediator (48, 297, 342). At high concentrations,
which are unlikely to be attained in vivo, anandamide
activates capsaicin-sensitive VR1 receptors, thereby stimulating SP and CGRP release (342). Similar concentrations of the compound also increase the frequency of
miniature EPSCs in the spinal cord (258). The physiological significance of these findings, if any, is unknown at
present.
C. Are There Postsynaptic CB1 Receptors?
Cannabinoids can evoke physiological responses,
which may not be mediated by presynaptic cannabinoid
receptors. Recent reports indicate that both endocannabinoids and synthetic cannabinoid agonists modify the ex-
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citability of neurons via regulation of distinct potassium
conductances present on the extrasynaptic dendritic surface of neurons (74, 75, 148, 222, 227, 320). Within the
synapse, the modulation of excitatory postsynaptic responses mediated by NMDA receptors was also reported
(103, 141). In addition, cannabinoids are also able to
induce or suppress gene expression patterns by activating
signal transduction pathways likely to occur in the
postsynaptic domain of neurons (32, 33, 128, 290, 354).
However, in most cases, the molecular substrates of
these effects have not been unequivocally identified. Certain cannabinoid compounds were shown to activate ion
channels and receptors other than CB1 receptors (36, 60,
139, 227, 381). In addition, although many of the cannabinoid effects mentioned above were blocked by the CB1
antagonist SR141716A, experiments with CB1⫺/⫺ mice
demonstrate that this antagonist also recognizes other
CB1-like receptors (Fig. 12) (139, 175). Further studies on
genetically modified animals and novel, more selective
pharmacological tools are thus needed to dissect all the
molecular components of cannabinoid neuromodulation.
In contrast to the well-established evidence of presynaptic CB1 receptors in various brain regions and on the
axon terminals of a number of distinct cell types, the
presence of functional CB1 receptors on the plasma membrane of the dendritic tree or somata of neurons requires
more solid evidence than available at present. Although
postsynaptic CB1 receptors have been suggested to exist
(276, 302, 311, 312), published data show a clear mismatch
between the subcellular localization of the protein
epitope used to generate the antibody and the distribution
pattern of immunolabeling. The antibody used in these
studies was generated against the NH2 terminus of the
CB1 receptor protein (345), which is expected to be situated on the outer surface of the plasma membrane. In
contrast, in these studies dendritic CB1 labeling is invariably found inside cells and is often distant from the
plasma membrane. This pattern might represent a labeling artifact, common in immunogold and immunoperoxidase staining, or may be biologically relevant. In some
cases, dendritic CB1 immunolabeling is clearly associated
with intracellular organelles participating in the processing or degradation of proteins, such as the rough endoplasmic reticulum, the Golgi apparatus, or multivesicular
bodies (302, 311, 312). Since these intracellular organelles
usually intrude into the cytoplasm of proximal dendrites,
in single electron microscopic sections they appear to be
located within dendritic segments. Nevertheless, these
segments belong functionally to the somatic (perinuclear)
region, because they compose a continuous network
within these structures. In our view, the most likely explanation for this labeling pattern is that the antibody also
recognizes the freshly synthesized or degraded CB1 protein. In support of this idea, correlated light and electron
microscopy using high-resolution immunogold technique
Physiol Rev • VOL
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provide clear-cut evidence that the CB1 immunostaining
visualizing cell bodies and proximal dendrites of interneurons at the light microscopical level is always associated
with intracellular organelles, but never with the somatic
or dendritic plasma membrane (186, 188). Moreover, the
antibody recognizing the NH2 terminus of the CB1 receptor selectively labels the axon terminals of these interneurons, and the gold particles are found exclusively on the
outer surface of the plasma membrane, demonstrating the
availability of the NH2-terminal epitope for this antibody
in conventional electron microscopic preparations (Fig.
10, C–E) (188). Thus, in contrast to presynaptic CB1 receptors, establishing the presence of such receptors on
the plasma membrane of the dendritic tree or somata of
neurons will require further experimentation.
V. PHYSIOLOGICAL ROLES
OF ENDOCANNABINOIDS
In the year 2001, we witnessed the merger of two
independent lines of research, namely, decades of investigations into the cellular and network effects of exogenous cannabinoids, and studies on the characteristics of
DSI, a form of retrograde synaptic signaling. Wilson and
Nicoll (375) and Ohno-Shosaku et al. (271) provided the
missing link between these two lines by demonstrating
that an as-yet-unidentified endocannabinoid substance
mediates DSI. If we want to evaluate the studies that led
to the present understanding of endocannabinoid functions, we should follow the milestones of research not
only in the field of cannabinoid pharmacology, but also
the sequence of discoveries that led to the establishment
of the phenomenon, as well as the pharmacology and
physiology of DSI, namely, the work that was initiated by
the groups of Alger and Marty in the early 1990s (214,
288). Thus this section will synthesize the findings deriving from these two roots of research with the aim to
better understand the functional roles of endocannabinoids at the synaptic and network levels.
A. The Cannabinoid Root
It has been known for decades that cannabinoids
have a profound influence on learning and memory (76,
155, 250). This may be related 1) to the impairment of
long-term potentiation (LTP) that is generally believed to
be linked to learning-associated synaptic plasticity of glutamatergic connections, 2) to a disturbance of fast and
slow oscillations maintained by GABAergic interneurons
that secure the necessary synchrony in the discharges of
connected neurons, or 3) to alterations in the activity or
release properties of monoaminergic and cholinergic subcortical pathways known to influence cortical plasticity
and activity states. Thus the major questions here concern
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the brain region(s) and transmitter system(s) involved, as
well as the network mechanisms underlying the cannabinoid effects.
In addition to showing an intense CB1 receptor binding, the hippocampus is known to be a crucial area involved in learning and memory. LTP, as well as fast and
slow oscillations, has been investigated most extensively
and reproducibly in this brain region, and the underlying
synaptic connectivity is relatively well understood. These
features together provided sufficient reason to focus the
majority of cannabinoid electrophysiology, and a large
part of this section of the present review, on the hippocampus. On the other hand, the cerebellum and the
basal ganglia are also extensively studied in cannabinoid
physiology due to the well-known behavioral effects associated with these regions (for review, see Ref. 313), as
well as to the very high density of cannabinoid binding
sites (152). In addition, the cerebellum was one of the
areas where DSI (and later DSE) was discovered (200,
214). Cannabinoid effects in these two brain regions have
been discussed at the cellular level in sections III and IV;
here we only focus on implications for DSI/DSE and,
whenever data are available, possible network mechanisms.
Glutamate is the major mediator of intracellularly
recorded as well as field EPSPs in the hippocampus, and
it is the transmitter at synapses that are best known to
show long-term plastic changes in strength. In addition,
the laminar distribution of CB1 receptor binding in the
hippocampus overlaps with glutamatergic pathways,
which together explains why this transmitter has been
investigated most extensively. On the other hand, both
fast and slow oscillations rely on local GABAergic interneurons in the hippocampus (and neocortex), and in addition, GABA is by far the most dominant neurotransmitter in the cerebellum and basal ganglia as well, providing
ample reason for focusing studies also on this transmitter.
In addition to influencing learning and memory, cannabinoids have a profound effect on mood, emotions, and
motivation, which are known to involve subcortical
monoaminergic pathways. Therefore, effects of cannabinoids on dopaminergic, cholinergic, serotonergic, and
noradrenergic transmission have also been extensively
studied, mostly in the basal ganglia, and to some extent
also in the hippocampus, amygdala, and neocortex (see
sect. IV).
1. Effects on evoked potentials and long-term
synaptic plasticity
In general, any drug actions on field EPSPs, population spikes, and paired-pulse (short term) synaptic plasticity are difficult to interpret, since several mechanisms
may underlie any observed changes. These mechanisms
should be studied by intracellular recordings from single
Physiol Rev • VOL

cells or connected cell pairs, and parallel population data
should be provided. Such combined studies are rather
rare in the cannabinoid field; therefore, we chose to
present the data from the literature without necessarily
attempting to provide an explanation for the mechanism
of cannabinoid actions, and for the conflicting data. Many
of the conflicting results may be due to the dual cannabinoid actions on CB1 and on the new cannabinoid-sensitive
receptor that is present on glutamatergic axons in the
hippocampus (and possibly also in other areas), which
can be influenced by several of the agonists and antagonists that are extensively used today as “selective” CB1
ligands (36, 139; see sect. IVB1B). Some controversial interpretations of earlier studies may result from the shortage of data on the pre- or postsynaptic localization of the
cannabinoid receptor(s). Our interpretation of these earlier results rests on the recent knowledge that these receptors are mostly, if not exclusively, presynaptic, as
reviewed in section IV.
One of the earliest electrophyiological studies using
cannabinoid agoinsts found that cannabinoids suppressed
sensory-evoked or spontaneous firing of dentate granule
cells and elicited characteristic changes in evoked potential waveform (50, 51). In the hippocampus, Wilkison and
Pontzer (372) showed that CB1 agonists and antagonists
had negligible effects on field EPSPs and population
spikes, whereas in some other studies cannabinoids were
shown to have a dose-dependent biphasic effect on
evoked population spikes. At low doses, delta-9-THC augments evoked field EPSPs as well as orthodromically or
antidromically evoked population spikes, whereas at
higher doses the responses are depressed (202, 269, 356,
369). In recent studies, the endogenous ligand anandamide was shown to decrease the slope of Schaffer collateral-evoked field EPSPs, as well as the amplitude of population spikes in the CA1 region at relatively low (1 M)
and high (10 M) concentrations as well (15). The antagonist SR141716 prevented the effect of anandamide and
when applied on its own induced a small increase in
population spike amplitude. This suggests that endogenously released cannabinoids may be capable of inhibiting glutamate release. In contrast, another endocannabinoid, 2-AG, had no effect on the slope of evoked field
EPSPs in CA1 (328), implying that the endogenous cannabinoid action observed by Ameri et al. (15) using
SR141716A is likely exerted by anandamide alone. This
effect is probably due to presynaptic inhibition of glutamate release, since population spike amplitudes evoked
by antidromic stimulation (a reflection of excitability) did
not change upon cannabinoid receptor activation (15).
Higher doses of WIN55,212–2 also reduced paired pulse
faciliation in the dentate gyrus, where the effect is again
likely to be the inhibition of glutamate release from perforant path terminals (192).
Cannabinoid agonists were also found to decrease
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paired-pulse depression of population spikes in the CA1
region (12, 13, 278). Paired-pulse depression of population
spikes is thought to be due to recruitment of GABAergic
inhibition, which normally decreases pyramidal cell excitability on the second stimulus; thus the interpretation
of this result was that cannabinoids may be decreasing
this paired-pulse effect by reducing feedback inhibition.
Interestingly, a recent study from the same laboratory
demonstrated that while 2-AG largely replicates the effect
of WIN55,212–2 on paired-pulse inhibition, the other endocannabinoid, anandamide, had an opposite effect. It
increased paired-pulse depression (PPD; Ref. 13), which
was mimicked by the vanilloid agonist capsaicin, and
antagonized by capsazepine. This may be interpreted as
signifying an anadamide-induced reduction of glutamate
release from axon terminals (including those that activate
GABAergic feedback inhibition), which may result in a
better activation of these interneurons by the second
stimulus, and a concomittant increase in paired-pulse inhibition. These data, together with recent evidence that
cannabinoid actions on GABAergic (CB1) and glutamatergic transmission (new CBR), are mediated by distinct
receptors (139, see also sect. IVB1B and Fig. 12), and that
their effect on glutamatergic EPSCs, but not those on
GABAergic IPSCs, can be antagonized by capsazepine
(Fig. 13A) (137), suggest that the two endocannabinoids
may differentially act on the two receptors. Anandamide
may selectively inhibit glutamate release, whereas 2-AG
may preferentially act on GABAergic terminals, as also
suggested by the data of Ameri et al. (15) and Stella et al.
(328) discussed above.
One of the first experiments with delta-9-THC was to
test its effects, and later those of anandamide, 2-AG, and
synthetic cannabinoid ligands, on LTP. The first report
suggesting a reduction of LTP in the hippocampus by
delta-9-THC came from Nowicky et al. (269). Reduction of
LTP was also observed by other laboratories using endogenous ligands, or various agonists and antagonists, which
at that time were thought to act on CB1 receptors alone
(62, 63, 251, 278, 328, 338). The mechanism of these
cannabinoid actions is difficult to interpret knowing that
the employed agonists (e.g., WIN55,212–2) and antagonists may act on both GABAergic and glutamatergic transmission (139). According to Terranova et al. (338),
WIN55,212–2 had its maximal inhibitory effect on LTP at
a concentration of 3 M, which is 50% over the EC50 of
this agonists on glutamatergic EPSCs, and it is more than
10 times the EC50 for GABAergic IPSC suppression (137,
161). Similarly, Paton et al. (278) observed a blockade of
LTP by 5 M WIN55,212–2, whereas low doses (250 nM)
decreased but did not block LTP. Both doses were effective in reducing paired-pulse inhibition in the same slices
(278). The order of magnitude difference between the
affinity of CB1 (located on GABAergic terminals) and the
new CB receptor (located on glutamatergic terminals) for
Physiol Rev • VOL
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WIN55,212–2 suggests that the blockade of LTP is due to
a direct inhibitory action of the higher agonist dose on
glutamate release. GABA release should be decreased by
both of these concentrations of the agonist, which likely
accounts for the reduced inhibition of the population
spike evoked by the second pulse in the PPD paradigm.
Similar cannabinoid effects on LTP were observed also in
the presence of picrotoxin (251), which further confirms
that the site of action is the glutamatergic axon terminal.
Anandamide was also shown to have a concentrationdependent effect on LTP, although it did not block it
completely (338). Bath application of 2-AG had a similar
effect (328), which is difficult to explain knowing that in
the same study 2-AG did not reduce field EPSPs and
therefore is unlikely to inhibit glutamate release. It does
inhibit GABA release, but that should rather enhance LTP.
One possibility is that 2-AG might have a direct (non-CB
receptor mediated) action on NMDA receptors, but in the
opposite direction than anandamide (141), i.e., reducing
Ca2⫹ influx via NMDA receptors, or the inhibitory effect
of 2-AG on glutamate release, if there is any, may become
detectable only during high-frequency activation.
Another finding difficult to reconcile with the conclusions drawn so far is the enhanced LTP observed in CB1
knock-out animals (31). It has been long known that
suppression of inhibition (e.g., by pharmacological blockade of GABAergic neurotransmission or by induction of
the DSI paradigm) facilitates the induction of LTP (53,
371). Thus a loss of endocannabinoid control of GABA
release should increase inhibition, which likely counteracts LTP. An alternative explanation might involve a loss
of CB1 receptors from cholinergic or noradrenergic afferents to the hippocampus (see sect. IV) resulting in an
enhanced release of these transmitters, which may contribute to the facilitation of LTP (40, 189, 195, 326).
2. Effects on population discharge patterns
The recent increase in cannabinoid research in the
last 2–3 years brought about by the characterization of
CB1 receptor-mediated actions on identified neurons and
circuits has not as yet resulted in a similar boosting of in
vivo research into the effects on network activity patterns. Most of the data that can be reviewed here are over
20 years old and were obtained without the currently
available more selective and reliable drugs.
The septal driving of hippocampal theta rhythm was
shown to be decreased by delta-9-THC, and the effect was
attributed to a reduction of noradrenergic transmission
(135), which normally acts in the medial septum as well as
in the neocortex and hippocampus. This interpretation is
consistent with recent evidence for a cannabinergic reduction of norepinephrine release (see sect. IVB1D), but
does not take into consideration direct cannabinoid effects on the GABAergic and glutamatergic components of
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the cortical/hippocampal circuitry. The peak-to-peak voltage of cortical electroencephalogram (EEG) recorded
with chronic electrodes was found to decrease after acute
delta-9-THC application. This reduction in spectral power
subsided within 8 h, coincident with behavioral recovery
(42). High-voltage EEG bursts have been reported to accompany the reduced low-voltage fast-frequency (desynchronized) activity both in rats (42) and monkey (237).
EEG spike-bursts predominated over the temporal and
frontal cortices in monkey. Interestingly, in the rat, the
single theta peak (⬃8 Hz) in the power spectrum recorded
during rapid-eye-movement sleep was broken up by cannabinoids into two peaks at 7 and 11 Hz, suggesting that
different theta oscillator mechanisms may have been decoupled (309). The rat and monkey data are partly contradicted by EEG studies in the rabbit, where hippocampal theta and cortical EEG spike-bursts were found to be
disrupted, and cortical voltage output was generally increased by delta-9-THC in a dose-dependent manner (66).
Solid implants of delta-9-THC into the ventral hippocampus, however, induced epileptic activity that produced
afterdischarges in the contralateral hippocampus and
other distant brain areas (321). Systemic administration
of delta-9-THC increased afterdischarge duration in the
rat and facilitated transcallosal cortical evoked potentials
(348). Taken together with our present knowledge of CB1
receptor distribution (see sects. III and IV), both studies
suggest that disinhibition via CB1 receptors on basket
cells may be the dominant effect in these cases.
Tests of cannabinoid effects using in vitro models of
network oscillations are essentially limited to a single
study, where Hájos et al. (138) demonstrated that the
cannabinoid agonist, CP 55,940, reversibly reduces kainate-induced gamma oscillations in hippocampal slices.
These data are consistent with the well-known interference of cannabinoid actions with basket cell function,
which includes synchronization of pyramidal cell activity
at both high and slow frequencies (61, 111).
B. The DSI (DSE) Root: Control of GABAergic and
Glutamatergic Synaptic Transmission via
Retrograde Synaptic Signaling
Although modulation of synaptic transmission by retrograde messengers has been well established in the peripheral nervous system of vertebrates or invertebrates
(72, 178), the potential importance and physiological role
of this phenomenon in the vertebral CNS is still a debated
question. Several classical and unconventional transmitters have been shown to be released from the postsynaptic neuron, and to influence synapse formation (107), as
well as to modulate transmitter release from afferent
boutons terminating on the same or an adjacent cell (10,
196, 373, 378, 379). Thus these signal molecules that inPhysiol Rev • VOL

clude, e.g., amino acids, dopamine, neuropeptides, endocannabinoids, arachidonic acid, nitric oxide, or carbon
monoxide, act in a retrograde fashion, whereby neurons
may be able to regulate their own inputs and excitability
in an activity-dependent manner.
1. DSI
A unique, slow, Ca2⫹-dependent type of retrograde
signaling was independently discovered a decade ago by
two laboratories, one working in the cerebellum (214) and
the other in the hippocampus (288). A train of postsynaptic action potentials, or a prolonged postsynaptic depolarization (0.1–2 s), was shown to induce a transient suppression of spontaneous or evoked GABAergic IPSP(C)s
recorded in the postsynaptic neuron. This phenomenon
was termed depolarization-induced suppression of inhibition, or DSI (10). Both in hippocampal pyramidal cells and
cerebellar Purkinje cells evidence has been provided that
DSI requires a large increase in intracellular Ca2⫹ concentration on the postsynaptic side, which results in the
release of a retrograde messenger that acts on the presynaptic terminals, reducing the probability of GABA release. DSI can be blocked by postsynaptic Ca2⫹ buffers or
initiated by activity restricted to the postsynaptic side,
and likely involves the opening of voltage-gated Ca2⫹
channels (210, 214, 288, 289), or release from intracellular
stores. Changes in postsynaptic GABAA receptor sensitivity have been excluded, since the response to iontophoretically applied GABA did not change, and DSI had
no effect on the amplitude of miniature IPSCs. Despite the
clearly postsynaptic site of initiation, numerous experiments demonstrated that DSI is expressed presynaptically, i.e., as a reduction in GABA release. With the use of
minimal stimulation, DSI was found to increase failure
rate, multiquantal components were also eliminated, and
components of IPSCs were differentially influenced (11).
In the cerebellum, axonal branch point conduction failure
was shown to play a role (361). Furthermore, DSI was
reduced by 4-aminopyridine and veratridine, both acting
on the presynaptic terminal (11). Direct evidence for an
inhibitory G protein-mediated presynaptic action has
been provided by Pitler and Alger (289), as they showed
that DSI was pertussis toxin sensitive.
Both laboratories hypothesized from the very beginning that they were dealing with a phenomenon that
involves retrograde messengers. Llano et al. (214) stated
that “Ca2⫹ rise in the Purkinje cell leads to the production
of a lipid-soluble second messenger.” This was a remarkable prediction 10 years before the discovery that, indeed,
the lipid-soluble endocannabinoids are these messengers
(271, 375, for details, see below), although the earlier
claim of a retrograde action of arachidonic acid in the
presynaptic control of LTP (373) made this assumption
rather plausible at that time.
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The quest for identifying the chemical nature of this
retrograde messenger began with the discovery of DSI.
The slow onset (⬃2–3 s to a maximal effect), the requirement of a lasting Ca2⫹ rise, and the Ca2⫹ buffer effects
(see below) were all consistent with a hormone or peptide
rather than classical vesicular neurotransmitter. Yet the
first substance suggested by direct experimental evidence
was glutamate. In the cerebellum, metabotropic glutamate receptor (mGluR) agonists, acting on presynaptic
group II mGluRs, were shown to mimic and occlude DSI,
whereas antagonists reduced it (130). Activation of adenylate cyclase by forskolin reduced DSI, which is consistent with the proposed reduction of cAMP levels by
mGluR2/3 activation that is known to lead to a reduction
of GABA release (52). In contrast, in the hippocampus,
forskolin and group II or III mGluR ligands were without
effect on DSI; however, group I agonists occluded, and
antagonists reduced it (257). Pharmacology and the anatomical distribution of the receptors suggested that
mGluR5 is likely to be involved in the reduction of GABA
release (257), but it appeared to be confined to the somadendritic compartment of the neurons perisynaptically
around glutamatergic contacts (217, 218), which was difficult to reconcile with the hypothesis of glutamate being
the retrograde signal molecule (but see sect. IVC for the
contribution of glutamate). The long duration of DSI is
not due to the dynamics of the Ca2⫹ transient, as it was
the same in EGTA and BAPTA (209), but probably to the
slow disappearance of the retrograde messenger molecule from the site of action around the presynaptic terminal. This again is inconsistent with glutamate being the
messenger (provided that it has no presynaptic mGluRmediated effect, see above), since this transmitter is
known to be rapidly taken up.
The fast buffer BAPTA and the slow buffer EGTA
reduced DSI to a similar degree, suggesting that the site of
Ca2⫹ entry (for example, the voltage-dependent Ca2⫹
channels) and the site of calcium’s action in DSI induction
are relatively far from each other (209). One possibility is
that the target of incoming Ca2⫹ may be an intracellular
Ca2⫹ store that is able to produce large Ca2⫹ transients
required for the release of the signal molecule. On the
other hand, the selective N-type Ca2⫹ channel blocker
-conotoxin was able to block DSI (209), which, according to recent evidence (374), turned out to be an action on
the presynaptic terminals that are sensitive to DSI and
selectively express the N-type Ca2⫹ channel. These data
suggest that Ca2⫹ plays a dual role: it is involved in the
initiation (priming) phase via Ca2⫹-induced Ca2⫹ release
from intracellular stores in the postsynaptic side as well
as in the effector phase via N-type Ca2⫹ channels on
presynaptic terminals (for details, see sect. VC).
Obviously, DSI-like phenomena can have a functional
role in neuronal signaling only if they can be induced by
physiologically occurring activity patterns. In cerebellar
Physiol Rev • VOL
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Purkinje cells, 100-ms depolarization (from ⫺60 to ⫹20
mV) was required for a detectable reduction in IPSCs
(214), which, under physiological conditions, may correspond to a few climbing fiber-induced complex spikes (30
ms each). Thus a short train of climbing fiber-induced
spikes is expected to lead to an increased excitability of
the innervated Purkinje cell for tens of seconds. Initiation
by very few spikes, occasionally even two if closely
spaced, has been reported in the hippocampus (288). With
100 M BAPTA in the pipette, detectable DSI could be
evoked already by depolarization as short as 25 ms, and
half-maximal effect was produced by 187 ms, or by
109-ms depolarization in the absence of BAPTA (209).
This suggests a lower threshold, but also a smaller magnitude and shorter time course of DSI compared with the
cerebellum. The behavior-dependent electrical activity
patterns in the hippocampus that may lead to DSI (induced by endocannabinoid release, see below) are discussed in section VD.
2. DSE
Recent studies by Kreitzer and Regehr (200) provided
evidence that, at least in the cerebellum, excitatory synaptic transmission is also under the control of retrogradely acting signal molecules. Both parallel fiber and
climbing fiber-evoked EPSCs were suppressed for tens of
seconds by a 50- to 1,000-ms depolarization of the
postsynaptic Purkinje cells from ⫺60 to 0 mV. Due to the
obvious similarity to DSI, this phenomenon has been
termed depolarization-induced suppression of excitation
(DSE). Paired-pulse experiments, showing that shortterm plasticity is affected by the depolarization paradigm
for both parallel and climbing fiber responses, demonstrated that the site of expression of DSE is presynaptic
and involves a reduction in the probability of transmitter
release. BAPTA in the recording pipette completely abolishes DSE, providing evidence for the requirement of
postsynaptic Ca2⫹ rise to trigger the event (see further
details in sect. VC). Earlier reports are consistent with the
lack of DSE in the hippocampus (364), but a recent study
using excessive depolarization for 5–10 s (i.e., for much
longer than required for DSI) argues for its existence also
in this brain region (273). Whether the mechanisms of
DSE are similar in the hippocampus and cerebellum is
dicussed in the following section.
C. Marriage of the Two Lines of Research Explains
the Mechanism of DSI (and DSE) While
Endowing Endocannabinoids With Function
The discovery by Wilson and Nicoll (375), OhnoShosaku et al. (271), and Kreitzer and Regehr (199, 200)
that DSI/DSE are mediated by endocannabinoids revealed
that investigations in both the cannabinoid and DSI/DSE
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fields have been dealing accidentally with the same subject, i.e., the mechanism of retrograde synaptic signaling
via endocannabinoids. Both receptor localization data
and identification of the physiological actions of cannabinoids on synaptic transmission confirmed that cannabinoids act on presynaptic axons, reducing transmitter release (see sect. IV), whereas endocannabinoids are most
likely released from the postsynaptic neuron upon strong
stimuli that give rise to large Ca2⫹ transients. Thus the
signal molecules, which turned out to be endocannabinoids, travel from the post- to the presynaptic site and
thus enable neurons to influence the strength of their own
synaptic inputs in an activity-dependent manner. This
may be considered as a short definition of retrograde
synaptic signaling and perhaps, at the same time, summarizes the function of the endocannabinoid system. However, before trying to correlate the findings of cannabinoid and DSI (DSE) studies, one should be aware of the
major limitations. There are numerous examples of mismatch in receptor/transmitter distribution in the brain;
receptors can be found in locations where they hardly
ever see their endogenous ligand. Nevertheless, these
receptors readily participate in mediating the effects of its
exogenous ligands, e.g., during pharmacotherapy. We are
facing the same problems with the relative distribution of

cannabinoid receptors versus endocannabinoid release
sites both at the cellular and subcellular levels. In addition, the distance to which anandamide and 2-AG are able
to diffuse (in the presence or absence of transporter
blockers) is also an important question from the point of
identifying the degree of mismatch. Thus correlation of
the sites of action of cannabinoid drugs and the sites of
expression of DSI (and DSE) should reveal the regional,
cellular, and subcellular domains where receptor and endogenous ligand distributions match, i.e., where endocannabinoids are likely to have a functional role in synaptic
signaling.
Several lines of evidence have been provided that
endocannabinoids represent the retrograde signal molecules that mediate DSI both in the hippocampus and
cerebellum, as well as DSE in the cerebellum. Antagonists
of CB1 receptors fully block (Fig. 14, A and B) and agonists occlude DSI and DSE, whereas DSI is absent in CB1
receptor knock-out animals (Fig. 14, C and D) (87, 199,
200, 271, 374, 375, 377). In these experiments either singlecell or paired recording has been used, and retrograde
synaptic signaling has been evoked by the same procedures as described in the original work of Alger’s and
Marty’s groups (214, 288). In addition, Wilson and Nicoll
(375) demonstrated that uncaging of Ca2⫹ from a photo-

FIG. 14. A: in CA1 pyramidal neurons, a
5-s depolarizing step from ⫺60 to 0 mV
causes a transient suppression of GABAergic IPSCs. Depolarization-induced suppression of inhibition (DSI) is measured as a
percentage depression of IPSC amplitude.
Slices preincubated in the CB1 antagonists
AM251 (2 M) or SR141716 (2 M) show
little or no DSI. Insets show average IPSCs
in the 10 s before and 10 s just after the
depolarizing step (overlaid). Glutamate receptor antagonists in the bath permit pharmacological isolation of IPSCs. B: average
time course of eIPSC amplitudes after depolarization for control and AM251-treated
slices. C: DSI is normal in CB1 ⫹/⫹ and CB1
⫹/⫺ mice, but completely absent in CB1
⫺/⫺ mice. Insets show eIPSCs for each genotype, with basal and depressed eIPSCs
overlaid. D: average time course of eIPSC
amplitudes after depolarization in CB1 ⫹/⫹,
CB1 ⫹/⫺, and CB1 ⫺/⫺ mice. (Figure was
kindly prepared by Rachel Wilson and Roger
Nicoll.)
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labile chelator induces DSI that was indistinguishable
from that evoked by depolarization. Thus a large intracellular Ca2⫹ rise is a necessary and sufficient element in the
induction of the release of endocannabinoids. As expected from the membrane-permeant endocannabinoids,
their release does not require vesicle fusion, since botulinum toxin delivered via the intracellular recording pipette did not affect DSI. A further crucial question concerns the range to which the released endocannabinoids
are able to diffuse. Recordings at room temperature from
pyramidal cells at various distances from the depolarized
neuron releasing the signal molecules revealed that it is
only the adjacent cell, at a maximum distance of 20 m, to
which endocannabinoids are able to diffuse in a sufficient
concentration to evoke detectable DSI (360, 375). However, a considerably greater endocannabinoid uptake and
metabolism should be expected at physiological temperatures, which likely results in a decreased spread and a
more focused action.
Earlier data indicating the involvement of glutamate
and mGluR receptors in DSI also needed clarification
(256, 257). Varma et al. (357) demonstrated that enhancement of DSI by mGluR agonists could be blocked by
antagonists of both group I mGluR and CB1 receptors,
whereas the same mGluR agonists were without effect in
CB1 receptor knock-out animals. This provides direct evidence that any mGluR effects on DSI published earlier
were mediated by endocannabinoid signaling, and glutamate served here as a trigger for the release of endocannabinoids rather than as a retrograde signal molecule as
thought earlier. These data were subsequently confirmed
by paired recordings from cultured hippocampal neurons
(272). In a recent paper, Maejima et al. (223) demonstrated that mGluR1 activation induces DSE in Purkinje
cells even without changing the intracellular Ca2⫹ concentration. This suggests that, at least in the case of
cerebellar Purkinje cells, two independent mechanisms
may trigger endocannabinoid synthesis (and release); one
involves a transient elevation of intracellular [Ca2⫹], and
the other is independent of intracellular [Ca2⫹] and involves mGluR1 signaling. This may imply that, under
normal physiological conditions, different induction
mechanisms may evoke the release of different endocannabinoids. With the growing number of potential endocannabinoids (see sect. IIB4), the question arises whether
they are involved in distinct functions, i.e., by acting at
different receptors and/or at specific types of synapses.
This question represents one of the hot spots of current
endocannabinoid research, and direct measurements of
the different endocannabinoid compounds during retrograde signaling should provide an answer.
There are several mechanisms by which endocannabinoids may suppress transmitter release. They may
induce branch-point failure, decrease action potential invasion of axon terminals, reduce Ca2⫹ influx into the
Physiol Rev • VOL
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synaptic varicosities via N- or P/Q-type channels, or block
the release machinery somewhere downstream from the
Ca2⫹ signal. Using Ca2⫹ imaging of single climbing fibers
(200) provided evidence that DSE involves a reduction of
presynaptic Ca2⫹ influx, which has the same time course
as the reduction of the EPSC. Branch-point failure was
shown not to contribute to DSE, at least in the case of
climbing fibers, as stimulation of the examined single
axon evoked a uniform rise of Ca2⫹ throughout its entire
arbor. These findings are supported by the fact that cannabinoids are known to block N-type Ca2⫹ channels in
neuroblastoma cells (221) and reduce synaptic transmission by inhibiting both N- and P/Q-type channels in neurons (349). Inhibition of the release machinery is unlikely
to play a role, particularly in GABAergic transmission,
since CB1 receptor activation has little if any effect on
mIPSC frequency in the presence of tetrodotoxin and
cadmium (138, 161, 186). Furthermore, CB1 receptors
tend to be localized away from the release sites, having a
high density even on preterminal axon segments, which
also argues against this possibility (138, 187, 188).
In the hippocampus, evidence has been provided that
DSI likely involves a direct action of G proteins on voltage-dependent calcium channels. These included the
demonstration that modulation of kinase and phosphatase activities or cAMP levels (257, 374) has no effect on
DSI, while the relatively rapid onset (on average 1.2 s) of
IPSC suppression makes a phosphorylation-mediated
change in channel activity less likely, since that would
typically require several seconds. They confirmed the
findings of Lenz et al. (210) that -conotoxin, but not
-aga-toxin is able to block DSI, which means that the G
protein-mediated endocannabinoid actions target only the
N-type but not the P/Q-type Ca2⫹ channels in the hippocampus (Fig. 15). DSI or the selective Ca2⫹ channel
inhibitors never block IPSCs completely, which may be
due to a partial reduction of release from all terminals, or
to the selective expression of CB1 receptors together with
the N-type channels only on a particular subset of interneurons. Wilson et al. (374) provided an elegant resolution to this dilemma using paired recordings, which revealed that interneurons producing IPSCs with distinct
kinetics express different presynaptic Ca2⫹ channels, and
those that show DSI possess only N-type channels (see
Fig. 15). This finding correlates well with the anatomical
observations that CCK-containing basket cells selectively
express CB1 receptors, whereas another basket cell type
(that contains parvalbumin) lacks CB1 receptors (Fig. 9,
E–G) (188). The differences in IPSC kinetics observed by
Wilson et al. (374) may be due to CCK cells forming
synapses that are enriched in ␣2-subunit-containing
GABAA receptors (270), whereas parvalbumin-containing
basket cells synapse onto GABAA receptors with five
times less ␣2-subunits (likely having ␣1 instead). Taken
together, these data suggest that CCK-containing basket
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FIG. 15. A: DSI was monitored by comparing
eIPSC amplitudes just before (solid symbols) and
just after (open symbols) depolarizing steps. After
a stable baseline period, the N-type VDCC antagonist -conotoxin GVIA (-CTx-GVIA) was washed
onto the slice, causing a depression of basal IPSC
amplitude and a complete block of DSI. Subsequent wash-in of WIN55212–2 had no effect, indicating that N-type VDCCs are required for presynaptic inhibition by cannabinoids. Conversely,
the P/Q-type VDCC antagonist -agatoxin TK (Aga-TK) depressed basal IPSC amplitude but
increased DSI magnitude. Subsequent wash-in of
WIN55212–2 blocked most of the remaining IPSCs,
indicating that the component of release mediated
by N-type VDCCs is highly sensitive to cannabinoids. B: raw traces from unitary GABAergic connections, classified accordings to kinetics and DSI
sensitivity. Three overlaid sweeps acquired just
before depolarization are displayed next to three
overlaid sweeps acquired just after depolarization.
“Fast I” connections show both failures and smallamplitude successes after depolarization, whereas
connections from the other two groups (“fast II”,
“slow”) are not affected by depolarization. Average unitary IPSC amplitude is significantly larger
for fast I connections compared with either of the
other two groups. C: a representative experiment
showing that -CTx-GVIA completely blocks synaptic transmission at a fast I synapse, whereas
-Aga-TK has no effect. Inset shows averaged
traces corresponding to baseline (1), -Aga-TK
(2), and -CTx-GVIA (3). (Figure was kindly prepared by Rachel Wilson and Roger Nicoll.)

cell terminals selectively express N-type Ca2⫹ channels
together with CB1 receptors predisposing them to DSI,
whereas parvalbumin-containing interneurons may express only the P/Q-type Ca2⫹ channels, lack CB1 receptors, and are therefore unaffected by DSI.
Physiol Rev • VOL

This conclusion also suggests that the success of DSI
induction in any hippocampal slice preparation depends
on the relative contribution of the two basket cell types to
the examined spontaneous or evoked IPSCs samples. Carbachol is known to enhance DSI, but the mechanism has
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not been revealed to date (232). One possibility is that
carbachol activates the inositol 1,4,5-trisphosphate (IP3)
system via muscarinic receptors, thereby contributing to
the large Ca2⫹ transient required for endocannabinoid
release (263, 292). This sounds unlikely as in most experimental paradigms massive depolarizations or uncaging of
calcium has been used; thus it would be difficult to further
enhance calcium levels by activation of IP3 receptors on
intracellular stores. Furthermore, a recent study showed
in sympathetic neuronal cultures that muscarinic receptor-mediated activation of PLC-␤ results in limited if any
IP3-mediated intracellular Ca2⫹ release (78); thus the major signaling pathway there is the production of DAG.
However, under physiological conditions in the hippocampus, a cholinergic activation of PLC may well contribute to endocannabinoid release via both the IP3 cascade and the DAG limb (see below). Another likely explanation for the experimental results with carbachol is
that it may suppress IPSCs produced by parvalbumincontaining basket cells via presynaptic m2 receptors,
which are selectively expressed by this interneuron type
(140), whereas the spontaneous activity of CCK-containing interneurons may be increased via m1 muscarinic, or
perhaps even nicotinic actions of carbachol. The mutually
exclusive distribution of CB1 and m2 receptors on two
subsets of basket cell terminals is shown in Figure 16
(Katona and Freund, unpublished data). If this reasoning
is correct, DSI could be facilitated via other receptors as
well that are selectively (or preferentially) present on
CCK cells but not on parvalbumin cells, e.g., substance P
receptors (5) or 5-HT3 receptors (255). Indeed, Hájos et al.
(138) demonstrated that the increase in the amplitude and
frequency of spontaneous IPSCs after bath application of
substance P fragment was brought back to near control
levels by the coapplication of the CB1 receptor agonist
WIN55212–2.
Although endocannabinoid-mediated DSE has been
convincingly demonstrated in the cerebellum, the existence of this phenomenon in the hippocampus could not
be established with the same paradigm used for DSI (364)
or DSE in the cerebellum (see sect. IVB). Cannabinoids do
reduce glutamatergic EPSCs in the hippocampus (139,
251, 323), but the receptor involved is unlikely to be CB1
(Fig. 12), since the effect was found to be the same in CB1
knock-out and wild-type animals (139; for details see sect.
IV). However, in a recent study, prolonged (5–10 s) depolarization was found to readily induce DSE in hippocampal slices, which was absent in CB1 knock-out mice (273).
This is in conflict with the data of Hájos et al. (139) and
may be due to age or strain differences. Retrograde endocannabinoid signaling was shown to be responsible for
another type of synaptic plasticity of glutamatergic transmission in the striatum. Long-term depression (LTD) of
EPSCs induced by high-frequency stimulation of afferent
fibers disappeared in CB1 receptor knock-out animals
Physiol Rev • VOL
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FIG. 16. Two nonoverlapping subsets of perisomatic axon terminals
express CB1 receptors (silver-gold particles labeled with small arrows)
and muscarinic m2 receptors (diffuse DAB labeling, asterisks) in the rat
hippocampus. A1–A3 show three adjacent ultrathin sections of the same
boutons. The two axon terminals, one likely belonging to parvalbumincontaining (m2-positive) and the other to CCK-containing (CB1-positive)
basket cells, form symmetrical synapses (large arrows) on the same
pyramidal cell body. Scale bars: 0.2 m.

(117, 301). Anatomical data to support or explain this
phenomenon are still lacking (see sect. III). Interestingly,
recent experiments uncovered that activation of postsynaptic type I mGluR receptors induce LTD in the hippocampus by decreasing glutamate release presynaptically (368). The striking similarity of induction parameters, as well as the potential role of type I mGluRs in
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endocannabinoid synthesis (223, 357), suggests that retrograde signaling via postsynaptic release of endocannabinoids is likely to account for this phenomenon. Thus
an important question for future research is to determine
how DSE and mGluR-dependent LTD are related, along
with the identification of how postsynaptic release of
endocannabinoids may contribute to these phenomena.
The paragraphs above dealt with cannabinoid signaling phenomena that are, or could be, brought about by
endogenously released cannabinoids. Some thought
should be given also to those cannabinoid actions that are
unlikely to be reproduced by endogenously released cannabinoids but may still be important for the interpretation
of the mechanisms of action of delta-9-THC or synthetic
ligands. For example, endogenously released cannabinoids are unlikely to act on LTP in the hippocampus,
since 1) DSE could be evoked in this region only by
prolonged (5–10 s) depolarization (273), 2) cannabinoids
had no effect on LTP or LTD when Mg2⫹-free solution or
pairing with strong postsynaptic depolarization was used
(251), and 3) LTP induction under quasi-physiological
conditions may be insufficient stimulation for a detectable endocannabinoid release (328). Single postsynaptic
spikes are able to induce LTP if paired with presynaptic
spikes or bursts (224, 280), and excess endocannabinoid
release that would be capable of inhibiting glutamate
release is unlikely to occur under these conditions. Thus
whether endogenously released cannabinoids are able to
influence the efficacy or plasticity of glutamatergic transmission in the hippocampus via a direct action on glutamate release is still to be shown. However, Carlson et al.
(53) showed that a weak train of stimuli that normally
does not induce LTP will induce NMDA-dependent LTP if
given during the DSI period. The simultaneously recorded
field EPSPs do not undergo LTP, showing that the weak
stimulus train was indeed subthreshold for LTP induction
except in disinhibited cells. The single-cell LTP was prevented by pretreatment with AM251, suggesting that locally released endocannabinoids can enhance LTP by
causing disinhibition of a pyramidal cell.
D. Electrical Activity Patterns Required for the
Release of Endocannabinoids
As dicussed above, several lines of experimental evidence suggest that rather large increases in intracellular
[Ca2⫹] are required for the induction of DSI and DSE via
the release of endocannabinoids (199, 200, 209, 288, 357,
375), and this elevation of Ca2⫹ is essential for the synthesis rather than the release of endocannabinoids (92,
223, 287, 375). Such profound Ca2⫹ transients may occur
only under special physiological conditions, e.g., upon the
release of Ca2⫹ from IP3- or ryanodine-sensitive intracellular stores via simultaneous activation of metabotropic
Physiol Rev • VOL

receptors and voltage-gated Ca2⫹ channels (Fig. 17) (146,
147, 262, 263, 292, but see Ref. 210). Back-propagating
action potentials are most likely responsible for the voltage-gated Ca2⫹ influx both in the proximal dendritic (perisomatic) and distal dendritic regions (spines), although in
small cellular compartments like a spinehead, a single
NMDA-mediated synaptic event may be sufficient to release Ca2⫹ from the local intracellular stores (96). In the
perisomatic region (including the proximal main dendrites), type I mGluRs appear to supply IP3 both in pyramidal and Purkinje cells (106, 262, 263), which may partly
explain the apparent involvement of this receptor type in
DSI (257). Indeed, recent papers (223, 272, 357) provide
evidence that metabotropic glutamate effects on DSI are
mediated by endocannabinoids, as described above. Pairing back-propagating action potentials with mGluR activation increases Ca2⫹ release severalfold compared with
spiking alone (262, 263). The largest amplitude Ca2⫹ transient was observed in the most proximal segment of the
apical dendrite, an ideal location for endocannabinergic
modulation of GABAergic axon terminals that innervate
this region. Electron microscopic studies demonstrate the
lack of glutamatergic synapses on the cell bodies and
proximal apical shafts of pyramidal cells (244, 277), which
suggests that intracellular Ca2⫹ release in this region has
to have a role other than conveying plasticity to glutamatergic synapses. One possibility is that this Ca2⫹ rise is
sufficiently close to the nucleus to trigger transcriptional
changes. Alternatively, it may be critically involved in the
induction of endocannabinoid release, which results in
the downregulation of perisomatic inhibition. Thereby
action potentials could better back-propagate into the
distal dendrites allowing associative LTP of distal glutamatergic synapses, or would enable the neuron to dissociate itself from the population oscillation maintained by
basket cell-mediated inhibition (61, 246, 343, 376; for review, see Ref. 111). One problem with this hypothesis, and
with the interpretation of the mGluR studies (223, 262,
263, 272, 357), is the source of glutamate required to
activate mGluRs in the somatic/proximal dendritic region,
since these parts of pyramidal cells do not receive glutamatergic synapses (244, 277). Thus, if mGluRs get activated at all in this region under physiological conditions,
it either has to involve extrasynaptic mGluRs reached by
diffusion of glutamate from distant synaptic sites, or
mGluRs may be activated further away from the proximal
apical dendrite (mostly on spines), and IP3 would have to
be able to diffuse very fast to its receptors located on the
perisomatic or proximal dendritic endoplasmic reticulum.
The latter alternative is possible, since IP3 was calculated
to be able to diffuse 50 m in 0.5 s, which is faster than
Ca2⫹ diffusion in the cytosol containing Ca2⫹ buffers (14).
Diffusion of synaptically released glutamate, however, is
unlikely, since it is limited by the efficient glial and neuronal uptake machinery; a spillover even to the adjacent
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FIG. 17. Schematic diagram of endocannabinoid-mediated retrograde synaptic signaling. The possible physiological
mechanisms that may trigger endocannabinoid synthesis and release from hippocampal pyramidal neurons are outlined
(similar mechanisms are likely to operate in most brain areas where endocannabinoid signaling takes place). The large
Ca2⫹ transient required for endocannabinoid synthesis likely involves Ca2⫹ mobilization from intracellular stores upon
activation of the inositol 1,4,5-trisphosphate (IP3) system (metabotropic receptors) and voltage-dependent Ca2⫹ channels (burst firing). Another root independent of intracellular Ca2⫹ transients is illustrated on the left of the schematized
pyramidal cell body. Activation of phospholipase C (PLC) via group I metabotropic glutamate (mGluR) or muscarinic
cholinergic receptors will produce, in addition to IP3, 1,2-diacylglycerol (DAG), which likely remains in the plasma
membrane. This could then be converted to 2-arachidonoylglycerol (2-AG) by the enzyme 1,2-diacylglycerol lipase (DGL)
still within the membrane, which may ensure a rapid diffusion into the extracellular space. The released endocannabinoids act on CB1 receptors located on axon terminals of GABAergic interneurons that contain CCK, or on a new
cannabinoid receptor subtype (CB3?) expressed by glutamatergic axons. Activation of CB1 reduces GABA release via
Gi-mediated blocking of N-type Ca2⫹ channels, whereas the new receptor likely reduces glutamate release via a similar
mechanism.

synapse is limited (86). An alternative trigger for IP3
synthesis is muscarinic activation. Indeed, Martin and
Alger (232) demonstrated that DSI is enhanced by muscarinic m1 or m3 receptor stimulation. Varicose cholinergic fibers are abundant in all layers of the hippocampus
and particularly enriched in stratum pyramidale and near
the granule cell layer (220). Furthermore, principal cells
are known to express muscarinic receptors on their perisomatic membrane (308). Activation of muscarinic receptors induces a profound Ca2⫹ rise in the soma, or Ca2⫹
waves that propagate into the soma, and increases the
Ca2⫹ transients evoked by trains of action potentials (263,
292). Thus it is important to emphasize that, in addition to
Physiol Rev • VOL

group I mGluRs, cholinergic transmission may also contribute to the generation of sufficient IP3 levels to trigger
large Ca2⫹ transients followed by endocannabinoid release when coinciding with trains of action potentials.
However, muscarinic receptor-mediated activation of
PLC-␤ in sympathetic neuronal cultures results in limited
if any IP3-mediated intracellular Ca2⫹ release; thus the
major signaling pathway there is the production of DAG
(78), which, on the other hand, is the precursor of 2-AG
synthesis (328). Whether muscarinic activation uses primarily the DAG limb in hippocampal endocannabinoid
signaling remains to be established, although the lack of
an antagonist (atropine) effect on DSI suggests that rest-
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ing levels of acetylcholine are not involved in the generation of the required DAG pool (232). The same question
arises also for the mechanism of mGluR-mediated endocannabinoid release, since in a recent study in hippocampal cultures, group I mGluR activation was shown to
enhance DSI without increasing intracellular calcium signals (272). This raises the possibility that under some
conditions, group I mGluR activation uses the alternative
root; it may increase 2-AG synthesis via the DAG limb
(328), and thereby could cooperate with depolarizationinduced Ca2⫹ transients to enhance endocannabinoid release.
The physiologically most relevant question here is
which are the behavior-dependent activity patterns that
could ensure the coincidence of metabotropic receptor
activation (IP3 and DAG synthesis) and bursts of action
potentials that are able to induce sufficiently large Ca2⫹
transients to release endocannabinoids in the hippocampus (Fig. 17). Spontaneous or low magnesium-evoked
burst potentials that resemble physiological bursts were
shown to induce DSI (20). Hippocampal pyramidal cells
typically produce bursts of two to six action potentials at
⬍6-ms intraburst intervals (294). These bursts were
shown to invade parts of the dendritic tree quite efficiently, and therefore their pairing with presynaptic activity readily induces LTP (224, 280). Even much slower
trains of action potentials (10 –30 Hz) result in a buildup
of Ca2⫹ in pyramidal cell dendrites. This Ca2⫹ level perfectly correlates with spike frequency (146); therefore, it
may induce endocannabinoid release in an activity-dependent manner, if coupled to a coincident activation of the
IP3 cascade and releases Ca2⫹ from intracellular stores.
The probability of bursts was found to be highest at firing
rates around theta frequency (145), and bursts at this
frequency are particularly suitable for inducing LTP in
hippocampal pyramidal cells (170, 205). Acetylcholine release in the hippocampus is large during theta activity,
and it correlates with theta power (191), while muscarinic
receptor activation induces Ca2⫹ transients (and DAG
synthesis). Therefore, theta is likely to be the behaviordependent EEG pattern that best couples burst-induced
Ca2⫹ influx with metabotropic activation of IP3/DAG synthesis. Endocannabinoid release that follows the resulting
high Ca2⫹ transients may reduce perisomatic inhibition of
the burst-firing cells, which could facilitate LTP of distal
dendritic synapses by allowing a more efficient backpropagation of action potentials. Interestingly, acetylcholine appears to use at least three different mechanisms to
enhance communication between the soma and distal
dendrites: 1) it is able to close transient K⫹ channels (IA)
in the apical dendrites (179), 2) it reduces GABA release
from parvalbumin-containing basket cell terminals via
presynaptic m2 receptors (140), and 3) it may induce
endocannabinoid release to reduce inhibition deriving
from the other subset of perisomatic inhibitory cells, i.e.,
Physiol Rev • VOL

from those that contain CCK and express presynaptic CB1
receptors (188).
Another result of endocannabinoid-mediated downregulation of perisomatic inhibition may be that individual cells could dissociate the timing of their action potential firing from network oscillations during theta activity.
During exploratory behavior and theta activity pyramidal
cells tend to fire in specific areas of their environment,
which are called place fields (274). When the animal
enters the place field of the recorded neuron, it starts to
fire at earlier phases of the theta waves relative to the
population, which was called phase precession (275).
Burst firing starts to occur preferentially at the periphery
of the place field (145), creating, together with muscarinic
receptor acivation, ideal conditions for endocannabinoid
release. This would result in a gradual downregulation of
basket cell-mediated inhibition, allowing the cell to fire at
earlier and earlier phases of the theta cycle. The cell could
still fire phase-locked to gamma oscillation, if the other
basket cell population (the parvalbumin cells lacking CB1
receptors) is able to convey this effect. The timing of the
presumed endocannabinoid effect also seems optimal for
this function, since the onset of DSI is ⬃1.2 s after the
somatic Ca2⫹ rise, and lasts for a few seconds, or occasionally for ⬎10 s (288, 374).
Another EEG pattern accompanied by synchronous
pyramidal cell firing at relatively high frequencies are the
sharp-wave bursts, which occur during non-theta behaviors (43). These events, however, are rather short (40 –120
ms), and whether this is sufficient for endocannabinoid
synthesis/release remains to be established. Nevertheless,
the synchronous burst discharge of a large proportion of
pyramidal cells may result in extensive Ca2⫹ influx, activation of mGluR5 receptors, and the synthesis of IP3/DAG
(Fig. 17). The induced endocannabinoid action may start
suppressing inhibition within a few hundred milliseconds,
leading to downregulation of inhibition and the generation of the next sharp wave burst. The variable second
messenger delay may account for the irregular occurrence of sharp waves and may explain why the same
pyramidal cells initiate the subsequent bursts.
VI. CONCLUSIONS
The aim of this review was to synthesize the currently available data about the life cycle of endocannabinoids; the conditions that result in their release in the
brain; the precise sites of their action at the regional,
cellular, and subcellular levels; and their physiological
effects on neuronal networks. In addition, a major focus
of this review was to generate testable hypotheses about
the possible functional roles of endocannabinoids in complex integrative centers of the brain, such as the cerebral
and cerebellar cortex and basal ganglia. A general view
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emerging from the synthesis of the available data is that
endocannabinoids serve as mediators in neuronal communication that is distinct from synaptic and nonsynaptic
(volume) transmission in its range and function. Endocannabinoids mediate retrograde synaptic signaling,
which has an intermediate range between synaptic and
volume transmission. Synapses represent point-to-point
connections where each of the contacts can be selectively
activated and modified, whereas volume transmission employs mediators that can diffuse considerable distances
(362) and are likely to be involved in the fine tuning of
activity and plasticity in entire brain regions, subfields, or
layers. In contrast, endocannabinoid diffusion is limited
by uptake and metabolism basically to the axon terminals
that form synapses on particular neurons that release
them as retrograde signal molecules. Thus the generation
of endocannabinoids by burst-firing and/or PLC activation
via metabotropic receptors in a neuron will decrease the
efficacy of the incoming inhibitory and/or excitatory synaptic signals primarily onto that neuron (Fig. 17). The
functional importance of this mechanism is still under
investigation. However, the available evidence suggests
that endocannabinoids influence 1) transmitter release
dynamics that play crucial roles in synaptic plasticity, 2)
action potential back-propagation and timing relative to a
phase-locked population activity in neuronal signaling,
and 3) oscillations that are involved in higher cognitive
functions such as feature binding during learning and
memory processes. Remarkably, these processes may
also represent the neurobiological substrate of the various behavioral effects of cannabis smoking.
The recent findings presented in this review on the
function of endocannabinoids suggest that we are just at
the beginning of a revolution in endocannabinoid research that may shed light not only on normal brain
operations, but also on disease mechanisms that are so
far poorly understood, like schizophrenia, anxiety, and
other brain disorders. Future research should focus on 1)
the molecular, physiological, and pharmacological characterization of missing key elements of the endocannabinoid system, such as new endocannabinoids and new
cannabinoid receptors in the brain; 2) their precise cellular and subcellular localization; 3) the biochemical machinery involved in endocannabinoid synthesis, uptake,
and degradation; 4) the physiological conditions necessary and sufficient for endocannabinoid release; and, last
but not least, 5) the roles played by the endocannabinoid
system in various neurological and psychiatric disorders.
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HÁJOS N, LEDENT C, AND FREUND TF. Novel cannabinoid-sensitive
receptor mediates inhibition of glutamatergic synaptic transmission in the hippocampus. Neuroscience 106: 1– 4, 2001.
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FREUND TF. Distribution of CB1 cannabinoid receptors in the amygdala and their role in the control of GABAergic transmission.
J Neurosci 21: 9506 –9518, 2001.
KATONA I, SPERLAGH B, MAGLOCZKY Z, SANTHA E, KOFALVI A, CZIRJAK S,
MACKIE K, VIZI ES, AND FREUND TF. GABAergic interneurons are the
targets of cannabinoid actions in the human hippocampus. Neuroscience 100: 797– 804, 2000.
KATONA I, SPERLAGH B, SIK A, KAFALVI A, VIZI ES, MACKIE K, AND
FREUND TF. Presynaptically located CB1 cannabinoid receptors
regulate GABA release from axon terminals of specific hippocampal interneurons. J Neurosci 19: 4544 – 4558, 1999.
KATSUKI H, IZUMI Y, AND ZORUMSKI CF. Noradrenergic regulation of
synaptic plasticity in the hippocampal CA1 region. J Neurophysiol
77: 3013–3020, 1997.
KAWAGUCHI Y AND KUBOTA Y. GABAergic cell subtypes and their
synaptic connections in rat frontal cortex. Cereb Cortex 7: 476 – 486,
1997.
KEITA MS, FRANKEL-KOHN L, BERTRAND N, LECANU L, AND MONMAUR P.
Acetylcholine release in the hippocampus of the urethane anaesthetised rat positively correlates with both peak theta frequency
and relative power in the theta band. Brain Res 887: 323–34, 2000.
KIRBY MT, HAMPSON RE, AND DEADWYLER SA. Cannabinoids selectively decrease paired-pulse facilitation of perforant path synaptic
potentials in the dentate gyrus in vitro. Brain Res 688: 114 –20,
1995.
KISS J, CSAKI A, BOKOR H, SHANABROUGH M, AND LERANTH C. The
supramammillo-hippocampal and supramammillo-septal glutamatergic/aspartatergic projections in the rat: a combined [3H]D-aspartate autoradiographic and immunohistochemical study. Neuroscience 97: 657– 669, 2000.
KLEIN TW, NEWTON CA, AND FRIEDMAN H. Cannabinoids and the
immune system. Pain Res Manag 6: 95–101, 2001.
KOBAYASHI M, OHNO M, SHIBATA S, YAMAMOTO T, AND WATANABE S.
Concurrent blockade of beta-adrenergic and muscarinic receptors
suppresses synergistically long-term potentiation of population
spikes in the rat hippocampal CA1 region. Brain Res 777: 242–246,
1997.
KOMBIAN SB, MOUGINOT D, AND PITTMAN QJ. Dendritically released
peptides act as retrograde modulators of afferent excitation in the
supraoptic nucleus in vitro. Neuron 19: 903–912, 1997.
KOOS T AND TEPPER JM. Inhibitory control of neostriatal projection
neurons by GABAergic interneurons. Nat Neurosci 2: 467– 472,
1999.
KOUTEK B, PRESTWICH GD, HOWLETT AC, CHIN SA, SALEHANI D, AKHAVAN N, AND DEUTSCH DG. Inhibitors of arachidonoyl ethanolamide
hydrolysis. J Biol Chem 269: 22937–22940, 1994.
KREITZER AC AND REGEHR WG. Cerebellar depolarization-induced
suppression of inhibition is mediated by endogenous cannabinoids.
J Neurosci 21: RC174, 2001.
KREITZER AC AND REGEHR WG. Retrograde inhibition of presynaptic
calcium influx by endogenous cannabinoids at excitatory synapses
onto Purkinje cells. Neuron 29: 717–727, 2001.
KRUSZKA KK AND GROSS RW. The ATP- and CoA-independent synthesis of arachidonoylethanolamide. A novel mechanism underlying the synthesis of the endogenous ligand of the cannabinoid
receptor. J Biol Chem 269: 14345–14348, 1994.
Physiol Rev • VOL

202. KUJTAN PW, CARLEN PL, AND KAPUR BM. delta 9-Tetrahydrocannabinol and cannabidiol: dose-dependent effects on evoked potentials
in the hippocampal slice. Can J Physiol Pharmacol 61: 420 – 426,
1983.
203. KURAHASHI Y, UEDA N, SUZUKI H, SUZUKI M, AND YAMAMOTO S. Reversible hydrolysis and synthesis of anandamide demonstrated by recombinant rat fatty-acid amide hydrolase. Biochem Biophys Res
Commun 237: 512–515, 1997.
204. LANG W, QIN C, LIN S, KHANOLKAR AD, GOUTOPOULOS A, FAN P,
ABOUZID K, MENG Z, BIEGEL D, AND MAKRIYANNIS A. Substrate specificity and stereoselectivity of rat brain microsomal anandamide
amidohydrolase. J Med Chem 42: 896 –902, 1999.
205. LARSON J AND LYNCH G. Induction of synaptic potentiation in hippocampus by patterned stimulation involves two events. Science
232: 985–988, 1986.
206. LASTRES-BECKER I, HANSEN HH, BERRENDERO F, DE MIGUEL R, PEREZROSADO A, MANZANARES J, RAMOS JA, AND FERNANDEZ-RUIZ J. Alleviation of motor hyperactivity and neurochemical deficits by endocannabinoid uptake inhibition in a rat model of Huntington’s disease. Synapse 44: 23–35, 2002.
207. LAWRENCE DK AND GILL EW. The effects of delta1-tetrahydrocannabinol and other cannabinoids on spin-labeled liposomes and their
relationship to mechanisms of general anesthesia. Mol Pharmacol
11: 595– 602, 1975.
208. LEDENT C, VALVERDE O, COSSU G, PETITET F, AUBERT JF, BESLOT F,
BOHME GA, IMPERATO A, PEDRAZZINI T, ROQUES BP, VASSART G, FRATTA
W, AND PARMENTIER M. Unresponsiveness to cannabinoids and reduced addictive effects of opiates in CB1 receptor knockout mice.
Science 283: 401– 404, 1999.
209. LENZ RA AND ALGER BE. Calcium dependence of depolarizationinduced suppression of inhibition in rat hippocampal CA1 pyramidal neurons. J Physiol 521: 147–157, 1999.
210. LENZ RA, WAGNER JJ, AND ALGER BE. N- and L-type calcium channel
involvement in depolarization-induced suppression of inhibition in
rat hippocampal CA1 cells. J Physiol 512: 61–73, 1998.
211. LEVENES C, DANIEL H, SOUBRIE P, AND CREPEL F. Cannabinoids decrease excitatory synaptic transmission and impair long-term depression in rat cerebellar Purkinje cells. J Physiol 510: 867– 879,
1998.
212. LICHTMAN AH, HAWKINS EG, GRIFFIN G, AND CRAVATT BF. Pharmacological activity of fatty acid amides is regulated, but not mediated,
by fatty acid amide hydrolase in vivo. J Pharmacol Exp Ther 302:
73–79, 2002.
213. LITTLE PJ, COMPTON DR, JOHNSON MR, MELVIN LS, AND MARTIN BR.
Pharmacology and stereoselectivity of structurally novel cannabinoids in mice. J Pharmacol Exp Ther 247: 1046 –1051, 1988.
214. LLANO I, LERESCHE N, AND MARTY A. Calcium entry increases the
sensitivity of cerebellar Purkinje cells to applied GABA and decreases inhibitory synaptic currents. Neuron 6: 565–574, 1991.
215. LOPEZ-RODRIGUEZ ML, VISO A, ORTEGA-GUTIERREZ S, LASTRES-BECKER I,
GONZALEZ S, FERNANDEZ-RUIZ J, AND RAMOS JA. Design, synthesis and
biological evaluation of novel arachidonic acid derivatives as
highly potent and selective endocannabinoid transporter inhibitors.
J Med Chem 44: 4505– 4508, 2001.
216. LU XR, ONG WY, AND MACKIE K. A light and electron microscopic
study of the CB1 cannabinoid receptor in monkey basal forebrain.
J Neurocytol 28: 1045–1051, 1999.
217. LUJAN R, NUSSER Z, ROBERTS JD, SHIGEMOTO R, AND SOMOGYI P.
Perisynaptic location of metabotropic glutamate receptors mGluR1
and mGluR5 on dendrites and dendritic spines in the rat hippocampus. Eur J Neurosci 8: 1488 –1500, 1996.
218. LUJAN R, ROBERTS JD, SHIGEMOTO R, OHISHI H, AND SOMOGYI P. Differential plasma membrane distribution of metabotropic glutamate
receptors mGluR1 alpha, mGluR2 and mGluR5, relative to neurotransmitter release sites. J Chem Neuroanat 13: 219 –241, 1997.
219. LUO C, KUMAMOTO E, FURUE H, CHEN J, AND YOSHIMURA M. Anandamide inhibits excitatory transmission to rat substantia gelatinosa
neurones in a manner different from that of capsaicin. Neurosci
Lett 321: 17–20, 2002.
220. LYSAKOWSKI A, WAINER BH, BRUCE G, AND HERSH LB. An atlas of the
regional and laminar distribution of choline acetyltransferase immunoreactivity in rat cerebral cortex. Neuroscience 28: 291–336,
1989.

83 • JULY 2003 •

www.prv.org

ENDOCANNABINOIDS IN SYNAPTIC SIGNALING
221. MACKIE K AND HILLE B. Cannabinoids inhibit N-type calcium channels in neuroblastoma-glioma cells. Proc Natl Acad Sci USA 89:
3825–3829, 1992.
222. MACKIE K, LAI Y, WESTENBROEK R, AND MITCHELL R. Cannabinoids
activate an inwardly rectifying potassium conductance and inhibit
Q-type calcium currents in AtT20 cells transfected with rat brain
cannabinoid receptor. J Neurosci 15: 6552– 6561, 1995.
223. MAEJIMA T, HASHIMOTO K, YOSHIDA T, AIBA A, AND KANO M. Presynaptic inhibition caused by retrograde signal from metabotropic
glutamate to cannabinoid receptors. Neuron 31: 463– 475, 2001.
224. MAGEE JC AND JOHNSTON D. A synaptically controlled, associative
signal for Hebbian plasticity in hippocampal neurons. Science 275:
209 –213, 1997.
225. MAILLEUX P AND VANDERHAEGHEN JJ. Distribution of neuronal cannabinoid receptor in the adult rat brain: a comparative receptor
binding radioautography and in situ hybridization histochemistry.
Neuroscience 48: 655– 668, 1992.
226. MAILLEUX P AND VANDERHAEGHEN JJ. Localization of cannabinoid
receptor in the human developing and adult basal ganglia. Higher
levels in the striatonigral neurons. Neurosci Lett 148: 173–176,
1992.
227. MAINGRET F, PATEL AJ, LAZDUNSKI M, AND HONORE E. The endocannabinoid anandamide is a direct and selective blocker of the background K(⫹) channel TASK-1. EMBO J 20: 47–54, 2001.
228. MALDONADO R AND RODRIGUEZ DE FONSECA F. Cannabinoid addiction:
behavioral models and neural correlates. J Neurosci 22: 3326 –3331,
2002.
229. MANNING BH, MERIN NM, MENG ID, AND AMARAL DG. Reduction in
opioid- and cannabinoid-induced antinociception in rhesus monkeys after bilateral lesions of the amygdaloid complex. J Neurosci
21: 8238 – 8246, 2001.
230. MANZONI OJ AND BOCKAERT J. Cannabinoids inhibit GABAergic synaptic transmission in mice nucleus accumbens. Eur J Pharmacol
412: R3–R5, 2001.
231. MARSICANO G AND LUTZ B. Expression of the cannabinoid receptor
CB1 in distinct neuronal subpopulations in the adult mouse forebrain. Eur J Neurosci 11: 4213– 4225, 1999.
232. MARTIN LA AND ALGER BE. Muscarinic facilitation of the occurrence
of depolarization-induced suppression of inhibition in rat hippocampus. Neuroscience 92: 61–71, 1999.
233. MARTIN LA, WEI DS, AND ALGER BE. Heterogeneous susceptibility of
GABA(A) receptor-mediated IPSCs to depolarization-induced suppression of inhibition in rat hippocampus. J Physiol 532: 685–700,
2001.
234. MARTIN WJ, HOHMANN AG, AND WALKER JM. Suppression of noxious
stimulus-evoked activity in the ventral posterolateral nucleus of the
thalamus by a cannabinoid agonist: correlation between electrophysiological and antinociceptive effects. J Neurosci 16: 6601–
6611, 1996.
235. MATSUDA LA, BONNER TI, AND LOLAIT SJ. Localization of cannabinoid
receptor mRNA in rat brain. J Comp Neurol 327: 535–550, 1993.
236. MATSUDA LA, LOLAIT SJ, BROWNSTEIN MJ, YOUNG AC, AND BONNER TI.
Structure of a cannabinoid receptor and functional expression of
the cloned cDNA. Nature 346: 561–564, 1990.
237. MATSUZAKI M, CASELLA GA, AND RATNER M. delta 9-Tetrahydrocannabinol: EEG changes, bradycardia and hypothermia in the rhesus
monkey. Brain Res Bull 19: 223–229, 1987.
238. MAZZARI S, CANELLA R, PETRELLI L, MARCOLONGO G, AND LEON A.
N-(2-hydroxyethyl)hexadecanamide is orally active in reducing
edema formation and inflammatory hyperalgesia by down-modulating mast cell activation. Eur J Pharmacol 300: 227–236, 1996.
239. MCALLISTER SD, GRIFFIN G, SATIN LS, AND ABOOD ME. Cannabinoid
receptors can activate and inhibit G protein-coupled inwardly rectifying potassium channels in a Xenopus oocyte expression system.
J Pharmacol Exp Ther 291: 618 – 626, 1999.
240. MCDONALD AJ AND MASCAGNI F. Localization of the CB1 type cannabinoid receptor in the rat basolateral amygdala: high concentrations in a subpopulation of cholecystokinin-containing interneurons. Neuroscience 107: 641– 652, 2001.
241. MECHOULAM R. The Pharmacohistory of Cannabis sativa. Boca
Raton, FL: CRC, 1986.
242. MECHOULAM R, BEN-SHABAT S, HANUS L, LIGUMSKY M, KAMINSKI NE,
SCHATZ AR, GOPHER A, ALMOG S, MARTIN BR, COMPTON DR, PERTWEE
Physiol Rev • VOL

243.

244.

245.
246.

247.

248.

249.

250.
251.

252.

253.

254.

255.

256.

257.

258.

259.

260.
261.

262.

263.

264.

1063

RG, GRIFFIN G, BAYEWITCH M, BARG J, AND VOGEL Z. Identification of
an endogenous 2-monoglyceride, present in canine gut, that binds
to cannabinoid receptors. Biochem Pharmacol 50: 83–90, 1995.
MECHOULAM R, HANUS L, AND MARTIN BR. Search for endogenous
ligands of the cannabinoid receptor. Biochem Pharmacol 48: 1537–
1544, 1994.
MEGIAS M, EMRI Z, FREUND TF, AND GULYAS AI. Total number and
distribution of inhibitory and excitatory synapses on hippocampal
CA1 pyramidal cells. Neuroscience 102: 527–540, 2001.
MENG ID, MANNING BH, MARTIN WJ, AND FIELDS HL. An analgesia
circuit activated by cannabinoids. Nature 395: 381–383, 1998.
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The psychoactive constituent of cannabis, ∆9-tetrahydrocannabinol, produces in humans subjective responses mediated by CB1 cannabinoid receptors, indicating that endogenous cannabinoids may contribute to the control of emotion. But the variable effects of
∆9-tetrahydrocannabinol obscure the interpretation of these results and limit the therapeutic potential of direct cannabinoid agonists. An alternative approach may be to develop drugs that amplify the effects of endogenous cannabinoids by preventing their inactivation. Here we describe a
class of potent, selective and systemically active inhibitors of fatty acid amide hydrolase, the enzyme responsible for the degradation of the endogenous cannabinoid anandamide. Like clinically
used anti-anxiety drugs, in rats the inhibitors exhibit benzodiazepine-like properties in the elevated zero-maze test and suppress isolation-induced vocalizations. These effects are accompanied by augmented brain levels of anandamide and are prevented by CB1 receptor blockade. Our
results indicate that anandamide participates in the modulation of emotional states and point to
fatty acid amide hydrolase inhibition as an innovative approach to anti-anxiety therapy.

Anandamide, the naturally occurring amide of arachidonic acid
with ethanolamine, meets all key criteria of an endogenous
cannabinoid substance1: it is released on demand by stimulated
neurons2,3; it activates cannabinoid receptors with high affinity1; and it is rapidly eliminated through a two-step process consisting of carrier-mediated transport followed by intracellular
hydrolysis2,4. Anandamide hydrolysis is catalyzed by the enzyme fatty acid amide hydrolase (FAAH), a membrane-bound
serine hydrolase5,6 that also cleaves other bioactive fatty acid
ethanolamides such as oleoylethanolamide7 and palmitoylethanolamide8. Mutant mice lacking the gene encoding
FAAH (Faah) cannot metabolize anandamide9 and, although
fertile and generally normal, show signs of enhanced anandamide activity at cannabinoid receptors such as reduced pain
sensation9. This is suggestive that drugs targeting FAAH may
heighten the tonic actions of anandamide, while possibly
avoiding the multiple and often unwanted effects produced by
∆9-tetrahydrocannabinol (∆9-THC) and other direct-acting
cannabinoid agonists10,11. To test this hypothesis, potent, selective and systemically active inhibitors of intracellular FAAH activity are needed. However, most current inhibitors of this
enzyme lack the target selectivity and biological availability required for in vivo studies12–14, whereas newer compounds,
though promising, have not yet been characterized15,16. Thus,
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the therapeutic potential of FAAH inhibition remains essentially unexplored.
Lead identification and optimization
Despite its unusual catalytic mechanism6, FAAH is blocked by a
variety of serine hydrolase inhibitors, including compounds
with activated carbonyls16. Therefore we examined whether esters of carbamic acid such as the anti-cholinesterase agent carbaryl (compound 1; Table 1) might inhibit FAAH activity in rat
brain membranes. Although compound 1 was ineffective, its positional isomer 2 produced a weak inhibition of FAAH (half-maximal inhibitory concentration (IC50) = 18.6 ± 0.7 µM; mean ±
s.e.m., n = 3), which was enhanced by replacing the N-methyl
substituent with a cyclohexyl group (compound 3; IC50 = 324 ±
31 nM). The aryl ester 4, the benzyloxyphenyl group of which
can be regarded as an elongated bioisosteric variant of the naphthyl moiety of compound 2, inhibited the activity of FAAH with
a potency (IC50 = 396 ± 63 nM) equivalent to that of compound
3. A conformational analysis of compound 4 revealed families of
accessible conformers differing mainly in the torsion angle
around the O–CH2 bond, with substituents in anti or gauche
conformations (data not shown). As the latter conformations
more closely resembled the shape of the naphthyl derivative 3,
we hypothesized that they might be responsible for the interacNATURE MEDICINE • VOLUME 9 • NUMBER 1 • JANUARY 2003
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Fig. 1 The FAAH inhibitors URB532 and URB597 block [3H]anandamide
degradation in intact brain neurons. a, Concentration-dependent inhibition of [3H]anandamide hydrolysis by URB597 (open squares) and
URB532 (filled circles) in primary cultures of rat cortical neurons.
Baseline FAAH activity was 242.6 ± 3.9 cpm well min–1 (n = 4). b, Unlike
URB532 (3 µM) or URB597 (10 nM), the inactive analog 8 (10 µM) has
no effect on [3H]anandamide degradation. V, vehicle. c, URB532 (3 µM)
and URB597 (10 nM) promote accumulation of non-metabolized

[3H]anandamide in neurons, whereas the anandamide transport inhibitor
AM404 (AM, 10 µM) reduces it. V, vehicle. d, Release of non-metabolized [3H]anandamide from neurons treated with URB597 (10 nM) during a 15-min incubation in the absence or presence of AM404 (AM, 10
µM). e, Time course of [3H]anandamide release from neurons treated
with URB597 (10 nM). *P < 0.05; **P < 0.01 versus vehicle-treated neurons; ANOVA with Tukey’s post-hoc test (n = 4–8). , vehicle; , treatments. Error bars, s.e.m.

tion of compound 4 with the active site of FAAH. Testing this
hypothesis led to the design of the biphenyl derivative 5 (IC5 0 =
63 ± 9 nM), which was further optimized by systematic modifications of the distal phenyl group, resulting in the potent inhibitor 6 (IC50 = 4.6 ± 1.6 nM; Table 1). The lead optimization
process will be reported elsewhere.
Kinetic analyses and dialysis experiments indicate that compounds 4 and 6 may inhibit FAAH activity through an irreversible
interaction with the enzyme (data not shown), possibly due to a
nucleophilic attack of an active serine residue on the carbamate
group. This mechanism sets the present compounds apart from
the α-keto heterocycle derivatives described previously16, which
act as competitive FAAH inhibitors. A further indication of such a

distinction is that in the α-keto heterocycle series potency is
strongly dependent on the hydrophobicity of the flexible acyl
chain, whereas in the carbamate series potency is modulated by
the shape of the rigid aromatic moiety. Accordingly, when we replaced the biphenyl of compound 5 with a 5-phenylpentyl group,
representing the most effective acyl chain in the α-keto heterocycle series, the inhibitory activity was lost (compound 7; Table 1).
Compounds 4 (URB532) and 6 (URB597) blocked the FAAHcatalyzed hydrolysis of exogenous [3H]anandamide in primary
cultures of intact cortical neurons, with IC50 values that paralleled those obtained in membrane preparations (URB532, 214 ±
79 nM; URB597, 0.50 ± 0.05 nM; n = 8; Fig. 1a). By contrast,
compound 8, an analog of URB532 that does not inhibit FAAH
in membranes (Table 1), had no such effect (Fig. 1b). Moreover,
URB532 and URB597 selectively impaired the breakdown of
[3H]anandamide without reducing its carrier-mediated uptake,
causing non-metabolized [3H]anandamide to accumulate in, and
eventually exit from, the neurons. Thus, after a 4-minute incubation with [3H]anandamide, the intracellular content of
non-metabolized [3H]anandamide was higher in inhibitortreated neurons than in control neurons (Fig. 1c). As
expected, the anandamide transport blocker N-(4-hydroxyphenyl)arachidonamide (AM404) had an opposite effect, substantially reducing [3H]anandamide internalization4 (Fig. 1c).
When neurons treated with URB597 were exposed for 4 minutes
to [3H]anandamide and then incubated for 15 minutes in an
[3H]anandamide-free solution, 42.6 ± 8.7% of the accumulated
[3H]anandamide was released back into the medium (n = 3; Fig.
1d). This process was linear with time (Fig. 1e) and was not inhibited by AM404 (Fig. 1d), indicating that it occurred through
passive diffusion rather than reverse transport. No such time-dependent release was observed in control neurons, the medium of
which contained only residual levels of [3H]anandamide carried
over from the pre-incubation period. These studies identify a
new class of carbamate inhibitors of FAAH activity, which potently block anandamide breakdown in intact brain neurons.

Table 1 Structures of selected carbamate inhibitors of FAAH activity
H
N

O
R

R

O

R1

R1

IC50 (nM)

1

CH3

>100,000

2

CH3

18,600 ± 708

3

c-C6H11

324 ± 31

n-C4H9

396 ± 63

c-C6H11

63 ± 9

c-C6H11

4.6 ± 1.6

c-C6H11

>100,000

p-FC6H4

>100,000

4

O

URB532
5
6

O

NH 2

URB597
7
8

O

Values reported are the concentrations required to inhibit FAAH activity by 50% (IC50,
nM), and are expressed as the mean ± s.e.m. of at least three independent experiments. They were calculated from concentration-response curves, by using non-linear
regression analysis as implemented in the Prism 2.0 software package.
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Table 2 Analysis of selected FAAH inhibitors in vitro

Compound
URB532
URB597

AChE
>100, SI ≥333
>100, SI ≥2,5000

BCh
>100, SI ≥333
≥100, SI ≥25,000

MGL
>30, SI ≥100
>30, SI ≥7,500

AT
>300, SI ≥1,000
>30, SI ≥7,500

CB1
>300, SI ≥1,000
>100, SI ≥2,5000

CB2
>300, SI ≥1,00, SI
>100, SI ≥2,5000

© 2003 Nature Publishing Group http://www.nature.com/naturemedicine

Values indicate the maximal concentrations of FAAH inhibitor tested on each target (in µM) and their corresponding selectivity index (SI). The SI is the ratio of maximal inhibitor
concentration tested/IC50 for FAAH (from Table 1).

cholinesterase, horse plasma butyryl cholinesterase and rat brain
monoglyceride lipase (MGL; Table 2). The lack of MGL inhibition is particularly noteworthy in light of the proposed role of
this enzyme in the biological inactivation of 2-arachidonoylglycerol17 (2-AG), another endogenous cannabinoid present in
brain18–20. Furthermore, URB532 and URB597 had no effect on
anandamide transport in human astrocytoma cells or on the
binding of a high-affinity ligand to CB1 and CB2 receptors
(Table 2). In addition, URB532 (10 µM) did not significantly interact with a panel of 21 receptors, ion channels and neurotransmitter transporters, which included adenosine A1, A2A and A2B;
adrenergic α1A, α2A, β1 and β2; dopamine D1 and D2; glutamate Nmethyl-(D)-aspartate; γ-amino-butyric acid (GABA)A agonist site;
histamine H1; opiate µ; muscarinic M2; and brain nicotinic receptors (data not shown). This high selectivity for FAAH encouraged
us to examine the effects of URB532 and URB597 in live animals.
FAAH inhibition in vivo
Intraperitoneal (i.p.) injection of either URB532 or
URB597, but not the inactive analog 8, produced a
profound, dose-dependent
inhibition of brain FAAH
activity (Fig. 2a). In six experiments, half-maximal
inhibition was reached at
0.60 ± 0.09 mg kg–1 of
URB532, and 0.150 ± 0.007
mg kg–1 of URB597. The discrepancy between potency
ratios of URB532 and
URB597 in vitro (100-fold)
and in vivo (4-fold) presumably reflects differences in
bioavailability or brain
penetration of the two
compounds. After injection of a maximal dose of
URB597 (0.3 mg kg–1, i.p.),
FAAH inhibition was rapid
in onset (<15 minutes),
persistent (>6 hours; Fig.
2b) and accompanied by
significant elevations in
the brain levels of anandamide (Fig. 2c) and other
fatty acid ethanolamides
that are substrates for
FAAH (in pmol g–1 of tissue
at 2 hours after injection:
oleoylethanolamide, vehicle, 137.0 ± 14.3, URB597
(0.3 mg kg–1), 725.3 ± 28.6;
78

palmitoylethanolamide, vehicle, 259.1 ± 15.0, URB597, 1,324 ±
395; n = 8–15). Parallel changes in FAAH activity and fatty acid
ethanolamide levels were also measured in various peripheral
tissues (data not shown). In agreement with the lack of MGL inhibition noted in our in vitro experiments (Table 2), URB597 did
not change the brain content of 2-AG (Fig. 2d).
As previously observed in Faah–/– mice9, FAAH inhibition was
associated with increased sensitivity to the administration of exogenous anandamide. Accordingly, URB597 (0.3 mg kg–1, i.p.)
intensified and prolonged the decrease in body temperature
elicited by a subthreshold dose of anandamide (5 mg kg–1, i.p.),
whereas it had no effect when injected alone (Figs. 2e and f).
Underscoring the role of CB1 receptors in this response, the effect of anandamide plus URB597 was prevented by the CB1 antagonist SR141716A (rimonabant; Figs. 2e and f).
Pharmacological properties of FAAH inhibitors in vivo
Although URB532 and URB597 increased brain anandamide lev-
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d

e
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Fig. 2 In vivo inhibition of FAAH activity by URB532 and URB597. a, Dose-dependent inhibition of brain FAAH activity by URB532 () and URB597 (), but not by the inactive analog 8 (), after systemic (i.p.) administration in the rat.
Baseline FAAH activity was 3,133 ± 59 cpm per mg of protein min–1 (n = 9). b, Time course of the inhibition of brain
FAAH activity after a single injection of URB597 (0.3 mg kg–1, i.p.). c and d, Brain levels of anandamide (c) and 2-AG (d)
2 h after injections of vehicle (V) or URB597 (0.3 mg kg–1, i.p). *P < 0.05; **P < 0.01, ANOVA followed by Tukey’s test;
n = 4–8. e and f, Enhancement of anandamide-induced hypothermia by URB597. e, Time course of the effects of
URB597 (0.3 mg kg–1, ), anandamide (5 mg kg–1, ; 5 mg kg–1, ) and anandamide (5 mg kg–1) plus URB597 (0.3 mg
kg–1, 30 min before anandamide, ). Two-way ANOVA: Ftimes = 2.99, df = 12/416, P < 0.0005; Ftreatments = 52.25, df =
3/416, P < 0.0001; Ftimesxtreatments = 1.96, df = 36/416, P < 0.001. f, Effects of vehicle, URB597 (0.3 mg kg–1), anandamide
(AEA, 5–30 mg kg–1), anandamide (5 mg kg–1) plus URB597 (0.3 mg kg–1), rimonabant (R, 1 mg kg–1), and anandamide
(5 mg kg–1) plus URB597 (0.3 mg kg–1) and rimonabant (1 mg kg–1). One-way ANOVA: F = 27.22, df = 103, P < 0.0001.
, vehicle; , urb597. Error bars, s.e.m.
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Fig. 3 Anti-nociceptive actions of URB532 and URB597. Shown are effects
of URB532 (a) and URB597 (b) (both at 0.5 mg kg–1, i.p.) on response latencies in the mouse hot-plate test, in the absence or presence of the CB1 antagonist rimonabant (Ri, 0.2 mg kg–1, i.v.). FAAH inhibitors and rimonabant
were injected 60 min and 40 min before tests, respectively. Rimonabant
alone had no effect on response latencies (not shown). *P < 0.05; ANOVA
followed by Dunnett’s test (n = 12). , vehicle; , urb597. Error bars, s.e.m.

b

els, they did not mimic the spectrum of pharmacological responses produced by exogenous anandamide. Systemic doses of
URB532 (10 mg kg–1, i.p.) or URB597 (0.3 mg kg–1, i.p.) that maximally blocked FAAH activity produced no catalepsy (rigid immobility), hypothermia or hyperphagia (increased food intake),
three typical signs of CB1 receptor activation11 (data not shown).
However, the compounds exerted moderate anti-nociceptive actions in the mouse hot-plate test, which measures response to
noxious thermal stimuli. In this model, URB532 and URB597 significantly lengthened response latencies at a dose of 0.5 mg kg–1
(Figs. 3a and b), but not 0.1 mg kg–1 (data not shown). These effects were prevented by a dose of the CB1 antagonist rimonabant
(0.2 mg kg–1, intravenous (i.v.); Figs. 3a and b), which caused no
hyperalgesia when administered alone (data not shown). Our results corroborate those obtained in Faah–/– mice9, indicating that
acute disruption of FAAH activity results in a mild CB1-mediated
anti-nociception, but no hypothermia or catalepsy.
Anxiolytic effects of FAAH inhibitors
To identify intrinsic actions of anandamide that might be significantly magnified by FAAH inhibition, we turned, for three reasons, to the regulation of emotional reactivity. First, CB1
receptors are expressed at high levels in brain regions such as the
amygdala which are implicated in the control of anxiety and
fear21–23. Second, acute administration of cannabinoid drugs pro-

a

b

duces emotional responses in rodents11 and humans10,24. Third,
pharmacological25,26 or genetic27,45 thus, disruption of CB1 receptor activity elicits anxiety-like behaviors in rodents, suggestive of
the existence of an intrinsic anxiolytic tone mediated by endogenous cannabinoids.
We used two pharmacologically validated animal models of
anxiety: the elevated zero-maze test and the isolation-induced
ultrasonic emission test. The zero maze consists of an elevated
annular platform with two open and two closed quadrants and
the test is based on the conflict between an animal’s instinct to
explore its environment and its fear of open spaces, where it may
be attacked by predators28,29. Clinically used anxiolytic drugs
such as the benzodiazepines increase the proportion of time
spent in, and the number of entries made into, the open compartments. Similarly, URB532 (0.1–10 mg kg–1, i.p.) and URB597
(0.05–0.1 mg kg–1, i.p.) evoked anxiolytic-like responses at doses
that corresponded to those required to inhibit FAAH activity in
vivo (F = 24.7, df = 4/41, P < 0.001; F = 7.7, df = 2/27, P < 0.01;
Figs. 4a and b). In keeping with an involvement of endogenous
anandamide, the anxiolytic-like effects of both compounds were
attenuated by a non-anxiogenic dose of rimonabant (2 mg kg–1,
i.p.; F = 14.87, df = 3/28, P < 0.001; F = 15.2, df = 3/28, P < 0.001;
Figs. 4c and d). Moreover, the effects were apparently dissociated
from overall changes in motor behavior. Indeed, although
URB532 elicited in adult rats a modest decrease in ambulation
(which was also antagonized by rimonabant; data not shown), it
did so at doses that were higher than those needed to cause anxiolysis (≥10 mg kg–1; F = 3.57, df = 2/22, P < 0.05; Fig. 4e). We confirmed this dissociation by testing URB532 and URB597 in the
ultrasonic vocalization emission model, which measures the

c

d

f

e

g

Fig. 4 Anxiolytic-like actions of URB532 and URB597. a and b, Dose-dependent effects of URB532 (a; 0.1–10 mg kg–1, i.p.) and URB597 (b; 0.05
and 0.1 mg kg–1, i.p.) on the percent of time spent by adult rats in the open
quadrants of a zero maze (percent time open). c and d, Effect of the CB1
antagonist rimonabant (Ri, 2 mg kg–1, i.p.) on the change in percent time
open produced by URB532 (c; 5 mg kg–1) and URB597 (d; 0.1 mg kg–1).
e, Effects of URB532 (5 and 10 mg kg–1) on ambulation time in adult rats
(20-min session). f and g, Effects of URB532 (f; 1–10 mg kg–1) and URB597
(g; 0.05–0.1 mg kg–1) on isolation-induced ultrasonic vocalizations in rat
pups and blockade by rimonabant (2 mg kg–1, i.p.). *P < 0.05; **P < 0.01 (n
= 6–10). , vehicle; , urb597. Error bars, s.e.m.
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number of stress-induced vocalizations emitted by rat pups removed from their nest30–32. As seen with anxiolytic drugs, the
FAAH inhibitors reduced ultrasonic calls (F = 10.8, df = 5/33, P <
0.001; F = 19.3; df = 4/25, P < 0.001; Figs. 4f and g) at doses
(URB532, 1 and 5 mg kg–1; URB597, 0.1 mg kg–1) that had no effect on pup movement (data not shown). These anxiolytic-like
responses were blocked by rimonabant (2 mg kg–1; Figs. 4f and g).

Our results define a novel class of inhibitors of FAAH activity,
which enhance endogenous anandamide signaling without directly interacting with cannabinoid receptors. The behavioral
profile of these agents—characterized by anxiolysis and mild
analgesia—reveals a key role for anandamide in the regulation of
emotional states and indicates a new mechanistic approach to
anti-anxiety therapy.

Discussion
We have developed a new class of agents that prevents anandamide inactivation by targeting the intracellular enzymatic activity of FAAH. URB597, the most potent member of this class,
inhibited FAAH activity with an IC50 value of 4 nM in brain membranes and 0.5 nM in intact neurons, and an ID50 value of 0.15
mg kg–1 after systemic administration in the rat. This compound
had much greater selectivity for FAAH than other cannabinoidrelated targets, including cannabinoid receptors (selectivity
index, >25,000) and MGL, an enzyme involved in the deactivation of the endogenous cannabinoid ester 2-AG (selectivity
index, >7,500). Such target discrimination was matched by a lack
of overt cannabimimetic effects in vivo. Thus, at doses that almost
abolished FAAH activity and substantially raised brain anandamide levels, URB597 and its analog URB532 did not evoke
catalepsy, reduce body temperature or stimulate feeding, three
key symptoms of cannabinoid intoxication in the rodent11.
Nevertheless, the compounds did elicit marked anxiolytic-like
responses, which paralleled their ability to inactivate FAAH and
were prevented by the CB1 receptor antagonist rimonabant. We
interpret these findings to indicate that URB597 and URB532 may
selectively modulate anxiety-like behaviors by enhancing the
tonic actions of anandamide on a subset of CB1 receptors which
may normally be engaged in controlling emotions. Forebrain sites
that might be implicated in such actions include the basolateral
amygdala, the anterior cingulate cortex and the prefrontal cortex,
all key elements of an “emotion circuit”33 that contains high densities of CB1 receptors21,22. CB1 receptors in these structures are localized to the axon terminals of a subpopulation of GABAergic
interneurons, which also express the peptide cholecystokinin23,34
(CCK). The anxiogenic properties of CCK35 and the ability of CB1
agonists to inhibit K+-evoked CCK release from hippocampal
slices36 indicate that interactions between this peptide and anandamide may participate in the control of anxiety.
In addition to their anxiolytic-like actions, URB597 and
URB532 exerted modest anti-nociception in a model of acute
pain, which also was sensitive to CB1 receptor blockade. These
findings are similar to those reported for Faah–/– mice9 and support the proposed roles of anandamide in the intrinsic modulation of pain37. However, as emotional states may strongly
influence pain sensation, it is possible that anxiolysis might
have contributed to the mild anti-nociceptive effects of the
FAAH inhibitors.
URB597 and URB532 increased brain anandamide levels without modifying those of the second endogenous cannabinoid,
2-AG. It is therefore likely that the pharmacological actions of
these compounds, which are sensitive to the CB1 antagonist rimonabant, are primarily due to anandamide accumulation. But
the FAAH inhibitors also produced large elevations in the levels
of two anandamide analogs, palmitoylethanolamide and
oleoylethanolamide, whose biological effects are independent of
CB1 receptors7,8. Thus, we cannot exclude the possibility that additional properties of URB597 and URB532, mediated by these
fatty ethanolamides, remain to be discovered.

Methods
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Animals and cells. We used Wistar rats (200–350 g) and Swiss mice (20 g). All
procedures met the National Institutes of Health guidelines for the care and use
of laboratory animals and those of the Italian Ministry of Health (D.L. 116/92).
We prepared cultures of cortical neurons from 18-day-old Wistar rat embryos
and maintained them as described38. We purchased astrocytoma cells from
American Type Culture Collection (Manassas, Virginia).
Chemicals. Anandamide and related lipids were synthesized in the laboratory39.
SR141716A (rimonabant) was provided by RBI (Natick, Massachusetts) as part
of the Chemical Synthesis Program of the National Institutes of Health. AM404
was from Tocris (Avonmouth, UK) and other drugs from Sigma.
Synthesis of inhibitors. n-Butylcarbamic acid 4-benzyloxyphenyl ester
(URB532, compound 4) and 4-fluorophenylcarbamic acid 4-benzyloxyphenyl
ester (compound 8) were obtained by treatment of 4-benzyloxyphenol with nbutylisocyanate and 4-fluorophenylisocyanate, respectively, with a catalytic
amount of triethylamine in refluxing toluene. Similarly, cyclohexylcarbamic
acid biphenyl-3-yl ester (compound 5), cyclohexylcarbamic acid 5phenylpentyl ester (compound 7) and cyclohexylcarbamic acid 3′-carbamoylbiphenyl-3-yl ester (URB597; compound 6) were synthesized by reacting
cyclohexylisocyanate with 3-phenylphenol, 5-phenylpentan-1-ol and 3′-hydroxybiphenyl-3-carboxylic acid amide, respectively. The latter reactant was
prepared as follows: 3-bromobenzoic acid amide, obtained by reaction of 3bromobenzonitrile and sodium perborate, was coupled with methoxyphenylboronic acid to give 3′-methoxybiphenyl-3-carboxylic acid amide, which was
hydrolyzed with BBr3 to the desired 3′-hydroxybiphenyl-3-carboxylic acid
amide. Detailed synthetic procedures and physicochemical data will be reported elsewhere.
Biochemical assays. We prepared cell fractions from brain homogenates and
assayed membrane FAAH activity and cytosol MGL activity using anandamide[ethanolamine-3H] (60 Ci/mmol; American Radiolabeled Chemicals
(ARC), St. Louis, Missouri) and 2-mono-oleoyl-glycerol-[glycerol-1,2,3-3H] (20
Ci/mmol; ARC, St. Louis, Missouri), respectively, as substrates17. We conducted
[3H]anandamide transport assays in human astrocytoma cells40; CB1 and CB2
binding assays in rat cerebellar membranes and CB2-overexpressing CHO cells
(Receptor Biology-Perkin Elmer, Wellesley, Massachusetts), respectively, using
[3H]WIN-55212-2 (NEN-Dupont, Boston, Massachusetts, 40-60 Ci/mmol) as a
ligand1; and cholinesterase assays with a commercial kit (Sigma) using purified
enzymes (electric eel acetylcholinesterase type V-S and horse serum
cholinesterase; both from Sigma). To measure anandamide transport and hydrolysis in cortical neurons, we preincubated cells with FAAH inhibitors for
10 min at 37 oC, before exposure to [3H]anandamide for 4 min. In some experiments, we stopped the reactions with cold Tris-Krebs buffer containing 0.1%
bovine serum albumin (Type V, fatty acid free, Sigma), removed the cells by
trypsin-EDTA treatment and extracted lipids with chloroform/methanol (1/1,
vol/vol). We measured non-metabolized [3H]anandamide in the organic phase
and metabolized [3H]anandamide (as [3H]ethanolamine) in the aqueous phase.
In other experiments, after having exposed the neurons to [3H]anandamide for
4 min, we rinsed the cells and measured [3H]anandamide release as described
above.
High-performance liquid chromatography/mass spectrometry. We extracted lipids with methanol-chloroform and fractionated them by column
chromatography39. Anandamide and other fatty acid derivatives were quantified by high-performance liquid chromatography/mass spectrometry39.
Body temperature and catalepsy. We administered compounds (in
saline/Tween 80/polyethylene glycol, 90/5/5, i.p.) immediately before tests.
We measured body temperature with a rectal probe connected to a digital
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thermometer (Physitemp Instruments, Clifton, New Jersey), and catalepsy as
described41.
Food intake. We administered URB597 (in DMSO/saline, 7:3, i.p.) 45 min before tests. We recorded food intake in free-feeding rats by using an automated
system (Scipro Inc., New York, New York). After a 3-d acclimation, tests began
at the onset of the dark phase and lasted for 24 h.

© 2003 Nature Publishing Group http://www.nature.com/naturemedicine

Anti-nociception. FAAH inhibitors (in polyethylene glycol/water, 1:1) and rimonabant (in saline) were tested in the mouse hot-plate assay, as described4.
Anxiety and motor activity. We dissolved FAAH inhibitors and rimonabant in
dimethylsulfoxide (DMSO)/saline (7:3 and 9:1, respectively). We administered
FAAH inhibitors by i.p. injection 30 min before tests and rimonabant 30 min before FAAH inhibitors. The elevated zero-maze apparatus is described elsewhere28,29. We placed the rats in a closed quadrant and video-recorded them for
5-min periods. Results are expressed as percent time in open quadrant/total
time (percent time open). Results were analyzed by one-way ANOVA followed
by Tukey’s test. We recorded motor activity in an Opto-Varimex cage
(Columbus Instruments, Columbus, Ohio) linked to a computer and placed in a
sound-attenuated room illuminated by a 20-W white light. The amount of time
spent in ambulatory activity was analyzed using an Auto-Track software42,43
(Columbus Instruments, Columbus, Ohio). Session duration was 20 min for
adult rats and 60 s for 10-day-old pups. We analyzed data by overall one-way
ANOVA followed by Tukey’s test for individual between-group comparisons.
We recorded 10-day-old pup ultrasonic vocalizations in a sound-attenuating
chamber, as described44. Tests were conducted between 900 and 1400 h and
lasted for 15 s. Drugs were administered after baseline value collection (15 s)
and pups were tested again 30 min after drug administration. Data were expressed as percent change from baseline and analyzed by overall one-way
ANOVA followed by Tukey’s test for individual between-group comparisons.
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Treating depression with cannabinoids
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Lindengasse 27/10, 1070 Vienna, Austria

Abstract
Although a variety of drugs are available for the treatment of depression, therapy is not effective in
all cases and finding alternative options is desirable. Results from animal studies, anecdotal experience reported by patients using cannabis and observations from clinical studies where cannabinoids were used in serious diseases suggest an anti-depressive potential of cannabinoid receptor agonists. From 2003 to 2006, 75 patients suffering from depression, stress and burnout syndrome were successfully treated in a practice for general medicine with the cannabis ingredient
dronabinol, alone or in combination with other antidepressants. Two case studies will be presented. The presented observations suggest that dronabinol has an antidepressive potential that can
readily be used in medical practice.
Key words: Depression, burnout, cannabinoid, cannabis, dronabinol
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Introduction
In several prospective studies, consumption of cannabis
was associated with an increased risk of developing
depression and anxiety, particularly when cannabis had
been used during adolescence [1,2]. There appears to
be less evidence for a correlation between depression
and cannabis use during adulthood [3,4]. On the other
hand, patients have, in numerous surveys and interviews, reported anti-depressant and anxiolytic effects
of cannabis [5-11]. Patients suffering from a range of
chronic illnesses have reported that they use cannabis
not only to mitigate physical symptoms, such as pain,
nausea and lack of appetite, but also to improve general
well-being and to mitigate anxiety and depression [810,12].
In several clinical studies, during which subjective
parameters were monitored, cannabinoids not only
improved physical symptoms but also improved wellbeing and produced measurable antidepressant effects
[13-15]. A study by Musty (2002) with healthy volunteers, smoking cannabis showed a positive correlation
with the ratings on a scale of depression (MMPI), indicating an antidepressant effect [16]. These indications
of a therapeutic potential of symptoms of depression
8

encouraged the author to start administering dronabinol
to select patients suffering from depression.

Experiences in Medical Practice
The author operates a practice for general medicine in
downtown Vienna, where a large population of
younger people lives and works. In the late 1990s I
began administering dronabinol to individual younger
patients, who were dissatisfied with available antidepressants because of side effects or lack of effectiveness. In Austria, the active ingredient of cannabis has
been available for medical therapy since 1998. The
majority of these early patients, who suffered from a
reactive depression or burnout syndrome, was well
aware of the therapeutic potential of cannabis and considered a trial with dronabinol reasonable.
Between 2003 and 2006 some 250 patients who suffered from a wide range of illnesses were treated in my
practice with dronabinol. Some 75, or 30%, of them
suffered from depression, a sense of being overwhelmed or from burnout syndrome. The initial dose of
2.5 mg dronabinol in capsules was raised, over a period
of several days, to generally 5 or 7.5 mg per day. For
almost 80% of the patients, use of the medication cor© International Association for Cannabis as Medicine
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related with swift improvement of the depressed mood
or the sense of being overwhelmed. Only 20% of patients did not experience any significant mood brightening. To that group a combination therapy of dronabinol and a selective serotonin reabsorption inhibitor
(SSRI), such as fluoxetine hydrocholoride at a dose of
20 mg per day or a serotonin noradrenalin reabsorption
inhibitor (SNRI), such as milnacipran at 50 mg per day,
was administered. That therapy generally resulted in
rapid and satisfactory improvement of depression and
the lack of drive.
Side effects were generally low. Effective daily doses
of dronabinol ranged generally from 7.5 to 12.5 mg per
day. Only few patients required a higher dosage, generally those also suffering from a sleeping disorder.

Case Reports
In the following two exemplary cases from a large
number of successful treatments are presented.
Case 1
Ms. H. came to my practice six years ago, at the age of
48. She had a long psychiatric record with episodes of
depression and the abuse of alcohol and drugs, particularly of benzodiazepines. A former teacher, she is now
retired but continues to work as an actress.
At the onset of the therapy the patient was in a difficult
situation. Her father had recently passed away; she was
highly depressed, sometimes even suicidal. Heavy
abuse of drugs, such as oxazepam, and of alcohol further complicated her situation. Following an extensive
discussion a treatment with oral dronabinol of 5 – 7.5
mg per day was started.
After 6 years of using dronabinol Ms. H. is now very
experienced with the use of the drug. Depending on her
symptoms, she takes between 2 and 4 capsules of 2.5
mg per day. She is no longer addicted to benzodiazepines and does currently not drink alcohol. As supplementary therapy she takes 2.5 mg per day of olanzapin
(an atypical neuroleptic), 25 mg of venlafaxin (an
SNRI) and, if needed, trazodon, SSRI. She reports that
the dronabinol therapy has improved her quality of life
significantly. She feels more stable than before and the
chronically reoccurring episodes of depression are less
severe. Her speed of reaction when operating a vehicle
is impaired. Before extended car trips she has thus
periodically suspended dronabinol for typically one
week, which has resulted in psychological withdrawal
symptoms.
Case 2
Ms. F. first visited our practice at the age of 22 where
she received treatment over a 12-month period. At that
time, the patient suffered from stress related headaches,
migraine, asthma, neurodermatitis and an instable emotional personal disorder. Most prominent was an acute
depressive syndrome, for which Ms. F. had already
received treatment in the psychiatric clinic at Vienna
General Hospital.
Cannabinoids  Vol 3, No 2  June 22, 2008

After repeatedly dropping out of school and frequent
job changes the patient tried, despite a lack of family
contacts, to improve her dismal social and physical
conditions. She was also rather unhappy with her having to consume up to ten prescription medications. In
addition to anti-depressants, such as fluoxetine and
mianserin, neuroleptics, such as prothipendyl, sedatives
and anti-allergic agents, such as hydroxyzine, NSAR,
such as diclofenac, proton pump inhibitors, such as
rabeprazole, analgesics, such as propyphenazone and
tramadol, she daily consumed anti-asthmatics, such as
terbutaline sulfate as prescribed by several other physicians.
Because the patient did not want to continue this multidrug treatment she came to our practice in search for a
more simple and natural treatment, involving no more
than two drugs. Primary objective of the treatment was
to improve her acutely depressive condition, which had
not improved despite the use of multiple drugs. Following an extensive consultation the patient opted for a
monotherapy with dronabinol. After several days the
initial dose of 2.5 mg was raised to 7.5 mg daily. After
several days of treatment we observed a significant
improvement of her depressive condition and of the
concurrently occurring illnesses.
During the first month of therapy the daily dronabinol
dose was raised to 10 mg and 12 month after starting
her therapy the physical and psycho-social condition of
the patient had stabilized at that dose. Subsequently,
the patient resumed relationships with her family, relocated to a different state and left our practice.

Conclusions
In summary, the experience presented here suggests
that general practitioners are able to treat a large number of patients suffering from depression and burnout
syndrome without significant complications. Most
patients were not reimbursed for dronabinol by their
health insurance, unlike for patients with physical illnesses, such as cancer or multiple sclerosis, where the
local health insurance in Vienna pays for nearly 60% of
the cost of dronabinol.
These findings agree with the results from patient interviews, observations from clinical studies on the
impact of cannabinoid use on mood and the results
from animal experiments. In the latter, exogenous cannabinoid receptor agonists [17,18] as well as the inhibition of the deactivation of the endocannabinoid anandamide [18,19] resulted in antidepressant effects. To
date no clinical studies have studied primarily the effectiveness of cannabinoids for the treatment of depression. In my opinion, such studies are desirable and
promising.
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Cannabinoid CB1 Receptor Mediates Fear Extinction via
Habituation-Like Processes
Kornelia Kamprath,1 Giovanni Marsicano,2,4 Jianrong Tang,1 Krisztina Monory,2,4 Tiziana Bisogno,3
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The interplay between fear expression and fear extinction provides an important prerequisite for adequate coping with aversive encounters. Current models propose that extinction of conditioned fear is mediated by associative safety learning. Here, we demonstrate that the
cannabinoid CB1 receptor, which is crucially involved in fear extinction, is dispensable for associative safety learning. In fact, our results
indicate that CB1 mediates fear extinction primarily via habituation-like processes. CB1 null-mutant mice were severely impaired not
only in extinction of the fear response to a tone after fear conditioning but also in habituation of the fear response to a tone after
sensitization with an inescapable footshock. Surprisingly, long-term habituation was generally affected even in situations with proper
short-term adaptation, suggesting the existence of two separated CB1-dependent effector systems for short- and long-term fear adaptation. Our findings underscore the importance of habituation as a determinant of fear extinction in mice and characterize the cannabinoid
CB1 receptor as an essential molecular correlate of this process.
Key words: sensitization; fear conditioning; anxiety; memory; endocannabinoids; stress

Introduction
In laboratory animals, a discrete stimulus (e.g., a tone) can elicit
fear reactions (e.g., freezing) in multiple ways: for example, a tone
may trigger an innate fear response in naive animals once its
intensity exceeds a certain threshold (Ohman and Mineka, 2001;
Lamprea et al., 2002). This threshold critically depends on the life
history of the animals, because previous aversive encounters (e.g.,
a footshock) are able to sensitize animals to tones (Kamprath and
Wotjak, 2004). Sensitization is a nonassociative learning process
characterized by the general increase in responsiveness to potentially harmful stimuli after an aversive/stressful experience. Accordingly, inescapable footshocks result in long-lasting alterations in behavioral and endocrine parameters (Van Dijken et al.,
1992a,b, 1993). On the other hand, if a tone was explicitly paired
with a punishment, as done in fear conditioning paradigms, reexposure to the tone activates the memory of the tone–punishment association and thus causes a conditioned freezing response
(LeDoux, 2000; Maren and Quirk, 2004). In a typical fearconditioning task, however, associative learning and sensitization (caused by application of an inescapable footshock during
fear conditioning) may occur in parallel, with the consequence
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that freezing responses of conditioned mice to the tone are determined by both associative and nonassociative memory components (Kamprath and Wotjak, 2004).
In an auditory fear-conditioning task, not only fear acquisition but also fear extinction can be achieved by associative and/or
nonassociative learning processes. On the one hand, animals
might form an association between the tone and the nonappearance of the predicted punishment (safety learning) that suppresses expression of the memory of the tone–shock association
in a process called extinction (for review, see Myers and Davis,
2002). On the other hand, repeated nonreinforced tone presentations may decrease the responsiveness to the tone in the stimulus–response pathways because of habituation-like processes
(Thompson and Spencer, 1966; Groves and Thompson, 1970;
McSweeney and Swindell, 2002; Kamprath and Wotjak, 2004). In
the recent years, molecular correlates of extinction were identified (for review, see Myers and Davis, 2002). Among them, the
cannabinoid CB1 receptor (CB1) (for review, see Di Marzo et al.,
2004) plays a special role, because its implication in extinction
seems to be restricted to aversive test conditions: whereas genetic
ablation or pharmacological blockade of CB1 impairs the extinction of fear memories (Marsicano et al., 2002; Suzuki et al., 2004;
Chhatwal et al., 2005) and spatial memories acquired under
stressful conditions (Varvel and Lichtman, 2002; Varvel et al.,
2005), CB1 does not seem to be important for memory extinction
in operant conditioning tasks involving positive reinforcement
(Holter et al., 2005). One explanation might be that CB1 is not
involved in associative extinction learning but rather plays a role
in nonassociative learning processes (e.g., habituation), which
contribute to the decrease in the fear response (Kamprath and
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Wotjak, 2004). Here, we tested this hypothesis by examining the
role of CB1 in extinction and habituation of acquired fear responses. Our results point to an involvement of endocannabinoids in the modulation of habituation-like processes during fear
extinction, whereas CB1 seems to be dispensable for associative
safety learning.

Materials and Methods
Animals
All experiments were approved by the Committee on Animal Health and
Care of the State of Bavaria (Regierung von Oberbayern) and performed
in strict compliance with the European Union recommendations for the
care and use of laboratory animals (86/609/CEE).
A total of 118 male cannabinoid CB1 receptor null-mutant mice
(CB1 ⫺/⫺), 135 male wild-type littermate controls (CB1 ⫹/⫹), and 34
male C57BL/6NCrl mice (Charles River, Sulzfeld, Germany) were included in the experiments. CB1 ⫺/⫺ and CB1 ⫹/⫹ derived from heterozygous breeding pairs [backcrossed to C57BL/6NCrl to F5/F6 generation
(Marsicano et al., 2002)] that were kept in the vivaria of the Forschungszentrum für Umwelt und Gesundheit (Neuherberg, Germany) and the
Max Planck Institute of Psychiatry in Munich, Germany. Mice were
genotyped after weaning and regenotyped at the end of the experiments
as described previously (Marsicano et al., 2002).
All animals were separated at the age of 6 –14 weeks and kept singly in
standard macrolon type II cages with sawdust bedding (Altromin Faser
Einstreu; Altromin, Lage-Lippe, Germany), water and food ad libitum, at
22 ⫾ 2°C room temperature and 55 ⫾ 5% humidity, under an inverse
12 h light/dark cycle (lights off at 8:00 A.M.) for at least 14 d before
starting the experiment.

Experiments
All experiments were performed during the activity phase (dark phase) of
the animals between 9:30 A.M. and 5:00 P.M. Experiments were designed
to minimize the number of animals tested. Animals of a given experiment
derived from the same batch and were tested simultaneously. Experiments were performed over the course of 3 years.
Conditioning, sensitization, backward conditioning, and unconditioned
freezing. Setups and procedures were essentially the same as described
previously (Kamprath and Wotjak, 2004). Briefly, two different contexts
were used (conditioning chamber and test context) that differed considerably in material, shape, surface texture, bedding, and odor of the cleaning solutions. Mice received the footshocks via metal grid floors in the
conditioning chamber (MED Associates, St. Albans, VT). Tones were
generated by audio stimulus generators (MED Associates). The animals’
behavior was videotaped.
For conditioning, mice were placed in the conditioning context. Three
minutes later, a tone (80 dB, 9 kHz sine wave, 10 ms rising and falling
time) was presented to the animals for 20 s that coterminated with a 2 s
scrambled electric footshock of 0.7 mA. Mice were returned to their
home cages 60 s later. For sensitization, mice were treated similarly to the
conditioning procedure, except for the fact that only the 2 s footshock
(0.7 mA) was presented, but not the tone. For backward conditioning,
tone and footshock were presented in reverse order compared with the
conventional conditioning procedure (i.e., mice perceived a 2 s footshock of 0.7 mA 198 s after insertion into the conditioning chamber that
was immediately followed by a 20 s tone).
To measure the freezing response to the tone without confounding
influences of contextual memory, sensitized and conditioned mice were
placed into a neutral environment (test context), and the house light was
switched on. Three minutes later, a 3 min tone was presented (9 kHz; 80
dB if not stated otherwise). Mice were returned to their home cages 60 s
after the end of tone presentation. For measuring the innate fear response
to the tone, naive mice underwent the same test procedure, but with a
tone intensity of 95 dB without previous sensitization/conditioning
procedures.
Recording of auditory-evoked potentials. CB1 ⫺/⫺ (n ⫽ 12) and CB1 ⫹/⫹
(n ⫽ 12) were chronically equipped with a bipolar recording electrode
aimed at the CA1 region of the dorsal hippocampus essentially as described previously (Tang et al., 2003). A recovery period of 14 d was

followed by a test period, in which the optimal tone intensity for
auditory-evoked potential recordings was defined for each animal and
tone frequency (6 or 12 kHz). Furthermore, the stability of responses was
assessed. Animals not showing stable auditory-evoked potentials were
excluded from the experiment. Test recordings were followed by the
experimental period, which consisted of 2 d of baseline recording, the
conditioning day without recording, and 2 d of post-conditioning recording (compare Fig. 2 A for the temporal schedule). At each recording
day, mice were slightly anesthetized with isoflurane to connect them to
the recording device (Tang et al., 2003) and placed into the test context.
After a recovery period of 30 min, auditory-evoked potentials were triggered by series of 90 50 ms tones of either 6 or 12 kHz presented at one
tone per second. The two tone series were separated by a 3 min interval.
Tones of 6 kHz always preceded the tones of 12 kHz. Three days before
conditioning (day ⫺3), intensity–response curves were established for
each animal and each tone frequency. Afterward, the intensity of the
tones was adjusted individually to cause a 40 –50% maximal excitatory
field potential in the subsequent baseline recordings and kept constant
throughout the experiment. Basal responses were recorded at days ⫺2
and ⫺1 before conditioning by presenting a single series of 6 and 12 kHz
tones. If the basal responses were stable, mice were conditioned the next
day (day 0). For each mouse, one of the two tone frequencies was chosen
for the conditioned stimulus (CS) in a counterbalanced manner per
genotype. The CS⫹ (paired tone) consisted of a series of 20 50 ms tones
of the same characteristics as used for the baseline recordings. The CS⫹
coterminated with a 1 s footshock of 0.7 mA. The conditioning procedure was repeated two more times. We have made an effort to minimize
the number of tone–shock pairings as well as the intensity of the shock. In
our experience (J. Tang and C. T. Wotjak, unpublished observations),
the protocol used here is the weakest procedure that consistently caused
a potentiation of auditory-evoked potentials in wild-type mice. Most
other experiments aimed at measuring learning-induced changes in
auditory-evoked potentials used 5–10 tone–shock pairings (Rogan et al.,
1997; Tang et al., 2001, 2003). For post-conditioning recordings, mice
were transferred back to the electrophysiology laboratory, and the baseline procedure was repeated in the test context.
For data analysis, the 90 auditory-evoked potentials evoked by the 50
ms tones were averaged per tone series and recording day. Averaged
auditory-evoked potentials were analyzed off-line by measuring peak
latencies, amplitudes, and slopes of the most negative components as
described previously (Tang et al., 2003). Data were normalized to the
averaged preconditioning values (baseline, 100%) separately per animal
and tone frequency.
After completion of the experiment, mice were deeply anesthetized
with pentobarbital (100 mg/kg), and an anodal current (200 A, 4 s) was
passed through the tungsten wire to identify the electrode placement.
Approximately 15 min later, animals were killed by an overdose of isoflurane and their brains were removed. Electrode placement was assessed in
20 m cryosections stained with cresyl violet. Animals with a misplaced
recording electrode were excluded from analysis.
Drugs. SR141716A [Rimonabant, 3 mg/kg; kindly provided by the
National Institute of Mental Health (Bethesda, MD) Chemical Synthesis
and Drug Supply Program] was dissolved in vehicle solution (2.5%
DMSO and 1 drop of Tween 80 per 3 ml of saline) and injected subcutaneously at 20 ml/kg body weight 30 min before the behavioral test. Injections were given under light isoflurane anesthesia.

Analyses
Behavioral analysis. The behavior of the mice was videotaped and scored
off-line by trained observers that were blind to the animals’ treatment as
described previously (Kamprath and Wotjak, 2004). Freezing was defined as the absence of all movements, except for those related to
respiration.
Statistical analysis. Data were summarized to distinct intervals, as indicated in the text or the figure legends, and normalized to the respective
time. If not stated otherwise, data were analyzed by two-way (genotype/
drug, interval) ANOVA for repeated measures (interval) separately per
test day (analysis of the freezing data in 20 s intervals) or by two-way
ANOVA (genotype/drug, day) for repeated measures (day; analysis of the
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(cf. Marsicano et al., 2002)] with that of
their wild-type littermate controls
(CB1 ⫹/⫹) after conditioning and sensitization procedures.
For conditioning, CB1 ⫺/⫺ and
CB1 ⫹/⫹ received a 0.7 mA footshock in
the conditioning chamber in association
with a 20 s, 80 dB tone. On the next day,
mice were re-exposed to the same tone in a
novel environment (test context) for 3 min
(Fig. 1 A). CB1 ⫺/⫺ showed a prolonged
⫺/⫺
Figure 1. CB1
mice are impaired in within-session extinction and adaptation, but not in acquisition, of conditioned and freezing reaction to the tone compared
sensitized fear. A, CB1⫺/⫺ and CB1⫹/⫹ littermate controls were either conditioned with a single tone–shock pairing or sensi- with CB1 ⫹/⫹ (genotype: F
(1,71) ⫽ 4.0, p ⫽
tized with a footshock only in the conditioning chamber. All animals were exposed to a 180 s tone in a neutral environment 24 h 0.049; genotype-by-interval interaction:
after the conditioning (CS⫹) and the sensitization (CSn) procedure, respectively. d0, Day 0; d1, day 1. B, Both conditioned
F(8,568) ⫽ 9.5, p ⬍ 0.0001) (Fig. 1 B), thus
CB1⫺/⫺ (F, n ⫽ 36) and sensitized CB1⫺/⫺ (f, n ⫽ 20) showed a sustained freezing response over the course of the 180 s tone
confirming our previous observation of
⫹/⫹
presentation compared with the respective CB1
(䡬, n ⫽ 37; 䡺, n ⫽ 26). C, As revealed by comparison of the freezing
within-session extinction in
responses with the tone after conditioning (CS⫹; ●, 䡬) and sensitization procedures (CSn; f, 䡺) separately per genotype, impaired
⫺/⫺
(Marsicano et al., 2002; Cannich
conditioned CB1⫹/⫹ showed a stronger freezing response than sensitized CB1⫹/⫹, whereas conditioned and sensitized CB1⫺/⫺ CB1
froze at the same level. Data were normalized to the 20 s observation intervals (mean ⫾ SEM). *p ⬍ 0.05, **p ⬍ 0.01, ***p ⬍ et al., 2004). It is of note that both geno0.001 versus CB1⫹/⫹ (B) or sensitized CB1⫹/⫹ (C). CS⫹, Tone after conditioning procedure; CSn, tone after sensitization types showed similar freezing in the very
procedure.
beginning of the first nonreinforced tone
presentation after the conditioning procedure pointing to a normal acquisition of
freezing data averaged over the entire 3 min observation period). Post hoc
fear conditioning in CB1 ⫺/⫺ (Marsicano et al., 2002).
comparisons were performed by the Newman–Keuls test, if appropriate.
For sensitization, CB1 ⫺/⫺ and CB1 ⫹/⫹ received a 0.7 mA
Statistical significance was accepted if p ⬍ 0.05. For the sake of clarity and
footshock in the conditioning chamber without any tone presenbrevity, only relevant results of the statistical analyses are reported. Statation. Mice were subsequently exposed to a 3 min tone in a novel
tistical analyses were performed by specialized software [GraphPad
environment (test context) on the next day, similarly to condiPrism 3.0 (GraphPad, San Diego, CA), Statistica 5.0 (StatSoft, Tulsa,
tioned mice (Fig. 1 A). Again, CB1 ⫺/⫺ mice showed a prolonged
OK), and SPSS version 11.0 (SPSS, Chicago, IL)].
and stronger freezing reaction to the tone compared with
Results
CB1 ⫹/⫹ (genotype: F(1,44) ⫽ 9.7, p ⫽ 0.003; genotype-by-interval
We refer to procedures with tone–shock pairings as conditioning
interaction: F(8,352) ⫽ 3.5, p ⬍ 0.001) (Fig. 1 B). Importantly, both
CB1 ⫺/⫺ and CB1 ⫹/⫹ showed the same levels of freezing at the
procedures, with reverse order of shock and tone presentation as
beginning of tone presentation, indicating that CB1 is not inbackward conditioning (“safety learning”) and with shock prevolved in the sensitization process per se. Taking into considersentation only as sensitization procedures. The term “sensitizaation that the freezing response to a tone after inescapable foottion” describes the general increase in responsiveness to potenshocks is primarily determined by sensitization and
tially harmful stimuli after perception of a punishment, on the
nonassociative adaptation processes, the sustained freezing rebasis of nonassociative learning processes. Accordingly, we call
sponse of CB1 ⫺/⫺ over the course of tone presentation suggests
mice that underwent sensitization procedures sensitized mice
that CB1 deficiency delays fear adaptation in a nonassociative
and mice that underwent conditioning procedures conditioned
manner.
mice. The freezing response of naive (i.e., nonshocked) mice to a
To estimate the contribution of associative memory compotone is called unconditioned freezing or innate fear response.
nents to the freezing response of the animals, we compared the
Fear adaptation generally describes the development of the fear
freezing response of conditioned and sensitized mice separately
response to a tone. More specifically, the decrease in freezing over
per genotype. As expected, conditioned CB1 ⫹/⫹ showed signifithe course of tone presentation is called within-session extinction
cantly more freezing to the tone than sensitized CB1 ⫹/⫹ (CS:
after conditioning and within-session adaptation after sensitizaF(1,61) ⫽ 8.8, p ⫽ 0.004; CS-by-interval interaction: F(8,488) ⫽ 8.2,
tion procedures. Accordingly, the decrease in freezing from the
p ⬍ 0.0001) (Fig. 1C), indicating that fear conditioning comfirst to a second tone presentation is called long-term extinction
prises the parallel processing of a stimulus–punishment associaand long-term adaptation/habituation, respectively.
tion and nonassociative sensitization with the consequence that
associative and nonassociative memory components together deCB1 ⴚ/ⴚ mice are impaired in within-session extinction and
adaptation, but not in acquisition, of conditioned and
termine the freezing response after conditioning procedures (Kasensitized fear
mprath and Wotjak, 2004). In contrast, CB1 ⫺/⫺ showed a similar
freezing response to a tone, no matter whether they had received
CB1 plays a crucial role in extinction of the freezing response after
a shock only or whether the tone had been paired with a shock
fear-conditioning procedures (Marsicano et al., 2002). We wonbefore (CS: F(1,54) ⫽ 0.3, p ⫽ 0.582; CS-by-interval interaction:
dered whether CB1 is involved in processing of associative or
F(8,432) ⫽ 1.6, p ⫽ 0.117) (Fig. 1C). At first sight, these data imply
nonassociative memory components that determine extinction
that CB1 ⫺/⫺ were not able to associate tone and footshock during
of the freezing response of conditioned mice (Kamprath and
the conditioning procedure, with the consequence that their
Wotjak, 2004). Because sensitization of a behavioral response is
freezing response was solely determined by nonassociative memthought to be a nonassociative learning process that is diminory components. However, an intact tone–shock association in
ished by counteracting nonassociative adaptation processes
CB1 ⫺/⫺ cannot be entirely ruled out by behavioral data alone,
(Kamprath and Wotjak, 2004), we compared the tone-induced
because an impaired adaptation of nonassociative memory comfreezing responses of mice with genetic ablation of CB1 [CB1 ⫺/⫺
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ponents might simply have masked differences in freezing between conditioned and
sensitized CB1 ⫺/⫺. Therefore, we decided
to investigate whether CB1 ⫺/⫺ are able to
form an associative memory at all by electrophysiological means. To this end, we recorded auditory-evoked potentials in the
CA1 region of the dorsal hippocampus of
freely behaving CB1 ⫺/⫺ and CB1 ⫹/⫹. Evidence exists that conditioning-related
changes in auditory-evoked potentials recorded from the lateral amygdala and the
CA1 region are exclusively determined by
the associative history of the CS (Goosens
et al., 2003; Tang et al., 2003). Because
both brain structures show a high synchronicity in memory-related changes in
neuronal activity (Seidenbecher et al.,
2003; Tang et al., 2003), we targeted the
more easily accessible CA1 region instead
of the lateral amygdala. Moreover, we confirmed that recall of auditory cued fear
memories activates the endocannabinoid
system not only within the amygdala
(Marsicano et al., 2002) but also within the
dorsal hippocampus (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material).
Figure 2. CB1 deficiency does not affect the formation of associative fear memories. A, Experimental procedure of the discrimPotentiation of auditory-evoked
inatory fear-conditioning task. I, General timetable of the experiments. CB1⫺/⫺ (n ⫽ 5) and CB1⫹/⫹ (n ⫽ 6) were chronically
potentials after auditory fear
equipped with a recording electrode aimed at the CA1 region of the dorsal hippocampus. After a recovery period of 14 d, the
conditioning points to normal memory
optimal tone intensity for auditory-evoked potential recordings (⬃40% of maximal response) was defined per animal and tone
of the tone–shock association in
frequency (6 and 12 kHz), followed by measurement of the stability of the responses (test recording). II, Schematic representation
CB1 ⴚ/ⴚ mice
of the procedures used in the experimental period. Conditioning was performed after 2 d of baseline recordings. At the conditionMice were chronically equipped with a re- ing day, a series of 20 50 ms tones of either 6 or 12 kHz coterminated with an electric footshock (flash) in the conditioning chamber.
cording electrode aimed at the CA1 region The conditioning procedure was repeated two times. Tone series of the frequency used for the conditioning procedures were
of the dorsal hippocampus and tested in a termed paired tones, and those of the other frequency, which was not presented at the conditioning day, were termed neutral
discriminatory fear-conditioning task tones. Tone frequencies for the conditioning procedure were counterbalanced among the animals of a given genotype. During the
(Fig. 2 A). At first, both 6 and 12 kHz tones two preconditioning and the two postconditioning days, paired and neutral tones were presented in the neutral test context. III,
were presented to the animals at 2 consec- Time schedule for a recording day. Animals were slightly anesthetized with isoflurane to connect the electrode assembly to the
utive days to record a stable baseline. For recording hardware. After a 27 min recovery period, the video recorder was switched on. Three minutes later, two 90 tone series,
one of 6 kHz and the other of 12 kHz, were presented at a 3 min interval. B, Schematic brain section according to Franklin and
conditioning, only one of these frequen- Paxinos (1997) showing the correct placement of the electrodes within the CA1 region of the dorsal hippocampus in CB1⫺/⫺ (F)
cies was used (i.e., series of either 6 or 12 and CB1⫹/⫹ (E) C, D, Both amplitude (C) and slope (D) of the most-negative-going component of the auditory-evoked potenkHz tones were paired with a footshock). tials were potentiated for the paired tone (F, E) but not for the neutral tone (f, 䡺) after conditioning. Data (mean ⫾ SEM)
At the 2 d after conditioning, series of both were normalized individually to the averaged preconditioning responses (dotted line, 100%). f and F, CB1⫺/⫺; 䡺 and E,
6 and 12 kHz tones were presented to the CB1⫹/⫹. Co, Conditioning day; CS⫹, paired tones; CSn, neutral tones; fEPSP, field EPSP.
mice to assess frequency-specific potentiation of auditory-evoked potentials.
SPs evoked by the paired tones, with no significant differences
Of the 24 animals equipped with electrodes, 11 showed stable
between CB1 ⫺/⫺ and CB1 ⫹/⫹ in either parameter (genotype:
responses to the tone series with correct placement of the elecF(1,9) ⬍ 0.06, p ⬎ 0.810; CS by genotype: F(1,9) ⬍ 0.4, p ⬎ 0.560;
trode in the CA1 region of the dorsal hippocampus (Fig. 2 B).
CS by time by genotype: F(1,9)1,9 ⬍ 1.3, p ⬎ 0.300).
⫺/⫺
⫹/⫹
During test recordings, CB1
(n ⫽ 5) and CB1
(n ⫽ 6)
These data show that genetic ablation of CB1 does not alter the
showed a similar sensitivity to 6 and 12 kHz tones of increasing
potentiation
of auditory-evoked potentials induced by the forintensity (data not shown). Furthermore, there were no genotype
mation
of
a
tone–shock
association, indicating that both CB1 ⫹/⫹
differences in basic characteristics of the auditory-evoked poten⫺/⫺
and CB1
were able to discriminate between paired and neutials assessed at days ⫺2 and ⫺1 before the conditioning procetral
tones
and
therefore to form an associative memory compodure (Table 1). Fear conditioning led to a significant potentiation
nent
during
fear
conditioning. There is still the option that
of amplitude [CS: F(1,9) ⫽ 13.6, p ⫽ 0.005; time: F(3,27) ⫽ 6.9, p ⫽
CB1 ⫺/⫺ might be able to form a tone–shock association after
0.001; CS-by-time interaction: F(3,27) ⫽ 5.7, p ⫽ 0.004; three-way
three tone–shock pairings (as used here) but not after a single
ANOVA (genotype, CS, time) for repeated measures (CS, time)]
tone–shock pairing, as used in the behavioral experiments. How(Fig. 2C) and slope (CS: F(1,9) ⫽ 11.8, p ⫽ 0.007; time: F(3,27) ⫽
ever, the similar initial freezing response of CB1 ⫺/⫺ and CB1 ⫹/⫹
14.4, p ⬍ 0.0001; CS-by-time interaction: F(3,27) ⫽ 8.1, p ⫽ 0.001)
at day 1 (Fig. 1 B) as well as our previous study showing that
(Fig. 2 D) of the most-negative-going component of the field EP-
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Table 1. Basic characteristics of auditory-evoked potentials evoked by tone series of two different frequencies within the CA1 region of the dorsal hippocampus in CB1ⴚ/ⴚ
(n ⴝ 5) and CB1ⴙ/ⴙ (n ⴝ 6) during the baseline period day ⴚ2 and day ⴚ1 (compare Fig. 2)
6 kHz
12 kHz
Genotype

Latency (ms)

Amplitude (V)

Slope (V/ms)

Latency (ms)

Amplitude (V)

Slope (V/ms)

CB1⫺/⫺
CB1⫹/⫹

28.9 ⫾ 2.2
27.3 ⫾ 3.1

195.6 ⫾ 44.3
113.4 ⫾ 25.0

⫺24.6 ⫾ 6.0
⫺21.3 ⫾ 4.5

28.1 ⫾ 1.8
27.3 ⫾ 2.6

172.3 ⫾ 41.3
144.7 ⫾ 25.3

⫺21.2 ⫾ 3.9
⫺26.3 ⫾ 5.5

None of these parameters differed significantly between the two genotypes and the two tone frequencies (genotype: F(1,10) ⬍ 1.9, p ⬎ 0.202; frequency: F(1,10) ⬍ 0.5, p ⬎ 0.510; genotype by frequency: F(1,10) ⬍ 1.6, p ⬎ 0.240).

ditionally analyzed freezing responses to the
novel context before tone presentation and
observed either no or no consistent involvement of CB1 that would support the idea
that alterations in context generalization or
interference learning could explain the sustained freezing response of CB1 ⫺/⫺ to the
tone (supplemental Fig. 3, available at www.
jneurosci.org as supplemental material).
CB1 controls both within-session and
long-term fear adaptation
after sensitization
In previous studies, we showed that
CB1 ⫺/⫺ are impaired in both withinsession extinction and long-term extinction after fear conditioning (Marsicano et
al., 2002; Cannich et al., 2004). Now we
investigated the role of CB1 in the decrease
in the freezing response after repeated tone
presentations after sensitization proceFigure 3. CB1 deficiency impairs both within-session and long-term adaptation of sensitized fear. A, D, Mice with genetic dures (Fig. 3A). CB1 ⫺/⫺ showed a proablation of CB1 (A; CB1⫺/⫺, n ⫽ 10; CB1⫹/⫹, n ⫽ 15; included in Fig. 1B) and inbred mice with acute pharmacological blockade longed and stronger freezing reaction to
of CB1 before tone presentation [D; 3 mg/kg SR141716A (SR), n ⫽ 17; vehicle (V), n ⫽ 17] were exposed to a 180 s tone not only the tone than CB1 ⫹/⫹ not only during the
1 d but also 6 d after sensitization. B, E, Genetic ablation (B) and pharmacological inactivation (E) of CB1 caused similar impairfirst tone presentation (genotype: F(1,23) ⫽
ments in the decrease in sensitized fear during the first tone presentation. These impairments became even more pronounced
during the second tone presentations (mean ⫾ SEM). C, F, Both genetic ablation (C) and acute pharmacological blockade (F ) of 7.0, p ⫽ 0.014; genotype by interval:
CB1 impaired the long-term decrease in the freezing response from the first to the second tone presentation (mean). Data were F(8,184) ⫽ 2.9, p ⫽ 0.004) but also during
normalized either to 20 s observation intervals (B, D) or to the entire 180 s observation period (C, F ). *p ⬍ 0.05; **p ⬍ 0.01; the second tone presentation 5 d later (ge***p ⬍ 0.001. CSn, Tone after sensitization procedure; f, CB1⫺/⫺; 䡺, CB1⫹/⫹; , C57BL/6N mice treated with 3 mg/kg notype: F(1,22) ⫽ 7.8; p ⫽ 0.010) (Fig. 3B).
SR141716A; ƒ, C57BL/6N mice treated with vehicle; d0, day 0; d1, day 1; d6, day 6.
The same was the case in wild-type
C57BL/6N mice with pharmacological
blockade of CB1 with SR141716A before
pharmacological blockade of CB1 before tone re-exposure, but
tone presentation (Fig. 3D), both at day 1 (drug by interval:
not before conditioning, leads to a sustained freezing response to
F(8,256) ⫽ 5.4, p ⬍ 0.0001) and at day 6 (drug: F(1,32) ⫽ 9.8; p ⫽
the tone (Marsicano et al., 2002) strongly argue against impair0.003) (Fig. 3E). Accordingly, analysis of the development of the
ments in memory acquisition because of CB1 deficiency. Consetotal freezing response from day 1 to day 6 revealed significant
quently, the similarities in the freezing response of conditioned
effects of genotype (F(1,22) ⫽ 7.3; p ⫽ 0.012) (Fig. 3C) and drug
and sensitized CB1 ⫺/⫺ (Fig. 1C) cannot be explained by impair(F(1,32) ⫽ 4.7; p ⫽ 0.036) as well a significant drug-by-day interments in the formation of associative memories (Varvel and Liaction (F(1,32) ⫽ 4.7; p ⫽ 0.037) (Fig. 3F ). Whereas CB1 ⫹/⫹
chtman, 2002; Cannich et al., 2004; Suzuki et al., 2004; Holter et
showed a decrease in freezing from day 1 to day 6 (t(14) ⫽ 2.3; p ⫽
al., 2005; Varvel et al., 2005), but rather by alterations in the
0.039; paired t test), CB1 ⫺/⫺ failed to do so (t(9) ⫽ 0.24; p ⫽
processing of nonassociative memory components after fear con0.815) (Fig. 3C). Also, vehicle-treated (t(16) ⫽ 4.5; p ⬍ 0.0001)
ditioning and sensitization procedures.
but not antagonist-treated (t(16) ⫽ 0.03; p ⫽ 0.971) C57BL/6N
To further characterize the role of CB1 in fear extinction, from
mice (Fig. 3F ) showed a significant decrease in freezing from day
now on we mainly focused on sensitization experiments, because
1 to day 6. Together, these data demonstrate that the phenotype
nonassociative memories are directly accessible in such tasks and
of CB1 ⫺/⫺ cannot be ascribed to developmental effects of the
not confounded by the behavioral expression of associative memmutation or altered fear sensitization but to an acute involvement
ory components. Importantly, the nonassociative nature of the
of CB1 in within-session and in long-term fear adaptation.
sensitization procedures could be confirmed in a control experiCB1 ⴚ/ⴚ mice show normal safety learning
ment, which demonstrates not only that the increased freezing
In general, the impairment of CB1 ⫺/⫺ in extinction of the fear
response to the tone after sensitization persists for ⬃1 month but
response could be explained by an involvement of CB1 either in
also that it is independent from contextual memory/context geninhibitory associative (i.e., safety) learning [tone–no shock assoeralization (supplemental Fig. 2, available at www.jneurosci.org
ciation (Myers and Davis, 2002)] or in habituation-like processes
as supplemental material). To substantiate this conclusion, we ad-
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Figure 4. CB1 deficiency does not affect safety learning in a backward conditioning task. A,
Both CB1⫺/⫺ and CB1⫹/⫹ underwent a backward conditioning procedure in the conditioning
chamber, during which application of the footshock preceded the presentation of the 20 s tone.
Mice were re-exposed to the tone for 180 s in the test context the next day and 6 d later. B,
CB1⫺/⫺ (f, n ⫽ 10) and CB1⫹/⫹ (䡺, n ⫽ 12) showed the same freezing response to the
tone at day 1 after the backward conditioning procedure (mean ⫾ SEM). C, Both CB1⫺/⫺ and
CB1⫹/⫹ showed a significantly smaller freezing response to the tone after the backward conditioning procedure compared with the respective sensitized mice (䢇, 䡬; compare Fig. 1C). D,
CB1⫹/⫹, but not CB1⫺/⫺, showed a decrease in the freezing responses to the tones from day
1 to day 6 (mean). Data were normalized either to 20 s observation intervals (B, C) or to the
entire 180 s observation period (D). *p ⬍ 0.05; ***p ⬍ 0.001. f and 䢇, CB⫺/⫺; 䡺 and 䡬,
CB1⫹/⫹. CS⫺, tone after backward conditioning procedure; CSn, tone after sensitization procedure; d0, day 0; d1, day 1; d6, day 6.

(McSweeney and Swindell, 2002; Kamprath and Wotjak, 2004).
The first option seems to be unlikely, because CB1 is dispensable
for the formation of associative memories (i.e., tone–shock associations) (Figs. 1, 2) and extinction in an appetitive conditioning
task (Holter et al., 2005). Nevertheless, because acquisition and
extinction of fear behavior could rely on different molecular
mechanisms (Suzuki et al., 2004), CB1 could be specifically implicated in extinction of aversive memories through the formation of “tone–no shock” associations. To address this possibility,
we tested the tone–no shock association (i.e., safety learning) of
CB1 ⫺/⫺ in a backward conditioning task (Moscovitch and
LoLordo, 1968; Mackintosh, 1974), in which the shock preceded
the tone presentation (Fig. 4 A). After this procedure, there were
no significant differences between CB1 ⫺/⫺ and CB1 ⫹/⫹ in the
freezing response to the tone on the next day (Fig. 4 B and data
not shown). However, both CB1 ⫹/⫹ and CB1 ⫺/⫺ froze at substantially lower levels than the respective sensitized mice (compare Fig. 1 B), indicating that not only CB1 ⫹/⫹ (protocol by interval: F(8,288) ⫽ 4.5, p ⬍ 0.0001) (Fig. 4C) but also CB1 ⫺/⫺
(protocol: F(1,28) ⫽ 5.6, p ⫽ 0.025) (Fig. 4C) were able to form an
inhibitory association between the tone and the shock that partially suppressed expression of sensitized fear.
Importantly, although the two genotypes froze at comparable
levels at day 1, they differed in the development of the freezing
response from day 1 to day 6 (genotype by day: F(1,20) ⫽ 6.4, p ⫽
0.020) (Fig. 4 D) with CB1 ⫹/⫹ (t(11) ⫽ 3.1; p ⫽ 0.001; paired t
test) but not CB1 ⫺/⫺ (t(9) ⫽ 0.5; p ⫽ 0.606) decreasing their
freezing response on repeated tone presentation. Because safety
learning seems to be intact in CB1 ⫺/⫺, these differences point to
an involvement of CB1 in long-term habituation.

Kamprath et al. • CB1-Dependent Habituation and Fear Extinction

CB1 ⴚ/ⴚ mice are impaired in long-term habituation to a tone
To test whether CB1 receptors are generally involved in habituation to a tone, we exposed naive (nonshocked) CB1 ⫹/⫹ and
CB1 ⫺/⫺ mice to a loud 3 min tone of 95 dB at days 1 and 6 (Fig.
5A). At day 1, CB1 ⫺/⫺ and CB1 ⫹/⫹ showed a similar freezing
response to this loud tone (genotype: F(1,26) ⫽ 0.0, p ⫽ 0.952;
interval: F(8,208) ⫽ 31.0, p ⬍ 0.0001; genotype-by-interval interaction: F(8,208) ⫽ 0.4, p ⫽ 0.919) (Fig. 5B), indicating that CB1
does not affect perception of and behavioral response to a loud
tone. At day 6, however, CB1 ⫺/⫺ consistently froze at higher
levels than CB1 ⫹/⫹ (genotype: F(1,26) ⫽ 5.3, p ⫽ 0.029) (Fig. 5B),
with no difference in baseline freezing (supplemental Fig. 4, available at www.jneurosci.org as supplemental material). Comparison of the development of the total freezing response from day 1
to day 6 revealed a significant genotype-by-day interaction
(F(1,26) ⫽ 5.8; p ⫽ 0.022), reflecting the inability of CB1 ⫺/⫺ (t(12)
⫽ 0.3; p ⫽ 0.803; paired t test) but not CB1 ⫹/⫹ (t(14) ⫽ 6.0; p ⬍
0.0001) to decrease their freezing response from day 1 to day 6
(Fig. 5C). These data indicate that CB1 plays an important role in
long-term habituation to an aversive tone in mice without previous shock experience, even in situations when CB1 is not acutely
involved in within-session adaptation during the first tone
presentation.
Impairments in the decrease in freezing to a tone in sensitized
CB1 ⴚ/ⴚ mice relate to impaired habituation
To confirm that CB1-mediated habituation processes are responsible for the decrease in freezing after repeated tone presentation
in sensitized mice, we studied the consequences of pre-exposure
to a 3 min tone of 80 dB on the freezing response to the same tone
presented 1 and 6 d after sensitization (Fig. 6 A). If long-term
habituation processes indeed account for adaptation of acquired
fear responses, as assessed during a second tone presentation, it
should not matter whether the first tone presentation (i.e., the
induction of long-term habituation to that stimulus) occurred
before or after the sensitization procedure (Kamprath and Wotjak, 2004). Indeed, on day 1 after the sensitization procedure,
CB1 ⫹/⫹ with pre-exposure to the tone froze significantly less
than CB1 ⫹/⫹ without tone pre-exposure (protocol: F(1,31) ⫽
11.1, p ⫽ 0.002; protocol by interval: F(8,248) 2.8, p ⫽ 0.006) (Fig.
6 B). Moreover, CB1 ⫹/⫹ showed similarly low freezing levels during the second tone presentation, regardless of whether the first
tone presentation occurred before or after the sensitization procedure (Fig. 6 D). CB1 ⫺/⫺, in contrast, showed a strong freezing
response at day 1 (protocol: F(1,25) ⫽ 0.3, p ⫽ 0.541; protocol by
interval: F(8,200) ⫽ 1.3, p ⫽ 0.228) (Fig. 6 B), regardless of whether
the tone was previously presented or not. Noteworthy, tone preexposure at day 5 (Fig. 6 A) elicited only a negligible freezing
response compared with mice without tone presentation
(CB1 ⫹/⫹: 3.0 ⫾ 0.7% vs 0.1 ⫾ 0.0%; CB1 ⫺/⫺: 3.7 ⫾ 1.6% vs
0.5 ⫾ 0.2%) with no differences between the two genotypes (statistics not shown), indicating that expression of fear is not necessary for induction of CB1-dependent long-term habituation to
the tone.
At day 6, CB1 ⫺/⫺ showed a generally increased freezing response compared with CB1 ⫹/⫹ (genotype: F(1,56) ⫽ 10.6, p ⫽
0.002) (Fig. 6C), independently of the protocol [genotype by protocol: F(1,56) ⫽ 0.0, p ⫽ 0.902; genotype by protocol by interval:
F(8,448) ⫽ 0.8, p ⫽ 0.602; three-way ANOVA (genotype, protocol,
interval) for repeated measures (interval)]. As illustrated in Figure 6 E, CB1 ⫺/⫺ were not at all able to adapt to the tone, despite
repeated tone presentations [genotype: F(1,56) ⫽ 5.0, p ⫽ 0.029;
genotype by day: F(1,56) ⫽ 15.8, p ⬍ 0.001; genotype by protocol
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Figure 5. CB1 deficiency impairs long-term habituation to a loud tone. A, Naive CB1 ⫺/⫺ (n ⫽ 13) and CB1 ⫹/⫹ (n ⫽ 15)
were exposed to a loud tone of 95 dB at days 1 and 6. B, CB1 ⫺/⫺ and CB1 ⫹/⫹ showed a similar short-term habituation to the first
tone presentation but differed in their freezing response to the second tone presentation (mean ⫾ SEM). C, CB1 ⫹/⫹, but not
CB1 ⫺/⫺, showed a decrease in the freezing responses to the tones from day 1 to day 6 (mean). Data were normalized either to 20 s
observation intervals (B) or to the entire 180 s observation period (C). *p ⬍ 0.05. F, CB1 ⫺/⫺; E, CB1 ⫹/⫹; d1, day 1; d6, day 6.
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whereas the two CB1 ⫺/⫺ groups failed to
do so (t ⬍1.2; p ⬎ 0.297).
Together, these data demonstrate that
in wild-type mice, the decrease in freezing
on repeated tone presentation is independent of whether the first tone presentation
occurred before or after the sensitization
procedure. In CB1-deficient mice, in contrast, pre-exposure to the tone failed to significantly affect the freezing response to a
second tone presentation. The most parsimonious interpretation of these observations is that CB1 plays a central role in
long-term habituation to the tone and that
CB1-dependent habituation primarily accounts for the decrease in acquired fear after sensitization procedures.

Discussion
Extinction of aversive memories involves
at least two different processes: learning
about the association between a stimulus
and the nonappearance of a punishment
[here called safety learning (cf. Myers and
Davis, 2002)] and habituation to a repeatedly presented stimulus (cf. McSweeney
and Swindell, 2002; Kamprath and Wotjak, 2004). Recent work has shown that
different molecular mechanisms relate to
different aspects of extinction processing.
NMDA receptors, for instance, seem to
mediate predominantly associative memory components of extinction (Falls et al.,
1992; Santini et al., 2001; Walker et al.,
2002). The same is the case for L-type
voltage-gated calcium channels (Cain et
al., 2002), which are also involved in latent
inhibition but not in reduced contingency
Figure 6. Impaired long-term adaptation in CB1-deficient mice after sensitization results from impaired long-term habitua- effects (Cain et al., 2005). Calcineurin, in
tion. A, CB1⫺/⫺ and CB1⫹/⫹ were randomly assigned to one of two groups. Mice of the first group [tone (T); CB1⫺/⫺, n ⫽ 12; contrast, mediates extinction by circuit deCB1⫹/⫹, n ⫽ 17] were exposed to a 180 s tone in the test context 5 d before the sensitization procedure. Mice of the second group potentiation (i.e., weakening of the origi[no tone (NT); CB1⫺/⫺, n ⫽ 15; CB1⫹/⫹, n ⫽ 16] were also placed into the test context 5 d before the sensitization procedure, nal signaling) (Lin et al., 2003).
but without tone presentation. All mice were exposed to 180 s tones at days 1 and 6 after sensitization with a single 0.7 mA
Although extinction of conditioned
footshock. B, Freezing response to the tone at day 1. C, Freezing responses to the tone at day 6. D, Freezing response to the second fear critically depends on the endocantone presentation of mice with (T, day 1) and without (NT, day 6) tone presentation before the sensitization procedure. E, nabinoid system of the brain (Marsicano
Development of the freezing responses to the tones from days 1– 6. Data were normalized either to 20 s observation intervals et al., 2002; Cannich et al., 2004; Suzuki et
(mean ⫾ SEM; B–D) or to the entire 180 s observation period (mean; E). *p ⬍ 0.05; ***p ⬍ 0.001; ap ⬍ 0.001 versus all other
al., 2004; Chhatwal et al., 2005), the mechgroups; bp ⬍ 0.0005 versus the two CB1⫺/⫺ groups. f, CB1⫺/⫺ without tone pre-exposure; 䢇, CB1⫺/⫺ with tone pre⫹/⫹
⫹/⫹
exposure; 䡺, CB1
without tone pre-exposure; 䡬, CB1
with tone pre-exposure; d-5, 5 d before the sensitization anism by which CB1 mediates fear extinction remained speculative. This study
procedure; d0, day 0; d1, day 1; d6, day 6.
points to a specific involvement of the endocannabinoid system in the habituation
component of fear extinction. However,
by day: F(1,56) ⫽ 5.7, p ⫽ 0.021; three-way ANOVA (genotype,
besides habituation, there are still alternative explanations for the
protocol, day) for repeated measures (day)]. Post hoc analyses
data of the present study. For example, the experiment using tone
revealed that, at day 1, only CB1 ⫹/⫹ with pre-exposure to the
pre-exposure (Fig. 6) strongly resembles latent inhibition procetone froze significantly less than all of the other groups ( p ⬍
dures, in which pre-exposure to the to-be CS (e.g., a tone) before
0.001). At day 6, both CB1 ⫹/⫹ groups (with and without preconditioning results in a decreased conditioned response (e.g.,
exposure to the tone) froze at similar levels and considerably less
freezing) after conditioning (for review, see Lubow, 1973). When
than CB1 ⫺/⫺ ( p ⬍ 0.001). In accordance with our previous obwe applied tone pre-exposure before sensitization, we observed a
servations in naive mice (compare Fig. 5C), in mice after sensitidecreased freezing response to the tone after sensitization in
zation (Fig. 3, compare C, F ), and in mice after backward condiCB1 ⫹/⫹ but not in CB1 ⫺/⫺. Thus, CB1 ⫺/⫺ are possibly impaired
tioning procedures (compare Fig. 4 D), CB1 ⫹/⫹ without prein latent inhibition, which belongs, like extinction, to interferexposure to the tone showed a significant decrease in freezing
from day 1 to day 6 (t(15) ⫽ 32.6; p ⬍ 0.0001; paired t test),
ence paradigms. However, we did not use a true latent inhibition
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paradigm because we used sensitization instead of conditioning:
Mice received tone pre-exposure in the test context; 5 d later they
were sensitized in a different context without tone presentation
and re-exposed to the tone in the test context. To obtain interference in terms of latent inhibition, the animals should generalize
between the different contexts (Bouton, 1993).
Context generalization is known to be a general problem of
shock-sensitization paradigms, which relates to the fact that the
procedure of shock sensitization is essentially the same as the
contextual fear-conditioning procedure. The important difference between these paradigms relates to the test stimuli used for
memory retrieval: in contextual fear conditioning, the response
to the conditioning context is tested, and in sensitization, the
response to an unrelated (“nonassociative”) stimulus is tested in
a different context. Because shock sensitization of the startle response, which was originally attributed to nonassociative processes (Davis, 1989), was shown to relate to context generalization (Richardson, 2000), the nonassociative nature of fear
responses after sensitization is arguable. Thus, freezing responses
to the tone after sensitization could be attributed to the fact that
the entire experimental procedure, including experimental handling, signals the aversive experience, thus leading to interference
learning and context generalization. However, after a contextual
fear-conditioning/sensitization procedure, both CB1 ⫺/⫺ and
CB1 ⫹/⫹ displayed less conditioned freezing to the “shock context” than to an unconditioned tone in a different context [supplemental Fig. 2 (available at www.jneurosci.org as supplemental
material) vs Fig. 3], indicating that the animals used in our experiments are inferior in contextual learning. On repeated nonreinforced exposures to the shock context, CB1⫺/⫺ initially developed a more pronounced freezing response, which was later
extinguished (supplemental Fig. 2, available at www.jneurosci.
org as supplemental material). Nevertheless, CB1 ⫺/⫺ still showed
considerably more freezing than CB1 ⫹/⫹ to a subsequently presented tone. These results indicate that behavioral adaptation of
contextual fear and of unconditioned fear to the tone rely on
different mechanisms both involving CB1.
In general, the context is known to play a crucial role in different learning paradigms, for instance in extinction and latent
inhibition but also in habituation (Marlin and Miller, 1981; for
review, see Bouton, 1993). To further investigate the role of the
context in sensitized fear, we additionally analyzed the fear responses to the test context before tone presentation (supplemental Fig. 3, available at www.jneurosci.org as supplemental material). It became evident that CB1 ⫺/⫺ froze even less in the test
context than CB1 ⫹/⫹. Moreover, freezing responses to the tone
were more pronounced than freezing responses to the test context, thus rendering it unlikely that they result from context generalization. However, application of the CB1 antagonist
SR141716A to wild-type mice resulted in slightly increasing fear
responses to the context, which was not observed in CB1 ⫺/⫺
before the first tone exposure (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material) and might therefore relate to unspecific effects of SR141716A. Baseline freezing
before the second tone exposure was generally increased compared with baseline freezing before the first tone exposure (supplemental Fig. 3, available at www.jneurosci.org as supplemental
material). This could be explained by a secondary learning process associating the test context with the aversive tone exposure.
Additional experiments are necessary to verify this hypothesis.
However, in summary, our data indicate that the role of CB1 in
adaptation of sensitized fear to the tone cannot be ascribed to
context generalization and thus to differences in extinction of
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contextual memory. Nevertheless, CB1 seems to be involved, in
some aspects, in contextual learning (Suzuki et al., 2004; Pamplona and Takahashi, 2006). The underlying mechanisms remain
to be investigated, but they seem to be independent from CB1mediated habituation of the fear response to the tone.
In some of our experiments (e.g., unconditioned freezing to a
loud tone, backward conditioning, tone pre-exposure), CB1 was
shown to mediate long-term habituation without affecting
within-session fear adaptation during the first tone presentation.
It is likely that the sensitization procedure acutely activates certain neurotransmitter/modulator systems (e.g., corticotrophinreleasing hormone) (Koob et al., 1993; Walker et al., 2003), which
in turn increase the general responsiveness to potentially dangerous stimuli. During the first tone presentation, endocannabinoids may counteract this potentiation as retrograde messengers
that reduce neurotransmitter release from presynaptic terminals
(Schlicker and Kathmann, 2001; Alger, 2002; Wilson and Nicoll,
2002; Freund et al., 2003) once the averseness of the situation
exceeds a certain intensity. This downregulation of neuronal activation might explicitly involve a reduction in glutamatergic
transmission (Marsicano et al., 2003;Azad et al., 2003). For longterm habituation, in contrast, processing of the tone might be
accompanied by an activation of the endocannabinoid system
within an innate stimulus–response pathway (e.g., Mongeau et
al., 2003), even if the tones are not sufficient per se for inducing a
significant freezing response. In this scenario, activation of CB1
would lead to changes in neuronal excitability in the stimulus–
response pathway [e.g., by changing the activity status of kinases
and phosphatases (Cannich et al., 2004) that have been implicated in long-term retention of extinction of conditioned fear (Lu
et al., 2001; Lin et al., 2003)]. The differences in the involvement
of CB1 in short-term adaptation and long-term habituation
might also relate to CB1 activation on different neuronal populations (Marsicano and Lutz, 1999; Marsicano et al., 2003). It is
conceivable that physicochemical characteristics of CB1 (e.g.,
binding affinity to endocannabinoids) or the spatial proximity of
CB1 to the release sites of endocannabinoids differ between
GABAergic interneurons and glutamatergic neurons. In addition, CB1 might be coupled to different intracellular pathways, in
particular, because GABAergic interneurons do not express the
phosphatase calcineurin (Sik et al., 1998).
In general, the involvement of CB1 in fear extinction strikingly resembles the role of the endocannabinoid system in adaptation of stress responses (for review, see Hill and Gorzalka, 2005;
Viveros et al., 2005). This has potential implications for the interaction of the two processes (for review, see Korte, 2001), in
particular because tone presentations after fear conditioning or
sensitization procedures can be regarded as psychological stressors. Nevertheless, it seems to be unlikely that a sustained activation of the hypothalamic–pituitary–adrenocortical axis in CB1deficient mice after stressor exposure (Cota et al., 2003; Di et al.,
2003) plays a significant role in within-session extinction of the
fear response, because unrestrained release of corticosterone attributable to CB1 deficiency would be expected to facilitate rather
than to attenuate fear extinction (Yang et al., 2006). Long-term
fear extinction, in contrast, might well share common mechanisms with adaptation to homotypic stressors. In this context,
Patel et al. (2005) showed that the endocannabinoid system mediates habituation to repeated restraint stress. They observed an
increase in the level of 2-arachidonoyl glycerol in brain punches
from the amygdala complex from the first to the fifth restraint
stress episode. Furthermore, pharmacological blockade of CB1
during the fifth restraint episode resulted in a reversal of the
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habituation-like reduction in Fos expression in the infralimbic
and prelimbic cortices (Patel et al., 2005). Interestingly, these
brain regions are known to play a pivotal role in extinction
of conditioned fear (Milad and Quirk, 2002; Quirk et al., 2003;
Pare et al., 2004) and therefore may be involved in the
endocannabinoid-mediated long-term habituation described in
the present study as well.
In summary, our study provides a new conceptual framework
for understanding the role of CB1 in short- and long-term adaptation to aversive situations and emphasizes the importance of
CB1-mediated habituation in extinction of acquired fear. Our
protocol of prolonged stimulus presentations resembles the principle of exposure therapy, which is successfully used for the treatment of phobias and posttraumatic stress disorder (Wolpe, 1958;
Bartling et al., 1980; Ost et al., 1991; Foa and Riggs, 1993). Our
findings imply that the success of such therapies is, at least partially, based on successful habituation, thus suggesting the endocannabinoid system as both a vulnerability factor and potential
therapeutic target of anxiety disorders.
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Cannabis as a medical treatment for attention deficit disorder

●

"Why would anyone want to give their child an expensive pill... with unacceptable side effects, when
he or she could just go into the backyard, pick a few leaves off a plant and make tea for him or her
instead? Cannabinoids are a very viable alternative to treating adolescents with ADD and ADHD"

●

●

●

WASHINGTON - As a California pediatrician and 49-year-old mother of two teenage daughters, Claudia
Jensen says pot might prove to be the preferred medical treatment for attention deficit disorder - even in
adolescents.

●

While some wonder whether Jensen was smoking some wacky weed herself, the clinician for low-income
patients and professor to first-year medical students at the University of Southern California said her beliefs
are very grounded: The drug helps ease the symptomatic mood swings, lack of focus, anxiety and irritability
in people suffering from neuropsychiatric disorders like ADD and attention deficit/hyperactivity disorder.
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●
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"Cannabinoids are a very viable alternative to treating adolescents with ADD and ADHD.I have a lot of adult
patients who swear by it."
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Under California state law, physicians are allowed to recommend to patients the use of cannabis to treat
illnesses, although the federal government has maintained that any use of marijuana - medicinal or otherwise
- is illegal. The federal courts have ruled that physicians like Jensen cannot be prosecuted for making such
recommendations.
Jensen said she regularly writes prescriptions recommending the use of cannabis for patients -particularly
those suffering pain and nausea from chronic illnesses, such as AIDS, cancer, glaucoma and arthritis.
She has also worked with one family of a 15-year-old - whose family had tried every drug available to help
their son, who by age 13 had become a problem student diagnosed as suffering from ADHD. Under Jensen’s
supervision, he began cannabis treatment, settling it on in food and candy form, and he has since found
equilibrium and regularly attends school.
But not everyone is so high on the idea of pot for students with neurological illnesses. Subcommittee
Chairman Mark Souder, R-Ind., who invited Jensen to testify after reading about her ideas in the newspaper,
was hardly convinced by her testimony.
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"I do believe that Dr. Jensen really wants to help her patients, but I think she is deeply misguided when she
recommends cannabis to teenagers with attention deficit disorder or hyperactivity," he told Foxnews.com.
"There is no serious scientific basis for using marijuana to treat those conditions, and Dr. Jensen didn’t even
try to present one."
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Dr. Tom O’Connell, a retired chest surgeon who now works with patients at a Bay Area clinic for patients
seeking medical marijuana recommendations, is working on it. He said cannabis not only helps pain, but also
can treat psychological disorders. He is currently conducting a study of hundreds of his patients, whom he
said he believes have been self-medicating with pot and other drugs for years, and he hopes to publish a
paper on the subject soon.
"My work with cannabis patients is certainly not definitive at this point, but it strongly suggests that the
precepts upon which cannabis prohibition have been based are completely spurious," O’Connell said. Worse
yet, he added, the prohibition has successfully kept certain adolescents away from pot who now turn to
tobacco and alcohol instead.

Cáñamo info

Jensen, who said she believes Souder invited her to testify to "humiliate me and incriminate me in some
way," suggested that a growing body of evidence is being developed to back medical cannabis chiefly for
chronic pain and nausea. She said it is difficult, however, for advocates like herself to get the funding and
permission to conduct government-recognized tests on ADD/ADHD patients.
"Unfortunately, no pharmaceutical companies are motivated to spend the money on research, and the United
States government has a monopoly on the available cannabis and research permits," she told Congress.
Studies done on behalf of the government, including the 1999 Institute of Medicine’s "Marijuana and
Medicine: Assessing the Science Base," found that cannabis delivers effective THC and other cannabinoids
that serve as pain relief and nausea-control agents. But these same studies warn against the dangers of
smoking cannabis and suggest other FDA-approved drugs are preferable.
"We know all too well the dangerous health risks that accompany (smoking)," said Rep. Elijah Cummings, DMd., ranking member on the subcommittee, who like Souder, was not impressed by Jensen’s arguments. "It
flies in the face of responsible medicine to advocate a drug that had been known to have over 300
carcinogens and has proven to be as damaging to the lungs as cigarette smoking," added Jennifer
Devallance, spokeswoman for the White House Office of Drug Control Policy.
The government points to Food and Drug Administration-approved Marinol, a THC-derived pill that acts as a
stand-in for marijuana. But many critics say there are nasty side effects, and it’s too expensive for the
average patient.
On the other hand, Jensen and others say cannabinoids can be made into candy form, baked into food or
boiled into tea. They say that despite the FDA blessing, giving kids amphetamines like Ritalin for ADD
and other behavioral disorders might be more dangerous.
"Ritalin is an amphetamine - we have all of these youngsters running around on speed," said Keith
Stroup, spokesman for the National Organization for the Reform of Marijuana Laws.
"Although it flies in the face of conventional wisdom, it’s nevertheless true that cannabis is far safer and more
effective than the prescription agents currently advocated for treatment of ADD-ADHD," O’Connell said.
Stroup said if Souder’s intention was to harangue Jensen, he was unsuccessful in the face of her solid and
articulate testimony on April 1."It was a good day for her, and a good day for medical marijuana in Congress,"
he said.
Nick Coleman, a subcommittee spokesman, said Souder doesn’t "try to humiliate people.
"But to promote medical cannabis for teenagers with ADD... he does not feel that is a sound and scientific
medical practice," Coleman said. While the issue of treating adolescents with medical marijuana is fairly new,
the idea of using pot to treat chronically and terminally ill patients is not. Nine states currently have laws
allowing such practices. A number of lawmakers on both sides of the aisle have added that they want the
states to decide for themselves whether to pursue medical marijuana laws.
Among those lawmakers are Reps. Ron Paul, R-Texas, a physician; Dana Rohrabacher, R-Calif.; and
Barney Frank, D-Mass. "(Rep. Paul) believes there are some legitimate applications," like for pain and
nausea, said spokesman Jeff Deist. "But the real issue is that states should decide for themselves."
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Cannabis as a medical treatment for attention deficit disorder
After being tossed out by two high schools I took it upon myself to finish my high school
degree online, which during this time I also became a regular cannabis user. Smoking
cannabis helped me focus entirely on my work and even other aspects of my life where
otherwise I would become distracted and lose concentration. The list of ailments
cannabis has helped me overcome is virtually unfathomable and no other
pharmaceutical proved itself to be even remotely as effective, not to mention the
countless side-effects I endured consequently just to medicate myself legally.
Answer to this message
22 09 2008

Cannabis as a medical treatment for attention deficit disorder
I too have Adhd and am a frequent user of marijuana....i started smoking at 15 my
freshman year and now 2 years later at 17 have graduated high school a year early ...
My whole life i had to deal with the problems and side effects that come along with
standard stimulant treament and after smoking marijuana i was able to focus just as
good was happier and did not have the come downs of these so called safe drugs ...
anyone who thinks marijuana doesn’t help adhd either don’t have adhd or have never
smoked
Answer to this message
5 09 2008 by Auston Arellano

Cannabis as a medical treatment for attention deficit disorder
this sort of things pisses me right off,people dont like pot. so the stupid people say it cant
be the cure but i believe it is. i have a brother and another sister all with add and adhd.
out of all of us i am the one who smokes pot, and i say to you it works, i failed all
throught school. i could never concentrate, as soon as i was out of high school i began
smokeing pot and i saw so many changes things actually felt real i could focus and think
through things. recently i went back to classes to get my ged, and much to my suprise i
understand everything after being told how its down what never stuck before in school
works for me now, i dont think this is coincidental. weed is the cure
Answer to this message
4 06 2008 by John

Cannabis as a medical treatment for attention deficit disorder
I am really happy to read your words. I am ADD two and self medicate since 14
years, diagnose since 6 months. Cannabis saved my life. I have been able to
graduate a master degree. Since january I am involved in IACM ( http://www.acmed.
org). I am pushing up to create an interest group in the IACM .... so I recommand, if
you want to involve yourself in the cause, to join us (me and another lux patient) ....
The more we will be, the more we will be able to make things moving :-) Also I
recommand evrerybody who would be interested in ADD/ADHD and cannabis to
join IACM, and presenting as interest in ADD/ADHD. You will be welcome :-)I will be
reachable by the IACM.
Best to all and peace.
Ludo
Answer to this message
12 07 2008 by Ludozz
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Cannabis as a medical treatment for attention deficit disorder
Same here. I am not even a pot-crusader myself. I just try and apprehend
issues with an open mind. And I also feel like I’ve been self-medicating for my
vicious ADD for a long time. Weed seems to work... Now, a couple of things I
have noticed: Don’t smoke weed, but blend it in a juice, or a tea, or a cake or
whatever you want, but ingest it. Here’s why, I think:
Smoking weed (which usually means 2/3 joints a day to feel the effect long
enough) will knock you out, and in time depress you (does that to me anyway).
Or it will simply make you unable to continue growing in your life, go places, be
tight and all. After a while all those lost opportunities because you were too
spaced out to seize them are gonna catch up with you, and you won’t be much
happier for it.
Smoking it will make for a strong "spike" in effect, but a quick disappearance.
Like first you’re out of it, and then the buzz is gone, to caricature. Better to
ingest some, the release is a lot smoother, softer and lasts all through the day.
Finally I believe that there are a fair few cancerigens produced by the
combustion of weed, when you inhale it in your lungs, it is detrimental to your
respiratory system. Seems intuitively to be much healthier to ingest it for that
too.
I guess we all have different reactions to it, but here is, for what it’s worth, what
my investigations have yielded...
Also, multi-vitamin (including lots of magnesium which is too often missing in
our diet), and vigorous exercise work best for me. I think it’s important to treat it
by using all means available, at all levels at the same time. It’s a whole, holistic
issue...
Answer to this message
23 07 2008 by Stephane

Cannabis as a medical treatment for attention deficit disorder
After smoking for most of my collegiate career I have to agree that it has
helped me. I can also say that anything is easily abused whether it is the
conventional treatments for add or other things.... I am more curious about
ingesting this wonderful plant. I read the last post and agree with the affect
of smoking except when I smoke there is probably 1-3 hours of "highness"
and then I actually feel great and get alot done and am more social...
basically all aspects of my life seem to come together at once. With the
conventional treatments at least in the stimulant form I definitely got things
done but felt the come down and felt like I needed them. I also noticed my
social life suffered and found it hard to express myself. Now I am currently
trying out strattera (however you spell it) and I get almost all of the side
effects (I am still in the 1st month of the drug) I get nauseous, depressed,
mood swings, etc. most of which have been treated by smoking. I could not
say which is most effective the smoking or the prescription drug, becuase
in my state I cannot legally have a prescription for marijuana. However, If I
knew a reliable way to ingest I think it would help alot. I have tried brownies
but I try to eat healthy and wouldnt consider eating a bunch of butter and
sugar everyday. Also the dosage was way out of wack and I was "messed
up" for a couple days. Hence I would like to know what im doing before I do
that again...
Any help would be appreciated.
Answer to this message
14 09 2008 by duckmn56
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