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Flow in the Rat

 

Elliot A. Stein, Ph.D., Scott A. Fuller, William S. Edgemond, Ph.D., and William B. Campbell, Ph.D.

 

Recent biochemical data suggest that arachidonylethanolamide 
(AEA; anandamide) may be an endogenous ligand for brain 
cannabinoid receptors. The functional neuronal 
consequences of AEA binding to cannabinoid receptors are 
only poorly understood. Using regional cerebral blood flow 
(rCBF) as an indirect marker of neuronal activity, acute 
AEA administration dose-dependently depressed rCBF in 
unanesthetized rats. Although 3.0 mg/kg was ineffective in 
altering rCBF, 10 mg/kg led to a decrease in rCBF in seven 
brain areas including the amygdala, cingulate, frontal, 
prepyriform, sensorimotor, and claustrocortex. An 
additional 16 areas responded in a similar manner to AEA, 
but only after 30 mg/kg, including the CA1 and CA3 
regions of the hippocampus, the rostral core portion of the 
nucleus accumbens, and rostral caudate nucleus. Most of 

these rCBF effects dissipated between 15 and 20 min after 
drug administration, with only 4 regions, the basomedial 
and lateral amygdala, CA3 hippocampus and claustrocortex 
still depressed 60 min after an acute drug injection. No 
significant changes in heart rate, blood pressure, or blood 
gases were seen at the time of rCBF measurement, 
suggesting that the observed drug effects were neuronally 
mediated. Taken together with existing behavioral data, 
these data support the hypothesis that an endogenous 
cannabinoid neural system exists in mammalian brain and 
may help to explain the unique behavioral profile seen after 
cannabinoid administration.
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The behavioral profile seen in humans following ad-
ministration of marijuana has long been a source of in-
tense interest, because the unique syndrome produced
does not resemble that seen after any other psychoac-

tive substance. Subjectively, the cannabinoid syndrome
in humans includes sensory enhancement, errors in the
judgment of time and space, dissociation of ideas, delu-
sions, impulsivity, and hallucinations (Pertwee 1988).
For example, individuals often report that while under
the influence of cannabis, auditory, gustatory, and vi-
sual stimuli often seem more intense and pleasurable;
whereas, time often seems to proceed more slowly.
Memory loss, especially short-term or working mem-
ory, and attentional deficits are also hallmarks of can-
nabinoid intoxication (Chait and Pierri 1992; Schwartz
1993). The central nervous system mechanisms and
sites of action of these cognitive effects are still poorly
understood.
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Regional changes in cerebral blood flow and metabo-
lism are thought to reflect changes in regional neuronal
activity (Sokoloff 1981). Because specific cognitive or
drug-induced challenges are known to induce region-
ally specific changes in neuronal activity regional cere-
bral blood flow (rCBF), and glucose utilization (Sokoloff,
1981), various functional metabolic imaging procedures
have been employed in an attempt to understand better
marijuana’s neuroanatomical sites of action. Mathew
and colleagues (Mathew et al. 1989, 1992) measured
changes in rCBF following acute drug administration.
An increase in CBF was seen in experienced versus in-
experienced subjects with greater frontal and right hemi-
sphere blood flow seen 30 min after marijuana smoking.
These blood flow effects were not related to changes in
general circulation, respiration, or plasma tetrahydrocan-
nabinol (THC) concentrations (Mathew and Wilson
1993). In contrast, using intravenous 

 

D

 

9

 

 THC, the princi-
pal psychoactive agent in marijuana, Volkow et al.
(1991) reported an increase in glucose utilization (rCMR-
glu) only in the cerebellum when data were corrected
for changes in global metabolism. More recently, in a
population of THC abusers, Volkow et al. (1996) dem-
onstrated THC-induced increases in rCMRglu in the or-
bitofrontal and prefrontal cortex and basal ganglia that
correlated with the subjective sense of intoxication.
Baseline cerebellar rCMRglu rates were also lower in
abusers than control subjects. In contrast to the above
studies on human subjects, Margulies and Hammer
(1991) reported biphasic, dose-dependent effects of 

 

D

 

9

 

THC in most limbic (but not diencephalic/brainstem)
regions, with low doses causing an increase and high
doses a decrease in rCMRglu. We (Bloom et al. 1997)
have also demonstrated heterogenous decreases in
rCBF after acute 

 

D

 

9

 

 THC administration in the rat at
doses comparable to the high doses of Margulies and
Hammer (1991).

Despite these gains in our understanding of the neu-
roanatomical localization of 

 

D

 

9

 

 THC’s effect upon brain
activity, the recent discovery of an endogenous cannabi-
noid receptor in mammalian brain (Devane et al. 1988;
Howlett et al. 1990; Matsuda et al. 1993) and the exist-
ence of at least one endogenous compound that binds
to that receptor (Devane et al. 1992), has prompted re-
examination of the system. Arachidonylethanolamide
(anandamide; AEA) binds to rat brain membranes (Hil-
lard et al. 1995), inhibits the binding of synthetic can-
nabinoids to the receptor (Devane et al. 1992), inhibits
calcium currents in neuroblastoma cells (Mackie and
Hille 1992), and inhibits forskolin stimulated adenylate
cyclase activity in COS cells (Vogel et al. 1993) and rat
brain membranes (Childers et al. 1994). Several subse-
quent reports have suggested that AEA possesses bio-
logical activity similar to that of 

 

D

 

9

 

 THC. For example,
AEA depresses locomotor behavior, causes a mild hy-
pothermia, produces antinociception, and has profound,

but short-lived, cardiovascular effects (Crawley et al.
1993; Fride and Mechoulam 1993; Smith et al. 1994; Stein
et al. 1996; Varga et al. 1995). However, there are little data
to suggest whether AEA possesses psychoactive prop-
erties. Because the rat has been extensively used to de-
termine the behavioral properties of both 

 

D

 

9

 

 THC and
AEA, and because these drug-induced behavioral ac-
tions are likely induced by altered neuronal activity
within specific brain regions, we sought to determine
the profile of brain activity after acute AEA administra-
tion in the rat. It was hypothesized that the pattern of
drug-induced rCBF alterations would include limbic
and sensorimotor regional alterations, reflecting the
unique behavioral profile induced by 

 

D

 

9

 

 THC and AEA.
Because intravenous AEA is known to have a rapid

onset and a relatively brief duration of action (Stein et
al. 1996), and because under normal physiological con-
ditions, increases in neural activity are tightly coupled to
increased microcapillary perfusion and local delivery of
energy substrates (Busija and Heistad 1984), we employed
an autoradiographic procedure to measure changes in
rCBF (Sakurada et al. 1978) to determine the effects of
an acute, intravenous AEA injection on regional brain
activity in the rat.

 

MATERIALS AND METHODS

 

Forty-four male, Sprague–Dawley derived rats (Sasco,
Madison, WI, USA), weighing 250 to 325 g were group
housed in plastic tubs in a temperature controlled room
with lights off between 0830 to 2030 hrs. All experi-
ments and behavioral manipulations took place during
the rat’s dark (active) phase under ambient light condi-
tions. Food and water were available ad libitum. Prior
to blood flow determination, each rat experienced a re-
straint procedure of increasing duration for 5 days, pro-
gressing from 1 to 5 h/day. The restraint consisted of
gently immobilizing both fore and hind limbs by wrap-
ping the rat in a terry cloth towel. Rats rapidly accli-
mated to this restraint, ceased to struggle and would ac-
cept food and water if offered.

On the day of sacrifice, rats were anesthetized with
sodium pentobarbital (50 mg/kg), and femoral arterial
and venous catheters (PE10) were implanted into the
left leg and a second arterial catheter in the right leg.
Immediately following surgery, animals were placed
into the restraint and allowed to recover from anesthe-
sia for a minimum of 5 h. An intravenous injection of
500 IU/kg heparin was delivered in 0.5 ml saline 1 h
prior to drug treatment.

Groups of rats received one of four drug treatments
in 0.5 ml saline: either (1) saline or AEA at a dose of; (2)
3.0 mg/kg; (3) 10.0 mg/kg; or (4) 30.0 mg/kg. All injec-
tions were made by hand into the femoral vein over a
period of approximately 30 s and followed by 0.3 ml sa-
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line to flush the catheter. For the dose-response study,
rCBF measurement commenced 15 min after drug or
vehicle treatment; in the time course experiment, groups
of rats received 30.0 mg/kg AEA and were sacrificed
15, 20, and 60 min post drug administration.

RCBF was measured by the method of Sakurada et
al. (1978). Briefly, this autoradiographic method in-
volved the infusion of a 0.5 ml saline solution contain-
ing 100 

 

m

 

Ci/kg [

 

14

 

C]-IAP (45.5 mCi/mmol, Amersham)
at a constant rate over 30 s into the femoral vein. Arte-
rial blood samples (approximately 20–30 

 

m

 

l) were col-
lected every 5 s onto preweighed filter paper during the
entire 30 s infusion period. Blood flowed freely from the
6 to 7 mm length of PE 10 tubing, which had a dead
space of approximately 3 to 4 

 

m

 

l. At the end of the isotope
infusion period, rats were sacrificed by rapid decapitation
and the entire skull, less jaw and fur, was frozen in iso-
pentane (

 

2

 

50

 

8

 

C) and stored at 

 

2

 

80

 

8

 

C until sectioned.
Filter papers were immediately sealed in 7 ml count-

ing vials and reweighed. Radioactivity was determined
by liquid scintillation spectroscopy (Beckman LS6000TA
counter) 24 hr after the addition of 5 ml Budget Solve
(RPI, Mt. Prospect, IL, USA). Vials were vigorously vor-
texed several times to facilitate the elution of [

 

14

 

C] IAP
from the filter papers.

Brains were removed from skulls in a cryostat (Rei-
chert-Jung 1800) and subsequently sectioned into 20 

 

m

 

m
slices in the coronal plane at 

 

2

 

20

 

8

 

C, thaw mounted
onto glass slides, dried on a slide warmer, and apposed
to x-ray film (Fuji UM-MA) in standard cassettes (Wolf)
with calibrated [

 

14

 

C] methyl methacrylate standards
(Amersham) for up to 2 months. Following film devel-
opment, slides were stained with thionin for subse-
quent anatomic localization of regions of interest (ROI).
Brain regions were analyzed on an MCID Image Ana-
lyzer (Imaging Research, St. Catherines, ON, Canada)
with ROIs defined using the comparable stained section
as defined by the atlas of Paxinos and Watson (1986).
Five evenly spaced, bilateral densitometric measure-
ments were taken for each region analyzed and aver-
aged together for each rat.

Regional cerebral blood flow (ml/100 g/min) was
calculated on-line from the operational equation of
Sakurada et al. (1978) using the arterial radioactivity
concentration curves and film optical density calibra-
tion data to reflect final tissue concentration of radioac-
tivity. No correlation for catheter dead space was made,
because Jay et al. (1988) demonstrated that catheter
flow rates at least 40 times the dead space volume accu-
rately represented brain blood flow (our ratios gener-
ally ranged from 60–90 times dead space).

Concurrent with rCBF determination, heart rate and
mean arterial, diastolic, and systolic blood pressure
were determined on-line by means of a pressure trans-
ducer (Cobe Instruments, Arvada, CO, USA) and a CO-
DAS digital polygraph (Dataq Instruments, Columbus,

 

OH, USA) connected to the right femoral arterial cathe-
ter. Timed arterial blood samples were collected prior
to drug injection and again immediately preceding
rCBF determination and sacrifice. Samples were subse-
quently analyzed for pH, P

 

a

 

CO

 

2

 

, P

 

a

 

O

 

2

 

, and HCO

 

3

 

2

 

 us-
ing a blood gas analyzer (Model 995, AVL Scientific,
Roswell, GA, USA). Drug-induced behavioral assess-
ments were conducted during the post-drug period by
two independent observers who were blinded to the
treatment each rat received. Catatonia was assessed vi-
sually following placement of the rat’s fore- and hind-
limbs in various positions and noting their return to
previous location. Brief loud tone pulses and airpuffs to
the face were randomly presented to each rat, and the
animal’s response (vocalization, locomotion, orienting,
reflexia) was rated.

AEA was synthesized from arachidonyl chloride fol-
lowing the method of Devane et al. (1992), and stored
under N

 

2

 

 at 

 

2

 

20

 

8

 

C until used. Briefly, arachidonic acid
(AA) was added to dry dichloromethane with 1.2 equiv-
alents of oxalyl chloride in the presence of 1 equivalent of
dimethylformamide at 0

 

8

 

C to form the acid chloride of
AA. After 15 min, the acid chloride was added to a 10-
fold excess of ethanolamine and incubated for 60 min at
0

 

8

 

C. The reaction mixture was washed with water fol-
lowed by removal of the solvent under N

 

2

 

. AEA was sep-
arated from arachidonic acid using thin layer chromatog-
raphy on silica gel HL plates developed with hexane/
ethyl acetate/methanol (60/40/5) and stored under N

 

2

 

at 

 

2

 

20

 

8

 

C until used. Purity and identity of AEA was es-
tablished by NMR and mass spectrometry. The drug was
prepared fresh each day in an emulphor–ethanol vehicle
(1:1) and diluted with saline to maintain a constant injec-
tion volume of 0.5 ml. The physiological characterization
of AEA has been previously described (Stein et al. 1996).

A multvariate analysis of variance (MANOVA) of
treatment 

 

3

 

 variable 

 

3

 

 time (within subjects pre-post
drug) was performed on the physiologic/blood gas
data. To assess the acute effects of AEA, a two-way
analysis of variance (ANOVA) of treatment 

 

3

 

 drug was
performed on the heart rate and blood pressure data.
Differences between rCBF treatment groups were eval-
uated by individual one-way ANOVAs for each brain
area measured. A modified Bonferonni’s correction was
applied because of the large number of regions ana-
lyzed. As such, an 

 

a

 

 level of 0.001 was chosen for the
rCBF ANOVAs. Post-hoc comparisons were performed,
where appropriate, using the Neuman-Keuls’ Multiple
Range Test. A significance level of 0.05 was used for all
other physiological and rCBF measures.

 

RESULTS

 

The effects of acute AEA on physiologic parameters are
presented in Table 1. Analyses of variance performed
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on both the dose-response and time-course groups indi-
cated no significant alterations in any of the blood gas
parameters monitored, nor did the drug have an effect
on heart rate or mean, systolic, or diastolic blood pres-
sure when measured immediately prior to rCBF deter-
mination. This is not to say that AEA had no effect on
these physiological systems. We and others (Crawley et
al. 1993; Stein et al. 1996; Varga et al. 1995) have re-
ported dramatic, short-term alterations in heart rate
and blood pressure following acute AEA administra-
tion. However, at the time of sacrifice (15, 20, or 60
min), these systemic effects had long since returned to
baseline values.

Although mildly restrained in a towel, intravenous
AEA administration exerted profound, brief duration,
dose-related behavioral effects in the unanesthetized
rat. Administration of either 10 or 30 mg/kg AEA pro-
duced an immediate waxy catatonia; rats receiving the
high dose became ataxic and often lost their righting re-
flex. This behavioral state lasted for about 14 min fol-
lowing 30 mg/kg and 5 min following the 10.0 mg/kg
dose group. In contrast, the 3 mg/kg dose produced
virtually no behavioral depression, and it was difficult
to identify this group from vehicle controls on the basis
of visual inspection.

In spite of their catatonia, rats displayed a hypersen-
sitivity to many environmental stimuli including audi-
tory and somatosensory stimulation. Brief, loud sounds
(a tone pulse) induced reflexive vocalization and es-

cape-like responses. Rats would immediately orient to
the stimulus, only to return to the cataleptic-like state in
the absence of any external stimuli. This hyperreflexia
was similar to the behavior seen in rodents after THC
administration (Dewey 1986). However, in contrast to
the immediate onset of catatonia, the hyperreflexia had
a more delayed onset; for the high dose, a delay of be-
tween 5 to 10 min ensued with a duration of effect that
averaged more than 20 min (range 14–43 min). At 10
mg/kg, onset varied from 2 to 5 min and lasted for
about 15 min (range 8–35 min); whereas, the hyperre-
flexia following 3.0 mg/kg AEA was quite mild and
only occasionally seen.

The effects of acute AEA administration on rCBF are
given in Table 2. Analyses of variance for the dose-
response and time-course treatment groups revealed a
heterogeneous, dose- and time-dependent depression
in rCBF. No increases in rCBF were ever observed at
any time point or after any dose of AEA in any brain re-
gion measured. When determined 15 min after drug ad-
ministration, the lowest dose of AEA had no effect on
brain activity in any of the measured regions as as-
sessed by rCBF. However, following 10.0 mg/kg AEA,
7 of 59 areas demonstrated reduced blood flow. These
regions included the basomedial and lateral anygdaloid
nuclei, and five cortical areas: cingulate, frontal, agran-
ular preinsular (claustrocortex; AIP), prepyriform, and
primary auditory (TE1) cortex. Blood flow in most of
these regions was significantly reduced further after 30

 

Table 1.

 

Physiological Effects of Anandamide (AEA)

 

Time Saline
3.0mg/kg
@ 15min

10mg/kg
@15min

30mg/kg
@15min

30mg/kg
@20min

30mg/kg
@60min

 

pH 0 7.397 

 

6

 

 0.02 7.433 

 

6

 

 0.02 7.451 

 

6

 

 0.03 7.392

 

 6

 

 0.02 7.405 

 

6

 

 0.02 7.434 

 

6

 

 0.02
1 7.409 

 

6

 

 0.02 7.428 

 

6

 

 0.02 7.402 

 

6

 

 0.07 7.302

 

 6 

 

0.03 7.366 

 

6

 

 0.03 7.419 

 

6

 

 0.03
pCO

 

2

 

0 39.6

 

 6 

 

2.3 37.7 

 

6

 

 2.0 34.7 

 

6

 

 4.6 41.0 

 

6 

 

2.7 40.1

 

 6

 

 1.8 39.0 

 

6

 

 3.0
(mm Hg) 1 38.7

 

 6

 

 1.8 36.7 

 

6

 

 4.0 36.8 

 

6

 

 5.1 42.2 

 

6

 

 4.7 42.6

 

 6

 

 1.6 40.4

 

 6

 

 4.1
pO

 

2

 

0 85.2

 

 6

 

 5.1 85.9 

 

6

 

 4.9 89.6 

 

6

 

 8.0 94.9

 

 6

 

 19.3 88.9 

 

6

 

 6.9 89.4 

 

6

 

 5.4
(mm HG) 1 84.9 

 

6

 

 2.6 88.8 

 

6

 

 4.4 90.9 

 

6

 

 8.4 86.1 

 

6

 

 6.4 90.0 

 

6 

 

7.8 88.0 

 

6

 

 6.0
HCO

 

3

 

 

 

–

 

0 24.6 

 

6

 

 1.4 24.4 

 

6

 

 1.0 23.2 

 

6

 

 1.8 24.2 

 

6

 

 1.8 24.4 

 

6

 

 0.7 25.3 

 

6

 

 2.0
(mEquiv) 1 23.7 

 

6

 

 1.1 23.5 

 

6

 

2.4 22.8 

 

6

 

 5.4 20.4 

 

6

 

 3.2 23.7 

 

6

 

 1.8 25.7 

 

6

 

 1.4

 

n

 

7 7 7 8 5 6

MAP 0 128.5 6 12.3 127.2 6 7.7 125.8 6 8.3 128.0 6 13.0 121.3 6 6.5 130.8 6 10.6
(mmHg) 1 123.5 6 17.9 125.8 6 6.4 130.3 6 0.4 130.5 6 0.5 130.5 6 0.5 105.0 6 6.3

Systolic 0 155.5 6 20.6 152.8 6 11.6 152.5 6 18.0 161.7 6 16.5 149.4 6 12.3 168.4 6 17.8
(mm Hg) 1 148.2 6 27.7 152.1 6 6.0 155.7 6 0.5 155.7 6 0.5 155.7 6 0.5 125.3 6 16.0

Diastolic 0 101.6 6 10.0 101.7 6 6.1 100.1 6 5.8 94.4 6 11.1 93.2 6 8.2 93.1 6 3.3
(mm Hg) 1 98.8 6 13.7 99.4 6 7.3 105.4 6 0.3 105.4 6 0.5 105.3 6 0.4 84.6 6 3.7

Heart Rate 0 501.4 6 21.1 489.4 6 31.5 507.7 6 26.0 520.7 6 26.0 499.7 6 32.3 520.6 6 3.5
(beats/min) 1 499.7 6 26.0 483.2 6 42.4 522.2 6 0.7 522.6 6 0.4 521.9 6 0.9 481.1 6 35.5

n 7 8 6 8 5 3

The dose-response effects of 3.0, 10.0 and 30 mg/kg AEA and saline on physiological variables before drug administration (time = 0) and immedi-
ately preceding animal sacrifice and rCBF determination (t = 1) at either 15, 20 or 30 min post drug administration. Data represents the mean 6 SEM
for each of the measures. MAP = mean arterial pressure; n = number of animals/measurement. There were no significant differences in any of the
parameters after any dose of AEA.
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mg/kg AEA (except in caudal AIP and TE1); whereas,
16 additional regions were effected only at the highest
dose. Included in this latter group were the hippocam-
pus (CA1 and CA3), nucleus accumbens, caudate nu-
cleus, diagonal band of Broca, and all eight of the
amygdaloid nuclei measured. Finally, large regions of
the neuraxis were apparently unaffected in the current
paradigm, including all measured regions of the thala-
mus, hypothalamus and subthalamus, the olfactory tu-
bercle, ventral tegmental area, substantia nigra, and the
shell portion of the nucleus accumbens. Figure 1 illus-
trates the dose-dependent properties of AEA on se-
lected brain regions.

Separate groups of rats received 30 mg/kg AEA and
were sacrificed at 15, 20, and 60 min post drug administra-
tion. Analyses of variance indicated that of those regions
depressed by AEA (see Table 2), only four (basomedial
and lateral amygdala, CA3 region of the hippocampus,
and the AIP) remained depressed 60 min after AEA ad-
ministration. In all other regions affected, drug action
dissipated sometime between the 20 and 60 min time
points. There were no differences between the 15 and 20
min groups.

DISCUSSION

Acute AEA administration produced a dose-dependent
reduction in rCBF in the rat brain. Together with the ab-
sence of significant drug-induced changes in cardiovas-
cular and blood gas levels at the time of rCBF measure-
ment, and in view of the known coupling between
neuronal activity, local cerebral metabolic activity and
blood flow (Sokoloff et al. 1977), these data suggest that
AEA heterogeneously depressed local brain activity.
Although the threshold to the AEA effect was seen at 10
mg/kg when measured 15 min after drug administra-
tion, the majority of affected brain structures were de-
pressed only following the 30 mg/kg dose. AEA’s du-
ration of effect lasted somewhere between 20 and 60
min in most of these regions; only four were still de-
pressed at 60 min. Finally, consistent with the unique
behavioral profile seen after THC and AEA administra-
tion, the distribution of brain structures altered was un-
like that seen after any other abused substance (Porrino
et al. 1988; Stein and Fuller 1992; Trusk and Stein 1987)
and provides insight into the sites and mechanisms un-
derlying the behavioral profile of AEA. The significance
of depressed rCBF (or neuronal activity for that matter),
is still unknown in many cases, because inhibition of in-
hibitory processes may result in an opposite polarity of
effect. Thus, the most parsimonious conclusion from
these data are that AEA has an apparent physiological
role in modulating the function of these structures. The
discussion below outlines some of the key regional find-
ings and how AEA may play a role in their function.

In animal models, D9 THC administration alters loco-
motor behavior, induces hypothermia, antinociception,
static ataxia, and is anticonvulsant (Dewey 1986). Hy-
perresponsivity to auditory and tactile stimulation is
also characteristic in both rats and mice (Dewey 1986;
Ferri et al. 1981). Although mildly restrained, a similar
behavioral profile was noted in the present study and
has been reported by others after acute AEA adminis-
tration in rodents (Crawley et al. 1993, Fride and
Mechoulam 1993; Smith et al. 1994, Stein et al. 1996,
Varga et al. 1995). The use of barbiturates to anesthetize
our animals for catheter implantation prior to AEA de-
livery and rCBF determination is not thought to have
interfered with the experimental outcome. At least 5 h
elapsed from surgery to AEA administration (enough
time for anesthetic metabolism), and no noticeable dif-
ferences could be discerned between the behavioral re-
sponses to AEA in these animals compared to our pre-
vious report using unanesthetized rats (Stein et al.
1996). Furthermore, we (Stein and Fuller 1992) and oth-
ers (Sakurada et al. 1978) have used this procedure in
the past, and rCBF values from saline injected control
animals in the present study are in general agreement
with previously published baseline data.

Catalepsy is a hallmark of both D9 THC and AEA ad-
ministration in rodents and can be generated after ei-
ther peripheral (Ferri et al. 1981; Pertwee 1972) or direct
central administration into the caudate nucleus (Gough
and Olley 1978), but not the globus pallidus (Pertwee
and Wickens 1991). Although both the pallidum and
caudate nuclei possess dense cannabinoid receptors
(Herkenham et al. 1991b), functional measures have
yielded disparate results. We previously reported that
D9 THC depressed rCBF in the pallidum (Bloom et al.
1997). In the present study, IV AEA depressed caudate
nucleus rCBF, but only after the highest dose adminis-
tered. Methodological differences such as dose equiva-
lence and measurement time may account for this dis-
tinction. The duration of action of AEA is significantly
shorter than THC, and its potency has been estimated
to be 4 to 20 times less than D9 THC (Smith et al. 1994).
Also, cannabinoid receptors, whether found on local in-
terneurons or projection cells, may lead to different cel-
lular responses when activated by AEA versus D9 THC.
Such functional differences may help to explain some of
the distinct motor related deficits seen after administra-
tion of each of the two drugs.

Both AEA and cannabis possess moderate analgesic/
antinociceptive properties that act through both spinal
and supraspinal mechanisms (Lichtman and Martin
1991; Martin et al. 1993; Smith and Martin 1992; Stein et
al. 1996; Welch et al. 1994). Among its mechanisms of
action, D9 THC is thought to modulate pain threshold
by altering the perception, and/or the affective appreci-
ation of the sensory stimulus (Noyes et al. 1975). Sev-
eral of the structures depressed in this study have been
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Table 2. Effects of Anandamide on rCBF

Significance

Area
(1)

Saline

(2)
3mg/kg
@15min

(3)
10mg/kg
@15min

(4)
30mg/kg
@15min

(5)
30mg/kg
@20min

(6)
30mg/kg
@60min

Dose-Response
Groups
1,2,3,4

Time-Course
Groups
1,4,5,6

Mesolimbic
Amygdala

Basolat. n. 122 6 15 133 6 11 95 6 11 61 6 4 66 6 5 91 6 9 all . 4 1 . 4,5
Basomedial n. 124 6 14 144 6 13 87 6 8 52 6 4 55 6 4 90 6 14 1,2 . 3 . 4 1 . all
Lateral n. 138 6 16 155 6 16 94 6 10 52 6 4 55 6 4 86 6 10 1,2 . 3 . 4 1 . all
Central n. 100 6 12 105 6 8 85 6 8 54 6 4 59 6 4 72 6 10 all . 4 1 . 4,5
Corticomed. n. (R) 136 6 16 146 6 15 100 6 10 64 6 5 75 6 7 98 6 9 1,2 . 4 1 . 4,5
Corticomed. n. (C) 120 6 13 141 6 15 89 6 8 54 6 4 59 6 4 97 6 16 all . 4; 2 . 3 1,6 . 4,5
Medial n. 114 6 13 129 6 12 99 6 9 57 6 3 64 6 5 93 6 13 all . 4 1 . 4,5
HI n. 125 6 13 149 6 14 96 6 8 57 6 4 62 6 6 116 6 20 all . 4; 2 . 3 1,6 . 4,5

Bed n. stria terminalis 95 6 11 103 6 9 95 6 13 62 6 4 72 6 6 95 6 11
Claustrum 138 6 14 150 6 5 120 6 12 75 6 5 80 6 6 114 6 11 all . 4 1 . 4,5
Dentate Gyrus 115 6 14 116 6 7 90 6 8 61 6 4 69 6 6 88 6 8
Diagonal Band of Broca 174 6 23 188 6 13 180 6 16 124 6 8 133 6 9 182 6 21 1,2 . 4 1 . 4,5
Hippocampus

CA1 104 6 12 107 6 6 84 6 8 55 6 4 62 6 5 81 6 8 all . 4 1 . 4,5
CA3 105 6 12 102 6 8 75 6 8 51 6 3 57 6 5 72 6 7 1,2 . 4; 2 . 3 1 . all

Lateral Septum 134 6 17 144 6 8 126 6 11 77 6 4 86 6 7 108 6 11
Medial Septum 168 6 23 178 6 9 169 6 16 106 6 6 122 6 8 150 6 16
Nucleus Accumbens (NAS)

Core (R) 171 6 21 179 6 7 172 6 15 96 6 6 116 6 11 158 6 19 all . 4 1,6 . 4; 1 . 5
Core (C) 145 6 17 153 6 8 145 6 14 85 6 5 103 6 10 146 6 17
Shell (R) 179 6 23 189 6 9 181 6 16 108 6 7 125 6 12 172 6 21
Shell (C) 148 6 19 169 6 11 152 6 13 105 6 8 120 6 13 145 615

Olfactory Tubercle
(R) 177 6 25 191 6 9 157 6 14 100 6 6 119 6 11 211 6 34
(C) 154 6 19 168 6 12 136 6 10 91 6 6 108 6 9 165 6 19

Ventral Tegmental Area 150 6 21 164 6 11 157 6 14 105 6 9 121 6 12 157 6 16
Neocortical

Cingulate cx.
(R) 192 6 22 197 6 11 145 6 15 87 6 4 101 6 7 151 6 20 all . 4; 1 . 3 1,6 . 4; 1 . 5
(C) 181 6 22 183 6 9 151 6 16 87 6 5 102 6 7 158 6 17 all . 4 1,6 . 4,5

Claustrocortex (AIP)
(R) 146 6 16 143 6 11 104 6 12 66 6 4 76 6 5 99 6 14 all . 4; 2 . 3 1 . all
(C) 169 6 23 169 6 12 109 6 12 67 6 5 75 6 5 101 6 17 1,2 . 3,4 1 . all

Entorhinal cx. 114 6 12 135 6 11 92 6 9 54 6 3 62 6 6 91 6 13 all . 4; 2 . 3 1 . 4,5
Motor cx-2º 188 6 21 179 6 9 135 6 14 86 6 5 102 6 8 155 6 22 all . 4; 1 . 3 1,6 . 4,5
Partietal cs, 1ºSS 179 6 19 174 6 9 148 6 15 95 6 5 111 6 10 179 6 24 all . 4 1,6 . 4,5
Prepyriform cx. 196 6 25 204 6 14 141 6 13 85 6 5 99 6 6 175 6 19 1,2 . 3 . 4 1,6 . 4,5
Temporal cx:

Auditory Cx (TE1) 291 6 39 318 6 33 177 6 18 92 6 7 111 6 7 247 6 26 1,2 . 3,4 1,6 . 4,5
Auditory Cx (TE3) 281 6 42 317 6 40 205 6 21 103 6 6 126 6 10 286 6 36 all . 4 1,6 . 4,5

Diencephalon
Arcuate n. 140 6 16 140 6 13 122 6 14 84 6 6 99 6 11 130 6 16
Thalamus

Lat. dorsal nucleus 162 6 20 165 6 14 158 6 20 103 6 7 113 6 9 138 6 16
Medial dorsal n. 206 6 25 219 6 18 204 6 25 144 6 11 158 6 12 210 6 25
Reuniens n. 168 6 20 186 6 16 185 6 25 124 6 8 135 6 9 172 6 23
Ventral post. lateral 184 6 22 192 6 16 194 6 23 134 6 11 150 6 12 210 6 24

Habenula
Lateral 236 6 30 254 6 21 251 6 28 139 6 10 160 6 15 224 6 22
Medial 192 6 24 215 6 17 209 6 25 115 6 7 128 6 14 195 6 27

 (continued)
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implicated in sensory reception or perceptual processing
and may be candidate structures for cannabinoid-induced
antinociception including the primary somatosensory
cortex, cingulate, calustrocortex, and amygdala. Other
brain regions where cannabinoid receptors have been
implicated in antiocicpetion, such as the brainstem and
spinal cord, were not measured in this study.

THC is known to impair cognitive performance in
humans, especially on tasks requiring either time per-
ception or memory and learning tasks engaging work-
ing memory and free recall (Chait and Pierri 1992). In
rodents, impairment on such tasks as delayed match to
sample and radial arm maze have been reported fol-
lowing D9 THC (Heyser et al. 1993; Lichtman et al.
1995), although AEA failed to impair memory on either
of these tasks (Crawley et al. 1993). The hippocampus
has long been thought to play a prominent role in mem-
ory processes, especially declarative memory formation
(Squire 1987). High concentrations of cannabinoid re-
ceptors are seen in the rat hippocampus (Herkenham et
al. 1991a; Jansen et al. 1992; Thomas et al. 1992), and
AEA synthesis is greatest in this area (Devane and Ax-

elrod 1994). Heyser et al. (1993) reported decreases in
hippocampal cell firing along with working memory
impairment following THC. The rodent hippocampus
also has been implicated in spatial processing, because
cells in this area fire when animals are in a particular
place in its environment (O’Keefe 1979). THC is well
known for its spatial perceptual alterations. The current
finding that AEA decreases rCBF in hippocampal re-
gions CA1, CA3, and entorhinal cortex and that drug
induced alterations in CA3 last at least 60 min after
drug administration is consistent with these behavioral
and biochemical observations. Moreover, one of the
principal targets of the rat hippocampus and entorhinal
cortex is the cingulate cortex (Swanson 1981), a struc-
ture also demonstrating depressed rCBF after AEA.
However, we must be cautious in attributing causation
in this circuit, because these regions are prominently re-
ciprocally connected (Finch 1993).

Marijuana is known for its ability to alter temporal
and spatial motor perception and performance. One
manifestation of this impairment is the high incidence of
vehicular motor accidents reported in THC-intoxicated

Table 2. (continued)

Significance

Area
(1)

Saline

(2)
3mg/kg
@15min

(3)
10mg/kg
@15min

(4)
30mg/kg
@15min

(5)
30mg/kg
@20min

(6)
30mg/kg
@60min

Dose-Response
Groups
1,2,3,4

Time-Course
Groups
1,4,5,6

Hypothalamus
Lateral n. (R) 114 6 16 128 6 11 101 6 10 80 6 4 84 6 5 108 6 10
Lateral n. (C) 131 6 15 141 6 12 139 6 14 88 6 5 104 6 10 134 6 15
Medial preoptic area 122 6 17 132 6 11 116 6 15 73 6 5 84 6 7 119 6 11
Posterior n. 149 6 19 159 6 10 162 6 17 104 6 9 118 6 9 158 6 20
Ventral medial n. 127 6 14 136 6 12 135 6 15 81 6 6 101 6 10 136 6 17

Zona Incerta 149 6 19 165 6 13 155 6 17 105 6 7 116 6 11 147 6 17
Basal Ganglia

Caudate n.
(R) 157 6 16 174 6 9 163 6 13 99 6 6 112 6 8 158 6 18 all . 4 1 . 4,5; 6 . 4
(M) 162 6 17 174 6 9 162 6 14 101 6 6 124 6 10 164 6 17 all . 4 1,6 . 4; 1 . 5
(C) 140 6 16 151 6 10 132 6 14 82 6 5 100 6 8 144 6 15

Endopiriform n. 118 6 16 129 6 9 93 6 10 55 6 3 61 6 4 93 6 12 all . 4 1 . 4,5
Globus Pallidus 95 6 11 101 6 6 94 6 10 68 6 4 76 6 6 98 6 10
Substantia Innominata 93 6 12 97 6 8 85 6 8 62 6 3 70 6 5 86 6 9
Substantia Nigra

Pars reticulata 111 6 14 124 6 8 116 6 11 82 6 7 92 6 8 112 6 11
Pars compacta 122 6 15 138 6 9 129 6 12 90 6 8 105 6 9 132 6 13

Subthalamus 173 6 20 195 6 12 187 6 20 131 6 9 156 6 16 213 6 24
Ventral Pallidum 104 6 13 112 6 9 97 6 11 63 6 4 76 6 6 103 6 10

Isles of Calleja (R) 166 6 23 172 6 7 158 6 15 87 6 5 105 6 10 175 6 24
Isles of Calleja (C) 139 6 16 151 6 7 129 6 12 86 6 5 93 6 7 150 6 18

White Matter 71 6 9 66 6 2 59 6 5 39 6 2 41 6 3 51 6 6

n 9 8 7 8 7 5

Effects of anandaminde (AEA) on regional cerebral blood flow 15 min after the IV administration of saline (1) or 3.0 mg/kg AEA (2), 10.0 mg/kg
AEA (3), 30.0 mg/kg AEA (4), 20 min after 30.0 mg/kg AEA (5) and 60 min after 30 mg/kg AEA (6). Significant between group differences as deter-
mined by analysis of variance and Neuman-Keuls’ Multiple Range Test are given for the groups indicated in the two columns on the right. Data rep-
resent mean 6 SEM regional cerebral blood flow (ml/100g/min). Number of rats per group denoted at the bottom. R 5 rostral, M 5 middle, C 5
caudal.
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individuals (Moskowitz 1985). The cingulate cortex re-
ceives important afferents from numerous cortical regions
including motor, auditory, and visual regions (Finch 1993).
We observed reduced rCBF at both 10 and 30 mg/kg in
sensorimotor cortex in the present study. These path-
ways may provide a neuroanatomical substrate upon
which THC and AEA exert an influence on the association
between sensory inputs and spatial-motor processing.

The structure most affected by AEA in this study
was the amygdala, part of the limbic system and lo-
cated in the temporal lobe. Among other functions, it
has been hypothesized that the amygdala processes or
responds to the motivational aspects of sensory stimuli
(Gloor 1975). Together with the nucleus accumbens
(NAS), the basal amygdala has been linked to a net-
work subserving, on the one side, stimulus-reward
and/or punishment processes (Cador et al. 1989) and
on the other, motor behavior subserving biological
drives (Mogenson et al. 1980). Seven specific subnuclei
within the amygdala demonstrated significant reduc-
tions in rCBF with two, the basomedial and lateral nu-
clei, among those brain regions revealing both the high-
est sensitivity to AEA and the longest duration of drug
effect. The amygdaloid complex has direct and indirect
connections with both the hippocampus and cingulate

(Finch 1993) as well as prominent reciprocal connec-
tions with the thalamus, basal ganglia, hypothalamus,
temporal cortex, and septal area (Martin et al. 1993).
Specific basolateral amygdaloid complex afferents project
to the prefrontal and claustrocortex (Krettek and Price
1977) and both the ventral and dorsal striatum (Kelley
et al. 1982). It is noteworthy that all of these regions (i.e.,
frontal and AIP cortex, caudate and NAS) were signifi-
cantly altered following AEA, and together with the
amygdala, seem to comprise both a neuroanatomical
and functional circuit that may play a role in the rein-
forcing properties of the cannabinoids.

Although the pharmacokinetics of THC probably are
responsible for the difficulty in successfully employing
the animal self-administration model of drug reinforce-
ment, the widespread use of marijuana in society speaks
to the drug’s reinforcing properties (Compton et al. 1996).
Data reported over the years by Gardner and colleagues
support the hypothesis that mesocorticolimbic dopa-
mine pathways are activated by THC much like other
drugs of abuse (Wise and Rompre 1989). D9 THC facili-
tates reinforcing electrical brain stimulation (Gardner
and Lowinson 1991; Gardner et al. 1988) and enhances
dopamine transmission (Chen et al. 1993; Chen et al.
1990). A relatively high concentration of cannabinoid

Figure 1. Dose-response effects of anandamide-induced alterations in rCBF in representative brain regions. Data are mean 6
SEM rCBF (ml/100g/min). In each region altered by AEA, the 10.0 mg/kg dose significantly depressed rCBF from saline
baseline (and the 3.0 mg/kg group); whereas, 30.0 mg/kg further significantly reduced rCBF compared to the middle dose.
Data from the NAS shell region is illustrated to demonstrate a response that was not significantly altered by AEA. (*) denotes
different from saline. (#) indicates different from all other treatment groups.
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receptors is seen in the NAS (Herkenham et al. 1991b;
Jansen et al. 1992; Thomas et al. 1992), while dopamine
efflux in the NAS is increased by THC (Chen et al.
1990). In the present study, AEA administration signifi-
cantly depressed rCBF in the rostral core portion of the
NAS, cingulate, and frontal cortex as well as much of
the amygdaloid complex. In view of the anatomic and
functional significance of these regions in processing the
affective components of stimuli, these regions may be
target candidates for responding to the putative moti-
vational properties of AEA. It is notable that such brain
regions as the ventral tegmentum, olfactory tubercle, NAS
shell, and lateral hypothalamus that have been previ-
ously implicated in processing the reinforcing proper-
ties of other abused drugs, including cocaine and opi-
ates, and natural reinforcers such as food, water, and
sexual behaviors (Wise and Rompre 1989), were not sig-
nificantly effected by AEA in the current experiment.
Thus, although AEA’s influence on reward processes
has not yet been extensively studied, it would be of
great interest to examine the interaction of AEA with
dopaminergic mechanisms in these areas.

In sum, results from this study provide direct evi-
dence that acute intravenous AEA administration can
heterogeneously depress specific rat brain loci. Many of
the brain regions identified in this study have either
been previously shown to respond to D9 THC adminis-
tration, contain moderate to high amounts of canna-
binoid receptors and/or have been implicated in many
of the behavioral properties of D9 THC. Taken together
with previous reports of the existence of brain canna-
binoid receptors and the enzymes to synthesize and
catabolize AEA (Deutsch and Chin 1993), these data are
consistent with the hypothesis that AEA may serve as a
neurotransmitter or neuromodulator of brain functions.
Additional drug doses and analytic methods, together
with the development of specific receptor antagonists
should provide further insights under what normal
and/or pathological conditions AEA is synthesized and
released and from which brain structures.
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