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Abstract

Learning and memory are often correlated with cellular changes within the hippocampus, and drugs or environmental factors which
affect learning and memory will thus often induce observable morphological changes in this structure. Like tetrahydrocannabinol (THC)
itself, many synthetic cannabinoids such as the CB-1 receptor agonist WIN 55,212-2 will induce learning and memory changes. In the
current study, we investigate whether or not these changes could be related to structural changes within the hippocampus. Adult male
Sprague–Dawley rats were injected twice daily (12:00 and 0:00 h) subcutaneously with WIN 55,212-2 (2.0 mg/kg) in DMSO or DMSO
for 21 days. On day 22, animals were perfused and stained immunochemically for the dendritic marker MAP-2, or with cresyl violet.
Morphometric analysis showed dendritic rearrangement with increased staining of MAP-2 in CA3 and the lower blade of the dentate
gyrus. However, a loss of staining was observed in CA1. Counting of cresyl violet stained sections showed an apparent increase in
granule cell number in the lower blade of the dentate gyrus. This work shows the potential for cannabinoids to influence hippocampal
morphology. The pattern of changes may be similar to that seen after ischemic or toxic damage, but may be opposite to changes seen in
stress.  2000 Elsevier Science B.V. All rights reserved.
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Delta 9-tetrahydrocannabinol (THC), the major psycho- sample task in monkeys [1]. Additionally, there is evidence
active ingredient in marijuana, produces many acute that hippocampally-mediated sensory-attentional processes
effects in humans including, euphoria, analgesia, appetite are disrupted by acute THC administration [6,26].
stimulation and sedation. In addition, marijuana causes The acute memory effects of cannabinoids are thought
alteration in cognitive processes, specifically in learning to be due to their effects on the hippocampus, which
and short-term memory [3]. Chronic use of marijuana may contains a large number of cannabinoid receptors in
lead to lasting changes in cognition [25] and decreased humans [16], non-human primates [24] and rat [4]. The
functioning in temporal lobes [2]. hippocampus may also be the site of the longer-lasting

Cannabinoids also impair learning and memory in cognitive deficits seen after chronic use. Learning and
laboratory animals [11]. The acquisition and retention in memory deficits, whether from toxins, ischemia or stress,
the radial arm maze is impaired by acute THC administra- often have associated morphological changes in the hip-
tion [14,15,23]. Deficits in spatial delayed nonmatching-to- pocampus.
position working memory task have been reported in rats The current study, therefore, tests the hypothesis that
[12,17] and in the comparable delayed nonmatching-to- chronic THC use results in morphological changes in the

hippocampus. For this study, we chose the synthetic
cannabinoid WIN 55,212-2, because of its high potency
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and its solubility, compared to THC itself.7876.

Eight male Sprague–Dawley rats (265–285 g) wereE-mail address: whitaker@psych1.psy.sunysb.edu (P.M. Whitaker-Az-
mitia). received into the animal care facilities and maintained
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under a 12 h light /dark cycle with food ad libitum for 1 antibody in control animals is as we have previously seen
week prior to injections. Following that time, rats were [20,32]. Briefly, there was intense staining in the stratum
divided into treatment and control groups. Treated animals radiatum of the CA fields and subiculum where the
were injected twice daily (12:00 and 0:00 h) subcutaneous- pyramidal dendrites are located. There was also heavy
ly with WIN 55,212-2 (2.0 mg/kg; Research Biochemical staining in the molecular layer of the dentate gyrus, where
Institute) in DMSO into the nape of the neck. Control granule cells have their dendrites. In the control animals,
animals were injected with an equal volume of DMSO. the MAP-2 immunoreactive dendrites appear as thin
Injections continued for 21 days. This time was chosen continuous processes.
because previous neurochemical and behavioral studies Compared to control, the WIN 55212-2 animals showed
have shown widespread cannabinoid CB1 receptor down- an apparent re-organization of dendrites within the hip-
regulation [27] and a suppression of exploratory activity pocampal subfields in all treated animals. Specifically,
[18] after 2–3 weeks of chronic THC exposure. MAP-2 staining was increased in the dendritic fields of

On day 22, animals were anesthetized with a rompun/ CA3 and the lower blade of the dentate gyrus. Conversely,
ketaset mixture and transcardially perfused with icec–cold overall dendritic length in CA1 was decreased. These
normal saline (approximately 300 ml, or until the effluent results are given in Table 1 and Fig. 1. At higher
ran clear) followed by ice-cold 4% paraformaldehyde in magnification in the figure, the specific changes in de-
phosphate buffer (pH 7.2). The brains were removed and ndritic morphology in CA1 are evident. In treated animals,
postfixed for 1 h in 4% paraformaldehyde, then placed in the dendrites of CA1 appear as disjointed segments rather
sucrose, before sectioning at 20 microns on a sliding than the continuous structures seen in control animals.
microtome with a freezing stage (American Optical Corpo- WIN 55212-2 also had an effect on cell counts. The
ration). Sections were collected into phosphate buffered data, given in Table 2, show an apparent increase in cell
saline (PBS). Alternate sections were transferred to an number in the lower blade of the granule cells in the
eight-chamber Plexiglas staining tray or mounted onto dentate gyrus of the treated animals. No other changes
slides. For immunochemistry, the staining tray was used. were observed.
Each chamber received the sections from one animal, thus Chronic treatment with a THC analogue results in
all eight animals (control and treated) were stained identi- morphological changes in the hippocampus. These changes
cally. Sections were incubated for 48 h at 48C. with a may represent the structural changes underlying the learn-
mouse monoclonal MAP-2 antibody (Sigma catalogue ing and memory changes reported by others. There are
number M-4403) at a dilution of 1 /500 in PBS containing several interesting and important interpretations of our
3% normal goat serum and 0.3% triton. MAP-2 is a observations.
microtubule associated protein found in dendrites and Our results showed a significant change in morphology
immunochemistry of MAP-2 is a commonly used method of the dendrites in CA1 with no associated pyramidal cell
for quantification and visualization of dendrites. After loss. This morphological change, wherein the dendrites
three 5 min washes in PBS, sections were incubated for 2 h appear twisted or broken with a beaded aspect, could be
with mouse IgG Fab-specific biotinylated conjugate and associated with dendritic degeneration and/or retraction
processed with the Vector Elite ABC kit with diaminoben- from the pyramidal cells without actual cell death. CA1
zidine (DAB, 0.05%) as substrate. For the cresyl violet damage of this type is commonly seen after ischemia
staining, mounted sections were immersed in cresyl violet [19,20,31,32], toxins [13] or traumatic head injury [8].
dye for 15 min then rinsed with de-ionized water. The This type of morphological change is often associated with
slides were processed through a series of alcohol baths a decreased capacity for LTP and some types of spatial
(70%, 95% (with glacial acidic acid) and 100%) for 2 min learning [30]. Interestingly, WIN 55212-2 has been shown
each. The final rinse was for 6 min in xylene. to inhibit LTP in CA1 [29].

Dendritic length was determined by capturing images (at An increase in MAP-2 staining appears in subiculum,
6003magnification) with an Olympus photomat system the lower blade of the dentate gyrus and CA3. Interesting-
and measuring MAP-2 immunoreactive processes using a ly, these three regions are not generally damaged by
program established in our laboratory which is based on
intersections with random lines (Bouffon’s principle). At Table 1

2least three determinations were made for each region in Estimated total length of MAP-2 immunostained dendrites (mm/mm 1

S.E.M.)each section. Cell number was analyzed by three in-
dependent raters counting cells at 6003 within a one Region: Control WIN 55,212-2
square micron grid in a predetermined area of each region.

Subiculum 348632 444652 P,0.025
Means were determined for each region for each subject CA1 412648 324624 P,0.025
for each measure. Final results are expressed as the means CA3 388628 469653 P,0.05

Dentate gyrusof all four animals and analyzed with a two-tailed Stu-
Upper blade 423627 428637 NSdent’s t-test.
Lower blade 411616 520648 P,0.025Immunochemical staining of dendrites with the MAP-2
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Fig. 1. Representative photomicrographs of MAP-2 immunostained dendrites in rat hippocampus. The lefthand panels are 403, while the righthand are
4003. In the subiculum (Sub) and CA3 regions of hippocampus, the total dendritic length appears greater in the animal treated with WIN 55,212-2.
Conversely, in the CA1 region of treated animals, the dendrites appear sparser and more segmented.

ischemia or head trauma [8], but are severely damaged by be useful as neuroprotectants against ischemic damage
stress [9,21,28]. Stress is also known to decrease adult [22]. However, other researchers have seen a greater
neurogenesis of granule cells in the dentate gyrus [5,10]. degree of toxicity than we have reported, suggesting cell
Taken together, the findings of increased MAP-2 immuno- death might occur [7].
reactive dendrites in CA3, subiculum and dentate plus the Our findings suggest several important future directions.
apparent increase in granule cell number, suggests that the The capacity for THC analogues to prevent stress-induced
WIN 55,212-2-treated animals have experienced less stress damage to the hippocampus should be tested. This may be
than control animals. It is possible that the stress of daily done simply by repeating our studies, with the inclusion of
injections was damaging to the control animals, but that an uninjected control group, or by using the more standard
the treated animals were protected from the normally models of stress used by others [21]. There is also the
damaging effects. This would be in agreement with the question of whether or not our morphological results are
known anxiolytic effects of THC in humans. reversible. In human studies of cognition and marijuana

There are other studies which may appear contradictory use, there is some indication that the changes are perma-
to those reported here. For example, other researchers have nent. In this study, animals were perfused and examined 1
not seen this pattern of THC-induced toxicity in CA1, and day after the final injections so that no period for recovery
have in fact suggested that THC and its analogues might was observed. Finally, our studies were performed in adult

animals. In humans, heaviest marijuana usage is associated
with adolescence. Thus, in a future study, we will look at

Table 2 adolescent animals. In this case, the results may be less
Estimated granule cell number by cresyl violet counts (cells / severe or more reversible, due to the greater adaptability of2mm 6S.E.M.)

the immature brain, or the consequences may be more
Region Control WIN 55,212-2 severe, if cannabinoids have the teratological effects seen
Upper 883686 856673 NS with many psychoactive drugs.
Lower 842672 1137689 P,0.02 In summary, the known effects of marijuana and its
Intersection 641667 608653 NS analogues on learning and memory may have associated
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