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Abstract

It is uncertain whether frequent marijuana use adversely affects human brain function. Using positron emission tomography (PET),

memory-related regional cerebral blood flow was compared in frequent marijuana users and nonusing control subjects after 26+ h of

monitored abstention. Memory-related blood flow in marijuana users, relative to control subjects, showed decreases in prefrontal cortex,

increases in memory-relevant regions of cerebellum, and altered lateralization in hippocampus. Marijuana users differed most in brain activity

related to episodic memory encoding. In learning a word list to criterion over multiple trials, marijuana users, relative to control subjects,

required means of 2.7 more presentations during initial learning and 3.1 more presentations during subsequent relearning. In single-trial

recall, marijuana users appeared to rely more on short-term memory, recalling 23% more than control subjects from the end of a list, but 19%

less from the middle. These findings indicate altered memory-related brain function in marijuana users. D 2002 Elsevier Science Inc.

All rights reserved.
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1. Introduction

Marijuana has remained the most widely used illicit

drug for decades. Adverse effects of frequent marijuana

use on human brain function and cognition are of serious

concern. Remarkably few studies have examined effects

of frequent marijuana use on human brain function (Solo-

wij, 1998), and many were conducted years ago with less

sophisticated techniques.

In a previous study, we found that long-term, frequent

(7+ times weekly) users of marijuana, relative to nonusing

control subjects, showed impairments in some aspects of

memory, as well as impairments on achievement tests

assessing verbal expression and mathematics (Block and

Ghoneim, 1993). This study, in contrast to virtually all other

studies of mental abilities of drug users, controlled for the

possibility that the marijuana users were poorer intellec-

tually before they started using marijuana by matching

marijuana users and nonusers on their scores during the

fourth grade on the Iowa Tests of Basic Skills (Hieronymus

et al., 1982), achievement tests that have been administered

in almost all Iowa communities for decades.

In the present study, we expanded this line of research by

having frequent marijuana users perform memory tests
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while we used positron emission tomography (PET) with

[15O]water to measure normalized regional brain blood flow

(subsequently abbreviated rCBF—an abbreviation that is

used here to include the normalization process described

below). The memory tests differed in their relative demands

on encoding into episodic memory and retrieval from

episodic memory. Episodic memory is a form of memory

that enables people to remember personally experienced

events (in contrast to impersonal general knowledge).

Encoding processes that occur during the event initiate

memory storage. Later, retrieval processes operate on the

stored information and lead to conscious remembering

(Tulving et al., 1994a). Prefrontal rCBF changes were of

special interest in the present study because a prominent

memory model, Endel Tulving’s ‘‘hemispheric encoding/

retrieval asymmetry’’ model (Nyberg et al., 1996; Tulving

et al., 1994a), postulates differential prefrontal lateralization

of episodic memory encoding and retrieval. Tulving et al.

(1994b) observed activation of right dorsolateral prefrontal

cortex during episodic memory retrieval. Reviewing other

studies (Nyberg et al., 1996; Tulving et al., 1994a), he

observed that left prefrontal regions are differentially more

involved in episodic memory encoding, whereas right

prefrontal regions are differentially more involved in epis-

odic memory retrieval.

Hippocampal rCBF changes were also of special interest

because the hippocampus has one of the highest densities of

cannabinoid receptors (Herkenham et al., 1990) and may

play a major role in mediating some cannabinoid effects on

memory in animals (Hampson and Deadwyler, 1998; Solo-

wij, 1998). Effects of marijuana use on hippocampal rCBF

have not been studied.

2. Method

2.1. Subjects

Subjects were 18 frequent marijuana users and 13 non-

using control subjects. The marijuana users were using

marijuana 7+ times weekly on average (mean ± S.E.,

18 ± 2 times), and had been using at about this rate for the

last 2+ years (mean, 3.9 ± 0.4 years). Control subjects had

never used marijuana (N = 10), or only once or twice in their

lives (N = 3), and had never used any other illegal drugs. All

subjects were right ear-dominant according to a dichotic

screening test and right-handed, had adequate hearing, as

assessed by pure tone thresholds in both ears, without

pronounced differences between ears, and were native

English speakers. Exclusion criteria included serious uncor-

rected visual problems; history of dependence on alcohol or

any illicit drugs other than marijuana according to the Quick

Diagnostic Interview Schedule (Marcus et al., 1991), sup-

plemented in doubtful cases with interviewing by a psychi-

atrist; history of schizophrenia, history of bipolar disorder,

or current depression (Marcus et al., 1991); histories of

mental retardation or brain disease unrelated to drug use;

severe obesity; and current use of prescribed psychotropic

drugs or drugs that might affect the PET results. We

selectively recruited marijuana users whose use of illicit

drugs other than marijuana was as limited as feasible. Drug

use history was obtained using the Addiction Severity Index

(McLellan et al., 1992) and locally developed instruments.

Subjects were recruited by advertisements. The experiment

was conducted with the understanding and consent of each

subject, following approval of the experimental protocol by

the University of Iowa institutional review committee for

the use of human subjects.

2.2. Sessions and supervised abstinence

All subjects were admitted twice to an inpatient research

ward for overnight hospitalizations. PET was done during

the second hospitalization and was preceded by at least 26 h

(mean, 27.8 ± 0.3 h) of monitored abstinence, to eliminate

the short-term effects of recent marijuana use. Subjects’

presence on the ward was monitored by staff every 15 min.

Subjects were instructed to abstain from marijuana and

other drugs for at least 7 h before their hospital admission

at 7:00 a.m. All marijuana users reported abstaining from

marijuana for at least 7.5 h before admission (mean,

15.7 ± 3.5 h). A cognitive test session, including memory

testing, was done during the first hospitalization, which

followed similar procedures (e.g., subjects instructed to

abstain for 7+ h before admission; testing preceded by

24+ h of monitored abstinence). Urine screens of all

subjects were negative for all illegal drugs, except for

marijuana in the marijuana users, at a preliminary screening

session, and on the mornings of the cognitive test session

and the PET session. Nonuse of alcohol during the hospital-

izations was verified by this urine screening, together with

breath tests about every 4 h. Subjects abstained from

caffeine on the day of the PET session until its completion,

and from tobacco from at least 1 h before the PET session

until its completion; they also abstained during the cognit-

ive testing in the first hospitalization.

2.3. Memory tests

During the cognitive test session in the first hospitaliza-

tion, the subject learned a list of 15 common words, such as

‘‘drum,’’ ‘‘curtain,’’ ‘‘bell,’’ etc., to a criterion of two

consecutive perfect recalls, using Buschke’s (1973) ‘‘select-

ive reminding technique.’’. First, the list was read by the

tester and the subject tried to recall as many words as he

could. The subject tried to recall the whole list on each

subsequent test trial, but on learning trials after the first, he

was reminded only of the words that he had missed on the

immediately preceding test trial. During the second hospit-

alization, on the day before PET, the subject relearned the

same list, again to a criterion of two consecutive perfect

recalls. (The relearning data were lost for one control subject
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due to tester error.) Next, the subject was played a recording

of the list and recalled it according to the procedures to be

used in the PET session, and again relearned it; this was

done to reduce the possibility that the changed procedures in

the PET session, e.g., computerized presentation of a digi-

tized recording of the list rather than presentation by the

tester, would disrupt memory.

The PET session included memory tests that were

derived from modifications of previous PET work by our

group (Andreasen et al., 1995). Subjects were lying quietly,

with eyes closed, during all tests. During one data acquisi-

tion period, the subject tried to orally recall the list

relearned on the previous day, without any prompting.

During another period, the subject heard the computerized

presentation of this list again and immediately tried to

recall it. During a third period, the subject heard a list of

15 different common words and immediately tried to recall

them. These tests are referred to below as the OLD LIST

W/O P (‘‘old list without presentation’’), OLD LIST W P

(‘‘old list with presentation’’), and NEW LIST. The three

tests differed in their relative demands on episodic memory

encoding and retrieval, with OLD LIST W/O P expected to

place the greatest demands on retrieval and NEW LIST to

place the greatest demands on encoding. During each test,

the subject recalled the words for 40 s, and was asked to

repeat them if he could not think of any more. The two

lists were from the Rey Auditory Verbal Learning Test

(Rey, 1964), and their use as old and new lists was

counterbalanced as closely as possible over subjects within

each group.

2.4. Control test

To determine memory-related rCBF changes, rCBF dur-

ing a control test was subtracted from rCBF during each

memory test. The control test, which controlled for speech

activity, consisted of repeatedly counting ‘‘1, 2, 3,. . .’’ for
40 s at a rate of about one word per second. Subjects

practiced this counting on the day before PET. This repe-

titious rehearsal of a vastly overlearned, automatized

sequence was intended to minimize episodic memory

retrieval and encoding.

2.5. Imaging and image processing

PET data were acquired using the [15O]water bolus

injection method with a GE4096PLUS Scanner. Fifteen

slices (6.5 mm center-to-center) were acquired with an

intrinsic in-plane resolution of 8-mm FWHM and a 10-cm

axial field of view (Hurtig et al., 1994). The subject received

an intravenous injection of 50 mCi of [15O]water. The

period of recall in the memory tests or counting in the

control test started 10 s before the estimated arrival of the

[15O]water bolus in the brain. Following a preliminary scout

injection that provided an initial estimate of bolus arrival

time, eight paradigms were administered during the PET

session; the four paradigms related to memory are reported

here. rCBF while lying quietly, without any specific instruc-

tions concerning mental activities, has been described else-

where (Block et al., 2000b). Anxiety was evaluated three

times—after the scout injection and the third and seventh

paradigms—using the Beck Anxiety Inventory (Beck et al.,

1988), a 21-item questionnaire with possible scores ranging

from 0 (least anxiety) to 63 (most anxiety).

For subjects in whom an arterial line could be placed,

arterial blood was sampled to allow calculation of tissue

perfusion; but because arterial lines could not be placed in

four marijuana users and four control subjects, the analyses

reported are based on relative flow measurements, i.e.,

normalized radioactivity data (‘‘count data’’), which were

available for everyone, rather than absolute flow measure-

ments. Most other groups using the [15O]water method have

performed the majority of their studies with relative flow

measurements based on radioactivity data only. We have

found that image analysis strategies such as the one used

here, which involved normalization of voxel or regional

values by dividing by global, whole brain values, show a

very high correlation between count data and flows (Arndt

et al., 1996b). For example, analyses using count data vs.

flow data of the present subjects while lying quietly without

any specific instructions concerning mental activities showed

little difference (Block et al., 2000b).

In the present analyses, radioactivity (i.e., count) images

were filtered (18-mm Hanning filter) and normalized as

described above. Due to technical problems, data were

unavailable for one marijuana user for the NEW LIST, and

for one control for the OLD LIST W P. Magnetic resonance

images (contiguous 1.5-mm slices acquired coronally with

an SPGR sequence) (Block et al., 2000a), which were

obtained during the first hospitalization or on an outpatient

basis, and PET images were coregistered and landmarks

identified on the former images were used to place each

brain into a standardized coordinate space (Talairach and

Tournoux, 1988).

2.6. Statistical analyses

2.6.1. Images

Subtractions of the control test from each memory test

were performed on normalized count data for each individual

voxel for each subject. Differences between marijuana users

and control subjects in the subtraction results for each voxel

were tested using distribution-free, randomization analyses

(Arndt et al., 1996a). A t statistic for each voxel indicated the

likelihood of finding a difference as large as that actually

observed. Contiguous voxels showing significant differences

at an uncorrected significance level of P < .005 were then

clustered together. Because differences in one or a handful of

voxels would likely have little practical significance, we

consider between-group ‘‘activation differences’’ meaning-

ful and report them only if they involve at least 50 contigu-

ous voxels (roughly 0.1 cc). Such activation differences
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indicated differences between marijuana users and control

subjects in memory-related rCBF changes.

Supplementary randomization analyses also compared

marijuana users and control subjects for each memory test

and the control test individually (rather than comparing

subtractions of the control test from each memory test).

The subtraction results for marijuana users and control

subjects were also examined separately by Worsley analy-

ses (Worsley et al., 1992), again focusing on differences

involving 50+ contiguous voxels that were each individu-

ally significant.

rCBF was automatically measured within tracings of the

hippocampus (the gray matter, i.e., excluding most of the

efferent pathway of the hippocampus). The tracing was done

on the magnetic resonance images using an automated

tracing technique based on artificial neural network meth-

odology (Magnotta et al., 1999), which had previously been

trained with traces provided by an expert human tracer

working from detailed tracing guidelines. Although achiev-

ing good reliability, the neural network is routinely overly

conservative, so the traces produced by the neural network

were trimmed by two research assistants who had contrib-

uted to development of the tracing guidelines and achieved

good reliability in tracing (intraclass R2 for left and right

hippocampus for the two tracers ranging from .74 to .83)

(Pantel et al., 1999).

To analyze the hippocampal rCBF data, difference scores

for each subject and side (left vs. right hippocampus) were

calculated by subtracting the control test rCBF value from

each of the three memory test rCBF values. These difference

scores were submitted to an analysis of variance (ANOVA)

involving memory test (the three tests) and side as within-

subjects factors, and group (marijuana users vs. control

subjects) as a between-subjects factor.

2.6.2. Memory tests

To analyze learning of the old list, the loge-transformed

numbers of presentations of the list required to reach the

criterion of two consecutive perfect recalls in the two

sessions (initial learning during the first hospitalization

and relearning on the day before PET) were submitted to

an ANOVA (the numbers of presentations during the first

hospitalization were not normally distributed before trans-

formation according to the Shapiro–Wilk test, but were

after transformation). The ANOVA involved session as a

within-subjects factor and group and list (the two different

lists) as between-subjects factors.

To analyze memory of the NEW LIST in the PET

session, for each part (i.e., the beginning, middle, and final

five words in the order of presentation), the proportion of

words that were recalled was determined. These data were

submitted to an ANOVA involving the part of the list as a

within-subjects factor and group and list as between-sub-

jects factors. In this kind of test, subjects typically show

primacy and recency effects, i.e., better recall at the begin-

ning and end of a list than in the middle (Capitani et al.,

1992). The primacy and recency effects were examined by

contrasts of the first and last parts of the list, respectively,

with the middle part; and the interactions of these contrasts

with group were also examined. Corresponding ANOVAs

were done for recall of the OLD LIST W/O P and the OLD

LIST W P in the PET session.

2.6.3. Comparability of marijuana users and

control subjects

The comparability of the groups was assessed using t tests

for quantitative characteristics (e.g., age) and Fisher’s Exact

Tests for categorical characteristics (e.g., gender). A sig-

nificance level of P < .05 was used.

3. Results

3.1. Comparability of the groups

The groups did not differ in gender distribution or mean

age, height, weight, total intracranial volume, volumes of

major brain regions, or hippocampal volume. Marijuana

users had slightly (1.1 years) less education than control

subjects, but the groups did not differ in mental abilities

prior to the onset of marijuana use, estimated by grade

equivalent composite scores on the Iowa Tests of Basic

Skills (Hieronymus et al., 1982) achievement tests admin-

istered when the subjects attended the fourth grade of

elementary school. Details are described elsewhere (Block

et al., 2000a). The groups also did not differ in the interval

between the original learning of the old list and its relearn-

ing on the day before PET (23.6 ± 5.1 and 24.0 ± 5.0 days).

Mean anxiety ratings after the scout injection were

0.1 ± 0.1 and 1.3 ± 0.4 for the marijuana users and control

subjects, respectively. Corresponding ratings were 0.1 ± 0.1

and 0.1 ± 0.1 after the third paradigm and 0.1 ± 0.1 and

0.2 ± 0.1 after the seventh paradigm. Although both groups

reported very little or no anxiety throughout the session, the

marijuana users were slightly less anxious than the control

subjects after the scout injection (P < .05). The groups did

not differ later in the session.

3.2. Drug use

Unlike the control subjects, who had never used any

illegal drugs other than marijuana, the marijuana users had

experience with such drugs. However, this experience was

reasonably limited. The marijuana users were not heavy

alcohol drinkers; they exceeded the control subjects in days

of alcohol use in the 2 years preceding the screening

session, but not in the preceding 30 days. Details are

described elsewhere (Block et al., 2000a). The marijuana

users reported a significantly higher frequency than the

control subjects of tobacco use per day, averaged over the

previous year; but the groups did not differ significantly in

use during the 8 h preceding the PET session, or (for those
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who used during this period) the number of minutes since

the last use. The final 45% of subjects were also asked

corresponding questions about the 8 h preceding the mag-

netic resonance imaging, as well as questions about average

tobacco and caffeine use during a 1-week period; and the

groups did not differ significantly.

3.3. Learning

Marijuana users performed more poorly than control

subjects, i.e., they required more presentations, in learning

and relearning the old list to criterion during the two initial

sessions preceding PET [F(1,27) = 4.3, P= .048]. The means

are shown in Fig. 1. Not surprisingly, far fewer presentations

were necessary to relearn the list on the day before PET than

to learn it initially during the cognitive test session in the first

hospitalization [F(1,26) = 17.1, P= .0003]. Despite this, the

impairment in the marijuana users did not vary between

sessions, i.e., the number of extra presentations required by

marijuana users, relative to control subjects, was similar for

initial learning (2.7) and relearning (3.1) [F(1,26) = 0.4,

P= .54, for the Group� Session interaction].

This highly overlearned list then functioned as the old list

during PET and was, not surprisingly, recalled almost per-

fectly during PET by both marijuana users and control

subjects. The groups did not differ in numbers of words re-

called during PET, either for OLD LIST W P (14.8 ± 0.1 and

14.7 ± 0.2) or OLD LIST W/O P (14.0 ± 0.2 and 14.0 ± 0.3).

In recalling the NEW LIST (the one that subjects had

never heard before) during PET, marijuana users showed an

increased recency effect, i.e., better recall for the words at

the end of the list than those in the middle, relative to

control subjects [F(1,26) = 4.5, P= .04]; marijuana users

recalled 23% more than control subjects from the end, but

19% less from the middle. This is shown in Fig. 2. The

groups did not differ in the primacy effect, i.e., better recall

for the words at the beginning of the list than those in the

middle (P= .54); mean recall at the beginning was equal for

marijuana users and control subjects. Nor did the groups

differ in recall for the list as a whole, because their

contrasting levels of recall at the end and middle balanced

each other out in the averaging process; mean recall for

beginning, middle, and end combined was 7.7 ± 0.4 words

for marijuana users, compared to 7.5 ± 0.5 words for control

subjects. Over all subjects in both groups combined, the

primacy and recency effects were highly significant

[F(1,26) = 18.3, P= .0002, and F(1,26) = 22.0, P= .0001,

respectively, for the overall contrasts of beginning vs. middle

and end vs. middle].

3.4. Hippocampal rCBF

The ANOVA of rCBF changes in the hippocampus

showed a difference in memory-related lateralization

between marijuana users and control subjects [F(1,29) =

5.10, P= .03 for the Group� Side interaction]. This is

illustrated in Fig. 3. The three memory tests did not differ

in these hippocampal effects; and the ANOVA showed no

other significant effects. Follow-up analyses indicated that,

in control subjects, the left, language-dominant hippocam-

pus was more active than the right hippocampus in the

memory tests, relative to the control test [F(1,12) = 7.45,

P= .02]. Marijuana users showed no such laterality effect

[F(1,17) = 0.27, P= .61]. The left hippocampus showed

increased memory-related activity, i.e., a value above zero

in Fig. 3, for control subjects, but not marijuana users; the

right hippocampus did not show increased memory-related

activity for either group.

Fig. 1. Learning during the two initial sessions of the list that functioned as

the OLD LIST W P and OLD LIST W/O P for PET. Numbers of

presentations of the list required to reach the criterion of two consecutive

perfect recalls are shown. 1 = Initial learning during the cognitive test

session in the first hospitalization; 2 = relearning on the day before PET.

Marijuana users were impaired relative to control subjects, and relearning

required fewer presentations than initial learning, but these two effects did

not interact (see text).

Fig. 2. Memory for the NEW LIST in the PET session. For each third of the

list (words 1–5, 6–10, and 11–15 in the order of presentation), the

proportion of words that were recalled is shown. Primacy and recency

effects occurred; marijuana users showed an increased recency effect

relative to control subjects, but the groups did not differ in overall recall

(see text).
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3.5. Randomization analyses

The randomization analyses identified regions in which

activations in the memory tests, relative to the control test,

differed between marijuana users and control subjects.

Prefrontal and cerebellar differences were most prominent.

3.5.1. Prefrontal differences between groups

The randomization analyses showed that prefrontal acti-

vations in the memory tests, relative to the control test—

which normally occur (Tulving et al., 1994a)—were less

apparent in marijuana users than control subjects. Table 1

lists the 10 prefrontal regions in which marijuana users and

control subjects differed significantly. The control subjects

showed increased rCBF in the memory test, in contrast to

the control test, in these regions. The marijuana users

showed decreased rCBF or smaller increases.

The prefrontal differences between groups were more

common in recall of the NEW LIST than the OLD LIST W

P or OLD LIST W/O P (Table 1). The rCBF changes in

marijuana users were most common in the left hemisphere

for recall of the NEW LIST. However, there were also rCBF

changes in the right hemisphere in marijuana users. These

were most frequent in Brodmann’s area (BA) 8.

rCBF differences in marijuana users relative to control

subjects in prefrontal areas that may be related to working

memory (Fiez et al., 1996; Owen et al., 1999), e.g., BA 46,

were consistent with differences in other parts of prefrontal

cortex (Table 1). During recall of the NEW LIST, which

would be expected to place the most demands on working

memory, rCBF differences in Broca’s area (data not shown

in Table 1, as it is not prefrontal), which may be related to

verbal working memory (Awh et al., 1995; Fiez et al., 1996;

Grafton, 1995), were consistent with differences in prefron-

tal cortex: There was a region in BA 44 in which marijuana

users showed a smaller rCBF increase than control subjects

in the memory test, relative to the control test (3% and 10%,

respectively; t = 3.0, 53 voxels). The coordinates from the

atlas of Talairach and Tournoux (1988) of the most statist-

ically significant difference within the region, i.e., the voxel

with the largest t value, were x =� 40, y = 13, z = 24, where

x =mm to right (+) or left (� ) of interhemispheric fissure,

y =mm anterior (+) or posterior (� ) to anterior commis-

sure, and z =mm superior (+) or inferior (� ) to a plane

Fig. 3. Hippocampal rCBF difference scores, calculated by subtracting the

control test rCBF value from each of the three memory test rCBF values.

Results are pooled over the three memory tests, because they did not differ

in these hippocampal effects. Positive change scores indicate greater

hippocampal activity in the memory tests than the control test, and negative

change scores indicate the opposite. All scores were normalized relative to

whole brain activity before calculating changes; therefore, no units are

specified for the y-axis. Control subjects showed greater left than right

hippocampal activity in the memory tests, relative to the control test,

whereas marijuana users did not (see text).

Table 1

Prefrontal rCBF decreases in marijuana users relative to control subjects, in memory tests relative to control test

Test Location BA # Voxels (#) Talairach x, y, z Side

Marijuana users,

change (%)

Control subjects,

change (%) t Fig. 4

OLD LIST W/O P DL 8 73 42, 14, 46 R � 2 5 3.1 �
OLD LIST W P DL 8 137 42, 14, 46 R � 3 5 3.0 �

M 10 157 � 1, 59, 19 L � 6 2 3.2 �
DLa 45/46 378 36, 33, 12 R � 5 5 3.9 �

NEW LIST DL 9 65 � 16, 34, 41 L 1 8 3.0 �
DL 46 83 � 29, 40, 21 L 1 8 3.0 B9

DL 8 171 � 28, 11, 35 L � 2 6 3.4 B10

V 11 249 11, 63, � 15 R � 6 2 3.3 �
DL 8 339 42, 13, 46 R � 2 7 3.7 �
DL/V 10/11/46 1205 � 34, 44, � 8 L � 5 4 3.9 A1, B12

Changes involving at least 50 contiguous voxels (roughly 0.1 cc) are listed (see text). The marijuana users showed decreased rCBF, relative to control subjects,

in the memory tests, relative to the control test, in all these regions. The fifth column from the left gives coordinates of the voxel with the largest t value from

the atlas of Talairach and Tournoux (1988) (see text). The seventh and eighth columns from the left show the percentage changes in rCBF in the memory tests,

relative to the control test, for marijuana users and control subjects, respectively. The control subjects showed increased rCBF in the memory test, relative to the

control test, in all these regions. The marijuana users showed decreased rCBF in eight regions and smaller increases than the control subjects in the other two

regions. The rightmost column gives the panels (A–C) and landmark point numbers for those changes that are visible in Fig. 4. OLD LIST W/O P= old list

without presentation; OLD LIST W P= old list with presentation; BA=Brodmann’s area; DL= dorsolateral prefrontal; M=medial prefrontal; V= ventral

prefrontal; L= left; R = right; � = none.
a Also right hemisphere homologue of Broca’s area.
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Fig. 4. rCBF changes observed in the randomization analyses. Panels A–B illustrate rCBF decreases found in the randomization analyses in left dorsolateral

prefrontal cortex in the marijuana users (relative to the control subjects) during recall of the NEW LIST (relative to the control test). Panel C illustrates an

rCBF increase in the cerebellum in the marijuana users during recall of the NEW LIST. The difference that each panel was selected to illustrate is indicated by

the crosshairs. The specific locations in panels A–C were BA 10/11/46, BA 46, and dentate nucleus, respectively (landmark points 1, 9, and 13, respectively).

In each panel, the other differences that occurred in the selected planes and that were in the same direction (i.e., rCBF increases or decreases) as the one

indicated by the crosshairs are also shown. Each panel shows axial and sagittal sections. In each panel, the activation differences are superimposed on the

computer-averaged magnetic resonance image of the brains of all the subjects. Colors indicate the magnitudes of the t values testing the statistical significance

of the activation differences. The pallet at the right indicates the color coding. All images follow radiological convention, with left and right reversed. The

activation differences are identified by numbers (referred to in the text as ‘‘landmark points’’). Those that met the size criterion (� 50 voxels), in addition to

the ones indicated by the crosshairs, were (using the abbreviations DL= dorsolateral, M=medial, and V= ventral): 3 = cerebellum (anterior vermis);

4 = superior temporal gyrus (BA 22); 6 =Wernicke’s area (BA 40); 8 = superior temporal gyrus (BA 22); 10 =DL prefrontal cortex (BA 8); 11 =Wernicke’s

area (BA 40); 12 =DL/V prefrontal cortex (BA 10/11/46); 14 = cerebellum (posterior vermis); 15 = globus pallidus/putamen. Those that did not meet the size

criterion ( < 50 voxels) were: 2 = claustrum/putamen; 5 = posterior cingulate/precuneus (BA 31); 7 =motor cortex (BA 4).

Fig. 5. rCBF changes observed in the Worsley analyses, which were done separately for marijuana users and control subjects. Positive t values in the color

pallet at the right indicate increased rCBF in the memory test, relative to the control test. See Fig. 4 for other conventions that were followed. The differences

that the figures were selected to illustrate (indicated by the crosshairs) were in dorsolateral prefrontal cortex for panels A–B and the cerebellum for panel C.

Panel A shows increased rCBF during recall of the NEW LIST (relative to the control test) in control subjects in left BA 9 (and also in Broca’s area, BA 44)

(landmark point 1). Panel B shows decreased rCBF during recall of the OLD LIST W P in marijuana users in right BA 46 (landmark point 3). Panel C shows

increased rCBF during recall of the NEW LIST in marijuana users in right inferior, posterior cerebellum (landmark point 7). The activation differences, in

addition to the ones indicated by the crosshairs, were (using the abbreviation DL= dorsolateral): 2 =DL prefrontal (BA 10); 4 = insula; 5 =Wernicke’s

homologue (BA 40); 6 =Wernicke’s homologue (BA 40). All met the size criterion (� 50 voxels).
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passing through the anterior and posterior commissures.

During recall of the OLD LIST W/O P and the OLD LIST

W P, however, a contrasting pattern occurred in Broca’s area,

i.e., the marijuana users showed increased rCBF in the

memory tests, relative to the control test, whereas the control

subjects showed decreased rCBF (4% and � 4%, respect-

ively; t =� 3.4, 169 voxels; x=� 41, y = 18, z= 6 for OLD

LIST W/O P; and 4% and � 3%, respectively; t =� 2.9,

59 voxels; x =� 35, y = 15, z= 6 for OLD LIST W P).

Panels A–B of Fig. 4 illustrate rCBF decreases in left

dorsolateral prefrontal cortex in the marijuana users (relative

to the control subjects) during recall of the NEW LIST

(relative to the control test). The crosshairs in panels A–B

indicate differences in BA 10/11/46 and BA 46, respectively

(landmark points 1 and 9, respectively). Some other pre-

frontal rCBF differences for the NEW LIST shown in Table

1 are also visible in panel B; the landmark point numbers are

specified in Table 1.

3.5.2. Cerebellar differences between groups

Table 2 lists the six cerebellar regions in which marijuana

users and control subjects differed significantly. The mari-

juana users showed increased rCBF (relative to control

subjects) when recalling the NEW LIST (relative to the

control test) in four regions in posterior cerebellar hemi-

sphere and vermis, and dentate nucleus. The region in the

dentate nucleus that showed this pattern is indicated by the

crosshairs in panel C of Fig. 4 (landmark point 13); one

other region that showed this pattern (posterior vermis) is

also visible in this panel (landmark point 14). The marijuana

users showed the opposite pattern relative to control sub-

jects in two cerebellar regions, both in anterior vermis,

during the memory tests (Table 2). One of these regions is

visible in panel A of Fig. 4 (landmark point 3). As indicated

by the classification in the ninth column from the left in

Table 2, the regions in which the marijuana users showed

increased rCBF (relative to control subjects) in the memory

tests (relative to the control test) were ones that are likely to

be potentially related to attention, memory, and other

cognitive processes, whereas the regions in which the

marijuana users showed the opposite pattern were not.

The basis for this classification and its implications are

considered in the Discussion. As with the prefrontal differ-

ences, the cerebellar differences between groups were more

evident in recall of the NEW LIST than the OLD LIST W P

or OLD LIST W/O P.

3.5.3. Other differences between groups

In addition to the rCBF differences between groups in

prefrontal cortex, cerebellum, hippocampus, and Broca’s

area discussed above, some differences also occurred in

other brain regions. In one or more memory tests (relative to

the control test), the marijuana users (relative to the control

subjects) showed regions of decreased rCBF in BA 1, 2, 3,

21, 24, 40, 41, and 42, and in the right hemisphere

homologue of Broca’s area (BA 45); increased rCBF in

BA 18, 19, 28, 29, and 30, and in the insula, putamen, and

tectum; and both increased and decreased rCBF in BA 6, 7,

22, 23, 31, and 36, and in the globus pallidus. Differences

occurred both in locations likely to be involved in memory

processes, e.g., BA 28, and in locations unlikely to be so

involved, e.g., BA 19. However, these differences were less

prominent and consistent than those that were observed in

prefrontal cortex and cerebellum. Some of these differences

that occurred in the marijuana users (relative to the control

subjects) in recall of the NEW LIST (relative to the control

test) are illustrated in Fig. 4.

3.5.4. Analyses of each test individually

The analyses described above subtracted the control test

rCBF data from the memory test rCBF data. Supplementary

randomization analyses compared the marijuana users and

control subjects for each individual test. As we recently

described (Block et al., 2000b), when the subjects were

lying quietly, with eyes closed, without specific instructions

as to mental activities, such an analysis indicated that

marijuana users, relative to control subjects, showed sub-

stantially lower rCBF in a large region of bilateral posterior

cerebellar hemispheres and vermis (posterior cerebellar

‘‘hypoactivity’’). Similarly, in the present study, marijuana

users showed lower rCBF than control subjects in posterior

cerebellum in each of the memory tests and the control test.

This posterior cerebellar hypoactivity, although somewhat

smaller than while subjects were lying quietly without

specific instructions as to mental activities, was the largest

difference of the marijuana users from the control subjects

Table 2

Cerebellar rCBF changes in marijuana users relative to control subjects, in memory tests relative to control test

Test Location Voxels (#) Talairach x, y, z Side

Marijuana users,

change (%)

Control subjects,

change (%) t

Potentially

cognitive location? Fig. 4

OLD LIST W/O P A vermis 449 3, � 56, � 10 R � 4 4 3.5 No �
NEW LIST S P cerebellum 105 9, � 83, � 13 R 6 � 1 � 3.1 Yes �

A vermis 123 3, � 50, � 10 R � 3 5 3.2 No A3

P vermis 181 5, � 75, � 32 R 5 � 3 � 3.2 Yes C14

I P cerebellum 196 31, � 48, � 38 R 3 � 5 � 3.4 Yes �
Dentate nucleus 402 � 17, � 54, � 27 L 2 � 6 � 3.3 Yes C13

The marijuana users and control subjects showed opposite changes in rCBF in the memory tests, relative to the control test, in all these regions. Marijuana users

showed decreased rCBF in two regions and increased rCBF in the other four regions. The ninth column from the left indicates whether the location is likely to

be potentially related to cognition (see Discussion). A= anterior; P= posterior; I = inferior; S = superior. For other abbreviations and explanations, see Table 1.
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for every test: The volumes were 5269, 2662, 4185, 6447,

and 8854 voxels for OLD LIST W/O P, OLD LIST W P,

NEW LIST, control test, and lying quietly without specific

instructions as to mental activities, respectively. The corres-

ponding largest t values and Talairach and Tournoux’s

(1988) atlas coordinates were t = 4.9, x = 18, y =� 81,

z = � 21; t = 4.1, x = 26, y = � 78, z = � 31; t = 4.9,

x =� 21, y =� 73, z =� 40; t = 4.4, x =� 22, y =� 71,

z =� 38; and t = 4.7, x = 28, y =� 71, z=� 38, respectively.

At these points of largest t values, marijuana users showed

15%, 15%, 19%, 15%, and 18% lower normalized blood

flow than control subjects, respectively.

3.6. Worsley analyses

The Worsley analyses examined marijuana users and

control subjects separately and, for each memory test,

identified regions in which rCBF was higher or lower than

for the control test. The results generally agreed with those

of the randomization analyses, but also provided important

clarification, as described below.

Panels A–C of Fig. 5 show rCBF changes observed in

the Worsley analyses. Generally, for control subjects, epis-

odic memory encoding was associated with left prefrontal

activity more strongly than episodic memory retrieval was

associated with right hemisphere activity. For example, the

crosshairs in panel A in Fig. 5 (landmark point 1) indicate a

substantial region of increased rCBF during recall of the

NEW LIST (relative to the control test) in control subjects in

left BA 9 (and also in Broca’s area, BA 44); t = 6.3; 2197

voxels; x =� 38, y = 15, z = 25.

Consistent with the results of the randomization ana-

lyses, the greatest prefrontal differences between marijuana

users and control subjects in amounts of activation (which

reflected greater activation in the control subjects) were in

the left hemisphere during recall of the NEW LIST. Also

consistent with results of the randomization analyses,

activations in prefrontal regions (e.g., BA 46) and Broca’s

area that may be related to working memory were smaller

during recall of the NEW LIST for marijuana users than

control subjects.

The randomization analyses were most sensitive to

prefrontal regions in which marijuana users, in contrast to

control subjects, showed decreased memory-related activity.

However, the Worsley analyses indicated that the marijuana

users showed a mixed pattern of both increases and decreases

in memory-related prefrontal activity. For example, the

crosshairs in panel B in Fig. 5 show decreased rCBF during

recall of the OLD LIST W P in marijuana users in right BA

46 (landmark point 3; t=� 4.0, 52 voxels; x = 45, y = 39,

z = 7). In contrast, marijuana users showed increased rCBF

during recall of this list in left BA 9 (t = 5.2, 530 voxels;

x =� 37, y = 20, z = 28).

Consistent with the cerebellar differences between groups

shown by the randomization analyses, memory-related

increases in cerebellar activity were more prominent in the

marijuana users than the control subjects. The crosshairs in

panel C in Fig. 5 (landmark point 7) indicate a region of

increased rCBF during recall of the NEW LIST in right

inferior, posterior cerebellum in marijuana users (t = 3.9,

109 voxels; x = 38, y =� 66, z =� 39).

In addition to the rCBF changes in prefrontal cortex,

Broca’s area, and cerebellum discussed above, some differ-

ences in the memory tests (relative to the control test) also

occurred in other brain regions. Some of these are illustrated

in Fig. 5.

4. Discussion

Marijuana users, relative to control subjects, showed

decreased memory-related prefrontal activations and an

absence of memory-related lateralization of hippocampal

activity, as well as differences in cerebellum and other brain

regions. Important prefrontal (Nyberg et al., 1996; Tulving

et al., 1994a) and hippocampal (Lepage et al., 1998) roles in

some aspects of episodic memory storage and retrieval have

been demonstrated.

4.1. Prefrontal cortex

The randomization analyses indicated that memory-

related prefrontal activations were consistently less apparent

in marijuana users than control subjects. However, marijuana

users did not show a uniform pattern of memory-related

decreases in prefrontal activity. The Worsley analyses of the

marijuana users separately indicated that they showed a

mixed pattern of both decreases and increases in memory-

related prefrontal activity. The randomization analyses,

directly comparing the two groups, tended to highlight

prefrontal regions of memory-related decreases in the mari-

juana users, which contrasted most sharply with the memory-

related increases in activity shown by the control subjects.

In the randomization analyses, the more numerous pre-

frontal differences between groups in recall of the NEW

LIST than the OLD LIST W P or OLD LIST W/O P

suggested that the rCBF changes in marijuana users (relative

to control subjects) were more related to episodic memory

encoding than retrieval. The finding that rCBF changes in

marijuana users were most common in the left hemisphere

for recall of the NEW LIST is consistent with the asso-

ciation of left prefrontal activity with episodic memory

encoding proposed by the hemispheric encoding/asymmetry

model (Tulving et al., 1994a). The marijuana users also

showed rCBF changes in the right hemisphere in all three

memory tests, which may be related to episodic memory

retrieval processes. Generally, in the Worsley analyses for

control subjects, the association of episodic memory encod-

ing with left prefrontal activity proposed by the model was

supported more strongly than the association of episodic

memory retrieval with right hemisphere activity. Consistent

with our results, the hemispheric encoding/retrieval asym-
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metry model was modified very recently, reducing the

hypothesized extent of right lateralization of retrieval, while

maintaining the hypothesized left lateralization of encoding

(Lepage et al., 2000).

4.2. Memory changes in marijuana users

Whether marijuana use is associated with cognitive

deficits remains controversial, but several recent studies,

including our own (Block and Ghoneim, 1993), support an

association (Solowij, 1998). In the present study, marijuana

users, relative to control subjects, were impaired in learning

a word list over multiple trials, despite the matching of the

groups on mental abilities prior to the onset of marijuana

use. Marijuana users required more presentations than

control subjects to learn the list to criterion. This is a

standard measure of learning in this kind of test.

In single-trial recall of the NEW LIST during the PET

session, marijuana users did not show impairment, but

showed an increased recency effect. The recency effect is

often attributed largely to short-term memory, although

alternative explanations have been proposed (Capitani et

al., 1992; Squire et al., 1993). Marijuana users seemed to

rely more on this type of memory, as opposed to episodic

memory encoding and retrieval. Greater reliance on short-

term memory could contribute to poorer learning over

multiple trials. Greater reliance on short-term memory does

not necessarily imply greater memory-related activation in

brain regions associated with such memory—which did

not, in fact, occur. It implies an altered distribution of

memory processes, which could occur in the presence of

relatively less activation in marijuana users than control

subjects, both in frontal regions related to episodic memory

and to working memory (i.e., prefrontal regions such as BA

46, as well as Broca’s area) (Awh et al., 1995; Fiez et al.,

1996; Grafton, 1995; Owen et al., 1999). Conceivably,

control subjects might have used working memory more

actively in the service of elaborative episodic memory

encoding, whereas marijuana users might have used the

short-term store in a more passive manner.

4.3. Hippocampus

Animal models focusing on the adverse effects of

D9-tetrahydrocannabinol (D9-THC), the primary psycho-

active component of marijuana, on hippocampal function,

and similarities between effects of hippocampal lesions and

D9-THC’s acute effects, have provided the best current

theoretical framework for conceptualizing the drug’s effects

on memory (Hampson and Deadwyler, 1998; Solowij,

1998). Some structural changes in the hippocampus have

also been reported in animal models (Scallet et al., 1987).

We found that the left, language-dominant hippocampus

was more active than the right hippocampus in control

subjects in the memory tests (relative to the control test),

presumably because the memory tests involved verbal

stimuli. However, the marijuana users showed no lateraliza-

tion of memory-related hippocampal activity. This differ-

ence between groups was not influenced by the differences

among the three memory tests, e.g., the relative importance

of episodic memory encoding vs. retrieval. Although func-

tional neuroimaging studies in humans have indicated

hippocampal activation in both episodic memory encoding

and retrieval, consensus about hippocampal involvement in

these functions and their localization within the hippocam-

pus has not yet been achieved. Lepage et al. (1998) have

proposed a hippocampal encoding/retrieval model based on

meta-analysis of PET studies of episodic memory, according

to which activations in the hippocampal region associated

with encoding and retrieval are located primarily in the

rostral and caudal portions of the region, respectively.

However, the validity of this model has been disputed based

on review of both fMRI and PET studies and direct, within-

subjects comparison during episodic memory encoding and

retrieval (Schacter et al., 1999; Schacter and Wagner, 1999).

Hippocampal and prefrontal memory-related activity

differed with respect to lateralization and between-group

differences in lateralization. This is understandable; lateral-

ization of cognitive functions in the brain along the verbal/

nonverbal dimension has been more reliably established in

temporal regions, including the hippocampus, than in frontal

regions (Stuss and Benson, 1984; Tranel, 1994), whereas

the hemispheric encoding/retrieval asymmetry model (Tulv-

ing et al., 1994a) postulates prefrontal lateralization along

the encoding/retrieval dimension in the type of memory

tests that we used.

The more prominent recency effect during recall of the

NEW LIST in marijuana users relative to control subjects,

together with the marijuana users’ absence of the laterality

effect in hippocampal rCBF that was shown by the control

subjects, are somewhat reminiscent of findings in patients

who had hippocampal resection (Hermann et al., 1996).

Both this surgical study and the present findings suggest

that recall from the end of a list fares relatively better than

recall from the beginning or middle in the face of reduced

left hippocampal activity, presumably because establish-

ment of long-term memory traces is a key aspect of hippo-

campal functions (Tranel, 1994). Although hippocampal

functions also encompass some aspects of short-term mem-

ory or working memory (Curtis et al., 2000; Friedman and

Goldman-Rakic, 1988; Hampson and Deadwyler, 1998),

they may not include the verbal short-term memory pro-

cessing that contributes to recency effects in word list

learning tasks (Capitani et al., 1992; Hermann et al., 1996;

Squire et al., 1993).

4.4. Alternative interpretations of the changes in

marijuana users

The rCBF changes in marijuana users, relative to control

subjects, that we detected after at least 26 h of monitored

abstinence from drugs, may reflect changes in brain function
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due to frequent marijuana use. Although this interpretation

seems the most plausible to us, there are several other

possible interpretations, which we discussed in a previous

report concerning rCBF when the subjects were lying

quietly, with eyes closed, without specific instructions as

to mental activities (Block et al., 2000b). Marijuana users

might have shown rCBF differences from control subjects

prior to beginning marijuana use; marijuana users might

have had other characteristics that caused the rCBF differ-

ences, e.g., experience with illegal drugs other than mari-

juana (even though this was reasonably limited); being a

marijuana user might have been associated with differences

in mental activities that caused the rCBF differences, but

that were not directly due to marijuana’s effects on the brain;

or the abstinence period that we required might have been

associated not only with effects of chronic use, but, to some

extent, with putative long-lasting acute effects that might

last up to a day or so, theoretical effects associated with

accumulation of cannabinoids in fatty tissues following

frequent use, or abstinence effects. The reasons that we

previously discussed for favoring the interpretation that

frequent marijuana use produced changes in brain function

(Block et al., 2000b) apply to the present results, as well—

although none of the alternative interpretations can be

entirely excluded.

The most plausible of these alternative interpretations is

probably that our findings were due to abstinence from

marijuana. Rigorous evidence of abstinence effects with

smoked marijuana was provided by Haney et al. (1999b).

Some previous reports of abstinence effects were less con-

vincing or involved around-the-clock oral administration of

large doses of D9-THC (Jones et al., 1976). Haney et al.

(1999b) found that abstinence affected subjective ratings

and food intake. Abstinence did not affect memory testing

in this study or in a similar study involving orally admin-

istered D9-THC (Haney et al., 1999a). Indeed, of five

cognitive or psychomotor tests that were administered,

abstinence only affected one with smoked marijuana, and

none with orally administered D9-THC. Therefore, the rel-

evance of the observed abstinence effects to memory and

rCBF is unclear.

Other alternative interpretations, which we did not con-

sider previously (Block et al., 2000b), are that abstinence

from caffeine or nicotine could have affected memory or

rCBF. Both drugs produce some acute effects on memory

(Rezvani and Levin, 2001; Warburton, 1995) and cerebral

blood flow (Cameron et al., 1990; Ghatan et al., 1998), and

produce abstinence effects, including some effects on task

performance (James, 1998; Sommese and Patterson, 1995),

and at least for caffeine, some effects on cerebral blood flow

(Mathew and Wilson, 1985). Limited evidence suggests

nicotine abstinence may have some effect on memory

(Snyder et al., 1989), while caffeine abstinence may not

(Comer et al., 1997). We required relatively short abstinence

periods from both drugs (Griffiths and Woodson, 1988;

Snyder et al., 1989) in a rough effort to minimize both

acute effects and abstinence effects. Marijuana users and

control subjects were treated the same in this respect.

Nevertheless, the possibility that caffeine or nicotine abstin-

ence effects influenced our findings cannot be excluded.

Abstinence, whether from marijuana, caffeine, or nic-

otine, might be associated with increased anxiety-related

symptoms. Anxiety affects rCBF (Fredrikson et al., 1997)

and could conceivably affect memory (Reidy and Richards,

1997). The minimal anxiety reported by both marijuana

users and control subjects during the PET session weighs

against the notion that they were experiencing abstinence

effects or changes in rCBF or memory due to anxiety.

We also discussed in our previous report (Block et al.,

2000b) the limited available data concerning the extent to

which some effects of frequent marijuana use on brain

function or cognition persist with prolonged abstinence

(Solowij, 1998), and how clarifying the persistence of the

rCBF changes that we observed would help clarify whether

they are due to frequent marijuana use per se. This approach

would also help clarify the present findings. One group

reported that there were virtually no impairments of memory

or other cognitive functions after 28 days of abstinence from

marijuana (Pope et al., 2001), but that there were persisting,

albeit diminished, alterations of prefrontal cortex activation

in a working memory test (Yurgelun-Todd et al., 1998).

We also discussed previously (Block et al., 2000b) the

partial, but incomplete, consistency between the rCBF

changes that we observed and the distribution of cannabi-

noid receptors in the brain, and possible reasons for this.

This discussion also applies to the present findings and is

relevant to their interpretation.

4.5. Independence of effects in different brain regions

Were the memory-related rCBF differences of marijuana

users from control subjects in prefrontal cortex, hippocam-

pus, and cerebellum relatively independent of one another?

Or were the differences in one brain region fundamental,

leading to secondary effects in the other regions?

Because animal models have demonstrated the major role

of the hippocampus in mediating some cannabinoid effects

on memory (Hampson and Deadwyler, 1998; Solowij,

1998), it is tempting to speculate that the hippocampal

effects were fundamental. Although plausible, this requires

a substantial inferential leap, considering the lack of other

pertinent information, e.g., sufficient animal data concerning

memory-related cannabinoid effects on other brain regions.

Indeed, recent animal data suggest that cannabinoids may

exert some independent, memory-impairing effects on pre-

frontal cortex (Diana et al., 1998; Jentsch et al., 1997). Frontal

effects of chronic marijuana use in humans have been dem-

onstrated by studies involving functional magnetic resonance

imaging (Yurgelun-Todd et al., 1998), auditory event-related

potentials (Solowij, 1998), and quantitative electroenceph-

alography (Struve et al., 1994); and suggested by some studies

involving cognitive tests (Pope and Yurgelun-Todd, 1996).
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A major hypothesis in a recent review of human neuro-

imaging studies of acute and chronic marijuana use (Loeber

and Yurgelun-Todd, 1999) is that the frontopontocerebellar

network is implicated as a site sensitive to cannabinoid-

induced alterations in the levels of dopaminergic activity

derived through the medial forebrain bundle, which projects

from the ventral tegmental area; and that this network

influences various types of human behavior that are affected

by marijuana. Chronic marijuana use results in changes at

the receptor level, which the authors hypothesize lead to

alterations in the dopamine system and to reduced blood

flow and metabolism, especially in portions of the fronto-

pontocerebellar network. The emphasis in this review on the

frontopontocerebellar network is highly consistent in a

general sense with the prominent memory-related prefrontal

and cerebellar changes in rCBF and overall posterior cere-

bellar baseline hypoactivity observed in the marijuana users

in the present study, but the proposal is not sufficiently

detailed to be confirmed or disconfirmed in a more specific

sense by the precise pattern of rCBF changes that we

observed. This proposal also needs to be integrated with

the major role of the hippocampus in mediating some

cannabinoid effects on memory (Hampson and Deadwyler,

1998; Solowij, 1998), and with the hippocampal effects

observed in the present study.

The present findings cannot answer the question of

whether the memory-related rCBF differences of marijuana

users from control subjects in different brain regions were

independent or causally linked. Understanding of the func-

tioning of brain cannabinoid systems related to memory is

too fragmentary to provide a basis for a fully articulated

model of our findings.

4.6. Cerebellum

Nevertheless, it is also tempting to speculate that rCBF

differences of marijuana users from control subjects in the

cerebellum may have been more fundamental than memory-

related rCBF differences observed elsewhere in the brain. In

contrast to the prefrontal and hippocampal changes, mari-

juana users showed greater posterior cerebellar memory-

related activation than control subjects. However, marijuana

users, relative to control subjects, also showed an overall

baseline posterior cerebellar hypoactivity, which was

revealed by analyses examining each test individually. In

our previous report concerning rCBF when the subjects were

lying quietly, with eyes closed, without specific instructions

as to mental activities (Block et al., 2000b), we noted that

this posterior cerebellar hypoactivity contrasted with only a

few, much smaller differences elsewhere in the brain. This

posterior cerebellar hypoactivity also occurred during all

three memory tests and the control test in the present

study—and was the largest difference between groups in

every analysis. Conceivably, this posterior cerebellar hypo-

activity may be related to effects of marijuana use on

cerebellar cannabinoid binding sites. Our finding of cere-

bellar hypoactivity agrees with the only previous PET study

of chronic marijuana users, which measured regional cereb-

ral glucose utilization and found decreased relative meta-

bolism in marijuana users in the cerebellum (Volkow et al.,

1996). This study did not examine brain activity as a

function of test conditions. The primary analyses in the

present study subtracted the control test rCBF data from the

memory test rCBF data in order to examine memory-related

rCBF differences between groups. The results (Table 2)

showed memory-related increases in posterior cerebellar

activity in the marijuana users (relative to control subjects),

but not the posterior cerebellar hypoactivity in the marijuana

users, because the latter was present during the control test,

as well as each of the memory tests— and was, therefore,

‘‘subtracted out’’ to a large extent.

The cerebellum is among the brain regions that show

prominent acute effects of cannabinoids in PET studies in

humans, and these cerebellar effects are related to subjective

changes, i.e., intoxication and altered sense of time (Mathew

et al., 1998; Volkow et al., 1996). Although the cerebellum

was traditionally thought to mediate mainly motor func-

tions, more recently a cerebellar contribution to cognition

has been hypothesized to result from a role in timing, in

sensory information processing, or in attention and predic-

tion of real-time events (Schmahmann, 1997). We have

consistently observed cerebellar activations in PET studies

involving several types of memory tests (Andreasen et al.,

1995). Numerous recent studies indicate that the cerebellum

sends output and receives input from multiple cortical

regions (Schmahmann, 1997).

The possibility that the baseline hypoactivity and mem-

ory-related increases in activity in marijuana users, relative

to control subjects, were relevant to memory processing is

reinforced by the finding that they were concentrated in

posterior, but not anterior, cerebellum. Recently accumulat-

ing evidence from neuroimaging studies and studies of

patients with cerebellar disease suggests greater potential

involvement of posterior than anterior cerebellum in atten-

tion, memory, and other higher cognitive functions

(Akshoomoff et al., 1997; Allen et al., 1997; Parsons and

Fox, 1997; Schmahmann and Sherman, 1997). The memory-

related increases in activity in marijuana users in these

regions contrasted with the opposite pattern in anterior

vermis, which is less likely to be involved in such functions,

as well as with the patterns in prefrontal cortex and the

hippocampus. As with the prefrontal differences between

groups, the cerebellar differences were more common in

recall of the NEW LIST than the OLD LIST W P or OLD

LIST W/O P, suggesting that they were more related to

episodic memory encoding than retrieval.

Conceivably, the posterior cerebellar hypoactivity in the

marijuana users, relative to control subjects, might have a

direct, adverse effect on some memory functions. The

memory-related increases in posterior cerebellar activity in

the marijuana users, relative to control subjects, might then,

in part, reflect an attempt to bring some portions of this
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depressed region up to a serviceable level of activation

when confronted with the demands of the memory tests,

particularly the recall of the NEW LIST. The posterior

cerebellar hypoactivity might also conceivably have indirect

effects through a phenomenon analogous to diaschisis, a

decrease in brain activity in an area functionally connected

to, but distant from, the site of a lesion. Hypoactivity in

cerebral cortex may occur due to cerebellar lesions and be

responsible for some cognitive dysfunction, e.g., aphasia

(Mariën et al., 1996). Analogously, the memory-related

rCBF decreases in prefrontal cortex in the marijuana users,

relative to control subjects, might be partly due to their

posterior cerebellar hypoactivity.

4.7. Conclusion

Marijuana use may be associated with decreased mem-

ory-related functioning of some brain regions (e.g., prefron-

tal cortex and hippocampus) that are critically involved in

memory processes, and increased reliance on other regions

involved in these processes (e.g., cerebellum), which have

themselves been affected by marijuana use— resulting in

altered activation patterns, and, in some situations, less

efficient information processing. Behavioral consequences

of less efficient information processing could be of societal

concern considering the widespread use of marijuana.
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