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Abstract The effects of chronic marijuana (MJ) use on
brain function remain controversial. Because MJ is
often used by human immunodeficiency virus (HIV)
patients, the aim of this study was to evaluate whether
chronic MJ use and HIV infection are associated with
interactive or additive effects on brain chemistry and
cognitive function. We evaluated 96 subjects (30
seronegative nondrug users, 24 MJ users, 21 HIV
without MJ use, 21 HIV + MJ) using proton magnetic
resonance spectroscopy and a battery of neuropsycho-
logical tests. The two primarily abstinent MJ user
groups showed no significant differences on calculated
estimates of lifetime grams of delta9-tetrahydrocan-
nabinol exposure, despite some differences in usage
pattern. The two HIV groups also had similar HIV
disease severity (CD4 cell count, plasma viral load,
HIV dementia staging, Karnofsky score). On two-way
analyses of covariance, HIV infection (independent of
MJ) was associated with trends for reduced N-acetyl
aspartate (NA) in the parietal white matter and
increased choline compounds (CHO) in the basal
ganglia. In contrast, MJ (independent of HIV) was
associated with decreased basal ganglia NA (—5.5%,
p = 0.05), CHO (—10.6%, p = 0.04), and glutamate
(—9.5%, p = 0.05), with increased thalamic creatine
(+6.1%, p = 0.05). HIV + MJ was associated with
normalization of the reduced glutamate in frontal
white matter (interaction p = 0.01). After correction
for age, education, or mood differences, MJ users had
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no significant abnormalities on neuropsychological test
performance, and HIV subjects only had slower
reaction times. These findings suggest chronic MJ use
may lead to decreased neuronal and glial metabolites,
but may normalize the decreased glutamate in HIV
patients.
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Introduction

Marijuana (MJ) is the most frequently abused illegal
drug in the United States. Although marijuana’s
potential for medicinal use is highly debated, over the
past decade, several states have legalized medical
marijuana use, based on recommendations that the
adverse effects of marijuana use are not more prob-
lematic than those of other common medications
(Watson et al. 2000). Several recent reviews on
marijuana’s numerous effects on the neuroimmune
system, particularly macrophages, highlighted variable
effects depending on the methodologies (Cabral and
Dove Pettit 1998; Klein et al. 1998; Klein et al. 2000).
As a significant number of immunocompromised or
human immunodeficiency virus (HIV) positive indi-
viduals are using marijuana for pain management,
nausea associated with antiretroviral treatments or to
increase appetite, it is imperative to evaluate whether
marijuana use might influence HIV-associated brain
injury. Neuroimaging techniques and neuropsycholog-
ical testing can be applied to evaluate possible brain
changes in these HIV patients.
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Recent neuroimaging studies using positron emis-
sion tomography (PET) found that chronic marijuana
users have decreased regional cerebral blood flow
(rCBF) or glucose metabolism in the cerebellum, but
increased rCBF and metabolism in the frontal and
cerebellar regions after delta9-tetrahydrocannabinol
(THC) administration or marijuana smoking (Volkow
et al. 1996; O’Leary et al. 2002). Brain activation
studies using PET or functional magnetic resonance
imaging (MRI) found altered brain activation patterns
during cognitive tasks (Eldreth et al. 2004; Bolla et al.
2005; Gruber and Yurgelun-Todd 2005). Similar tech-
niques have been employed to evaluate HIV-associat-
ed brain injury; these studies found abnormalities in
brain perfusion or metabolism, as well as altered brain
activation (Rottenberg et al. 1996; Chang et al. 2000,
2004). Another MR technique, proton magnetic reso-
nance spectroscopy (‘H MRS), measures several
cerebral metabolite concentrations in vivo, including
the glial marker, myoinositol (MI), the neuronal
marker, N-acetyl aspartate (NA), choline compounds
(CHO), total creatine (CR), glutamate (GLU), and
glutamine. "H MRS is highly sensitive for detecting
subclinical brain injury (i.e., alteration of these brain
metabolites) associated with other drugs of abuse,
including methamphetamine (Ernst et al. 2000),
ecstasy (Chang et al. 1999b), and cocaine (Chang et al.
1999a; Ke et al. 2004). However, there are no data
regarding how marijuana use affects these brain
metabolites. In contrast, over 30 studies have used
MRS to evaluate brain metabolite abnormalities in HIV
patients. Elevated glial markers (choline and myo-
inositol), and decreased neuronal marker NA, have
been shown to correlate with the severity of HIV
cognitive motor complex (Chang et al. 1999c¢), and with
poorer performance on neuropsychological measures
(Chang et al. 2002; Ernst et al. 2003). These findings
suggest that HIV-associated neuroinflammatory pro-
cesses may be related to cognitive deficits in these
patients. However, despite the known immunosuppres-
sive effects of marijuana, no MRS study has been
performed to evaluate whether marijuana use is associ-
ated with altered brain metabolism in HIV patients.

The neuropsychological deficits of psychomotor
slowing and attention deficits in HIV patients are well
documented (Grant et al. 1987; Miller et al. 1990;
Heaton et al. 1995; Martin et al. 1995). In contrast, the
effects of marijuana on cognitive function remain
somewhat controversial. Most studies concur that
deficits in attention and memory are present within
the first 7 days of marijuana use (Pope and Yurgelun-
Todd 1996; Solowij et al. 2002); however, some found
normalization of these cognitive deficits after 28 days

of abstinence (Pope et al. 2001), whereas others found
persistent deficits (Bolla et al. 2002). A recent meta-
analysis of 11 studies that included over 1,000 mari-
juana users found only mild cognitive deficits on
learning and memory (Grant et al. 2003). Again, there
are little data regarding possible interactive or additive
effects of HIV and marijuana on cognition; only one
study reported more cognitive deficits in symptomatic
HIV patients with regular MJ use than those without
MJ use (Cristiani et al. 2004). Therefore, using a well-
validated '"H MRS technique and a detailed battery of
neuropsychological tests, we performed a study to
evaluate whether chronic marijuana use is associated
with persistent brain chemistry and cognitive abnor-
malities in individuals with or without HIV infection.

Based on prior studies, we expected that HIV sub-
jects would demonstrate metabolite abnormalities re-
flecting glial activation (elevated myoinositol, choline
compounds, and creatine), whereas chronic marijuana
users would show attenuated levels of these glial markers,
and HIV subjects who used marijuana would show
interactive effects on these glial metabolites. In addition,
as both cannabinoids (Shen and Thayer 1999; Pistis et al.
2002; Tomasini et al. 2002) and HIV (Ferrarese et al.
2001; Chang et al. 2002) have been shown to affect the
glutamatergic system, we also expected to observe
interactive effects between HIV and chronic marijuana
use on brain glutamate concentrations.

Materials and methods
Subject selection

Ninety-six subjects were studied: 42 HIV-seropositive
subjects [21 with regular marijuana use (HIV + MJ)
and 21 with little (less than 1 joint/month) or no
marijuana exposure (HIV)] and 54 seronegative sub-
jects [24 with a history of chronic MJ use (MJ) and
30 nondrug using controls (CON)] were assessed. HIV
patients were recruited from local HIV clinics and the
community. The seronegative subjects were recruited
from the same local communities by advertisement
and through word-of-mouth from subjects already
enrolled in our studies. Prior to the study, each subject
was verbally informed of the study protocol and signed
a consent form approved by the Institutional Review
Board at the Brookhaven National Laboratory. Each
subject was evaluated by detailed medical and neuro-
psychiatric history and examination, screening blood
tests, and urine toxicology screens. The screening
blood tests included routine chemistry, routine blood
count, thyroid panel, and HIV test if the serostatus was
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unknown. The most recent CD4 cell count and plasma
viral load measurements of each HIV subjects were
obtained or measured. Detailed marijuana usage and
history of other drug use were also recorded. Karnofsky
scale, HIV dementia scale, and AIDS dementia com-
plex (ADC) stage were assessed in each HIV patient.

Based on the screening evaluation, male or female
subjects of any ethnicity, age 18-75 years, who were
able to provide consent, were willing to participate in
the study, and met the following additional inclusion/
exclusion criteria were enrolled. HIV patients (with or
without MJ use) were enrolled based on these inclusion
criteria: (1) HIV seropositive; (2) CD4 < 500/mm?; (3)
either on no HIV antiretroviral medication or on a
stable HIV antiretroviral drug regimen for at least
4 weeks; and (4) AIDS dementia complex stage < 2.
MIJ subjects (with or without HIV) fulfilled the
following criteria: (1) regular MJ use (>4 days/week)
for at least 12 months; (2) negative urine toxicology
screen for other drugs of abuse (e.g., cocaine, amphe-
tamines, barbiturates, benzodiazepines, and opiates);
and (3) for the MJ-only group: HIV seronegative and
healthy, and on no medications (except vitamins and/
or oral contraceptives). Criteria for CON subjects were:
(1) healthy and on no medications (except vitamins and
oral contraceptives); (2) no history of marijuana abuse;
(3) negative urine toxicology screen for drugs of abuse
(marijuana, cocaine, amphetamines, barbiturates, ben-
zodiazepines, and opiates); (4) seronegative for HIV.
Subjects who met any of the following criteria were
excluded: 1) history of comorbid psychiatric illness,
which may confound the analysis of the study (e.g.,
schizophrenia, bipolar disorder, major depression); (2)
confounding neurological disorder (e.g., multiple scle-
rosis, degenerative brain diseases, any brain infections,
neoplasms, or cerebral palsy); (3) abnormal screening
laboratory tests that might affect MRS measures (e.g.,
significant renal or hepatic dysfunction); (4) current or
history of other drug dependence (including, but not
limited to, amphetamines, cocaine, alcohol, opiates, and
barbiturates); (5) history of head trauma with loss of
consciousness for more than 30 min; (6) contraindica-
tions for MR studies: metallic or electronic implants in
the body (e.g., pacemaker, surgical clips, pumps, etc.),
significant claustrophobia, pregnant or breastfeeding in
female subjects; (7) less than an 8th-grade level English
reading skills.

Proton magnetic resonance spectroscopy
Subjects were studied with MRI and localized 'H

MRS, using a Varian 4.0 Tesla (T) scanner equipped
with an actively shielded Siemens Sonata whole-body

gradient set. The imaging protocol consisted of three
standard structural imaging sequences: a sagittal
T;-weighted localizer (TE/TR = 11/500 ms, 5 mm
slice thickness, 1 mm gap, 24 cm FOV, 192 phase
encoding steps, 1.5 min scan time), followed by an
axial 3D modified driven equilibrium Fourier trans-
form (MDEFT) sequence (Lee et al. 1995) and a set
of T,-weighted fast coronal images. Voxel locations
for MRS were chosen based on prior studies that
demonstrated the site of action for cannabinoids in
rodents (Patel et al. 1998) and in nonhuman primates
(Charalambous et al. 1991). Localized '"H MRS was
performed in the thalamus and the right basal ganglia
of all 96 subjects; in addition, measurements were
performed in 1-3 more of the following brain regions:
frontal white matter (n = 56), cerebellar vermis (n =
47), right parietal white matter (n = 49), and occipital
gray matter (n = 45). Voxel locations are shown in
Figure 1 and voxel sizes ranged between 3 and 5 mL
depending on the subject’s anatomy and brain region.
Data were acquired using a double spin echo se-
quence, point resolved spectroscopy (or PRESS), with
TR/TE = 3,000/30 ms. Metabolite concentrations were
determined using a method developed by one of the
authors (Ernst et al. 1993; Kreis et al. 1993). Briefly,
the T, decay of the unsuppressed water signal from the
PRESS experiment was measured at 10 different echo
times, to calculate the metabolite concentrations
corrected for the partial volume of cerebrospinal fluid.
The data were processed using the LCModel program
(Provencher 1993), which yielded molar metabolite
concentrations of NA, CR, CHO, MI, and GLU.
Typical interindividual variabilities in the metabolite
concentrations were 10-15%. There were no differ-
ences between subject groups in spectral quality (as
indicated by full-width at half maximum and signal-to-
noise ratio measures).

Neuropsychological tests

A battery of neuropsychological tests designed to
assess cognitive function most likely affected by injury
to the striatum and frontal regions was performed. The
test battery included measures of gross motor func-
tioning (Timed Gait), verbal memory [Rey Auditory
Verbal Learning Test (AVLT)] (Rey 1941), fine motor
speed (Grooved Pegboard, testing dominant and non-
dominant hands) (Klgve 1963), executive function
(Stroop Color Interference Tests) (Stroop 1935), esti-
mate of verbal intelligence [New Adult Reading Test-
Revised (NART); Blair and Spreen 1989], mood
(Center for Epidemiologic Studies—Depression Scale
or CES-D; Radloff 1977), and psychomotor speed (Trail
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Fig. 1. Localized MRS was performed in six brain regions,
indicated by white boxes on coronal T,-weighted MRI scans
(left). The graphs at the top right show representative spectra
from the frontal white matter of one subject from each group.
Also, the glutamate concentration ([GLU]) in the frontal white
matter region showed a significant interaction between HIV

Making Tests, parts A and B; Anonymous 1944; Symbol
Digit Modalities; Smith 1982; and the California Com-
puterized Assessment Package, CalCAP; Miller 1990).
The CalCAP included tests for simple reaction time and
psychomotor speed (choice reaction time, single digit
recognition), as well as tests for working memory [1-
back cued response (“X” only after “A”), sequential
numbers with 1-increment, sequential numbers with 2-
back], and visual discrimination and response inhibition
(degraded words with distracters, response reversal/
visual scanning, and form discrimination tasks). All
neuropsychological tests were performed in all subjects,
except for one HIV subject who could not perform the
Timed Gait, and two subjects (1 HIV and 1 CON) who
were color-blind and could not perform the Stroop
tasks. Neuropsychological tests were performed within
1 month of the MRI studies.

Statistical analyses

Statistical analyses were performed in StatView (SAS
Institute Inc., Cary, NC, USA). A two-way analysis of
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serostatus and marijuana use, in that HI'V infection or marijuana
use alone were associated with reduced [GLU], whereas
seropositive MJ users had essentially normal [GLU]. WM: white
matter; NA: N-acetyl peak; GLU: glutamate; CR: total creatine;
CHO: choline-containing compounds; MI: myo-inositol; MJ:
marijuana; CON: control group

variance (ANOVA) was performed for each metabo-
lite, with marijuana and HIV serostatus as the two
factors. For variables that showed significance (p <
0.05), or trends for significance (p < 0.10), on the
ANOVA main effects (HIV or MJ status) or inter-
actions between the two categories, post-hoc t-tests
were also performed. A type I error probability of
<0.05 was used to determine statistical significance. To
minimize multiple correlations, only metabolites that
had trends or significant effects were tested for
correlations with MJ usage (frequency, duration, and
last use) or with HIV disease severity (CD4 and viral
loads), using simple regression analysis and Spearman
correlations as needed.

Results
Clinical and demographic variables

Table 1 shows the demographic data and clinical
variables related to HIV disease severity and MJ drug



69

-91qeordde jou = yN ‘Jueoyrugis jou = 's'u
‘suone[nored ainsodxo DHJI, 9Y) Ul papn[dul JOU sem SI) {OULIR]Al Suisn os[e sem 122(qns [N + ATH 2UQ,

1000 = d 100070 > d 20000 =d (¥29-9¢) (8¥v—9¢) (00€-0) (¥1-0)
01T =y ‘YTST =Wy ‘6T =6y TTST T 00°20€ 9T'TT ¥ 6TSLT YTST T €°ST S€9 T 09T (syyuowr) osn jo uonem(q
wo=d 10000 > d c00=d (0e-1) (0¢-1) (€-0) (z0) (qyuouy/skep)
‘gg =1y ‘ceor = 6y ‘0g =72y 1€T FTSTI YTT T V61 910 7 TS0 110 7 T4°0 asn jo Aouonboaig
10000 > d (8) pesodxe DHL swmnojI
sU QLT =10y su 90T S6'1 STOT89T 8T0 F ¥L0— 9z0F ITT— PojRWINSS JO WIILILSO]
100070 > d (999'1-9°¢) (089°1-9°€) (97-0) (SL0-0) (8) pasodxa DHLL jo
su ‘681 =17 'su ¥E'T9 F 90°0€C €T'IL 7 00791 910 ¥ 620 ¥0'0 T 0T°0 SWNOJI[ PAJBWHSI [e0],
10000 > d (z€1-0) (ovz-0) (0z¥-0) (zre-1) (syyuowr) euen(urew jo
sU ‘cop =197y su €76 T S6'1C €L9T T SLIS LS'LS T ¥¥STT YE6T F €L°661 SN JSe[ 20UIS SWIL],
(¢c-9) (se—€1) (Tz-91) (se—€1)
sU sU su 0TT T ILLT 90T F STLT TS0 T TTST TETFELOT osn euen(Lew is1y Jo 9y
(0€—0 = o8uer)
10000 > d Q[eds CowwmuuQ®Q|w®:u:um
su su ‘917 =8y LS FYTST ISTT6LL 96'C T 6C°81 6T'1FT6L or3o[orwapidy 10§ 193Ua)
(4—0 = 93ue1)
VN su VN 110 ¥ 69°0 - ¥1°0 7 88°0 - 98e1§ enuewR SAIV
(001-0 = @3uer)
91028 J[edIS
VN sU VN 90°'C F €€°68 - 91T T IT98 - SourwLIOyIog AYsjourey]
(91— = o3uer) 2100§
VN su VN 950 F 6EV1 - 89°0 T 08°CT - 9[eds enuswe( AIH
VN su VN LTO T ¥0°€E - 620 FCI'E - PeO[ [BJIA 9Y} JO WYILIETO]
(Tuysordoo)
VN sU VN 850V ¥ L80°ST - €LO'LY T 666°S9 - peo[ [edIA BWSR[]
VN sU VN €CLE T €6°EPE - 0T'8E  6SVLT - JWAUN0d D
(%$6) 0T - (%18) LT - SUOTJEIIPIW [RIACIIINUY
(%¥1) € (%LD) ¥ (%61) ¥ (%02) 9 SOeWo, ]
L0000 =d
su su ‘T =Wy 170 F 16°C1 £°0 F 00°ST 950 T 79°¢T E0 T €T (s1eak) uoneonpy
sU sU su 99°'T T L9 0€°T T €€°9¢ S6TF6ITh 0TC T 0Ty (s1eaf) o3y
1093)2 NAS F ueawr NAS F ueawr NAS F ueawr NAS F ueawr
euen(Lep (17 = u) sypalgns (2 = u) sy0lgns (12 = u) sy0lqns ‘(0g = u) sy0lqns
X AIH 1093j0 euenlurey 109139 AIH aanisod-ATH QAne3ou-ATH aanisod-ATH oAne3ou-ATH

VAONYV Aem-om],

asn euen(urew oruoIyd Jo KIOISIE]

asn euen[irew ooIYd Jo A10JSIY ON

SONISLIOYORIRYD 102[qNnS T d[qe],



70

usage. Age was not significantly different among
groups. The HIV subjects had lower education than
the seronegative subjects (p = 0.0007), although the
difference was only by 1-2 years of education. The two
HIV-positive groups had similar HIV disease severity,
as measured by CD4 count, plasma viral loads,
Karnofsky scores, and AIDS dementia stage, but the
HIV-positive groups had more depressive symptoms
(CES-D) compared to the seronegative groups (p <
0.0001). Most of the HIV positive subjects were on
combination therapies (17 of 21 HIV and 20 of 21
HIV + MIJ). The types of antiretroviral medications
used were similar between the two groups (nonnucleo-
side reverse transcriptase inhibitors were used by 94%
HIV and 100% HIV + MJ; nucleoside reverse tran-
scriptase inhibitors were used by 53% HIV and 45%
HIV + MJ; and protease inhibitors were used only by
41% HIV and 45% HIV + MJ). Subjects not on medi-
cations were not outliers on any MRS or neuropsy-
chological measures; therefore, no distinction between
those off and on medications were made in further
analysis.

MJ and other drug usage

The two chronic MJ groups were primarily abstinent
from MJ use, except for 12 subjects in the MJ only
group and 6 subjects in the HIV + MJ group, who
remained regular users (>4 times/week). The two MJ
groups had similar ages of first use; although the HIV
+ MJ subjects had a shorter average time since last use
(21 months) than the MJ only group (51 months), the
difference was not significant (p = 0.14; Table 1). Some
of the subjects in the two groups without a history of
chronic MJ use also used MJ recreationally (11 CON
and 9 HIV); however, they tended to first use the drug
at later ages and had significantly longer time since last
use (p < 0.0001) compared to the two chronic MJ user
groups. Although the HIV + MJ group used MJ fewer
days per month (p = 0.04) than the seronegative MJ
group, the estimated lifetime THC exposure did not
differ significantly between groups (p = 0.32), because
the HIV + MJ group had more years of use (p =
0.0005).

There is a trend for fewer CON subjects who
smoked nicotine daily (n = 4, 13%) compared to the
MJ subjects (n = 9, 42%) and the HIV-positive
subjects (8 HIV, 38% and 11 HIV + MJ, 57%).
Although subjects with history of other drug depen-
dence, including alcohol, were excluded, four of the
HIV + MI subjects and two of the MJ subjects also
admitted to past recreational usage of cocaine. Alco-
hol use was less than 7 drinks/week in all subjects,

except for one CON, one MJ, one HIV, and two HIV
+ MJ subjects. All marijuana-using subjects indicated
that marijuana was their primary drug of abuse and
their drug of choice, and the other drugs used were
minimal in comparison.

Group differences in brain metabolites

Based on ANOVA, HIV infection (independent of
M1J) was associated with trends for reduced [NA] in the
parietal white matter (—3%, p = 0.09) and increased
[CHO] in the basal ganglia (7.4%, p = 0.1). In contrast,
MJ (independent of HIV serostatus) was associated
with decreased basal ganglia [NA] (—5.5%, p = 0.05),
[CHO] (—10.6%, p = 0.04), and [GLU] (=9.5%, p =
0.05), with increased thalamic [CR] (+6.1%, p = 0.05),
and trends for increased [MI] in occipital gray matter
(+5.6%, p = 0.1) and in thalamus (+10.2%, p = 0.1).
Two-way ANOVA also showed a significant interac-
tion in the frontal white matter [GLU] (p = 0.01)
(Fig. 1) and trends for interactions for cerebellar (p =
0.07) and basal ganglia [MI] (p = 0.08).

Post-hoc t-tests were conducted on those metabolite
concentrations that showed significant differences, or
trends toward significance, by two-way ANOVA. In
the basal ganglia, HIV-seronegative MJ users had
lower [MI] (—27%, p = 0.008), lower [CHO] (—11%,
p = 0.04), and lower [GLU] (—12%, p = 0.03)
compared to CON (Fig. 2). Because some MRS
metabolites have been reported to show age effects
(e.g., [CR], [CHO], and [MI]) (Chang et al. 1996;
Soher et al. 1996) and MJ users were younger than the
other groups, analysis of covariance (ANCOVA) was
performed with age as a covariate for these metabo-
lites. After covarying for age, the decreased basal gan-
glia [CHO] and decreased [MI] initially observed in
MJ subjects were no longer significant. Also, in the
basal ganglia, HIV subjects showed a nonsignificantly
decreased [GLU] (—6%), whereas HIV + MJ showed
significantly decreased [GLU] (—-13%, p = 0.03)
compared to CON (Fig. 2). In the thalamus, a trend
for additive effects of HIV and MJ were observed on
[CR], with the MJ subjects or HIV subjects showing
slightly elevated [CR] (+5%, p = 0.1) and the HIV +
MJ had the highest level of [CR] relative to CON
(+9%, p = 0.06) (Fig. 2). All other post-hoc tests were
nonsignificant.

Neuropsychological test performance

The HIV subjects (both with and without MJ use)
performed significantly poorer in all cognitive domains
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Fig. 2. Bar graphs of several metabolites that show significant
effects of HIV infection and/or marijuana use (left and middle
columns). The graphs on the right depict some of the significant

tested, whereas the MJ subjects (both with and without
HIV) performed significantly better, or showed trends
for better performance, in all cognitive domains except
for the memory tests (Table 2). As the HIV subjects
also had modest but significantly lower education and
higher CES-D scores (which could influence perfor-
mance and motivation) compared to the seronegative
groups, the neuropsychological data were additionally
analyzed using education and CES-D as covariates in
an ANCOVA. After correcting for education and
mood, HIV subjects were slower only on five of the
seven reaction times on the CalCAP tasks (Table 2).
As there was also a trend for the MJ users to be
younger (with the MJ only group significantly younger
than the other groups, p = 0.04), reanalyses using age
as a covariate were performed; all tasks in which
chronic MJ users performed faster or better were no
longer significant. No interactive effects between HIV
and MJ were observed for any of the neuropsycholog-
ical tests.

Correlations between metabolite levels, cognitive
function, drug usage, and HIV disease severity

Of the metabolite concentrations that showed signifi-
cant group effects, frontal white matter [GLU] was
positively correlated with duration of MJ use in the
HIV + MJ group, but not in the MJ-only group (Fig. 2).
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correlations between brain metabolite levels and measures of
marijuana use. GLU: glutamate; CHO: choline-containing com-
pounds; MJ: marijuana; CON: control group

The basal ganglia [CHO] was inversely correlated with
frequency of marijuana usage (Fig. 2), and showed a
similar trend for negative correlation with the log of
the estimated lifetime THC exposure (r = —0.23, p =
0.09). Some HIV disease severity measures also showed
a positive correlation with basal ganglia [CHO], includ-
ing ADC stage (r = 0.39, p = 0.02; Spearman corrected)
and Karnofsky (r = —0.40, p = 0.02; Spearman
corrected), whereas CD4 (r = 0.32, p = 0.06) had a
similar trend. These clinical variables did not correlate
with any of the self-reported drug usage measures.

Subjects with lower basal ganglia [MI] tended to
have poorer performance on two of the CalCAP tests
(simple and choice RT: r = 0.2, p = 0.07 for both). The
trend for correlation between simple RT test and basal
ganglia [MI] was primarily attributable to a significant
positive correlation in the nonmarijuana-using subjects
(r =0.36, p = 0.02).

The logarithm of the estimated lifetime marijuana
usage positively correlated with performance on the
same two CalCAP tests (simple RT: r = 0.27, p = 0.05;
choice RT: r = 0.30; p = 0.04). Longer MJ use was
associated with longer reaction times on choice RT
(r = 0.53, p = 0.0002); this positive correlation was
stronger in the MJ group (r = 0.53, p = 0.008) than in
the HIV + MJ group (r = 0.37, p = 0.1). Because older
subjects might have used MJ longer, we also evaluated
whether age might be related to drug usage. Although
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Table 2 Neuropsychological test performance

Neuropsychological ~ No chronic marijuana use Chronic marijuana use Two-way ANOVA
st HIV-negative =~ HIV-positive HIV-negative HIV-positive HIV effect Marijuana  HIV x
subjects subjects subjects subjects effect Marijuana
(n = 30), (n=21), (n=24), (n =21), interaction
mean + SEM  mean + SEM mean + SEM mean £ SEM
NART 4323+1.77 35.67+2.92 4733+1.71 40.24+2.85 p = 0.002 (p=0.06) ns.
Est VIQ 112.88+1.57 106.16 £2.60 116.50+£1.49 110.23+£2.54 p = 0.002 (»p =0.06) ns.
Gross motor
Timed Gait 8.59+0.20 10.32+£0.42 8.45+0.26 9.45+0.23 p < 0.0001 (»p=0.07) ns.
Fine motor
Pegboard 65.67+2.10 74.19+3.19 62.75+1.69 64.86+2.66 p =0.03 p =0.01 n.s.
Dominant hand
Pegboard 72.47+3.17 87.95+5.92 71.67+2.52 73.48+2.60 p =0.02 p =0.04 p = 0.07
Nondominant
Psychomotor
Symbol Digit 5223+1.07 45.67+2.35 56.58+2.28 47.75+3.07 p = 0.0006 (»=0.1) n.s.
Trail Making A 31.10+2.03 34.57+2.31 28.04+1.98 30.43+2.54 n.s. (»=0.1) n.s.
Trail Making B 58.13+3.20 81.10+8.28 52.46+2.92 68.19+4.68 p = 0.0001 (p =0.06) ns.
Memory
AVLT 1 6.60+0.32 5.81+0.41 6.92+0.45 6.48+0.40 (»p=0.1) ns. ns.
AVLT 5 11.77+0.53 10.71+0.57 12.08 £0.50 11.76 £0.44 n.s. ns. ns.
AVLT6 10.70+£0.54 8.91+0.76 10.67 £0.54 9.33+0.91 p =0.02 ns. ns.
AVLT7 10.30+£0.49 9.10+0.77 10.46 £0.61 8.40+0.94 p =0.02 ns. n.s.
Executive
Stroop Color 61.54+2.19 71.25+4.27 57.09+2.15 62.48+2.74 p = 0.009 p =0.02 n.s.
Stroop Word 46.21+1.53 49.29+3.11 42.09+1.16 47.38+1.75 p =0.04 (p=01) n.s.
Stroop 11421+4.55 133.65+9.48 99.09+3.82 124.71 £8.96 p = 0.001 (p=008) ns.
Interference
CalCAP tasks—reaction time (RT)
Simple RT 303.20+13.59  349.62+18.51  303.96+1827  35429+4442  p = 0.05%* ns. ns.
Choice RT 380.43+6.02 413.05+10.92  373.21+5.72 416.33+17.76  p = 0.0004***  n.s. n.s.
Cued RT 41633+1729  423.10+20.51  365.63+9.59 408.43+17.01  p = 0.1%* p =0.05 n.s.
1Back RT 52843+16.09  600.10+31.17  499.58+15.59  543.81+26.68 p = 0.01** (»p =0.06) ns.
2Back RT 733.00+23.65 877.71+£32.71  643.08+29.19  758.91+58.03  p = 0.0005 p = 0.005 n.s.
1Incr RT 590.87+17.97  656.81+25.03  553.63+£26.59 617.33+25.12  p =0.007 (p=01) n.s.
DegWord RT 51523+12.63  578.38+32.83  492.63+11.54 584.95+29.71  p = 0.0006** ns. n.s.
Form RT 704.70+25.55  824.91+34.00 662.63+19.82  813.67+4451 p < 0.0001* ns. n.s.
RevWord RT 61720+1535 695.86+£25.83  598.83+17.83  697.76+3229  p = 0.0002* ns. n.s.

**p < 0.05 after covarying for education and CES-D; ***p < 0.005 after covarying for education and CES-D.

p Values in parentheses indicate trends for significance.

there was no correlation between age and estimated
lifetime THC exposure (r = 0.13, p = 0.4), age did
correlate positively with months of use (r = 0.62, p <
0.0001), which could account for the longer reaction
times in MJ users.

Discussion

This study demonstrates that marijuana and HIV have
individual and combined effects on brain metabolites,
but only HIV affects neuropsychological test mea-
sures. Because our HIV subjects were relatively neu-

roasymptomatic, their cognitive deficits were mild and
were detected only on the reaction times of the more
sensitive computerized tests. However, we observed
several metabolite abnormalities (decreased GLU,
CHO, and MI) in the basal ganglia and (elevated
CR) in the thalamus of chronic marijuana users.
Although HIV subjects with chronic MJ use also had
decreased GLU in the basal ganglia and elevated CR
in the thalamus, the glial markers MI and CHO were
normal in the basal ganglia of HIV + MJ subjects.
Chronic marijuana use (independent of HIV seros-
tatus) was associated with decreased basal ganglia
[NA], [CHO], and [GLU], but increased thalamic
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[CR]. The MJ-only group also showed decreased
[GLU]. Because the neuronal marker NA is typically
decreased in various brain disorders, including neuro-
toxicity associated with cocaine (Chang et al. 1999a)
and methamphetamine (Ernst et al. 2000), the de-
creased NA in our MJ users suggests neuronal loss or
dysfunction in the basal ganglia. However, as elevated
CHO and especially elevated MI are typically associ-
ated with conditions of glial activation, the decreased
levels of these metabolites in both groups of MJ users
suggest less glial activation. GLU is present primarily
in the vesicles within neurons, and once released is
immediately taken up again by astroglia, which con-
verts GLU into glutamine (GLN) that is in turn
transferred back to the neurons for conversion to
GLU; this process is called the glutamate—glutamine
shuttle. Therefore, the decreased GLU may result
either from neuronal dysfunction (hence decreased
conversion of GLN to GLU) or from glial dysfunction
(decreased GLU reuptake), or both processes. The
decreased [NA] and [GLU] in the basal ganglia
suggest neuronal dysfunction, whereas decreased [MI]
suggests decreased glial function, possibly related to
the immunomodulatory effects of THC.

Possible neuronal injury and suppression of the
neuroimmune response as a result of chronic marijua-
na abuse are supported by preclinical studies. The
endogenous cannabinoid anandamide, or arachidony-
lethanolamide (AEA), is a lipid mediator that blocks
proliferation and induces apoptosis in many cell types,
including neurons (Maccarrone and Finazzi-Agro
2003). Because cannabinoid (CB)1 receptors have
been shown to be neuroprotective by blocking the
apoptotic effects of AEA, chronic marijuana use
downregulates CB1 receptors, which might lead to
decreased neuroprotection in response to oxidative
stress associated with normal cellular metabolism. A
recent study also showed that activation of CB1
receptors by THC may increase cell death induced by
oxidative stress (Goncharov et al. 2005). However, an
earlier study argued against the role of CB1 receptors
in neuroprotection against oxidative stress (Marsicano
et al. 2002). In our study, the brain regions that showed
metabolite alterations, specifically basal ganglia and
thalamus, correspond to those that were shown to have
high THC uptake in a PET study on nonhuman
primates (Charalambous et al. 1991), as well as regions
that showed FOS immunoreactivity to AEA (Patel
et al. 1998). Although the cerebellum is also rich in
CB1 receptors and was affected by THC in prior
studies, we did not observe metabolite abnormalities in
the cerebellum, most likely a result of the smaller
sample size studied.

Consistent with prior reports, our HIV subjects,
regardless of MJ use status, had trends for reduced
[NA] in the parietal white matter and increased
[CHO] in the basal ganglia, but the effects were not
significant (most likely because of the neuroasympto-
matic status of the HIV subjects). However, these
trends again support possible neuronal dysfunction
(with decreased NA) and glial activation (with elevat-
ed CHO), as is often observed in HIV-associated brain
injury, both from prior MRS studies (Chang et al.
1999¢) and from neuropathological findings (Budka
et al. 1987; Price et al. 1988; Adle-Biassette et al.
1999). Unlike prior MRS studies in HIV patients
(Chang et al. 1999¢, 2002), however, we did not
observe elevated glial marker myoinositol in the
frontal white matter of our HIV patients. This may
be attributable to the smaller sample sizes in the HIV
subgroups, the neuroasymptomatic status of these
subjects, and the larger variability in myoinositol
measurements at 4-T field strength, as each of the
myoinositol multiplet peaks at 4 T has a lower signal
than the larger MI pseudo-singlet at 1.5 T. Further
evidence for neuronal loss or dysfunction is supported
by the decreased [GLU] in the basal ganglia of the
HIV subjects, because [GLU] is primarily stored in
neuronal vesicles (Copper et al. 1996).

The combined effects of HIV infection and MJ were
consistent with an additive model for some metabo-
lites. Specifically, HIV + MJ demonstrated trends for
additive effects of decreased basal ganglia [GLU] and
increased thalamic [CR]. The decreased [GLU] sug-
gests exacerbation of neuronal dysfunction in HIV
subjects with chronic MJ use, whereas the additive
effect on the increased thalamic [CR] suggests in-
creased cellular metabolism. Because glial cells have
higher concentrations of [CR] and higher metabolism
(Brand et al. 1993), the elevated [CR] suggest glial
activation in this brain region.

We did not observe significant abnormalities in HIV
subjects or MJ users on the standard neuropsycholog-
ical test measures, after taking into account group
differences in age, education, or depression scores. The
lack of group difference in HIV subjects is likely due
to the relatively small sample size and the asymptom-
atic stages of the HIV subjects. Prior studies using
larger samples of HIV patients have clearly demon-
strated psychomotor slowing and impairment on tasks
that involve attention and working memory, both prior
to the availability of potent antiretroviral treatments
(Grant et al. 1987; Miller et al. 1990; Heaton et al.
1995; Martin et al. 1995), and in those maintained on
highly active antiretroviral therapy (Tozzi et al. 2005).
Our MJ users performed faster on several motor and



74

psychomotor tasks, but the differences were accounted
for by their younger age. Therefore, our findings of
relatively normal cognitive performance in our MJ
users are consistent with those reported previously
(Pope et al. 2001; Grant et al. 2003). We also did not
observe additive or interactive effects on cognitive
performance in our HIV + MJ users. This finding may
be due to the relatively asymptomatic status of our
HIV subjects, because a prior study reported increased
cognitive deficits only in symptomatic HIV patients
who use marijuana regularly compared to HIV pa-
tients who are not chronic marijuana users (Cristiani
et al. 2004).

There are several limitations and considerations in
the current study. (1) Subject groups in this study were
not matched on all demographic measures (e.g., age,
education, and depression scores); however, we rean-
alyzed group differences using these variables as
covariates whenever necessary. (2) Because our chron-
ic MJ users all smoked the drug, other ingredients in
the smoke might have contributed to the brain metab-
olite abnormalities. Therefore, we could not confident-
ly attribute the abnormal metabolites to THC, but only
as an association to chronic MJ smoking. (3) The care-
fully estimated cumulative THC exposure may conceal
transient changes associated with drug peak level ef-
fects or variable frequency of drug use during the sub-
jects’ lifetime, which are not possible to assess in such
a cross-sectional study of primarily abstinent subjects.
(4) As we did not study these subjects prior to their
usage of MJ, we cannot exclude the possibility that the
brain metabolite abnormalities observed might be a
premorbid condition or a phenotype for predisposition
to drug use. (5) Lastly, despite a fairly substantial
sample size for an MRS study, sample sizes in the sub-
groups were small to moderate in some of the brain
regions measured (e.g., cerebellum and frontal white
matter). Therefore, future studies using larger sample
sizes and longitudinal follow-ups in the subgroups for
measuring these brain regions are needed.

Despite these limitations, this study demonstrates
abnormal brain chemistry in healthy chronic marijuana
users, and some additive and interactive effects on
brain chemistry in HIV patients who used marijuana
chronically. Further research is warranted in this area
to determine whether marijuana, or active ingredients
of marijuana (e.g., cannabinol, cannabindiol), may
have negative or beneficial influence on brain injury
associated with HIV patients or in other inflammatory
disorders.
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