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1. ABSTRACT

Of the 40 million people living with HIV/AIDS
worldwide in 2003, only 7% received highly active
antiretroviral treatment (HAART).  Without treatment,
approximately half of AIDS patients will suffer from
NeuroAIDS including neurological dysfunction, peripheral
neuropathies, motor impairment, cognitive difficulties and
frank dementia. HAART has reduced mortality from AIDS
in the developed world, but CNS/neurological
complications continue to be a leading cause of death or
disability in AIDS patients on HAART.  Despite years of
use in developed countries, it is still not clear what the
long-term impact of HAART will be on NeuroAIDS.  The
mechanisms of AIDS-related CNS pathology, in the
presence or absence of HAART, are not completely
understood. Infection with simian immunodeficiency virus
(SIV) in macaques provides an excellent research model of
AIDS, including AIDS-related CNS pathology and
cognitive/behavioral impairments. A major goal of research
with the SIV/macaque model has been to characterize
behavioral and cognitive impairments in NeuroAIDS and
elucidate the CNS pathology behind these impairments.
Review of the studies assessing cognitive impairment in
SIV infected macaques demonstrates the high concordance
between neuropsychological impairment in human and
simian AIDS. Consistent with results in human AIDS
patients, SIV-infected monkeys tend to be impaired most
often on tasks dependent upon intact frontal cortical and/or
subcortical functioning. Building on the strengths of the
SIV/macaque model of AIDS, directions for future research
are discussed including further mechanistic studies of the
neuropathology leading to cognitive impairment as well as
assessment of the impact of antiretroviral therapy or drugs
of abuse on NeuroAIDS.

2. INTRODUCTION

Neuropsychopathology, or central nervous
system (CNS) dysfunction that leads to behavioral changes,

is an important aspect of the acquired immunodeficiency
syndrome (AIDS) pandemic (1). Early in the course of
infection, human immunodeficiency virus (HIV) enters the
CNS, and HIV is detectable in the CNS throughout the
course of infection. However, HIV does not infect neurons,
but rather it infects cells of the monocytic lineage in the
brain, namely macrophages and microglia (2-5). The
neurotoxicity resulting from HIV infection therefore results
from an indirect mechanism, possibly involving toxic viral
proteins or inflammatory mediators produced by activated
macrophages and microglia (6-10). Taken together the
neurological, motor and cognitive impairments in AIDS
have been termed NeuroAIDS.

Of the 40 million people infected with HIV
worldwide in 2003, only 7% will receive antiretroviral
treatment (11, 12).  Without treatment, approximately half
of AIDS patients will have neurological dysfunction,
including peripheral neuropathies and Minor
Cognitive/Motor Disorder (MCMD) seen in roughly 5-10%
of early stage HIV patients and 25-30% of late stage
patients (6, 13-18).  MCMD significantly worsens quality
of life for AIDS patients, increasing self-reports of
‘pain/discomfort’, ‘mobility’, ‘self-care’, and inability to
engage in ‘usual activities’ (19).  Cognitive impairment and
impairment of psychomotor speed were both highly
correlated with reductions in quality of life (20, 21),
suggesting that impairment of motor function or speed
predicts reductions in the quality of life for AIDS patients
(20).  MCMD is also associated with an increased risk of
employment loss above and beyond illness from
immunosuppression (15, 20, 22).  The reduction of the
quality of life of NeuroAIDS patients and their families is
therefore a significant, but often overlooked, aspect of
AIDS. In addition to MCMD, 5-15% of symptomatic AIDS
patients develop the disabling HIV associated dementia
(HAD), making HAD one of the leading causes of
dementia in the non-elderly (6, 13-18).
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In developed nations, highly active antiretroviral
therapy (HAART) has led to a decline in mortality and in
the incidence of CNS effects of AIDS, including nearly a
50% reduction in the incidence of HAD (23, 24); however,
the overall prevalence of HAD has been increasing with
prolonged survival times of AIDS patients on HAART (25-
28), and CNS/neurological complications continue to be a
leading cause of death or disability in AIDS patients on
HAART (28-30). Therefore, while fewer HIV positive
patients progress to AIDS with HAART, those that do have
the same or increased incidence of NeuroAIDS.

HAART has been reported to be beneficial in
some (25, 31-35), but not all cases of MCMD and HAD
(21, 36).  As many as 40% of HAD patients may not
improve with HAART treatment (37) suggesting that not
all pathology may be reversed by reducing viral load (29,
38). Treatment failure has become a significant concern
with HAART, whether due to non-compliance,
development of resistant viral strains, intolerable side-
effects or other causes (39--41). Despite recent initiatives
increasing treatment availability, the cost of HAART
treatments makes them unavailable for most of the 35
million HIV-infected individuals in developing countries
(11). Additionally, most HIV therapeutics do not readily
penetrate the blood-brain barrier, and the long-term effects
of reducing peripheral viral loads while sparing virus in the
CNS are not well understood (42, 43). For these reasons,
understanding the mechanisms of neuropsychopathology
induced by HIV remains an important research goal.

Simian immunodeficiency virus (SIV) infection
of macaques has proven to be a useful research model of
HIV infection in humans. The SIV/macaque model
produces simian AIDS with the advantage of a much
shorter disease progression than HIV/AIDS. The
neuropathology induced by SIV recapitulates most aspects
of HIV-induced neuropathology (44-46), including the
characteristic multifocal and perivascular aggregates of
brain macrophages and multinucleated giant cells that serve
as the major host cells for productive replication of virus
(44, 47-51).

The precise mechanism by which HIV and SIV
produce their neuropathology remains unknown. Since
most studies do not find that HIV or SIV directly infect
CNS neurons, current hypotheses are centered largely on
indirect mechanisms: a) factors related to the host’s
immunologic response (e.g. release of neurotoxic
cytokines); b) degradation of the blood-brain barrier; and c)
increases in neurotoxic molecules such quinolinic acid
(Quin), or neurotoxic viral proteins (45, 46, 52). The
compressed time course of disease progression of SIV in
macaques (measured in months) compared with HIV in
humans (measured in years) is being exploited by AIDS
researchers in many disciplines, including those
investigating neuropathology and behavioral/cognitive
impairment produced by AIDS.

Despite the similarity of AIDS in monkeys and
man, or perhaps because of it, characterizing the behavioral
effects of SIV in monkeys has proven to be challenging. A

major difficulty is that frank AIDS dementia occurs in a
relatively small percentage of AIDS cases; therefore, to
study full-blown SIV dementia would require a very large
number of subjects. Accordingly, some laboratories have
been developing behavioral tests more sensitive to
psychomotor functions that are affected in a majority of
SIV-infected animals.  As reported below, cognitive and
behavioral tests have been developed that are sensitive to
simian equivalents of both AIDS dementia and MCMD.
This review includes studies to date that involve assessment
of behavioral/cognitive functions in the SIV/macaque
model of AIDS.

3. STUDIES OF COGNITIVE AND BEHAVIORAL
EFFECTS OF SIV INFECTION

The studies reviewed below use a variety of SIV
viruses.  There are many SIV strains, clones and swarms
that are in use in the study of SIV/AIDS, each with their
own characteristics.  Burundi and Fox, (2001) have recently
reviewed the characteristics and derivation of the majority
of SIV viruses used in the SIV/macaque model (53).

3.1. Observational Studies of Behavior Following SIV
Infection

Several studies of SIV-infected monkeys,
including two described below, have assessed behavior
using relatively informal measures.  Details of these
neurological examinations were confined to the monkeys
being “monitored clinically” or “examined daily by trained
laboratory personnel and/or the authors”.

The unavailability of verbal instructions when
working with non-human primates greatly limits the extent
of neurological examinations compared with those possible
for people. Detailed neurological examinations are routine
in a veterinary context, the animals are usually companion
animal species such as cats and dogs that are habituated to
manipulation by humans.  Macaques do not readily
habituate to procedures such as direct manipulation of
limbs and percussive testing of reflexes; therefore
observational techniques are typically used.

Examination by observation alone will reveal
only such clinically obvious alterations to neurologic
function as extreme tremor or favoring of limbs.  As signs
like these are generally associated with advanced disease,
this method is of limited sensitivity as an indicator of
disease progress.  Despite the disadvantages, studies
involving neurological examinations provide information
as to what percentages of animals display gross behavioral
changes, and the timing of such changes.

1. Heyes, (1992) measured atrophy in discrete
brain areas using magnetic resonance imaging in rhesus
monkeys infected with a sooty mangabey isolate of SIV
(SIVsm) (58).  They also measured levels of cerebrospinal
fluid (CSF) Quin and symptoms of neurological disorder in
the progression of SIV disease.  Neurologic signs included
mild to severe lethargy, clonus, and loss of balance.  Six of
11 SIV-infected monkeys presented neurologic signs.  In
four of these, Quin levels and brain atrophy were raised and
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survival times greatly decreased (survival times less than
12 weeks) relative to monkeys without neurologic signs
(survival times greater than 37 weeks).

2. Sopper, (1998) reported ataxia, apathy, seizure,
and opisthotonus (large spasm in back muscles) in 6 of 12
rhesus monkeys rapidly progressing to AIDS, but in only 1
of 7 monkeys slowly progressing to AIDS.  Rapid
progressors displayed AIDS symptoms within 7 months of
infection with SIVmac251, and had a mean survival time of
4.5 months.  Slow progressors had a mean survival time of
14.5 months.  Three of 12 rapid progressors also displayed
neurologic signs as the first and only clinical signs of AIDS
(54).  In humans approximately 5-10% have been reported
to have the initial symptoms of AIDS to be related to
NeuroAIDS (55-57).  Sopper, (1998) also confirmed the
previou report of Heyes, (1992) that rapid progressors
failed to produce virus-specific immune responses in either
the periphery or CNS (58).  Importantly, there was an
apparent increase in neurologic/CNS effects of SIV in rapid
progressors compared to animals with slower disease
progression.

3.2.  Environmental Variables and Individual
Differences on SIV Disease Progression

Observational techniques can be formalized to
allow for more quantifiable data than the neurological
examination.  Capitanio, (1991, 1998, 1999) used a more
rigorous approach to investigate sources of variation in the
speed of SIV disease progression, comparing variables in
the monkey’s history to markers of AIDS progression in
rhesus macaques used in several studies of SIV infection
(59-61).  Two different classes of factors were investigated:
environmental impacts on the host and individual
differences in the host's behavioral histories.

Capitanio and Lerche (1998, 1999) used archival
methods, gathering data from four Regional Primate
Research Centers in the U.S.A. on environmental variables
including demographic, viral, clinical, and housing
histories for a total of 260 rhesus macaques productively
infected with several strains of SIV (59, 60).  Results of
their statistical modeling linked housing changes between
90 days pre-infection and 30 days post-inoculation with an
increased death rate after controlling for SIV inoculum and
medical variables (60).  Additionally, separations from
familiar companions within 90 days prior to SIV
inoculation was associated with reduced latencies to
leukopenia and lymphopenia and increased risk of weight
loss greater than 10% of initial body weight (59).  These
authors postulate that stress-response systems such as
increased corticosteroid secretion may have affected either
the host immune response or viral replication.  Human
AIDS patients often experience adverse environmental or
psychosocial stressors, such as problems with social
support, employment, health care and housing (60).
Understanding the mechanisms by which environmental or
psychosocial variables affect AIDS progression may
significantly lessen the negative impact on quality of life.

Individual animals have unique behavioral
repertoires providing unique mixes of the various behaviors

characteristic of their species.  In humans, these can be
scored with adjective-based rating scales resulting in an
assessment of the construct of “personality.”  Such scales
can be rated by the subject, or by others familiar with the
subject. Capitanio, (1999) investigated the effects of
"personality dimensions" on markers of AIDS progression
in monkeys employing the latter approach to score rhesus
macaques with a 25 adjective list, including, for example,
“aggressive,” “confident,” “motherly,” and “fearful” (61).
The 25 questions cluster into 4 "personality dimensions"
including the factors of:  "Equable," "Sociable,"
"Confident," "Excitable."  Scores from this list have been
shown to be predictive of social behavior in male rhesus
monkeys over a 4.5 year time span (61).  Several
personality dimensions were found to correlate to
physiologic and disease factors in SIV.  For instance,
Sociability, comprising scores of the adjectives "sociable,"
"playful," and "curious," was found to be significantly
correlated with plasma cortisol (inversely), anti-RhCMV
IgG (positively), and viral load (positively correlated early
in infection then inversely correlated later in infection).
The effect of personality on physiology was in the "small to
medium" range and statistically reliable (61).  These results
suggest that personality dimensions may interact with
immune function to affect the course of SIV disease
progression.

3.3.  Studies Using Operant Behavioral Techniques with
SIV Infection

As opposed to observational techniques, operant
behavioral techniques entail organisms interacting with (or
operating on) their environment.  Operant procedures
typically use more objective measures and collect readily
quantifiable data compared with observational studies or
neurological examinations.  There is a large body of
literature describing the effects of CNS dysfunction on
different cognitive/behavioral tasks in macaques.  CNS
dysfunction can be induced by many mechanisms including
ablative lesions and selective neurotoxins, and the
behavioral effects of these lesions help characterize the
neural substrates of particular behavioral/cognitive tasks.
Using tasks with identified neural substrates allows for
assessment of function in different brain regions.
Furthermore, because many behavioral tasks are impaired
by CNS dysfunction prior to onset of clinical signs, the use
of such tasks allows for the identification of changes in
neuropsychological function not obvious clinically.  A
drawback of this approach can be the need for specialized
equipment and months to years of training prior to infection
with SIV.

Studies using operant behavioral tests following
SIV infection have drawn upon human neuropsychological
studies as guideposts for tests that may be sensitive to SIV-
induced neuropathology.  Neuropsychological assessments
of AIDS-related cognitive and motor disruptions, including
both AIDS dementia and MCMD associated with AIDS,
have resulted in the working hypothesis that dysfunction in
frontal cortical and subcortical systems plays a large role in
the cognitive / motor effects resulting from HIV infection
(62, 63).  Neuropsychological tests sensitive to frontal
cortical function have been disrupted in both AIDS patients
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and HIV+ asymptomatic individuals (64, 65).  For
example, impairments in executive function (e.g.  planning
complex behaviors) have been reported in HIV/AIDS (65,
66) as has impairment in other cognitive domains mediated
by frontal-cortical areas or frontal-striatal circuitry, such as
working memory in both HIV/AIDS and SIV/AIDS,  (e.g.
spatial working memory) (66-71).  There are numerous
reports of slowing of reaction time (RT) in AIDS patients
(72-76), and subcortical (striatal) dopaminergic systems
have been shown to be important to normal RT functioning
(77-81).  Arendt (1989, 1992, 1994) explored the effects of
HIV on motor control by measuring voluntary finger
movements, postural tremor, and isometric force
production (82-84); they demonstrated that finger
movement and force production measures not only differed
between HIV+ and control groups, but were also predictors
of speed of disease progression (84).  Such studies with
AIDS patients provided the framework for future
behavioral studies using the SIV/macaque model of AIDS.

1. In the first published study to report cognitive
and motor impairment following infection of rhesus
macaques with SIV, Murray, (1992) trained 15 monkeys on
a battery of food reinforced behavioral tests and observed
them for changes in spontaneous behavior in their home
cages (92).  The behavioral battery, described in table 1,
employed tests to measure 1) visual memory with a delayed
matching to sample paradigm using novel stimuli each trial,
2) recency memory with a delayed matching to sample
paradigm using the same two stimuli repeated each trial, 3)
visual discrimination learning and retention, 4) fine motor
control with the removal of rewards from a rotating
turntable, and 5) unconditioned behavior in the home cage.
The advantages of this selection of tasks were twofold: a)
learning, memory and fine motor control had been shown
to be affected in some HIV positive individuals and b) the
neural substrates of some of these tasks have been
previously investigated in macaques.  Therefore, changes in
performance of these tasks may provide both an indication
of functional impairment of the CNS following infection
with the Delta B670 strain of SIV as well as clues to the
locations of the affected brain areas.

Eight of the 15 monkeys inoculated with SIV
became productively infected and displayed some
impairment on at least one test prior to either their death (2
monkeys) or scheduled euthanasia after 11 months (6
monkeys).  For 5 infected monkeys performance on the
motor control task was the only impairment demonstrated.
The other 3 productively infected monkeys had impaired
performance on the visual discrimination task, both
learning and retention, and one of these 3 monkeys was
also impaired on the delayed match to samples (DMS)
recency memory test (two repeated stimuli).  None of the
monkeys showed changes in the home cage behaviors
observed.

2. Using data from the same monkeys, Rausch
and colleagues (1994) reported that in 7 of the 8 monkeys
with motor impairment the onset of motor impairment was
associated with elevated Quin in the CSF (85).  However,
the onset of cognitive impairment was not associated with

elevated Quin.  Reactive astrogliosis was coincident with or
preceded the onset of motor impairment.  The association
of Quin and motor impairment is consistent with the results
of Heyes, (1992) where Quin levels were elevated in 4 of 6
monkeys with neurologic symptoms (58). CSF Quin
increases have also been related to neuropsychological
deficits in both adult and juvenile HIV patients (86, 87).
Indeed, Quin injected intrastriatally is one model of the
degenerative brain disease Huntington’s Disease (88, 89).
The concentrations of Quin following HIV and SIV
infection are similar to, or higher than, concentrations
shown to be neurotoxic experimentally (58).  Thus Quin
levels appear to be a marker for CNS dysfunction resulting
in motor impairment.  The fact that Quin is also a potential
neurotoxin makes it a very interesting marker; however,
Quin-mediated neurotoxicity in AIDS has yet to be
definitively established.

3. The same battery of tests from Murray, (1992)
was used in later studies on the effects of zidovudine (AZT)
on survival and CNS effects of perinatal SIV infection (90,
91).  Neonatal rhesus monkeys were divided into
uninfected untreated controls (CON; N=5), SIV infected
untreated controls (SIV+AZT-; N=5), SIV infected treated
with AZT (SIV+AZT+; N=8).  AZT was administered
under 2 regimens but as the dosing strategy did not affect
the outcome, these groups have been collapsed. SIV
inoculations (or vehicle injections) and AZT treatments
were administered within 48 h of birth.  AZT
administration continued for 6 months.

At approximately 10 weeks of age, the monkeys
began fine motor control testing with the rotating turntable
task.  Two of the 4 surviving SIV+AZT- monkeys had
impaired motor control at this time; however, none of the
SIV+AZT+ monkeys displayed impaired motor control.
CSF Quin levels were lower in the AZT+ than the AZT-
monkeys.  At 6 months of age, AZT administration was
terminated in the treated groups, and testing began for
recognition memory and discrimination learning.  At the
beginning of DMS and discrimination learning testing only
3 of 5 SIV+AZT- monkeys survived while all 8 SIV+AZT+
monkeys survived to begin training.  Behavioral training
continued for all surviving monkeys for an additional 6
months.  During this period, 3 of 8 SIV+AZT+ and 1 of 3
surviving SIV+AZT- monkeys had transiently impaired
motor performance.  Additionally, 2 of 8 SIV+AZT+
showed impaired performance of discrimination learning
but performance was not affected in any of the 3
SIV+AZT- for as long as they survived.  The results of this
study demonstrated that AZT treatment prolonged survival
times and delayed the onset of cognitive/motor impairment
following infection with SIV.  Once AZT treatment was
discontinued, the AZT treatment did not appear to provide
lengthy protective effects as all SIV+/AZT+ monkeys
developed disease following the end of the AZT treatment
period.

The AZT studies provided further evidence of a
relationship between elevated Quin and impairments in
motor behavior.   The relationship between Quin and motor
impairment is even more intriguing when coupled with the
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Table 1. Summary of Behavioral Methods
Behavioral
Paradigm

Description Reference

Delayed
matching to
sample

Three sample stimuli appear in succession separated by 2.5 s intervals on a touch-sensitive
computer monitor.  Trial proceeds only after each sample touched.  After an 8 s delay,
sample stimuli are repeated in reverse order paired with novel stimuli.  Touching the sample
stimulus is rewarded with food and counted as a correct response.  Touching the novel
stimuli was not rewarded and counted as incorrect.  Delays used were 8, 13, and 18 s.

Murray  (92)

Recency
memory test

One sample stimulus appears followed by a 5 sec delay after which there were two choice
stimuli.  The same two stimuli are used repeatedly.  Trial by trial, each stimulus is randomly
assigned as either sample stimulus or incorrect stimulus.

Murray  (92)

Visual
discriminatio
n task

Twenty pairs of stimuli are presented in the same order each test day. One of the two stimuli
was arbitrarily determined to be “correct” and touching this stimulus produced a food reward
and blanked the screen, while touching the “incorrect” stimulus only blanked the screen.

Murray  (92)

Rotating
turntable test

A rotating turntable contains wells baited with food.  The speed of rotation was titrated until
the speed at which the monkey retrieved food on 50% of the trials was determined

Murray  (92)
Marcario (94)

Uncondition
ed home
cage
behavior

Several 5 min observation periods sampled per month of behavioral testing for duration and
frequency of locomotion, interaction with an enrichment ring in the cage, environmental
exploration, social interaction, self grooming and stereotyped behavior.

Murray  (92)

Simple
reaction time

Performed by both the left and right hands separately, with the alternate hand restrained.
Monkeys pressed on a switch plate until a target stimulus was displayed on a touch-sensitive
computer monitor.  Touching the target within 1.25 sec was rewarded with food pellets.

Marcario (93)

Choice
reaction time

Both hands were required to press switch plates.  Different colored stimuli indicate whether
the right or left hand was to be released from the switch plate and used to touch the target on
the touch-sensitive computer monitor.  The alternate hand was required to remain pressing
the switch plate to receive reinforcement.

Marcario (93)

Self-ordered
spatial
search

2-5 colored boxes were displayed in different positions on a touch-sensitive computer
monitor.  Monkeys were required to touch each box only once within a trial.  Each correct
touch was rewarded with a food pellet, and followed by a 2 s delay.  Trials ended when all
boxes were touched, or when one box was touched twice (error).

Weed (67)

Intra / extra-
dimensional
shift

A computerized analog of the Wisconsin card sort task used to test category abstraction in
humans.

Weed (110)

Delayed
non-
matching to
sample task

Monkeys performed an observing response on the computer monitor to one visually abstract,
multi-colored stimulus; following a delay, the initial stimulus was presented alongside a
novel stimulus.  Touching the novel stimulus resulted in a food reward.  The delays ranged
from simultaneous, 0, 16, 32 and 64 s.

Weed (67)

Bimanual
motor skills
(BMS) task

Monkeys coordinated both hands to retrieve fifteen raisins from a hole board while the
procedure is timed.

Weed (67)

CANTAB
choice RT
task

Five circles appeared on the touch-sensitive computer monitor.  Holding a lever (1-5 sec)
produced a stimulus flash in one circle.  Touching that circle was reinforced with food
pellets.

Weed (67)

Progressive-
ratio (PR)
schedule

The number of lever presses required  for food reinforcement progressively increased within
a session.

Weed (67)

Repeated
Acquisition

5-step sequence of 3 key choices (i.e. left, center, right, right, center)
with one new sequence learned each day (learning) and one sequence that was the same each
day (performance). Every fourth correct sequence was reinforced with food pellets.

Winsauer
(132)

lack of relation between elevated Quin and cognitive
impairment.  In their 1994 review, Rausch and colleagues
discussed similar findings with glial fibrillary acidic protein
(GFAP; the marker for astrocytosis/astrogliosis mentioned
above) and somatostatin (85).  For each marker there was a
strong association with motor impairment but not with
cognitive impairment.  This dissociation is consistent with
at least two hypotheses regarding the mechanisms of motor
and cognitive impairments in NeuroAIDS: 1) that there are
different mechanisms for the cognitive and motor

impairments or, 2) that the cognitive and motor
impairments result from the same mechanism with the
cognitive impairments representing a more advanced stage
of the same process.  At this time the mechanisms of
cognitive or motor impairments remain unclear.

4. Marcario, (1999) described an extensive
analysis of reaction time (RT) performance of rhesus
monkeys infected with SIVmac –R71/17E (93).  Two RT
paradigms were employed in chair-restrained monkeys:
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simple and choice. Both required release, on cue, of one
hand from a switch plate to touch a target.  The choice RT
task, however, was complicated by the subject having to
hold two switch plates, releasing either right or left hand
depending on the color of the target.  In the simple RT, one
hand was restrained.  Primary data collected for both RT
tasks consisted of reaction time (time from target
presentation to release of switch plate) and movement time
(time from release of switch plate to touch of the target).

In 8 of the 9 monkeys tested, RT performance
was impaired on at least one measure for the mean of the
last 10 RT sessions prior to euthanasia relative to 10 pre-
infection baseline sessions.  Reaction times in the simple
RT paradigm were slowed in more monkeys (5 of 9) than
in the choice RT paradigm (3 of 9).  In addition, movement
times were slowed in more monkeys in the choice RT
paradigm (6 of 9) than in the simple RT paradigm (4 of 9).
Impairments in simple or choice RT performance varied
somewhat independently, with not all monkeys impaired on
simple RT also being impaired on choice RT, and vice
versa.

Despite the similarity of the two RT paradigms,
the overall motor requirements to respond to the screen did
differ (i.e., in the choice RT paradigm the opposite hand
had to continue to press on the switch plate while the
monkey touched the screen), and this slight difference may
be related to the different sensitivities of the two
paradigms.  This last point illustrates how very subtle
differences in behavioral paradigms (opposite hand
restrained in the simple RT paradigm versus opposite hand
maintaining a press in the choice RT paradigm) may lead to
differences in sensitivity of the tests, even within the same
animals.  Alternately, the increasing cognitive load (i.e.
processing which stimulus signaled release of which hand
in the choice RT task) may have affected sensitivity of the
performance to SIV infection.

5. Marcario, (1999) provided a supplement to the
analysis of fine motor control using the rotating turntable
test (92) in the same cohort of monkeys from the previous
paper (93, 94).  Overall, 6 of 9 SIV infected monkeys
showed impaired motor performance on this task, and for 5
of the 6 impaired monkeys the motor impairment preceded
onset of clinical neurological signs.  Interestingly, the 5
monkeys where motor impairment came before clinical
neurological impairment all had a rapid course of disease
progression (i.e., within 4 months following infection).

An observational study of home cage behaviors
was also used in this cohort.  Eighteen behaviors were
scored from 1 hr per week videotaping sessions.  Behaviors
scored included lying down, sitting, walking around the
cage, and scratching.  Two of the 9 SIV infected monkeys
showed statistically significant changes in home cage
behaviors; however, these changes typically occurred
weeks after the changes in RT or motor control.  The
contribution of general malaise, lack of interest in food or
other “sickness behaviors” to behavioral changes seen
following SIV infection is an important consideration in
these studies.  The observational analysis complemented

the behavioral performance measures by providing
evidence that the monkeys were not overtly sick during the
time of RT or turntable performance changes.  Overall,
these results highlight the difference in sensitivity between
operant and observational techniques (93).

6. Based on the fact that HIV and SIV are
thought to induce neuropathology by indirect means
including the release of toxic products from microglia
within the CNS, Berman, (1999) attempted to correlate
markers of microglial activation with clinical, behavioral
and neurophysiological markers indicating the progression
of simian AIDS (95).  They found that the expression of
class two major histocompatibility antigens (MHCII) on
microglial cell surfaces to be associated with the
progression of neurobehavioral impairment, increased
latency of evoked potentials and the development of
clinical signs of simian AIDS (95, 96).

7. Studies conducted at The Scripps Research
Institute (TSRI) took the behavioral approach of Murray,
(1992) a step further using additional behavioral tasks with
well-studied neural substrates (92).  A computerized
behavioral battery based upon human neuropsychological
tests was developed to assess cognitive behaviors of non-
human primates (97, 98).

Neuropsychological tests have traditionally relied
on human-specific responses, usually employing paper and
pencil.  Tests have been developed that use minimal verbal
instruction and record responses with touch-sensitive
computer monitors.  The CANTAB battery (CAmbridge
Neuropsychological Test Automated Batteries or
CANTAB; Lafayette Instruments, Lafayette, IN) is a group
of computerized tests developed utilizing advances in
understanding of the neural substrates of cognitive
functions gained from animal psychology, such as delayed
matching to sample tests, and tests of spatial memory.
Other battery tests are computerized analogs of standard
human neuropsychological tests.  Over the past decade,
numerous human populations have been evaluated with this
battery including healthy controls, children, elderly,
neurosurgical patients, and populations with diseases such
as Alzheimer's, Huntington's, Parkinson's, multiple systems
atrophy and AIDS.  Brain imaging studies have contributed
to the identification of brain areas involved in the
performance of specific tasks, and pharmacological studies
have investigated the neurotransmitter systems influencing
performance.

The non-verbal nature of the CANTAB tests has
facilitated their use in non-human primates.  Individual
tests from the battery have been used to study the
behavioral effects of brain lesions and toxin administration
in marmosets (99-102).  Pharmacological investigations
using rhesus monkeys have documented how several
neurotransmitter systems differentially affect performance
on the CANTAB battery (81, 103-106).

The goal of using the CANTAB battery in rhesus
monkeys is the same goal sought by Murray, (1992) and
the same goal as using CANTAB in human populations: to
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use performance profiles from the battery to infer
functional impairment of brain regions (92).  As a
monkey’s performance on a given task can decline for a
number of reasons (107), the use of a number of tasks
increases the validity of both the neuropsychological
evaluation of a given subject and of the comparative
neuropsychology between species.

The test battery used to study the effects of SIV
on cognitive behaviors in rhesus monkeys included six tests
for 1) memory, using the self-ordered spatial search and 2)
the delayed non-matching to sample task; 3) attention and
learning, using the intra-dimensional / extra-dimensional
shift task (ID/ED); 4) fine motor performance with the
bimanual motor task; 5) reaction time; and 6) the
reinforcing efficacy of food reward using a progressive-
ratio schedule.  Methods for most of these tasks are
described in detail in Weed, (1999) (98). ID/ED methods
are described in Weed and Gold, (2001) (110).  Data
summarized here includes data published in several papers
(67, 108-110).

The self-ordered spatial search (SOSS) task is an
analog of the radial arm maze used to assess spatial
working memory in rodents.  Performance of other spatial
working memory tests has been impaired by lesions or
dysfunction of the frontal cortex (111-113) as has
performance on similar SOSS tasks (97) in both marmosets
(99) or man (114, 115).  Additionally, both asymptomatic
and symptomatic HIV seropositive patients exhibited
increased errors in the SOSS task relative to HIV
seronegative controls (65).

The intra-dimensional / extra-dimensional shift
task is a computerized analog of the Wisconsin card sort
task used to test category abstraction in humans (97, 116).
Lesions or dysfunction of the frontal cortex have been
shown to impair performance on this attentional set-shifting
task in both marmosets (117) and man (118).  Both
asymptomatic and symptomatic HIV seropositive patients
have demonstrated increased errors on the ID/ED task
relative to HIV seronegative controls (65).

DMS, (delayed matching to sample), or delayed
non-matching to sample (DNMS) tasks have been used
extensively in the study of memory, and studies of
neuroanatomical lesions in monkeys strongly implicate
temporal cortical involvement of this task (119). In human
patients, temporal excisions, but not frontal excisions,
produce impairments on DMS (120).    However, lesions in
some areas within the frontal cortex can impair
performance of delayed matching or non-matching tasks
(121-124).  Combined with tasks more selectively sensitive
to frontal cortical dysfunction, such as the SOSS or ID/ED
tasks, DNMS performance can serve as an indicator of
temporal cortical function.

The bimanual motor skills (BMS) task involved a
modification of the tasks used by Brinkman (1981) and
Mark and Sperry (1968), in which monkeys must
coordinate both hands to retrieve raisins from a holeboard
(125-6).  Another test of motor control was the choice

reaction time (RT) task.  In the CANTAB choice RT task, 5
circles appear on the computer monitor.  Depressing a lever
and holding it down produces a stimulus flash in one circle.
Pressing that circle is reinforced and ends the trial.  This
RT paradigm has been shown to be sensitive to the effects
of dopamine receptor antagonists in rhesus monkeys (81).

A progressive-ratio (PR) schedule of
reinforcement, wherein response requirements are
progressively increased within a session, was included in
the rhesus test battery.  PR schedules have been used to
measure the reinforcing effects of a variety of reinforcers
including food, drugs, and electrical brain stimulation (127-
129).  Performance under the PR schedule provided a
control for changes in motivation such as changes in
reinforcer efficacy of the food reinforcer, and in the ability
to perform the operant required for most battery tasks (i.e.,
touching the monitor).  A monkey's performance was
determined to be impaired when it was outside the 95%
confidence limits of the performance from the month prior
to infection for that monkey.

Weed, (2004) summarized the majority of the
behavioral data obtained in SIV studies using the CANTAB
battery (67).  Rhesus monkeys were infected with
SIVmac230 or SIVmac182 (derived from SIVmac251).
Both types of SIV proved to be equally neurovirulent and
caused similar behavioral impairments; therefore,
behavioral data was pooled for analysis.  Following
infection, cognitive and behavioral impairment was
consistently demonstrated for tests of spatial working
memory (measured by SOSS), psychomotor speed
(measured by RT), motivation (measured by PR), and fine
motor control (measured by BMS).  For SOSS, seven of
nine monkeys showed impairment on speed of response
while five of nine showed a reduction in accuracy.  On the
RT task, release latency was impaired for two of six
monkeys and movement time increased for four.  Six of ten
monkeys trained on the PR task showed a decline in the
number of reinforcers acquired at some time during the
course of their infection.  BMS performance declined
significantly in seven of ten monkeys.  Impairment on set-
shifting tasks (ID/ED) and recognition memory (DNMS)
was less consistent. Three of seven monkeys exhibited
increased errors on the ID/ED shift (110).  Three of six
monkeys showed a decline in accuracy with DNMS while
one showed increased response latency.

In general, results using the CANTAB battery
demonstrated that SIV-infected rhesus monkeys were
impaired in a fashion consistent with impairments
demonstrated by humans infected with HIV performing
similar tests.  As with other studies of SIV-infected
macaques, a high percentage of the monkeys were impaired
on tests thought to be dependent on function in the frontal
cortical and striatal systems.  Performance was affected in
at least 70% of the animals on tests of spatial working
memory, psychomotor speed, and fine motor control.

8. Weed, (2003) analyzed the behavioral
component of the effects of an accelerated model of SIV
(138).  Dual inoculation with both a molecularly cloned,
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neurovirulent virus, SIV/17E-Fr and an immunosuppressive
virus swarm, SIV/DeltaB670, achieves a greatly
compressed time to the development of CNS pathology
with over ninety percent of pigtail macaques developing
SIV encephalitis within three months (130, 131).  The aim
of this study was to correlate cellular and viral measures
with behavioral impairment following SIV infection.  Two
measures of motor control, simple reaction time (SRT) and
BMS were chosen along with assessment of general motor
activity because of the above-mentioned investigations that
have identified motor function as the earliest and
predominant sign of neurobehavioral dysfunction in SIV
infection.

Twelve pigtail macaques were divided into two
cohorts.  Scheduling one for euthanasia two months post-
innoculation (PI) and one three months PI permitted
examination of the infected animals at different stages of
disease progression.  General motor activity was recorded
with a collar attached to the neck of each monkey and
movement was recorded on a minute by minute basis.  All
monkeys were trained on the SRT task.  Briefly, for SRT,
monkeys pressed and held a lever prior to presentation of a
visual release signal.  Quickly releasing the lever resulted
in the delivery of a food pellet.  Data collected included
percent correct lever releases (accuracy), median reaction
time, percent false alarms and total trials completed per
session.  Finally, monkeys comprising the cohort scheduled
for euthanasia three months PI were also trained on the
BMS task (see table 1).

Following inoculation with the SIV/17E-Fr and
SIV/DeltaB670 mixture, general activity decreased in all
animals.  In accord with other studies, BMS performance was
impaired in five of six monkeys.  SRT performance was also
impaired as group mean response latency increased following
infection; however omissions and number of trials completed
showed no significant change.  Individually, half of the
monkeys in each cohort showed impaired RT performance.
These results parallel other SIV models and confirm the
validity of the accelerated SIV model.

Markers of axonal damage (accumulation of ß-
amyloid precursor protein in the corpus callosum) and
increased microglial activation and macrophage infiltration
(levels of CD68 and Ham56 immunostaining) were
significantly correlated with impaired fine motor control on
the BMS task. These results suggest a relationship between
behavioral impairment and axonal damage following
infection with SIV.  The immediate cause of the axonal
damage was not apparent, but given the correlation with
immune activation, the damage may have resulted from
neuroimmune responses including microglial and
macrophage activation. However, it was not clear why the
markers of axonal damage were associated with only one of
the three motor behaviors measured in this study. Axonal
damage may be a morphologic manifestation of neuronal
dysfunction underlying development of behavioral
impairment in NeuroAIDS.

9. An elevated level of alcohol abuse among the
HIV-infected population compared with the general

population is of great concern to health authorities.
Alcohol abuse is associated with neuronal damage and a
decline in learning ability that may interact with the
MCMD and HAD that are frequent consequences of HIV
infection.  As both agents induce neuropathology, the
potential for aggravated CNS damage when they are
combined has serious public health significance.

Winsauer, (2002) paired chronic ethanol
exposure and SIV infection (132). Male rhesus monkeys
were divided into four groups for SIV inoculation and
ethanol administration, namely, SIV-/EtOH-, SIV+/EtOH-,
SIV-/EtOH+ and SIV+/EtOH+.  Effects on learning ability
were monitored by training the monkeys in a repeated
acquisition task that required the establishment of a new
sequence of responses in each session.  Because a decline
in psychomotor function could affect performance in this
task, a second task that required monkeys to perform an
established response sequence followed each acquisition
task session.  This way, separate effects on learning ability
and psychomotor function could be distinguished.  Training
continued until each monkey’s behavior stabilized, then
data comprising response and error rates were collected
from testing under baseline conditions followed by testing
under the ethanol administration regime and ultimately
after introducing SIV.  To separate the effects of acute
ethanol intoxication from chronic damage, ethanol
administration was carried out weekly from Thursday to
Sunday and behavioral testing took place on the other three
days of the week.

Overall, chronic alcohol administration had no
main effect on the response rate or accuracy outside days
when ethanol was administered, however there was an
unequivocal effect on learning ability in SIV-infected
monkeys vs. non-infected monkeys when they performed
the task after ethanol administration.  The authors proposed
that ethanol exposure compounded CNS dysfunction
following SIV infection, but in a fashion that was not
evident during routine performance.  This suggests that
under routine performance of the repeated acquisition task
the monkeys could compensate for the increased CNS
dysfunction caused by ethanol in addition to SIV infection.
However, the dysfunction was revealed in the SIV+/EtOH+
monkeys by their increased sensitivity to ethanol, relative
to SIV+/EtOH- monkeys. Therefore combined SIV and
ethanol exposure produced impairments not under routine
conditions, but did produce impairments when
SIV+/EtOH+ monkeys were further taxed by ethanol
exposure.

Subclinical CNS impairments have been reported
with other drugs that produce CNS changes .  These
subclinical impairments are typically only revealed when
the CNS is challenged pharmacologically.  One example is
the dopamine or serotonin neurotoxicity produced by drugs
of abuse such as methamphetamine (133, 134) and MDMA
(‘ecstasy’) (135, 136).  Often, the functional effects of such
lesions are only revealed when dose-response
determinations of challenge drugs reveal increased
sensitivity to performance decrements.  The Winsauer
study supports the utility of pharmacological probes
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targeted at specific neural substrates to increase the
sensitivity of behavioral techniques to CNS dysfunction
(132).  Further pharmacological study of CNS impairments
following SIV infection may be useful to elucidate
impairments within specific neurotransmitter systems in
AIDS.

3.4.  Ancillary Behavioral/Physiologic Techniques
1. In addition to the operant techniques reported

above the TSRI group have incorporated a number of
techniques for studying SIV-infected macaques, including
radio-telemetry measurements of gross motor activity, body
temperature and EEG readings, as well as complex
behavioral analyses (137).  Following infection with SIV
mac182, gross motor activity decreased relative to the pre-
infection baseline in the second and third months PI, to
approximately 80% and 40% of baseline, respectively
(137).  This finding has been replicated in SIV-infected
pig-tailed macaques wearing collar activity monitors (138).
The decrease in spontaneous motor activity following SIV
infection appears to be an early and reliable indicator of
SIV disease progression when continuously measured.
Locomotor activity measured by observational methods
was not reported to differ following SIV infection (92).
Although gross motor activity is a reliable marker of
disease progression, the neuroanatomic substrates of gross
motor activity are not as well defined as those of the
instrumental behaviors described above.  Gross motor
activity is modulated by various systems within and outside
the CNS and is thus a useful, albeit global, behavioral
measure that complements the more discretely-regulated
behavioral measures in the behavioral batteries.

2. Fox, (2000) infected rhesus monkeys with
SIVmac182 and monitored brainstem evoked potentials,
gross motor activity and body temperature (108).
Throughout the third month PI, at a time of productive
infection but prior to onset of clinical AIDS symptoms, an
antiviral drug (9-(2-phosphonylmethoxypropyl)-adenine
(PMPA; a reverse transcriptase inhibitor)) was
administered.  PMPA treatment lowered viral load,
normalized evoked potentials and body temperature, but
failed to alter the progressive decline in motor activity.  In
the fourth month PI the PMPA treatment was discontinued
and viral load, body temperature and evoked potentials
returned to previous levels, suggesting a return to the
typical SIV disease progression.  It is not clear why the
gross motor activity did not respond to the PMPA treatment
when nearly all other measures showed a robust positive
effect.

3.5.  Internal Checks and Balances, a Central
Component of Study Design

Although there is now considerable information
on the relationship between functional lesions and their
neural substrates, it must be remembered that each
behavioral task entails the concerted action of multiple
neural systems.  For example, all tasks incorporate a motor
component which, in turn, relies on not one, but many
complementary central and peripheral neural mechanisms
for completion.  Hence motor dysfunction becomes a
potential confounding variable in assessing changes in

other CNS capabilities. Clearly, identifying the site of
neuropathology is not a simple matter of matching a
decline in individual task performance with a specific
region of the CNS.

Murray, (1992) responded to the challenge by
selecting three tasks with overlapping demands (92).  The
DMS and recency memory tasks (table 1) are good
examples for illustrative purposes.  They have essentially
indistinguishable motor components but different cognitive
loads.  While both require a monkey to distinguish between
visual stimuli, for the recency memory task the same
stimuli are used repeatedly with each stimulus arbitrarily
being assigned as “correct”.  This process engenders a
greater degree of cognitive difficulty because of
“interference” from earlier trials.

The CANTAB battery offers a comprehensive
array of internal controls built into the tests to aid in the
interpretation of performance decrements.  A monkey’s
performance on a given task can decline for a number of
reasons, including neuronal dysfunction, loss of stimulus
control, or rule comprehension.  CANTAB tasks include
trials with lesser memory loads that control for changes in
stimulus control or rule comprehension.  Failure on such
“easy” trials indicates the animal may have forgotten the
“rules” of the task.  For instance, on the SOSS task of
spatial working memory, SIV induced selective
impairments in the “harder” trials involving 4 or 5 boxes
per trial, while sparing easy trials involving 2 boxes.
Because the accuracy on the 2-box trials didn’t change it is
clear that the monkeys are physically capable of performing
the task and have not forgotten the procedure.  These
controls allow a clear determination of impairment in
spatial working memory following SIV infection.  Controls
such as these help ensure that any behavioral deficits are
more likely due to CNS compromise than nonspecific
factors such as “sickness behavior” or non-CNS clinical
symptoms of AIDS.

3.6.  "Sickness Behavior" a Potential Confound of
Disease Studies

A potential confound in the study of viral effects
on behavior is the contribution of general malaise or
"sickness behavior" to measured behavioral performance.
For example, 7-14 days following infection with HIV or
SIV an initial viremia produces "flu-like" symptoms.
Additionally, opportunistic infections in immuno-
compromised animals may adversely affect behavioral
performance through a non-SIV mechanism.  Both of these
conditions can be easily controlled for.  In the former case,
SIV viremia is transient, and data collected during the
initial 2-3 weeks post infection is typically analyzed
separately from that collected as SIV disease progresses.  In
the latter case, veterinary diagnosis of an opportunistic
infection may exclude that animal's data from analysis.
SIV studies normally include daily veterinary monitoring
of the animals.  Subjects with opportunistic infections or
gross neurologic dysfunction are excluded from analysis,
eliminating potential confounds.  Additionally, Murray,
(1992) and Marcario, (1999) videotaped home cage
behavior as a measure to control for sickness behavior.  If



Neuropsychopathology of SIV

719

home cage behavior changed in a manner indicating
"sickness behavior", these observational data are
considered along with performance changes (92-94).  In
fact, significant sickness behavior was seen mostly in very
late stages of disease and usually after changes in task
performance had already occurred.   Interestingly,
spontaneous activity can decrease to very low levels (e.g.
20-30% of baseline) while performance in behavioral tasks
remains largely unchanged (109, 138).

Measures of motivation to work for food are
often affected during the initial viremic period of SIV
infection.  For example, Weed, (2003) reported a transient
reduction in both the number of RT trials completed and in
gross motor activity two weeks PI (during the initial
viremia), but there were no changes in RT release latency
during the acute viremia (138).  Release latency was
impaired only in the later stages of the disease progression
(138).  Testing batteries with larger cognitive loads, such as
the CANTAB, typically confirm motivational changes in
the initial viremia (e.g. reduced number of trials performed
without systematic decline in accuracy measures on spatial
working memory tasks; Weed, unpublished results).
Therefore there are qualitative differences between
behavioral changes resulting from sickness behavior and
the specific neuropathological effects of the SIV.  These
differences are an important control to help distinguish
general sickness behavior from specific cognitive
impairments in NeuroAIDS.

4.  DISCUSSION

The studies described above clearly demonstrate
that SIV infection in macaques produces cognitive and
motor impairments similar to HIV infection in humans.
SIV disease in macaques, like HIV disease in humans, can
cause dysfunction in both cognitive and motor behaviors,
with behaviors mediated by subcortical and frontal cortical
areas at higher risk of impairment. In light of the
percentage of human AIDS patients that develop minor
cognitive/motor disorder or ADC (up to half have some
complaint), the behavioral tests employed to date in the
SIV model have proven quite successful in that the
SIV/macaque model identifies impaired cognitive or motor
function in the vast majority of SIV-infected macaques.
These studies represent the first stages of research in this
area and have resulted in production of efficient models
and characterization of the cognitive impairment produced
by simian AIDS.

The exquisite sensitivity of behavioral function to
CNS insults, makes behavioral assessment a vital part of
NeuroAIDS research.  Animals that appear normal upon
observation may have latent cognitive or motor
impairments that are only apparent when the monkeys
execute challenging cognitive tasks or motor tasks
requiring unusual speed and dexterity. Operant behavioral
techniques permit precise adjustment of motor and
cognitive load to expose impairment otherwise concealed
from observation. Behavioral analysis can be tailored to the
needs of different study objectives to include simple but
efficient indicators of disease progression such as gross

motor activity or complex assessments of cognitive
function.

The addition of pharmacological manipulations
to behavioral assessments is a relatively unexplored but
potentially rewarding avenue in the study of NeuroAIDS.
Studies from CNS lesions resulting from neurotoxins or
drugs of abuse have repeatedly demonstrated that CNS
lesions do not have to produce overt changes to
compromise the organism (133-136). Subclinical lesions
that do not cause behavioral changes during routine
performance can be revealed by challenge with
pharmacological agents. For instance, dopamine depletions
caused by methamphetamine exposure did not impair
baseline motor control. However, subsequent
pharmacological probes revealed changes in sensitivity to
dopaminergic drugs (134). Winsauer, (2002) applied this
technique to reveal differences in sensitivity to ethanol
between SIV infected and SIV infected/ethanol exposed
monkeys (132). The results show that despite no change in
baseline performance, monkeys exposed to ethanol and SIV
were more sensitive to ethanol than ethanol naïve monkeys.
The Winsauer study is the only published report of
pharmacological challenge of behavioral performance
using the SIV/macaque model thus far (132).

Behavioral assessments of humans and monkeys
with NeuroAIDS have contributed to the understanding of
the mechanisms leading to cognitive and motor
impairment. HIV does not productively infect neurons, and
yet AIDS produces several different types of CNS
pathology: including focal lesions in diverse brain regions
(i.e. perivascular cuffs of mononuclear cells, mulitifocal
glial nodules, multinucleated giant cells, etc. (139, 140))
and damage within specific brain regions (i.e. changes in
frontal cortical dendritic morphology (141, 142), and
degeneration of dopaminergic neurons in the substantia
nigra (143-146)). The characterization of an overall pattern
to NeuroAIDS, that of subcortical and fronto-striatal
dysfunction, is an important contribution because it limits
which CNS changes are likely to be the ones involved in
functional impairment. For instance, random focal lesions
are less likely to explain the frontal-striatal pattern of
dysfunction because such lesions occur widely across the
brain and would impair performance on a wide variety of
neuropsychological tests. However, the degeneration of
dopaminergic neurons would be expected to have
consequences for functioning in both the frontal cortex and
striatum.

Dopamine neurotoxicity is a compelling
mechanism because of dopamine’s involvement in both
movement and memory (147-150). Dopamine cell bodies
that are located in the substantia nigra project to striatal and
frontal cortical areas and contribute importantly to the
frontal-striatal circuitry. Patients with HAD have been
reported to have decreased dopamine transporters in the
striatum, suggesting loss of presynaptic dopamine neurons
(151). Similarly, decreases in striatal dopamine and
components of dopaminergic signal transduction
mechanism occur in SIV-infected monkeys (152).  Reports
of dopamine deficits in the postmortem striatum of AIDS
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patients (145) and declines in cerebrospinal fluid dopamine
levels or metabolite levels in AIDS patients and SIV-
infected monkeys (153, 154) also suggest that both HIV
and SIV infection lead to impaired CNS dopaminergic
function.

Functional dopaminergic damage is also
suggested by the increased sensitivity to motor effects of
dopamine receptor antagonists reported in AIDS patients
(155-157). Striatal dopaminergic systems have been shown
to be important to RT performance (77-81), and RT
performance is typically impaired in NeuroAIDS.
Dopaminergic involvement in NeuroAIDS is further
supported by the ability of levodopa or methylphenidate
treatment to ameliorate symptoms of MCMD (158, 159).
The results of these studies are consistent with CNS
dopaminergic dysfunction contributing to many of the
cognitive and motor effects of AIDS.

At this stage in the study of NeuroAIDS, several
research areas are apparent.  Foremost may be the
identification of CNS injuries responsible for AIDS’s
cognitive impairments. Small steps in this direction have
already been taken with correlations between behavioral
impairment and levels of Quin or markers of neuronal
damage (85, 91, 138). One limitation of this area is the use
of ex vivo measures of pathology that require euthanasia
prior to evaluation. Developing techniques that allowed for
longitudinal evaluation of CNS pathology and behavior
changes would greatly facilitate this quest. For instance, the
measurement of cerebrospinal fluid allowed for
demonstration of increases in Quin immediately prior to
performance decrements (91). Similar studies correlating
markers for dopamine function with behavioral changes
could address the proposed role of dopamine dysfunction in
motor impairment more directly. Brain imaging studies in
SIV-infected macaques have demonstrated alterations in
metabolism in the frontal cortex and basal ganglia, areas
with significant dopaminergic innervation. Similar imaging
studies with behaviorally trained monkeys would be of
particular interest to identify the brain changes driving
cognitive impairment. Additionally, development of
behavioral tests that are sensitive to impairment earlier in
the disease progression would be helpful. Current
behavioral tests are typically impaired late in the disease
progression when the CNS is often compromised by
multiple pathologies. Behavioral tests affected earlier in the
disease progression would allow ex vivo researchers to
focus on how the CNS of impaired animals differed when
there are fewer kinds of pathology.

To date there has been very little direct testing of
mechanistic hypotheses in this area. For instance, the
involvement of dopaminergic dysfunction in NeuroAIDS is
a directly testable hypothesis in the SIV/macaque model. If
dopaminergic dysfunction is responsible for cognitive and
motor impairment in NeuroAIDS then agents that decrease
dopamine (DA) tone (e.g. DA antagonists or DA depleting-
treatments) should further impair performance. There are
anecdotal reports of several of these in AIDS patients (e.g.
amelioration of MCMD with methylphenidate (158) or
increased sensitivity to neuroleptics in psychotic AIDS

patients (155-157)) but there have been no tests of
dopaminergic manipulations on behavioral assays in the
SIV/macaque model.

The SIV/macaque model could be utilized for
pharmacological studies; however there are risks due to
unexpected actions on either the host immunology or viral
activity.  For instance, the hypothesis of dopaminergic
dysfunction suggests that drugs which increase
dopaminergic tone (e.g. direct or indirect DA agonists, DA
precursors) should ameliorate cognitive/motor impairment
in AIDS.  This approach was recently tried with the
administration of the DA precurser l-DOPA and a
monoamine oxidase inhibitor selegiline. Both compounds
enhance dopamine availability in CNS, but both
compounds increased CNS viral replication and CNS
pathology (160, 161). This surprising finding underscores
the complexity of the SIV/macaque model and the
difficulty in controlling for multiple consequences of
experimental treatments. The neuropharmacology of l-
DOPA and selegiline are well known and would not cause
these effects in uninfected monkeys; however, the
immunological effects of these drugs has not been well
studied. The mechanism behind the increased replication or
pathology is currently not clear.

Another area for future study lies in the response
behavioral/cognitive impairment to anti-retroviral treatment.
Few studies of anti-retroviral treatments in the SIV/macaque
model have included behavioral assessments. One of these
reported normalization of several indices of disease
progression (e.g. reduced viral load, normalized evoked
potentials) but not the most general and reliable behavioral
index of disease progression – general motor activity (108).
Which behavioral impairments are responsive to antiretroviral
treatment is of interest because antiretroviral therapy is
ineffective in a significant percentage of HAD patients (37).
Manipulations of dose and duration of antiretroviral treatment
would help elucidate the responsiveness of certain behaviors to
treatment and help elucidate the CNS mechanisms involved.
These studies would only be possible using the SIV/macaque
model of AIDS.

Finally, the SIV/macaque model is ideal for the
study of the interaction between drugs of abuse and AIDS.
In the U.S. roughly one third of new HIV infections are
related to injection drug use (12, 162, 163).  In Russia and
the Ukraine that number is closer to 80% (12, 162). At least
two studies have shown a higher HIV seroprevalence in
cocaine addicts over those using other drugs (164, 165).
Additionally, as many as 41% of AIDS patients meet
criteria for alcoholism (166). Furthermore, alcohol abuse
can be a major risk factor for contracting HIV/AIDS (167-
170). The active ingredient in marijuana, THC, has been
proposed to increase appetite in AIDS patients (171, 172).
The SIV/macaque model allows for control of drug
exposure, medical care, nutritional status, viral inoculum
and other factors that simply cannot be controlled in human
studies. Because of the large number of people exposed to
both drug abuse and HIV, understanding the impact of
drugs abuse on the progression of HIV/AIDS, is an
important focus for researchers in this field.
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In summary, the SIV/macaque model of AIDS
has proven to be a valuable research tool for understanding
the etiology and pathogenesis of AIDS, including
mechanisms of CNS pathology. The similarity of cognitive
and motor impairments following SIV infection to
neuropsychological impairments in HIV/AIDS confirms
the validity of the SIV/macaque model and suggests that
pathogenic mechanisms elucidated from the SIV/macaque
model will be important to HIV/AIDS as well. Having
established the nature of cognitive/motor impairments
following SIV infection in macaques, researchers in this
area will be able to expand research into mechanisms
causing the impairments and the impact of other risks, such
as drugs of abuse, on progression of NeuroAIDS.

5.  ACKNOWLEDGEMENTS

We gratefully acknowledge Lisa H. Gold, Ph.D.
for her assistance with an earlier version of this manuscript.
We also acknowledge Robert D. Hienz, Ph.D. for his
assistance with this manuscript. This work was supported
by NIH Grants DA10190, DA05831, AA013794,
MH061189 and a donation from the Susan R. Scherer
Educational Foundation (MRW) and T32 NS07392 (DJS).
The Managing Editors are grateful to Jane R. Taylor, Ph.D.
for overseeing the review of this article as Guest Managing
Editor.

6.  REFERENCES

1.  Albright, A.V., S.S. Soldan & F. Gonzalez-Scarano:
Pathogenesis of human immunodeficiency virus-induced
neurological disease. J Neurovirol 9, 222-227 (2003)
2.  Davis, L.E., B.L. Hjelle, V.E. Miller, D.L. Palmer, A.L.
Llewellyn, T.L. Merlin, S.A. Young, R.G. Mills, W.
Wachsman & C.A. Wiley: Early viral brain invasion in
iatrogenic human immunodeficiency virus infection.
Neurology 42, 1736-1739 (1992)
3.  Gendelman, H.E., S.A. Lipton, M. Tardieu, M.I.
Bukrinsky & H.S. Nottet: The neuropathogenesis of HIV-1.
J.Leukocyte Biol. 56, 387-388 (1994)
4.  Gray, F., M. Hurtrel & B. Hurtrel: Early central nervous
system changes in human immunodeficiency (HIV)-
infection. Neuropathol Appl Neurobiol 19, 3 - 9 (1993)
5.  Kaul, M., G.A. Garden & S.A. Lipton: Pathways to
neuronal injury and apoptosis in HIV-associated dementia.
Nature 410, 988 - 994 (2001)
6.  Diesing, T.S., S. Swindells, H. Gelbard & H.E.
Gendelman: HIV-1-associated dementia: a basic science
and clinical perspective. AIDS Read 12, 358-368. (2002)
7.  Gartner, S.: HIV infection and dementia. Science 287,
602-604 (2000)
8.  Lane, T.E., M.J. Buchmeier, D.D. Watry & H.S. Fox:
Expression of inflammatory cytokines and inducible nitric
oxide synthase in brains of SIV-infected rhesus monkeys:
applications to HIV- induced central nervous system
disease. Mol Med 2, 27-37 (1996)
9.  Nuovo, G.J. & M.L. Alfieri: AIDS dementia is
associated with massive, activated HIV-1 infection and
concomitant expression of several cytokines. Mol Med 2,
358-366 (1996)

10.  Sharer, L.R.: Pathology of HIV-1 infection of the
central nervous system. A review. J Neuropathol Exp
Neurol 51, 3 - 11 (1992)
11.  UNAIDS/WHO: Coverage and need for antiretroviral
treatment. (2003)
12.  UNAIDS/WHO: Report on the global HIV/AIDS
epidemic, December 2003. (2003)
13.  Bacellar, H., A. Munoz, E.N. Miller, B.A. Cohen, D.
Besley, O.A. Selnes, J.T. Becker & J.C. McArthur:
Temporal trends in the incidence of HIV-1-related
neurologic diseases: Multicenter AIDS Cohort Study,
1985-1992. Neurology 44, 1892-1900 (1994)
14.  Glass, J.D., S.L. Wesselingh, O.A. Selnes & J.C.
McArthur: Clinical-neuropathologic correlation in HIV-
associated dementia [see comments]. Neurology 43, 2230-
2237 (1993)
15.  Heaton, R.K., R.A. Velin, J.A. McCutchan, S.J.
Gulevich, J.H. Atkinson, M.R. Wallace, H.P. Godfrey,
D.A. Kirson & I. Grant: Neuropsychological impairment in
human immunodeficiency virus- infection: implications for
employment. HNRC Group. HIV Neurobehavioral
Research Center [see comments]. Psychosom Med 56, 8-17
(1994)
16.  McArthur, J.C., N. Sacktor & O. Selnes: Human
immunodeficiency virus-associated dementia. Semin
Neurol 19, 129-150 (1999)
17.  Price, R.W., B. Brew, J. Sidtis, M. Rosenblum, A.C.
Scheck & P. Cleary: The brain in AIDS: central nervous
system HIV-1 infection and AIDS dementia complex.
Science 239, 586-592 (1988)
18.  Sacktor, N. & J. McArthur: Prospects for therapy of
HIV-associated neurologic diseases. J Neurovirol 3, 89-
101. (1997)
19.  Hughes, J., J. Jelsma, E. Maclean, M. Darder & X.
Tinise: The health-related quality of life of people living
with HIV/AIDS. Disabil Rehabil 26, 371-376 (2004)
20.  Tozzi, V., P. Balestra, S. Galgani, R. Murri, R.
Bellagamba, P. Narciso, A. Antinori, M. Giulianelli, G.
Tosi, M. Costa, A. Sampaolesi, M. Fantoni, P. Noto, G.
Ippolito & A.W. Wu: Neurocognitive performance and
quality of life in patients with HIV infection. AIDS Res
Hum Retroviruses  19, 643-652 (2003)
21.  Tozzi, V., P. Balestra, R. Murri, S. Galgani, R.
Bellagamba, P. Narciso, A. Antinori, M. Giulianelli, G.
Tosi, M. Fantoni, A. Sampaolesi, P. Noto, G. Ippolito &
A.W. Wu: Neurocognitive impairment influences quality of
life in HIV-infected patients receiving HAART. Int J STD
AIDS 15, 254-259 (2004)
22.  Benedict, R.H., J.J. Mezhir, K. Walsh & R.G. Hewitt:
Impact of human immunodeficiency virus type-1-
associated cognitive dysfunction on activities of daily
living and quality of life. Arch Clin Neuropsychol 15, 535-
544 (2000)
23.  Sacktor, N., M.P. McDermott, K. Marder, G. Schifitto,
O.A. Selnes, J.C. McArthur, Y. Stern, S. Albert, D.
Palumbo, K. Kieburtz, J.A. De Marcaida, B. Cohen & L.
Epstein: HIV-associated cognitive impairment before and
after the advent of combination therapy. J Neurovirol 8,
136-142. (2002)
24.  Maschke, M., O. Kastrup, S. Esser, B. Ross, U.
Hengge & A. Hufnagel: Incidence and prevalence of
neurological disorders associated with HIV since the



Neuropsychopathology of SIV

722

introduction of highly active antiretroviral therapy
(HAART). J Neurol Neurosurg Psychiatry 69, 376-380
(2000)
25.  Clifford, D.B.: Human immunodeficiency virus-
associated dementia. Arch Neurol 57, 321-324. (2000)
26.  McArthur, J.C.: Human immunodeficiency virus-
associated dementia:  An evolving disease. Journal of
NeuroVirology 9, 205 - 221 (2003)
27.  Sacktor, N., R.H. Lyles, R. Skolasky, C. Kleeberger,
O.A. Selnes, E.N. Miller, J.T. Becker, B. Cohen & J.C.
McArthur: HIV-associated neurologic disease incidence
changes:: Multicenter AIDS Cohort Study, 1990-1998.
Neurology 56, 257-260. (2001)
28.  Dore, G.J., P.K. Correll, Y. Li, J.M. Kaldor, D.A.
Cooper & B.J. Brew: Changes to AIDS dementia complex
in the era of highly active antiretroviral therapy. Aids 13,
1249-1253 (1999)
29.  Gray, F., F. Chretien, A.V. Vallat-Decouvelaere & F.
Scaravilli: The changing pattern of HIV neuropathology in
the HAART era. J Neuropathol Exp Neurol 62, 429-440
(2003)
30.  Masliah, E., R.M. DeTeresa, M.E. Mallory & L.A.
Hansen: Changes in pathological findings at autopsy in
AIDS cases for the last 15 years. Aids 14, 69-74 (2000)
31.  Chang, L., T. Ernst, M. Leonido-Yee, M. Witt, O.
Speck, I. Walot & E.N. Miller: Highly active antiretroviral
therapy reverses brain metabolite abnormalities in mild
HIV dementia. Neurology 53, 782-789 (1999)
32.  Gendelman, H.E., J. Zheng, C.L. Coulter, A.
Ghorpade, M. Che, M. Thylin, R. Rubocki, Y. Persidsky, F.
Hahn, J. Reinhard, Jr. & S. Swindells: Suppression of
inflammatory neurotoxins by highly active antiretroviral
therapy in human immunodeficiency virus-associated
dementia. J Infect Dis  178, 1000-1007 (1998)
33.  Suarez, S., L. Baril, B. Stankoff, M. Khellaf, B.
Dubois, C. Lubetzki, F. Bricaire & J.J. Hauw: Outcome of
patients with HIV-1-related cognitive impairment on highly
active antiretroviral therapy. Aids 15, 195-200. (2001)
34.  Dore, G.J., A. McDonald, Y. Li, J.M. Kaldor & B.J.
Brew: Marked improvement in survival following AIDS
dementia complex in the era of highly active antiretroviral
therapy. Aids 17, 1539-1545 (2003)
35.  Dore, G.J., Y. Li, A. McDonald, H. Ree, J.M. Kaldor
& J.M. Kaldo: Impact of highly active antiretroviral
therapy on individual AIDS-defining illness incidence and
survival in Australia. J Acquir Immune Defic Syndr 29,
388-395 (2002)
36.  Tozzi, V., P. Balestra, S. Galgani, P. Narciso, A.
Sampaolesi, A. Antinori, M. Giulianelli, D. Serraino & G.
Ippolito: Changes in neurocognitive performance in a
cohort of patients treated with HAART for 3 years. J
Acquir Immune Defic Syndr 28, 19-27 (2001)
37.  Dougherty, R.H., R.L. Skolasky, Jr. & J.C. McArthur:
Progression of HIV-associated dementia treated with
HAART. AIDS Read 12, 69-74. (2002)
38.  Langford, T.D., S.L. Letendre, G.J. Larrea & E.
Masliah: Changing patterns in the neuropathogenesis of
HIV during the HAART era. Brain Pathol 13, 195-210
(2003)
39.  d'Arminio Monforte, A., L. Testa, F. Adorni, E.
Chiesa, T. Bini & G.C. Moscatelli: Clinical outcome and
predictive factors of failure of highly active antiretroviral

therapy in antiretroviral-experienced patients in advanced
stages of HIV-1 infection. Aids 12, 1631 - 1637 (1998)
40.  Wit, F.W., R. van Leeuwen, G.J. Weverling, S.
Jurriaans, K. Nauta & R. Steingrover: Outcome and
predictors of failure of highly active antiretroviral therapy:
one-year follow-up of a cohort of human
immunodeficiency virus type 1-infected persons. J Infect
Dis 179, 790-798 (1999)
41.  Ledergerber, B., M. Egger, M. Opravil, A. Telenti, B.
Hirschel & M. Battegay: Clinical progression and
virological failure on highly active antiretroviral therapy in
HIV-1 patients: a prospective cohort study. Swiss HIV
Cohort Study. Lancet 353, 863 -868 (1999)
42.  Evers, S., A. Rahmann, S. Schwaag, A. Frese, D.
Reichelt & I.W. Husstedt: Prevention of AIDS dementia by
HAART does not depend on cerebrospinal fluid drug
penetrance. AIDS Res Hum Retroviruses  20, 483-491
(2004)
43.  Kandanearatchi, A., B. Williams & I.P. Everall:
Assessing the efficacy of highly active antiretroviral
therapy in the brain. Brain Pathol 13, 104-110 (2003)
44.  Sharer, L.R., G.B. Baskin, E.S. Cho, M. Murphey-
Corb, B.M. Blumberg & L.G. Epstein: Comparison of
simian immunodeficiency virus and human
immunodeficiency virus encephalitides in the immature
host. Ann Neurol 23 Suppl, S108-112 (1988)
45.  Rausch, D.M., E.A. Murray & L.E. Eiden: The SIV-
infected rhesus monkey model for HIV-associated
dementia and implications for neurological diseases. J
Leukoc Biol 65, 466-474 (1999)
46.  Fox, H.S., L.H. Gold, S.J. Henriksen & F.E. Bloom:
Simian immunodeficiency virus: a model for neuroAIDS.
Neurobiol Dis 4, 265-274 (1997)
47.  Dickson, D.W., A.L. Belman & Y.D. Park: Central
nervous system pathology in pediatric AIDS: An autopsy
study. APMIS. Suppl. 8, (1989)
48.  Hurtrel, B., L. Chakrabarti, M. Hurtrel, M.A. Maire, D.
Dormont & L. Montagnier: Early SIV encephalopathy. J
Med Primatol 20, 159-166 (1991)
49.  Lackner, A.A., M.O. Smith, R.J. Munn, D.J. Martfeld,
M.B. Gardner, P.A. Marx & S. Dandekar: Localization of
simian immunodeficiency virus in the central nervous
system of rhesus monkeys. Am J Pathol 139, 609-621
(1991)
50.  Sharer, L.R., L.G. Epstein & E.-S. Cho: Pathologic
features of AIDS encephalopathy in children: Evidence for
LAV/HTLV-III infection of brain. Human Pathol. 17, 271-
284 (1986)
51.  Ward, J.M., T.J. O'Leary, G.B. Baskin, R. Benveniste,
C.A. Harris, P.L. Nara & R.H. Rhodes:
Immunohistochemical localization of human and simian
immunodeficiency viral antigens in fixed tissue sections.
Am J Pathol 127, 199-205 (1987)
52.  Lipton, S.A. & H.E. Gendelman: Seminars in medicine
of the Beth Israel Hospital, Boston. Dementia associated
with the acquired immunodeficiency syndrome. N Engl J
Med. 332, 934-940 (1995)
53.  Burudi, E.M. & H.S. Fox: Simian immunodeficiency
virus model of HIV-induced central nervous system
dysfunction. Adv Virus Res  56, 435-468 (2001)
54.  Sopper, S., U. Sauer, S. Hemm, M. Demuth, J. Muller,
C. Stahl-Hennig, G. Hunsmann, V. ter Meulen & R.



Neuropsychopathology of SIV

723

Dorries: Protective role of the virus-specific immune
response for development of severe neurologic signs in
simian immunodeficiency virus-infected macaques. J Virol
72, 9940-9947 (1998)
55.  Janssen, R.S., O.C. Nwanyanwu, R.M. Selik & J.K.
Stehr-Green: Epidemiology of human immunodeficiency
virus encephalopathy in the United States. Neurology 42,
1472-1476 (1992)
56.  Levy, R.M., D.E. Bredesen & M.L. Rosenblum:
Neurological manifestations of the acquired
immunodeficiency syndrome (AIDS): experience at UCSF
and review of the literature. J Neurosurg 62, 475-495
(1985)
57.  McArthur, J.C.: Neurologic manifestations of AIDS.
Medicine (Baltimore) 66, 407-437 (1987)
58.  Heyes, M.P., E.K. Jordan, K. Lee, K. Saito, J.A. Frank,
P.J. Snoy, S.P. Markey & M. Gravell: Relationship of
neurologic status in macaques infected with the simian
immunodeficiency virus to cerebrospinal fluid quinolinic
acid and kynurenic acid. Brain Res 570, 237-250 (1992)
59.  Capitanio, J.P. & N.W. Lerche: Psychosocial factors
and disease progression in simian AIDS: a preliminary
report. Aids 5, 1103-1106 (1991)
60.  Capitanio, J.P. & N.W. Lerche: Social separation,
housing relocation, and survival in simian AIDS: a
retrospective analysis. Psychosom Med 60, 235-244 (1998)
61.  Capitanio, J.P., S.P. Mendoza & S. Baroncelli: The
relationship of personality dimensions in adult male rhesus
macaques to progression of simian immunodeficiency virus
disease. Brain Behav Immun 13, 138-154 (1999)
62.  Berger, J.R. & A. Nath: HIV dementia and the basal
ganglia. Intervirology 40, 122-131 (1997)
63.  Kelly, M.D., I. Grant, R.K. Heaton & T.D. Marcotte,
Neuropsychological findings in HIV infection and AIDS, in
Neuropsychological Assessment of Neuropsychiatric
Disorders, K.M. Adams, Editor. 1996, Oxford University
Press: Oxford. p. 403-415.
64.  Heaton, R.K., I. Grant, N. Butters, D.A. White, D.
Kirson, J.H. Atkinson, J.A. McCutchan, M.J. Taylor, M.D.
Kelly, & R.J. Ellis.: The HNRC 500--neuropsychology of
HIV infection at different disease stages. HIV
Neurobehavioral Research Center. J Int Neuropsychol Soc
1, 231-251 (1995)
65.  Sahakian, B.J., R. Elliott, N. Low, M. Mehta, R.T.
Clark & A.L. Pozniak: Neuropsychological deficits in tests
of executive function in asymptomatic and symptomatic
HIV-1 seropositive men. Psychological Medicine 25, 1233-
1246 (1995)
66.  Bartok, J.A., E.M. Martin, D.L. Pitrak, R.M. Novak,
K.J. Pursell, K.M. Mullane & M. Harrow: Working
memory deficits in HIV-seropositive drug users. J Int
Neuropsychol Soc 3, 451-456 (1997)
67.  Weed, M.R., L.H. Gold, I. Polis, G.F. Koob, H.S. Fox
& M.A. Taffe: Impaired Performance on a Rhesus Monkey
Neuropsychological Testing Battery Following Simian
Immunodeficiency Virus Infection. AIDS Research and
Human Retroviruses  20, 77-90 (2004)
68.  Martin, E.M., D.L. Pitrak, K.J. Pursell, K.M. Mullane
& R.M. Novak: Delayed recognition memory span in HIV-
1 infection. J Int Neuropsychol Soc 1, 575-580 (1995)
69.  Stout, J.C., D.P. Salmon, N. Butters, M. Taylor, G.
Peavy, W.C. Heindel, D.C. Delis, L. Ryan, J.H. Atkinson,

J.L. Chandler & et al.: Decline in working memory
associated with HIV infection. HNRC Group. Psychol Med
25, 1221-1232 (1995)
70.  Hinkin, C.H., D.J. Hardy, K.I. Mason, S.A. Castellon,
M.N. Lam, M. Stefaniak & B. Zolnikov: Verbal and spatial
working memory performance among HIV-infected adults.
J Int Neuropsychol Soc 8, 532-538 (2002)
71.  Bassel, C., S.B. Rourke, M.H. Halman & M.L. Smith:
Working memory performance predicts subjective
cognitive complaints in HIV infection. Neuropsychology
16, 400-410 (2002)
72.  Arendt, G., H. Hefter, C. Elsing, G. Strohmeyer & H.J.
Freund: Motor dysfunction in HIV-infected patients
without clinically detectable central-nervous deficit. J
Neurol 237, 362-368 (1990)
73.  Bornstein, R.A., H.A. Nasrallah, M.F. Para, C.C.
Whitacre, P. Rosenberger & R.J. Fass: Neuropsychological
performance in symptomatic and asymptomatic HIV
infection [see comments]. Aids 7, 519-524 (1993)
74.  Dunlop, O., R.A. Bjorklund, M. Abdelnoor & B.
Myrvang: Five different tests of reaction time evaluated in
HIV seropositive men. Acta Neurol Scand 86, 260-266
(1992)
75.  Karlsen, N.R., I. Reinvang & S.S. Froland: Slowed
reaction time in asymptomatic HIV-positive patients. Acta
Neurol Scand 86, 242-246 (1992)
76.  Martin, A., M.P. Heyes, A.M. Salazar, D.L. Kampen,
J. Williams, W.A. Law, M.E. Coats & S.P. Markey:
Progressive slowing of reaction time and increasing
cerebrospinal fluid concentrations of quinolinic acid in
HIV-infected individuals. J Neuropsychiatry Clin Neurosci
4, 270-279 (1992)
77.  Amalric, M., M. Berhow, I. Polis & G.F. Koob:
Selective effects of low-dose D2 dopamine receptor
antagonism in a reaction-time task in rats.
Neuropsychopharmacology 8, 195-200 (1993)
78.  Amalric, M. & G.F. Koob: Depletion of dopamine in
the caudate nucleus but not in nucleus accumbens impairs
reaction-time performance in rats. J Neurosci 7, 2129-2134
(1987)
79.  Brown, V.J. & T.W. Robbins: Simple and choice
reaction time performance following unilateral striatal
dopamine depletion in the rat. Impaired motor readiness but
preserved response preparation. Brain 114, 513-525 (1991)
80.  Robbins, T.W., V. Giardini, G.H. Jones, P. Reading &
B.J. Sahakian: Effects of dopamine depletion from the
caudate-putamen and nucleus accumbens septi on the
acquisition and performance of a conditional discrimination
task. Behav Brain Res 38, 243-261 (1990)
81.  Weed, M.R. & L.H. Gold: The effects of dopaminergic
agents on reaction time in rhesus monkeys.
Psychopharmacology (Berl) 137, 33-42 (1998)
82.  Arendt, G., H. Hefter, L. Buescher, F. Hilperath, C.
Elsing & H.J. Freund: Improvement of motor performance
of HIV-positive patients under AZT therapy. Neurology 42,
891-896 (1992)
83.  Arendt, G., H. Hefter, C. Elsing, E. Neuen-Jakob, G.
Strohmeyer & H.J. Freund: [New electrophysiological
findings on the incidence of brain involvement in clinically
and neurologically asymptomatic HIV infections]. EEG
EMG Z Elektroenzephalogr Elektromyogr Verwandte Geb
20, 280-287 (1989)



Neuropsychopathology of SIV

724

84.  Arendt, G., H. Hefter, F. Hilperath, H.J. von Giesen, G.
Strohmeyer & H.J. Freund: Motor analysis predicts
progression in HIV-associated brain disease. J Neurol Sci
123, 180-185. (1994)
85.  Rausch, D.M., M.P. Heyes, E.A. Murray, J. Lendvay,
L.R. Sharer, J.M. Ward, S. Rehm, D. Nohr, E. Weihe &
L.E. Eiden: Cytopathologic and neurochemical correlates
of progression to motor/cognitive impairment in SIV-
infected rhesus monkeys. J Neuropathol Exp Neurol 53,
165-175 (1994)
86.  Brouwers, P., M.P. Heyes, H.A. Moss, P.L. Wolters,
D.G. Poplack, S.P. Markey & P.A. Pizzo: Quinolinic acid
in the cerebrospinal fluid of children with symptomatic
human immunodeficiency virus type 1 disease:
relationships to clinical status and therapeutic response. J
Infect Dis 168, 1380-1386 (1993)
87.  Heyes, M.P., B.J. Brew, A. Martin, R.W. Price, A.M.
Salazar, J.J. Sidtis, J.A. Yergey, M.M. Mouradian, A.E.
Sadler & J. Keilp: Quinolinic acid in cerebrospinal fluid
and serum in HIV-1 infection: relationship to clinical and
neurological status. Ann Neurol 29, 202-209 (1991)
88.  Beal, M.F., N.W. Kowall, D.W. Ellison, M.F.
Mazurek, K.J. Swartz & J.B. Martin: Replication of the
neurochemical characteristics of Huntington's disease by
quinolinic acid. Nature 321, 168-171 (1986)
89.  Burns, L.H., P. Pakzaban, T.W. Deacon, A.L.
Brownell, S.B. Tatter, B.G. Jenkins & I. O.: Selective
putaminal excitotoxic lesions in non-human primates model
the movement disorder of Huntington disease.
Neuroscience 64, 1007 - 1017 (1995)
90.  Rausch, D.M., M. Heyes & L.E. Eiden: Effects of
chronic zidovudine administration on CNS function and
virus burden after perinatal SIV infection in rhesus
monkeys. Adv Neuroimmunol 4, 233-237 (1994)
91.  Rausch, D.M., M.P. Heyes, E.A. Murray & L.E. Eiden:
Zidovudine treatment prolongs survival and decreases virus
load in the central nervous system of rhesus macaques
infected perinatally with simian immunodeficiency virus. J
Infect Dis 172, 59-69 (1995)
92.  Murray, E.A., D.M. Rausch, J. Lendvay, L.R. Sharer &
L.E. Eiden: Cognitive and motor impairments associated
with SIV infection in rhesus monkeys. Science 255, 1246-
1249 (1992)
93.  Marcario, J.K., L.A. Raymond, B.J. McKiernan, L.L.
Foresman, S.V. Joag, R. Raghavan, O. Narayan, S.
Hershberger & P.D. Cheney: Simple and choice reaction
time performance in SIV-infected rhesus macaques. AIDS
Res Hum Retroviruses  15, 571-583 (1999)
94.  Marcario, J.K., L.A. Raymond, B.J. McKiernan, L.L.
Foresman, S.V. Joag, R. Raghavan, O. Narayan & P.D.
Cheney: Motor skill impairment in SIV-infected rhesus
macaques with rapidly and slowly progressing disease. J
Med Primatol 28, 105-117 (1999)
95.  Berman, N.E.J., J.K. Marcario, C. Yong, R. Raghavan,
L.A.M. Raymond, S.V. Joag, O. Narayan & P.D. Cheney:
Microglial activation and neurological symptoms in the
SIV model of neuroAIDS: Association of MHC-II and
MMP-9 expression with behavioral deficits and evoked
potential changes. Neurobiol Dis 6, 486 - 498 (1999)
96.  Raymond, L.A., D. Wallace, R. Raghavan, J.K.
Marcario, J.K. Johnson, L.L. Foresman, S.V. Joag, O.
Narayan, N.E.J. Berman & P.D. Cheney: Sensory evoked

potentials in SIV-infected monkeys with rapidly and slowly
progressing disease. AIDS Res Hum Retroviruses  16, 1163 -
1173 (2000)
97.  Roberts, A.C.: Comparison of cognitive function in
human and non-human primates. Cognitive Brain Research
3, 319-327 (1996)
98.  Weed, M.R., M.A. Taffe, I. Polis, A.C. Roberts, T.W.
Robbins, G.F. Koob, F.E. Bloom & L.H. Gold:
Performance norms for a rhesus monkey
neuropsychological testing battery:  acquisition and long-
term performance. Cognitive Brain Research 8, 185-201
(1999)
99.  Collins, P., A.C. Roberts, R. Dias, B.J. Everitt & T.W.
Robbins: Perseveration and Strategy in a Novel Spatial
Self-Ordered Sequencing Task for Nonhuman Primates.
Effects of Excitotoxic Lesions and Dopamine Depletions of
the Prefrontal Cortex. J. Cogn. Neurosci. 10, 332-354
(1998)
100.  Dias, R., T.W. Robbins & A.C. Roberts: Primate
analogue of the Wisconsin Card Sorting Test: effects of
excitotoxic lesions of the prefrontal cortex in the marmoset.
Behav Neurosci 110, 872-886 (1996)
101.  Pearce, P.C., H.S. Crofts, N.G. Muggleton, D. Ridout
& E.A. Scott: The effects of acutely administered low dose
sarin on cognitive behaviour and the electroencephalogram
in the common marmoset. J Psychopharmacol 13, 128-135
(1999)
102.  Roberts, A.C., M.A. DeSalvia, L.S. Wilkinson, P.
Collins, J.L. Muir, B.J. Everitt & T.W. Robbins: 6-
hydroxydopamine lesions of the prefrontal cortex in
monkeys enhance performance on an analog of the
Wisconsin Card Sort Test: Possible interactions with
subcortical dopamine. The Journal of Neuroscience 14,
2531-2544 (1994)
103.  Taffe, M.A., M.R. Weed & L.H. Gold: Scopolamine
alters rhesus monkey performance on a novel
neuropsychological test battery. Brain Res Cogn Brain Res
8, 203-212 (1999)
104.  Taffe, M.A., S.A. Davis, T. Gutierrez & L.H. Gold:
Ketamine impairs multiple cognitive domains in rhesus
monkeys. Drug Alcohol Depend 68, 175-187 (2002)
105.  Taffe, M.A., S.A. Davis, J. Yuan, R. Schroeder, G.
Hatzidimitriou, L.H. Parsons, G.A. Ricaurte & L.H. Gold:
Cognitive performance of MDMA-treated rhesus monkeys:
sensitivity to serotonergic challenge.
Neuropsychopharmacology 27, 993-1005 (2002)
106.  Taffe, M.A., S. Huitron-Resendiz, R. Schroeder, L.H.
Parsons, S.J. Henriksen & L.H. Gold: MDMA exposure
alters cognitive and electrophysiological sensitivity to rapid
tryptophan depletion in rhesus monkeys. Pharmacol
Biochem Behav  76, 141-152 (2003)
107.  Ridley, R.M. & H.F. Baker: Assessing memory in
monkeys. In Behavioral Neuroscience:  A Practical
Approach. 149-163 (1993)
108.  Fox, H.S., M.R. Weed, S. Huitron-Resendiz, J. Baig,
T.F. Horn, P.J. Dailey, N. Bischofberger & S.J. Henriksen:
Antiviral treatment normalizes neurophysiological but not
movement abnormalities in simian immunodeficiency
virus-infected monkeys. J Clin Invest 106, 37-45 (2000)
109.  Gold, L.H., H.S. Fox, S.J. Henriksen, M.J.
Buchmeier, M.R. Weed, M.A. Taffe, S. Huitron-Resendiz,
T.F. Horn & F.E. Bloom: Longitudinal analysis of



Neuropsychopathology of SIV

725

behavioral, neurophysiological, viral and immunological
effects of SIV infection in rhesus monkeys. J Med Primatol
27, 104-112 (1998)
110. Weed, M.R. & L.H. Gold: Paradigms for behavioral
assessment of viral pathogenesis.  In: Neurovirology:
Viruses and the Brain (Advances in Virus Research 56)
Eds: Michael J. Buchmeier and Iain L. Campbell.
Academic Press, CA, (2001)
111.  Courtney, S.M., L. Petit, J.M. Maisog, L.G.
Ungerleider & J.V. Haxby: An area specialized for spatial
working memory in human frontal cortex. Science 279,
1347-1351 (1988)
112.  McCarthy, G., A. Puce, R.T. Constable, J.H. Krystal,
J.C. Gore & P.S. Goldman-Rakic: Activation of human
prefrontal cortex during spatial and nonspatial working
memory tasks measured by functional MRI. Cereb. Cortex
6, 600-611 (1996)
113.  Miotto, E.C., P. Bullock, C.E. Polkey & R.G. Morris:
Spatial working memory and strategy formation in patients
with frontal lobe excisions. Cortex 32, 613-630 (1996)
114.  Owen, A.M., R.G. Morris, B.J. Sahakian, C.E. Polkey
& T.W. Robbins: Double dissociations of memory and
executive functions in working memory tasks following
frontal lobe excisions, temporal lobe excisions or
amygdalo-hippocampectomy in man. Brain 119, 1597-
1615 (1996b)
115.  Owen, A.M., J. Doyon, M. Petrides & A.C. Evans:
Planning and spatial working memory: a positron emission
tomography study in humans. Eur. J. Neurosci. 8, 353-364
(1996)
116.  Roberts, A.C., T.W. Robbins & B.J. Everitt: The
effects of intradimensiona and extradimensional shifts on
visual discrimination learning in humans and non-human
primates. The Quarterly Journal of Experimental
Psychology 40B, 321-341 (1988)
117.  Dias, R., T.W. Robbins & A.C. Roberts: Dissociable
forms of inhibitory control within prefrontal cortex with an
analog of the Wisconsin Card Sort Test: restriction to novel
situations and independence from "on-line" processing. J
Neurosci. 17, 9285-9297 (1997)
118.  Owen, A.M., A.C. Roberts, C.E. Polkey, B.J.
Sahakian & T.W. Robbins: Extra-dimensional versus intra-
dimensional set shifting performance following frontal lobe
excisions, temporal lobe excisions or amygdalo-
hippocampectomy in man. Neuropsychologia 29, 993-1006
(1991)
119.  Murray, E.A.: What have ablation studies told us
about the neural substrates of stimulus memory? Seminars
in the Neurosciences 8, 13-22 (1996)
120.  Owen, A.M., B.J. Sahakian, J. Semple, C.E. Polkey &
T.W. Robbins: Visuo-spatial short-term recognition
memory and learning after temporal lobe excisions, frontal
lobe excisions or amygdalo-hippocampectomy in man.
Neuropsychologia 33, (1995)
121.  Bachevalier, J. & M. Mishkin: Visual recognition
impairment follows ventromedial but not dorsolateral
prefrontal lesions in monkeys. Behav. Brain Res. 20, 249-
261 (1986)
122.  Bauer, R.H. & J.M. Fuster: Delayed-matching and
delayed-response deficit from cooling dorsolateral
prefrontal cortex in monkeys. J. Comp. Physiol. Psychol.
90, 293-302 (1976)

123.  Fuster, J.M., R.H. Bauer & J.P. Jervey: Functional
interactions between inferotemporal and prefrontal cortex
in a cognitive task. Brain Res  330, 299-307 (1985)
124.  Passingham, R.: Delayed matching after selective
prefrontal lesions in monkeys (Macaca mulatta). Brain Res.
92, 89-102 (1975)
125.  Brinkman, C.: Lesions in supplementary motor area
interfere with a monkey's performance of a bimanual
coordination task. Neurosci. 27, 267-270 (1981)
126.  Mark, R.F. & R.W. Sperry: Bimanual Coordination in
Monkeys. Exp. Neurol. 21, 92-104 (1968)
127.  Hodos, W.: Progressive-ratio as a measure of reward
strength. Science 134, 943-944 (1961)
128.  Hodos, W.: Motivational properties of long durations
of rewarding brain stimulation. J. Comp. Physiol. Psychol.
59, 219-224 (1965)
129.  Katz, J.L.: Models of relative reinforcing efficacy of
drugs and their predictive utility. Beh. Pharmacol. 1, 283-
301 (1990)
130.  Zink, M.C. & J.E. Clements: A novel simian
immunodeficiency virus model that provides insight into
mechanisms of human immunodeficiency virus central
nervous system disease. J Neurovirol 8 Suppl 2, 42-48
(2002)
131.  Mankowski, J.L., J.E. Clements & M.C. Zink:
Searching for clues: tracking the pathogenesis of human
immunodeficiency virus central nervous system disease by
use of an accelerated, consistent simian immunodeficiency
virus macaque model. J Infect Dis 186 Suppl 2, S199-208
(2002)
132.  Winsauer, P.J., J.M. Moerschbaecher, I.N. Brauner,
J.E. Purcell, J.R. Lancaster, Jr., G.J. Bagby & S. Nelson:
Alcohol unmasks simian immunodeficiency virus-induced
cognitive impairments in rhesus monkeys. Alcohol Clin
Exp Res 26, 1846-1857 (2002)
133.  Ando, K., C.E. Johanson & C.R. Schuster: Effects of
dopaminergic agents on eye tracking before and after
repeated methamphetamine. Pharmacol Biochem Behav  24,
693-699 (1986)
134.  Ando, K., C.E. Johanson, L.S. Seiden & C.R.
Schuster: Sensitivity changes to dopaminergic agents in
fine motor control of rhesus monkeys after repeated
methamphetamine administration. Pharmacol Biochem
Behav 22, 737-743. (1985)
135.  Frederick, D.L. & M.G. Paule: Effects of MDMA on
complex brain function in laboratory animals. Neurosci
Biobehav Rev 21, 67-78 (1997)
136.  Frederick, D.L., S.F. Ali, M.P. Gillam, J. Gossett, W.
Slikker & M.G. Paule: Acute effects of dexfenfluramine (d-
FEN) and methylenedioxymethamphetamine (MDMA)
before and after short-course, high-dose treatment. Ann N Y
Acad Sci 844, 183-190 (1998)
137.  Horn, T.F., S. Huitron-Resendiz, M.R. Weed, S.J.
Henriksen & H.S. Fox: Early physiological abnormalities
after simian immunodeficiency virus infection. Proc Natl
Acad Sci U S A 95, 15072-15077 (1998)
138.  Weed, M.R., R.D. Hienz, J.V. Brady, R.J. Adams,
J.L. Mankowski, J.E. Clements & M.C. Zink: Central
nervous system correlates of behavioral deficits following
simian immunodeficiency virus infection. Journal of
NeuroVirology 9, 452-464 (2003)



Neuropsychopathology of SIV

726

139.  Navia, B.A., E.S. Cho, C.K. Petito & R.W. Price: The
AIDS dementia complex: II. Neuropathology. Ann Neurol
19, 525-535 (1986)
140.  Lackner, A.A., S. Dandekar & M.B. Gardner:
Neurobiology of simian and feline immunodeficiency virus
infections. Brain Pathol 1, 201-212 (1991)
141.  Masliah, E., C.L. Achim, N. Ge, R. De Teresa & C.A.
Wiley: Cellular neuropathology in HIV encephalitis. Res
Publ Assoc Res Nerv Ment Dis  72, 119-131 (1994)
142.  Montgomery, M.M., A. Wood, E.J. Stott, C. Sharp &
P.J. Luthert: Changes in neuron size in cynomolgus
macaques infected with various immunodeficiency viruses
and poliovirus. Neuropathol Appl Neurobiol 24, 468-475
(1998)
143.  Berger, J.R. & G. Arendt: HIV dementia: the role of
the basal ganglia and dopaminergic systems. J
Psychopharmacol 14, 214-221 (2000)
144.  Itoh, K., P. Mehraein & S. Weis: Neuronal damage of
the substantia nigra in HIV-1 infected brains. Acta
Neuropathol (Berl) 99, 376-384. (2000)
145.  Sardar, A.M., C. Czudek & G.P. Reynolds: Dopamine
deficits in the brain: the neurochemical basis of
parkinsonian symptoms in AIDS. Neuroreport 7, 910-912
(1996)
146.  Koutsilieri, E., S. Sopper, C. Scheller, V. ter Meulen
& P. Riederer: Involvement of dopamine in the progression
of AIDS Dementia Complex. J Neural Transm 109, 399-
410. (2002)
147.  White, N.M.: Mnemonic functions of the basal
ganglia. Curr Opin Neurobiol 7, 164-169. (1997)
148.  Robbins, T.W.: From arousal to cognition: the
integrative position of the prefrontal cortex. Prog Brain Res
126, 469-483 (2000)
149.  Goldman-Rakic, P.S.: The cortical dopamine system:
role in memory and cognition. Adv Pharmacol 42, 707-711
(1998)
150.  Ellis, K.A. & P.J. Nathan: The pharmacology of
human working memory. Int J Neuropsychopharmacol 4,
299-313. (2001)
151.  Wang, G.J., L. Chang, N.D. Volkow, F. Telang, J.
Logan, T. Ernst & J.S. Fowler: Decreased brain
dopaminergic transporters in HIV-associated dementia
patients. Brain (2004)
152.  Jenuwein, M., C. Scheller, E. Neuen-Jacob, S.
Sopper, T. Tatschner, V. ter Meulen, P. Riederer & E.
Koutsilieri: Dopamine deficits and regulation of the cAMP
second messenger system in brains of simian
immunodeficiency virus-infected rhesus monkeys. J
Neurovirol 10, 163-170 (2004)
153.  Berger, J.R., M. Kumar, A. Kumar, J.B. Fernandez &
B. Levin: Cerebrospinal fluid dopamine in HIV-1 infection.
Aids 8, 67-71 (1994)
154.  Koutsilieri, E., M.E. Gotz, S. Sopper, C. Stahl-
Hennig, M. Czub, V. ter Meulen & P. Riederer:
Monoamine metabolite levels in CSF of SIV-infected
rhesus monkeys (Macaca mulatta). Neuroreport 8, 3833-
3836 (1997)
155.  Lopez, O.L., G. Smith, C.C. Meltzer & J.T. Becker:
Dopamine systems in human immunodeficiency virus-
associated dementia. Neuropsychiatry Neuropsychol Behav
Neurol 12, 184-192. (1999)

156.  Factor, S.A., G.D. Podskalny & K.D. Barron:
Persistent neuroleptic-induced rigidity and dystonia in
AIDS dementia complex: a clinico-pathological case
report. J Neurol Sci 127, 114-120. (1994)
157.  Hriso, E., T. Kuhn, J.C. Masdeu & M. Grundman:
Extrapyramidal symptoms due to dopamine-blocking
agents in patients with AIDS encephalopathy. Am J
Psychiatry 148, 1558-1561 (1991)
158.  Brown, G.R.: The use of methylphenidate for
cognitive decline associated with HIV disease. Int J
Psychiatry Med 25, 21-37 (1995)
159.  Mintz, M., M. Tardieu, L. Hoyt, G. McSherry, J.
Mendelson & J. Oleske: Levodopa therapy improves motor
function in HIV-infected children with extrapyramidal
syndromes. Neurology 47, 1583-1585 (1996)
160.  Czub, S., M. Czub, E. Koutsilieri, S. Sopper, F.
Villinger, J.G. Muller, C. Stahl-Hennig, P. Riederer, V. Ter
Meulen & G. Gosztonyi: Modulation of simian
immunodeficiency virus neuropathology by dopaminergic
drugs. Acta Neuropathol (Berl) 107, 216-226 (2004)
161.  Koutsilieri, E., C. Scheller, V. ter Meulen & P.
Riederer: Monoamine oxidase inhibition and CNS
immunodeficiency infection. Neurotoxicology 25, 267-270
(2004)
162.  UNAIDS/WHO: Epidemological Fact Sheets on
HIV/AIDS and sexually transmitted diseases:  2002 update.
(2002)
163.  CDC: HIV diagnoses among injection-drug users in
states with HIV surveillance--25 states, 1994-2000. MMWR
Morb Mortal Wkly Rep. 52, 634-636 (2003)
164.  Anthony, J.C., D. Vlahov, K.E. Nelson, S. Cohn, J.
Astemborski & L. Solomon: New evidence on intravenous
cocaine use and the risk of infection with human
immunodeficiency virus type 1. Am J Epidemiol 134, 1175-
1189 (1991)
165.  Chaisson, R.E., P. Bacchetti, D. Osmond, B. Brodie,
M.A. Sande & A.R. Moss: Cocaine use and HIV infection
in intravenous drug users in San Francisco [see comments].
Jama 261, 561-565 (1989)
166.  Lefevre, F., B. O'Leary, M. Moran, M. Mossar, P.R.
Yarnold, G.J. Martin & J. Glassroth: Alcohol consumption
among HIV-infected patients. J Gen Intern Med 10, 458-
460. (1995)
167.  Baker, R.C. & T.R. Jerrells: Recent developments in
alcoholism:immunological aspects. Recent Dev Alcohol 11,
249-271 (1993)
168.  Baldwin, J.A., C.J. Maxwell, A.M. Fenaughty, R.T.
Trotter & S.J. Stevens: Alcohol as a risk factor for hiv
transmission among american indian and alaska native drug
users. Am Indian Alsk Native Ment Health Res  9, 1-16
(2000)
169.  Tyor, W.R. & L.D. Middaugh: Do alcohol and
cocaine abuse alter the course of HIV-associated dementia
complex? J Leukoc Biol 65, 475-481. (1999)
170.  Isaki, L. & T.F. Kresina: Directions for biomedical
research in alcohol and HIV: where are we now and where
can we go? AIDS Res Hum Retroviruses  16, 1197-1207.
(2000)
171.  Beal, J. & N. Flynn: AIDS-associated anorexia. J
Physicians Assoc AIDS Care 2, 19-22 (1995)



Neuropsychopathology of SIV

727

172.  Haney, M.: Effects of smoked marijuana in healthy
and HIV + marijuana smokers. J Clin Pharmacol 42, 34S-
40S (2002)

Key Words: Acquired Immunodeficiency Virus, Simian
Immunodeficiency Virus, Macaque, Motor Function,
Cognition, Review

Send correspondence to: Michael R. Weed, Ph.D.,
Department of Psychiatry and Behavioral Sciences, Johns
Hopkins School of Medicine, 5510 Nathan Shock Drive,
Baltimore, MD 21224, Tel:  410-550-2776, Fax: 410-550-
2780, E-mail: mweed@jhmi.edu

http://www.bioscience.org/current/vol10.htm


