
Introduction
HIV-1–associated cognitive/motor disorder (also known
as neuroAIDS) occurs in approximately one third of
individuals infected with HIV (1, 2). The dramatic low-
ering of viral load with highly active antiretroviral ther-
apy (HAART) has had an important impact on HIV-
1–associated dementia (a severe form of neuroAIDS), the
incidence of which has declined by approximately one-
half (3, 4). In contrast to the lowering of the incidence,
the effects of HAART on the prevalence of HIV-1–asso-
ciated dementia and on HIV-induced minor cognitive
and motor disorders remain uncertain; conceivably, the
prevalence may even increase, given that people with HIV
infection are living longer.

Ominously, recent epidemiological data document
not only an almost 50% increase in AIDS dementia
complex (ADC) as an AIDS-defining illness after the
advent of HAART, but also a greater than twofold
increase in the median CD4 count at time of ADC diag-
nosis since the introduction of HAART (5). In part,
such results may be due to the finding that most antivi-
ral agents do not efficiently penetrate the blood-brain
barrier (BBB) or are actively transported out of the cen-
tral nervous system (CNS) (6). Even after antiviral treat-

ment that successfully controls virus in the immune
compartment, the CNS may suffer continuing damage
induced by HIV infection. Furthermore, the unavail-
ability of these drugs to many patients, the failure of
some drug regimens to control virus in numerous
infected individuals, and the potential for development
of resistant viruses with chronic use of these agents also
put the CNS at risk from damage by HIV.

SIV infection of rhesus monkeys provides an excellent
model of HIV infection and AIDS, including the CNS
sequelae (7–9). Within the first 3 months after SIV inoc-
ulation of monkeys, we found that measurement of sen-
sory-evoked potentials revealed infection-induced abnor-
malities in the CNS neuronal circuitry (10). Such
electrophysiological analysis of evoked potentials, which
measures the electrical activity produced by groups of
neurons after stimulation, also uncovers abnormalities
stemming from HIV infection. Sensory-evoked poten-
tials, e.g., responses to such stimulation as sound or light,
and event-related potentials, e.g., recognition of a rare
event in the stimulation pattern, can be altered in both
asymptomatic and symptomatic HIV-infected individu-
als (11–14). Additionally, we and others have demon-
strated motor abnormalities in SIV-infected monkeys (10,
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15–17). Motor abnormalities are an integral part of the
HIV-1–associated cognitive/motor disorder, and psy-
chomotor slowing is a predictor of developing AIDS,
AIDS dementia, and shortened survival (18).

Although some prophylactic and symptomatic
therapeutic trials are in progress, the lowering of
peripheral viral load with antiretroviral drugs
remains the key mode of treating HIV-induced CNS
complications. Yet the relationship of viral load to
CNS dysfunction remains unknown. To analyze such
relationships, we used the acyclic nucleoside phos-
phonate (nucleotide) analog 9-(2-phosphonyl-
methoxypropyl)-adenine (PMPA; a reverse transcrip-
tase inhibitor) to reduce plasma viral load in
SIV-infected monkeys (19, 20). Although this treat-
ment effectively reversed the virally induced electro-
physiological abnormalities, no effect was found on
fever or movement. Presumably, after a period of the
initial viremia and CNS infection, an independent
cascade of events unleashed long-lasting changes in
CNS-mediated functions.

Methods
Animals. Rhesus monkeys, free from SIV, type D simian
retroviruses, and herpes B virus, were obtained from
Charles River Breeding Laboratories (Key Lois, Florida,
USA). All animal experiments were performed with
approval from The Scripps Research Institute Institu-
tional Animal Care and Use Committee. Animals were
kept in a containment facility and handled for experi-
ments after intramuscular administration of anesthe-
sia with ketamine. Blood samples were drawn from the
femoral vein, and cerebrospinal fluid (CSF) was
obtained from the cisterna magna. For surgical implan-
tation of the telemetry transmitters, each animal
received general anesthesia. The transmitter was
implanted aseptically into a subcutaneous pocket dis-
sected in the right flank. Necropsy was performed after
terminal anesthesia. Animals were perfused with ster-
ile PBS containing 1 U/mL heparin before samples
were taken for SIV quantification and for formalin fix-
ation and paraffin embedding.

Viral infection and detection. SIV inoculation was per-
formed via the saphenous vein using a cell-free viral
stock (SIVmac182) obtained after serial passage of SIV-
infected microglia (10). Animals received 1 mL of SIV-
mac182 in RPMI-1640, containing 0.5 ng/mL p27
(gag) antigen; this dose is equivalent to 103 tissue cul-
ture infectious doses when titered on CEMx174 cells.
To measure plasma viral load, plasma was separated
from cells in EDTA-anticoagulated blood by centrifu-
gation. Plasma and CSF SIV RNA viral load was meas-
ured using the quantitative branched DNA (bDNA)
signal amplification assay, performed at Bayer Refer-
ence Testing Laboratory (Emeryville, California, USA).
For these fluids, viral particles were pelleted by cen-
trifugation from measured volumes and lysed, and the
bDNA signal amplification assay was performed using
probes that hybridize within the pol region of SIV as

described previously (21). Viral loads in tissue samples
were also determined by the bDNA assay in a manner
similar to that developed for liver hepatitis C quantifi-
cation (22) and adapted for SIV quantitation in tissues
(23). Samples from each region were measured in dupli-
cate, and the average value was reported.

Virus recovery from the CSF was performed by a
coculture assay. Cells were separated from the CSF by
centrifugation, and the presence of cell-associated virus
was identified by adding cells to cultures of CEMx174
cells. The effect of productive virus infection was mon-
itored by observation for syncytia formation; all cul-
tures were maintained for at least 3 weeks, and the cul-
ture supernatants were assayed for production of the
SIV p27 antigen by ELISA using the SIV Core Antigen
kit (Beckman Coulter, Fullerton, California, USA).

Antiviral treatment. PMPA was obtained from Gilead
Sciences Inc. (Foster City, California, USA) dissolved in
pyrogen-free water, adjusted to pH 7.0 with 0.1 N NaOH,
diluted to 30 mg/mL, and filter sterilized. Before the ini-
tiation of PMPA treatment, animals were given one daily
intramuscular injection of sterile saline for 2 weeks in
order to acclimate the animals to the injection protocol
and to examine any effects of the injection itself. For
active treatment, the saline injections were replaced by
one daily injection of PMPA (at 30 mg/kg). After the
treatment period, saline injections were reinstituted for
2 additional weeks. Levels of PMPA in heparinized plas-
ma and CSF were determined by a validated reverse-
phase ion-pair HPLC analysis with fluorescence deriva-
tization (24) by an independent reference laboratory
(Oread Laboratories, Lawrence, Kansas, USA).

Albumin and monocyte chemoattractant protein-1 assess-
ment. Plasma and CSF levels of albumin were deter-
mined by radial immunodiffusion (The Binding Site,
San Diego, California, USA). Samples in which the CSF
red blood cell count exceeded 10,000 red blood cells per
microliter were excluded from analysis owing to blood
contamination. The albumin quotient (CSF albumin
concentration/plasma albumin concentration) was cal-
culated. In uninfected animals, the albumin quotient
was found to be less than 0.005. Plasma and CSF con-
centrations of monocyte chemoattractant protein-1
(MCP-1) were determined by ELISA (R&D Systems Inc.,
Minneapolis, Minnesota, USA). CSF was only available
from three of the infected monkeys at the 77-day
postinoculation time point, and two monkeys for the
105- and 133-day postinoculation time points.

Pathological analysis. Histopathological analysis includ-
ed examination of hematoxylin and eosin–stained sec-
tions from the brain and all organs. Apart from the find-
ings in the brain described here, examination of the rest
of the animal revealed typical findings of SIV infection
within lymphoid tissue, including lymphoid follicular
with large, irregular, depleted germinal centers with thin
mantle zones. There was no evidence of opportunistic
infection or malignancy. Additional studies included
immunohistochemical and in situ hybridization analy-
sis. Immunohistochemical staining was performed with
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the antibodies LN-3 for HLA-DR, 2B11 and PD7/26 for
leucocyte common antigen (LCA), Mac387 for the cal-
protectin antigen in activated macrophages (all from
DAKO Corp., Carpinteria, California, USA), and GrB-7
for Granzyme B (Monosan, Uden, The Netherlands).
Pretreatment (95° heat in citrate buffer for LN-3, LCA
and GrB-7; trypsin at 37° for Mac387) was performed.
Endogenous peroxidase activity and nonspecific bind-
ing were blocked. All sections were examined and scored
in a blinded fashion. Controls included omission of the
primary antibody and use of irrelevant primary anti-
bodies. In situ hybridization was performed as described
elsewhere (25) using [35S]-labeled single-strand RNA
probes consisting of sense and antisense 865-bp frag-
ments of the SIVmac nef gene, which hybridized to both
spliced and unspliced SIV RNA. Experiments were per-
formed in duplicate, counterstained with hematoxylin
and eosin, coverslipped, and examined.

Electrophysiology. Electrophysiological analysis of brain-
stem auditory–evoked potentials (BSAEPs) was per-
formed on ketamine (20 mg/kg) anesthetized animals as
described previously (10, 26). Evoked events were ana-
lyzed offline using signal averaging capabilities of a
microcomputer. Average peak latencies were calculated
and compared between groups. A repeated measures
ANOVA, with post hoc t test, was used to test for statis-

tical significance; significance was set at P < 0.05.
Radiotelemetry. Continuous movement and tempera-

ture analysis was performed using radiotelemetry with
implantable transmitters, cage-mounted receivers, and
software data acquisition program purchased from
Data Sciences (St. Paul, Minnesota, USA) as described
previously (10). To account for individual differences in
gross motor activity, data from individual monkeys
were normalized against the average of a 14-day baseline
period (preinoculation for SIV groups, preceding saline
injection for the PMPA-only group). Data were then
expressed as a percentage of this baseline. Daily mean
temperature was determined by averaging across all
such samples in a given day. Temperature data were
transformed into a change in temperature from baseline
by subtracting the baseline mean from each daily mean
temperature. Such normalization precluded using base-
line time points in an ANOVA; therefore, 95% confi-
dence intervals of baseline periods and treatment peri-
ods were compared. Differences were considered
statistically significant if the 95% confidence intervals
did not overlap. To determine the effect of PMPA treat-
ment, a repeated-measures ANOVA was used for com-
parisons between the saline 1, PMPA, and saline 2 treat-
ments. The ANOVA used the between factor of infection
and the within factor of treatment (three levels: saline 1,
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Figure 1
Effects of PMPA on SIV-induced evoked potential abnormalities. Top: BSAEP P5 latencies in groups of four SIV-infected and three uninfected
control monkeys. The latency is indicated on the y-axis. SIV-infected animals are indicated by squares, control uninfected animals by circles.
Black symbols are the group averages with error bars denoting SEM; colored symbols show data points for the individual animals. After
infection, the evoked potential latency is significantly delayed 1–2 months after infection but becomes indistinguishable from preinocula-
tion values after 1 month of PMPA treatment. When treatment is withdrawn, BSAEP latency values remain normal for approximately 2
months, then again become significantly delayed. AThe point differs from baseline. Bottom: Copy equivalents of SIV RNA in the plasma of
the infected monkeys. Plasma viral load, indicated on the y-axis (log10 transformed, error bars indicate SEM), peaks at 14 days after inocu-
lation, then reaches a steady-state level. Upon institution of PMPA therapy, viral load drops more than 100-fold but recovers to pretreat-
ment levels upon cessation of therapy.



PMPA, and saline 2). Significant main effects were fur-
ther evaluated using post hoc comparisons with the
Tukey-Kramer procedure. Statistical analysis was per-
formed using GB-Stat software (version 6.0; Dynamic
Microsystems, Inc., Greenwich, Connecticut, USA).

Bimanual motor task testing. The bimanual motor test
involved the retrieval of raisins from a plastic holeboard
filled with raisins and mounted perpendicular to the front
of the home cage, entailing bimanual dexterity as
described elsewhere (27). The time elapsed to retrieve all
15 raisins (latency) was recorded by the experimenter with
a stopwatch. Animals were trained for asymptotic per-
formance preceding experimental manipulations. To
determine the effect of PMPA treatment, a repeated-meas-
ures ANOVA was used for comparisons among results
recorded in the 2 weeks before treatment (baseline), the
first 2 weeks of saline administration before PMPA treat-
ment (saline 1), the final 2 weeks of PMPA treatment
(PMPA) and the 2 weeks of saline treatment after PMPA
administration (saline 2). The ANOVA used the between
factor of infection and the within factor of treatment (four
levels: baseline, saline 1, PMPA, and saline 2).

Results
To discern the relationship of peripheral viral load to
abnormalities in CNS function, we inoculated four rhe-
sus monkeys with SIV and performed a longitudinal

analysis of evoked potentials, movement, and temper-
ature in comparison to three uninfected control ani-
mals. As described previously (10), the evoked poten-
tials became abnormal early, within the first month
after inoculation in the SIV-inoculated group, as illus-
trated by their BSAEP P5 latency values (Figure 1, top).
At 2 months after inoculation, we instituted antiviral
therapy with PMPA, resulting in a rapid drop in plas-
ma viral load (Figure 1, bottom). Once the viral load
decreased, the BSAEP latency normalized. PMPA ther-
apy then continued for almost 2 months, but upon its
discontinuation, the viral load increased, and with an
approximately 2-month lag, the BSAEP P5 latency
again became significantly delayed (Figure 1, top).
PMPA therapy itself had no effect on the evoked poten-
tials of uninfected monkeys (Figure 1, top). Viral recov-
ery from the CSF was also affected by PMPA therapy
and correlated with evoked potential delays. Before
treatment, SIV could be recovered by culture from the
CSF of all four infected animals at 28 days after inocu-
lation, and three of the four at 56 days after inocula-
tion. At the end of the treatment course, at 105 days
after inoculation, no virus could be recovered from the
CSF of any infected animal, and similarly no virus
could be recovered 4 weeks later at 133 days after inoc-
ulation. When the evoked potentials were again
delayed, at 175 days after inoculation, virus could be
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Figure 2
Effects of PMPA and SIV infection on movement and temperature.
(a) Gross motor activity. Gross motor activity was normalized for
each animal to its baseline, and data for each group were expressed
as a percentage of baseline along the y-axis. The heights of the boxes
indicate the group mean, and the error bars the SEM. Three time
periods are delineated: saline injection before PMPA treatment
(Saline 1); during PMPA treatment (PMPA); and saline injection
after PMPA treatment (Saline 2). In the left panel, data from the SIV-
infected (filled boxes) and uninfected (open boxes) animals in this
study are shown. A decrease in gross motor activity followed SIV
infection regardless of PMPA administration. In the right panel, data
are included for comparison from the same period after viral inoc-
ulation (indicated in italics) in a previously studied untreated SIV-
infected group (10). AThe point differed from baseline condition.
BThe groups differed during this condition. (b) Fine motor coordi-
nation in the bimanual motor task. The latency to retrieve all 15
raisins is indicated on the y-axis (error bars represent the SEM) for
the time points indicated as in a. Despite large changes in gross
motor activity, there were no effects of either PMPA or SIV infection
on fine motor control in the bimanual motor task. (c) Body tem-
perature. Change in temperature (∆T) from baseline, plotted on the
y-axis with error bars indicating the SEM, was determined by sub-
tracting the baseline mean from each daily mean temperature. The
periods analyzed and the animal groups are as in a. An increase in
body temperature followed SIV infection regardless of PMPA admin-
istration. In the uninfected animals, the injections resulted in a slight
increase in body temperature, which was significantly above base-
line during the PMPA treatment (left panel). AThe point differs from
the baseline condition.



recovered from the CSF of two of the animals; at
necropsy 3 weeks later, SIV could be detected in the
CSF of three of the four animals.

Next, we examined the effect of viral load on motor
behavior by using two tests: general motor activity (the
spontaneous movement of monkeys during the day
and night) and performance of a bimanual motor task
(timed efficiency in extracting raisins from a hole-
board). Previously we found that 3 months after SIV
inoculation, general motor activity decreased by
approximately 50% (10). However, now, unlike the nor-
malizing effect of PMPA on evoked potential, this drug
had no effect on the SIV-induced decline in movement,
despite the reduction of viral load (Figure 2a). Addi-
tionally, PMPA alone had no effect on gross motor
activity in the uninfected controls.

A bimanual motor task was used to measure manual
dexterity, procedural learning, and motivation to work
for a preferred food reinforcer (raisins). This test is use-
ful to assess the behavioral deficits induced by SIV
infection in the later stages of disease (8, 16, 26) and
can serve as a control for generalized motor abnormal-
ities or motor side effects of the treatment. In the early
stages of infection, neither SIV infection nor PMPA
administration had significant effects on the fine
motor coordination measured during the bimanual
motor task (Figure 2b). Thus, at the time of large
decreases in gross motor activity, no change occurred
in fine motor coordination. This suggests that the
decreased gross motor activity after SIV infection,
which was insensitive to PMPA treatment, did not
result from a global motor deficit.

After resolution of the acute phase of SIV infection,
we have found a persistent elevation of body tempera-
ture in SIV-infected monkeys (10). Analysis of the ani-
mals’ average daily temperatures between baseline and
treatment conditions confirmed an increase in body
temperature after SIV infection regardless of PMPA
administration (Figure 2c).

Because BBB leakage can occur sporadically over the
course of SIV infection (10, 28), the BBB was monitored
longitudinally by assessing the albumin quotient in the
CSF. The albumin quotient (ratio of the albumin con-
centration in the CSF to that in plasma) remained
within the normal range (less than 0.005) throughout
the course of infection except for a slight elevation (of
0.006) in one monkey at 77 days after inoculation, dur-
ing PMPA treatment. Although PMPA has not been
directly studied, a closely related drug, 9-(2-phospho-
nylmethoxyethyl)-adenine (PMEA) is poorly accessible
to the CNS after peripheral administration (29). Simi-
larly, when measured by HPLC, PMPA could not be
detected in the CSF of two SIV-infected or two control
monkeys studied here during the period of therapy.

Recruitment of immune cells to the CNS involves
many steps, including the production of chemoattrac-
tant molecules. Here, measurement of MCP-1 levels in
the plasma and CSF of SIV-infected animals revealed a
distinct elevation of MCP-1 in the CSF relative to the

plasma at 14 days after inoculation (Figure 3) coinci-
dent with the peak of viremia, possibly contributing to
the initial influx of macrophages into the brain 2 weeks
after infection (30). Each infected animal exhibited
increased CSF MCP-1, whereas control animals exhib-
ited stable MCP-1 levels throughout the experiment.

The infected animals in this study were necropsied at
6 months after infection, 2 months after the termina-
tion of therapy. At that point, other than the features
already described here, the animals were asymptomatic
with respect to SIV infection. Infiltrating the brains
were varying numbers of mononuclear cells consisting
of macrophages and lymphocytes. These ranged from
occasional foci of perivascular inflammatory cell clus-
ters to more frequent but scattered perivascular and
parenchymal cellular infiltrates (Table 1; Figure 4, a–c).
MHC class II expression was present on the infiltrating
inflammatory cells, consistent with their activation.
Additionally, MHC class II expression was observed on
microglia focally within the cortex and brainstem inde-
pendent of the presence of other pathology (Figure 4d).

Monkey 297 had the most severe pathological mani-
festations, consisting of a moderate degree of lympho-
cytic and macrophage infiltrates and rare multinul-
ceated giant cells. This animal also had the highest
plasma and CSF viral load. Virus was present in all seven
regions of the brain sampled by the bDNA assay (Table
1), and SIV could also be detected by in situ hybridiza-
tion (Figure 4e). Two other animals (nos. 294 and 299)
with similar plasma viral loads had mixed CNS find-
ings. In monkey 294, a mild degree of immune infiltra-
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Figure 3
MCP-1 concentrations in the plasma and CSF of SIV-infected mon-
keys. The y-axis indicates the mean MCP-1 concentration in the CSF
(open diamonds) and plasma (open squares) in the SIV-infected ani-
mals, and in the CSF (filled diamonds) and plasma (filled squares)
over the time course of the experiment. The error bars indicate the
SEM. An increased ratio of MCP-1 in the CSF relative to plasma (5.8-
fold) was seen at 14 days after inoculation in the infected animals,
coincident with the peak of viral load. All four infected animals exhib-
ited higher levels of MCP-1 in the CSF than in plasma at this time
point. At other time points, CSF levels ranged from 0.9 to 1.8 of
those in plasma.



tion was present in the brain. Although no viral RNA
was evident in the CNS by bDNA testing, occasional
viral RNA-positive cells were found in the cortex as
determined by in situ hybridization (Figure 4f). In mon-
key 299, only rare immune infiltrates could be found in
the brain. Yet bDNA testing revealed virus in three of
seven regions (inferior colliculus, head of the caudate,
and the temporal gyrus), and SIV-positive cells were
detectable by in situ hybridization. Interestingly, the
CSF of monkey 299 contained almost one log less of
virus than did the CSF of monkey 294, despite the find-
ing of quantifiable SIV in the brain of monkey 299 but
not in monkey 294. The fourth animal (no. 303) had
only focal, but rather severe, immune infiltrates in the
brain. In this animal, virus was detectable only in the
spleen by bDNA; none was apparent in the plasma, CSF,
or CNS. In situ hybridization also did not reveal SIV-
positive cells in the CNS. Neither the severity of
histopathology nor presence of virus correlated with the
severity of functional abnormalities, although the small
number of subjects likely precluded such a finding.

Discussion
During the early stage of SIV-induced disease tested
here, the process that produced abnormalities in evoked
potentials was reversible and, in fact, responded to treat-
ment that lowered the viral load. In contrast, events
leading to movement decrease and body temperature

increase were unaffected by this treatment. The drug
used for treatment, PMPA, probably affected the virus
directly only in the periphery, not within the CNS,
because of its inability to cross the BBB effectively. Still,
such treatment can be effective in preventing certain
untoward effects of infection on the CNS, as virally
infected cells from the periphery can enter the CNS, and
peripherally produced host defense molecules can affect
the CNS. Once viral load is lowered in the periphery, a
normal turnover of virally infected cells in the CNS will
lead to decreased virus in the CNS. It is possible that the
early seeding of the CNS by virus and/or the early influx
of activated macrophages and other immune cells into
the CNS result in changes that are unaffected by future
drug treatment. Alternatively, the consequences of the
continued viral-host interaction may inevitably lead to
the movement and temperature alterations, regardless
of the level of peripheral virus.

After cessation of PMPA treatment, peripheral viral
load recovered quickly, whereas the BSAEP latency
delays reappeared 2 months after the end of treatment.
Although the BSAEP abnormalities were seen 1 month
after viral inoculation, the dynamics of the viral-host
interaction, in the periphery as well as in the CNS, are
quite different in these two conditions. Interestingly, at
1 month after inoculation, when the BSAEPs initially
became abnormal, we could indeed recover virus from
the CSF. In contrast, 1 month after cessation of antivi-
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Figure 4
Histopathology in the CNS of PMPA-treated, SIV-infected monkeys. (a) Mac387 reactivity in perivascular macrophages in monkey 297. (b)
LCA reactivity of infiltrating lymphocytes in monkey 294. (c) Granzyme B reactivity in infiltrating lymphocytes in monkey 303. Cells (arrows)
expressing immunoreactive granules surround a neuron. (d) LN3-reactivity for HLA-DR in a cell with the morphological characteristics of a
resident microglial cell (center). (e) In situ hybridization revealing cells producing SIV RNA in animal 297. (f) In situ hybridization revealing
a cell producing SIV RNA in animal 294.



ral treatment, virus could not be recovered from the
CSF, and the BSAEPs were normal; we could again
begin to recover virus from the CSF of animals 2
months after treatment withdrawal, when the BSAEPs
were again abnormal.

At postmortem examination, the brains of patients
with HIV-related CNS symptoms frequently show
parenchymal changes. Although the pathological enti-
ty of HIV encephalitis (HIVE) is purportedly correlat-
ed with HIV-induced dementia, at autopsy only
approximately one half of the brains from patients
with AIDS dementia showed HIVE (31, 32). Large
amounts of virus in the CNS have also been associat-
ed with functional disorders, but some patients with
severe cognitive disorders have a small viral burden,
whereas those without CNS disorders sometimes have
far more virus (33–35). Similarly, we found a spectrum
of both pathological effects and viral load in these ani-
mals. This is consistent with other findings in SIV-
infected monkeys, wherein no relationship between
histopathological findings and functional abnormal-
ities could be identified (36).

Additionally, like the nonuniform distribution of
HIV present in the brains of some AIDS patients at
autopsy (37), we found a nonuniform spread of SIV in
the brains of monkeys examined earlier in the disease
course. The origin of the CNS virus at this time point
is unknown and may be due to viral persistence in the
CNS, rendering it not accessible to the antiviral thera-
py, or as a result of the increase in plasma viral load that
occurred after the discontinuation of therapy, result-
ing in increased infection of the CNS. The heteroge-
neous nature of viral presence in the brain may only
represent a snapshot of a dynamic process, and foci of
infection and host reaction occurring in the CNS over

the course of disease can contribute to an accumula-
tion of damage over time, resulting in more severe
forms of CNS dysfunction in susceptible hosts.

Interestingly, after viral inoculation, we found an
acute peak elevation of MCP-1 in the CSF. MCP-1 is a
potent chemoattractant not only for monocytes but
also for activated T cells and is capable of directing the
migration of monocytes, as well as some lymphocytes,
across a model of the BBB (38). A gradient of chemokine
concentration is required to induce chemotaxis of
immune cells; thus the increased level found in the CSF
relative to plasma likely contributes to an initial influx
of macrophages and possibly lymphocytes into the
CNS. MCP-1 is indeed elevated in the CSF of those with
AIDS dementia (39–41), and an early increase in MCP-
1 may help seed the CNS with activated immune cells.
In addition to macrophages, chemokines including
MCP-1 may also contribute to the transmigration of
CD8+ T cells (42). Importantly, we had previously
reported the detection of SIV-specific cytotoxic T lym-
phocytes within the CSF in the first few weeks after SIV
infection and in the brains of animals at sacrifice (43).
The products of activated immune cells are prime can-
didates in mediating indirect damage to the CNS initi-
ated by HIV infection.

A similar initial seeding of inflammatory cells and
virus into the brain may contribute to CNS dysfunc-
tion in patients with HIV and may perpetuate a chron-
ic state of low-level macrophage recruitment and
immune activation in the CNS. The increased MHC
class II expression that we found supports such a
mechanism, and increased MHC class II expression on
microglial cells has also been found in the brains of
HIV-infected humans before the development of AIDS
(44, 45). Interestingly, in a study of SIV-infected
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Table 1
Histopathology and viral load in the brains of SIV-infected animals

Monkey Histopathology Viral load per mL Viral load per 25 mg tissue

Inflammatory Mac387 LCA SIV Plasma CSF Spleen B:IC B:CC B:CG B:HC B:TG B:HP B:SC
cell pattern (IHC) (IHC) (in situ)

294 Mild perivascular ++ ++ + 6.2 4.4 6.3 <3.2 <3.2 <3.2 <3.2 <3.2 <3.2 <3.2
and infiltrating

297 Moderate perivascular +++ ++ + to +++ 7.3 5.5 6.7 4.6 7.3 4.7 4.6 4.3 4.7 4.3
and infiltrating

299 Mild perivascular + + to ++ + 6.5 3.5 9.4 4.2 <3.2 <3.2 3.8 3.8 <3.2 <3.2
303 Perivascular and + to ++ + to +++ 0 <3.2 <3.2 3.7 <3.2 <3.2 <3.2 <3.2 <3.2 <3.2 <3.2

focally intense infiltrating

The histopathology was analyzed on sections stained with hematoxylin and eosin, sections immunohistochemically (IHC) stained for activated macrophages
(Mac387) and lymphocytes (LCA), and sections subjected to in situ hybridization for SIV RNA. Immune cells identified by IHC were present in a nonuniform
manner, and symbols indicate the degree of cellular infiltration: 0, no cells identified; +, one to two cells occasionally seen per high power field; ++, moderate
numbers of high-power fields with more than two cells; and +++, more than four cells frequently found per high-power field. In the brains of uninfected mon-
keys, no Mac387-positive cells (0), and only scattered LCA-positive cells (range, 0 to +), are present. SIV-expressing cells were identified by in situ hybridiza-
tion with a probe for the nef genomic region. Symbols indicate the frequency of positive cells: 0, no cells identified; +, individual positive cells occasionally seen
per tissue section; ++, moderate numbers of individual positive cells seen per tissue section; and +++, frequent individual positive cells, and clusters of positive
cells, seen per tissue sections. In the brains of uninfected monkeys, no positive cells (0) are present. Viral loads are given as bDNA quantification SIV RNA copy
equivalents in fluids (plasma and CSF, given as the geometric mean of the log10 RNA equivalents per milliliter) and tissue (spleen and brain, given as log10 RNA
equivalents per 25 mg of tissue). The limit of detection of the assay was 3.2 log10 RNA equivalents; samples in which the signal was not detectable are indi-
cated by values of less than 3.2. The average of two samples is indicated. Tissue samples were obtained from the spleen and from seven regions of the brain:
the inferior colliculus (B:IC), the corpus callosum (B:CC), the cingulate gyrus (B:CG), the head of the caudate (B:HC), the superior temporal gyrus (B:TG), the
hippocampus (B:HP), and the striate cortex (B:SC).



macaques, increased MHC class II expression was
found in the brainstem independent of other pathol-
ogy (46), and experiments in rodents revealed that
microglia in the brainstem may be especially sensitive
to activating stimuli (47). In addition to HIV, activa-
tion of microglia can likely lead to untoward effects on
the CNS in other inflammatory or dementing diseases,
including multiple sclerosis and Alzheimer’s (48).

Such states of activation can contribute to the phys-
iological changes noted here. Although in the present
experiments, neither body temperature nor move-
ment abnormalities were affected by lowering periph-
eral viral load, possibly peripherally produced mole-
cules incited by a continuous host response to viral
infection altered the CNS mediators of these effects.
Alternatively, the sequelae of the initial viral infection
and immune cell infiltration into the brain may result
in a more long-standing alteration of CNS function,
through mechanisms such as microglial or astroglial
activation, or increased trafficking or turnover of
perivascular macrophages.

Because SIV and HIV likely travel into the brain in
infected cells of the immune system (1, 49), decreas-
ing the peripheral viral load should reduce the prob-
ability of such infected cells from entering the CNS.
Apparently such a reduction was sufficient to reverse
the abnormalities in evoked potentials documented
here. Similarly, reducing plasma viral load can
improve at least some aspects of HIV-related neu-
ropsychological impairment (50, 51). However, anti-
retroviral agents with better CNS penetration, or
other pharmacologicals such as anti-inflammatory
or neuroprotective agents, may be required to prevent
the motor dysfunction and the development or per-
sistence of untoward consequences of HIV infection
on the CNS. Our findings support the assumptions
that HIV infection can initiate damage to the CNS
and that the CNS disorders likely result from the
indirect effects of viral infection.
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