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Central nervous system correlates of behavioral
deficits following simian immunodeficiency virus
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Despite the high incidence of cognitive and motor impairment in acquired im-
munodeficiency syndrome (AIDS) patients, the mechanisms of AIDS-related
central nervous system (CNS) pathology are not completely understood. Infec-
tion with simian immunodeficiency virus (SIV) in macaques provides an excel-
lent model of AIDS, including human immunodeficiency virus (HIV)-induced
CNS pathology and cognitive/behavioral impairment. Co-inoculation with two
SIV strains, SIV/17E-Fr and SIV/DeltaB670, accelerates SIV CNS disease, pro-
ducing SIV encephalitis in over 90% of pig-tailed macaques within 3 months.
In the present study, this SIV model was employed to identify cellular and vi-
ral correlates of behavioral impairment following SIV infection. Measures of
psychomotor speed (simple reaction time), fine motor control (bimanual mo-
tor task), and general motor activity (home cage movement) were all adversely
affected by SIV disease. Prior to euthanasia, performance was significantly im-
paired in both a simple reaction time task in 6 of 12 monkeys and a bimanual
motor task in 5 of 6 monkeys. All monkeys evaluated (11 of 11) showed signif-
icant reductions in spontaneous motor activity. Significant correlations were
found between impaired performance on the bimanual motor test and axonal
damage (accumulation of β-amyloid precursor protein in the corpus callosum)
as well as increased microglial activation and macrophage infiltration (levels
of CD68 and Ham56 immunostaining). These results suggest that axonal dam-
age is related to the behavioral impairment induced by infection with SIV. The
axonal damage may result from neuroimmune responses, including microglial
and macrophage activation. Therefore, axonal damage may be a morphologic
manifestation of neuronal dysfunction that underlies development of behav-
ioral impairment in HIV/SIV CNS infection. Journal of NeuroVirology (2003) 9,
452–464.
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Introduction

Early in the course of infection, human immunode-
ficiency virus (HIV) enters the central nervous sys-
tem (CNS), and although HIV remains in the CNS,
HIV does not productively infect neurons (Davis et al,
1992; Gendelman et al, 1994; Gray et al, 1993; Kaul
et al, 2001). The neurotoxicity resulting from CNS
HIV infection is the result of an indirect mechanism,
possibly involving toxic viral proteins or inflamma-
tory mediators produced by activated macrophages
and microglia (Diesing et al, 2002; Gartner, 2000;
Lane et al, 1996b; Nuovo and Alfieri, 1996; Sharer,
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1992). Functional effects of HIV infection in the CNS
include minor cognitive/motor disorder (MCMD)
seen in approximately 5% of early-stage HIV pa-
tients, and 25% to 30% of late-stage patients; ad-
ditionally, 5% to 15% of symptomatic acquired im-
munodeficiency syndrome (AIDS) patients develop
HIV-associated dementia (Bacellar et al, 1994; Glass
et al, 1993; Heaton et al, 1994; Price et al, 1988;
Sacktor and McArthur, 1997). MCMD often involves
slowing of reaction time (RT) performance (Arendt
et al, 1990; Bornstein et al, 1993; Dunlop et al, 1992;
Karlsen et al, 1992; Martin et al, 1992), and impair-
ment of other aspects of motor control. Importantly,
motor control deficits are also predictors of speed
of disease progression (Arendt et al, 1989, 1992,
1994).

In developed nations, highly active antiretroviral
therapy (HAART) has led to a decline in mortality
from AIDS and an apparent decline in the preva-
lence of CNS effects of AIDS (Clifford, 2000; Sacktor
et al, 2001). HAART has also been reported to be
beneficial in cases of HIV-associated dementia and
MCMD as well (Chang et al, 1999; Clifford, 2000;
Gendelman et al, 1998; Suarez et al, 2001), although
as many as 40% of demented patients may not im-
prove with HAART treatment (Dougherty et al, 2002).
Additionally, treatment failure has become a signif-
icant concern with HAART, due to noncompliance,
development of resistant strains, intolerable side ef-
fects, or other causes (d’Arminio Monforte et al, 1998;
Ledergerber et al, 1999; Wit et al, 1999). Moreover,
the cost of these treatments reduces their availability
for HIV-infected individuals in developing countries.
Furthermore, most HIV therapeutics do not readily
penetrate the blood-brain barrier, and the long-term
effects of reducing peripheral viral loads while spar-
ing virus in the CNS are not well understood. There-
fore, understanding the mechanisms of CNS dysfunc-
tion induced by HIV remains an important research
goal.

Simian immunodeficiency virus (SIV) infection of
macaques has proven to be a reliable model of HIV
infection in humans, producing a simian AIDS with
the advantage of a much shorter disease progression,
typically 1 to 2 years. CNS SIV damage also appears
mediated by the host’s immune response (Berman
et al, 1999; Desrosiers, 1990; Fox et al, 1997; Hirsch
and Lifson, 2000; Lane et al, 1996a; Rausch et al,
1999; Zink et al, 1997). SIV disease, like AIDS, in-
volves electrophysiological changes (Berman et al,
1999; Pagano et al, 1992; Prospero-Garcia et al, 1996),
slowing of RT performance, and impaired fine motor
control; additionally, general motor activity is reli-
ably reduced as SIV disease progresses (Gold et al,
1998; Horn et al, 1998; Marcario et al, 1999a, 1999b;
Murray et al, 1992; Weed and Gold, 2001). Motor im-
pairment occurs more frequently than cognitive im-
pairment and often precedes cognitive deficits in both
SIV and HIV infection (Gold et al, 1998; Murray et al,
1992; Weed and Gold, 2001).

We have developed an accelerated, consistent
model of SIV disease using dual inoculation
with a neurovirulent molecularly cloned virus,
SIV/17E-Fr, and an immunosuppressive virus swarm,
SIV/DeltaB670 (Clements et al, 2002; Zink et al, 1997,
1999). This dual inoculation produces SIV encephali-
tis in over 90% of pig-tailed macaques within 3
months, with CNS pathology similar to other SIV
strains (Zink et al, 1997, 1999). Using this model, we
have demonstrated that virus is actively replicating
in the brain 10 days post inoculation (p.i.), ac-
companied by increased expression of macrophage-
attracting chemokines, up-regulation of cell adhe-
sion molecules on endothelial cells, and an influx of
macrophages to the brain. Further, as with HIV infec-
tion, dual-inoculated macaques develop characteris-
tic CNS inflammation that correlates with high brain
virus load and high monocycte chemoattractant pro-
tein (MCP)-1 levels in the cerebrospinal fluid (CSF)
(Brew et al, 1997; Ellis et al, 1997; McArthur et al,
1997; Zink et al, 1997, 1999, 2001a). Thus, the accel-
erated SIV model has the same clinical and pathologi-
cal features as other SIV/macaque models, but events
occur in a more compressed period of time. The com-
pressed time course, along with the high incidence of
encephalitis, make the accelerated SIV model useful
for studies of the pathogenesis of SIV encephalitis.

The present study used this accelerated SIV model
to identify cellular and viral correlates of behavioral
impairment. Because motor behaviors are impaired
in a high percentage of monkeys infected with SIV,
the behavioral measures selected for use in this study
concentrated on motor behavior, and included reac-
tion time, general motor activity, and bimanual motor
coordination.

Results

Reaction time
Preinfection baseline group mean values for RT per-
formance and all other behavioral variables are pre-
sented in Table 1. The effects of SIV disease on
reaction-time performance are presented in Figure 1.
Figure 1A displays group data showing slowing of
reaction time without any associated reduction in
accuracy (correct trials) or task completion (total tri-
als completed). A repeated-measure analysis of vari-
ance (ANOVA) performed on the weekly mean re-
lease latency of all monkeys confirmed an overall
effect of time following SIV infection on release la-
tency (F (11, 13) = 3.96, P < .01). Multiple compar-
isons using the Tukey-Kramer procedure confirmed
that the group mean latency in week 13 p.i. differed
significantly from that of baseline (P < .01). The to-
tal number of trials completed during the 1-h sessions
varied over time, as confirmed by the repeated mea-
sures ANOVA (F (11, 13) = 3.21, P < .01). However,
multiple comparisons using the Tukey-Kramer proce-
dure indicated that no p.i. weekly mean differed from
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Table 1 Mean values for cellular, viral, and behavioral measures

CNS measures Group mean SEM Units

β-APP level 305.7 137.8 pixels/field
CD-68 5410.4 1959.2 pixels/field
HAM56 in caudate 1385.1 692.0 pixels/field
Viral antigen (kk41) 1513.6 1461.3 pixels/field
GFAP in gray matter 4.13E+04 1.83E+04 pixels/field
Plasma viral load 1.92E+07 9.28E+06 copy equivalents/mL
CSF viral load 2.99E+06 1.60E+06 copy equivalents/mL
Mean brain viral load 3.86E+06 2.55E+06 copy equivalents/2 μg RNA

Behavioral measures Group mean SEM

Simple reaction time
Release latency 439.2 40.0 msec
Percent correct 97.8% 0.6%
Number of trials 259.1 18.0

Motor activity 1176.2 133.9 counts/day
Bimanual motor task 35.9 4.2 sec

the baseline condition. Similarly, despite an overall
effect indicated by the repeated measures ANOVA
(F (11, 13) = 5.5, P < .01) accuracy at any week fol-
lowing infection with SIV did not differ from base-
line. With both the number of trials completed and ac-
curacy, week 2 p.i. differed significantly from weeks
later in the second month following infection. These
differences most likely produced the significant main
effects. Therefore, no significant differences between
pre and post infection were apparent for either the
number of trials completed or accuracy. False alarm
rates did not differ through the experiment (data not
shown).

Figure 1B, C present release latency and total tri-
als measures for individual animals. Release latency
increased in three of six monkeys in both the 2- and
3-month groups, as confirmed by the final 1- and 2-
week means falling outside the 95% confidence in-
terval around the 2-week preinfection baseline. Total
trials completed also differed from baseline in half
the animals. Importantly, the animals in which tri-
als completed was reduced were not the same set of
animals in which release latency increased. Of the
animals with slowed release latency, half performed
fewer trials, but half performed the same number of
trials. Therefore, there was no obvious relation be-
tween reduced task completion and release latency
(reaction time).

General motor activity
The baseline group mean value for general activ-
ity is presented in Table 1. The effects of SIV dis-
ease on general motor activity data are presented
in Figure 2 and show a gradual decline in motor
activity following infection. A repeated measures
ANOVA performed on the weekly mean of 24-h activ-
ity counts confirmed an overall effect of time follow-
ing SIV infection (F (10, 12) = 8.11, P < .01; Figure 2,
top panel). Multiple comparisons using the Tukey-
Kramer procedure confirmed that the group mean

latency in weeks 8, 11, and 12 p.i. differed signifi-
cantly from that of baseline (P < .01). Data from in-
dividual animals are presented in the bottom panel
in Figure 2 for the weekly mean of weeks 8 and 12 p.i.
Weeks 8 and 12 p.i. are presented because they were
the week prior to sacrifice for the respective groups.
Eight of 10 monkeys showed a decrease during week
8, and 5 of 6 monkeys showed a decrease during week
12 p.i. Additionally, all monkeys showed a decrease
in general activity for at least 1 week following infec-
tion with SIV with at least one weekly mean falling
outside of the baseline’s 95% confidence interval.
Due to apparatus failure, data for one monkey was
lost entirely (364) and another’s (D7A) was lost fol-
lowing week 5 p.i.

Bimanual motor task
The baseline group mean value for latency to retrieve
all raisins is presented in Table 1. The effects of SIV
disease on bimanual motor task performance are pre-
sented in Figure 3 and show an impairment in biman-
ual motor coordination following SIV infection. A
repeated-measure ANOVA performed on the weekly
mean latency to remove all raisins confirmed an over-
all effect of time following SIV infection on latency
(F (5, 13) = 2.17, P < .05). Multiple comparisons us-
ing the Tukey-Kramer procedure confirmed that the
group mean latency in week 13 p.i. infection differed
significantly from that of baseline (P < .05). On the
individual level, latency increased in five of six mon-
keys, with the means of the last week falling outside
the baseline’s 95% confidence interval.

Measures of viral and cellular alterations in the CNS
The data for viral and cellular alterations in the CNS
measures used in this paper have been published pre-
viously (Mankowski et al, 2002). Table 1 presents
the group mean values for all viral and cellular mea-
sures. Figure 4 presents representative photomicro-
graphs of immunostaining for antibodies to CD68 and
β-amyloid precusor protein (βAPP).
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Figure 1 Effects of the accelerated SIV model on reaction time performance. (A) Group mean data for release latency, correct trials
(accuracy), and total trials completed, with the x-axis representing weeks pre and post inoculation, and the y-axis representing percent
of baseline performance. Error bars are the standard error of the mean (SEM). (B, C) Individual data for release latency and total trials
completed, respectively, from the last week prior to euthanasia in both cohorts. The x-axis represents individual monkeys. In both B and
C, the y-axis represents change in the percent of baseline performance. For comparison, data from week 8 for monkeys in the 12-week
group is also provided. An asterisk indicates that the point differs significantly from the preinfection baseline (P < .05). Note that in B
impairment from baseline performance produces a positive change, whereas in C impairment from baseline produces a negative change.
Six of 12 monkeys were significantly slower in performing the RT task following infection relative to their own preinfection baseline.
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Figure 2 Effects of the accelerated SIV model on general motor activity. Both group mean data and individual animal data showed
reduced general activity following infection. The top panel presents weekly group means of 24-h general motor activity, with the x-axis
representing weeks pre and post inoculation, and the y-axis representing percent of baseline activity. Error bars are 95% confidence
intervals around the baseline mean. The cohorts did not differ in their rate of locomotor decrease. The bottom panel presents individual
data for general motor activity in the format from Figure 1B and C. An asterisk indicates that the point differs significantly from the
preinfection baseline (P < .05).

Comparisons between behavioral and viral/cellular
alterations
Table 2 presents r and r2 values for correlations of
the measures of viral and cellular alterations in the
CNS with behavioral tests. Figure 5 shows the sig-
nificant correlations found between performance on
the bimanual motor task and markers of axonal dam-
age (β-APP accumulation in the corpus callosum,
r = .99, r2 = .97, P < .01), increased microglial acti-
vation and macrophage infiltration (levels of CD68
immunostaining, r = .98, r2 = .97, P < .01; levels of
Ham56 immunostaining, r = .91, r2 = .83, P < .05)
and viral antigen (levels of immunostaining for

an antibody to the transmembrane portion of the
SIV envelope protein, kk41, r = .94, r2 = .89, P <
.05).

When these correlations were tested for their de-
pendence upon outliers, bimanual motor perfor-
mance correlated significantly with β-APP, CD68,
and Ham56 levels with outliers removed; however,
the significance of the bimanual motor task versus
levels of kk41 was found to be dependent upon
one value (r = .028, r2 = .08, P > .05 with monkey
389 removed). Therefore, the relationships between
bimanual motor performance, β-APP, CD68, and
Ham56 levels were considered significant and robust,
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Table 2 Correlations of viral and cellular alterations with behavioral measures

Behavioral measures

Bimanual motor task Simple reaction time Motor activity

CNS measures r r2 r r2 r r2

β-APP level 0.986∗∗ 0.972 −0.052 0.003 −0.086 0.007
CD-68 0.984∗∗ 0.967 −0.045 0.002 −0.107 0.011
HAM56 in caudate 0.911∗ 0.829 −0.014 0.000 0.216 0.047
Viral antigen (kk41) 0.943 0.889 −0.283 0.080 −0.378 0.143
Plasma viral load 0.855 0.513 −0.279 0.078 −0.321 0.103
CSF viral load 0.777 0.268 0.0178 0.000 −0.317 0.100
Mean brain viral load 0.527 0.278 0.015 0.000 0.129 0.017
GFAP in gray matter 0.574 0.329 −0.013 0.000 0.239 0.057

∗indicates P < .05, ∗∗indicates P < .01 (adjusted for multiple comparisons).

Figure 3 Effects of the rapid SIV model on bimanual motor skill
in the 12-week group. Both group mean and individual animals
showed impaired ability to perform a task requiring coordination
of both hands. Top: Weekly group means of latency to remove
raisins from a hole-board, with the x-axis representing weeks pre
and post inoculation, and the y-axis representing percent of base-
line performance. Error bars represent standard error of the mean.
Bottom: Individual data in the format from Figure 1B and C. An
asterisk indicates that the point differs significantly from the prein-
fection baseline (P < .05). Five of six monkeys were significantly
impaired on this task relative to their own preinfection baseline.

but the relationship between kk41 and bimanual
motor performance was not.

The results of the assays for viral load and MCP-
1 levels in CSF and plasma, β-APP accumulation,
CD68 levels, and glial fibrillary acidic protein (GFAP)
immunostaining have all been published previously
(Mankowski et al, 2002).

Discussion

The results of this study show clearly that there
is a strong significant correlation between impair-
ment of bimanual motor coordination and the ex-
tent of axonal damage detected by measuring im-
munostaining for β-APP (r = .99, r2 = .97, P < .01).
This finding demonstrates that axonal β-APP ac-
cumulation serves as a morphologic marker of
neuronal dysfunction associated with behavioral
impairment in SIV-infected macaques. Elucidating
the mechanisms underlying axonal β-APP accumu-
lation will be essential to identify the molecular ba-
sis of neuronal dysfunction and thereby develop new
therapeutic approaches to HIV CNS disease.

Previous studies with the SIV/macaque model have
demonstrated that dendritic damage occurs following
SIV infection (Li et al, 1999; Montgomery et al, 1999).
However, Li et al (1999) reported no significant cor-
relation between the extent of dendritic damage and
severity of behavioral compromise on a number of be-
havioral tests, including an RT and fine motor skills
task (Li et al, 1999). Similarly, neither gross motor
activity nor RT performance was significantly corre-
lated with axonal damage, or any other CNS alter-
ations, reported in the present study. It is not surpris-
ing that behaviors would be differentially sensitive
to differing CNS damage; however, it is not clear why
impairments on only the bimanual motor task were
correlated with the CNS alterations reported here.

The only measure of neuronal impairment assayed,
β-APP accumulation in the corpus callosum, was
strongly related to performance on the bimanual
motor test. It is quite reasonable to expect that a task
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Figure 4 Representative photomicrographs depict immunohistochemical staining for β-APP and CD68 antibodies. (A) Arrows demon-
strate axonal accumulation of β-APP (hematoxylin counterstain). (B) CD68-positive perivascular macrophages (arrow) and microglia in
macaques with SIV encephalitis (no counterstain).

that involves coordinating motor movements from
both sides of the body would be especially sensi-
tive to damage in neural pathways connecting both
brain hemispheres, such as those in the corpus cal-
losum. Indeed, Mark and Sperry (1968) showed tran-
sient impairment in a similar test of bimanual motor
coordination in monkeys following a variety of le-
sions in areas of the corpus callosum and areas with
other cerebral cross connections (Mark and Sperry,
1968). It is important to bear in mind that levels
of β-APP were increased in a variety of brain areas
and that β-APP levels in the corpus callosum were
determined to be a convenient metric for compar-
ison between animals due to the sensitivity of our
assay in this region. Axonal accumulation of β-APP
was also detected diffusely throughout the subcor-
tical white matter in frontal, parietal, and occipital
lobes (Mankowski et al, 2002), making it difficult to
asses whether damage in a particular structure was
related to behavioral impairment.

We have previously reported that statistically sig-
nificant increases in β-APP immunostaining within
axons of the corpus callosum were present in 9 of
10 animals examined with SIV encephalitis, whereas
only 1 of 14 SIV-infected macaques without en-
cephalitis had elevated β-APP levels over control an-
imal values (Mankowski et al, 2002). This association
is consistent with the finding in this study that biman-
ual motor coordination impairment is also correlated
with the amounts of CD68 and Ham56 immunos-
taining, measures of activation of brain macrophages
and microglia. These data illustrate that proinflam-
matory products of activated macrophages and mi-
croglia play a role in mediating neuronal dysfunction
and corresponding behavioral alterations. Although
viral proteins have also been implicated in inducing
neuronal damage, this study did not confirm a strong
association between the amounts of viral protein in

the brain detected by computerized image analysis
and the extent of behavioral compromise. Addition-
ally, as in previous reports, levels of astrocyte activa-
tion (GFAP staining) and viral load did not correlate
with behavioral impairment (Rausch et al, 1994).

The results of this study also demonstrate that
the accelerated SIV model produces similar behav-
ioral effects to other SIV models (Gold et al, 1998;
Marcario et al, 1999a, 1999b; Murray et al, 1992;
Weed and Gold, 2001). Specifically, dual inocula-
tion with a neurovirulent molecularly cloned virus,
SIV/17E-Fr, and an immunosuppressive virus swarm,
SIV/DeltaB670, resulted in reductions in general mo-
tor activity, slowed RT, and impairments in bimanual
motor coordination.

These results also underscore a feature of the
SIV/macaque model that differentiates nonspecific
effects of viral infection from the specific effects of
SIV infection. Comparison of the behavioral effects
during the initial viremia with those later in SIV
disease progression provides information as to which
effects may be due to a generalized illness and which
may be specifically due to progression of SIV disease.
Typically, the initial viremia in week 2 post infec-
tion affects general motor activity and measures of
motivation (e.g., number of trials completed in RT)
more strongly than it affects performance of more
complex tasks (e.g., bimanual motor skills [BMS], RT
latency). Comparison of Figures 1A, 2 (upper panel),
and 3 (upper panel) supports this distinction (see also
Weed and Gold, 2001). Therefore, a generalized effect
of illness, also called ‘sickness-behavior,’ may be re-
sponsible for motivational effects and general motor
activity effects, but is not likely to be the cause of
the impaired coordination and psychomotor slowing
reported.

This study included tests of motor function be-
cause of the reliability of motor effects being
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Figure 5 Correlations between performance on the bimanual motor test and markers for β-amyloid precursor protein (β-APP), viral
antigen (kk41 immunostaining), and microglial activation and macrophage infiltration (CD68 and Ham56 immunostaining). In both
panels, the x-axis represents the average performance for the week prior to sacrifice on the bimanual motor test, relative to preinfection
baseline. Top panel: The left and right y-axes represent the mean total area of immunostaining (in pixels) for β-APP and kk41, respectively.
Bottom panel: The left and right y-axes represent the mean total area of immunostaining (in pixels) for CD68 and Ham56, respectively.

produced by SIV disease relative to changes in
‘higher’ cognitive/behavioral functions, such as
learning or memory (Weed and Gold, 2001). The sim-
ilarity of the behavioral changes and CNS pathology
(Mankowski et al, 1997; Zink et al, 1997, 1998) of the
rapid SIV model to other SIV models suggests that
the dual-infection model would have similar effects
on other behavioral/cognitive domains as well.

Several measures of CNS alterations showed mod-
est but nonsignificant correlations with performance
in the bimanual motor test and measures of general
motor activity (Table 2). Given the small data set

and the alpha adjustment, correlations in this study
must be very high to reach statistical significance (for
N = 6, r > .907 and for N = 12, r > .692 are required
to reach significance). Therefore, nonsignificant as-
sociations reported here should not be completely
discounted and these relationships may be more
interesting when investigated with a larger sample
size.

The rapid and reproducible onset of CNS dis-
ease makes this dual-inoculation model especially
useful to study the specific mechanisms by which
SIV produces CNS pathology. The development of
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behavioral/cognitive changes extends the usefulness
of this model and demonstrates its utility in es-
tablishing correlation between CNS pathology and
behavioral/cognitive impairment. One caveat with
the current data set is that monkeys were euthanized
at discrete time points, rather than after specific clin-
ical or behavioral end points had been reached by a
given individual. The advantage of this euthanasia
schedule is that the individual variations in disease
progression produces a range of CNS pathology (i.e.,
they are not all at the end stage of SIV encephalitis)
and allows for correlations between animals in dif-
ferent stages of behavioral and pathological decline.
However, it is possible that the present study under-
reports the incidence of behavioral changes produced
by the rapid SIV model by terminating the study be-
fore some subjects expressed behavioral changes. For
instance, all of the monkeys in the 3-month group
had slower RT performance at 3-months than at 2-
months, although only half of the impairments were
statistically significant. It is likely that more animals
would show significant behavioral changes if they
were allowed to progress to clinical end points. This
observation strengthens the importance of the find-
ing that the accelerated SIV model produces reliable
behavioral changes.

In summary, the results of this study show clearly
that markers of axonal damage (accumulation of
β-APP in the corpus callosum) and increased mi-
croglial activation and macrophage infiltration (lev-
els of CD68 and Ham56 immunostaining) were signif-
icantly correlated with impaired fine motor control.
Furthermore, behavioral deficits, including slowed
RT, decreased motor activity, and impaired fine mo-
tor control, produced by the accelerated SIV model
were similar to those seen in other SIV models.
These results suggest a relationship between behav-
ioral impairment and axonal damage following in-
fection with SIV. The axonal damage may result
from neuroimmune responses, including microglial
and macrophage activation. Therefore, axonal dam-
age may be a morphologic manifestation of neuronal
dysfunction that underlies development of behav-
ioral impairment in HIV/SIV CNS infection.

Materials and methods

Animals
Two cohorts of six male pig-tailed macaques (3 to
5 kg), all of which were free of Herpesvirus simiae
(B-virus), SIV, STLV 1 and 2, and type D retrovirus
(SRV-2), were used as subjects. One cohort was eu-
thanized at 2 months and the second at 3 months
p.i. Timed euthanasia schedules were used to exam-
ine animals at different stages of disease progression;
however, if an animal met certain criteria prior to the
timed euthanasia (e.g., greater than 15% loss in body
weight, failure to eat or drink, clinical symptoms),
the animal was euthanized at that point. Three mon-

keys in the 2-month group (364, 879, A42) reached
euthanasia criteria at week 7 p.i. and were eutha-
nized then. The remaining three monkeys were eu-
thanized in week 9 p.i. In the 3-month group, two an-
imals (389 and 394) reached euthanasia criteria and
were euthanized in the beginning of week 12 p.i. The
remaining monkeys in the 3-month group were eu-
thanized after week 13 p.i. Monkeys were provided
with food and water ad libitum and housed in a room
with a 7AM–9 PM light/dark cycle. Principles of lab-
oratory animal care (Guide for the Care and Use of
Laboratory Animals, National Academy Press, 1996)
were followed, and all protocols were approved
by the Institutional Animal Care and Use Com-
mittee of The Johns Hopkins University School of
Medicine.

Behavioral measures
Reaction time: Response panels were attached daily
to each monkey’s home cage to conduct the RT task.
The panel contained a primate lever, one red and
one yellow light-emitting diode used as cue lights,
and a cup feeder for delivery of food pellets. The
red cue light was used to signal the beginning of
each trial, and the yellow cue light was used as the
“reaction time” or lever-release signal. The monkeys
were trained to press a lever and hold it down in
the presence of a flashing red cue light (flashing 5
times per second). A lever press changed the flash-
ing red light to a continuous red light, as long as
an animal held the lever down. At intervals ranging
from 1.0 to 7.0 s after initiation of the lever holding
response, the lever-release signal was presented for
1.5 s on the yellow cue light. Release of the lever
within the 1.5 s response window resulted in the de-
livery of one 190-mg banana-flavored pellet (Bioserv,
Frenchtown, NJ), and initiated a 3-s intertrial inter-
val (ITI) during which no stimuli were presented and
additional lever responses reinitiated the ITI. Lever
releases prior to onset of the release stimulus (“early
releases”) produced a 4-s timeout without reinforce-
ment. If an animal failed to release the lever, the red
cue light was turned off at the end of the 1.5-s re-
sponse window. Upon lever release, the ITI began
without reinforcement. Following the end of the ITI,
the flashing red cue light signaled initiation of the
next trial in the daily experimental session. To mea-
sure the false alarm or “guessing” rate, “catch” tri-
als were randomly interspersed on 20% of the tri-
als. During these catch trials no reaction-time signal
occurred. Lever releases during catch trials (“false
alarms”) resulted in a timeout and initiation of the
ITI without reinforcement. Sessions lasted 1 h and
were performed at approximately 10 AM each morn-
ing, Mondays to Fridays.

In the simple RT procedure, the data collected
were (1) percent correct lever releases (“accuracy”);
(2) median reaction times; (3) percent false alarms;
(4) and total trials completed each session. Baseline
performances were defined as stable when (1) the
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percentage correct responses were 80% or greater
in a session; (2) the false-alarm rates were less than
30%; and (3) there were no systematic changes in
these measures across 1 week. Performance during
the 2 weeks immediately prior to inoculation was
used as each individual animal’s preinfection level
of performance.

Latency data were analyzed using both individ-
ual comparisons to baseline performance (based on
95% confidence intervals around the baseline me-
dian) and with repeated-measure analysis of group
data (weekly means with the one within-subject
factor of time). Accuracy data were also analyzed us-
ing both individual comparisons to baseline perfor-
mance (based on 95% confidence intervals around
the baseline mean) and with repeated-measure
ANOVA of group data (weekly means with the one
within-subject factor of time). Data were transformed
using the equation x = log 10(x), as this increased
the homogeneity of the variance between ANOVA
cells.

Bimanual motor task: Monkeys in the 3-month
group were trained to perform a bimanual motor task.
A plastic holeboard with 15 holes (9 mm diameter)
spaced 13 mm apart (3 horizontal by 5 vertical ar-
ray) was filled with raisins and mounted perpendic-
ular to the front of the home cage. Retrieval of the
raisins required the monkey to push each raisin with
one finger from one side and to pull the raisin from
the opposite side with its other hand, requiring bi-
manual dexterity. Latency to retrieve all 15 raisins
was recorded with a stopwatch. To encourage rapid
completion of the task, the holeboard was removed
promptly upon completion of the task or after a max-
imum of 3 min. Latency data were analyzed using
both individual comparisons to baseline performance
(based on 95% confidence intervals around the mean
of the last week prior to infection) and with repeated-
measure ANOVA of group data (weekly means with
the one within factor of time). Data were transformed
using the equation x = log 10(x), as this increased the
homogeneity of the variance between ANOVA cells.

General activity: General activity was monitored by
attaching a miniaturized activity monitoring device
to each monkey via a leather collar (Hienz et al,
1992). The monitors recorded minute-by-minute an-
imal movements. Baseline data were recorded prior
to SIV infection, and activity was monitored through-
out the course of infection. Activity data were re-
duced to total activity counts per day, after visual
inspection of the data showed no advantage to us-
ing smaller units of time. Daily mean counts were
analyzed using both individual comparisons to base-
line performance (based on 95% confidence inter-
vals around the mean of the week prior to infection)
and repeated-measure ANOVA of group data (weekly
means with the within-subject factor of time). Data
were transformed using the equation x = log 10(x),

as this increased the homogeneity of the variance be-
tween ANOVA cells.

Measures of viral and cellular alterations in the CNS
The CNS measures were collected as described previ-
ously (Mankowski et al, 2002; Zink et al, 2001b). Brief
descriptions of the methods are presented below. Vi-
ral load in CSF, plasma, and brain tissue were mea-
sured by real time reverse transcriptase–polymerase
chain reaction (RT-PCR) as described (Zink et al,
1999, 2001b).

Immunohistochemical staining and histopathology:
To identify β-APP accumulation in axons, coro-
nal sections of the corpus callosum were immuno-
histochemically stained with the monoclonal anti-
body anti-β-APP 695 (Clone LN27; Zymed, South
San Francisco, CA). For detection of viral protein,
kk41, a monoclonal antibody directed against the
SIV transmembrane portion of the SIV envelope, was
used (diluted 1:400; AIDS Reagent Program). The
antibody Ham56 (diluted 1:50; DAKO, Carpenteria,
CA) was used to detect infiltrating macrophages and
activated microglia. Primary antibodies against the
following antigens were also used to assess CNS cel-
lular alterations: CD68, a marker of microglial ac-
tivation and macrophage infiltration (KP-1, diluted
1:2,000; DAKO), and GFAP for evaluation of astro-
cyte activation (diluted 1:4,000; DAKO). All brain
tissue sections were stained by an automated im-
munostainer (Optimax Plus, BioGenex, San Ramon,
CA) for uniformity. Streck-fixed, paraffin-embedded
brain tissue sections were deparaffinized, rehydrated,
and then postfixed in Streck tissue fixative (Streck
Laboratories, Omaha, NE) for 20 min. After rins-
ing in water, tissues were heated in a microwave in
sodium citrate buffer (0.01 M, pH 6.0) for 8 min to re-
trieve antigen. Endogenous peroxidase was quenched
with 3% H2O2 for 10 min and then sections were
blocked with buffered casein for 5 min. Primary an-
tibody was applied to tissue sections for 60 min at
room temperature, the tissues were washed in buffer,
and then secondary biotinylated multilink antibody
(Biogenex, San Ramon, CA) was added for 20 min.
After washing, streptavidin–horseradish peroxidase
was applied for 20 min, followed by diaminobenzi-
dene tetrahydrochloride in buffer containing H2O2
for 10 min. Sections were then washed, dehydrated,
and mounted.

Quantitative image analysis: For each animal, 20
adjacent fields in the corpus callosum from sec-
tions immunostained for β-APP were captured at
200× magnification (an area of 2.8 mm2) using
a Sensys 2 digital camera (Photometrics, Tucson,
AZ), then analyzed by IP Lab imaging software (Sc-
analytics, Vienna, VA). Similarly, 20 200× power
fields were captured in subcortical white matter sub-
jacent to cingulate gyrus for measurement of vi-
ral protein, macrophage/microglial activation. GFAP
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immunostaining was measured in cortical gray mat-
ter of the cingulate gyrus on the same tissue sec-
tion. Viral load in brain tissues was measured in the
parietal cortex, basal ganglia, thalamus, and cerebel-
lum, and the mean of these areas is reported as mean
brain viral load. Images were binarized and the total
area occupied by immunopositive pixels calculated
to measure the total area of immunostaining.

Comparisons between behavioral and viral/cellular
alterations: The average behavioral performances
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