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Infection with human immunodeficiency virus-1 (HIV-1), the causative agent of
acquired immunodeficiency syndrome (AIDS) in humans, causes a spectrum
of neuropathology that includes alterations in behavior, changes in evoked
potentials, and neuronal degeneration. In the simian immunodeficiency virus
(SIV) model of HIV infection, affected monkeys show clinical symptoms and
neurological complications that mimic those observed in human neuro-AIDS.
To investigate the relationship between morphological correlates and neuro-
physiological deficits, unbiased stereology was used to assess total neuron
number, volume, and neuronal density for all neurons in the globus pal-
lidus (GP) and for dopamine (DA)-containing neurons in the substantia nigra
(SN) in eight macaques inoculated with macrophage-tropic, neurovirulent SIV
(SIVmac R71/17E), and five control animals. There was a significant difference
between rapid progressors and controls for both neuron number (P < .01) and
neuronal density (P < .05) in the GP, and for neuron number (P < .05) in the
SN. Neuron loss ranged from 6% to 70% in the GP and from 10% to 50% in the
SN. Neuropathological analyses confirmed neuroAIDS-like changes in brain,
including microglial nodules, extensive perivascular cuffing and/or the pres-
ence of multinucleated giant cells, and alterations in neuronal morphology in
the majority of the rapid progressors. By comparison, slow progressors showed
little, if any, neuropathology. These neuropathological changes in SIV-infected
monkeys indicate that neuron death and morphological alterations in the basal
ganglia may contribute to the motor impairments reported in the SIV model
and, by analogy, in the subset of patients afflicted with motor impairment in
human neuro-AIDS. Journal of NeuroVirology (2004) 10, 387-399.
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Human immunodeficiency virus (HIV) can infect
the central nervous system (CNS) and lead to HIV-
1-associated motor/cognitive disorder (Grant et al,
1995; Janssen et al, 1991; Seilhean et al, 1993) and
acquired immunodeficiency syndrome (AIDS) de-
mentia complex (Navia et al, 1986a, 1986b). AIDS
dementia complex is a serious, disabling disease
characterized by cognitive, behavioral, and motor
dysfunctions. Basal ganglia involvement in HIV-1 in-
fection may contribute to the psychomotor symptoms



Neuron loss in SIV-infected monkeys
388 JK Marcario et al

associated with HIV dementia (Bansal et al, 2000).
Berger and Nath (1997) have noted that HIV infec-
tion frequently results in a dementing illness that
manifests as a subcortical dementia, including degen-
eration of the dopaminergic nigrostriatal pathway.
Parkinsonism appears prominent in these patients
and may be part of the initial presentation of symp-
toms. Furthermore, the motor dysfunction in these
patients responds well to dopaminergic blocking
agents. To date, however, no studies in experimental
animals have established strong clinicopathological
relationships between HIV-1-mediated neuropathol-
ogy and degree of neural system impairment.

Neuronal pathology associated with HIV infection
has been demonstrated in both subcortical and corti-
cal brain regions at autopsy. Using unbiased stere-
ological techniques, Subbiah et al (1996) demon-
strated that AIDS patients, particularly those with
HIV-associated dementia, show significant cortical
atrophy compared to seronegative controls. A global
neuronal loss of 37% throughout all four neocorti-
cal lobes was reported by Oster et al (1995). Everall
et al (1995) reported neuronal loss in the putamen
and Reyes et al (1991) showed a decrease in the num-
ber of cell bodies in the substantia nigra.

Infection of macaques with neurovirulent strains of
simian immunodeficiency virus (SIVp,c) reveals sev-
eral aspects of the neurological disease observed in
humans with HIV infection, though over a shorter
time course. Neurovirulent SIV,,. inoculation in
macaques results in persistent infection with early
infection of the CNS. We have previously reported
behavioral deficits (Marcario et al, 1999a, 1999b) and
neurophysiological abnormalities (Raymond et al,
1999, 2000) in a cohort of nine monkeys infected
with neurovirulent strains of SIVmac. Deficits in a
motor skill task were observed (Marcario et al, 1999a),
and the majority of monkeys developed ataxia and/or
tremor following inoculation. Motor-evoked poten-
tial studies showed increased latency and increased
central conduction time (Raymond et al, 1999).
Global neuropathological changes assessed by his-
tological examination of these same animals re-
vealed HIV-like microglial nodules, multinucleated

giant cells, and perivascular cuffing (Raghavan et al,
1999).

To investigate the association between neuronal
loss and motor system deficits in the SIV model,
we used modern stereological approaches (Mouton,
2002) to quantify neuronal changes in the globus pal-
lidus (GP) and substantia nigra (SN). In addition, neu-
ropathological changes characteristic of neuro-AIDS
were assessed by histological examination. We hy-
pothesize that neuronal loss in the basal ganglia will
correlate well with neuropathology in these struc-
tures, and with other measures of CNS function on
which we have previously reported.

Results

We examined the brains of 13 macaques: 5 uninocu-
lated adolescent male controls, and 8 adolescent male
macaques inoculated with a cocktail of neurovirulent
SIV of viruses R71 and 17E. Of the eight inoculated
macaques, six were rapid progressors, and two were
slow progressors. Analysis of the SN of AQ12 was not
possible because the entire nucleus was not present
in all sections of the series to be counted. So, for all
analyses in the GP, n = 6 for the rapid progressors and
n = 2 for the slow progressors; in the SN, n =5 for the
rapid progressors and n = 2 for the slow progressors.
It should also be noted that only tyrosine hydroxy-
lase (TH)-positive neurons were evaluated in the SN
(Table 1).

There were two rapid progressors that showed little
neuron loss compared to the other rapid progressors
(AQ12 in the GP and AQ38 in the SN). We did notice,
however, that these animals still showed severe neu-
ropathology in the GP and moderate neuropathology
in the SN. There were also very noticeable changes in
neuronal morphology, such as absent dendrites and
changes in soma shape, in both the GP and the SN
of both animals. We therefore contend that although
these animals had “countable” neurons, these neu-
rons were not functionally viable. As such, we have
decided to analyze the data both with and without
these animals. Both sets of results are presented.

Table 1 Severity of neuropathology and motor system impairment for eight SIV-infected monkeys

Disease Weeks GP SN Motor system Motor evoked
Monkey progression survived neuropathology! neuropathology! neuropathology* potential changes®
AQ70 14 Mild Mild Mild Severe
AQ69 9 Mild None N/A Mild
AQ43 6 Very Severe Moderate Severe Severe
AQ12 Rapid 14 Severe Moderate Moderate Moderate
AQ38 7 Moderate Moderate Severe Severe
AQ20 8 Mild None Mild Mild
AQ15 Slow 109 None None Mild None
AQ94 87 None None None None

'Neuropathology is rated on a scale from 0 to 4: 0 = none; 1 = mild; 2 = moderate; 3 = severe; 4 = very severe.

“Data from Raymond et al, 1999.



Neuron number

The mean number of neurons in the GP of control
macaques was 714,775 (£67,544). The mean number
of neurons in the six SIV-infected rapid progressors
examined was 421,033 (£56,976). This represents
a 41% neuron loss and a statistically significant
change from controls (P < .01). When the results
were analyzed without AQ12, the outcome changed
only slightly (46% neuron loss, P < .01). The mean
number of neurons in the two SIV-infected slow
progressors was 608,602 (+48,592), a 15% neuron
loss.

The mean number of TH-positive neurons in the
SN of control macaques was 406,482 (+45,344). The
mean number of TH-positive neurons in the five SIV-
infected rapid progressors examined was 293,199
(£39,488). This represents a 28% neuron loss, which
is significantly less than the number of neurons in
the controls (P < .05). When the results were ana-
lyzed without AQ38, there was a greater group effect
(36% neuron loss, P = .02). This should be expected,
as AQ38 actually had 4% more neurons than the con-
trol group mean, thus driving up the average number
of neurons for the rapid progressors. The mean num-
ber of TH-positive neurons in the two SIV-infected
slow progressors was 344,557 (£21,289), which rep-
resents a 15% neuron loss (Figure 1A).

Region volume
The mean volume of the GP for control macaques
was 229 mm?® (+£13). The mean volume of the GP
for the SIV-infected rapid progressors examined was
213 mm?® (412), only 7% less than controls (P = .33),
which was not a significant difference. When the re-
sults were analyzed without AQ12, the loss in volume
remained at 7% (P = .42). The mean volume of the
GP in the two SIV-infected slow progressors was
227 mm? (+5), which represents a 1% volume loss.
The mean volume of the SN of control macaques
was 348 mm?® (£23). The mean volume of the SN
for the five SIV-infected rapid progressors examined
was 291 mm? (£48); a 16% volume loss compared to
controls (P = .42), which was not significant. When
the results were analyzed without AQ38, there was a
greater decrease in volume, 27% (P = .11), although
still not statistically significant. The mean volume of
the SN in the two SIV-infected slow progressors was
363 mm? (+12), 4% less than controls (Figure 1B).

Neuronal density

The mean neuronal density of the GP for control
macaques was 3134 neurons/mm? (£263). The mean
neuronal density of the GP for the SIV-infected
rapid progressors examined was 2034 neurons/mm?
(£312), 35% less than controls (P = .03), a significant
difference. When the results were analyzed without
AQ12, the outcome changed only moderately, 40%
less than controls (P = .02), which was still a sig-
nificant difference. The mean neuronal density of
the GP in the two SIV-infected slow progressors was
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2692 neurons/mm? (+268), which represents a 14%
loss in neuronal density.

The mean neuronal density of TH-positive
neurons in the SN of control macaques was
1159 neurons/mm?® (+72). The mean neuronal den-
sity of TH-positive neurons in the SN for the
five SIV-infected rapid progressors examined was
1033 neurons/mm?® (+£67), an 11% loss of neuronal
density compared to controls (P = .31), which was
not significant. When the results were analyzed with-
out AQ38, the mean decrease in neuronal density
was 10%, which was also not significant (P = .41).
The mean neuronal density of TH-positive neurons
in the SN in the two SIV-infected slow progressors
was 949 neurons/mm? (+28), 18% less than controls
(Figure 1C).

Neuropathology

Neuropathological changes were evaluated in the
right hemisphere using thionin-stained tissue. Evi-
dence of typical retroviral induced CNS neuropathol-
ogy was observed in the majority of animals from
which tissue was available (Figure 2). Neuropatho-
logical findings consisted of perivascular cuffing,
meningitis, microglial nodule formation, multinu-
cleated giant cell reactions, and perilesion axonal
degeneration caused by white matter inflammatory
lesions. The severity of pathology varied from ani-
mal to animal (see Figure 2). Ratings reflecting the
severity of neuropathology in both the GP and SN
are given in Table 1. Neither of the slow progres-
sors (AQ15 and AQ94) showed any neuropathology
in the GP or the SN. The rapid progressors showed
mild (AQ70, AQ20, AQ69), moderate (AQ38), severe
(AQ12), and very severe (AQ43) neuropathology in
the GP, including inflammatory foci and multinucle-
ated giant cells. In the SN, two rapid progressors
showed no neuropathology (AQ20 and AQ69), and
the rest showed mild (AQ70) to moderate (AQ38,
AQ43, AQ12) neuropathology. In general, perivascu-
lar cuffing was present in both mild and severe cases,
whereas multinucleated giant cells were found only
in severe cases.

Neurological analysis

Ataxia, tremor, and weakness were determined by
daily observation before and during behavioral test-
ing, and as seen in weekly home cage behavior tapes.
In addition, periodic neurological evaluations were
performed, in which grip strength, gait, and climb-
ing ability were assessed qualitatively. Four of six
rapid progressors (67%) showed signs of muscular
weakness and loss of grip strength, three of six (50%)
showed evidence of tremor, and five of six (83%)
showed evidence of ataxia.

Correlations
Pearson correlation coefficients (p) were calculated
based on the severity ratings for the number of weeks
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Figure 1 Stereological analysis of the GP and SN. (A) Number of neurons in the rapid progressors was significantly different from the
control means in both the GP and SN. One animal (AQ38) had a 70% loss of neurons in the GP. In the SN, AQ70 had the greatest
neuronal loss (47%). (B) Volume was not significantly different from control means for the rapid progressors in either the GP or the SN.
(C) Neuronal density in the rapid progressors was significantly different from control means in the GP, but not the SN. The asterisk (*)
denotes significant differences from control means. The error bars in each data series represent the standard error of the mean.



Neuron loss in SIV-infected monkeys
JK Marcario et al 391

Figure 2 Neuropathology and changes in neuronal morphology in the GP and SN of SIV-infected rhesus macaques. In each row, the panel
from the GP and the panel from the SN are from the same animal. Left column: Thionin-stained sections from the GP. (A) Control animal V—
no neuropathology; normal neuronal morphology and normal blood vessels and surrounding cells. (B) Slow progressor AQ15—very mild
neuropathology, consisting mainly of light perivascular cuffing (arrow), and normal neuronal morphology. (C) Rapid progressor AQ69—
mild neuropathology, consisting mainly of perivascular cuffing (arrow) with some inflammatory foci. Most neurons appear similar to those
of controls, but there is rounding of the soma and shortening of the dendrites of some neurons. (D) Rapid progressor AQ70—moderate
neuropathology, consisting of microglial nodules (arrow), perivascular cuffing, and other inflammatory foci. Many of the neurons show a
loss of dendrites, decreased staining in the cytoplasm, and a round soma. (E) Rapid progressor AQ43—severe neuropathology, consisting
of perivascular cuffing, multiple inflammatory foci, microglial nodules, and a multinucleated giant cell (arrow, as seen in thick sections).
Some neurons appear similar to those of controls, others show altered neuronal morphology, such as lack of dendrites. Right column:
Thionin- and tyrosine hydroxylase (TH)-stained sections from the SN. (F) Control animal V—no neuropathology, dense terminal field.
(G) Slow progressor AQ15—no neuropathology, dense terminal field. (H) Rapid progressor AQ69—very mild neuropathology, most neu-
rons similar to those in controls. (I) Rapid progressor AQ70—mild neuropathology, most neurons similar to controls. (J) Rapid progressor
AQ43—moderate neuropathology, very sparse terminal field, some abnormalities in neuronal morphology, such as loss of dendrites.
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Table 2 Correlation coefficients (p) for the globus pallidus and substantia Nigra

Rapid progressors + Weeks Motor EP  Motor system GP GP neuron SN SN DA
slow progressors survived* changes*  neuropath’*  neuropath loss neuropath neuron loss Ataxia*
Weeks survived 1.00
Without AQ38 and AQ12
Motor-evoked —0.76 1.00
potential changes
Without AQ38 and AQ12 - 0.76
Motor system neuropathology —0.58 0.77 1.00
Without AQ38 and AQ12 —0.58 0.77
GP neuropathology — 0.66 0.74 0.85 1.00
Without AQ38 and AQ12 — 0.66 0.74 0.85
GP neuron loss - 0.76 0.65 0.65 0.49 1.00
Without AQ38 and AQ12 - 0.87 0.72 0.76 0.73
SN neuropathology — 0.54 0.84 0.88 0.87 0.37 1.00
Without AQ38 and AQ12 — 0.54 0.84 0.88 0.87 0.61
SN DA neuron loss — 0.50 0.50 0.08 0.49 0.23 0.26 1.00
Without AQ38 and AQ12 - 0.76 0.93 0.56 0.71 0.52 0.79
Ataxia —0.64 0.89 0.85 0.86 0.40 0.97 0.39 1.00
Without AQ38 and AQ12 —0.64 0.89 0.85 0.86 0.63 0.97 0.91

1Data from Marcario et al, 1999a.

?Data from Raymond et al, 1999. Motor system structures examined: motor cortex, basal ganglia, cerebral peduncles, long white tracts,

peripheral nerve.

survived, motor evoked potential changes, motor sys-
tem neuropathology, GP neuropathology, GP neu-
ron loss, SN neuropathology, SN dopamine (DA)-
containing neuron loss, and ataxia using the data
from all six rapid progressors and both slow progres-
sors (Table 2). The data for motor system neuropathol-
ogy (which included the motor cortex, basal ganglia,
cerebral peduncles, long white tracts, and some pe-
ripheral nerves) and motor-evoked potential changes
were taken from Raymond et al, 1999. The data for
the ataxia were taken from Marcario et al, 1999a, and
are discussed in depth in that paper. All of these data
were collected from the same six rapid progressors.
The correlations we performed have been calculated
to highlight the relationship between those data pre-
sented in the aforementioned studies, and the data
from the current study.

There was a moderate to strong inverse correla-
tion between survival time and all other measures;
animals with greater neuropathology, neuron loss,
or changes in motor-evoked potentials had shorter
survival times. Motor-evoked potential changes were
strongly correlated with motor system neuropathol-
ogy (p=0.77), GP neuropathology (p=0.74), and
SN neuropathology (p=0.84); they were moder-
ately correlated with GP neuron loss (p=0.65)
and SN neuron loss (p=0.50). Motor system neu-
ropathology was most strongly correlated with GP
(0 =0.85) and SN (p =0.88) neuropathology, moder-
ately with GP neuron loss (p = 0.65), and poorly with
SN neuron loss (o =0.08). GP neuropathology was
most strongly correlated with SN neuropathology
(p=0.87), and moderately with both GP (p=0.49)
and SN (p = 0.49) neuron loss. SN neuropathology
was weakly correlated with both GP (p=0.37) and
SN (p =0.26) neuron loss. Finally, GP neuron loss

was only weakly correlated with SN neuron loss
(p=0.23).

Correlations were also performed between the
severity of ataxia that was qualitatively observed in
each animal, and each of the other factors previ-
ously mentioned (see Table 2). There were very strong
correlations between ataxia and motor EP changes
(0 =0.89), motor system neuropathology (p =0.85),
GP neuropathology (p =0.86), and SN neuropathol-
ogy (p =0.97). Moderate correlations were also ob-
tained between ataxia and GP neuron loss (p =0.40),
SN neuron loss (p =0.39), and the number of weeks
the animal survived (p = 0.64).

We have contended that the low level of neuron
loss in the GP of AQ12 and in the SN of AQ38 should
be considered outlier values because of the abnor-
mal morphological characteristics of the neurons
observed in these areas (i.e., the neurons appear
damaged but are still “countable”). If we exclude
the severity ratings of AQ12 for GP neuron loss, the
strength of the correlations with all other measures
increase in magnitude: from strong to very strong
for survival time (p = —0.76 to p = —0.87); from
moderate to strong for motor-evoked potential
changes (p=0.65 to p=0.72), motor system
neuropathology (0=0.65 to p=0.76), and for
GP neuropathology (p =0.49 to p = 0.73); from weak
to moderate for SN neuropathology (p=0.37 to
o =0.61) and SN neuron loss (0 =0.23 to p=0.52);
and, although both values were moderate, there
was an increase for ataxia (p=0.40 to p=0.63).
If we exclude the severity ratings of AQ38 for
SN neuron loss, the strength of the correlations
with all other measures increases in magnitude:
from moderate to strong for survival time (p =
—0.50 to p = —0.76); from moderate to very strong



for motor-evoked potential changes (p=0.50 to
p=0.93); poor to moderate for motor system
neuropathology (p = 0.08 to p = 0.56); from moderate
to strong for GP neuropathology (p =0.49to p =0.71);
from weak to strong for SN neuropathology (p =0.26
to p=0.79); and from weak to moderate for GP
neuron loss (p =0.23 to p =0.52); and from moderate
to very strong for ataxia (0 =0.39 to p =0.91).

Discussion

In this study, we set out to determine whether in SIV-
infected rhesus macaques, there was neuron loss and
neuropathology in the basal ganglia similar to that
reported in the human clinical literature. We have
shown that productive infection in the brain is ac-
companied by inflammatory foci and by loss of neu-
rons in motor-related areas of the brain. The loss of
neurons in the GP and the loss of DA-containing neu-
rons in the SN of these animals did correlate with
abnormalities in motor-evoked potentials and motor
system neuropathology. These results also demon-
strate the power of unbiased stereological techniques
in establishing neuron loss in this animal model of
neuroAIDS.

Neuron number

Compared to controls, most SIV-infected animals
showed significant neuron losses in the GP of greater
than 25%, with some exceeding 50%. We also exam-
ined whether DA-containing neurons are lost in the
SN, by staining sections with TH and counterstain-
ing with 1% thionin. Compared to controls, three of
five SIV-infected animals showed significant neuron
losses in the SN of greater than 30%.

Infection with HIV-1 is often associated with neu-
ronal loss in subcortical and cortical regions. This
loss may appear clinically as motor dysfunction
and/or dementia. Supporting results have been re-
ported in humans infected with HIV-1. Using unbi-
ased stereological probes, Fischer et al (1999) found
significant neuron loss throughout the frontal, tempo-
ral, parietal, and occipital cortices, with greater loss
of large versus small neurons. Using morphometric
analyses, Itoh et al (2000) found a significant decrease
in the total number of neurons in the SN, and a signif-
icant decrease in the number of pigmented neurons
compared to controls. Further, using high-resolution
magnetic resonance spectroscopy (MRS) and quan-
titative neuropathology, Gonzalez et al (2000) found
losses in n-acetylaspartate and calbindin in frontal
cortical gray matter, which indicated neuronal injury
and/or death. Finally, Lopez et al (1999) have noted
that HIV has a propensity to invade subcortical CNS
areas, particularly the basal ganglia, and have found
that damage to DA-containing neurons seems to occur
early in the disease course. HIV-associated dementia
(HAD) patients had decreased levels of cerebrospinal
fluid (CSF) DA, and a reduction of the DA metabo-
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lite homovanillic acid, but a relative preservation of
other neurotransmitters, which suggests a preferen-
tial loss of DA neurons. Neuropathologic analysis
showed neuron loss in the GP, and less severe loss
in the neocortex. Taken together, these findings sug-
gest that there is ample evidence to support the loss
of neurons in both cortical and subcortical areas in a
number of different HIV-1 model systems.

We have observed tremor, ataxia, and other
neurological symptoms in our animals that are simi-
lar to those that can be attributable to the “subcortical
dementias.” The neuron loss observed in this study
and the corroborating evidence of the motor-evoked
potential abnormalities strongly suggests that DA
neurons are lost in the SN of SIV-infected primates.
However, it is possible that the loss of DA neurons we
observed was due to a cessation of DA production by
neurons in the SN. Those neurons would not have
been visualized with the TH stain, thus not counted.
In our study, however, because total neuron number
in the SN using thionin-only-stained sections was not
examined, it is not know whether or not this is the
case. This possibility will be investigated in future
work.

Structure volume and neuronal density

In our studies, there was no significant change in
the volume of either the GP or SN in any of the
SIV-infected monkeys, compared to controls. This is
in contrast to some neuropathological studies of pa-
tients with AIDS in which there is a reduction in
neocortical and subcortical structure volumes. Using
stereological techniques, Oster et al (1993) found are-
duction in the mean volume of the neocortex and the
central brain nuclei in patients with AIDS, and Sub-
biah et al (1996) showed that there was a significant
reduction in mean neocortical volume in AIDS pa-
tients, compared to seronegative controls. Using mag-
netic resonance imaging (MRI) techniques, Aylward
et al (1993) found that HIV+ demented patients had
smaller basal ganglia volumes than either the nonde-
mented or control groups.

Our results do show a significant decrease in neu-
ronal density of approximately 35% in the GP, and a
mean decrease in neuronal density of approximately
11% in the SN, compared to controls. This finding is
supported by other studies of human AIDS patients.
Everall et al (1995) found a 21% decrease in neu-
ronal density in the putamen of nondemented pa-
tients that had died of AIDS. Earlier, this same group
of researchers had found that neuronal density in the
frontal cortex was significantly lower in HIV versus
control subjects (Everall et al, 1991). Further, Ketzler
et al (1990) found a significant loss of neurons and
an 18% loss in neuronal density in the fronto-orbital
cortex of AIDS patients versus controls.

Neuropathological data
In our studies, large, disseminated microglial nod-
ules, inflammatory foci, and extensive perivascular
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cuffing were found in the GP, and to a lesser ex-
tent in the SN, of rapid progressors. Multinucleated
giant cells were also found in the GP of three of
the rapid progressors. Neither of the slow progres-
sors showed any overt neuropathology in the GP or
the SN. The neuropathology we observed was very
similar to the hallmark neuropathology observed in
the postmortem examination of the brains of AIDS
patients. However, there was not always a strong
correlation between neuron loss and the severity of
neuropathology found in GP and the SN, as was evi-
denced in AQ12 and AQ38. Although these animals
had severe neuropathology, they did not have a cor-
responding neuron loss.

It has been widely reported, in the human clinical
literature, that dementia can occur in endstage AIDS
in the absence of overt neuropathology and that con-
siderable pathology may exist in the absence of de-
mentia (Everall et al, 1994; Glass et al, 1993). One of
the conclusions drawn from a number of studies is
that the magnitude of neuron loss does not correlate
with the degree of cognitive dysfunction or dementia
exhibited by HIV+ patients (Weiset al, 1993; Ever-
allet al, 1994). A number of motor skill studies in the
human literature have reported motor dysfunction in
HIV-infected patients in the absence of clinical symp-
toms and contend that fine motor control deficits are
detectable prior to the development of other major
manifestations of HIV infection (Arendt et al, 1990,
1993, 1994). Finally, Murray et al (1992) reported that
in some monkeys infected with SIVgy,, Delta B670,
neuropathology was limited despite the presence of
significant cognitive and/or motor deficits.

Such findings suggest that although the neuro-
pathology found in the brains of the rapid progres-
sors may contribute to the motor-evoked potential
changes and the clinical neuropathological symp-
toms we observed, functional injury may precede
the appearance of noticeable pathology and neuronal
death. It is possible that functional injury to neu-
rons may be much more widespread than actual overt
neuropathology or neuronal cell death and that it
may contribute significantly to functional impair-
ment. This is why we chose to report our observations
of changes in neuronal morphology even though we
were not able to quantify the magnitude of those
changes at this time.

Relation to motor-evoked potentials (MEPs)

We used transcranial electrical stimulation of motor
cortex and the spinal cord to assess motor system
function on the same animals we used for the neu-
ropathological analyses in this study (see Raymond
et al, 1999, for detailed results). Five of the six
rapid progressors we examined for neuron loss
showed postinoculation latency increases in at least
one cortical MEP and all six showed postinocula-
tion latency increases in at least one spinal cord
MEP (peripheral conduction time). Increases in cen-
tral conduction time (CCT) were evident in four of

six rapid progressors. Neither of the slow progressors
showed significant latency increases in either cortical
or spinal cord MEPs or CCT. The correlational anal-
yses performed in this study showed strong to very
strong correlations between extent of MEP abnormali-
ties and the presence of classic HIV/SIV neuropathol-
ogy in the GP, SN, and motor system as a whole. There
was a moderate correlation between MEP abnormal-
ities and neuron loss in both the GP and SN. In ad-
dition, there was a strong correlation between MEP
abnormalities and the number of weeks an animal
survived (see Table 2).

These results support our contention that motor
system structures, and the basal ganglia in partic-
ular, are targets of SIV infection. A few studies in
the human clinical literature also support this con-
clusion. Moglia et al (1991) found altered MEPs,
mostly due to a prolongation of the central motor con-
duction time in HIV-seropositive versus-seronegative
patients. Similarly, Somma-Mauvais and Farnarier
(1992) found that MEPs by magnetic stimulation re-
veal prolonged central motor conduction time in 46%
of HIV+ asymptomatic subjects.

Alterations in neuronal morphology; dendritic,
synaptic, and axonal damage

In these studies, we identified two animals (AQ12
and AQ38) that were considered to be “clinical out-
liers” because the difference between their neuronal
counts and those of the rest of the rapid progres-
sors differed by more than 1.5 standard deviations.
If we exclude the severity ratings for AQ12 regard-
ing GP neuron loss, and from AQ38 regarding SN
neuron loss, the strength of the correlation with all
other measures increases in magnitude. These an-
imals had little neuronal loss, but had clearly ab-
normal dendritic morphology. Although we were not
able to quantify the magnitude of dendrite loss and
did not quantitatively rate the alterations in neuronal
morphology, we believe it was important to note the
changes observed, because they may be indicative of
dendrite/axon damage or changes in the functionality
of neurons.

One weakness of the stereological methods used
is that they do not take into account the functional-
ity of neurons. Neurons that had mostly intact cell
membranes and a visible nucleus were counted, the
same as “normal” looking neurons were, even if
they showed evidence of morphological alteration,
or lacked dendrites and axons. These two rapid pro-
gressors did show severe neuropathology and did de-
velop ataxia and/or tremor.

It has been suggested that widespread synaptic
and/or dendritic injury may be involved in the neu-
rological impairment and clinical symptoms that oc-
cur in HIV-1 infection. Everall et al (1999), found
a significant correlation between reduced synaptic
density and poor neuropsychological performance
in AIDS patients. They concluded that a combina-
tion of factors, including synaptic damage, specific



neuronal loss, and increasing viral load underlies
HIV-associated cognitive impairment. Using MRS
and quantitative neuropathology, Gonzalez et al
(2000) have found decreases in synaptophysin im-
munoreactivity in frontal cortical gray matter, indi-
cating synaptodendritic injury. Also, a study using
beta-amyloid precursor protein (beta-APP) immunos-
taining as a marker found evidence of axonal damage
in both asymptomatic and symptomatic HIV+ indi-
viduals (An et al, 1997).

In a rhesus macaque model of HIV infection, Li
et al (1999) found that productive infection of cells of
the macrophage lineage in the CNS is associated with
inflammation, increased expression of inducible ni-
tric oxide synthase (iNOS) and dendritic injury, and
concluded that increased NO accompanying produc-
tive infection and encephalitis may be one cause of
neuronal injury in SIV infection. A recent study by
Mankowski et al (2002) found that beta-APP accumu-
lation in the white matter (corpus callosum) of SIV-
infected macaques develops during SIV infection, in
close correlation with levels of viral replication and
may serve as a sensitive marker of neuronal/axonal
damage mediated by viral proteins.

Conclusions

The progression of human neuro-AIDS can be effec-
tively modeled, over a relatively short time course,
using monkeys infected with neurovirulent SIV. Pre-
viously reported studies have shown that behavioral
deficits and clinical signs in monkeys resemble those
found in HIV-infected humans. The disease course
of the SIV-infected macaques in this study took two
distinct routes; six monkeys exhibited a rapid dis-
ease progression, whereas the other two experienced
a much slower disease progression. The results pre-
sented in this study show profound neuron loss in
the GP and a lesser loss in the DA-containing neurons
of the SN of rapid progressors, compared to controls,
and significantly reduced neuronal density in the GP.
Neuropathology was particularly evident in the GP,
including perivascular cuffing, multiple inflamma-
tory foci, and evidence of multinucleated giant cells
in three animals. Many of these same neuropatholog-
ical findings were evident in the SN, though not as se-
vere as in the GP. Slow progressors did not show large
changes in neuron number, minimal neuropathology,
minimal alterations in neuronal morphology, and no
signs of ataxia.

Although neuron loss was prominent in most of the
rapid progressors, AQ12 and AQ38 had severe neu-
ropathology, but did not have a corresponding neuron
loss. However, these two animals did show changes
in neuronal morphology that were greater than the
changes found in some of the other rapid progres-
sors. Alterations in neuronal morphology and den-
dritic pathology may provide a potential explanation
for the observed clinical neurological symptoms and
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MEP irregularities in the rapid progressors, and in
AQ12 and AQ38 in particular. Dendritic and synap-
tic damage without frank neuronal loss may be seen
in milder HIV-related cognitive disorders.

Thus, it seems that in addition to the standard
postmortem neuropathological assessments now per-
formed, neuronal counting methods based on stere-
ology may be needed to supplement standard neu-
ropathological analyses to more accurately describe
the biological basis for observed AIDS-related motor
and cognitive impairments. Further, loss of dendrites
and other changes in neuronal morphology may need
to be investigated more rigorously as possible fac-
tors underlying behavioral and neurological causes
for neurophysiological deficits. Synapse volume es-
timates, performed by stereological methods, could
enhance the ability to detect subtle changes that may
accompany cognitive impairment in HIV infection.
As synaptic damage is potentially reversible, early
diagnosis and treatment of mild cognitive disorders
may improve functioning and prevent the progres-
sion of brain disease. An understanding of the fac-
tors that impact neuronal loss, dendritic damage, and
synaptic damage is important to the development of
neuroprotective agents in the treatment of HAD, and
to design new therapies for HAD-related psychiatric
symptoms.

Material and methods

Subjects

Eight male rhesus monkeys (Macaca mulatta) of
Indian origin were used in this study. The monkeys
were herpes B virus negative, specific pathogenfree
(SPF), from the same colony, approximately the same
age (4 to 5 years), and all were raised under the
same conditions. Animals were individually housed
following Animal Biosafety Level 2 criteria in an
American Association for Accreditation of Labora-
tory Animal Care (AAALAC) accredited facility. All
work involving these monkeys conformed to the pro-
cedures outlined in the Guide for the Care and Use
of Laboratory Animals published by the U.S. Depart-
ment of Health and Human Services, National In-
stitutes of Health. These animals were behaviorally
trained, infected with neurotropic strains of SIV e,
and subsequently euthanized following development
of end stage simian AIDS. The behavioral test bat-
tery included measures of motor skill and cogni-
tive function. Motor-, somatosensory-, auditory-, and
visual-evoked potential were recorded 1 month prior
to inoculation and every 4 to 6 weeks after inocula-
tion. Five naive monkeys served as controls for the
evoked potentials and for stereological assessment.

Viral inoculation

Of the eight monkeys used in this study, four initially
served as controls for a period of 6 months. The rest
were inoculated by femoral bone marrow injection
with two passaged strains of neurovirulent SIV .
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(R71 and 17E). After the majority of the SIV-infected
monkeys were euthanized, the four control monkeys
were infected in the same way, with the same two
virus strains. All animals received 0.5 ml of each vi-
ral homogenate (R71 and 17E) for a total volume of
1 ml that contained approximately 1000 TCID5o. All
monkeys were monitored on a daily basis by the re-
search and animal care staff for signs of illness.

Necropsy and histology

Monkeys were euthanized when one of the following
criteria was met: weight loss exceeding 20% of body
weight; inability to maintain an upright sitting pos-
ture; diarrhea unresponsive to therapy; severe loss
of appetite; or failure to eat or drink for 2 consec-
utive days. Although five of the rapid progressors
reached end-stage disease and met one of these cri-
teria, one rapid progressor (AQ69) developed weak-
ness and weight loss but died when recovering from
anesthesia for an MRI. The two slow progressors de-
veloped somewhat different clinical signs, although
both had some degree of weight loss. AQ15 was eu-
thanized because of persistent bleeding from a skin
tumor. At necropsy, this monkey was also found to
have widely disseminated internal tumors and hep-
atitis. AQ94 was euthanized because of severe sys-
temic illness (hepatitis, liver failure, wasting).

At necropsy, the animals were anesthetized with
pentobarbital (10 mg/kg) given intravenously after
initial ketamine tranquilization. In six of the SIV-
infected animals and in all of the uninoculated
control animals, brains were fixed by transcardial
perfusion with 10% neutral-buffered formalin with-
out saline perfusion. One of the infected macaques
(AQ43) was not perfused with formalin so that fresh
tissue samples could be taken for molecular analy-
sis. Thereafter, in AQ43, saline was perfused through
the aorta, and then the brain was removed and fixed
immediately by immersion in 10% neutral-buffered
formalin. The brain of AQ69 was fixed by immersion
in 10% neutral-buffered formalin without perfusion.
A complete postmortem examination was performed
on each animal. Characteristic tissue morphology
changes were used to assess the presence or absence
of opportunistic infections.

All brains were bisected midsagittally, and the right
hemispheres were used for neuropathological assess-
ment using standard hematoxylin and eosin (H&E)
staining of paraffin embedded tissue, sectioned at
5 um (Raghavan et al, 1999). The left hemispheres
were blocked in a standard coronal plane into a 38-
mm-thick block and cryoprotected in 30% sucrose in
0.1 M phosphate buffer. The entire block was frozen-
sectioned at 50 um using a sliding microtome, yield-
ing 640 to 700 sections. A 1 in 10 series of these
sections was mounted and stained with 1% thionin.
To visualize TH in the SN, sections were incubated
free-floating in preblock solution (10% normal goat
serum in phosphate-buffered saline (PBS)), washed,
and incubated in primary antibody (TH rabbit poly-

clonal, 1:1000, Pel-Freez) overnight at room temper-
ature. Sections were washed, incubated in biotiny-
lated goat anti-mouse or anti-rabbit immunoglobulin
G (IgG) diluted 1:200, washed, and incubated accord-
ing to the protocol supplied by Vector Laboratories in
their ABC Elite kit, and finally washed and reacted
with 0.5% diaminobenzidine with 0.1% H;O;. They
were then counterstained with 1% thionin.

Optical fractionator analysis

Globus pallidus: A subsample of sections that con-
tained both the internal and external segments of the
GP was selected. Beginning with a randomly selected
start, every other slide was chosen for stereology. A
1-mm grid was placed at a random location over the
GP on the backside of each slide in which the nucleus
was present, and counts were made at the intersec-
tions of the grid bars. A 100x objective, NA 1.35,
was used to obtain a thin focal plane through the sec-
tions for these studies. Neurons were counted when
perikaryal cytoplasm first appeared in focus using an
optical disector of 49 um x 49 um x 10 um. The
total section thickness was measured at each loca-
tion. Neuron numbers were then calculated by the
formula:

N =%Q" = (1/ssf)(1/asf)(t/h)

where ¥Q~ = total cells counted; ssf = section sam-
pling fraction (1 in 20); asf = area sampling frac-
tion (obtained by comparing the area of the counting
frame to the 1 mm sample spacing); t = mean section
thickness (about 20 um); and h = height of counting
frame (10 um). The coefficient of error (CE) was cal-
culated as described in (West et al, 1991). The CE
is a measure of the precision of the unbiased esti-
mates of volume and neuron number for each struc-
ture examined. Sampling error was maintained at a
low level, as evidence by CE estimates of 0.11 or less
for all sections (Table 3). Thus, the values for volume
and neuron number derived from the count of a sam-
ple of approximately 10 sections per animal have
yielded a very accurate, unbiased estimate of the val-
ues for the whole structure. Volume of the nucleus
was estimated using stereological probes for point
counting and the application of Cavalieri’s principle,
which used the total number of 1-mm grid intersec-
tions overlying each region of the nucleus as the point
count (Gundersen et al, 1988). We followed the cri-
teria for differentiating between neurons and glia de-
scribed by (Suner and Rakic, 1996); cells were con-
sidered neurons if they had round or smooth nuclei,
the presence of nucleoli was observed, and cell body
size was considerably larger in neurons than glia.

Substantia nigra: Estimates of total cell number
were made on systematic-random sections through
the SN. TH-immunopositive cells were counted using
a computerized hardware-software system (Stereoln-
vestigator, Colchester, VT) on TH-immunostained



Table 3 Coefficients of error for globus pallidus and substantia
nigra

SIV-infected monkeys
AQ70 AQ69 AQ43 AQ12 AQ38 AQ20 AQ15 AQ94

CEs for GP 0.023 0.010 0.022 0.020 0.020 0.017 0.019 0.019
volume
CEs for GP
neuron
number
CEs for SN 0.083 0.079 0.060 NA 0.053 0.046 0.048 0.060
volume
CEs for SN
neuron
number

0.060 0.063 0.081 0.055 0.099 0.072 0.060 0.055

0.050 0.110 0.060 NA 0.090 0.050 0.090 0.060

Control monkeys

\% w X Y Z

CEs for GP volume
CEs for GP neuron number 0.048
CEs for SN volume 0.057
CEs for SN neuron number 0.060

0.018 0.022
0.054
0.055

0.060

0.019
0.043
0.053
0.040

0.019
0.040
0.038
0.090

0.020
0.054
0.043
0.090

NA = not available.

sections counterstained with Nissl. Sampling error
was 0.15 or less for all estimates (Table 3).

Neuropathological analysis

Alternating serial sections through the entire GP and
SN were initially examined at 4 x magnification. Each
layer was then carefully evaluated at 10x and higher
for the presence of perivascular cuffing, multinucle-
ated giant cells, and microglial nodules. Cases were
compared according to the quality and quantity of
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these features for an overall relative grade of 0 to 4 in
the GP. Changes in the SN were less severe than in the
GP; the same grading scale was used in the SN, but
all severity values were within the 0 to 2 range. The
number and size of microglial nodules in each case
was the primary determinant of overall pathologic
severity. It should be noted that the neuropathologi-
cal analyses in this study were performed separately
and are different from those presented in Raghavan
et al, 1999, even though the same animals were ex-
amined in both studies.

In addition to the quantitative analysis of classic
neuropathology, we also observed a very prominent,
progressive change in neuronal morphology in the
rapid progressors. For the animals in which there was
more severe neuropathology, we noted changes such
asretracted dendrites, complete loss of dendrites, and
an alteration of soma shape. We were not able to as-
sess the severity of these changes quantitatively in
this study, but felt it was an important enough obser-
vation to discuss along with the other neuropatho-
logical findings, as these alterations in neuronal mor-
phology were not found in the normal brain tissue of
the control animals.

Neurological analysis

Ataxia, tremor, and weakness were determined by
daily observation before and during behavioral test-
ing, and as seen in weekly home cage behavior tapes.
In addition, periodic neurological evaluations were
performed, in which grip strength, gait, and climb-
ing ability were assessed qualitatively. Disturbance

Figure 3 Examples of abnormal neuronal morphology in AQ12 and AQ38. In each row, the panel from the GP and the panel from
the SN are from the same animal. Left column: Thionin-stained sections from the GP. Both AQ12 (A) and AQ38 (C) exhibit very heavy
perivascular cuffing (arrow), numerous inflammatory foci (arrow head), and microglial nodules. Multinucleated giant cells were also
observed (not shown). In addition, both animals clearly show a loss of dendrites, a rounding of the soma, and a lack of staining in the
cytoplasm. Right column: Thionin- and tyrosine hydroxylase (TH)-stained sections from the SN. Both AQ12 (B) and AQ38 (D) exhibit
misshapen cell bodies and a decrease in the density of the terminal field.
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in gait, problems climbing, and lateralization of
function in grooming and other “typical” primate ac-
tivities were considered and used to determine the
relative severity of ataxia, which was rated on a scale
of 0 to 4. For an extensive discussion of the clinical
symptoms observed and controls for “sickness behav-
ior,” see Marcario, 1999a, 1999b.

Statistical analyses

Descriptive statistics using means and standard devi-
ations were computed for each group and each brain
region. Differences between groups on each end point
were tested using the Wilcoxon rank sum test, and a
Kruskal-Wallis post hoc test. Because it was expected
that the number of neurons could only decrease, and
the control group would not be expected to demon-
strate a change, one-sided tests for differences from
control were used. For all other endpoints, two-sided
tests were used. Only descriptive statistics were used
for the slow progressors, because of the small number
of animals in that group (n=2).

Examination of the individual data on number of
neurons revealed two apparent outliers—in the GP in
monkey AQ12 and in the SN in monkey AQ38. Com-
pared to all of the other animals, there was markedly
less neuron loss than in the other rapid progres-
sors. GP neuron counts for AQ12 were 1.9 standard
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