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Previous work using bone marrow passaged SIV,,,.239 (simian immunodefi-
ciency virus) has shown that macrophage tropic strains of this virus enter the
rhesus macaque brain early following inoculation (Sharma et al, 1992;
Desrosiers et al, 1991; Zhu et al, 1995; and Narayan et al, 1997). As part of an
effort to more fully characterize the extent of neurologic impairment associated
with SIV infection of the brain, we used transcranial electrical stimulation of
motor cortex and the spinal cord to evoke EMG potentials in two forelimb (EDC
and APB) and two hindlimb (LG and AH) muscles. The latencies, magnitudes
and thresholds of motor evoked potentials (MEPs) recorded from nine monkeys
infected with neurovirulent SIV,,,. R71/17E were compared to pre-inoculation
records from the same monkeys. Seven of nine monkeys developed simian
AIDS within 4 months of inoculation and were euthanized. Two monkeys
remained free of AIDS-related clinical illness for over 18 months following
inoculation. Six of the seven monkeys with rapidly progressing disease showed
post-inoculation latency increases (>2 s.d. of control) in at least one cortical
MEP. Increases in cortical MEP latency ranged from 21-97% in different
monkeys. All seven rapidly progressing animals showed post-inoculation
increases in at least one spinal cord MEP latency. Maximum spinal cord MEP
latency increases ranged from 22 -147%. Increases in central conduction time
(CCT) ranged up to 204% and exceeded two standard deviations of control in
four monkeys. Neither of the two monkeys with slowly progressing disease
showed significant increases in either cortical or spinal cord MEP latency or
CCT. Only the monkeys with rapidly progressing disease exhibited classic
AIDS-related neuropathology, although there was no consistent relationship
between the severity of neuropathology and the extent of MEP abnormalities. In
conclusion, our results demonstrate clear deficits in the functional integrity of
both central and peripheral motor system structures associated with SIV
infection and further support the use of SIV-infected rhesus macaques as a
model of neuro-AIDS.
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Introduction

Neurological complications are a common finding
in patients with symptomatic HIV-1 (human im-
munodeficiency virus) infection. About 10% of
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AIDS patients first present with a neurological
complaint (Janssen, 1997). HIV-1 associated demen-
tia occurs in approximately 20% of patients and is
characterized by (1) cognitive impairment including
mental slowness, forgetfulness and poor concentra-
tion; (2) behavioral changes including apathy,
lethargy as well as diminished, dysphoric or
inappropriate emotional responses; and (3) motor
symptoms including the loss of fine motor control,
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unsteady gait and tremor (Navia et al, 1986a,b;
Navia and Price, 1987; Saykin et al, 1991; Glass and
Johnson, 1996; Dal Pan et al, 1997).

It has been known for many years that HIV-1
enters the central nervous system (CNS) early
following exposure (Michaels et al, 1988; Sharer,
1992; Epstein and Gendelman, 1993). Once within
the CNS, HIV-1 preferentially infects microglia
(CNS resident macrophages), although virus has
also been isolated from astrocytes (Takahashi et al,
1996). Primary infection of neurons has not been
convincingly demonstrated (Glass and Johnson,
1996). Neuronal loss associated with HIV-1 infec-
tion of the CNS, therefore, has been attributed to
secondary processes (Everall et al, 1993, 1994; Glass
and Johnson, 1996), although some dispute the
occurrence of neuron loss (Seilhean et al, 1993).
Increasing evidence points to several potential
neurotoxic factors including cytokines, chemo-
kines, excess neurotransmitters and reactive oxygen
species that may be released by HIV-1 infected
macrophages or astrocytes and may trigger an
excitotoxic cascade (Lipton, 1997).

Motor system deficits are a common component
of HIV-1 related cognitive/motor disorder and
AIDS-related dementia (Glass and Johnson, 1996;
Dal Pan et al, 1997). Motor evoked potentials (MEPs)
have been used to investigate the integrity of both
peripheral and central motor pathways in a number
of human disease conditions including HIV-1
infection (Arendt et al, 1992; Moglia et al, 1991;
Connolly et al, 1995). MEPs are electromyographic
(EMG) potentials recorded from muscles in re-
sponse to either electrical or magnetic stimulation
of the cerebral motor cortex or the spinal cord.
Stimulation of motor cortex provides a measure of
conduction time along both central corticospinal
pathways to spinal cord motoneurons and periph-
eral conduction from the spinal cord to muscles.
Hence, cortical motor evoked potentials provide a
measure of total conduction time. Stimulating the
spinal cord, on the other hand, provides a measure
of conduction time along just the peripheral part of
the pathway. A measure of central conduction time
can be obtained by subtracting spinal cord MEP
latency from cortical MEP latency. Based on a study
of 138 HIV-infected patients, Moglia et al (1991)
reported significant increases in central conduction
time in 44% of asymptomatic HIV positive patients
and 72% of patients with AIDS. Several studies
have also reported slowing in peripheral motor
conduction time in both asymptomatic and sympto-
matic HIV-infected patients (Cornblath and
McArthur, 1988; Jakobsen et al, 1989; Fuller et al,
1991), although the presence and extent of MEP
abnormalities in HIV-infected, asymptomatic indi-
viduals has been disputed (McAllister et al, 1992).

Animal models offer important advantages for the
study of retroviral neuropathogenesis. By passaging
SIV,...239 through bone marrow, Narayan and

colleagues developed highly neurovirulent strains
of macrophage-tropic SIV,.. (Sharma et al, 1992;
Narayan et al, 1997). As in HIV-1 disease, SIV is
known to enter the brain early following inocula-
tion and cause productive infection of microglia,
and possibly astrocytes, but not neurons (Narayan et
al, 1997). As in HIV-1 disease, neuronal loss has
also been reported in SIV-infected macaques, both
in the brainstem and in the cortex (Berman et al,
1998; Adamson et al, 1996; Weihe et al, 1993).

Prospero-Garcia et al (1996) demonstrated neuro-
physiological alterations in cortical and brainstem
responses to visual and auditory stimuli in rhesus
macaques infected with microglial-passaged
SIV,...251. More recently, Raymond et al (1998) re-
ported delaysin the latencies of peaks in the auditory
brainstem response of SIV-infected macaques.

Behavioral performance in SIV-infected monkeys
has also been examined. Murray et al (1992) first
demonstrated cognitive and motor impairments in
SIV-infected rhesus monkeys using the Delta B670
strain of SIV. Although cognitive deficits were
observed in some monkeys on delayed match to
sample and visual discrimination and learning
tests, nearly all of the monkeys tested (8/10) were
impaired on a test of motor skill requiring the
monkey to retrieve a food pellet from a rotating disk.
More recently, Fox et al (1997) reported that rhesus
macaques infected with microglial-associated SIV
showed deficits in attention set shifting, bimanual
motor skill and progressive ratio task performance.
We have found that monkeys infected with the same
neurovirulent strains of SIV used in the present
study showed clear deficits in reaction time and
movement time on simple and choice reaction time
tasks (Marcario et al, 1999). However, decision
making time (choice minus simple reaction time)
was not consistently affected. Taken together, these
studies suggest that while deficits in cognitive
function occur in association with SIV disease
progression, motor system dysfunction may be
more prominent.

Previous studies in both HIV-1 infected humans
and SIV-infected monkeys have demonstrated
neuronal loss in motor cortex suggesting that the
corticospinal system is a target of damage (Masliah
et al, 1992; Everall et al, 1993; Weihe et al, 1993).
Therefore, the purpose of this study was to test the
functional integrity of the forelimb and hindlimb
motor output apparatus in rhesus macaques inocu-
lated with a combination of two neurovirulent
strains of SIV,.. Our findings show significant
slowing in spinal cord (peripheral conduction time)
and cortical motor evoked potentials (MEPs) in
monkeys with rapidly progressing disease, occur-
ring in as little as 6 weeks following inoculation.
Subtracting spinal cord MEP latency from cortical
MEP latency revealed that central conduction time
was also increased in four of seven monkeys with
rapidly progressing disease. Neither of two mon-



keys with slowly progressing disease showed
increases in peripheral or central conduction time.
Demonstration of SIV-induced motor system patho-
physiology confirms the appropriateness of this
model for further investigations of the mechanism
of AIDS-related neurological impairment.

Results

Mortality and morbidity

A total of nine Rhesus macaques were inoculated
with SIV_...R71/17E via femoral bone marrow
injection at two different time-points. Four of the
nine animals served initially as controls, but after 6
months these monkeys were also inoculated to
increase sample size. Seven of nine monkeys
progressed to end-stage AIDS within 16 weeks of
inoculation and were considered rapid progressors.
At necropsy, monkeys exhibited one or more of the
following clinical signs: weight loss, diarrhea,
tremor, ataxia, weakness, dermatitis, gingivitis, oral
lesions, skin lesions, and dysphagia (Table 1). One
animal (AQ69) died prematurely from anesthesia
associated with a MRI. At the time of death, this
monkey had mild weakness and weight loss. Two
animals became productively infected with SIV but
survived for 109 (AQ15) and 87 weeks (AQ94)
weeks and were considered slow progressors. At the
time of euthanasia, one of these monkeys (AQ15)
exhibited widely disseminated skin tumors, mild
wasting and anemia, possibly due to persistent
epistaxis; the other monkey (AQ94) was jaundice
and showed signs consistent with acute liver
disease.

Reproducibility of MEPs

Figure 1 shows examples of single trial EMG
responses from two muscles elicited by electrically

Table 1. Clinical signs of SIV infected monkeys.
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stimulating the motor cortex (cortical MEPs) and
spinal cord (cervical cord MEPs) at different
intensities (1.25, 1.5 or 3.0 times threshold for a
motor response). Averages of the single trials shown
in each column are given in the bottom row of the
figure. All measurements were made from averaged
records. The somewhat greater trial-to-trial varia-
bility in cortical MEPs compared to spinal cord
MEPs is probably due largely to fluctuations in
cortical and motoneuronal excitability. Neverthe-
less, latency and magnitude variability in both
spinal and cortical MEPs were relatively small
yielding average records with highly reproducible
features.

Cortical MEP latency changes

Of the seven animals that progressed rapidly to end-
stage disease, five (AQ70, 12, 43, 38, 47) showed
post-inoculation increases in cortical hindlimb
MEP latency that exceeded the control mean by
more than two standard deviations (Table 2).
Increases were present for both the lateral gastro-
cnemius (LG) and abductor hallucis (AH) muscles.
Six of seven monkeys (all except AQ12) showed
increases in cortical forelimb MEPs, although only
two of these monkeys (AQ47, AQ38) had increases
in both extensor digitorum communis (EDC) and
abductor pollicis brevis (APB) muscles. Combining
forelimb and hindlimb cortical MEPs, one or more

latency was increased in all seven monkeys. Four

monkeys showed increases in three or more cortical
MEPs; two showed increases in all four cortical
MEPs.

Figure 2 shows the distribution of latency

changes in SIV-infected monkeys obtained during
the final MEP session (end-stage AIDS) compared to
pre-inoculation latencies. Data for control monkeys
are based on MEPs obtained over a comparable

Disease Weeks
Monkey progression  Inoculated Death survived Clinical signs at necropsy
AQ70 Rapid 01/12/96 04/18/96 14 Weight loss, facial and generalized subcutaneous
edema, ataxia, skin lesions, loss of appetite, weakness
AQ69 Rapid 01/12/96 03/16/96 9 Weight loss, resting tremor, epistaxis, skin lesions, weakness
AQ43 Rapid 01/12/96 02/23/96 6 Weight loss, diarrhea, cyanosis, severe ataxia, dysphagia,
bleeding gums
AQ12 Rapid 01/12/96 04/16/96 14 Weight loss, diarrhea, cyanosis, severe tremor, severe ataxia,
weakness
AQ47 Rapid 07/03/96 08/27/96 8 Weight loss, diarrhea, cyanosis, slight
tremor, minor ataxia, loss of appetite
AQ38 Rapid 07/03/96 08/23/96 7 Weight loss, diarrhea, tremor, severe ataxia, skin rash,
loss of appetite, weakness
AQ20 Rapid 07/03/96 08/26/96 8 Weight loss, diarrhea, cyanosis, ecchymosis, oral lesions
AQ15 Slow 01/12/96 02/10/98 109 Weight loss, cyanosis, dermatitis, diarrhea, edema, epistaxis,
oral lesions, skin lesions, tumors
AQ94 Slow 07/03/96 03/04/98 87 Weight loss, cyanosis, jaundice, diarrhea, weakness, loss of

appetite

N/A=not available.
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Table 2 Summary of MEP latency increases.

Cortical Cord

Disease  SIV neuro- SIV p27 CD4 Cervical ~ Cervical =~ Lumbar  Lumbar
Monkey  progression pathologyt (pg/ml)it (cells/ul)i EDC APB LG AH EDC APB LG AH
AQ69 Rapid N/A 1288 965 * *
AQ70 Rapid Mild 3830 2356 * * * * * * *
AQ12 Rapid  Moderate 4737 658 * * * *
AQ43 Rapid Severe 4902 518 * * * * * * *
AQ38 Rapid Severe 5238 1187 * * * * * * *
AQ47 Rapid Mild 5645 1540 * * * * * * * *
AQ20 Rapid Mild 5688 51 * * *
AQ15 Slow Mild 225 177
AQ94 Slow None ND7f 119

N/A=not available, ND=not detectable. tApplies to motor system structures: motor cortex, basal ganglia, cerebral peduncles, long
white tracts, and peripheral nerve. *Latency increase >2 s.d. of the mean. 11SIV serum p27 is a measure of viral load. 111AQ94 had
p27 protein levels as high as 332 earlier during the study. {The normal range for CD4 cell counts is 1000—2000/ul. Both p27 and CD4

cell counts are based on the final measurement prior to euthanasia.
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Figure 1 Examples of cortical and cervical cord MEPs illustrating how the data was collected. Ten single trials were collected for
cortical MEPs at 1.25 and 1.5 times threshold. For spinal cord MEPs, five single trial records were collected at 1.25 and 1.5 x threshold;
two to three were collected at 3 x threshold. The single trial records were then full-wave rectified and averaged. MEP amplitude for the
3 x threshold average record was considered the maximum MEP and assigned a value of 100% for the purpose of quantifying all other

records obtained for that muscle.

period of time (6 months). The results presented in
this figure differ slightly from the summary in Table
2 because Table 2 takes into account data from all
MEP recording sessions. As in Table 2, this figure,
depicting changes for the final MEP session, shows
that all rapidly progressing monkeys had at least
one MEP latency increase that exceeded two
standard deviations. None of the latencies of the
slowly progressing monkeys exceeded two standard

deviations. Maximal increases in cortical MEP
latency ranged from 21-97% in different rapidly
progressing animals. Changes in cortical MEPs for
control monkeys were centered about zero and
ranged in magnitude from —7.6 to 7.8%. Reduc-
tions in latency (negative changes) observed for SIV
monkeys were in the same range as those observed
for control monkeys and can be attributed to normal
variability. Mean latency increases in LG were



somewhat greater than those in AH (20% versus
8%); mean increases in EDC were greater than those
in APB (36% versus 7%).

Figure 3 shows examples of cortical MEPs from
four different monkeys. Records for two rapidly
progressing SIV-infected monkeys exhibit clear
latency increases while those for a control monkey
and a slowly progressing SIV-infected monkey
show no changes over a similar period of time.

Spinal cord MEP latency changes

Six of the seven SIV-infected monkeys with rapid
progressing disease (all except AQ69) showed post-
inoculation increases in spinal cord hindlimb MEP
latencies that exceeded the control mean by more
than two standard deviations (Table 2). Four of
these six showed increases in both hindlimb
muscles tested. All seven monkeys showed in-
creases in spinal cord forelimb MEPs, although
both EDC and APB latencies were increased in only
three of these cases. Neither of the two monkeys
with slowly progressing disease showed increases
in spinal cord MEP latencies.

Maximum cord MEP latency increases for differ-
ent rapidly progressing SIV-infected monkeys
ranged from 33-147% (Figure 2). Changes for
control monkeys were centred about zero and
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Figure 2 Distribution of cortical and spinal cord MEP latency
changes in all nine SIV-infected monkeys and four control
monkeys. The dashed lines represent+2 s.d. from the mean of
control monkeys. Individual points correspond to MEP latencies
for different muscles. Each column contains eight points but in
some cases the points are overlapping. Asterisks indicate mean
values. Note that the data in this plot differ slightly from Table 2
because this plot is based on the final post-inoculation MEP
session whereas the statistical analysis for Table 2 took into
account data from all post-inoculation recording sessions. Some
of the SIV and control monkey numbers are the same because
four monkeys were used over a period of 6 months to collect
control data. They were then inoculated to increase the size of
the SIV group.
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ranged in magnitude from —9.3 to 13.8% for
different animals. As with cortical MEPs, latency
increases in LG tended to be greater than those in
AH (mean increase of 62% versus 43%), and EDC
appeared to be more strongly affected than APB
(mean increase of 25% versus 11%).

Figure 4 shows examples of spinal cord MEPs
from four different animals. Records for two
different rapidly progressing SIV-infected monkeys
exhibit clear latency increases while those for a
control monkey and a slowly progressing SIV-
infected monkey show no changes over a similar
period of time.

Central conduction time (CCT) changes

As illustrated in Figure 5, cortical MEP latency is a
measure of total conduction time and represents the
sum of peripheral (spinal cord MEP latency) and
central conduction time. Total conduction time is
the sum of conduction along corticospinal axons to
spinal motoneurons, synaptic transmission at the
motoneuron, time to bring the motoneurons to firing
threshold, peripheral nerve conduction, neuromus-
cular transmission and conduction along muscle
fibers to the recording electrodes (Figure 6). Spinal
cord MEP latency is a measure of the peripheral
component of this pathway including conduction
along peripheral motor axons, neuromuscular
transmission, and conduction along muscle fibers
to the EMG electrode recording site. CCT is
routinely computed by subtracting peripheral con-
duction time (spinal cord MEP latency) from the
corresponding total conduction time (cortical MEP
latency).

We calculated CCTs for our SIV-infected mon-
keys and for data collected from the four animals
that initially served as controls. Control data were
used to define the two standard deviation bound-
aries. Changes in CCT were examined by calculat-
ing the per cent change in post-inoculation CCT
(based on data from the final MEP session)
compared to pre-inoculation CCT for each mon-
key. CCT data for control animals was collected
over the same length of time as that for the rapid
progressors. Four of the rapid progressors (AQ20,
AQ12, AQ38, AQ47) showed 50% or greater
increases in CCT, well above the two standard
deviation criterion (Figure 7). Some smaller
decreases in CCT were also observed, although
mechanisms other than increased conduction
speed probably explain these changes (see Discus-
sion). The two monkeys with slowly progressing
disease did not show changes in CCT that differed
significantly from changes observed in control
monkeys. Although individual monkeys showed
increased CCTs, the mean change in CCT for all
SIV-infected monkeys of 13.84+23.9% (s.d.) was
not significantly different (P> 0.3, Mann-Whitney
rank sum test) from the increase of 3.154+13.6%
(s.d.) observed in control animals.
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Cortical Motor Evoked Potentials
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Figure 3 Examples of cortical MEPs recorded over a period of 4—5 months in SIV-infected monkeys and a control monkey. Panels A
and B show records for two SIV-infected monkeys that progressed rapidly to end-stage disease. The last record shown was the final
MEP obtained and corresponded with end-stage disease. Panel C shows records for an uninoculated control monkey. Panel D shows
records for a slowly progressing SIV-infected monkey that remained free of clinical signs over the same period of time as data shown
for the other monkeys. Cortical MEP latencies did not increase in either the control or slowly progressing monkeys. Light gray records

were obtained after the date of inoculation (1/12/96).

Cortical MEP magnitude and threshold changes
Changes in the magnitude of cortical MEPs were
expressed as a percentage of maximal (3 x thresh-
old) spinal cord MEP magnitude. Pre-inoculation
cortical MEP magnitudes were similar for the
forelimb and hindlimb and ranged from 4-60% of
maximum in different muscles. Post-inoculation
magnitudes ranged from 1-52%. SIV monkeys
showed no significant changes in cortical MEP
magnitude over a similar time period as that used
for control monkeys.

Over the course of the study, we also measured
stimulus thresholds for evoking cortical and spinal
cord MEPs. Threshold was expressed as a percen-
tage of maximum stimulator output. Pre-inoculation
mean thresholds for the SIV-infected monkeys did

not differ from the mean thresholds of the last post-
inoculation MEP session. Pre-inoculation mean
cortical hindlimb and forelimb MEP thresholds were
24+7% (s.d.) and 20+6% respectively; the corre-
sponding post-inoculation thresholds were 23+5
and 20+8%. Pre-inoculation mean spinal cord
hindlimb and forelimb MEP thresholds were 17+ 3
and 20+4% respectively; the corresponding post-
inoculation thresholds were 194+4 and 21+ 7%.

Onset of conduction delays in relation to disease
progression

In all cases except two, significant MEP conduction
delays were only observed for the last evoked
potential series when the monkey had reached
end-stage disease. Two monkeys (AQ12 and AQ70)
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Lumbar Spinal Cord Motor Evoked Potentials
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Figure 4 Examples of spinal cord MEPs obtained over a period of 4—6 months in SIV-infected and a control monkeys. Panels A and
B show records for two SIV-infected monkeys that progressed rapidly to end-stage disease. The last record shown was the final MEP
obtained and corresponded with end-stage disease. Panel C shows records for an uninoculated control monkey. Panel D shows records
for a slowly progressing SIV-infected monkey that remained free of clinical signs over the same period of time as data shown for the
other monkeys. Spinal cord MEP latencies did not increase in either the control or slowly progressing monkeys. All monkeys were
infected on 1/12/96. Light gray records were obtained after inoculation.

showed conduction delays in two sessions prior to
necropsy providing evidence for progression of
neurologic disease. Monkey AQ12 showed progres-
sive increases in cortical and spinal cord hindlimb
MEP latency for two sessions prior to necropsy
(Figure 3A); monkey AQ70 showed increases in
lumbar spinal cord MEPs for two sessions prior to
necropsy (Figure 4A). Spinal cord latency changes
were observed 2 weeks prior to increases in latency
of cortical responses for both AQ12 and AQ?70.

Other signs of motor system pathophysiology

Six rapid progressors (all except AQ20) exhibited
clinical signs of motor system pathophysiology
including ataxia and tremor. One of these monkeys
(AQ12) also showed enhanced stretch reflexes and
clonus of the ankle extensors (Figure 8). Cortical
and spinal cord MEP latency increases were also
observed. In fact, this monkey showed one of the
largest increases in overall post-inoculation MEP
latency (Figure 2).
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Figure 5 Measurement of MEP latencies. Peripheral conduction time was measured from stimulation of the cervical or lumbar spinal
cord. A measure of total conduction time (peripheral and central) was obtained from transcranial electrical stimulation of motor
cortex. An estimate of central conduction time (CCT) was obtained by subtracting peripheral conduction time from total conduction

time.

Neuropathological, virological and immunological
correlations

Evidence of typical retroviral induced CNS neuro-
pathology was observed in seven of eight animals
from which tissue was available. Neuropathological
findings consisted of perivascular cuffing, micro-
glial nodule formation, multi-nucleate giant cell
reactions and peri-lesional axonal degeneration
caused by white matter inflammatory lesions. The
severity of pathology varied from animal to animal.
Macaques AQ43 and AQ38 had severe disseminated
meningo-encephalomyelitis in the form of nodular
and perivascular mononuclear inflammatory cell
infiltrates composed of monocyte-macrophages and
microglia, multinucleate giant cells (MGCs) and
some lymphocytes (Table 2). In white matter, these
infiltrates caused mild perilesional axonal damage
and demyelination. Systematic examination of the
distribution of lesions along the central and
peripheral motor pathways revealed extensive
involvement of not only the long tracts (internal
capsules, cerebral peduncles, pyramids and des-
cending spinal tracts), but also the grey matter of the
motor cortex and deep nuclei. This was accompa-
nied by focal neuronal destruction in the affected

areas. In contrast, macaques AQ12, AQ70, AQ47
and AQ20 demonstrated lesions of less intensity
and dissemination. Pathology in these animals was
restricted to the cerebral white matter and long
tracts of the central motor pathways. Grey matter
changes or obvious neuronal destruction was not a
feature in these animals.

Significant involvement of the spinal anterior
horn cells or peripheral nerves was not obvious. At
necropsy, samples of peripheral nerve (median,
tibial, sciatic and femoral) were routinely taken and
examined for evidence of pathology using light
microscopy and tissue sections stained with hema-
toxylin and eosin. Peripheral nerve lesions were
rare and seen only in macaque AQ12.

It is noteworthy that all monkeys with rapidly
progressing disease, in which a pathological analy-
sis was possible, showed classic AIDS-related
neuropathology (microglial nodules and multi-
nucleate giant cells). In contrast, neither of the two
animals with slowly progressing disease showed
classic AIDS-related neuropathology, even though
the post-inoculation life-spans of these monkeys
were much longer and they did develop clinical
AIDS-related disease. AQ15 showed only mild,
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Figure 6 Illustration of the motor output pathways underlying cortical and spinal cord MEPs. Transcranial electrical stimulation
evokes a descending volley of action potentials in corticospinal neurons (CSN). Many of these neurons make monosynaptic excitatory
connections with large and small alpha motoneurons. However, at the relatively low intensities of stimulation used in this study,
cortical MEPs will primarily reflect activation of the smaller motoneurons due to the principle of orderly recruitment according to size.
In contrast, because electrical stimulation activates large axons at lower stimulus intensities then small axons, our spinal cord MEPs
will primarily reflect activation of large motor axons. This has important implications for interpreting central conduction time data.
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Figure 7 Distribution of central conduction time (CCT) changes
for all nine SIV-infected monkeys and four monkeys that
initially served as control animals. The dashed lines represent
+2s.d. from the mean of the control data. Individual points
illustrate CCT for different muscles. Each column contains four
points but in some cases the points are overlapping. This plot is
based on the per cent difference between the pre-inoculation
and final post-inoculation CCTs for each animal and muscle.
Control data was collected over a period of 6 months and the per
cent difference between the first and last control sessions are
shown.

focal meningo-encephalitis and AQ94 had no
neuropathological changes involving motor system
structures. However, it should be noted that the
severity of motor system neuropathology did not
always match the extent of MEP abnormalities. For
example, AQ47 and AQ70 had only mild neuro-
pathological changes, but both of these monkeys
showed marked changes in nearly all MEPs tested
(Table 2, Figure 2).

Neither was there a consistent relationship
between viral load (p27 levels) or CD4 cell count
and the extent of MEP abnormalities within the
group of rapid progressors (Table 2, Figure 2).
However, the fact that the slow progressors showed
no MEP deficits and had very low viral loads and
also low CD4 cell counts compared to the rapid
progressors suggests that viral load is a more
important predictor of neurological injury.

Discussion

In this study we present evidence for delays in
cortical and spinal cord MEPs associated with
neurovirulent SIV infection in rhesus macaques.
Of nine infected monkeys on which data was
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Figure 8 Abnormal stretch reflex response obtained from the
lateral gastrocnemius in one SIV-infected monkey (AQ12) that
exhibited clinical neurological symptoms including ataxia and
tremor. Rapid ankle flexion denoted by the lower record
produced a reflex response that was larger and prolonged
compared to that obtained from a control monkey (B) under
similar conditions. Even more abnormal was the existence of a
second, equally large reflex response suggesting the presence of
clonus. Average records based on 21 trials in A and 14 trials in B.
Magnitude was quantified in relation to the 3 x threshold lumbar
cord MEP taken as 100%. Note the difference in vertical scales.

collected, seven progressed to end-stage disease
within a period of 4 months or less (rapid
progressors) and all of these monkeys showed
latency increases in at least one of eight MEP types
(cortical and spinal cord MEPs for each of four
muscles). In some cases, latency increases were
present over multiple post-inoculation test sessions.
However, the magnitude of latency increases were
most prominent for the last recording session
corresponding to end-stage disease.

In two monkeys (AQ15 and AQ94) disease
progression was slow. At 87 and 109 weeks
respectively, complications related to systemic
disease (wasting, liver dysfunction and skin tumors)
necessitated euthanasia. At necropsy, these two
animals had p27 levels that were much lower than
monkeys with rapidly progressing disease (Table 2).
In fact, blood levels of p27 remained low (<60 pg/
ml) over most of the disease course. CD4+ cells
showed a progressive decline over a period of
several months and at the time of necropsy were
lower than most of the monkeys with rapidly
progressing disease. Neither AQ15 nor AQ94

showed significant MEP latency increases. Neither
did these two monkeys show increases in the
latency of auditory brainstem responses (Raymond
et al, 1998). Based on these findings and the
complimentary findings of Westmoreland et al
(1998), we conclude that these two monkeys
developed systemic AIDS in the absence of sig-
nificant neurological disease and that SIV induced
encephalitis and neurologic impairment is char-
acteristic of rapid disease progression.

Spinal cord MEPs provide a measure of periph-
eral conduction time (Mills and Murray, 1986;
Kimura, 1989). Increased peripheral conduction
time is most easily attributed to axonal conduction
slowing or failure, possibly related to demyelina-
tion or axonal loss. Despite the fact that peripheral
conduction latencies showed large increases (as
much as 147%), peripheral nerve pathology visible
at the light microscopic level appeared to be
minimal. Only one monkey (AQ12) showed clear
evidence of peripheral nerve inflammatory lesions.
However, our histological technique could have
missed more subtle axonal loss or demyelination.
Also, peripheral nerve pathology may have been
localized to regions of the nerve that we did not
examine. Using simple light microscopy, we ex-
amined 2 cm long sections of different peripheral
nerves (median, sciatic, posterior tibial, and femor-
al) in both longitudinal and transverse sections. In
the absence of overt structural pathology, conduc-
tion slowing could result from a pathophysiological
process affecting ion channels and excitability
(Koller et al, 1997). In any case, the increases in
spinal cord MEP latencies indicate the presence of
underlying peripheral nerve pathophysiology if not
actual neuropathy or myelopathy.

We computed CCT by subtracting spinal cord
MEP latency (peripheral conduction time) from the
corresponding cortical MEP latency (total conduc-
tion time). We observed substantial increases in
CCT in four monkeys suggesting slowing of central
motor pathways. This is consistent with clear
evidence of CNS white matter pathology in our
animals. It is of interest that changes in CCT were
only observed for animals with rapidly progressing
SIV disease. Monkeys with slowly progressing
disease did not show changes in either central or
peripheral conduction time.

It is puzzling that decreases in CCT time were
also observed (Figure 7). The possibility that this
might be due to actual increased central conduction
velocity seems highly unlikely, but there are other
factors that might explain this result. For example,
it is likely that cortical and spinal cord MEPs are
mediated predominately by small (slowly conduct-
ing) and large (rapidly conducting) motoneurons
respectively. This is because cortical MEPs involve
synaptic activation of motoneurons whereas spinal
cord MEPs involve electrical stimulation of moto-
neuron axons (Kimura, 1989). What is most relevant



for our study is the possibility that viral injury may
preferentially affect large axons as suggested by
Fuller et al (1991). In this case, and given that the
cortical and spinal cord MEPs rely on slow and fast
conducting motoneurons respectively, marked per-
ipheral MEP latency increases could occur without
comparable cortical MEP latency increases (Figure
6). Comparison of pre- and post-inoculation CCTs
might then yield negative changes, falsely suggest-
ing faster conduction (Figure 7).

Studies of MEPs in asymptomatic and sympto-
matic HIV-infected humans have yielded conflict-
ing results. All studies seem to agree that the late
stages of disease (CDC stage IV) are characterized by
a clear peripheral neuropathy involving both
sensory and motor axons (Cornblath and McArthur,
1988), although some even question this (McAllister
et al, 1992). However, several studies report
peripheral conduction slowing associated with
earlier, asymptomatic stages of disease (Jakobsen
et al, 1989; Fuller et al, 1991), while others find that
peripheral conduction slowing is only present
when disease has progressed to a late stage and
clinical symptoms are present (Farnarier and
Somma Mauvais, 1990; Ronchi et al, 1992). Reports
of central motor slowing are also conflicting. Moglia
et al (1991) found slowing of transcranial MEPs in
both HIV positive, asymptomatic patients (44%)
and patients with AIDS (72%). They attributed most
of the slowing to defects in central motor conduc-
tion time. Others have also reported prolonged
central motor conduction time in asymptomatic,
HIV positive patients (Farnarier and Somma Mau-
vais, 1990; Somma Mauvais and Farnarier, 1992). In
contrast, Grapperon et al (1993) and Arendt et al
(1992) found no evidence of conduction defects in
central motor pathways in either asymptomatic or
symptomatic patients. Our findings support the
view that MEP deficits are present, but associated
with the later stages of disease progression. These
deficits can be attributed to increases in both
peripheral and central conduction time.

All our animals became productively infected
with SIV,.R71/17E as demonstrated by the sub-
stantial levels of p27 found in blood (Table 2). It
should be noted that AQ94 had viral p27 protein
levels as high as 332 pg/ml at one point during
disease progression although in the final sample, p27
was undetectable. Of particular interest is the fact
that at the time of necropsy, monkeys with slowly
progressing disease had very low levels of virus but
also had very low CD4 cell counts compared to
monkeys with rapidly progressing disease. Relating
this finding to the fact that slowly progressing
monkeys did not show MEP deficits, while rapid
progressors did, suggests that viral load is a better
predictor of neurological injury than CD4 cell count.
However, within the group of rapid progressors,
neither viral load nor CD4 cell count was a good
predictor of the severity of MEP abnormalities.
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The severity of classic AIDS-related neuropathol-
ogy (microglial cells, multi-nucleate giant cells) was
also variable. Only the monkeys with rapid progres-
sing disease developed classic AIDS-related neuro-
pathology and only the rapid progressors showed
MEP deficits. Therefore, at this level, there was good
agreement between neuropathological and MEP
findings. However, it should be emphasized that
within the group of rapid progressors, the severity of
pathology was not a good predictor of the severity of
MEP deficits. For example, two monkeys with only
mild pathology had extensive MEP abnormalities
(AQ47 and AQ70; Table 2). Discordance between
pathology and function has also been noted in
studies of HIV-1 infected humans (Glass et al,
1993; Everall et al, 1994) and in a previous study of
behavioural deficits in rhesus macaques infected
with the Delta B670 strain of SIV (Rausch et al, 1994).

In conclusion, we have demonstrated substantial
post-inoculation latency increases in both spinal
cord and cortical MEPs in SIV,..R71/17E infected
rhesus macaques with rapidly progressing disease.
Over half of the monkeys with rapidly progressing
disease also showed substantial increases in CCT.
Therefore, both peripheral and central motor path-
ways seem to be targets of SIV-related pathophy-
siology. We attribute delays in peripheral and
central conduction to injury of corticospinal neu-
rons and motoneurons, respectively. While demye-
lination and/or neuronal loss is the most likely
explanation of this slowing, the lack of obvious
peripheral nerve pathology in most of our monkeys
raises the possibility of functional injury (Koller et
al, 1997). These results further establish the
SIV,...R71/17E infected macaque monkey as a
useful model of neuro-AIDS, including a possible
model for the peripheral myelopathy and neuro-
pathy often associated with HIV-1 infection.

Materials and methods

Subjects

Nine, adolescent, male rhesus macaques of Indian
origin were inoculated via bone marrow injection of
the femur with SIV,..R71/17E. Each animal received
0.5 ml of each homogenate for a total volume of 1 ml
containing approximately 1000 TCIDso. The mon-
keys were free of SIV and Herpes B Virus. Four of the
monkeys initially served as sex and age matched
controls over a period of 6 months during which data
were also collected from five monkeys infected with
SIV. After 6 months, the four control monkeys were
also inoculated to increase the size of the SIV cohort.
Daily body temperature and health observations
were noted over the course of disease progression
(Table 1). Blood and CSF samples were collected
from all animals once a week for the first month after
inoculation, every 2 weeks for the second month,
and thereafter at 4-week intervals. All inoculated
monkeys became productively infected with SIV as
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demonstrated by blood levels of p27. Seven of the
nine infected monkeys exhibited rapidly progres-
sing disease and were euthanized within 4 months of
inoculation after developing signs of end-stage
simian AIDS. Disease progression was slow in two
other monkeys (AQ15 and AQ94). These monkeys
were euthanized at 109 and 87 weeks post-inocula-
tion due to systemic complications including wast-
ing, skin tumors and liver disease.

Monkeys were euthanized when one of the
following criteria were met: (1) weight loss exceed-
ing 20% of body weight, (2) inability to maintain a
sitting posture, (3) failure to eat or drink, or (4)
diarrhea unresponsive to treatment. All procedures
in this study conformed to the Guide for the Care
and Use of Laboratory Animals published by the
U.S. Department of Health and Human Services,
National Institutes of Health. The monkeys in this
study were also trained to perform behavioral tasks
(reaction time, working memory, and motor skill)
that were used to detect cognitive and motor
impairments. A battery of sensory evoked potentials
were also recorded. Results of the behavioural and
sensory evoked potential studies will be the subject
of other papers.

MEP recording methods

MEPs were recorded at 4-week intervals including
one, or in some cases, two pre-inoculation sessions.
Following an initial injection of ketamine (10 mg/kg
with atropine at 0.1 mg/kg), anesthesia was main-
tained by subsequent doses of ketamine (10 mg/kg)
every 20— 30 min. Body temperature was measured
at the start and completion of each EP session using
an infrared tympanic thermometer. Temperature
was maintained by surrounding the animal with
heated saline bottles during recording. Subdermal
platinum needle electrodes (Grass® model E2) were
used for differential recording of EMG potentials
evoked by transcranial electrical stimulation of the
motor cortex. Recordings were made from two
hindlimb muscles—lateral gastrocnemius (LG) and
abductor hallucis (AH), and two forelimb muscles —
extensor digitorum communis (EDC) and abductor
pollicis brevis (APB).

MEPs were elicited using a modified bipolar hand
held stimulating electrode (Digitimer model DS180-
031). The cathode and anode were separated by
4 cm and consisted of 1 cm diameter saline soaked
pads. Conductive gel was used to further reduce
resistance. Current pulses (50 microsecond dura-
tion) were generated by a high voltage stimulator
(Digitimer@ Model DS180). MEPS were recorded
using Neurolog amplifiers (Digitimer® NL820 and
NL822 preamplifier) with filter settings of 30 Hz—
10 kHz. EMG signals were digitized at 10 KHz and
averaged using custom software (Neural Averager,
Larry Shupe, University of Washington, Seattle)
written for the Windows® operating system and
Cambridge Electronic Design 1401 plus data acqui-

sition hardware. Averaged MEPs were based on ten
stimulus repetitions for cortical MEPs and five
repetitions for spinal cord MEPs.

Cortical MEPs provide a measure of total motor
system conduction time including central and
peripheral components. Cortical MEPs were eli-
cited by placing the anode on the scalp overlying
either hindlimb motor cortex (near Cz) or forelimb
motor cortex (near C3). The cathode was positioned
anteriorally on the contralateral side of the skull.
MEP thresholds were determined at a gain of 10 K
and expressed as a percentage of maximum
stimulator output. The lowest threshold position
was determined by stimulating at different scalp
locations while observing MEPs on an oscilloscope
screen. Cortical MEPs were recorded at 1.25 and 1.5
times the threshold of the forelimb or hindlimb
muscle with the highest threshold (Figure 1).

Forelimb and hindlimb spinal cord MEPs were
determined by positioning the cathode over the
cervical and lumbar enlargements respectively.
Spinal cord MEPs provided a measure of peripheral
motor system functional integrity. Cord MEPs were
recorded at 1.25, 1.5 and 3 x threshold. Averages
were based on either five trials (1.25 and 1.5 x T) or
two to three trials (3 x T condition). The axis of the
electrode was aligned with the axis of the vertebral
column. The cathode was located caudally. This
method of spinal cord stimulation most likely
excites motor axons directly at the level of the axon
hillock (Mills and Murray, 1986; Kimura, 1989).

Measurement and analysis of MEPs

Single trial MEP records were full-wave rectified
and averaged (Figure 1). Rectification avoids
potential cancellation of components in raw EMG
signals that could affect magnitude measurements.
MEP onset latency was computer measured from
averaged records. Cord MEP onset latency provides
a measure of peripheral conduction time while
cortical MEP latency provides a measure total
conduction time. As illustrated in Figure 5, we also
obtained a measure of central conduction time
(CCT) by subtracting spinal cord MEP latency from
cortical MEP latency. Cortical MEP magnitude was
quantified by expressing the peak and area as a
percentage of the maximal cord MEP obtained at
3 x threshold. Cortical MEPs were generally about
15% the magnitude of maximal cord MEPs.

Statistical analysis

Quantitation of baseline variability in spinal cord
and cortical MEPs was based on data collected from
four monkeys that served as controls over a period
of 6 months. The significance of post-inoculation
changes in MEP latency, magnitude and threshold
was interpreted in relation to the standard deviation
of data from control monkeys. Post-inoculation
MEP latencies, magnitudes and thresholds that
exceeded two standard deviations of control values



were judged to be significant. The statistical
analyses were designed to provide descriptions of
the relationship between SIV infection and MEP
outcomes and are considered exploratory rather
than inferential. Both single subject and population
analyses were performed. MEP latencies for indivi-
dual animals were examined graphically using
procedures analogous to Shewert control charts
often used in industrial process control (Box et al,
1978). To generate estimates of within monkey
variability needed to construct the control charts,
a variance components analysis was applied to the
pre-inoculation observations from all nine monkeys
to partition MEP latency variability into between-
animal and within-animal components. Control
charts for each animal were then constructed using
the mean pre-inoculation latency for that animal
and the average within-monkey standard deviation
obtained from the variance components analysis.
Plots of the post-inoculation latencies were then
compared to the expected range (mean + 2 standard
deviations) to assess whether SIV infection was
indicative of MEP pathophysiology. Separate ana-
lyses were conducted for each MEP type (source
and muscle) for the 1.25 threshold condition.

Histology and neuropathology

At necropsy, monkeys were given an initial dose of
ketamine (10 mg/kg) followed by a near lethal, I.V.
dose of pentobarbital. All animals (except AQ47
and AQ43) were exsanguinated through the des-
cending aorta and perfused transcardially with two
liters of normal saline followed by two liters of 10%
neutral buffered formalin. AQ47 and AQ43 were not
perfused with formalin so that fresh tissue samples
could be taken for molecular analysis. Following
fixation either by perfusion, or in the case of AQ47
and AQ43 immersion, the brain, spinal cord and
some peripheral nerves (median, tibial, sciatic and
femoral) were removed and processed for histo-
pathological analysis.

From an earlier constructed dissection map of the
typical macaque brain, the right hemispheres were
dissected at 10 mm intervals in the coronal plane
providing access to the following regions of the
motor pathway: the motor and pre-motor cortices,
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