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Abstract Human immunodeficiency virus infection (HIV)
at late stages of the disease is accompanied by neurologi-
cal complications, including motor, behavioral and cogni-
tive impairment. Using simian immunodeficiency virus
(SIV)-infected rhesus monkeys, an animal model of HIV
infection, we found that during the asymptomatic SIV in-
fection dopamine (DA) deficits are early components of
central nervous system (CNS) dysfunction. To investigate
the role of the DA system in SIV infection and to restore
the DA deficiency, we administered selegiline, an agent with
DAergic and neuroprotective properties, to SlV-infected
monkeys. Selegiline increased DA availability but induced
CNSvacuolization, SIV encephalitic lesions, and enhanced
CNS vira replication during early SIV infection. The patho-
logical changes seem to be mediated by DA, as treatment
with L-DOPA, the precursor of DA, had similar effects.
We propose that any natural or induced DAergic dysreg-
ulation which results in increased DA availability may
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potentiate HIV-associated neurological disease (ND). Our
findings raise new questions regarding the pathogenesis
of HIV-ND and generate concerns about the safety of dopa-
minergic drugs in the clinical management of HIV-infected
patients.
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Introduction

Human immunodeficiency virus (HIV) infection is fre-
quently associated with specific neurological symptoms
[17]. This syndrome presents predominantly as a subcor-
tical dementia, and HIV-positive cells and pathological
changes within the gray matter are found primarily in the
basal ganglia[2, 13]. These dopamine (DA)-rich areas ex-
hibit an extensive neuronal loss [15], and neurochemical
investigations indicate a significant decrease in DA and
its metabolite levelsin the CSF and brain of HIV-infected
subjects with AIDS [19]. To treat such DA deficits, se-
legiline can be useful; selegiline prevents the enzymatic
catabolism of DA by monoamine oxidase (MAO) and
blocks DA re-uptake into the presynaptic terminals, re-
sulting in increased DA availability [7]. Furthermore, se-
legiline has been used as a neuroprotective agent in HIV-
infected patients, resulting in improvement of the cogni-
tive impairment [6]. Therefore, we used selegiline to in-
vestigate the role of the DA system in immunodeficiency
virus infection, in the well-established simian immunode-
ficiency virus (SIV)-infected rhesus monkey model.

Materials and methods
Animals

Juvenile (3.7+0.6 years) rhesus monkeys (Macaca mulatta) were
housed individually in indoor facilities on a 12:12 light:dark
schedule at the German Primate Center (Gottingen, Germany). Dry
food with fresh fruits as a dietary supplement was provided twice
aday and water was available ad lib.
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Animal experiments were approved by, and performed accord-
ing to the guidelines set out by the ethics committee for animal ex-
perimentation of the Bezirksregierung Braunschweig (604.42502/
08-02.95).

Experimental design

The monkeys were divided into four groups. uninfected/untreated
(n=4), SIV-infected/untreated (n=6), SIV-infected/selegiline-treated
(n=6) and uninfected/selegiline-treated (n=3). To investigate the
mechanism of action of selegiline three more groups were added:
SlV-infected/low dose selegiline-treated (n=2), SIV-infected/
L-DOPA-treated (n=3) and uninfected/L -DOPA -treated (n=3).

Pharmacological schedule

Animals were infected under ketamine anesthesia (10 mg/kg) with
SIlVmac 251 MPBMC, avirus strain with enhanced neurotropism
[21]. Two weeks post infection, at peak vireamia, six animals were
treated with selegiline (2 mg/kg i.m.), once a day until euthanasia.
Three uninfected animals were also treated with selegiline at this
dose. The treatment with L-DOPA started also at 2 weeks post in-
fection. Four SIV-infected and three uninfected animals were
treated with 50 mg/kg L-DOPA p.o. in bananas, twice aday. It was
administered in combination with 12 mg/kg benserazide to inhibit
peripheral metabolism to DA.

Preparation of samples

Untreated and treated animals were euthanized in pairs at different
time points during the asymptomatic phase of SIV infection (8-
20 weeks post infection). Due to experimental reasons (virological
and neurochemical investigations), the anesthetized animals were
killed by exsanguination and perfused with RPMI 1640. The
brains were quickly removed, dissected and partly immersion-
fixed (5% neutral buffered formaldehyde for light microscopy, or
2.5% glutaraldehyde for electron microscopy) and partly frozen at
—70°C (for neurochemical and virological analysis).

Measurement of DA, homovanillic acid,
and 3,4-dihydroxyphenylacetic acid

Regions for neurochemical analysis were dissected according to a
stereotactic atlas using standardized procedures on a Teflon plate
at —20°C. Brain tissue was prepared according to [8] The filtrates
(25-50 pl) were injected into a Rheodyne injector (type 8,125
Eppelheim, Germany) and analyzed for DA, homovanillic acid
(HVA) and 3,4-dihydroxyphenylacetic acid (DOPAC) by reverse-
phase HPLC with electrochemical detection [12]. Qualitative and
quantitative analysis was performed by comparing retention times
and peak heights with those of commercially available standards
(Sigma).

Histopathological examination and in situ hybridization

Neuropathological assessment was performed on 3-pym H&E-
stained paraffin sections of the whole brain. In situ hybridization
analysis of paraffin-embedded tissue sections was performed as
described previously [5]. Briefly, each tissue was analyzed in trip-
licate, and numbers of SIV-infected cells were counted on com-
plete sections. Transcription vectors (0GEM-4, Stratagene) con-
taining env-, gag- or nef-specific sequences were used to generate
35S |abeled antisense and sense RNA probes. A cocktail of the
three riboprobes (1x106 cpm/ul for each probe) was applied to the
dlides and incubated overnight at 45°C. Slides were then dipped
into “llIford K2 (llford, UK) photo emulsion and exposed for
10-20 days.

Results

All SIV-infected animals developed a course of infection
characteristic for slow disease progression [21]. Selegiline
treatment did not alter the peripheral course of the SIV in-
fection or the intrathecal immune response. None of our
animals developed any signs of immunodeficiency or
overt clinical neurological signs.

DA metabolism is changed during SIV infection

DA levels were reduced in putamen, hippocampus and
frontal cortex of SlV-infected/untreated compared with
uninfected/untreated animals but remained unchanged in
the substantia nigra (Fig. 1), aregion with high density of
DAergic cell bodies. It is interesting to note that the loss
of DA observed in the above regions was accompanied by
an increase in DA turnover as indicated by the ratio of
HVA/DA and DOPAC/DA (Fig.1, right panels). Selegi-
line inhibited MAO-B activity (data not shown) in al
brain areas and reversed the SlV-induced changes in DA
metabolism (Fig. 1).

Selegiline induces vacuolization
and accelerates SIV encephalitis

Although the increase in DA concentration following
treatment with selegiline initially appeared beneficia
since the loss of DA caused by SIV was restored by treat-
ment with selegiline, histological examination unexpect-
edly revealed extensive pathological changes in the CNS;
specifically, SlV-infected/selegiline-treated animals pre-
sented two main histological features: (@) diffuse vacuolar
degeneration (Fig.2), and (b) SIV encephalitic lesions
(SIVEL) without indications of AIDS (Table 1).

The vacuolization consisted of numerous small round-
oval vacuoles with sharp borders disseminated within the
neuropil. The vacuoles were not associated with the neu-
ronal perikarya (Fig. 2d, €) but originated in swollen den-
drites (Fig. 2g, h) some with characteristic spines (Fig. 2h,
k). The observed vacuolization was restricted to the neo-
cortical layers 11—V and subcortical gray matter. The vac-
uoles were particularly apparent in the basal ganglia
(putamen, caudate nucleus and globus pallidus), frontal
cortex and hippocampus and were absent in the substantia
nigra, raphe nuclei and cerebellum. No vacuoles were ob-
served in uninfected/selegiline-treated or SIV-infected/un-
treated animals. Moreover, such widespread vacuolization
with such a distribution restricted to only gray matter ar-
eas has never been detected in our previously investigated
cohort of SlV-infected animals [5].

SIV encephalitis consisting of massive perivascular
cuffs and inflammatory microglia nodules was most pro-
nounced in the basal ganglia (Table 1). Contrary to the
SIV encephalitisin animalswith AIDS and to the HIV en-
cephalitis as defined in the consensus report [3], en-
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Fig.1 DA metabolism in brain regions of SIV-infected and unin-
fected rhesus monkeys: A putamen (as representative of the DA
metabolism in basal ganglia, hippocampus and frontal cortex);
B substantia nigra; left and right panels depict the same regions.
Left panels DA in ng/g wet tissue, right panels HVA/DA and
DOPAC/DA ratios. Animalswere divided into six groups: controls
(uninfected/untreated), selegiline (uninfected/selegiline-treated),
L-DOPA (uninfected/L-DOPA-treated), SIV (SIV-infected/un-
treated), SlV+selegiline (SIV-infected/selegiline-treated), and
SIV+L-DOPA (SIV-infected/L -DOPA-treated). Selegiline (2 mg/
kg, i.m) and L-DOPA (50 mg/kg, p.o.) were administered daily un-
til euthanasia. Data represent mean values + SEM from three to six
animals per experimental condition. * P<0.05 significantly differ-
ent from controls; #P<0.05 from SIV-infected group. The Mann-
Whitney U test for nonparametrically distributed values was used
for statistical analysis (DA dopamine, SV simian immunodefi-
ciency virus, HVA homovanillic acid, DOPAC 3,4-dihydrox-
yphenylacetic acid)

cephalitic lesions in SlIV-infected /selegiline-treated ani-
mals were characterized by multiple disseminated foci
composed of lymphocytes and some microglia cells at the
side. These foci were most pronounced in the basal gan-
glia (Table 1). Additionally, in al animals, significant in-
filtrates of lymphocytes often involved leptomeninges and
perivascular spaces. Scarce perivascular infiltrates and
isolated foci of spongiform change in the white matter,
specific for the early phase of SIV infection, were de-
tected in the SlV-infected animals. Such a combination of
lesions distinctive for the termina stage of disease (in-
flammatory nodules, however, with an atypical cellular
composition) with lesions characteristic for the early stage
of disease (meningitis, perivascular cuffing) has never
been found before in our cohort of SIV-infected monkeys.
These pathological changes were absent in SIV-in-
fected/selegiline-untreated animals and in uninfected/se-
legiline-treated animals, indicating that selegiline induced
CNS pathology only in SIV-infected animals.
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Selegiline acts through dopaminergic mechanisms

Consequently, we had to address the question, whether se-
legiline induced CNS changes via a selegiline-specific
pharmacological action or via its effects on the DAergic
system. Selegiline at alow dose has been shown to induce
transcription independent of MAO-B inhibition [22] and
thus, independent of DA mechanisms. Therefore, we
treated two SlV-infected monkeys with a low dose of se-
legiline (0.01 mg/kg) known from animal experiments not
to inhibit MAO-B. Low dose of selegiline caused patho-
logical changes similar to those seen using 2 mg/kg se-
legiline (data not shown), indicating that it was not the
high concentration of selegiline responsible for the in-
duced pathology. However, the low dose of selegiline aso
caused inhibition of MAO-B (data not shown), so that we
could not reach a conclusion about specific pharmacol og-
ical action of selegiline. To address this further, we then
treated seven monkeys with L-DOPA, the DA precursor
capable of passing the blood-brain barrier and forming
DA in respective cells. The pathology detected in SIV-in-
fected/L-DOPA-treated animals was similar but less pro-
nounced to that in SIV-infected/selegiline-treated animals
(Fig.2, Table 1), suggesting that this pathology may in-
deed be a result of a synergism between increased DA
availability and immunodeficiency virus infection.

Selegiline enhances viral replication

To further investigate whether increased viral replication
is associated with the pathology following treatment with
DAergic substances, we determined the viral load in brain
tissue by radioactive in situ hybridization. In the early
phase of SIV infection, only a few infected cells can be
detected by in situ hybridization [5]. Selegiline treatment,



Fig.2 Treatment of SlV-infected monkeys with selegiline or
L-DOPA was associated with vacuolization that was not evident in
SlV-infected animals not treated with these drugs or in unin-
fected/treated animals. Representative picture of the vacuolization
in frontal cortex: a uninfected/selegiline-treated; b uninfected/
L-DOPA-treated; ¢ uninfected/untreated; d SIV-infected/selegi-
line-treated; e SIV-infected/L-DOPA-treated; f SIV-infected/un-
treated animals, g SlV-infected/selegiline-treated; h SIV-in-
fected/L-DOPA-treated; i SlV-infected/untreated j:SIV-infected/

selegiline-treated animals at higher magnification. Arrowhead in
the distended dendrite points towards an asymmetrical synapse;
k depicts the lower vacuole seen in h at higher magnification. Two
arrowheads are placed in a dendritic spine forming an asymmetri-
cal synapse with an axon terminal containing spherical synaptic
vesicles (two arrows). # indicates vacuole. a—f Semithin, Giemsa-
stained sections; g—k electron micrographs; a—f x1,700; g x3,600;
h x5,720; i x3,300; j x18,000; k x35,600
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Table1l Effectsof selegiline

and L-DOPA on CNS pathol- Treatment wpi Vacuolization SIVEL  SIV-RNA infected cells/cm?
ogy and viral load in SIV-in- ]
fected monkeys. Treatment of Basal Frontal  Hippo- Basd  CNS
SIV-infected monkeys with se- ganglia  cortex campus  ganglia
legiline (2 mg/kg i.m) or
L-DOPA (50 mg/kg p.o.) daily SV 8 - - - - 4.8
until euthanasia resulted in the 12 - - - - 4.1
induction of vacuolization in 15 - - - - 7.9
cortical and subcortical areas 16 _ _ _ _ 53
and in the occurrence of
SIVEL during the asympto- 19 - * - * 125
matic phase of infection. SIV- 20 - - - - 22
RNA was quantified in se- 6.13+1.46
lected brain regions of each an- o,
imal (frontal cortex, hippocam- SlV+selegiline 8 * * - * 225
pus, basal ganglia, substantia 12 + + + + 24.9
nigra, brain stem and cerebel- 12 - + + + 7.7
lum) (SIV simian immunodefi- 15 + + + + 20.5
ciency virus, SVEL SIV en- 16 + + _ + 6
cephalitic lesions, wpi weeks
post infection, +/- presence/ab- 20 * * * * 22 .
sence of pathological changes). 17.26+3.3
*P<0.05, Student’s t-test SIV+L-DOPA 12 + + - + 103

15 + + + + 11.7

5 - + + + 7.2

15 - - + - 4

8.3+1.7

however, resulted in a significant increase in SIVMRNA -
expressing cells compared with the number in SIV-in-
fected /untreated animals (Table 1).

Discussion

The pathophysiological process that causes neurological
complicationsin HIV infection is unclear because thereis
no apparent indication of direct neuronal infection by
HIV. Current data suggest, however, that basal ganglia
dysfunction plays a critical role in the neuropsychiatric
manifestation of HIV infection [13]. To explore the possi-
ble involvement of the dopaminergic system in the patho-
genesis of HIV infection, we used the SIV/macague ani-
mal model. Our results provide the first direct evidence
for a decrease in DA levels already 2—-3 months post in-
fection, in the early asymptomatic phase. DA reduction
was apparent at target areas of dopaminergic projections.
The substantia nigra, a region rich in dopaminergic cell
bodies showed no DA loss, indicating the influence of
virus on dopaminergic terminals in the postsynaptic DA
areas. Whether a further retrograde degeneration of the
dopaminergic projections accompanies late stages of SIV
infection remains to be elucidated. To treat the observed
DA deficiency of SlV-infected monkeys we used the
dopaminergic and neuroprotective substance selegiline in
SIV-infected rhesus monkeys. The concentration of se-
legiline we used has been shown to inhibit MAO-B and
MAO-A [14]. Thisensures that DA can not be further en-
zymatically metabolized and, thus, DA availability is in-
creased. Moreover, at high doses selegiline inhibits DA
uptake and acts as an anti-oxidative substance [7]. We

found, however, that even alow dose (0.01 mg/kg) of se-
legiline caused similar effects on SIV infection. The ac-
tion seemsto involve MAO inhibition since both dosesin-
hibited MAO-B and -A activity (data not shown), and
thus increased DA availability. Treatment with L-DOPA,
at a concentration used as a monotherapy for Parkinson’s
disease, resulted in similar effects. The enhanced avail-
ability of DA effected by dopaminergic drugs such as se-
legiline and L-DOPA accounts for the symptomatic bene-
fit of these drugs in Parkinson’s disease, a disease charac-
terized by aregional reduction in DA levels. However, in-
creased DA availability in the presence of a retrovira in-
fection of the CNS was associated in the current study
with the induction of neuropathology rather than neuro-
protection.

The mechanisms responsible for the formation of the
vacuoles are unknown, as is the significance of DA for
their generation. However, the ultrastructural localization
of the vacuolesin our animalsisidentical to that observed
in spongiform encephalopathies, the pathogenesis of
which may be associated with excitotoxic mechanisms
[20]. Moreover, DA seemsto be involved in the formation
of vacuoles when excitotoxicity is apparent [4], and has
neurotoxic properties when it participates in the striatal
pathophysiology associated with a number of pathological
conditions, such as systemic methamphetamine treatment,
ischemia and exposure to high levels of excitatory amino
acids [9]. Such vacuolar degeneration and encephalitis
have not until now been described in the asymptomatic
phase of HIV infection, athough increased CNS pathol-
ogy has been reported in AIDS patients who were also in-
travenous drug abusers [10, 11]. The fact that a common
reaction to drug abuse is enhanced DA release, further
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supports the hypothesis of an involvement of DA in im-
munodeficiency virus-induced CNS pathology. Vacuoles
were observed in some cases at terminal stages of HIV en-
cephalitis in both gray and white métter, the latter due to
secondary axonal degeneration and consecutive myelin
destruction [24]. In our animals, however, the vacuoles
were present only in the gray matter. Vacuoles in the gray
matter have also been described in the brains of transgenic
mice; expression of gpl20 directed by the glial fibrillary
acidic protein promoter [23] induces dendritic vacuoliza-
tion in the neocortex, which represents pathological dis-
tensions of the smooth endoplasmic reticulum in response
to excessive intracellular calcium release [15]. Olney et
al. [16] reported microvacuolesin the CNS after treatment
with N-methyl-L-aspartate (NMDA) receptor antagonists;
he suggested that DA hyperactivity might result in an ex-
cessive suppression of glutamate release, with consequent
hypofunction of the NMDA receptor systems. If NMDA
receptors in certain circuits are hypofunctional, GABAer-
gic inhibition of excitatory inputs is abolished, leading to
excitotoxic damage.

Besides the induction of pathological changes, selegi-
line treatment also increased virus replication. Selegiline
is known to exert trophic-like actions via transcriptional
activation, which may explain this observation. HIV gene
expression is controlled by a combination of viral and
host cell transcriptional factors which interact with the
long terminal repeat. One transcription factor shown to be
important for an efficient replication of SIV in macro-
phagesis NF-kB [1], and DA has been shown to stimulate
the activity of NF-kB [18]. However, athough selegiline
enhanced SIV replication, treatment with L-DOPA did
not, suggesting either a quantitative difference in the ef-
fect compared with selegiline treatment or a specific phar-
macological action of selegiline on vira replication not
mediated by DA. If the latter is true the effects of selegi-
line on cellular pathology and on SIV replication may be
effected by separate mechanisms. We are currently per-
forming further experiments with DA  receptor
agonists/antagonists to clarify thisissue.

The mechanism of the generation of vacuoles in our
model, as in other spongiform encephalopathies, is un-
known. However, the effects of DA may follow two ma-
jor directions. either a direct interaction with infected
cells leading to increased viral replication and/or produc-
tion of neurotoxic substances; or changes in the cellular
functions of neural cell populations leading to increased
susceptibility to detrimental effects of the viral infection.
The finding that agents which increase DA availability
may induce a specific cellular pathology during the
asymptomatic phase of immunodeficiency virus infection
is of critical importance, raises questions regarding the
pathogenesis of HIV-associated neurological disease and
generates concern about the safety of such drugs in the
clinical management of HIV-infected patients.
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