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ABSTRACT Central nervous system (CNS) damage and
dysfunction are devastating consequences of HIV infection.
Although the CNS is one of the initial targets for HIV
infection, little is known about early viral-induced abnormal-
ities that can affect CNS function. Here we report the detection
of early physiological abnormalities in simian immunodefi-
ciency virus-infected monkeys. The acute infection caused a
disruption of the circadian rhythm manifested by rises in body
temperature, observed in all five individuals between 1 and 2
weeks postinoculation (p.i.), accompanied by a reduction in
daily motor activity to 50% of control levels. Animals remained
hyperthermic at 1 and 2 months p.i. and returned to prein-
oculation temperatures at 3 months after viral inoculation.
Although motor activity recovered to baseline values at 1
month p.i., activity levels then decreased to approximately
50% of preinoculation values over the next 2 months. Analysis
of sensory-evoked responses 1 month p.i. revealed distinct
infection-induced changes in auditory-evoked potential peak
latencies that persisted at 3 months after viral inoculation.
These early physiological abnormalities may precede the
development of observable cognitive or motor deficiencies and
can provide an assay to evaluate agents to prevent or alleviate
neuronal dysfunction.

Recent therapeutic advances have dramatically reduced blood-
borne and lymphoid organ HIV load (1-3). However, HIV
infection of the central nervous system (CNS), which has been
documented to occur within the first month of HI'V and simian
immunodeficiency virus (SIV) infection (4-7), presents
unique therapeutic problems. Cells of the macrophage linecage
are infected in the CNS, and macrophages can be a major
source of productive virus in the later stages of disease (8).
Because most of the anti-HI'V agents do not cross the blood—
brain barrier, the CNS may remain a reservoir for HI'V as well
as be uniquely susceptible to continued damage over the
prolonged course of HIV infection resulting from systemic
therapies.

The progressive motor and cognitive abnormalities found in
HIV-infected individuals are believed to be initiated by infec-
tion of the CNS by HIV itself (9). Yet the cascade of events in
the CNS leading to neuropsychological impairment, motor
disorders, and even frank dementia remains unknown. One
step toward unveiling such mechanisms is to analyze the
temporal relationship between viral infection and the time
course of specific physiological changes to identify critical
periods of the disease progression. In HI V-infected individu-
als, multiple physiological parameters such as sleep patterns,
psychomotor performance, and visual-, auditory-, and somato-
sensory-evoked potentials are altered (10-16). Such physio-
logic dysregulations can have important consequences for
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cognitive functions (17, 18). Knowledge of the time of onset of
such physiological changes could lead to the establishment of
event markers in SI'V disease progression that may be useful
criteria for evaluating pharmacotherapies.

We hypothesize that after immunodeficiency virus infection,
CNS function can be altered by viral-induced cellular alter-
ations and the host’s response to infection, resulting in early
measurable changes of physiological parameters such as body
temperature, gross motor activity, sleep, and evoked poten-
tials. SIV has been shown to cause an AIDS-like immune
deficiency and CNS infection when inoculated into rhesus
monkeys (19, 20). We and others have demonstrated func-
tional CNS deficiencies in SI'V-infected rhesus monkeys, in-
cluding abnormalities in sensory-evoked potentials, behavior-
al/cognitive abnormalities, and motor problems (21-23). Here
we focus on the examination of multiple physiological param-
eters during the early states of SIV infection of rhesus mon-
keys. Within the first 3 months after viral inoculation, distinct
changes in body temperature, motor activity, and evoked
potentials have been identified. These alterations can serve as
sensitive indicators for physiological abnormalities induced in
monkeys by SIV, as a model for human infection by HIV.

METHODS

Subjects. The five male rhesus monkeys (Charles River
Breeding Laboratories) used were free of type D simian
retroviruses and herpes B virus. The monkeys were individu-
ally housed in stainless-steel cages (32 in X 28 in X 31 in),
which permit olfactory, visual, and auditory contact with other
monkeys in the room while minimizing tactile contact. Room
conditions include a light/dark cycle of 6 a.m. to 6 p.m. light
and a room temperature of 24.5 * 2.5°C. Blood and cerebro-
spinal fluid (CSF) sampling were performed preinoculation,
and at 1, 2, 4, 6, 8, and 12 weeks postinoculation (p.i.) in
ketamine-immobilized animals by using the femoral vein and
cisterna magna, respectively.

All animal work was approved by The Scripps Research
Institute’s Animal Care Committee. The Scripps Research
Institute is accredited by the American Association for the
Accreditation of Laboratory Animal Care.

Viral Inoculation. Viral inoculation was performed after a
stable baseline of circadian body temperature and motor
activity were established. For SIV infection, animals were
inoculated by saphenous vein injection of 0.5 ml of a cryopre-
served stock of cell-free SIV [p27 (gag) antigen equivalent =
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1.1 ng/ml] derived from serial passage of the STVmac251 strain
through microglia (24-26). All animals became productively
infected as evidenced by viral recovery from the animals’
peripheral blood mononuclear cells. For comparison of results
from the studies, data collected before viral inoculation are
labeled preinoculation, 4-5 weeks p.i. are referred to as 1
month, 8 weeks p.i. as 2 months, and 12 weeks p.i. as 3 months
p.i. Necropsies were performed as described (22). Monkey no.
260 was sacrificed at 17 weeks p.i. because of inactivity and
weight loss, with autopsy revealing SIV encephalitis and
Pneumocystis carinii pneumonia. Monkey no. 266 was sacri-
ficed at 28 weeks p.i. because of a depressive affect and
tremulous movements, with autopsy revealing SIV encepha-
litis and SI'V pneumonitis. Monkey no. 271 was sacrificed at 47
weeks p.i. because of weakness, ataxia, anorexia, and a de-
pressive affect, with autopsy revealing lymphoma involving the
trigeminal ganglia, dorsal root ganglia, subarachnoid space,
focal infiltration of the brain parenchyma, and spleen and
lymph nodes. Foci of activated macrophages were also present
in the CNS. Monkey no. 264 was sacrificed per experimental
protocol at 11 weeks p.i. and showed lymphoid hyperplasia in
addition to foci of perivascular inflammation in the CNS at
autopsy. Monkey no. 270 was sacrificed per experimental
protocol at 84 weeks p.i. and showed lymphoid hyperplasia in
addition to foci of perivascularly located, activated macro-
phages in the CNS at autopsy.

Telemetry. Telemetry transmitters (TA 10 CTA-D70, capa-
ble of detecting body temperature, gross motor activity, and
one biopotential), antenna plates (Receiverplate RLA 2000),
and the hardware and software of the data acquisition system
were purchased from Datasciences, St. Paul, MN. Aseptic
surgical implantation of the telemetry transmitters was per-
formed in anesthetized animals through a transverse incision
in the animals’ flank 2 cm caudal of the right scapula, and a s.c.
pocket was bluntly dissected in caudal direction to house the
implant. The biopotential leads were attached to cranial
screws. To place the screws, a 3-cm incision was made at the
vertex, and the cranium was exposed. Two stainless-steel
screws were placed through the cranium extending to the dura.
The first was inserted 1 cm lateral to the vertex and the second
2 cm lateral to the first. Leads from the transmitter were
tunneled s.c., wrapped around the screws, and secured in place
with dental cement. After surgical implantation, the animals
were allowed at least 3 weeks recovery before the start of data
acquisition.

Motor Activity and Body Temperature. Cages were
equipped with individual antennas, which in turn were con-
nected to the data acquisition computer located in a separate
room. The telemetry data acquisition system was programmed
to take readings from each monkey at 10-min intervals, a
motor activity count per 10-min interval, a temperature read-
ing (10-sec average at 200-Hz sampling frequency), and a
30-sec electroencephalogram (EEG) epoch (40-Hz low pass
filter, 120-Hz sampling frequency). Data were analyzed by
using the analysis feature of the data acquisition program
DATAQUEST followed by statistical analysis using Microsoft
EXCEL and Dynamic Microsystems’ GB-STAT. Statistical com-
parisons were made by using preinoculation data of each
animal as controls, and significance was tested by using an
ANOVA followed by post hoc ¢-paired tests when the ANOVA
indicated significance.

EEG. Daylight and IR video monitoring of the animals’
behavior in conjunction with on-line EEG recording was
performed before the experiment to calibrate the recording
system to enable the identification of slow-wave sleep. In brief,
analog output interface was connected to the telemetry setup,
and the analog EEG signal was fed into an Grass 12A5 ac
amplifier, filtered with a bandwidth 0.1-100 Hz, and visualized
on a polygraph. EEG and behavior were videotaped simulta-
neously. Identified artifacts were cataloged, and EEG epochs
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displaying such patterns were discarded from analysis. For
each animal, EEG power spectrum analysis (0.25-Hz intervals)
was performed on the EEG data of an 8-hr interval starting 2
hr after onset of the dark cycle. Analysis was performed on
recordings before inoculation, 4 weeks (referred to as 1 month)
p.i. and at the day of the highest fever in the first 2 weeks p.i.
The power spectrum for each acquired epoch during the 8-hr
period was computed, and an average power spectrum for the
whole period was calculated.

Evoked Potentials. Cortical auditory evoked potentials
(AEPs) and brainstem AEPs (BSAEPs) were evaluated in all
five subjects as described (22). In brief, ketamine (20 mg/kg)
immobilized monkeys were aseptically fitted with acute s.c.
monopolar needle electrodes. The two active electrodes were
placed centrally near the vertex and on the midline 1 cm above
the nasion, respectively. One additional electrode (ground)
was placed in the nuchal muscles. Computer programs were
used to generate stimuli. Evoked events were analyzed off-line
by using computer-based signal averaging. The data from each
session were graphed and waves were identified by visual
inspection. Averaged peak latencies were calculated and com-
pared between groups. Statistical differences were determined
by using an ANOVA followed by Student’s paired ¢ test.

Integrity of the Blood-Brain Barrier. Albumin concentra-
tions in both plasma and CSF were quantified in the animals
by using a radial immunodiffusion test kit (The Binding Site,
San Diego). The red blood cell (RBC) count of the CSF was
determined as a measure of blood contamination, and samples
exceeding 10,000 RBC/ul were discarded from analysis (sam-
ples from four of the animals were assessed; repeated RBC
contamination precluded analysis of samples from the fifth
monkey). The albumin quotient (CSF albumin concentration/
serum albumin concentration) was calculated as a measure for
blood-brain barrier integrity.

RESULTS

To obtain comprehensive information on the effect of infec-
tion on the animals’ temperature and movement, we adapted
telemetric monitoring (27) to the SIV-rhesus monkey model of
AIDS. Continuous temperature and motor activity recordings
of five monkeys for the 2 weeks before inoculation revealed a
consistent circadian rhythm with a daily average temperature
of 36.5 *+ 0.4°C, a maximum of 37.7 = 0.3°C during the day and
aminimum of 35.3 = 0.5°C at night. Motor activity also showed
distinct day/night patterns with little or no activity during the
night. After viral inoculation, changes in both body tempera-
ture and motor activity were found. Individual body temper-
ature traces increased between 8 and 13 days p.i. (e.g., Fig. 1).
After the initial rise, average body temperature stayed elevated
for 3-4 days, peaking at 38.9° = 0.5°C, which resulted in a
maximum daily average temperature of 37.4 = 0.3°C on day
13 p.i. (P < 0.05 relative to preinoculation average). Concom-
itant with the increase in temperature, the circadian rhythm of
the temperature was altered in that the differences between
maximum and minimum body temperature were decreased
during the occurrence of the fever in all animals.

Daily average body temperature decreased after the fever
peak. However, average body temperature did not completely
return to baseline. Analysis of the circadian temperature
rhythm before inoculation and over the period of 1-2 months
p.i. revealed a constant hyperthermic shift throughout the day
(Fig. 2) to 0.6° above normalized preinoculation baseline
values. The temperature remained elevated at 2 months p.i.
before returning to near baseline values at 3 months after viral
inoculation.

The individual gross motor activity counts decreased in all
five animals after inoculation during and/or immediately after
the period of fever (e.g., Fig. 1). In the five monkeys, the
average daily activity levels decreased, dropping to a level of
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FiG. 1. Radiotelemetric measurement of movement and temper-
ature after SI'V inoculation of two rhesus monkeys (nos. 264 and 271).
Temperature traces and gross motor activity traces of monkey no. 264
(Upper) and monkey no. 271 (Lower).

approximately 50% of preinoculation levels on day 11 p.i. (P <
0.01). This decrease also was associated with a loss of the
circadian motor activity rhythm with less distinct day versus
night contrast. In contrast to the body temperature data,
longitudinal analysis revealed a recovery of the normalized
average motor activity at 1 month p.i. However, the average
motor activity began to show a decrease at 2 months p.i. and
was significantly decreased (by 47%) at 3 months p.i. (Fig. 3).
Because EEG slow-wave power during sleep is abnormal in
HIV-infected individuals (10) EEG slow-wave power was
analyzed in the SI'V-infected monkeys. To assess whether early
sleep abnormalities also could be detected, observational
analysis was combined with EEG recordings during the 2 hr
after the initiation of the dark cycle. Examination of the EEG
during periods of no movement revealed a clear slow-wave
pattern in the EEG, indicating slow-wave sleep. Power spec-
trum analysis showed highly similar power in slow-wave sleep
recordings across days before inoculation. Although the 1-Hz
slow-wave power decreased with a minimum at the time of the
highest fever after the inoculation (before inoculation, 0.27 =
0.031 mV?/Hz; point of highest fever, 0.22 + 0.029 mV?/Hz,
P < 0.05), no significant changes were found at low frequency
intervals later in the course of infection (data not shown).
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Sensory-evoked potentials were obtained preinoculation,
and at 1 and 3 months p.i. Five waves, P1-P5, were identified
in the BSAEP complex (the P2 wave had two peaks, labeled
P2a and P2b as shown). The BSAEP peak latencies of P1-P3
from SIV-infected animals did not differ from the preinocu-
lation recordings, but showed significant delays of waves P4
and P5 at 1 month p.i., which persisted at 3 months p.i. (Fig.
4). The long-latency cortical AEPs of infected monkeys dis-
played three positive (P1, P2a, and P2b) and three negative
peaks (N1a, N1b, and N2). N2 occurred with a significant delay
at 1 month p.i. as compared with preinoculation recordings,
and this delay also persisted at 3 months p.i. (Fig. 5). Addi-
tionally, at 3 months p.i., the latency of P2b was significantly
delayed (data not shown). The early and consistent delays in
P4 and P5 in the BSAEPs and in N2 in the AEPs, were similar
to those previously found in chronically SI'V-infected monkeys
(22).

In rhesus monkeys and humans, SIV- or HI V-infected cells
have been found in the CNS early after i.v. inoculation (4-7).
Although an analysis of viral infection of the CNS parenchyma
in these monkeys would preclude the performance of physio-
logical studies, in situ hybridization analysis was performed in
the brains of two acutely infected macaques. The first animal
(no. 272) was sacrificed before any increase in body temper-
ature was noted by telemetry (7 days p.i.), and the second on
the day of the initial rise of body temperature after inoculation
(12 days p.i. for this animal). Cells positive for SIV RNA could
be found in the CNS of the latter animal only, thus coinciding
with the initial rise in body temperature (T.F.W.H. and H.S.F.,
unpublished observations). Studies examining viral parame-
ters in rhesus monkeys have revealed that the peak of systemic
viral load after i.v. inoculation occurs between 9 and 13 days
p.i. (28). Consistent with these data, plasma viral load at
sacrifice (measured by the Chiron b-DNA assay) in animal no.
267 at 12 days p.i. was more than 400 times greater than that
in animal no. 272 at 7 days p.i. (H.S.F., unpublished observa-
tions).

Because breakdown of the blood-brain barrier breakdown
has been reported during infectious CNS diseases, including
human (29, 30) and simian (31) AIDS, we examined whether
blood-brain barrier leakage, measured by the CSF albumin
quotient, could be detected in these animals. The CSF albumin
quotient of two of four animals examined did rise above the
range of control values (normal albumin quotient <0.005,
monkey no. 260 at 1 week and monkey no. 270 at 6 weeks p.i.
both had albumin quotients = 0.02), indicating that at least a
transient leakage of the blood—brain barrier can occur after
SIV inoculation.

DISCUSSION

The present data provide a clear indication that SI'V infection
in rhesus monkeys causes physiological abnormalities that can
be detected within the first month after virus inoculation and
continue during the subsequent progression of the infection.
The bulk of the evidence obtained to date suggests that the
initial and progressively declining neurological and cognitive
status reported in HIV-1-infected individuals develops as a
consequence of the indirect actions of virus-infected non-
neuronal cells on neuronal tissue. How the proposed direct or
indirect actions of the virus might cause HIV-associated
dementia remains the subject of widespread conjecture. The
most likely primary cellular targets of the virus are CNS
microglia/macrophages, either resident in the brain or having
migrated into the CNS from the blood. A variety of inducible
vectors that may result in perturbed CNS function have been
suggested, including viral-induced release of cytokines from
macrophages and/or microglia. Furthermore, a possible “func-
tional” neuronal toxicity induced by either locally released
viral protein products or host defense molecules, working
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FiG. 2. Circadian rhythm of body temperature in rhesus monkeys before and after infection with SIV. Averages of temperature traces of five
rhesus monkeys. For each animal an average circadian rhythm curve from data obtained over two 48-hr periods was calculated for the period before
inoculation and for the period between 1 and 2 months p.i. The depicted curves represent the grand average of five monkeys. Data are shown with

the SEM. Bars indicate the time of room darkness.

through mechanisms including induction of oxidative stress
and excitotoxicity, also has been suggested (32, 33).

After HIV infection, many individuals develop an acute,
mononucleosis-like illness with fever, lymphadenopathy, mal-
aise, and/or headache. Moreover it has been demonstrated
that fever in combination with arthralgias is highly predictive
of a recent HIV infection (34). We were able to observe
corresponding temperature rises and decreases in motor ac-
tivity within the first 2 weeks after acute SIV inoculation,
which corresponded to the period in which systemic viral load
peaks and virus enters the brain. Animals remained hyper-
thermic at 1 and 2 months p.i. and returned to preinoculation
temperatures at 3 months p.i., demonstrating that the thermal
regulation of SI'V-inoculated animals is altered for a period
longer than the initial acute viremia. However, it must be noted
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FiG. 3. Individual (bars) and averaged (line) normalized gross
motor activity measurements of five monkeys before, 1, 2, and 3
months after inoculation with SIV. At 3 months p.i. the decrease in
motor activity reaches statistical significance when compared with
preinoculation levels (ANOVA with post hoc ¢ test, P < 0.05.
Comparisons are made within subjects, n = 5 for preinoculation, 1 and
2 months. Monkey no. 264 was sacrificed at 11 weeks after SIV
inoculation, therefore n = 4 at 3 months).

that the temperature-sensitive implants were placed s.c., and it
is possible that alterations in heat exchange, e.g., because of
blood flow changes, may contribute to the temperature dif-
ferences. Because both fevers and hypothermia identified by
these s.c. implanted telemetry devices correspond to alter-
ations in rectally determined body temperature, it is likely that
the temperature profiles measured indeed reflect alterations
in body temperature. Furthermore, it is unlikely that the
increase in daily average temperatures is a result of thermal
energy generated by higher muscle activity, because motor
activity was unchanged or reduced at these time points. Such
temperature alterations might be an indicator of altered
biochemical profiles, such as cytokine production, and can
contribute to changes of other physiological parameters (35—
37). Temperature alterations may contribute to the sleep and
fatigue problems reported by HI V-infected individuals and to
the development of cognitive and motor abnormalities. A
variety of bioelectrical signals are sensitive to temperature,
such as axonal conduction, transmitter release, and action
potential parameters (38). Because such parameters can affect
learning, memory, and autonomic regulation, the temperature
changes after SIV inoculation observed here may affect gen-
eral brain functions.

Although motor activity recovered to baseline values at 1
month p.i., activity levels then decreased to approximately
50% of preinoculation values by 3 months after inoculation.
CNS disease in HIV infection frequently is associated with
psychomotor slowing as well as impaired fine and gross motor
function (12, 13, 16). In a study of cognitive and motor
impairment in SI'V-infected rhesus monkeys, motor skills were
the most consistent impairment found (21, 39). We also have
found that SIV infection can result in transient periods of poor
performance over the course of infection as well as sustained
abnormalities in the later stages of disease (23).

Recordings of evoked potentials are considered to be simple
and informative methods to test general CNS function. In
contrast to EEG recordings, which measure spontaneous
activity, evoked potentials are responses to a defined external
stimulus resulting in a local change in the electrical field of a
neural structure. We have found that the electrophysiological
data collected under these conditions (including ketamine
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FiG. 4. BSAEP latencies. (Upper) Representative waveform trac-
ing. (Lower) Plots of individual values (circles) and averages (lines) of
the latency of P4 and P5. The P4 and PS5 latencies measured at both
1 and 3 months after inoculation are significantly different than
preinfection values (ANOVA with post hoc ¢ test, P < 0.05).

immobilization and monthly cisterna magna CSF taps) are
extremely stable over time. For example, the BSAEP PS5
latency averaged (xSEM) 10.998 + 0.0346 and 10.979 =+
0.0172 milliseconds in two animals examined monthly over 13
and 14 months, respectively (S.H.-R. and S.J.H., unpublished
data). As we reported earlier (22), chronically infected (37-52
weeks p.i.) macaques show changes in sensory-evoked poten-
tials when compared with uninfected controls. Here we expand
these findings and report that changes in the auditory-evoked
potentials can be observed as early as 1 month after viral
inoculation. Significantly, despite different disease progres-
sions in the individual animals, we find that SIV inoculation
induces similar alterations in the animals’ evoked potentials.

Delays in these late components of the BSAEPs are also
similar to those we previously reported in cats infected with the
feline immunodeficiency virus (40) and those found by others
in humans with HIV (41, 42). The delays in peak latencies of
the later waves of the BSAEPs and AEPs complex are similar
to our findings in chronically infected monkeys (22). Although
the exact correspondence between the waveforms measured
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(ANOVA with post hoc ¢ test, P < 0.01).

here and those studied in humans remains to be determined,
later waves in the BSAEP likely represent activity of neurons
in the upper brainstem, whereas the AEP waves are cortically
generated. We find that these sensory-evoked potentials can be
used as sensitive probes for alterations in neuronal circuitry,
indicating perturbations in CNS neuronal function and activ-
ity. Because the electrophysiological abnormalities that de-
velop after SIV infection affect the latencies of specific waves,
and not the complex of potentials in general, it is likely that the
virus, or a virus-induced cascade, selectively affects certain
regions and/or functions of CNS neurons.

The detection of early and consistent changes in physiologic
parameters allows the addition of important analyses to future
antiviral or neuropharmacological treatment studies. Al-
though the physiologic substrates involved in HIV-induced
cognitive and motor abnormalities are unknown, we have
identified distinct reproducible signs of physiological dysfunc-
tion in SI'V-infected monkeys relevant to cognitive and motor
function. These measures now can be used as parameters to
examine both etiologic and therapeutic questions. For exam-
ple, the relationship between both systemic and CNS viral load
to the development of these abnormalities, to their potential
reversibility with antiviral treatment, and to the time course
with which they may return after treatment failure or with-
drawal is of particular interest to therapeutic regimen choice
and timing of drug administration in the current era of
antiretroviral therapy.

The interesting observations that drugs such as 3'-azido-3'-
deoxythymidine (Zidovudine, ZDV, AZT) and diadenosine
may temporarily reverse HIV-related dementia in infected
individuals (43, 44) are consistent with the idea that neurons,
at least early, are not irreversibly damaged by a virus-induced
pathological cascade. These findings also suggest alteration in
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neuronal function may be caused by a continuous, but revers-
ible, release of neuromodulatory agents. This evidence sug-
gests that the early forms of HIV-induced CNS damage may
be amenable to pharmacotherapy that could obviate these
“toxic” factors and prevent the chronic consequence of CNS
dysfunction.
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