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Objective: Human immunodeficiency virus—associated sensory neuropathy (HIV-SN) is a common and disabling disorder, often
associated with antiretroviral therapy (ART) use. We investigated the clinical features and associated pathogenic determinants of
HIV-SN in a neurological cohort of HIV-infected patients, together with a novel model of HIV-SN.

Methods: HIV-infected patients with neurological disease were investigated in terms of clinical and laboratory aspects together
with ART exposure focusing on symptomatic HIV-SN. Rat-derived dorsal root ganglion (DRG) cultures, transgenic for human
CD4 and CCR5 treated with ARTs or HIV infected, or both, were studied with respect to quantitative neuronal injury.
Results: Among 221 patients assessed from 1998 to 2004, 120 had no sensory neuropathy, whereas 101 displayed HIV-SN,
including 64 with distal sensory neuropathy and 37 with antiretroviral toxic neuropathy. HIV-SN patients exhibited significantly
greater mean age, peak plasma viral loads, and exposure to neurotoxic dideoxynucleosides and protease inhibitors, including
indinavir, saquinavir, or ritonavir. HIV-infected DRG cultures exposed to indinavir or didanosine showed significant neuronal
atrophy, neurite retraction, and process loss, compared with controls. Indinavir was selectively cytotoxic to DRG macrophages
compared with other ARTs.

Interpretation: Protease inhibitor exposure is an unrecognized risk factor for the development of HIV-SN, which may poten-

tiate neuronal damage in HIV-infected DRGs, possibly through the loss of macrophage-derived trophic factors.
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Peripheral neuropathy has become the chief neurolog-
ical complication observed among persons infected
with human immunodeficiency virus type 1 (HIV-1)
in the developed world." The most common form of
peripheral neuropathy in this population is a sensory
polyneuropathy (HIV-SN), affecting as many as 35%
of individuals with acquired immunodeficiency syn-
drome (AIDS). Two principal forms of HIV-SN are
recognized including distal sensory polyneuropathy
(DSP)? and antiretroviral-induced toxic neuropathy
(ATN).? In both types of sensory neuropathy, clinical
features are defined by pain, paresthesiae, gait instabil-
ity, and autonomic dysfunction. HIV-SN is character-
ized by prominent small-diameter axonal loss, follow-

ing a “dying back” pattern of degeneration, likely
driven by local inflammation within the nerve and dor-
sal root ganglia (DRGs) with ensuing neuronal injury
(reviewed in Pardo and colleagues4). Several demo-
graphic and clinical features are associated with the de-
velopment of DSP including increased age, high viral
load, and low CD4 counts.” The use of specific anti-
retroviral drugs has been associated with the develop-
ment of ATN, which is related to the use of the nu-
cleoside analogue reverse transcriptase inhibitors
(NRTTI) didanosine (ddl), zalcitabine (ddC), and stavu-
dine (d4T).° ATN is indistinguishable from DSP on
clinical examination except for the history of recent
NRTT use.” The small-diameter nociceptive sensory ax-
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ons and their respective soma in the DRGs are the
principal cellular structures affected in HIV-induced
DSP or NRTI-induced ATN.® However, ATN may be
a synergistic consequence of HIV infection together
with the neurotoxic effects of select antiretroviral
drugs, because some HIV-uninfected animals, treated
with neurotoxic antiretroviral drugs, do not develop an
ATN-like phenotype.” Although select NRTTs are as-
sociated with ATN, multiple antiretroviral regimens in-
cluding those with protease inhibitors (PIs) appear to
have adverse effects on metabolism with increased risks
for mitochondrial toxicity, hyperglycemia, hyperlipid-
emia, and the lipodystrophy syndrome.'®'" Given the
increasing concerns regarding the prevalence of meta-
bolic abnormalities and sensory neuropathy among an
aging population of HIV/AIDS patients, we hypothe-
sized that HIV-SN was associated with emerging clin-
ical variables including the expanded use of different
antiretroviral therapy regimens. To explore these issues,
we investigated a community clinic-based cohort of
HIV/AIDS patients with or without HIV-SN, showing
that different ARTs including specific PIs were associ-
ated with the development of HIV-SN, and we then
determined the neurotoxicity of select ARTs in a
model of HIV-SN.

Patients and Methods
Clinical Investigations

STUDY SAMPLE AND DESIGN. The Southern Alberta
Clinic (SAC) is a comprehensive and centralized community
outpatient HIV clinic that provides all HIV seropositive pa-
tients in southern Alberta, Canada, with clinical care at reg-
ular intervals (3 months). This care includes the dispensing
of antiretroviral and related medications, as well as providing
laboratory investigations (CD4/CD8 lymphocyte counts, vi-
ral loads, and so forth) without patient financial cost.'” In-
clusion in this study was voluntary, and informed consent
for participation was reviewed at the outset, which was ap-
proved by the University of Calgary Ethics Committee.
From a cohort of more than 800 HIV-l-seropositive pa-
tients actively followed through SAC, those with neurological
disorders comprised our study sample. All patients in this
study were assessed by a neurologist (C.P. or A.H.) between
1998 and 2004 at the time of referral to the NeuroAIDS
Clinic within SAC and were determined to have either no
neuropathy (HIV-NN) or neuropathy (HIV-SN), either
DSP or ATN, if all of the following three criteria were
present: (1) distal sensory symptoms: paresthesias, dysesthe-
sias, or pain; (2) abnormal sensory signs: elevated vibratory
threshold or hyperalgesia; and (3) decreased or absent ankle
reflexes. In addition, the diagnosis of ATN required use of
antiretroviral agents with established neurotoxic effects in-
cluding d4T, ddI, and ddC within the 6-month period pre-
ceding the onset of the neuropathy. Patients with no evi-
dence of neuropathy (HIV-NN) had other neurological
diagnoses (eg, HIV-associated dementia/Minor Cognitive-
Motor Deficit, back pain, headache), whereas patients with

neuropathy together with other concurrent neurological dis-
orders were included in the HIV-SN group.

Clinical data were collected prospectively from the time
that the patients were initially assessed for HIV infection at
SAC and then at subsequent intervals until 2004."> Demo-
graphic data, HIV risk factors, and clinical data were derived
from a prospectively constructed computerized database, dat-
ing back until 1991." Health-related quality of life was eval-
uated using the Medical Outcomes Short-Form Health Sur-
vey, or MOS-HIV (Version 2.97; Albert W. Wu, Johns
Hopkins University, Baltimore, MD). Exposure to individual
antiretroviral agents before the diagnosis of HIV-SN or other
neurological conditions, including the NRTT inhibitors d4T,
ddI, ddC, zidovudine (AZT), and lamivudine (3TC), and
the PlIs including saquinavir (SQV), ritonavir (RTV), indi-
navir (IDV), amprenavir (AMP), nelfinavir (NFV), and
RTV-boosted lopinavir (r/LOP), was measured as exposure
time (number of days), dosage (number of days multiplied
by the dose), and proportion of patients within each group
who had received the antiretroviral agent. Fasting plasma
glucose levels (within 3 months of neuropathy onset) and the
frequency of lipodystrophy were variables used in a post hoc
analysis.

Laboratory Investigations

CELL CULTURES AND VIRUS INFECTION. DRGs were har-
vested and prepared from adult Sprague-Dawley rats, trans-
genic for human CD4 and CCR5, and thus permissive to
HIV-1 infection."”” Culture medium was replaced after 24
hours, and then every 2 to 3 days for the next week. DRG
cultures were then infected with a recombinant infectious
HIV-1 clone derived from the peroneal nerve of a patient
with DSP (HIV-1 p24 20ng per culture)'® or mock infected,
as described previously."” Cultures were washed after 24
hours to remove input inocula and cultured with and with-
out ddI or IDV for a further 3 days, with medium replen-
ished at day 2. At day 4 after infection, DRG cultures were
washed, fixed with 95% ethanol, and blocked overnight at
4°C with phosphate-buffered saline containing 50% normal
goat serum. After removal of the blocking reagent, the cells
were immunolabeled overnight at 4°C with either mouse
anti-microtubule-associated protein 2 (MAP2) (clone HM-2;
1:1,000 dilution; Sigma, St. Louis, MO), mouse anti-ED-1
(1:200 dilution; Chemicon International, Temecula, CA),
mouse anti-human CD4 (1:100 dilution; DAKO, Carpinte-
ria, CA), mouse anti-human CCRS5 (cl. 2D7; 1:100 dilu-
tion; BD Biosciences, San Jose, CA), or HIV-1gp, p24 rabbit
antiserum (1:1,000 dilution; obtained through the AIDS Re-
search and Reference Reagent Program, catalogue number
4250), as reported previously.'® After primary antibody
staining, the cells were washed in phosphate-buffered saline
and incubated with either Cy3-conjugated goat anti-mouse
(1:2,000 dilution; Jackson ImmunoResearch Laboratories,
West Grove, PA) or Alex Fluor-488—conjugated goat anti—
rabbit (1:2,000 dilution; Molecular Probes, Eugene, OR)
secondary antibodies. In addition, DRG cultures were sub-
jected to terminal deoxynucleotidyltransferase—mediated uri-
dine 5’-triphosphate-biotin nick end labeling (TUNEL), as
reported prfsviously18 after treatment with AZT, IND, or ddI
at a range of concentrations. Slides were mounted with Gel-
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Table 1. Clinical Features of Patients with Human Immunodeficiency Virus—Associated Sensory Neuropathy and Human

Immunodeficiency Virus with No Neuropathy

Variable HIV-SN (N = 101) HIV-NN (N = 120) ?
Mean age (SE) 47.2 (0.9) 43.9 (0.8) <0.01
Sex, % male 91.1 84.2 NS
Educational level (degree), % 20.0 13.9 NS
Ethnocultural, % white 90.9 85.6 NS
MSM, % 66.3 63.9 NS
Substance use, % 30.7 39.2 NS
Alcohol use, % 11.8 23.3 <0.05
Diabetes, % 6.9 2.5 NS
Mean peak fasting glucose, mmol/L (SE)* 5.7 (0.09) 5.4 (0.07) <0.01
Impaired fasting glucose: <6.1 mmol/L, %" 27 15 NS
Lipodystrophy, % 13 5.8 NS
Mean peak viral load, log 10 copies/ml (SE) 5.1 (0.1) 4.9 (0.09) <0.005
Mean CD4 nadir, cells/mm?® (SE) 130.4 (15.4) 147.3 (13.2) NS
HBV, % 29.7 27.5 NS
HCV, % 15.8 14.2 NS
TB, % 5.9 5.0 NS
Syphilis, % 7.9 8.3 NS
HAD/MCMD, % 30.7 26.7 NS
HRQoL: mean Overall Health Score (SE) 34.5(3.2) 48.2 (3.4) <0.05
Mean duration of HIV-1 positivity, months (SE) 90.6 (6.1) 94.3 (1.2) NS

*Patients with diabetes were excluded.

HIV-SN = human immunodeficiency virus—associated sensory neuropathy; HIV-NN = human immunodeficiency virus with no neuropathy;
SE = standard error; NS = not significant; MSM = male-to-male sexual relations; HBV = hepatitis B virus; HCV = hepatitis C virus; TB =
tuberculosis; HAD/MCMD = HIV-associated dementia/Minor Cognitive-Motor Deficit; HRQoL = health-related quality of life; HIV-1 =

human immunodeficiency virus type 1.

vatol and viewed using a Zeiss Axioskop 2 upright fluores-
cent microscope (Zeiss, Thornwood, NY). For the DRG
morphological studies, digital images of all MAP2-
immunopositive neurons from 12 fields of view per well
were captured using the Advanced Spot system (Diagnostic
Instruments, Sterling Heights, MI), and quantitative analyses
of neuronal soma size, maximal neurite lengths, and neuritic
loss were performed using the Scion Image program (Scion,
Frederick, MD).

STATISTICAL ANALYSES. Bivariate relationships involving
discrete  variables were analyzed using the X2 test,
whereas those involving continuous variables were assessed
using analysis of variance with post hoc Bonferroni, Dunn,
or Tukey—Kramer comparisons or Student’s r or Mann—
Whitney U tests for data with or without a normal distribu-
tion, respectively. The level of significance was defined as p
less than 0.05 for all tests.

Results

Clinical Investigations

DEMOGRAPHIC AND CLINICAL CHARACTERISTICS. From
the SAC cohort of HIV-1-positive patients, 221 were
determined to have specific neurological syndromes:
120 (54%) showed no evidence of neuropathy (HIV-
NN), whereas 64 (29%) and 37 (17%) exhibited either
DSP or ATN, respectively, comprising those with neu-
ropathy (HIV-SN). HIV-SN patients were significantly
older than HIV-NN patients, yet this difference was
not due to a longer duration of documented HIV-1
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seropositivity (Table 1). Comparison of the mean du-
ration (months) of follow-up subsequent to neurologi-
cal diagnosis was 43.7 * 20.7 (range, 2.5-73.7)
months for the HIV-SN group and 37.9 * 19.7
(range, 4.8-94.8) months for the HIV-NN group.
Similar to earlier studies, mean peak viral load was
higher in the HIV-SN group, whereas mean CD4 na-
dir level was not different between groups (see Table
1). Not unexpectedly, quality of life as measured by the
Overall Health Score was significantly lower among the
HIV-SN patients compared with the HIV-NN group.
Other demographic variables, including sex, educa-
tional level, male-to-male sexual relations, and sub-
stance use did not differ between the HIV-SN and
HIV-NN groups, nor did the presence of various coin-
fections (hepatitis B virus, hepatitis C virus, tuberculo-
sis, syphilis) or cognitive impairment (HIV-associated
dementia or Minor Cognitive-Motor Deficit). In addi-
tion, mean CD4 and CDS8 levels in blood closest to
the time of HIV seropositivity or neurological diagno-
sis and mean log viral load at the time neurological
diagnosis did not differ between the HIV-NN and
HIV-SN groups, although gabapentin use as an anal-
gesic was significantly higher in the HIV-SN group
(p < 0.01). However, after stratification by ATN ver-
sus DSP (Table 2), patients with ATN were more
likely to have had male-to-male sexual relations and

higher levels of education, whereas the risk for HCV



Table 2. Clinical Features of Patients with Distal Sensory Polyneuropathy and Antiretroviral-Induced Toxic Neuropathy

Variable DSP (N = 64) ATN (N = 37) P
Mean age (SE) 46.2 (0.92) 49.0 (1.9) NS
Sex, % male 91.5 91.9 NS
Educational level (degree), % 12.3 33.3 <0.05
MSM, % 57.8 81.1 <0.05
Substance use, % 35.9 21.6 NS
Alcohol use, % 33.9 50.0 NS
Diabetes, % 10.9 5.4 NS
Mean peak viral load, log 10 copies/ml (SE) 5.16 (0.11) 5.11 (0.19) NS
Mean CD4 nadir, cells/mm> (SE) 139.3 (20.2) 140.0 (23.5) NS
HBV, % 28.1 32.4 NS
HCV, % 21.9 5.4 <0.05
TB, % 7.8 2.7 NS
Syphilis, % 3.1 16.2 <0.05
HAD/MCMD, % 34.4 24.3 NS
Mean duration of HIV-1 seropositivity, months (SE) 88.8 (8.1) 93.5 (9) NS
Neurotoxic ART exposure, % 71.9 100.0 <0.001

DSP = distal sensory polyneuropathy; ATN = antiretroviral-induced toxic neuropathy; SE = standard error; NS = not significant; MSM =
male-to-male sexual relations; HBV = hepatitis B virus; HCV = hepatitis C virus; TB = tuberculosis; HAD/MCMD = HIV-associated
dementia/Minor Cognitive-Motor Deficit; HRQoL = health-related quality of life; HIV-1 = human immunodeficiency virus type 1; ART =

antiretroviral therapy.

infection was less compared with the DSP group (p <
0.05), although the frequency of syphilis was higher in
the ATN group (p < 0.05).

ANTIRETROVIRAL THERAPY EXPOSURE.  The use of indi-
vidual neurotoxic dideoxynucleosides including d4T,
ddC, and ddI was significantly associated with the
presence of HIV-SN (Fig 1), as shown by the propor-
tion of patients exposed to each agent (see Fig 1A), the
number of days exposed to cach agent (see Fig 1B),
and the total dosage of each drug (data not shown;
p < 0.05). Indeed, the risk for development of ATN
was higher among patients who received any of the
previously recognized neurotoxic ARTs (see Table 2;
2 < 0.001). The use of PIs was also significantly asso-
ciated with the presence of HIV-SN by the proportion
of patients (see Fig 1A) and the total number of days
exposed to PIs (see Fig 1B). Similarly, cumulative PI
dosage was significantly greater in those who had de-
veloped HIV-SN (data not shown; p < 0.005). Con-
centrating on PI use, it was observed that the develop-
ment of HIV-SN was significantly associated with the
cumulative exposure of certain Pls including IDV,
SQV, and RTV (see Fig 1C). Moreover, the number
of patients receiving IDV (60.3% HIV-SN vs 35.0%
HIV-NN; p < 0.0005), SQV (49.5% HIV-SN vs
25.8% HIV-NN; p < 0.0005), or RTV (48.5.3%
HIV-SN vs 27.5% HIV-NN; p < 0.005) differed be-
tween groups, although HIV-SN frequency was not as-
sociated with AMP, r/LOP, and NFV use. In addition,
the number of days that the HIV-SN group received
IDV, SQV, or RTV was also higher than the HIV-NN
group (data not shown; p < 0.005), whereas again,

AMP, r/LOP, and NFV exposure times were not re-
lated to the development of HIV-SN. Importantly,
both HIV-SN groups (ATN and DSP) did not differ
in their comparative PI exposure times, cumulative
dosages, or proportions of patients exposed to these
agents (data not shown).

As the association between PI use and the develop-
ment of HIV-SN might be related to glucose intoler-
ance or undetected diabetes, we assessed fasting plasma
glucose levels from within 3 months of the diagnosis of
HIV-SN after excluding those patients with diabetes
mellitus. Mean peak fasting glucose (£ standard error)
was significanty higher in the HIV-SN group com-
pared with the HIV-NN group (5.7 = 0.09 vs 5.4 *
0.07mmol/L, respectively; p < 0.01). However, the
frequency of patients with impaired glucose tolerance
(defined as >6.1mmol/L) did not differ between
groups (see Table 1). Although there was a trend to-
ward a higher prevalence of lipodystrophy in the
HIV-SN group, this difference was not statistically sig-
nificant (see Table 1).

Laboratory Investigations

DRG cultures were composed of neurons, Schwann
cells (not shown), and human CD4- and CCR5-
positive macrophages (Fig 2A). After HIV-1 infec-
tion, HIV-1 p24 was colocalized with the rat macro-
phage marker ED-1 (see Fig 2B), which was
accompanied by neurite retraction and neuronal soma
atrophy. Quantitation of mean neurite length (see Fig
2C), mean number of neurons with processes (see Fig
2D), and mean neuronal soma size (see Fig 2E)
showed that HIV infection and IDV treatment
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(HIV-SN; black bars) and HIV with no neuroparhy (HIV-
NN; open bars). (A) Percentage of patients exposed to each
ART agent. (B) Mean total number of days (*standard devi-
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(0.1uM) of mock-infected cultures caused nonsignif-
icant reductions in all of these neuronal parameters.
Treatment of mock-infected cultures with ddI
(1.0uM) resulted in a significant reduction in both
neurite length (p < 0.01) and neuronal soma size
(p < 0.001), similar to our previous findings with
other NRTIs."” However, in cultures infected with
HIV-1 with subsequent treatment by ddl or IDV,
there was a marked reduction in all neuronal param-
eters compared with mock- and HIV-infected cul-
tures, suggesting that select ARTs exert additive neu-
rotoxic effects in this model of HIV-SN. To
determine whether certain cell types were selectively
injured by IDV or ddI treatment at clinically relevant
concentrations, we examined DRG cultures after
TUNEL and found that untreated cultures (Fig 3A)
showed no TUNEL positivity. Conversely, IDV-
treated cultures (1.0 and 100.0,.M) showed numer-
ous TUNEL-positive cells (see Fig 3B). Double im-
munolabeling showed colocalization of TUNEL and
ED-1 immunoreactivity (see Fig 3B, inset) although
TUNEL was not colocalized with MAP2 immunore-
activity (data not shown). Quantitation of the num-
ber of TUNEL-positive cells disclosed that there was
a significant increase in TUNEL positivity in IDV-
treated cultures compared with mock-, ddI- and
AZT-treated cultures. These results implied that
monocytoid cells may be targets of IDV toxicity in
keeping with previous studies,”® and that macro-
phages are necessary for neuronal viability.

Discussion

In this cohort study of HIV-1-seropositive patients, we
identified several distinguishing demographic and clin-
ical features of HIV-SN. In particular, certain Pls, in-
cluding IDV, SQV, and RTV, exhibited greater cumu-
lative dosages and exposure times in patients who
developed HIV-SN. Interestingly, these same three
agents penectrate neural compartments most efficiently
of all the PIs, ™3 leading us to hypothesize that they
may have more direct neurotoxic effects in a model of
HIV-SN. The latter investigations indicated that both
IDV and, as expected, ddI were highly neurotoxic dur-
ing concurrent HIV infection. Age, alcohol use, peak
viral load, and quality of life also distinguished patients
with and without HIV-SN. That older age was associ-
ated with neuropathy is not unique to our study and
has been reported previously.>*~*” However, this find-
ing could not be attributed to longer duration of
HIV-1 seropositivity, as has been suggested earlier.”
Indeed, age is a risk factor for other neurological man-
ifestations of HIV-1, including HIV-associated demen-
tia and its antecedent condition (Minor Cognitive-
Motor Deficit), together with progressive multifocal
leukoencephalopathy, primary central nervous system
lymphoma, and stroke.** Previous studies have re-
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ported either a positive association between alcohol
consumption and the development of HIV-SN**?® or
no alcohol effects®®; thus, it appears counterintuitive
that alcohol use was more prevalent among those with-
out HIV-SN in this study. Conversely, alcohol has
been shown to inhibit neuronal injury in models of
HIV gp120 neurotoxicity.”® Although the underlying
mechanisms for this neuroprotective effect by alcohol

have not been fully elucidated, impaired secretion of
proinflammatory  cytokines (eg, tumor necrosis
factor-a, interleukins) and promotion of endogenous
protective factors such as transforming growth factor-3
have been suggested.”® Regarding HIV-SN, a similar
neuroprotective effect of alcohol on the peripheral ner-
vous system remains possible, though speculative. A
higher peak viral load was associated with HIV-SN,
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whereas a lower CD4 count was not. The previously
reported literature assessing immune status and
HIV-SN is mixed, with some prior reports linking
neuropathy to increased viral load levels,”?" whereas
others have reported no relationship.”* Although lower
CD4 counts have also been associated with neuropa-
thy,>?>27:3%3% there has been a trend over time toward
the development of HIV-SN at higher CD4 levels than
previously observed.”>*® Morgello and colleagues®
speculate that this difference in findings relates to a
difference in patient populations (ie, earlier reports pre-
dated the availability of highly active antiretroviral
therapy). Perhaps not unexpectedly, patients with
HIV-SN were shown to have a lower overall health
score on the quality of life index. This latter finding is
likely related to increased pain and sensory impair-
ments associated with this type of neuropathy, as evi-
denced by greater gabapentin use reported herein. No-
tably, the present definition of HIV-SN required
patients to be symptomatic from their neuropathy for
inclusion, which may have biased our study toward
HIV-SN patients with more severe neuropathy.

822 Annals of Neurology Vol 59 No 5 May 2006

Nonetheless, d4T, ddC, and ddI exposure within 6
months of diagnosis were also shown to be significantly
associated with the development of HIV-SN, confirm-
ing earlier findings that these three agents are neuro-
toxic.>”?>3¢ A putative mechanism underlying this
toxicity is altered neuronal mitochondrial metabo-
lism.”?”

In this cohort of HIV-infected patients, we identi-
fied an association between specific PIs and the devel-
opment of HIV-SN. Concordant results on all three
measures of PI exposure were observed including pro-
portion of patients exposed to Pls, total number of
days receiving Pls, and the total dosage of PIs taken. A
recent report indicates that LOP, IDV, RTV, and
SQV, but not NFV, were associated with neuropathy
in HIV/AIDS patients.”® However, the same study re-
ported AZT, efavirenz, and lamivudine were also asso-
ciated with neuropathy, although these drugs have not
previously been implicated in neuropathy. Indeed, this
represents a limitation to our study in that our patient
groups were smaller than those in the latter study,*®
albeit our patients were more intensively examined, but



there may also have been some inherent biases as the
HIV-NN group had other neurological disorders. The
association between HIV-SN and PI use has otherwise
not been recognized in other studies, perhaps due to
insufficient duration of follow-up or merely limited da-
tabases. PIs became available to all patents in our
clinic in late 1996, which was recorded prospectively in
our computerized database, although this might have
skewed our data toward Pl-related HIV-SN for those
PIs used more intensively over time. The occurrence of
abnormal fasting glucose tests did not differ in
HIV-SN and HIV-NN groups, despite modest differ-
ences in peak fasting glucose levels; hence, these find-
ings suggest that incipient diabetes was not a factor dis-
tinguishing the HIV-SN and HIV-NN groups. In our
analysis, IDV, SQV, and RTV were significantly asso-
ciated with HIV-SN, and interestingly, all of these Pls
have been previously shown to penetrate the blood—
brain barrier’*?“® and in the case of IDV is actively
transported into the CSE.*' Likewise, these Pls may
also penetrate the DRGs, raising the possibility of di-
rect toxicity to DRG neurons because the DRG repre-
sents a susceptible target for any circulating neurotoxin
(or drug) because its blood—nerve barrier is a highly
permeable region within the peripheral nerve.*?

These laboratory studies, using a novel model of
neuronal injury in HIV-SN, support our clinical find-
ings by indicating that although infection per se by a
peripheral nerve-derived HIV clone may affect neuro-
nal viability to a limited extent, the concomitant use of
IDV clearly exacerbated neuronal injury. Not unex-
pectedly, ddI was also neurotoxic to DRG neurons, in
keeping with our earlier results.'” Neurite retraction
and less neurites were evident in both IDV- and ddI-
treated cultures infected by HIV-1. The concentrations
of IDV used herein for DRG toxicity studies ranged
from 0.1 to 100.0nM, whereas trough IDV levels de-
tected in serum are 1.0 to 10uM and in CSF 0.1 to
1.0uM, depending on the individual study.*>**
Hence, peak serum and cumulative tissue concentra-
tions of IDV may approximate the drug concentrations
used in these studies. These findings, together with
that of reduced neuronal soma size, also imply that
neuronal dysfunction, perhaps preapoptotic,*> may be
the basis of HIV-SN induced by PIs that is a poten-
tially reversible process. Indeed, cessation of neurotoxic
NRTIs and improved immune status frequently lead to
a resolution in symptoms, if not signs, of HIV-SN.*
Interestingly, we found that IDV was selectively cyto-
toxic to macrophages in this culture system. This ob-
servation suggests that macrophages contribute to neu-
ronal maintenance possibly through the release of
neurotrophic factors including nerve growth factor,
insulin-like growth factor-1, and brain-derived neuro-
trophic factor.*”*® HIV infection in conjunction with
IDV-related toxicity likely results in a marked reduc-

tion in macrophage viability with ensuing adverse ef-
fects on neurons. Given the widespread and protracted
use of Pls, these findings indicate there is an urgent
need to define thresholds of neurotoxicity for PI dosage
and exposure times, thereby preventing the develop-
ment of HIV-SN among the growing number of HIV/
AIDS patients receiving antiretroviral therapy.
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