
Journal of NeuroVirology, 8: 420±431, 2002
c° 2002 Taylor & Francis ISSN 1355±0284/02 $12.00+.00

DOI: 10.1080/13550280290100851

Neurovirulence depends on virus input titer in brain
in feline immunode�ciency virus infection: Evidence
for activation of innate immunity and neuronal injury
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Lentiruses cause neurological disease depending on the virus strain and its
neurotropism, yet it remains uncertain to what the impact of infectious virus
quantity in the brain early in infection is on the subsequent development of neu-
rological disease or neurovirulence. We investigated the relationship between
infectious virus input titer and the resulting neurovirulence, using ex vivo
and in vivo assays of feline immunode�ciency virus (FIV)-induced neurovir-
ulence. FIV infection of cell cultures and neonatal cats was performed us-
ing 102:5 (low-titer) or 104:5 (high-titer) 50% tissue culture infectious doses
(TCID50)/ml of the neurovirulent FIV strain, V1CSF. Ex vivo neurotoxicity
assays revealed that conditioned medium (CM) from feline macrophages in-
fected with high-titer (P < :001) or low-titer (P < :01) V1CSF induced greater
neuronal death than CM from mock-infected cells. In vivo, animals infected
intracranially with high-titer V1CSF showed neurodevelopmenta l delays com-
pared to mock-infected animals (P < :001) and animals infected with low-
titer V1CSF (P < :02), concurrent with reduced weight gains and greater
depletion of CD4+ cells over a 12-week period. Neuropathological changes,
including astrogliosis, macrophage activation, and neuronal damage, were ev-
ident in V1CSF-infected animals and were viral titer dependent. In vivo mag-
netic resonance (MR) spectroscopy and proton nuclear magnetic resonance
(1H-NMR) spectroscopy of tissue extracts revealed evidence of neuronal in-
jury, including reduced N-acetyl aspartate/creatine (P < :05) and increased
trimethylamine/creatine (P < :05) ratios, in the frontal cortex of high-titer
V1CSF-infected animals compared to the other groups. T2-weighted MR imag-
ing detected increased signal intensities in the frontal cortex and white matter
of V1CSF-infected animals relative to controls, which was more evident as
viral titer increased (P < :01). The present �ndings indicate that lentivirus
infectious titers in the brain during the early stages of infection determine
the severity of neurovirulence, re�ected by neurobehavioral de�cits, together
with neuroradiological and neuropathological �ndings of activation of innate
immunity and neuronal injury. Journal of NeuroVirology (2002) 8, 420–431.
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Introduction

Feline immunode�ciency virus (FIV) is a lenti-
virus that causes immunological and neurological
impairment in domestic cats similar to that seen in
human immunode�ciency virus (HIV)-infected pa-
tients (Bendinelli et al, 1995). Like HIV, FIV is neu-
rotropic, entering the central nervous system (CNS)
during the early stages of infection and primarily in-
fecting microglia and astrocytes (Dow et al, 1992).
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In twenty percent to forty percent of FIV-infected
felines, invasion of the CNS is associated with neu-
rological abnormalities that manifest as FIV en-
cephalopathy (FIVE). FIVE presents as neurobehav-
ioral abnormalities such as psychomotor slowing,
ataxia, aggressivity, disrupted sleep and arousal pat-
terns, stereotypic motor behaviors, and altered sen-
sory evoked potentials (reviewed in Podell et al,
2000). Although overt clinical signs of neurological
disease are not always observed, neuropathological
changes, such as neuronal injury and loss, in�am-
mation, microglial nodules, white matter pallor, and
gliosis, are apparent in many FIV-infected cats upon
necropsy (Hurtrel et al, 1992; Phillips et al, 1994).

The events that contribute to the development
of FIVE remain unclear, but as with the primate
lentiviruses, neuronal damage in the absence of pro-
ductive infection of neurons by FIV suggests an in-
direct mechanism (Power, 2001). Consequently, in-
fection and activation of glia and brain macrophages
has been posited to result in the increased expres-
sion of putative neurotoxins, including both viral
proteins (Billaud et al, 2000; Bragg et al, 1999; Gruol
et al, 1998) and host-derived molecules, such as
proteolytic enzymes and proin�ammatory cytokines
(Johnston et al, 2000; Poli et al, 1999; Zenger et al,
1997). Ultimately, neuronal death is thought to in-
volve an excitotoxic mechanism resulting from dys-
regulation of calcium exchange or neurotransmitter
uptake and release (Billaud et al, 2000; Bragg et al,
1999; Gruol et al, 1998; Yu et al, 1998). The poten-
tial for the interplay between virus and host factors to
in�uence disease progression is exempli�ed further
by the relationship between viral burden and neu-
rovirulence. For example, the neurological damage
induced by lentiviruses may occur early in infection
when plasma viral load is high yet the host immune
response is still intact in both humans and animals
infected by lentiviruses (Boche et al, 1996; McArthur,
1987). However, neurological complications are most
apparent during the advanced stages of disease when
viral load is again elevated concurrent with a dimin-
ished immune response (Boche et al, 1996), suggest-
ing that the extent of viral replication within the CNS,
and factors that in�uence this process, determine the
extent of neurological damage caused by lentiviruses.
In support of this concept, systemic immune sup-
pression has been shown to be an important determi-
nant of FIV neurovirulence (Podell et al, 1997; Power
et al, 1998). Furthermore, an association between FIV
replication in the brain and the induction of proin-
�ammatory cytokines, such as tumor necrosis factor
alpha (TNF-®), has been reported (Poli et al, 1999).

Although a strong correlation has been reported
between cerebrospinal �uid (CSF) viral burden and
the development of progressive neurological dis-
ease following lentiviral infection (Boche et al, 1996;
McArthur et al, 1997; Zink et al, 1999), the relation-
ship between brain viral load and neuropathogen-
esis remains unresolved. Moreover, little is known

about how brain viral burden early in infection in-
�uences the subsequent development of neurologi-
cal disease. In the present study, we examined the
extent to which input titer in the brain in�uenced
the neurovirulence exhibited by the primary FIV iso-
late, V1CSF, in a neonatal feline model of neurologi-
cal impairment. An input titer-dependent response
was observed between V1CSF titer and the result-
ing neuropathology and neurodevelopmental impair-
ment, together with concomitant neuroradiological
and systemic immune abnormalities.

Results

Ex vivo neurotoxicity induced by V1CSF
Because the release of neurotoxins by infected
and/or activated macrophages has been posited to
contribute to the neuronal injury induced by FIV
(Zenger et al, 1997), primary feline monocyte-derived
macrophages (MDM) were infected with V1CSF and
conditioned medium (CM) harvested at days 1 and 3
post infection (PI). Neurotoxicity was determined by
treating differentiated NG108 cells with CM for 24 h
and assessing cell death by trypan blue exclusion.
Neuronal death relative to untreated cultures and cul-
tures treated with CM from mock-infected MDM was
increased following incubation with CM harvested
from MDM infected with either high (P < :001) or
low (P < :01) titers of V1CSF (Figure 1). Although

Figure 1 Ex vivo neurotoxicity exhibited by V1CSF is titer-
dependent. Primary feline MDM were mock-infected or infected
with 102:5 or 104:5 TCID50/ml of V1CSF and CM harvested at days 1
and 3 PI. Differentiated NG108 neuroblastoma cells were incu-
bated with CM for 24 h and cell death, equalized for the total
number of cells, was determined by trypan blue exclusion. Cells
incubated with fresh medium (untreated) served as controls for
background neurotoxicity. Results represent the mean § SEM (per-
cent total cells) of trypan blue–positive cells detected in three wells
(4 �elds/well). Signi�cant differences relative to neurons treated
with CM from mock-infected MDM were determined by ANOVA
and Tukey-Kramer post hoc tests (¤¤P < :001; ¤P < :01). Greater
neurotoxicity was observed at both days with CM from MDM in-
fected with 104:5 TCID50/ml of V1CSF compared to cells infected
with 102:5 TCID50/ml.
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neurotoxicity did not differ between cultures incu-
bated with media harvested at day 1 or 3 PI, differ-
ences were detected depending on the viral titer with
which MDM were infected. CM harvested from MDM
infected with high viral titers caused levels of cell
death (approximately 25%) that were increased sig-
ni�cantly (P < :001) compared to levels caused by
CM from MDM infected at low titers (approximately
13%). Thus, the capacity for V1CSF to induce the
release of potential neurotoxins from infected MDM
in vitro was dependent on viral input titer.

Systemic effects of V1CSF infection
To assess the in�uence of viral titer on FIV infection
in vivo, neonatal kittens were mock-infected or inoc-
ulated with either 102:5 (low-titer) or 104:5 (high-titer)
50% tissue culture infectious doses (TCID50)/ml of
V1CSF by intracranial injection and followed over
a 12-week period. Systemic infection was con�rmed
by reverse transcriptase–polymerase chain reaction
(RT-PCR), which detected FIV-speci�c sequences in
peripheral blood mononuclear cells (PBMC) har-
vested at weeks 8 and 12 PI from all infected animals,
but not in cells from mock-infected controls (data not
shown). Analysis by �ow cytometry of PBMC iso-
lated at week 8 PI from V1CSF- and mock-infected
cats revealed no signi�cant differences in the per-
centage of CD4C cells between groups (12% to 15%)
(Figure 2a). In contrast, CD4C cell levels were sig-
ni�cantly lower at week 12 PI (P < :001) in ani-
mals infected with either titer of V1CSF compared to
mock-infected cats. These differences re�ected an in-
crease in the number of CD4C cells in control animals
(80%), whereas levels decreased by 50% and 18%
in high-titer and low-titer V1CSF-infected animals,
respectively. Comparison of CD8C cells at the same
time points indicated that levels were increased sig-
ni�cantly in both V1CSF-infected groups compared
to controls at week 8 PI (P < :001), but at week 12,
only CD8 levels in low-titer animals differed from
controls (Figure 2b). Over this period, the abundance
of CD8C cells increased in both control (150%) and
low-titer (66%) animals, but remained unchanged
in high-titer cats. Taken together, these results indi-
cated that input viral titer had the capacity to in�u-
ence the extent of systemic disease characterized by
immunosuppression.

Weekly determinations of body weights indicated
that progressive weight gains occurred in both mock-
and FIV-infected animals (Figure 2c). However, after
2 weeks PI, the mean weights of high-titer neonates
were signi�cantly lower than those of controls (P <
:005 at weeks 4, 6, and 8; P < :05 at weeks 10 and
12), whereas differences between low-titer and mock-
infected animals were not observed until week 10 PI
(P < :05 at weeks 10 and 12). Similarly, animals
receiving high-titers of V1CSF exhibited decreased
weight gains compared to low-titer neonates until
week 10 PI (P < :05 at weeks 4, 6, and 8).

Figure 2 Systemic and neurobehavioral changes in V1CSF-
infected neonates. (a) Neonatal cats were mock-infected (n D 7)
or infected intracranially with high (104:5 TCID50/ml; n D 6) or low
(102:5 TCID50/ml; n D 4) titers of V1CSF. (a, b) PBMC were iso-
lated from whole blood collected at weeks 8 and 12 PI and the
number of CD4C (a) and CD8C (b) cells determined by �ow cy-
tometry. Results are expressed as the mean percentage § SD of la-
beled cells relative to the total number of PBMC. CD4 levels in cats
infected with high-titer V1CSF were signi�cantly decreased com-
pared to mock-infected (P < :001) and low-titer (P < :05) animals
at week 12 PI. CD8 levels were originally increased in both V1CSF-
infected groups relative to controls at week 8 PI (P < :001), but in-
creased in mock-infected and low-titer animals and decreased in
cats infected with high-titer V1CSF between weeks 8 and 12 PI.
(c) Weight changes relative to the starting weight (week 1) as-
sessed for each animal. Decreased weight gains compared to
mock-infected cats were evident after week 2 in animals infected
with high-titer V1CSF (P < :005 at weeks 4, 6, and 8; P < :05 at
weeks 10 and 12) and after week 8 in animals infected with low-
titer V1CSF (P < :05). Weight gains by high-titer cats were also
signi�cantly less than those of low-titer animals before week 10 PI
(P < :05). (d) Developmental parameters (play interaction, walk-
ing, running, jumping, air righting, blink re�ex, plank walking)
were measured weekly for 12 weeks in the mock- and V1CSF-
infected neonates. Neurodevelopmental impairment was scored
based on the mean age (weeks) at which animals in each group
were able to successful complete a given task and results expressed
as the mean disability score (MDS) § SD for each group. Compared
to controls, the neurobehavioral development of animals infected
with either high-titer or low-titer V1CSF was signi�cantly delayed,
with high-titer animals exhibiting a greater degree of impairment
than low-titer animals. (e) Necropsied brain (frontal lobe) tissue
was obtained at 12 weeks PI from mock- and V1CSF-infected the
presence of the FIV pol gene in genomic DNA and cDNA con�rmed
by nested PCR analysis. Representative gels are shown for four an-
imals in each group. A water blank (W) served as a contamination
control. Viral DNA was detected in all V1CSF-infected animals,
but not in mock-infected controls. However, FIV RNA was de-
tectable only sporadically in infected neonates. Signi�cant differ-
ences relative to mock-infected animals were determined by Stu-
dent’s t test (¤P < :05; ¤¤ P < :001). Data represent the mean § SD
for each group, with signi�cant differences determined by ANOVA
and Tukey-Kramer post hoc tests.
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Neurodevelopmental impairment and virus
detection in V1CSF-infected neonates
To assess the role of viral titer in the development of
neurological disease following FIV infection, a feline
model of neurodevelopmental impairment reported
previously (Power et al, 1998) was used. Compared
to mock-infected controls, which had a mean dis-
ability scale (MDS) score of 0.9 § 0.1, animals in-
fected with either high or low titers of V1CSF ex-
hibited developmental delays (Figure 2d). However,
the level of impairment in high-titer animals (3.2 §
0.2) was signi�cantly greater (P < :02) than that ob-
served for low-titer cats (2.2 § 0.6). Furthermore,
no differences were observed in the development of
neurological disease when animals from different lit-
ters were infected with the same viral titer. To con-
�rm infection and the presence of viral replication in
the brain, nested PCR and RT-PCR analysis of mock-
and V1CSF-infected brain tissue was performed. PCR
analysis of genomic DNA revealed the presence of
FIV sequences at week 12 PI in brain tissue collected
at necropsy from all infected animals, but FIV was
not detected in brain samples from any of the con-
trols (Figure 2e). In contrast, FIV sequences were de-
tected in only four of six high-titer and three of four
low-titer V1CSF-infected animals following RT-PCR
ampli�cation.

V1CSF infection is associated with gliosis
and neuronal stress
The morphological changes associated with the neu-
rological impairment observed in the FIV-infected
neonates were investigated by immunocytochemi-
cal analysis of serial sections of necropsied frontal
lobe from mock-infected animals and cats infected
with different titers of V1CSF. Glial �brillary acidic
protein (GFAP) immunoreactivity was increased in
the brains, chie�y in white matter, of high-titer
(Figure 3B) and low-titer (Figure 3C) V1CSF-infected
cats, demonstrating astrocyte hypertrophy and an in-
creased number of detectable processes compared
to control brains (Figure 3A). Similarly, evidence
of increased macrophage/microglial activation in in-
fected animals compared to controls was provided
by the ability to detect a greater number of cells
immunopositive for CD18, which labels monocy-
toid cells (macrophages/microglia) and lymphocytes
(Figure 3D–F). However, the extent of astroglio-
sis and macrophage activation were increased in
animals infected with high titers of V1CSF com-
pared to low-titer cats. Immunostaining with anti-
bodies to microtubule-associated protein (MAP)-2
(Figure 3G–I) did not reveal obvious neuronal loss
in any V1CSF-infected group, although reduced
neuronal processes and dysmorphic neurons were
observed in the high-titer group (Figure 3H). Ev-
idence of neuronal stress, such as increased im-
munoreactivity to the transcription factor c-fos
(Figure 3J–L), was detected in brain tissue from
high-titer animals (Figure 3K), compared to low-titer

FIV–infected and control brains. Of note, c-fos stain-
ing was observed primarily in the nuclei of neurons,
with minimal cytoplasmic staining. In addition, a
few c-fos–positive cells were detected in the low-
titer group (Figure 3L), but clusters of positive neu-
rons were evident only in animals infected with high
titers of V1CSF (Figure 3K). It should be noted that
consistent with earlier reports from our laboratory
(Power et al, 1997, 1998), no differences were ob-
served in the severity of neuropathological changes
when ipsalateral and contralateral hemispheres were
compared.

Magnetic resonance studies
Further evidence of neuronal injury following FIV
infection was obtained by magnetic resonance (MR)
spectroscopy analysis of brain metabolite levels in
mock- and FIV-infected cats. Spectra (Figure 4b)
were obtained from voxels in the left frontal cortex
(Figure 4a) or caudate nucleus (spectra not shown)
at 12 weeks PI, and metabolite levels in each sam-
ple were expressed relative to creatine (Figure 4c).
Comparison of the cortical spectra revealed de-
creased N-acetyl aspartate (NAA)/creatine (Cr) ratios
(P < :03), shown previously to be a reliable indi-
cator of neuronal integrity (Prichard and Shulman,
1986), in cats infected with high titers of V1CSF com-
pared to mock-infected controls (Figure 4c). The level
of metabolites containing trimethyl amine (TMA)
groups, such as choline, was increased (P < :03) in
high-titer animals relative to controls (Figure 4c).
Like decreased NAA, elevated TMA is indicative of
cellular damage, such as loss of membrane integrity
(Kugel et al, 1998). Of note, glutamate (Glu)/Cr ra-
tios, shown previously to be increased in brain tis-
sue from V1CSF-infected adult cats, were reduced
signi�cantly (P < :05) in neonatal brains following
infection with high-titer V1CSF (Figure 4c). Sim-
ilar trends in metabolite levels were observed in
brain tissue from cats infected with low-titer V1CSF,
but these changes were less prominent than those de-
tected in high-titer animals and did not differ signi�-
cantly from mock-infected controls. No differences
in metabolite levels were detected when the cau-
date was examined (data not shown). The results ob-
tained by in vivo MR spectroscopy were con�rmed
by ex vivo proton MR spectroscopy of necropsied
brain tissue (left frontal cortex) harvested at week
12 PI. Again, high-titer animals exhibited decreased
NAA/Cr (0.08 § 0.04, P < :01) and Glu/Cr (1.81 §
0.14, P < :01) ratios compared to low titer (NAA/Cr,
0.98 § 0.05; Glu/Cr, 2.62 § 0.19) and mock-infected
(NAA/Cr, 1.01 § 0.04; Glu/Cr, 2.29 § 0.55). However,
no signi�cant differences were detected in the levels
of other brain metabolites, including formate, taurine,
cholines, aspartate, succinate, ° -aminobutyric acid
(GABA), acetate, and alanine, among groups.

To characterize regions of potential injury within
the brain, T2-weighted MR imaging was performed
on mock- and V1CSF-infected cats at week 12 PI
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Figure 3 Immunocytochemical analyses of neonatal brain tissue. Serial sections of brain tissue (frontal lobe) collected at 12 weeks PI
from mock-infected neonates (A, D, G, J) and cats infected with high (B, E, H, K) or low (C, F, I, L) titers of V1CSF were immunostained
with antibodies to GFAP (A, B, C), CD18 (E, F, G), MAP-2 (H, I, J), or c-fos (K, L, M). Compared to mock-infected controls (A, D) and cats
infected with low-titer V1CSF (C, F), GFAP immunoreactivity, indicative of astrogliosis, and levels of CD18-positive activated macrophages
were increased in cats infected with high-titer V1CSF (B, E). Although minimal neuronal loss was observed in V1CSF-infected animals
compared to controls, dysmorphic neurons (arrows) were more evident in high-titer animals (H) compared to the other groups (G, I).
Similarly, increased c-fos immunoreactivity, localized primarily to the nuclei of neurons, was detected in neonates infected with high-
titers of V1CSF (K), compared to isolated, positively stained neurons observed infrequently in controls (J) and low-titer animals (L).
Original magni�cation, 400£ (A–F), 200£ (G–L).
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Figure 4 Magnetic resonance (MR) spectroscopy analysis of neonates. (a) In vivo MR spectroscopy was performed at 12 weeks PI from
the mid-frontal sulcus (shown) or the caudate putamen (not shown) of mock-infected animals and animals infected with high or low
titers of V1CSF. (b) Comparison of representative MR spectra, indicating peaks corresponding to N-acetyl acetate (NAA), creatine (Cr),
trimethylamines (TMA), and glutamate (Glu). (c) The levels of brain metabolites, determined by MR, were normalized to creatine levels
and ratios are expressed as the mean § SD for each experimental group. Compared to controls, the mean NAA/Cr and Glu/Cr were
decreased in the cortex of V1CSF-infected animals in a titer-dependent manner. In contrast, cortical TMA/Cr increased with titer in
V1CSF-infected animals. Metabolite ratios in the caudate nucleus did not differ between groups (data not shown). (d) Titer-dependent
increases in T2-weighted signal intensities were observed in frontal cortex and white matter of V1CSF-infected animals compared to mock-
infected controls, but not in the caudate nucleus. Values are expressed relative to intensities in muscle from each animal and represent
the mean § SD for each experimental group. Signi�cant differences between groups were determined by ANOVA and Tukey-Kramer post
hoc tests (¤¤ P < :01; ¤ P < :05).

and signal intensities, relative to muscle, were
determined for the caudate nucleus and left frontal
cortex and white matter (Figure 4d). Compared
to control animals and low-titer–infected animals,
higher signal intensities were detected in frontal
white matter (P < :005) and cortex (P < :005) of
neonates infected with high-titer V1CSF. Moreover,
cortical atrophy was also observed in both low-
titer and high-titer FIV–infected animals compared
to uninfected controls. Although signal intensities in
these regions were elevated slightly in low-titer FIV–
infected cats, levels were not signi�cantly increased
over control values. In contrast, as with the brain
metabolite levels, no differences in signal intensity
within the caudate nucleus were observed between
groups.

Discussion

In the present study, the neuropathogenesis asso-
ciated with infection of neonates by a neuroviru-
lent FIV strain, V1CSF, was found to be viral input
titer dependent. Compared to cats infected with a
lower viral titer, animals infected with high titers
of virus exhibited greater developmental impair-
ment concurrent with increased evidence of neu-
ronal injury, including decreased NAA/Cr, increased
TMA/Cr, and increased T2-weighted MR image in-
tensities accompanied by cortical atrophy. These
in vivo changes were supported by ex vivo experi-
ments demonstrating titer-dependent expression of
putative neurotoxins by FIV-infected feline MDM
and neuropathological evidence of neuronal injury
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and stress together with accompanying neuroin�am-
mation. Furthermore, neurological impairment was
accompanied by systemic abnormalities, including
decreased weight gain and greater CD4C cell de-
pletion, that also varied with input titer. Taken to-
gether, these �ndings indicate that early viral loads
in neonatal brain profoundly in�uence the sever-
ity of neurological damage that develops as infec-
tion progresses. Moreover, factors that in�uence vi-
ral replication and viral burden, such as the integrity
of the host immune response, contribute to these
processes.

The present study extends the �ndings of an earlier
report from our laboratory in which neonatal cats in-
fected with V1CSF experienced neurodevelopmen-
tal impairment concurrent with a decrease in brain
NAA/Cr (Power et al, 1998) by demonstrating that
both of these properties are dependent on input vi-
ral titer. Although decreased NAA levels are asso-
ciated with neuronal injury and loss (Chong et al,
1994; Meyerhoff et al, 1993), as with the earlier study,
neuronal loss was not apparent in V1CSF-infected
neonates in vivo despite abundant neuronal death in
ex vivo neurotoxicity assays. Other studies indicate
neuronal dysfunction is associated with a greater re-
duction in NAA levels than that in situations of overt
neuronal loss (De Stefano et al, 1995; Jenkins et al,
2000; Tracey et al, 1997). Because loss of neurons
is a feature of adult FIV-infected cats (Meeker et al,
1997; Power et al, 1997), these �ndings may indicate
that neurons within the developing nervous system
are more susceptible to injury leading to functional
impairment, but are less likely to die. In support
of this concept, levels of TMA-containing metabo-
lites, which have been proposed as a marker of mem-
brane structural damage (Kugel et al, 1998), and ex-
pression of c-fos, a transcription factor shown to be
upregulated in response to brain injury and excito-
toxic insult (Ferrer et al, 2000; Grif�ths et al, 1997),
were also elevated in infected animals in a titer-
dependent manner. In addition, neuronal damage
that manifested as dysmorphic cell bodies and trun-
cated cellular processes was also more prominent in
brain tissue from animals infected with high titers
of V1CSF.

Functional impairment of neurons in the absence
of cell death may also indicate that several different
mechanisms contribute to the neurobehavioral phe-
notype observed in lentivirus infections. The neu-
ronal injury and death associated with lentiviral in-
fection has been postulated to involve an excitotoxic
mechanism that results in increased release of glu-
tamate, an excitatory amino acid neurotransmitter,
and subsequent excess excitation of neighboring cells
(Power, 2001). Previously, increased glutamate lev-
els were detected concurrent with neuronal loss in
adult FIV-infected cats (Power et al, 1997), but in
the V1CSF-infected neonatal brains in which neu-
ronal loss was not observed, a dose-dependent de-
crease in glutamate/Cr ratios was observed. A sim-

ilar phenomenon has been reported in the simian
immunode�ciency virus (SIV) model, where limited
change in glutamate levels are observed in the CNS
early after infection despite elevated plasma levels of
the metabolite (Eck et al, 1991), but marked increases
are detected late in infection (Koutsilieri et al, 1999).
Thus, neuronal death may be the product of a pro-
gressive process that gradually increases glutamate
levels to concentrations that are lethal to neurons. In
contrast, the neuronal injury that occurs early after
infection may result from a glutamate-independent
mechanism, such as the FIV-induced increases in
TNF-® that have been reported in brain early after in-
fection and concurrent with neuronal damage (Poli
et al, 1999). The mechanism by which FIV infection
results in decreased glutamate in the present study
remains unclear, although the observation that this
effect was titer dependent suggests that it is a direct
result of viral infection. Astrocytes regulate glutamate
levels in the brain, and it is conceivable that their abil-
ity to take up glutamate is preserved early in infec-
tion but declines with disease progression, concur-
rent with increasing astrocyte cell death (Wesselingh
and Thompson, 2001).

The observations that the extent of neuronal
loss and brain glutamate levels observed in FIV-
infected neonatal kittens differed from that previ-
ously reported for adult cats suggest that maturation-
dependent host factors contribute to the pro�le of
neurological disease in lentiviral infections. In fur-
ther support of this concept, increased T2-weighted
MRI signal intensities and elevated metabolite lev-
els, evidence of neuropathology and blood-brain bar-
rier (BBB) pertubation (Lanens et al, 1993), were de-
tected in frontal white matter and cortex among high
titer-infected animals compared to controls, but not
in the caudate nucleus. Since neuronal damage in
the basal ganglia is observed in adult FIV-infected
animals (Power et al, 1997), the relative paucity of
changes in the caudate nucleus supports the concept
that both progressive and acute damage occurs in FIV
infected cats, resulting in a different disease pro�le
in neonates and adult animals (Hurtrel et al, 1992).
The failure to detect viral RNA in necropsied brain
tissue from some infected neonates, despite the pres-
ence of viral DNA, is also likely a product of age. For
example, studies of SIV-infected neonatal macaques
found fewer infected cells and sporadic detection
of viral RNA in neonatal brain tissue compared to
adult subjects, despite comparable prevalence of CNS
infection and peripheral viral loads (Westmoreland
et al, 1999). It is conceivable that the greater plas-
ticity inherent to neonatal brain tissue compared to
adult brain contributes to the observed maturation-
dependent effects. This property may also promote
increased passive migration of virus within the brain,
accounting for the comparable levels of virus and
neuropathological damage observed in both the im-
planted and non-implanted hemispheres of infected
neonates.
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The current results also re-enforce the important
role played by systemic factors, such as immune
suppression, in FIV-mediated neurological disease.
A recent study has reported that both the immuno-
logical and neurological disease caused by another
neurovirulent FIV strain, PPR, is dose-dependent
(Hokanson et al, 2000). Similarly, V1CSF induced a
titer-dependent depletion of CD4C cells, while im-
mune suppression with cyclosporin A has been
shown to increase the neurovirulence exhibited by
a less neurovirulent FIV strain, Petaluma (Power
et al, 1998). This correlation between immune sta-
tus and the development of neurological impair-
ment following FIV infection may re�ect the rela-
tive ability of the host immune response to clear the
virus from the CNS. Moreover, such impairment of
the developing immune system may have enhanced
spread of the virus from the CNS into the systemic
circulation, contributing to the colonization of the
non-implanted hemisphere of the brain. In light of
the capacity for decreased immune function to al-
ter viral phenotype, the �ndings presented in the
current study may also provide insight into the fac-
tors that contribute to the strain dependence asso-
ciated with FIV-induced neurological damage. For
both FIV and primate lentiviruses, speci�c enve-
lope sequences have been shown to confer a neu-
rovirulent phenotype (Bragg et al, 1999; Mankowski
et al, 1997; Power et al, 1995). Since brain entry of
lentiviruses is thought to involve crossing of the BBB
by infected hematogenous cells (Power, 2001) such as
monocytes and lymphocytes, and certain lentivirus
envelope regions implicated in neurovirulence have
also been shown to in�uence cell tropism (Chesebro
et al, 1992; Johnston et al, 2002; Mankowski et al,
1997; Vahlenkamp et al, 1999), speci�c envelope se-
quences may increase the ef�ciency with which FIV
colonizes the CNS. Thus higher viral loads may be
achieved in the CNS, leading to increased neurolog-
ical damage.

These experiments indicate that the initial dose
of virus received by neonatal kittens directly in�u-
ences the severity of the ensuing neurological and
systemic disease following FIV infection. Our �nd-
ings are consistent with those obtained from the
SIV animal model, in which infection of neona-
tal macaques produced similar neuropathological
changes (Westmoreland et al, 1999). Moreover, as
with FIV, the neurological damage caused by neu-
rovirulent SIV strains occurs rapidly following ex-
posure to the virus (Gonzalez et al, 2000) and is as-
sociated with limited viral replication in the brain
(Westmoreland et al, 1999). Despite these similari-
ties, input virus titer and inoculation route has not
been found to in�uence disease outcome in SIV-
infected macaques (Westmoreland et al, 1998). Al-
though this discrepancy may indicate a fundamen-
tal difference in the pathogenesis of FIV and SIV, it
more likely re�ects the fact that juvenile and adult
macaques, not neonates, were investigated in the ear-

lier study. Thus, the results presented here furnish
support for early therapeutic intervention to suppress
viral load in the brain during lentiviral infections and
provide a model for examining the neuropathogene-
sis of lentiviruses in the developing nervous system.

Methods and materials

Viruses and cell culture
PBMC were isolated from blood obtained from
speci�c pathogen–free (SPF) adult felines by density-
gradient centrifugation, as described previously
(Johnston and Power, 1999). PBMC were initially
stimulated for 3 days with concanavalin A (5 ¹g/ml,
Sigma, Oakville, Ontario), then maintained in RPMI
1640 medium with 15% fetal calf serum (FCS) and
interleukin-2 (100 IU/ml, Sigma). Primary monocyte-
derived macrophages (MDM) were isolated from
unstimulated PBMC by adherence on polystyrene
�asks for 24 h, differentiated for 7 days, and cul-
tured in RPMI 1640 medium containing 20% FCS.
NG-108 mouse neuroblastoma cells were obtained
from American Type Culture Collection (Rockville,
MD) and cultured in minimum essential medium
(MEM) containing 10% FCS. All cell cultures were
supplemented with 1% penicillin and streptomycin.
The primary FIV isolate, V1CSF, which was derived
from the CSF of a cat with encephalopathy and
shown previously to possess a neurovirulent pheno-
type (Power et al, 1998). Viral stocks were prepared
in primary feline PBMC and underwent fewer than
10 passages prior to the present experiments. Viral
titers were determined by limiting dilution in feline
PBMC and RT assay, as described previously (Lanens
et al, 1993). For infection, MDM were inoculated with
200 ¹l of viral stock (102:5 or 104:5 TCID50/ml), incu-
bated for 2 h at 37±C, washed twice, and cultured in
AIM V serum-free medium (Gibco, Burlington, On-
tario) until supernatants and cells were harvested.
Uninfected cells or mock-infected cells treated with
heat-inactivated virus served as controls.

Neurotoxicity assay
NG-108 neuroblastoma cells (5 £ 104/well) were see-
ded in 96-well plates in AIM V medium and differ-
entiated by incubation with 1 mM dibutyryl cAMP
(Sigma, Oakville, Ontario) for 24 h to induce a neu-
ronal phenotype (Ghahary et al, 1989). Differentiated
neurons were incubated for 24 h with CM harvested
at days 1 and 3 PI from mock- and V1CSF-infected fe-
line MDM. These time points were selected based on
previous experiments demonstrating that the neuro-
toxicity induced by V1CSF reaches its peak value be-
fore day 4 PI (Power et al, 1998). Following expo-
sure to CM, cultures were stained with trypan blue
dye for 15 min at room temperature and the num-
ber of cells, which failed to exclude the dye, were
counted in four wells (three to six �elds per well,
0.1 mm2 per �eld) by an observer unaware of the
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treatment identity. Neuronal death was expressed as
the mean percentage § SEM of stained cells com-
pared to the total number of counted cells (equal-
ized to control values). A consistent level of back-
ground cell death (3% to 5%) was observed between
experiments.

Animals and virus inoculation
SPF pregnant cats (queens) were obtained from
Unique Ventures (Winnipeg, Manitoba, Canada) and
housed according to University of Calgary Animal
Resource Center guidelines. All queens were found
to be negative for feline retroviruses by PCR anal-
ysis and serological testing. At day 1 post deliv-
ery, neonatal kittens were inoculated intracranially
(right frontal lobe) with 0.2 ml of either 102:5 (low-
titer, n D 4) or 104:5 (high-titer, n D 6) TCID50/ml of
infectious V1CSF or heat-inactivated virus using a
30-gauge needle and syringe. Mock-infected ani-
mals inoculated with heat-inactivated V1CSF (n D 7)
served as controls. Each experimental group was
comprised of at least two litters from different queens.
Kittens, weaned at 6 weeks, were monitored weekly
for changes in body weight and neurodevelopmen-
tal impairment. PBMC were isolated from blood
collected at 8 and 12 weeks PI for �ow cytom-
etry analysis of CD4C and CD8C cell levels. Af-
ter 12 weeks, animals were euthanized and brain
and spleen tissues were harvested. Samples from
each animal were �xed in 4% buffered (pH 7.1)
paraformaldehyde (PFA) or frozen immediately by
immersion in liquid nitrogen for immunocytochem-
ical and PCR analyses, respectively.

Neurodevelopmental studies
To assess the development of neurological dis-
ease, FIV- and mock-infected kittens were examined
weekly by animal care staff unaware of their infec-
tion status and the age at which animals were able
to successfully complete speci�c neurodevelopmen-
tal tasks (running, jumping, air righting, plank walk-
ing, and blink re�ex) was determined. Neurodevel-
opmental impairment was expressed as a MDS score
(Heseltine et al, 1998), for which values between 0.5
and 1.0 indicate normal neurobehavioral develop-
ment. These scores were calculated based on results
obtained between weeks 6 and 12 PI and represented
the mean number of standard deviations by which
animals in each group differed from previous control
values (Power et al, 1998).

Flow cytometry
PBMC were isolated from whole blood, as described
above, and aliquots of 1 £ 106 cells were resuspended
in phosphate-buffered saline (PBS) containing 0.1%
sodium azide. Resuspended cells were incubated for
20 min at room temperature with 3 ¹g of anti-CD4
or -CD8 monoclonal antibodies per milliliter (clones
FE1.7B12 and FE1.10E9; LABL, Davis, California),
washed twice with PBS, and incubated for 20 min

with �uorescein thiocyanate (FITC)-conjugated
goat anti-mouse IgG (0.25 ¹g/¹l; Becton Dickinson,
San Jose, California). PBMC were again washed, then
resuspended in 0.5 ml of 1% formalin in PBS for
analysis. Using a FacScan �ow cytometer (Becton
Dickinson) with the argon laser excitation set at
488 nm, data were collected from approximately
15,000 events for each experimental condition and
results were expressed as a single-parameter log
�uorescence histogram. Cells incubated in the ab-
sence of antibodies or with 1 ¹g/ml of FITC-labeled,
isotype-matched murine immunoglobulin G1 (IgG1)
(Becton Dickinson) served as controls.

Immunocytochemistry
PFA-�xed necropsied brain tissue was cryoprotected
by immersion in 30% sucrose for 3 days. Because ear-
lier studies (Power et al, 1997, 1998) indicated no dif-
ferences in severity of neuropathology between im-
planted and nonimplanted hemispheres, we focused
these studies on the nonimplanted hemisphere. Se-
rial free-�oating (30-¹m) sections (frontal cortex and
white matter) were prepared using a sliding micro-
tome and stored at 4±C in PBS containing 0.04%
sodium azide. In preparation for use, sections were
washed with PBS, then incubated for 30 min at room
temperature in 3% hydrogen peroxide. Sections were
washed again and incubated for 45 min at room
temperature in blocking solution containing 10%
normal goat serum (NGS, Sigma) and 0.4% Triton
X-100 in PBS. Following the blocking step, sec-
tions were incubated for 24 to 48 h with primary
antibody diluted in PBS containing 5% NGS and
0.4% Triton X-100, washed, and incubated for 2 h
with secondary antibody diluted in PBS containing
1.5% NGS. Primary antibodies used for these studies
included (1:5,000; DAKO Diagnostics, Mississauga,
Ontario), c-fos (1:10,000; Oncogene Research Prod-
ucts, Boston, MA), MAP-2 (1:5,000; Sigma), and CD18
(1:100; provided by Dr. Peter Moore, University of
California, Davis, CA). Monoclonal and polyclonal
antibodies were detected using horseradish perox-
idase (HRP)-conjugated goat anti-mouse (Jackson
ImmunoResearch Lab) or anti-rabbit (Sigma) sec-
ondary antibodies, respectively, and visualized by
incubation with diaminobenzidine and hydrogen
peroxide.

Detection of virus
Total cellular RNA was isolated using TRIzol reagent
(Gibco), DNase-treated (1 U/¹g) for 1 h at 37±C, and
the absence of contaminating cellular DNA was con-
�rmed by PCR using the conditions and primers de-
scribed below. cDNA was prepared from 100 ng of
treated RNA using a First Strand cDNA Synthesis
kit (Boehringer-Mannheim, Quebec) with a poly(dT)
primer alone or in combination with a primer tar-
geting a speci�c gene. Genomic DNA was isolated
using DNAzol reagent (Gibco). Approximately 300
to 400 ng of template DNA or cDNA was ampli�ed
by 1 cycle of 95±C for 5 min, 30 cycles of 95±C for



Titer-dependent lentiviral neurovirulence

JB Johnston et al 429

1 min, 50±C for 1 min, and 72±C for 2 min, and 1 cy-
cle of 72±C for 10 min. Nested PCR was performed
using 2 ¹l of product ampli�ed in the �rst PCR re-
action at an annealing temperature of 55±C. To mini-
mize the possibility of contamination, PCR reactions
were prepared in three separate rooms and control
sample were used in which 2 ¹l of water was added
to the reaction mixture instead of template. Load-
ing of equal amounts of template from each sam-
ple was ensured by semiquantitative ampli�cation
of the host gene, glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), at an annealing temperature of
55±C. The sequences of all primers were reported pre-
viously (Johnston et al, 2000). PCR products were
separated by agarose gel electrophoresis and ampli�-
cation of a single band of the correct molecular weight
was determined by ethidium bromide staining.

Spectroscopy and imaging
In vivo MR spectroscopy was performed on mock-
and FIV-infected animals, as described previously
(Power et al, 1998). Brie�y, animals were anes-
thetized at week 12 PI and localized proton (1H)
MR spectra were obtained from volumes of 64 ¹l
of the left frontal cortex and caudate nucleus us-
ing STEAM localization . A total of 512 signal aver-
ages were acquired (acquisition time 17.1 min per
spectrum) using a 7-T 21-cm Bruker/Biospec2 spec-
trometer and a 4-cm diameter circular surface coil
from the nonimplanted hemisphere. Spectra were
processed by apodizing with a 15-Hz exponential
multiplication, Fourier transformation, phasing, and
modest polynomial baseline correction. Peak inten-
sities were measured and metabolite ratios were ex-
pressed relative to the stable total creatine signal
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