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Cytokine disregulation has been implicated in the pathogenesis of lentivirus-
induced diseases. In the present study, 18 specific pathogen free (SPF) cats were
inoculated with feline immunodeficiency virus (FIV) Petaluma strain and
sacrificed at different times post-infection. Five additional SPF cats were used
as controls. The cell localization of the cytokine tumor necrosis factor alpha
(TNF-2) in the central nervous system (CNS) was determined by immunohis-
tochemical and morphometric analyses with a polyclonal rabbit anti-human
TNF-o antibody. TNF-o and FIV RNA were measured using competitive reverse
transcriptase polymerase chain reaction (PCR) assays and the number of
proviral genomes was estimated by competitive PCR. Portions of frontal cortex
were collected from each animal and both formalin-fixed and snap-frozen and
stored at — 80° C until used. The results showed that TNF-« is present mainly in
astrocytes and microglial cells. Morphometric analysis showed that areas of
TNF-o production increased in the early phases of infection. Molecular
analyses demonstrated that the kinetics of proviral loads in the CNS were
comparable to what observed in lymph nodes and peripheral blood mono-
nuclear cells, with the peaks in the early and late stages of infection. A positive
correlation was found between viral parameters and TNF-o transcription, the
strongest relationship was found between the transcription of the cytokine and
viral RNA load. These results confirm that invasion of CNS by FIV occurs soon
after virus exposure and that during this phase there is an increase oflocal viral
loads with concomitant up-regulation of TNF-o expression. During the
asymptomatic phase viral replication remains low in spite of the progression
of CNS alterations. The dissociation between the viral load and the lesions
observed suggests the importance of an indirect mechanism for the progression
of these lesions, even if TNF-o seems to play a role particularly in the early
phase of infection.
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Introduction

Central nervous system (CNS) dysfunctions are
observed in a large proportion of patients with
acquired immunodeficiency syndrome (AIDS), espe-
cially in the late stages of the disease (Trillo Pazos
and Everall, 1996). Approximately one third of
these individuals show severe cognitive and motor
deficits known as AIDS dementia (Price et al, 1991)
or human immunodeficiency virus (HIV)-1 asso-
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ciated cognitive/motor complex (Everall et al,
1993). The presence of early CNS involvement has
been also demonstrated by detection of HIV-1 or its
antigens in the cerebrospinal fluid before the onset
of neurological symptoms (Gray et al, 1996).

The clinical manifestations of AIDS dementia
complex result from a diffuse involvement of the
CNS characterized by severe pathological abnorm-
alities including HIV meningoencephalitis, neuro-
nal loss, myelin loss and cortical dendritic
pathology (Gray et al, 1991; Everall et al, 1993).
Different cells are susceptible to HIV-1 infection in
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the CNS: neurons, astrocytes, macrophages/micro-
glial cells and oligodendroglial cells have been
found to be infected by the virus both in vitro and in
vivo (Atwood et al, 1993).

The molecular mechanisms responsible for HIV-
induced CNS damage remain unclear. Several non-
exclusive hypotheses have been proposed includ-
ing direct toxicity of viral products such as gp 120,
immunologically-mediated damage of astrocytes
due to the presence of a common epitope on gp 41
and on the astrocytes cell surface antigen, and the
production of cytokines such as tumor necrosis
factor-a (TNF-o), which impair neuronal function
and can cause oligodendroglial cell death and
consequent demyelinization (Dal Canto, 1997).

Neuropathological changes resembling those
observed in HIV-1 infection have been observed in
cats infected by feline immunodeficiency virus
(FIV), a lentivirus belonging to the same subfamily
of HIV and simian immunodeficiency virus (SIV)
(Pedersen, 1993; Bendinelli et al, 1995). Previous
studies by us and others have shown a CNS
involvement in FIV-infected cats characterized by
perivascular mononuclear cell infiltrates, glial
nodules and diffuse gliosis, vacuolar mielinopathy,
and meningitis (Dow et al, 1990; Hurtrel et al, 1992;
Podell et al, 1993; Poli et al, 1997). These changes
can be associated with neurological symptoms. CNS
involvement in FIV-infected cats, as in HIV-infected
persons, is both an early and late event (Hurtrel et
al, 1992), thus FIV infection of the domestic cat may
be a reliable animal model for studying the
immunopathogenesis and  neuropathological
changes that occur in HIV infection.

The purpose of our investigation was to study the
viral loads in the frontal cortex of cats at different
times post-infection (p.i.) with FIV. To investigate
whether TNF-o may be involved in the pathogenesis
of neuron damage, transcription of this cytokine
and immunocytochemical labeling of TNF-« bear-
ing cells in this portion of the CNS were also
analysed using molecular, morphometrical and
densitometrical analyses.

Results

At postmortem examination no gross lesions were
evident in the brain, spinal cord and meninges of
the 18 FIV-infected cats. Confirming previous
findings (Poli et al, 1997) histopathological exam-
ination of selected sections of the frontal cortex
revealed moderate to pronounced gliosis involving
both gray and white matter and characterized by the
presence of swollen astrocytes. Cats sacrificed at 23
months p.i. displayed neuronal alterations charac-
terized by perikarion vacuolization and, in some
cases, satellitosis. The results of morphometrical
analysis carried out on immunohistochemically
stained sections using an anti-glial fibrillary acidic

protein (GFAP) antibody confirmed the presence of
generalized astrogliosis (Figure 1A). This was
evident as early as 15 days p.i. and, in two of the
four subjects examined at this time p.i., GFAP
reactivity was markedly higher as compared to the
uninfected controls. Astrogliosis was comparably
pronounced at 2 months p.i. and was only slightly
further increased at 1 year p.i. A more marked
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Figure 1 Immunoreactivity for GFAP (A) and TNF-o measured

by morphometric (B) or densitometric (C) analysis of the frontal
cortex in FIV infected cats sacrificed at different times p.i. and
control animals.



increase was seen at 23 months p.i. GFAP reactivity
was significantly higher in infected than in control
cats (P=0.0003). The increase of GFAP reactivity
was significantly higher in cats sacrificed at 2 weeks
p.i. when compared with controls (P=0.007) and in
animals examined 23 months p.i. when compared
with cats sacrificed at 2 and 12 months p.i.
(P=0.01). The changes of GFAP reactivity was not
significant at the other time points.

Immunohistochemical studies performed to lo-
calize the TNF-« protein revealed the presence of
scattered immunoreactive cells morphologically
similar to astrocytes and microglial cells (Figure
2A). Positive cells were frequently located around
blood vessels (Figure 2B). The specificity of the
reaction was demonstrated by the lack of immuno-
staining when the primary antibody was replaced
by an unrelated rabbit polyclonal antiserum (Figure
2C).

To better characterize the presence of TNF-o the
immunostained sections were submitted to mor-
phometrical and densitometrical studies. Morpho-
metrical analysis revealed an increase of the total
area of TNF-¢ immunoreactivity in three of the
subjects examined at 15 days p.i. and in three of four
cats sacrificed at 2 months p.i., while the total area
of TNF-o immunostaining found in cats at 12 and 23
months p.i. was in the normal range (Figure 1B).
Statistical analysis revealed a significant difference
in total TNF-u area between infected and control
cats (P=0.02). Also the mean area of TNF-o
immunoreactivity detected in single positive cells
was higher at 15 days and 2 months p.i. than at 12
and 23 months p.i. and in the controls (data not
shown).

Densitometric analysis confirmed the increase of
TNF-o immunoreactivity in the frontal cortex of cats
examined at 15 and 2 months p.i. (Figure 1C)
(P=0.0005). In this early phase, also mean TNF-a
immunoreactivity detected in single cells was
higher in the infected than in control cats (data
not shown).

TNF-o RNA and FIV DNA and RNA in the tissue
were measured by quantitative reverse transcriptase
(RT)-polymerase chain reaction (PCR) (Figure 3). As
expected, there was some variability in the amount
of TNF-a transcription detected in individual
uninfected cats. On average, however, the levels of
TNF-« messenger were higher in infected than in
control cats (P=0.0045), with peak values detected
at 15 days and 2 months p.i. and in one of the longer
term infected animals (Figure 4A).

Quantification of FIV DNA showed that the
proviral loads in the CNS peaked in the early stages
of infection, then subsided to increase again at 23
months p.i. (Figure 4B). The levels of viral RNA
followed a similar trend, except that one of the two
subjects sacrificed at 15 days p.i. displayed an
unexpectedly low RNA burden (Figure 4C). This cat
had also a lower viral DNA and RNA content in
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PBMC as compared with the mean values found in
the other cats at the same time point (1.440 proviral
copies/ug DNA and 6.650 RNA copies/ug RNA
versus 3.997 proviral copies/ug and 19.177 RNA
copies/ug RNA, respectively).

In an effort to study the relationships between
FIV content and TNF-o production in the CNS, we
calculated the regression coefficient between the
parameters investigated above. A positive linear
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Figure 2 TNF-o immunoreactivity in the gray matter of the
frontal cortex of an FIV-infected cat sacrificed 15 days p.i. (A)
Scattered TNF-« immunoreactive cells are stained in brown-red
(arrows); (B) TNF-« positive cells located around a blood vessel
(arrow); (C) lack of immunoreactivity with substitution of
primary antiserum with an unrelated rabbit serum.
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relationship was found between viral parameters
and TNF-« transcription. The strongest relationship
was with viral RNA (r=0.496, P=0.0004), while that
with provirus load was lower and had not reached
statistical significance. No correlation was instead
found between viral DNA and RNA contents and
morphometrical and densitometrical data. Also the
correlation between TNF-z RNA and TNF-x im-
munoreactivity did not reach statistical signifi-
cance. In spite of the lack of correlation the
highest levels of TNF-o RNA expression were
observed in the subjects with the highest TNF-a
immunoreactivity when studied using morphome-
trical and densitometric analysis.

Discussion

CNS involvement associated with HIV-1 infection is
one of the major complications of this disease (An
and Scaravilli, 1997). HIV-1 associated neuropatho-
logical changes include acute meningoencephalitis,
impairment of the blood brain barrier due to
vasculitis, vacuolar mielinopathy, and encephalo-
pathy (Budka et al, 1991; Gray et al, 1996). These
changes often cause neurobehavioral changes in-
cluding cognitive, sensory and motor dysfunctions
which may result in profound dementia (Zheng and
Gendelman, 1997). The mechanisms by which HIV
infection induces these disorders remain unknown
for the difficulty of experimental analysis in man
because only post-mortem samples and cerebrosp-
inal fluid samples are available. This raised the need
for relevant animal models that may help to under-
stand the pathogenesis of HIV-1 associated neuro-
pathology. Among such models FIV is considered
suitable to understand the pathogenesis of CNS
alterations. In the present study, we have used this
model system to investigate in a longitudinal way
the relationships between pathological changes,
viral loads and TNF-o production in the CNS.
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Figure 3 Ethidium bromide stained 2% agarose gel of
amplicons obtained from an RT—cPCR used to quantify TNF-u
mRNA in the CNS. Lanes A-D, 400ng CNS RNA/tube plus
tenfold dilutions of RNA competitor (from 10° to 10° copies);
lane E no template control; lane F 400ng CNS RNA alone; lane
G: 10* copies of RNA competitor alone; M: 100 bp DNA ladder.
Positions of amplicons obtained from wild-type (214bp) and
competitor (178 bp) templates are indicated by arrows.

Our results confirm that CNS lesions induced by
FIV are similar to those of HIV-1 infection apart
from the absence of multinucleated giant cells and
are characterized by a slightly increased gliosis in
the early phases of infection, and by neuronal
damage in later phases (Boche et al, 1996; Meeker
et al, 1997; Poli et al, 1997).

18000 - TNF-o. TRANSCRIPTION A
< 16000 +
E 14000 +
3
= 12000 + —
r
= 10000 +
S
© 8000 + o °
w
2 19 T
5. 600 2 o [}
S o L]
O 4000  © 'Q'
) g 8
2000 +
o £
Controls 0.5 2 12 23
0000 PROVIRAL LOAD B
<« 8000 - °
E 7000 + ° o
'§ 6000 - -—
= o
> 5000 -
St
S 4000 |
) ° o
'E. 3000 + o
© 2000 | ° =3
o
1000 + °
0 Legs &
Controls 0.5 2 12 23
VIRAL RNA LOAD C
30000 |
<
é 25000 °
"= 20000 |
=
>
‘S 15000
4] (R
'§. 10000 - o o)
O T
5000 &
o
0l O =2 8
Controls 0.5 2 12 23

Months Post Infection

Figure 4 TNF-o transcription (A), proviral DNA (B) and viral
RNA genomes (C) in the frontal cortex of FIV infected cats
sacrificed at different times p.i. and control animals. The results
are expressed as numbers of copies per ug of tissue RNA (A and
C) or DNA (B).



TNF-«, secreted primarily by macrophages, exerts
pleiotropic effects on biological and immunological
processes (Odeh, 1990) and has been implicated in
the pathogenesis of CNS damage by HIV-1 (Atwood
et al, 1993). This cytokine may be produced by
resident cells of the nervous system, specifically
astrocytes and microglial cells, or by cells of the
immune system that traffic through the CNS (Vilcek
and Lee, 1991). TFN-o, together with IL-1/, has been
found to promote astrocytes proliferation (Lach-
mann et al, 1987), a prominent finding observed in
FIV and HIV encephalopathy. This cytokine can
also cause oligodendroglial death, supporting the
hypothesis that TNF-¢ producing cells may play a
role in demyelinating diseases (Robbins et al, 1987).
TNF-« could also induce expression of MHC class I
proteins on astrocytes and oligodendrocytes, ex-
posing these cells to the cytolitic effects of
trafficking cytotoxic T-lymphocytes (Mauerhoff et
al, 1988). Lastly, TNF-« can upregulate nitric oxide
production, which also might represent a means of
inducing neuronal injury (Atwood et al, 1993).

In this study, we have demonstrated that the
recently developed technique based on immuno-
chemical intracellular staining of cytokines (Litton
et al, 1994) can be used to analyze cytokine-
producing cells and study the pathogenesis of
lentiviral infections. TNF-a positive cells were
detected in sections from both FIV-infected and
uninfected cats. The majority of the positively
stained cells were recognized on morphological
grounds as microglial cells, macrophages around
blood vessels or astrocytes. Unfortunately, the lack
of antibodies to lineage-specific feline cellular
antigens did not allow definitive characterization
of TNF-« positive cells.

Transcription and production of TNF-« in astro-
cytes and microglial cells was significantly up-
regulated in the early phase of FIV infection, while
these parameters did not change in the animals
examined during the asymptomatic phase or later.

As expected, based on previous findings (Beebe et
al, 1994; Macchi et al, 1998), PCR analyses
performed for quantitating viral DNA and RNA
revealed the highest FIV loads during the early and
late stages of infection. Similar to what is observed
in the SIV model (Hurtrel et al, 1993; Chakrabarti et
al, 1991), our results confirm that FIV enters the
CNS shortly after infection, during initial viremia
(Beebe et al, 1994; Boche et al, 1996). The kinetics of
proviral load in the CNS resembled those pre-
viously observed by examining lymphoid organs
and peripheral blood mononuclear cells (Matteucci
et al, 1997; Macchi et al, 1998), although viral loads
in the CNS were consistently lower as compared to
what are found in lymphoid tissues.

In the early phases of infection peak TNF-«
transcription and production coincided with peaks
of viral replication, while at late stage the increased
viral burden was accompanied by a moderate
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increase of TNF-o transcription only in some cats.
In spite of this discrepancy statistical analysis
revealed a significant correlation between the extent
of viral load and TNF-o transcription. Elevated
expression of TNF-o and other cytokine such as
interleukin (IL)-1, 4 and 6 has been found in the
brain of AIDS patients (An et al, 1996; Boche et al,
1997). Increased levels of TNF-« mRNA have been
also demonstrated in microglial cells and astrocytes
of HIV-1-infected patients with clinically evident
CNS disfunctions (Nuovo et al, 1994). Envelope
glycoprotein 120 (gp 120) seems to play a role in this
cytokine disregulation which may participate in the
initiation and propagation of HIV-1 neuropathol-
ogy. In fact, an increased expression of mRNAs of
proinflammatory cytokines such as IL-1 f, TNF-o,
and TGF-b has been induced in the hypothalamus of
Wistar rats in response to the chronic intracerebro-
ventricular microinfusion of HIV-1 derived gp 120
(Ilyin and Plata Salaman, 1997).

The dissociation between the low viral load
observed during the asymptomatic phase of the
infection and the progression of CNS alteration
revealed in FIV-infected cats in our previous
study (Boche et al, 1997) supports the importance
of an indirect mechanism for the pathogenesis of
neuropathological alterations detected in these
subjects. Furthermore the severe lesions and
neurological dysfunctions described in HIV-1
and FIV infections (Lafrado et al, 1993; Phillips
et al, 1994, 1996) do not appear to be justified by
the low number of virus-producing cells detected
locally (Nuovo et al, 1994; Boche et al, 1996; Poli
et al, 1997).

In conclusion, our findings suggest that TNF-«
production is activated in the CNS parenchyma of
FIV-infected cats in the early phase of the infection.
These results support the hypothesis that neuro-
toxic factors released from non-neuronal cells such
as astrocytes, microglial cells or macrophages may
participate in the pathogenesis of the brain damage
observed in lentiviral infections.

Materials and methods

Animals

Eighteen specific pathogen free (SPF) female cats,
between 1 and 4 years of age, were used in the
study. The subjects were infected with the Petaluma
strain of FIV by inoculation of culture supernatant
of persistently infected FL4 cells (Yamamoto et al,
1991) containing approximately 20-50% cat in-
fectious doses. Five FIV-seronegative SPF cats were
used as controls. Infected and control cats were
housed in isolation units (Techniplast, Gazzada,
Italy) at the Retrovirus Center of the University of
Pisa and examined daily throughout the observa-
tion period. Physical examination, including mea-
surements of body weight and clinical neurological
investigations, were performed weekly for the first 2
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months p.i. and then monthly. Neurological exam-
ination consisted of overall assessment of the
animals’ mental state, behavior, gait, posture and
movement. The presence of specific anti-FIV anti-
bodies was determined using an in-house enzyme
linked immunosorbent assay (Lombardi et al, 1994)
and was confirmed by Western blot analysis on
electrophoresed FIV proteins from gradient-puri-
fied tissue culture grown virus. All infected cats
seroconverted at 4—6 weeks p.i. and exhibited a
progressive reduction in the number of circulating
CD4* T-lymphocytes, that in several cats declined
by almost two-thirds over the course of 1 year.
Groups of animals were induced to deep anaesthe-
sia and necropsied at 0.5 (four cats), 2 (four cats), 12
(five cats) and 23 (five cats) months p.i. At the time
of sacrifice, none of the cats exhibited obvious
neurological signs.

Tissue processing

Brains were obtained immediately after necropsy.
Samples of frontal cortex were fixed in 10%
buffered formalin (pH 7.4), embedded in paraffin,
and stained by routine neuropathological stains.
Sections were stained with Gram, Ziehl-Nielsen,
periodic acid Schiff, and Grocot stains in order to
exclude opportunistic infections. Paraffin sections
were stained with polyclonal antiserum directed to
GFAP (Biogenex Lab, San Ramon, CA, USA) in a
Shandom Sequenza immunostaining method as
previously described (Abramo et al, 1995) for the
identification of astrocytes.

Samples were also stored at —80°C for molecular
analysis and localization of TNF-¢ by immuno-
cytochemistry. TNF-« reactivity was determined on
formalin fixed and frozen sections by using a
polyclonal rabbit anti-human TNF-o antiserum
(BioSource International, Camarillo, CA, USA),
and detection was by a peroxidase biotin-streptavi-
din system (Biogenex). Briefly, after incubation
with the primary antiserum for 1h at room
temperature in a moist chamber, sections were
extensively washed and then incubated with a
biotinylated affinity purified goat anti-rabbit sec-
ondary antibody (Biogenex) for 30 min. Sections
were again washed before incubation for 1 h in a
streptavidin-horse-radish peroxidase complex (Bio-
genex) and the reaction was developed in an
aminoethylcarbazole substrate for 10 min.

Morphometric analysis

GFAP and TNF-uo reactivity were measured using
a semiautomatic computer analysis system. Ten
microscopic fields (25 x objective) were captured
by a television camera and projected onto the
monitor screen of a semiautomatic image analy-
sis system (Quantimet 500 MC, Leica). The areas
of GFAP reactive astrocytes and TNF-a positive
cells were measured and total area per micro-

scopic field (235 ym?) was calculated and given
in square microns (um?).

Densitometric analysis

The sections underwent densitometric analysis of
TNF-a positive cells by using the above video-based
computer-linked system programmed to stain the
immunoreactive substances in gray. Briefly, the
densitometer was calibrated daily to ensure con-
stant conditions throughout the experiment, the
light setting was constant for each measuring series,
and the images were taken through a x 40 objective
with a black and white television camera and
transferred to the screen. The microscopic field
analyzed was 145 um?. The instrument was initially
calibrated in the gray level analysis mode (256 gray
levels) by determining the gray level (density) of a
predetermined clear (gray=256) and dark (grey=1)
region of a standard section. The number of pixels
activated by the label in each structure was read and
calculated by the computer microdensitometer.
Threshold values for the detection of the label were
fixed for each field so that the computer would read
only the label present in the selected structures. For
each section, the number of labeled structures
(TNF-« reactive cells), the total area of immuno-
reactive substance and the number of pixels per
gray level were measured. Subsequently, the sum of
the product of number of pixels corresponding to
the gray levels (this sum represents a relative
quantitative evaluation of the antigen content) and
the immunoreactivity per unit area was calculated.

Molecular analyses

Genomic DNA was extracted from frozen sections of
the frontal cortex as described (Macchi et al, 1998).
RNA was extracted from 100-500 mg tissue by
using a guanidinium-isothiocynate acidic phenol
method (Gene Dia, Lammari, Lucca, Italy) in PCR-
clean conditions, pelleted, and resuspended in
40 ul nuclease-free water.

FIV DNA and RNA sequences were detected by
gag-specific nested- and RT-nested PCR, respec-
tively. Positive samples were subsequently ana-
lyzed with competitive-PCR (cPCR) and RT -cPCR
with a deleted internal control which permitted FIV
DNA and RNA quantitations (Pistello et al, 1994,
1997, 1999).

Transcription of fTNF-2 was measured by
RT-cPCR with a deleted internal control and
a primer set (TNF-F: 192-CCC ACA TGG CCT
GCA ACT AAT-212; TNF-R 406-AGA TGA GGT
ACA GCC CGT CTG A-385, nucleotide position
referred to fTNF-o mRNA, Gene Bank accession
number M92061) deduced from the second
(TNF-F) and the fourth (TNF-R) exons of fTNF-
o gene (Gene-Bank accession numbers: X54000
and M92061), to be able to distinguish RNA-
derived from DNA-derived PCR products. The
thermocycling profile of RT-PCR was the



following: RT: 42°C 1 h, 95°C 5 min; amplifica-
tion: 94°C 2 min, denaturation 94°C 20 s, 55°C
15 s, 72°C 30 s for 50 cycles, followed by a final
incubation at 72°C for 10 min.

The deleted internal control was produced
from a TNF-a amplified product that was diluted
and reamplified using the TNF-R primer and a
modified TNF-F (primer TNF-FD: 192-CCC ACA
TGG CCT GCA ACT AAT AAC TCC GAG TGA
CAA GCC AGT-269). This oligonucleotide covers
the same position of TNF-F, but is longer and
lacks the nucleotides from 212-248 bp. Thus,
amplification of full-length amplicon (214 bp)
with TNF-FD and TNF-R produces a 36 bp-
deleted fragment (178 bp). The thermocycling
conditions, conducted for 25 cycles, were iden-
tical to those for the amplification described
above. The deleted fragment was subsequently
diluted and amplified using tailed primers TNF-F
and TNF-R bearing promoter sequences for the T7
RNA-polymerase and the SP6 RNA-polymerase,
respectively. Optimal thermocycling conditions
had been established to be: 94°C 2 min, 5 cycles
at 94°C 30 s, 55°C 30 s, and 72°C 1 min; 25 cycles
at 94°C 30s, 65°C 30s, and 72°C 1 min; final
extension 72°C 10 min. Sense RNA templates
were then produced from 300 ng of this amplified
product by using an in vitro run-off transcription
and the Riboprobe Combination System SP6/T7
RNA polymerase kit (Promega, Madison, WI,
USA). Transcripts were purified from the DNA
template by digestion with RNase-free DNase
(1 U/ug of DNA) for 1 h at 37°C and then at
70°C for 15 min to inactivate the DNase. Finally,
RNA was purified by phenol-chloroform extrac-
tion and alcohol precipitation, suspended in
nuclease-free water, quantitated by OD at
260 nm, and analyzed on a 10% polyacrylamide
gel to check for its integrity and absence of DNA
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