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HIV-1 infection is often complicated by central nervous system (CNS)
dysfunction. Degenerative neuronal changes as well as neuronal loss have
been documented in individuals with AIDS. Feline immunode®ciency virus
(FIV) infection of cats provides a model for both the immune and the central
nervous system manifestations of HIV infection of humans. In this study we
have examined neurons in the frontal cortex of feline immunode®ciency virus-
infected cats and controls for immunoreactivity with SMI 32, an antibody
recognizing a non-phosphorylated epitope on neuro®laments. We noted a
signi®cant increase in the number of immunoreactive pyramidal cells in
infected animals compared to controls. The changes seen in the neuronal
cytoskeleton as a consequence of the inoculation with FIV were similar to those
seen in humans undergoing the normal aging process as well as those suffering
from neurological diseases, including Alzheimer's and dementia pugilistica.
The changes we noted in the feline brain were also similar to that reported in
animals with traumatic injuries or with spontaneously occurring or induced
motor neuron diseases, suggesting that the increase in reactivity represents a
deleterious effect of FIV on the central nervous system.

Keywords: FIV; brain; neuron; neuro®lament; AIDS

Introduction

Infection with human immunode®ciency virus type
1 (HIV-1) is often complicated by the development
of cognitive and motor abnormalities. A severe form
of central nervous system dysfunction, the AIDS
dementia complex, is associated with abnormalities
in behavioral and cognitive functions and histo-
pathological changes in the gray and white matter
of the brain (Masliah et al, 1992a,b; Price et al,
1988; Price, 1994). These neuropathological
changes are especially profound in the frontal and
temporal lobes (Masliah et al, 1992a,b). In order to
understand this disease and to develop strategies to
ameliorate its pathologies, several animal models
have been developed. We have chosen the cat/
feline immunode®ciency virus (FIV) (Hurtrel et al,
1992; Lafrado et al, 1993; Henriksen et al, 1995)
model to study the effects of HIV on the human
brain for several reasons: (1) both FIV and HIV-1 are

lentiviruses and share many common structural and
biochemical properties; (2) the clinical syndrome
for FIV and HIV-1 is remarkably similar; (3) from
our previous work as well as the contributions of
other investigations, the FIV/cat system has been
developed into a reproducible disease model, with
the establishment of reliable molecular markers,
detectable as early as 3 months post-infection, of
both general and neurological disease progression;
(4) speci®c pathogen-free cats are available, elim-
inating confounding interactions with other feline
pathogens; and (5) since cats are a species of
veterinary importance and are commonly used as
experimental animals in neuroscience, the physiol-
ogy and anatomy of the feline brain are well
characterized and accessible for comparative exam-
ination. The focus of this study was on the cerebral
cortex of the cat which readily lends itself to
quantitative analysis.

Recent studies have shown that the neuro®la-
ment proteins are sensitive markers for neurode-
generative diseases in humans (Schlaepfer, 1987;
Hof et al, 1992; Masliah et al, 1993; Price, 1994;
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Trojanowski et al, 1993) and in animals (Cork et al,
1988; Higgins et al, 1983; Rousseaux et al, 1985;
Shields, 1983). In this study we have examined the
consequences of inoculation with FIV on the
neuro®laments in the neuronal cytoskeleton. Our
goals were to: (1) determine if the neuro®laments
were affected; (2) to identify the neurons affected;
(3) to determine which anatomic areas and layers
contain labeled cells; and (4) to assess whether the
changes seen correlate to CNS de®cits found in FIV
or HIV infection.

We and others have shown that cats infected with
FIV develop numerous clinical sequelae, including
peripheral lymphadenopathy, anisocoria, delayed
righting and pupillary re¯exes, delayed auditory
and visual evoked potentials, slowed spinal and
peripheral nerve conduction velocities, and altered
sleep architecture (Lafrado et al, 1993; Phillips et al,
1994, 1996; Henriksen et al, 1995). In this study we
document the effects in the frontal lobe of infection
with the Maryland strain of FIV and compare and
contrast our ®ndings with those in HIV-infected
humans. Using immunocytochemical methods
which examine the neuronal cytoskeleton proteins,
we observe abnormal neuronal pro®les in the
frontal lobe of the infected cats. We propose this
feline/FIV system as a useful model to test ther-
apeutically strategies to combat the effects of the
HIV-1 on the CNS.

Results

Clinical evaluation
As previously reported, these FIV-infected animals
followed an established pathway of both physical
and neurological abnormalities (Phillips et al, 1994;
Henriksen et al, 1995). The physical abnormalities
were primarily lymphadenopathy and rough hair
coat. The neurological abnormalities included de-
layed pupillary re¯ex, delayed righting re¯ex and
anisocoria. There were also delays in the auditory
and visual evoked responses. Sleep studies revealed
that the FIV-infected cats spent more time awake
than the controls and in addition showed a sub-
stantial reduction of rapid eye movements (REM).

Histopathological analysis
Although a perivascular mononuclear cell in®ltrate
and glial nodules are occasionally seen in the brains
of FIV-infected animals (Hurtrel et al, 1992; Phillips
et al, 1994; Boche et al, 1996), the frontal cortex of
the animals analyzed here were free from these
lesions. Additional immunocytochemical studies
did not reveal the presence of in®ltrating or
activated macrophages in the frontal cortex. Our
analysis then focused on the cortical neurons. In
order to assess whether differences in neuro®la-
ment reactivity may reveal neuronal changes
induced by FIV infection, immunocytochemical
staining of neuro®laments was then performed.

Number of SMI 32 immunocytochemically labeled
cells/cortical area

Normal controls Two animals (#10 and 14)
served as controls. Four distinct regions of the
frontal cortex were studied by immunocytochem-
ical staining for SMI 32, which recognizes a non-
phosphorylated epitope in neuro®lament proteins
(Sternberger and Sternberger, 1983). This mono-
clonal antibody was chosen since reactivity is
sensitive to alteration in neuro®laments in hu-
mans and non-human primates (Hof et al, 1992;
Siegal et al, 1993). The results of the analysis in
these two control animals are seen in Table 1. The
staining was ®lamentous and was located either
perinuclear or in patches in the apical and basilar
dendrites (Figure 1A).

The number of neurons labeled by the SMI 32
antibody was 1.2 ± 2.9%. The labeled neurons were
found nearly equally distributed between the
supragranular layer iii and infragranular layer v.
The mean number and percentage of labeled cells in
animal 10 did not differ signi®cantly from those in
animal 14 (Table 1). The labeled cells varied in area
from the smallest (350 m 2) to the largest (2488 m 2)
pyramidal cells.

FIV infected cats In all the animals in the
infected group (#9, 11, 17, 19) we noted a
signi®cant increase in the staining of the neuro®-
laments in pyramidal cells from the motor,
premotor, prefrontal and anterior cingulate cor-
texes relative to the uninfected controls (Table 1).
The staining of some of the cells in the FIV treated
groups was so dense that in some instances the
®laments appeared to nearly ®ll the cell body
(Figure 1C, D, and Figure 2).

The labeled neurons were most numerous in
layers iii and v, with very few stained cells in layers
ii and vi (Table 1). The percent of cells stained in
each cortical region of the FIV-inoculated animals,
ranging from 7 ± 20%, was signi®cantly higher than
that found in the controls (53%, Table 1). In three
of the four experimental animals (#9, 11 and 19), the
largest percentage of stained cells was found in
motor area 4, whereas in the fourth experimental
animal (#17), premoter area six contained the most
stained cells. On average, these two motor areas
exhibited almost a ninefold increase in number of
cells staining in the infected animals, whereas
prefrontal area 12 and anterior cingulate area 32
showed an approximate fourfold increase in stain-
ing. Regardless of the area studied, all of the FIV-
infected cats exhibited an increase in number and
percentage of neurons staining in all regions
examined, with slight differences between the
animals. In both control and experimental animals,
the greatest number of labeled cells was in layers iii
and v and the cell size ranged from 407 m2 to
2099 m2.
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Discussion

Due to developments in molecular and cellular
biology over the past decade it has ®nally become
possible to investigate the neuronal cytoskeleton.

The role of the neuro®lament proteins in main-
tenance of neuronal contours is well understood
(Bersjadsky and Vasiliev, 1988; Mitchison and
Kirschner, 1988). However, the role of the neuro®la-
ment protein in disease is just now being elucidated

A B

C D

Figure 1 Digitized images of immunocytochemical staining with the SMI 32 antibody (original magni®cation 2006). These data were
used in the image analysis techniques to obtain the quantitative data in Table 1. (a) Neurons in control cat #14, showing faint staining
within the cell body and dendrites. (b) Neurons in cat #3, chronically implanted with cannulae. Numerous strongly stained cells were
present. (c, d) Neurons in FIV-infected cats 17 and 19, respectively, showing a range of staining intensities with patchy as well as more
intense staining.

Table 1 Percent of pyramidal cells stained with the SMI antibody

Motor Premotor Prefrontal Ant. Cingulate
Animal Group Area 4 Area 6 Area 12 Area 32

Normal Control
#10

Normal Control
#14

Experimental
(Infected) #9

Experimental
(Infected) #11

Experimental
(Infected) #17

Experimental
(Infected) #19

6/379 1.6%
iii ± 4
v ± 2

5/335 1.5%
iii ± 2
v ± 3

35/290 12.1%
iii ± 19
v ± 16

45/290 15.5%
ii ± 5

iii ± 20
v ± 20

24/340 7.1%
iii ± 13
v ± 11

65/325 20.0%
ii ± 5

iii ± 35
v ± 20

vi ± 5

9/485 1.9%
iii ± 5
v ± 4

5/413 1.2%
iii ± 3
v ± 2

25/375 6.7%
iii ± 14
v ± 11

36/310 11.6%
ii ± 3

iii ± 14
v ± 19

60/305 19.7%
ii ± 7

iii ± 28
v ± 20

vi ± 5
55/365 15.1%

ii ± 3
iii ± 23
v ± 23

vi ± 6

10/425 2.4%
iii ± 5
v ± 4
vi ± 1

8/375 2.1%
iii ± 4
v ± 4

37/357 10.4%
iii ± 21
v ± 16

43/405 10.6%
iii ± 21
v ± 18
vi ± 4

32/355 9.0%
iii ± 16
v ± 16

28/325 8.6%
iii ± 15
v ± 13

9/395 2.3%
iii ± 4
v ± 5

11/376 2.9%
iii ± 5
v ± 5

vi ± 1
31/376 8.2%

iii ± 15
v ± 16

29/354 8.2%
iii ± 15
v ± 14

39/378 10.3%
iii ± 19
v ± 20

35/297 11.8%
iii ± 16
v ± 19

Control animals were not infected with FIV and the experimental (infected) animals were infected with FIV for 27 months. Data
were analyzed with a two-factor ANOVA, the control (uninfected) and experimental (infected) were the between-subjects factor, and
the anatomic location the repeated measures factor. The percentages of cells immunostained in the infected group was signi®cantly
greater than that for the uninfected group; F (1,4)=10.3, p<0.01. No differences due to the anatomic location were observed.
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(Schlaepfer, 1987; Troncoso et al, 1985, 1986; Siegel
et al, 1993; Sternberger and Sternberger, 1983;
Trojanowski, 1991, 1993; Vickers et al, 1992). The
®ndings of the present study are consistent with
neuro®lament changes due to FIV-induced neuro-
logical disease.

In the control group, we found staining for
SMI 32 in 1.2 ± 2.9% of the pyramidal neurons
labeled in layers iii and v of the motor, premotor,
prefrontal and anterior cingulate. We assume that
this staining represents a normal dynamic process
in the cytoskeleton. When we examined these same
four regions in the brains of animals infected with
FIV, we noted a signi®cant increase (7 ± 20%) in the
number of cells stained (Table 1). We hypothesize
that this signi®cant increase in the labeling of the
non-phosphorylated ®laments in neuronal cells is a
consequence of the inoculation with FIV, represent-
ing an abnormal increase in the neuro®laments, and
is more than just normal replacement of the
elements in the neuronal cytoskeleton.

The increased labeling of neuro®laments in the
current study on the feline brain are similar to
abnormalities in the neuro®laments reported by
other investigators in neuronal tissue from neuro-
logical diseases in animals and humans. Sponta-
neously occurring and induced disease in animals
demonstrate alterations in neuro®laments, as a
result of hereditary canine spinal muscular atrophy
(Cork et al, 1982, 1988), motor neuron disease in
pigs (Higgins et al, 1983; Shields and Vandevelde,
1983), ataxia in horses (Montali et al, 1974), goats
with copper de®ciency (Schlaepfer, 1987), `Shaker'
calves (Rousseaux et al, 1985), social deprivation in
monkeys (Siegel et al, 1993), and aluminium-
induced pathology (Troncoso et al, 1986). In the
human, there are also many examples of increased
neuro®lament staining and in progression to
neuro®brillary tangles and neuritic plaque forma-

tion (Bouras et al, 1994; Hof et al, 1992; Lewis et al,
1987; Masliah et al, 1993 Price, 1994; Schlaepfer,
1987; Shields and Vandevelde, 1983; Sternberger
and Sternberger, 1983; Trojanowski et al, 1991,
1993; Troncoso et al, 1986; Vickers et al, 1992).

Morrison and colleagues have also used the
SMI 32 monoclonal antibody and noted changes
in the non-phosphorylated proteins in patients with
Alzheimer's disease (Bouras et al, 1994; Hof et al,
1992; Lewis et al, 1987; Vickers et al, 1992). They
have proposed that the neuro®lament proteins are
vulnerable in neurodegenerative diseases including
Alzheimer's dementia, Huntington's chorea, Par-
kinsonian disease and ALS. The effect is especially
marked in the CA1 pyramidal cells of the dentate
gyrus which show marked increases in non-
phosphorylated neuro®lament proteins (Troja-
nowski et al, 1993). In Alzheimer's disease and in
the process of normal aging, there was increased
staining of the neuro®laments in layer ii of
entorhinal cortex while in the normally aging
patient the prefrontal cortex was without any
increase in ®brils (Vickers et al, 1992). In the
Alzheimer's patient, the increase is noted in layer
ii of the entorhinal cortex and throughout prefrontal
cortexes.

In the current study in the cat, we noted staining
in the control and FIV groups primarily in layers iii
and v of the frontal lobe, with a signi®cant increase
found in the number of stained cells in the
experimental group. Within FIV-infected subjects
we found no signi®cant difference in the labeling in
motor, premotor, prefrontal or anterior cingulate
areas (Table 1). The cells in layer ii and iii form
callosal and association connections while those in
layer v and vi form the subcortical projections to the
corpus striatum, thalamus, brain stem and spine
(Goldman and Nauta, 1977; Jones and Wise, 1977;
Jones et al, 1979; Trojanowski and Jacobson, 1976).

Hof et al (1992) noted a difference in the laminar
distribution of neuro®brillary tangles in the medial
temporal lobe in patients with Alzheimer's or
dementia pugilistica. In the Alzheimer's patients,
the bulk of the labeled cells was in layer v while in
the patients with dementia pugilistica, labeled cells
were predominately found in layers ii ± iii. In our
study of granular and agranular motor cortex,
association cortex and anterior cingulate regions,
we found that the basic pattern was similar in that
pyramidal cells in layers iii and v were primarily
labeled.

Our ®ndings in the frontal lobe of the cat are the
®rst demonstration in an animal model for AIDS of
changes in the neuronal cytoskeleton in a region
which is responsible for motor function and
motivation. Since SMI 32 immunoreactivity has
not been well characterized in the cat, we also used
this antibody to examine neuronal staining patterns
in the cortex of a cat with cannulae implanted
bilateraly through the lateral cerebral gyrus into the

Figure 2 Photomicrographs of immunocytochemical staining
with the SMI 32 antibody (original magni®cation 1286). (a, b)
Positively stained neurons in FIV-infected cats #11 and 9,
respectively, which could be found relatively frequently.
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lateral ventricle for 7 months. In this animal with
chronic injury to the brain, an increased percentage
of pyramidal neurons was seen near the cannula
tract with staining qualities similar to those seen in
the FIV-infected cats (Figure 1B). This suggests that
enhanced SMI 32 reactively in the feline brain can
occur in response to an insult; in the case of our
experimental cats, infection with FIV.

One of the major sequelae in humans with HIV-1
associated encephalitis is cerebral atrophy.
Although in one evaluation of brain tissue from
humans with HIV-1 encephalitis, no actual decrease
in the number of neurons was found (Seilhean et al,
1993), the majority of studies do report a general-
ized or localized reduction in numbers of neurons
(Ketzler et al, 1990; Oster et al, 1995; Weis et al,
1993; Wiley et al, 1991). The studies that have
shown neuronal loss have also shown a reduction of
dendritic processes and a decrease in synaptic
density (Masliah et al, 1992a,b; Price et al, 1988;
Price, 1994; Weiss et al, 1993; Wiley et al, 1991). We
do note a trend of a decreased total number of
neurons in the infected cats, particularly in pre-
motor area 6, but we are limited by our sample size
and counting method, as more quantitative stereo-
logical techniques are required to con®rm neuronal
loss. Future studies will address the relationship
between increased SMI 32 reactivity and potential
neuronal drop-out in FIV-infected cats.

Using the SMI 32 monoclonal antibody, we
demonstrate a signi®cant increase in the labeling
of neuro®laments in the pyramidal neurons in the
frontal lobe of the FIV-infected cats. It has been
noted in other studies that an increase in the
number of neuro®laments may lead to several
pathological conditions including interference with
axonal transport of neuro®laments, formation of
neuro®brillary tangles, or neuronal atrophy (Cork et
al, 1988; Masliah et al, 1992a; Price, 1994;
Schlaepfer, 1987; Shields et al, 1983; Trojanowski
et al, 1991; Troncoso, 1985). In the current study on
the FIV-infected cats, we cannot determine the
functional consequences from this increase in
non-phosphorylated neuro®laments, although sev-
eral neurological abnormalities were found in these
cats. However, the enhanced staining we noted does
suggest that these pyramidal cells represent a
vulnerable population.

The SMI 32 monoclonal antibody reacted only
with pyramidal cells in the cortex, and we never
noted staining of granule cells. Other methods will
be needed to determine if the granule cells, which
form much of the local circuits in the brain, are also
affected by this disease process. Our ®ndings
indicate that this method can be used to identify
changes occurring in the pyramidal cells in the
frontal lobe of infected animals. We believe these
®ndings validate the importance of the FIV/cat
model. Future studies will undertake therapeutic
intervention to alleviate the consequences of the

FIV infection on neurological parameters and
examination of the effects on the neuronal cytoske-
leton will serve as a valuable readout for a measure
of success of such treatments.

Materials and methods

Animals
Six speci®c-pathogen free, 2 month old, female cats
were obtained from Liberty Laboratories, and two
animals were placed in the control group and four
animals in the treatment group. Animals were
housed communally within a treatment group and
each group was housed in different rooms. This
method of housing fosters animal interactions and
helps to create a mentally stimulating environment
without the potential of cross-transmission of virus
to control animals. Another cat from a previous
study with bilaterally implanted cannulae in the
lateral ventricles served as a control to determine
the staining quality of the SMI 32 antibody in
chronic brain injury.

Virus inoculation
FIV-MD was employed in these studies (Phillips et
al, 1994). One cat, #11, was inoculated with 2 ml of
heparinized blood from another cat previously
infected with this virus, whereas three cats (#9, 17
and 19) were inoculated with the virus from tissue
culture supernatant. Seroconversion rate and dis-
ease course in cat #11 was similar to those observed
in the other infected animals. Animals were
infected at 10 weeks of age and all animals were
27 months post-infection at time of sacri®ce. At this
stage, animals were all seropositive for the virus,
had neurological abnormalities in evoked potentials
and sleep parameters (Phillips et al, 1994), but were
free from opportunistic infection and severe im-
munode®ciency. FIV could be isolated from the
terminal CSF samples from two of the four infected
cats (#17 and 19).

Histopathology
At termination, each cat was injected with an
overdose of ketamine hydrochloride/Rompine and
perfused with 2 liters of phosphate buffered saline
at pH 7.4 containing 1 U heparin/ml to clear the
blood cells from the brain. The brains were rapidly
removed and divided for tissue culture and pathol-
ogy. The portion prepared for pathology was
immersion ®xed in 10% neutral buffered formalin
within 15 min of death. The brain was sliced into 12
thick coronal sections and post-®xed in neutral
buffered formalin for 24 h, transferred into 70%
ethanol for 16 h, and processed for paraf®n embed-
ding.

Six micron sections from each block were stained
with hematoxylin and eosin (H&E) for routine
histopathological analysis. Indirect immunocyto-
chemical analysis was performed on deparaf®nized
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sections using the avidin-biotin complex/horse-
radish peroxidase technique. Color was developed
with the VIP reagent (Vector Labs) and slides were
lightly counterstained with Gills' hematoxylin.
Antibodies utilized were MAC387 (DAKO) to
identify in®ltrating or activated macrophages (used
at 1/300 dilution and for which sections were
pretreated with 0.1% trypsin), and Sternberger
Monoclonal International (SMI) monoclonal anti-
body 32 (used at 1/1000 dilution and for which
sections were pretreated with microwave irradia-
tion in citrate buffer, pH 6.0). One section was
immunocytochemically stained with each anti-
body, a negative control lacking primarily antibody
was also performed. The antibody SMI 32 recog-
nizes a non-phosphorylated epitope in neuro®la-
ment H which is masked when the epitope is
phosphorylated (Sternberger and Sternberger,
1983).

Image analysis
All sections were examined blind. The tissue was
analyzed with an image analysis system consisting
of a Zeiss Axiophot microscope with a color Hitachi
TV camera. The sections were examined at a
magni®cation of 2006, and the images collected
with a grabber program, Snap It, developed at TSRI
by Dr Warren Young. The images were stored on a
Fujitsu optical disc. The sections were later
analyzed with the aid of NIH Image 1.56 and
number of cells per cortical area, number of cells
per layer, and the surface area of the labeled and
unlabeled cells were recorded. Quantitative counts
were performed in triplicate.

The cortical analysis was to areas de®ned by
Harlow and Woolsey (1965) and Winkler and Potter
(1914). In this analysis, we examined the following
cortical regions: motor (agranular motor ± area 4),
premotor (granular motor ± area 6), prefrontal
(proreus, granular association ± area 12) and
anterior cingulate cortexes (homotypical ± area
32). The four areas were identi®ed and a vertical
column 1 mm in width reaching from layers, i ± vi
was selected for study in each animal. The total
number of neurons in the section stained by the
hematoxylin counterstain was determined for each
column of cells.

The positively labeled cells with the SMI 32 were
identi®ed as to cortical area, layer and the percent of
labeled cells in the cortex (Table 1). Cells showing
®lamentous staining in the cell body were consid-
ered positive with the SMI 32 monoclonal antibody
(Figure 2). Additionally dendrites were frequently
immunolabeled. With the SMI 32 antibody we
noted labeling of only pyramidal cells.
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