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Choroid plexus macrophages proliferate
and release toxic factors in response
to feline immunodeficiency virus
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Recent observations have suggested that lentiviruses stimulate the prolifera-
tion and activation of microglia. A similar effect within the dense macrophage
population of the choroid plexus could have significant implications for traf-
ficking of virus and inflammatory cells into the brain. To explore this pos-
sibility, we cultured fetal feline macrophages and examined their response to
feline immunodeficiency virus (FIV) or the T-cell-derived protein, recombinant
human CD40-ligand trimer (rhuCD40-L). The rhCD40-L was the most potent
stimulus for macrophage proliferation, often inducing a dramatic increase in
macrophage density. Exposure to FIV resulted in a small increase in the num-
ber of macrophages and macrophage nuclei labeled with bromodeoxyuridine.
The increase in macrophage density after FIV infection also correlated with an
increase in neurotoxic activity of the macrophage-conditione d medium. Start-
ing at 16-18 weeks postinfection, well after the peak of viremia, a similar toxic
activity was detected in cerebrospinal fluid (CSF) from FIV-infected cats. Toxic-
ity in the CSF increased over time and was paralleled by strong CD18 staining
of macrophages/microglia in the choroid plexus and adjacent parenchyma.
These results suggest that lentiviral infection of the choroid plexus can induce
a toxic inflammatory response that is fueled by local macrophage prolifera-
tion. Together with the observation of increasing toxic activity in the CSF and
increased CD18 staining in vivo, these observations suggest that choroid plexus
macrophages may contribute to an inflammatory cascade in the brain that pro-
gresses independently of systemic and CSF viral load. Journal of NeuroVirology
(2002) 8, 225-239.

Keywords: human immunodeficiency virus; brain; AIDS; neural culture;
neurotoxicity

Introduction

Address correspondence to Rick Meeker, Department of Neu-
rology, CB# 7025, 6109F Neuroscience Research Bldg., University
of North Carolina, Chapel Hill, NC 27599, USA. E-mail: meekerr@
glial.med.unc.edu

This work was supported by National Institutes of Health Grant
NS33408 and the UNC Center for AIDS Research 9P30 AI50410.
The authors would like to acknowledge the excellent technical
assistance of Alda Fernandes and Jeremy Boles.

DC Bragg is currently with the Molecular Neurogenetics Unit,
Massachusetts General Hospital, Charlestown, Massachusetts.

Received 7 May 2001; revised 12 December 2001; accepted
4 February 2002.

Microglia and macrophages have been consistently
implicated as critical components of the neuropatho-
genesis associated with AIDS. Previous studies have
provided extensive documentation that these cells
represent the primary targets of lentiviruses within
the CNS (Gabuzda et al, 1986; Koenig et al, 1986;
Dow et al, 1992; Achim et al, 1994; Glass et al, 1995;
Lane et al, 1996; Takahashi et al, 1996). Yet, in addi-
tion to harboring virus, microglia and macrophages
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may serve as sources for a number of putative
neurotoxins that may contribute to the development
of AIDS-related neurodegeneration (Giulian et al,
1990; Pulliam et al, 1991; Giulian et al, 1996; Xiong
et al, 2000). Numerous studies have reported that
lentiviral infection within the CNS is frequently
associated with a widespread loss of cortical and
subcortical neurons that cannot be explained by
direct, neuronal infection (Everall et al, 1993; Wiley
et al, 1991; Meeker et al, 1997). Thus, prevailing
models of AIDS-related CNS disease have instead
proposed that this neuronal cell death may result,
at least in part, from chronic exposure to a wide
range of soluble factors released from microglia and
macrophages following activation by lentiviruses.
Support for this hypothesis has been provided in
particular by observations that the toxicity induced
in vitro by the HIV-1 envelope protein, gp120, re-
quires the presence of microglia and/or macrophages
(Lipton, 1992); and, the severity of AIDS-related
neurologic disease correlates closely with the den-
sity of activated microglia and macrophages within
the parenchyma (Glass et al, 1995).

The close relationship between the parenchymal
density of activated microglia/macrophages and neu-
rologic status has raised questions about the mech-
anisms by which this cell population may expand
within the CNS. Previous studies have shown that ei-
ther immune-activated or HIV-1-infected monocytes
may traverse in vitro models of the blood-brain bar-
rier (BBB) (Persidsky et al, 1997; Weiss et al, 1999)
and that this recruitment may be regulated by the
expression of specific adhesion molecules (Lafrenie
et al, 1996; Nottet et al, 1996) and chemokines
(Conant et al, 1998; Weiss et al, 1999). Indeed, traf-
ficking of peripheral immune cells has been pro-
posed to occur in a number of neurodegenerative
disorders, and it appears likely that a similar cell
migration may account in part for the accumula-
tion of mononuclear phagocytes typically detected
within the brains of lentivirus-infecte d hosts (Rausch
et al, 1994; Glass et al, 1995; Gray et al, 1996). In
contrast, relatively little attention has been paid to
the possibility that local microglia and macrophage
proliferation could contribute to the tissue burden
of these cells. We have recently reported that mi-
croglia can be induced to proliferate in vitro follow-
ing exposure to the feline immunodeficiency virus
(FIV) (Meeker et al, 1999a), a lymphotropic and neu-
rotropic lentivirus frequently used as a model for
AIDS-related CNS disease (Meeker et al, 1997; Podell
et al, 1999; Steigerwald et al, 1999). If this capa-
bility is retained in vivo, proliferation could play a
significant role in the expansion of microglial and
macrophage populations within the CNS.

An additional source of macrophages that may con-
tribute to the brain macrophage burden may be the
choroid plexus, a specialized invagination of the ven-
tricular ependyma that provides a barrier between
the peripheral circulation and the cerebrospinal

fluid (CSF). Neuropathological studies have iden-
tified infected macrophages and possibly dendritic
cells within the choroid plexus of HIV-1-infected
patients (Falangola et al, 1995; Hanly and Petito,
1998; Petito et al, 1999), SIV-infected nonhuman pri-
mates (Lackner et al, 1991; Lane et al, 1996), and
FIV-infected cats (Beebe et al, 1994). These stud-
ies have also noted that the choroid plexus stroma
of lentivirus-infected hosts frequently contains an
increased number of macrophages as well as infil-
trating T-lymphocytes (Czub et al, 1996; Dean et al,
1993; Falangola et al, 1995; Hanly and Petito, 1998).
These observations have raised the possibility that
the choroid plexus could represent an important site
of viral replication, release of macrophage-derived
toxins, and trafficking of peripheral immune cells
into the CSF. Yet, the extent to which the choroid
plexus might contribute to AIDS-related neuropatho-
genesis in vivo is currently unclear, due largely to the
fact that the interaction s between lentiviruses and the
cellular components of the choroid plexus have not
been well characterized.

We have recently established primary cultures of
feline choroid plexus to characterize the kinetics of
lentiviral replication in vitro. We noted in these ex-
periments that choroid plexus cultures exposed to
FIV experienced an apparent increase in the number
of macrophages, even though these cells typically re-
produce poorly in vitro. This observation led us to
question whether the increased macrophage density
frequently detected within the choroid plexus of in-
fected hosts could be due, at least in part, to local pro-
liferation stimulated by lentiviral exposure. We have
also hypothesized that interactions between choroid
plexus macrophages and T-lymphocytes could result
in an increased macrophage proliferation because
1) T-lymphocytes frequently infiltrate the choroid
plexus during lentiviral infection; and 2) the activa-
tion of mononuclear phagocytes may be induced by
exposure to CD40-ligand, a glycoprotein expressed
on the surface of activated T-lymphocytes (Armitage
et al, 1993; Caux et al, 1994; Kornbluth et al, 2000).
Thus, in the present study we used multiple labeling
techniques to evaluate the proliferation of choroid
plexus macrophages following exposure to either FIV
or thuCD40L. In addition, we have also character-
ized the ability of FIV to promote the release of sol-
uble neurotoxic factors in the choroid plexus cul-
ture supernatants. Our results indicate that either
FIV or rhuCD40-ligand may stimulate choroid plexus
macrophage proliferation in vitro and that this pro-
liferation correlates closely with an increasing toxic
activity detected in the cell culture supernatants.

Results

Arepresentative example of the feline choroid plexus
macrophage cultures is shown in Figure 1A. After
8 days in vitro, choroid plexus cultures consisted
predominantly of a heterogeneous population of
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Figure 1 Primary cultures of feline choroid plexus macrophages and cortical neurons. (A) Example of untreated choroid plexus cultures
enriched in macrophages with multiple phenotypes prior to inoculation with FIV. (B) Example of dissociated neurons used for toxicity

analysis of macrophage-conditioned medium.

macrophages which displayed multiple phenotypes,
including large, flattened cells as well as smaller, acti-
vated cells containing vacuoles and cytoplasmic pro-
cesses. These cultures were used for the proliferation
studies as well as for the production of supernatant
for the assessment of neurotoxicity in cultures of fe-
line cortical neurons (Figure 1B).

Accumulation of choroid plexus macrophages

in vitro in response to FIV and rhCD40-L

Figure 2 shows the rate at which macrophages ac-
cumulated in choroid plexus cultures inoculated
with FIV-NCSU at different viral doses or a virus-
free ultrafiltrate. Cell counts obtained in each culture
at days 3 and 6 postinoculation were expressed as
increases relative to the corresponding baseline val-
ues, and the mean proportional increases were an-
alyzed by Student’s t-test. At day 3, a significant
increase in macrophage accumulation was detected
in choroid plexus cultures inoculated with either
10* (P =0.0178; n=6) or 10° (P = 0.0314; n=6)
TCID5o FIV-NCSU compared to control cultures. At
day 6, a significant increase was also observed in the
cultures treated with 10* TCID5 (P = 0.034; n = 6).
However, the proportional increase in macrophage
number in cultures inoculated with 10% TCIDs, of
virus no longer represented a significant difference
versus control cultures (P = 0.113; n = 6) due to an
increased variability observed at this timepoint. Vi-
sual inspection of the cultures suggested that some
macrophages may detach from the substrate after
exposure to FIV and may be lost from the analy-
sis over time. Choroid plexus cultures inoculated
with 10® TCIDs, exhibited only slight changes in

total macrophage number that were indistinguishable
from the profiles observed in control cultures.
Macrophages in choroid plexus cultures inocu-
lated with different concentrations of FIV-NCSU or
ultrafiltrate were labeled by uptake of BrDU and flu-
orescent microspheres at 6 days postinoculation. An
example of BrDU-positive nuclei within a cluster
of unlabeled macrophages is seen in Figure 3A. At
higher magnification the staining of the nucleus and
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Figure 2 Proportional increases in macrophage accumulation in
choroid plexus cultures relative to starting densities. Cultures were
matched for initial macrophage density prior to inoculation with
FIV or virus-free ultrafiltrate from the 10° TCID;, stock. Culturesin-
oculated with either virus-free ultrafiltrate or 10* TCID;, FIV-NCSU
showed negligible increases above baseline values. Cultures inoc-
ulated with either 10* or 10° TCID;, FIV-NCSU exhibited a marked
accumulation of macrophages at days 3 and 6 postinoculation.
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Figure 3 Choroid plexus macrophages inoculated with FIV and labeled with BrDU (3 days) and fluorescent latex microspheres (1 h).
(A) BrDU-positive cells with darkly labeled nuclei can be seen within a cluster of choroid plexus macrophages. (B) BrDU-positive
macrophage containing phagocytosed microspheres. (C) Combined brightfield and fluorescence illustrating BrdU staining within
macrophages with a high density of microspheres (black arrow) and a BrdU-positive cell with no accumulation of microspheres (white

arrow, nonmacrophage).

the abundant accumulation of microspheres is read-
ily apparent (Figure 3B). Using combined brightfield
and fluoresence optics, BrdU-positive macrophages
filled with fluorescent latex beads (Figure 3C, black
arrow) could be distinguished from BrdU-positive
cells that exhibited minimal accumulation of latex
beads (Figure 3C, white arrow). Similar results were
obtained using green tyramide-enhanced immunoflu-
orescence in combination with the red fluorescent la-
tex beads (not shown). A significant increase in the
percentage of BrDU-positive macrophages was ob-
served in choroid plexus cultures inoculated with
10° TCIDso (P = 0.017; n= 3) and 10* TCIDs, (P =
0.0208; n = 3) FIV-NCSU relative to control cultures
(Figure 4). No significant difference was detected in
cultures inoculated with 10° TCIDs, FIV-NCSU. Cell
death was determined by staining parallel cultures
with ethidium. The percentage of dead cells in the
cultures was very low and did not vary significantly
across conditions, ranging from 0.3%—0.6%. Because
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Figure 4 Increase in relative density of BrdU-immunoreactive
macrophages after inoculation of choroid plexus cultures with 10°
to 10° TCIDs, FIV-NCSU. Significant increases were seen in the

cultures inoculated with 10% and 10* TCID;,. *P < 0.05, FIV ver-
sus control.
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this corresponds to 0.6-2.0 dead cells/mm?, it is clear
that differential cell death does not contribute to the
increases in the macrophages (25—-85 new cells/mm?).

Addition of rhuCD40-L to the cultured macro-
phages resulted in a dramatic, accelerating increase
in the number of macrophages (Figure 5). Starting at
densities of 59.2 and 54.0 cells/mm? for control and
rhuCD40-L-treated cultures, respectively, the curves
gradually began to separate. By day 6, the density
of thuCD40-L-treated macrophages was significantly
greater than controls (P = 0.045, Mann—Whitney). By
12 days after treatment, the average density increased
to 83.5 cells/mm? (3.4% day~!) for controls and
434.4 cells/mm? (58.6% day~!) for the thuCD40-L-
treated cultures, a 17-fold increase in the rate of
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Figure 5 Proliferation of choroid plexus macrophages after expo-
sure to 200 ng/ml rhuCD40-ligand trimer. rhuCD40-L was added
to the culture medium at day 0. Cells were fed every 3 days with
normal medium without rhuCD40-L and counted at days 3, 6, and
12. The growth curves showed a significant 77% increase over
the controls by day 6, which expanded to a fivefold increase by
12 days. No significant increase in macrophages was seen in the
control cultures over the 12 day period. Values represent the mean
+ sem. *P < 0.05 thuCD40-L versus control.



FIV and macrophage proliferation
DC Bragg et al 229

Figure 6 Example of the high density of choroid plexus macrophages often seen in culture 12 days after a single treatment with
rhuCD40-L. (A) Density of choroid plexus macrophages seen in control cultures after 12 days. (B) High density of choroid plexus

macrophages achieved in cultures treated with thuCD40-L.

proliferation (P = 0.006, Mann—Whitney). As illus-
trated in Figure 6, some cultures reached extremely
high densities of macrophages (Figure 6B) relative to
matched controls (Figure 6A).

Toxic activity of choroid plexus-conditioned
medium and feline CSF

Dissociated cultures of feline cortical neurons (e.g.,
Figure 1B) were exposed to either choroid plexus-
conditioned medium or feline CSF and cell death
was quantified by staining with ethidium homod-
imer. An increase in the number of dead cell nuclei
was seen in the cultures treated with conditioned
medium from FIV-infected macrophages relative to
the small amount of cell death in the control cul-
tures (conditioned medium in the absence of in-
fectious FIV). In Figure 7, the average level of cell
death produced by conditioned medium was ex-
pressed relative to the amount produced by the
corresponding pre-inoculation medium. A propor-
tional increase in toxic activity was detected in
choroid plexus-conditioned medium following inoc-
ulation with FIV, whereas cultures inoculated with
boiled virus showed no similar increase (not shown).
Linear regression analysis of the rate of macrophage
proliferation versus the increase in toxic activity in
the culture supernatant over time (3, 6, and 9 days)
following inoculation with FIV revealed a strong pos-
itive relationship (r = 0.985).

A similar increase in toxic activity was detected
in CSF from cats infected with FIV. CSF collected at
16 weeks’ postinoculation produced a significant in-
crease (P =0.018; n= 6) in the level of cell death
relative to the amount produced by CSF collected
prior to inoculation (Figure 8). In addition to the
early CSF samples, CSF collected from four cats at
1 year postinfection was tested and showed even
higher levels of toxic activity in three of the four
cats suggesting a progressive increase in the release
of putative toxins over time. These cats exhibited a

significant CSF viral load (Figure 9) and a decrease
in cortical N-acetylaspartyl glutamate (NAA) content
(Figure 10). The CSF viremia generally paralleled the
plasma viremia, peaking at 3 weeks postinoculation
and decreasing thereafter to low levels (Figure 9).
In contrast, toxic activity increased while the CSF
and plasma viremia decreased. The decrease in CSF
FIV was slower than the decrease in plasma FIV af-
ter the early peak viremia resulting in a substantial,
259-fold, decrease in the mean plasma:CSF FIV ratio
from 1088 at the peak to 4.2 at 18 weeks. During this
time, none of the animals showed clinical neurologic
signs on standard veterinary neurologic examination
(including cognitive and behavioral assessment). A
sensitive measure of tissue NAA levels using HPLC
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Figure 7 Toxicity induced in dissociated cortical cultures by con-
ditioned medium collected from choroid plexus cultures inocu-
lated with FIV. Dissociated cultures were incubated for 24 h in
choroid plexus-conditioned medium, and cell death was quanti-
fied by staining with ethidium homodimer. The mean (+ s.e.m.)
cell death produced by samples collected at days 6 and 9 postinoc-
ulation were expressed relative to the amount produced by con-
ditioned medium collected at baseline (pre-inoculation). Choroid
plexus cultures inoculated with FIV exhibited an increasing toxic
activity in the culture supernatants, reflected by an increase in the
relative amount of cell death induced in dissociated neural cul-
tures. Control choroid plexus cultures inoculated with boiled FIV
showed no similar increase. *P < 0.01, n = 8 wells/condition.
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Figure 8 Toxicity produced in feline dissociated cultures by CSF
collected from cats experimentally infected with FIV. CSF was
ultrafiltered at a MWCO of 100 kDa and was added to the culture
medium at a dilution of 1:20. CSF collected at 16 weeks postin-
fection produced a significant proportional increase in cell death
relative to the pre-inoculation sample.

revealed uniform decreases in cortical content by
6 weeks postinfection (Figure 10). Analysis of indi-
vidual cortical regions showed significant reductions
in NAA within the parietal lobe at 6 weeks and the
occipital lobe at 12 weeks.

CD18 and MAC387 immunoreactivity in vivo

Robust CD18 immunoreactivity was detected in
the choroid plexus stroma and periventricular re-
gions in cats infected experimentally with FIV-NCSU
(Figure 11B), whereas stained cells were lighter and
more sparse in the corresponding regions in sham-
inoculated control cats (Figure 11A). The pattern of
immunoreactivity was characterized by a staining
gradient that was most intense along the ependymal
surface of the ventricular wall and decreased with
penetration into the parenchyma. Close inspection
revealed a high density of immunoreactivity between
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Figure 9 Temporal profile of plasma and CSF viremia in four cats
infected with NCSU-FIV by intravenous inoculation. Viral titers
were highly variable between cats but consistently showed the
same temporal pattern. CSF collected at 0, 6, and 18 weeks from
these cats was used for toxicity analysis.
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Figure 10 N-acetylaspartylglutamate levels in cortical tissue of
cats infected with NCSU-FIV by intravenous inoculation. Tissue
is from the same cats used as donors of CSF for the toxicity and
viremia measures illustrated in Figures 8 and 9. Whole brain val-
ues reflect the mean of individual lobes. NAA was significantly de-
creased (P < 0.05, Mann—Whitney test) at 6 weeks post infection
in the parietal lobe and whole brain and in the occipital lobe at
12 weeks post infection.

and along the parenchymal surface of the ventricular
ependymal cells (Figure 11C). Immunohistochemical
staining with an antibody specific for feline mono-
cytes/macrophages (MAC387) revealed a slightly dif-
ferent pattern, summarized in Figure 12. The choroid
plexus of uninfected cats showed low or negligi-
ble staining and the corresponding brain tissue sur-
rounding the ventricles showed occasional weak im-
munoreactivity associated with blood vessels or rare
cellular staining. FIV-infected cats with AIDS showed
stronger immunoreactivity in the choroid plexus as
well as in the surrounding brain tissue. Cells were
occasionally observed to have long immunoreactive
processes. Immunoreactivity in the brain was not
concentrated in the region of the ventricles, as with
the CD18 stain. Immunoreactive cells were seen
throughout the cortex of FIV-infected cats. Staining
intensity correlated with the level of infection. Unin-
fected cats had negligible staining, FIV-infected, non-
AIDS cats intermediate levels of staining and AIDS
cats the greatest amount of staining. Abundant im-
munoreactivity was seen associated with blood ves-
sels in the cortex of the AIDS cats. Numerous round
immunoreactive cells were also seen near the corti-
cal surface of the AIDS cats. Immunoreactive cells
in the cortex occasionally showed long processes,
often associated with blood vessels. These observa-
tions support a progressive and widespread increase
in macrophage infiltration in the brain during FIV
infection.

Discussion

The mononuclear phagocytes of the choroid plexus
have been divided into subpopulations based pri-
marily on anatomical distribution and immunophe-
notype, although clear functional distinctions have
not yet been made. Epiplexus cells, first described by
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Figure 11 CD18 immunoreactivity in cats infected experimentally with FIV versus sham-inoculated control cats. Light staining of
scattered microglia-like cells (arrows) is observed in periventricular regions in control cats (A), in contrast to a more robust labeling seen
in the corresponding regions in FIV-inoculated cats (B). In the FIV-infected cats, a staining gradient is apparent with the highest density
adjacent to the ependymal cell layer of the ventricle (arrow). At higher magnification (C), robust labeling of cells is seen between and

adjacent to the ependymal cells (arrows).

Kolmer, have been typically observed in close associ-
ation with the choroidal epithelium (Ling et al, 1998),
while macrophages may be distributed throughout
the stroma (Matyszak et al, 1992). More recent studies
indicate that the choroid plexus may also contain an
intrinsic population of dendritic cells (DCs), distin-
guished by a characteristic stellate morphology and
expression of DC-specific surface antigens (Matyszak
and Perry, 1996; Serot et al, 1997; Hanly and Petito,
1998; McMenamin, 1999). Developmental studies
have suggested that choroid plexus macrophages and
epiplexus cells both represent bone marrow-derived
elements that differentiate from circulating mono-
cytes (Ling, 1979), and it is likely that the putative
choroid plexus DCs are similarly derived based on
studies of other DC populations (Banchereau and
Steinman, 1998). Yet relatively few studies have
characterized the normal turnover of these cells or
the mechanisms underlying the accumulation that
may occur in response to various inflammatory stim-
uli. Although there have been reports that stromal
macrophages and epiplexus cells may proliferate
(Matyszak et al, 1992; Lu et al, 1993), the number of
dividing cells observed in both experiments consti-
tuted only a small percentage of the total population.
It is therefore possible that the density of mononu-
clear phagocytes in the choroid plexus may be main-
tained by a combination of mechanisms, including
local proliferation and recruitment of peripheral pre-
cursor cells.

In the present study we examined the effects of
FIV on primary cultures of feline choroid plexus,
which consisted predominantly of a heterogeneous
population of mononuclear phagocytes. In this re-
port we have collectively referred to these cells
as macrophages in the absence of surface mark-
ers that may distinguish particular subpopulations
in vitro. The data indicate that choroid plexus

cultures exposed to FIV experience an increased
rate of macrophage accumulation relative to control
cultures. Comparison of the relative levels of pro-
liferation and cell death further confirmed that this
accumulation represented an increased rate of repli-
cation, as the extent of cell death was very low and
did not vary between cultures treated with either
virus or virus-free ultrafiltrate. We have previously
shown that feline microglia in mixed neural cultures
exhibit an increase in proliferation following an in
vitro challenge with FIV (Meeker et al, 1999a). Al-
though the dose-response relationships observed for
FIV-induced increases in microglia and macrophage
proliferation were strikingly similar, the rates of repli-
cation were significantly different. Following expo-
sure to FIV, the rate of microglial proliferation in-
creased to an average of 40% day~!, in contrast to
a maximum rate of 20% day~' observed for choroid
plexus macrophages. Moreover, the effects of FIV on
microglial proliferation were dependent on soluble
factors released from astrocytes and/or neurons, nei-
ther of which was present in choroid plexus cultures.
However, we have not examined whether the pres-
ence of small numbers of contaminating fibroblasts
and epithelium may influence the observed effects
on macrophage proliferation.

The use of fetal cultures allowed parallel cultures
of choroid plexus and neurons in our studies. How-
ever, it should be noted that these macrophages are
cultured at a time when they are typically proliferat-
ing in vivo. Although these cells appear to differenti-
ate into a mature and active phenotype in culture it is
important to note that they may retain a greater pro-
liferative capacity than choroid plexus macrophages
in adults. This is something that will need to be ex-
amined further since it could be a significant variable
associated with disease progression in the immature
brain.
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Figure 12 MAC387 immunoreactivity in FIV-infected cats. The macrophage specific antibody, MAC387, produced very little stain-
ing in the brain of uninfected cats. (A) Regions in and around the choroid plexus occasionally showed very light immunoreactivity.
(B) FIV-infected cats with AIDS showed heavier immunoreactivity within the choroid plexus (small arrow), particularly in the region
along the basal surface of the epithelium. Heavily stained cells or clusters of cells could be seen in the adjacent parenchyma (large arrow).
These cells occasionally displayed long processes (inset). (C) Heavily immunostained cells were also visible within the meninges of the
AIDS cats over the surface of the cortex. Stained cells were also seen throughout the cortex. (D) Weak staining was occasionally seen in the
cortex of uninfected cats, often associated with the vasculature (arrow). (E) Immunoreactive cells were seen in the brains of asymptomatic
FIV-infected cats. (F) FIV-infected cats with AIDS had greater numbers of immunoreactive cells throughout the cortex. (G) Staining in the
AIDS cats was also very prominent within the vasculature near the surface of the cortex. (H) Clusters of strongly immunoreactive cells
with long processes in the cortex of an AIDS cat. (I) Immunostained processes often appeared to follow the vascular endothelium. Bars:
25 pm.



A more dramatic increase in macrophage prolif-
eration was observed in choroid plexus cultures
exposed to rhuCD40-L, a member of the tumor necro-
sis factor (TNF) superfamily which is expressed on
the surface of activated T-lymphocytes (Armitage
et al, 1993). Previous studies have shown that in-
teractions of CD40-ligand (CD40L) with its receptor,
CD40, promotes the activation and survival of den-
dritic cells (Caux et al, 1994). Recent studies have
further suggested that a wide range of mononuclear
phagocyte effector functions may be modulated by
the CD40/CD40L system and that these signal trans-
duction events could be particularly important for
the replication of HIV-1 (for review, see Kornbluth
et al, 2000). Results from the present study demon-
strate that CD40L may induce a significant increase
in macrophage proliferation, suggesting that T-cells
trafficking into the choroid plexus could provide a
more potent stimulus for proliferation than exposure
to lentivirus.

In addition to the effects on macrophage prolifera-
tion, FIV induced the release of a soluble factor(s) that
produced significant toxicity in feline cortical cul-
tures. Furthermore, there was a significant positive
correlation between macrophage proliferation and
toxic activity in the culture supernatants, indicating
that, among the multiple cell types present in vitro,
choroid plexus macrophages represented the major
effector cells driving toxicity. Although the choroid
plexus-derived factor(s) has not been identified, pre-
vious studies of microglia suggest several possibil-
ities. There is considerable evidence that lentiviral
exposure may induce macrophages/microglia to re-
lease a number of putative neurotoxins, including
tumor necrosis factor-o (TNF-«) (Sopper et al, 1996;
Wesselingh et al, 1997; Poli et al, 1999), interleukin-6
(Yeung et al, 1995; Sopper et al, 1996), quinolinate
(Heyes et al, 1998), platelet-activatin g factor (Gelbard
et al, 1994), nitric oxide (Adamson et al, 1996), and
a novel, partially characterized toxin, NTox (Giulian
et al, 1996). Neurotoxicity may also be induced by the
viral regulatory protein, tat (Magnuson et al, 1995)
and the surface glycoprotein, gp120 (for review, see
Nath and Geiger, 1998). Although we have previously
shown that FIV may achieve a low grade productive
infection in choroid plexus macrophages (unpub-
lished observations) and that the FIV envelope pro-
tein induces excitotoxicity in neural cultures (Bragg
et al, 1999), the effects produced by choroid plexus-
conditioned medium cannot be atttributed to either
virus or envelope protein because both would be ex-
cluded by filtration of the culture supernatant. Thus
the size restrictions imposed by filtration reveal that
the putative neurotoxin derived from choroid plexus
must be a factor of a molecular weight less than
100000.

Because the choroid plexus manufactures the bulk
of the cerebrospinal fluid (CSF) that fills the ventri-
cles, subarachnoid space, and spinal canal (Johanson
et al, 1999), it is possible that toxic factors produced
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within this structure could be released into the CSF
and diffusely distributed throughout the CNS. Previ-
ous studies have demonstrated that a number of the
diffusible factors implicated in AIDS-related neuro-
toxicity have indeed been detected within the CSF
of HIV-1-infected patients [for review, see Bragg et al
(2000)]. Moreover, we recently reported that CSF col-
lected from HIV+ individuals contains a low molec-
ular weight factor that promotes toxicity in primary
neural cultures (Meeker et al, 1999b). In the present
study we performed a similar analysis on CSF col-
lected from cats infected acutely with FIV and di-
rectly compared this profile to the effects produced
by supernatants harvested from FIV+ choroid plexus
cultures. Within weeks of experimental infection
with FIV, a significant toxic activity is detected in
CSF that resembles the profile previously reported
for CSF from HIV-1-infected patients. The relation-
ship between the appearance of the toxic factor and
the plasma and CSF viremia was inverse, as the toxic
activity increased while the CSF and plasma viremia
decreased. This suggests that once the CNS inflamma-
tory process is initiated, it may not be tightly linked to
CSF viral load. Alternatively, the appearance of toxic
factors could reflect the development of a primary
infection of brain tissue that is only partially repre-
sented in the total CSF virus. The tendency for the
CSF:plasma FIV ratio to reverse is consistent with this
possibility. The origins of toxic factors detected in
CSF during lentiviral infection are still unclear, and
it is likely that they may derive from multiple sources
within the CNS and periphery. However, the similar-
ities between the toxic profiles produced by FIV+
choroid plexus culture supernatants and FIV+ CSF
raise the possibility that the choroid plexus could
make an important contribution to pool of toxic fac-
tors circulating within the CSF/ventricular system.
We also observed an increased immunoreactivity
for CD18 in periventricular regions in FIV-infected
versus sham-inoculated control cats. The most in-
tense staining was observed in regions that lie closest
to the choroid plexus, with a gradient of stain-
ing intensity that decreased with deeper penetra-
tion into the parenchyma. Although this increased
immunoreactivity could reflect either an increased
number of monocytic cells or level of CD18 expres-
sion, the pattern is particularly suggestive of cells
trafficking from the choroid plexus. A high level of
choroid plexus macrophage proliferation could sup-
port such a process. In addition, the potential for
trafficking of systemic monocytes is indicated in-
directly by observations of: 1) inflammatory infil-
trates in the choroid plexus of lentivirus-infected
hosts (Beebe et al, 1994; Falangola et al, 1995; Czub
et al, 1996; Hanly and Petito, 1998); 2) increased
mononuclear cells frequently detected in CSF during
the early stages of HIV-1 infection (McArthur et al,
1989; Martin et al, 1998; Gisslen et al, 1999); and
3) increased adhesion molecule expression on the
choroid plexus epithelium during CNS inflammation
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(Steffen et al, 1996; Wolburg et al, 1999). Staining
with MAC387, which detects feline macrophages but
not microglia, confirmed increased immunoreactiv-
ity in and around the choroid plexus but failed to
show the same pattern of staining within the ependy-
mal cell lining. Instead, the increases in immunore-
activity in the AIDS cats were widespread and
included heavy staining associated with the vascu-
lature and cells over surface of the cortex. However,
itis important to note that the stromal macrophages of
the choroid plexus were not stained by the MAC387
antibody as evidenced by the lack of staining in the
control cats and the relatively discrete staining pat-
terns in the FIV-infected cats. Thus, while the obser-
vations support a widespread and diffuse penetration
of monocytic cells through the choroid plexus and
vasculature questions still remain regarding the pre-
cise role of the choroid plexus macrophages which
may represent a unique, expanding population of
cells that contribute to toxic inflammatory interac-
tions in subcortical regions known to be targeted by
HIV-1 (Navia et al, 1986).

Materials and methods

Experimental animals

Ten specific pathogen-free (SPF) cats were obtained
from Liberty Labs (Liberty Corner, NJ), maintained
and bred at the North Carolina State University
College of Veterinary Medicine (NCSU-CVM). Addi-
tional fetal tissue was obtained from random source
cats during spaying and neutering of the cats by anon-
profit population control program. The cats within a
treatment condition were gang housed and fed a com-
mercial diet in AAALAC-accredited facilities. After
arrival and acclimation, each cat received a physical
and neurological examinations and was screened for
FIV antibody by commercial ELISA (IDEXX). All cats
were negative for FIV.

Primary cultures of brain and choroid plexus
Fetuses were removed by cesarean section or by
removal of the uterus during routine spaying at ap-
proximately 25-40 days gestation. Brains were re-
moved from the cranium and rinsed 3x in fresh
sterile HEPES-buffered Hanks’ balanced salt solution
(HBSS in mM: NaCl, 138.0; KCl, 5.36; CaCl,, 1.26;
MgSQy,, 0.40; MgCl,-6H,0, D-glucose, 5.55; HEPES,
20; pH to 7.4 with NaOH).

Choroid plexus cultures The choroid plexus was
dissected from the cerebral ventricles and rinsed
3x in HBSS. Pooled tissue explants were minced
with sterile forceps, and the resulting cell sus-
pension seeded uniformly onto poly-D-lysine-coated
(0.1 mg/ml) glass coverslips in each well of a 24-well
plate under a thin layer of medium. Cells were main-
tained in a 5% CO, incubator at 35—-36°C and fed ev-
ery 3 days with Dulbecco’s Modified Eagle Medium
(DMEM), supplemented with 10% FBS and 20 ug/ml

gentamicin (complete medium). After 8 days in vitro,
the choroid plexus explant had detached and
remained in suspension. Coverslips were enriched
in macrophages at densities ranging from approxi-
mately 50-170 cells/mm?, with some fibroblasts and
endothelial cells present as well. Under these condi-
tions, choroid plexus epithelial cells and endothelial
cells did not attach to the substrate and were typically
depleted during exchange of the culture medium.
Only small amounts of epithelium remained in vitro
by the end of the first week in culture. The relative
purity of the macrophages at the initiation of the ex-
periments was 92 + 4% .

Dissociated cultures of feline cortex Cortex was
dissociated to provide mixed cultures of uniform
density for the analysis of the toxicity of choroid
plexus macrophage conditioned medium. The cere-
bral hemispheres were dissected from the fetal brain,
minced, and incubated in 5 ml calcium/magnesium-
free-HBSS containing 2.5 U/ml dispase +2 U/ml
DNase I for 10 min at 37°C. The tissue was triturated
by 10 passes through a 10-ml pipette. Undissociated
tissue clumps were allowed to settle for 2 min, and
suspended cells were transferred to a culture tube
containing 25 ml complete medium. The remaining
tissue was resuspended in 5 ml HBSS and again trit-
urated for 10 passages through a 10-ml pipette. The
pieces were allowed to settle, cells collected, and
the procedure repeated until most tissue was com-
pletely dispersed. The cells were seeded at a density
105 cells/cm? in each well of a 48-well plate. The
resulting cultures, at the time of testing, contained
a mixed population of cells predominantly consist-
ing of neurons, astrocytes, and small numbers of
microglia.

Source of FIV

All studies used an infectious molecular clone of the
FIV-NCSU; isolate (FIV-NCSU,) prepared as previ-
ously described (Yang et al, 1996). The FIV-NCSU,
clone was propagated in an interleukin-2-dependent
feline CD4+ T-lymphocyte cell line, FCD4-E (English
et al, 1993). Virus grown in FCD4-E cells was har-
vested, centrifuged, filtered through a 0.2-pum filter
and maintained as a cell-free stock at a concentration
ofapproximately 108 tissue culture infectious dosess

Inoculation with FIV
Choroid plexus cultures were stimulated in vitro
with concentrations of FIV ranging from 102 to 103
TCIDso/ml. After 48 h, cells were washed 3x in
HBSS, and fed with complete medium. Control cul-
tures were challenged with either boiled virus, pre-
pared by incubating the virus stock at 100°C for
20 min, or a virus-free ultrafiltrate, prepared by pass-
ing the viral stock through a 100000 M. W. cutoff filter.
Specific pathogen-free (SPF) cats, ranging in age
from 6 to 12 months, were injected intravenously
with 2 x 108 TCID;, FIV-NCSU; in 100 ul of



cell-free culture supernatant. Control cats were sham-
inoculated with vehicle (culture medium). Infec-
tion was confirmed by the presence of FIV-specific
antibodies in plasma, measured by a commercial
ELISA (Idexx Laboratories, Westbrook, ME), and
FIV proviral DNA sequences in peripheral blood
mononuclear cells (PBMCs), amplified by PCR as
previously described (Meeker et al, 1996). All FIV-
inoculated cats were antibody-positive and provirus-
positive by 6 weeks postinfection.

Accumulation of choroid plexus

macrophages in vitro

The number of macrophages present in choroid
plexus cultures was determined by either visual
inspection or digital morphometry. In both cases,
cells were washed 3x and maintained in a HEPES-
based artificial CSF (aCSF) for the duration of
the procedure. Cells were viewed on an Olym-
pus IMT-2 inverted microscope under Hoffmann op-
tics in a defined field of 0.294 mm?, with mea-
surements systematically taken from three fields
per well. For visual inspection, macrophages were
identified and counted based on characteristic mor-
phology. For digital morphometry, macrophages
were first labeled by uptake of acetylated low
density lipoprotein conjugated to the fluores-
cent dye, 1,1’-dioctadecyl-3,3,3’,3'-tetramethylindo-
carbocyanine (Dil-acyl-LDL; Biomedical Technolo-
gies; 2.0 pug/ml in DMEM at 37°C for 60 min).
Under these conditions, macrophages were selec-
tively stained at a very high signal-to-noise ratio.
Digital images of each field were captured by a
Metamorph Imaging System (Universal Imaging Cor-
poration, West Chester, PA), and fluorescent cells
were automatically highlighted and filtered based
on size (um?) so that only objects consistent with
macrophages were counted. This procedure also
eliminated clusters of macrophages and although
some care was taken to avoid clusters that could not
easily be resolved, values may slightly underestimate
proliferation. Other cell types including endothelial
cells showed very weak or negligible staining and
were easily distinguished from the macrophages.

To determine the rate of macrophage accumula-
tion in choroid plexus cultures, macrophage density
in vitro was measured prior to stimulation with ei-
ther FIV or a virus-free ultrafiltrate or thuCD40-ligand
trimer, generously provided by Immunex Corpora-
tion. Cultures were then assigned to the experimental
and control conditions to provide equivalent aver-
age starting densities. Cells were thoroughly washed
24 h after inoculation and counted again at days 3,
6, and 9 postinoculation. In some experiments the
macrophage density became too high for automated
counting requiring estimates obtained through man-
ual counting.

The proliferation of choroid plexus macrophages
was verified by uptake of bromodeoxyuridine
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(BrDU). Choroid plexus cultures inoculated with ei-
ther FIV or virus-free ultrafiltrate were placed in
complete medium containing 10 M BrDU. After
3 days, cultures were incubated in a suspension
of carboxylate-modified red fluorescent (580/605)
microspheres (1-um diameter; Molecular Probes;
Eugene, OR), which are selectively taken up by
phagocytic cells. After 1 hour cells were washed
3x with HBSS and fixed in Carnoy’s Fluid (glacial
acetic acid: chloroform: ethanol; 1:3:6 vol:vol:vol) or
4% paraformaldehyde in 0.01 M phosphate-buffered
saline, pH 7.4. Fixed cells were rinsed in ice cold
phosphate-buffered saline (PBS, 0.01 M, pH = 7.4)
and permeabilized by a 5-min incubation in 2 N
HCL. Coverslips were washed sequentially in ice cold
deionized water and PBS, then incubated overnight
in a mouse anti-BrDU antibody (6 pg/ml in 0.05 M
Tris-buffered saline, pH = 7.6). On the following
day, cultures were washed in PBS and incubated in
biotinylated goat anti-mouse IgG for 1 hour. After
washing cells in PBS, bound antibody was visual-
ized by the ABC method (Vector Labs; Burlingame,
CA) using diaminobenzidine (0.5 mg/ml in PBS
with 0.01% H;0,). After rinsing in PBS, coverslips
containing cells were dehydrated through a series
of alcohols, cleared in xylene, and mounted on
slides. Cells were examined by both fluorescence
and light microscopy at a magnification of 400x.
Choroid plexus macrophages were identified based
on morphology and uptake of fluorescent micro-
spheres, an indication of phagocytic activity. The
number of BrDU-positive cells in this population
was counted to determine the percentage of choroid
plexus macrophages undergoing proliferation.

Cell death in choroid plexus cultures was deter-
mined by staining with ethidium homodimer (2 uM
in DMEM for 40 min; Molecular Probes; Eugene, OR),
which labels the nuclei of dead cells. Choroid plexus
macrophages were labeled with fluorescent micro-
spheres and in some cultures, BrdU as detailed pre-
viously prior to fixation for immunohistochemistry.

CD18 and MAC387 immunohistochemistry
Three SPF cats infected experimentally with FIV-
NCSU; for 2 to 3 years and 3 age-matched sham-
inoculated cats were anesthetized with a lethal dose
of sodium pentobarbital. Brains were removed from
each cat, transected along the midline, and snap-
frozen in isopentane. Cryostat sections of 30-um
thickness were cut through blocks of frontal and pari-
etal containing lateral ventricle with choroid plexus.
The density of microglia/macrophages within the
choroid plexus and adjacent parenchyma was eval-
uated by immunohistochemistry for CD18. Fresh
frozen sections were fixed in ice-cold methanol:
acetone (1:1), washed 3x in PBS and incubated in
0.6% H,0, in PBS for 15 min. Tissue was washed an
additional 3x in PBS and incubated for 45 min in 3%
normal goat serum. Primary antibody was applied
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at a 1:500 dilution in 10% cat serum, 0.3% normal
goat serum in 0.01 M PBS. After an overnight incu-
bation at 4°C, the tissue was washed three times and
incubated for 2 h in biotinylated goat anti-mouse IgG
(Vector Labs, 1:200). After washing in PBS, the tissue
was incubated in ABC reagent followed by reaction
in 0.05 mg/ml diaminobenzidine +0.01% H,0,.

A similar procedure was followed for the MAC387
antibody based on the recommendations of the sup-
plier (DAKO, Corp, Carpenteria, CA.). Briefly, tis-
sue was rinsed with wash buffer (0.05 M Tris-HCI,
0.15 M NaCl, 0.1% Tween-20, pH = 7.6) and treated
for 5 min with 3% H,0,. Sections were washed and
incubated overnight at 4°C in primary mouse mon-
oclonal anti-human myeloid/histiocyte antigen at a
dilution of 1:100 in wash buffer. The sections were
then washed and stained by the ABC method us-
ing the DAKO LSAB-2 kit with diaminobenzidine as
substrate.

Collection of choroid plexus-conditioned medium
and cerebrospinal fluid (CSF)

On day 2 after culture, thuCD40-L was added to
the medium for 24 h to stimulate the proliferation
and differentiation of macrophages. The cells were
fed normally on culture days 3 and 6. On day 8,
the cultures were inoculated with 10* TCID5, FIV.
Conditioned medium was collected from choroid
plexus cultures at days 0 (pre-inoculation), 6, and 9
postinoculation with FIV. Conditioned medium was
passed through a 100,000 M.W. cutoff filter to re-
move virus and large proteins, then stored at —80°
pending toxicity analysis. CSF was collected from
the cerebromedullary cistern (cisterna magna) from
FIV-inoculated and control cats at 0, 3, 6, 12, and 18
weeks and 1 year postinoculation.

Quantitative-competitive RT-PCR for analysis

of FIV mRNA

A wild-type positive control plasmid (pCP1) and a
competitive template (pCP1 + 169) were constructed.
An Xba I/EcoR I fragment of the FIV-NCSU1 gag
gene was cut from a pVL3-Wgag plasmid and ligated
into pGEM-11Zf(+) transcriptional vector (Promega)
multiple cloning site. A blunt ended pUC19 Dde I
fragment (169 bp) was ligated into a blunt ended
pCP1 at the Bfr I site and resulted in construction
of pCP1+ 169. The pCP1 is identical to pCP1 + 169
except for a 169-bp fragment addition at the Bfr
I site within gag. The insertion was confirmed by
restriction analysis and PCR. In vitro transcription
was performed by using T7 polymerase (Promega)
according to manufacturer’s directions. Transcripts
were treated with RNase-free DNase (Promega). Phe-
nol/chloroform extraction was performed twice and
the RNA-containing fractions were selected on a Se-
lect D (RF) column (5’-3/, Boulder, CO), treated with
proteinase K, extracted 3x with phenol/chloroform
and precipitated with ethanol.

RNA from 0.2 ml of cell-free plasma or CSF
was extracted using a single-step method with TRI-
REAGENT (Molecular Research Center, Inc) accord-
ing to the manufacturer’s protocol. The resulting pel-
let was suspended in 40 ul of DEPC-treated water
and used immediately for analysis. For reverse tran-
scription with SuperScript I RNaseH~ (Gibco BRL;
according to manufacturer’s protocol), 4 ul of plasma
RNA solution was added to a series of 2-fold dilu-
tions, ranging from 6250 copies/ul to 48 copies/ul, of
pCP1+ 169 RNA template. The resulting cDNA was
amplified with hot-start PCR at 99°C for 10 min fol-
lowed by a 40-cycle program consisting of 3 cycles of
97°C for 1 min, 55°C for 2 min, 72°C for 1 min, and
37 cycles of 94°C for 1 min, 55°C for 2 min, 72°C for
1 min with an extension of 72°C for 10 min.

Primers were selected from the end of a major
core region of FIV-14. The sense primer was located
at 1518-1541 (5 CCA AAT AGA TCA AGA ACA
AAA TAC 3') and the antisense primer was located
at 1713-1693 (5° AAG AGC TTC TGC CAA GAG
TTG 3’). The RNA pellet was resuspended in DEPC-
treated water and quantitated. Primers amplify a
196-bp product from the wild-type and a 365-bp com-
petitor. Following amplification, reaction products
were separated on a 3% TAE agarose gel containing
ethidium bromide, photographed, and quantified us-
ing Adobe Photoshop and NIH Image software pro-
grams (Rottman et al, 1996). As a control for FIV
provirus contamination, the same amount of RNA
was PCR-amplified without reverse transcription.
Levels of viral RNA in the CSF were also determined
by qcRT-PCR using the protocols as described for
plasma.

Neurotoxicity of choroid plexus-conditioned
medium and CSF

Dissociated cultures of feline cortex were incubated
in either choroid plexus-conditioned medium (1:1) or
feline CSF diluted 1:20 in DMEM for 24 h. All sam-
ples were assayed in triplicate, and cortical cultures
were pre-screened to verify equivalent initial cell
densities. Cells were washed 3x in HBSS, and dead
cell nuclei were labeled with ethidium homodimer
(2 uM in DMEM, 40 min, 37°C). Cells were washed
again and maintained in HBSS while fluorescent nu-
clei were automatically sized and counted. Digital
images of fluorescent nuclei were captured by the
Metamorph System and filtered based on size (um?),
so that only objects in the appropriate size range were
automatically counted. Five fields of 0.295 mm? at a
magnification of 267 x were measured per well, and
the mean number of labeled nuclei per field was used
to calculate the density of dead cells in each culture
(dead cells/mm?). Toxicity results were expressed as
proportional increases relative to baseline: the cell
death produced by conditioned medium or CSF col-
lected at each postinoculation time point was di-
vided by the amount produced by the corresponding



pre-inoculation sample. Basal cell death in cultures
treated with an artificial CSF was also measured to
control for normal cell death in the cultures.

Analysis of tissue N-acetylaspartate (NAA) content
Cortical brain tissue, 0.1-0.3 g, was added to
2 ml of 0.1 M HCIO, and acetonitrile (1:1), ho-
mogenized, sonicated for 1 min, and centrifuged.
The supernatant was transferred to a microsepa-
ration system equipped with 3000-Da molecular
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