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Abstract
Feline immunodeficiency virus (FIV), like human immunodeficiency virus (HIV)-1, is a
neurotropic lentivirus, and both natural and experimental infections are associated with
neuropathology. FIV enters the brain early following experimental infection, most likely via the
blood-brain and blood-cerebrospinal fluid barriers. The exact mechanism of entry, and the factors
that influence this entry, are not fully understood. As FIV is a recognised model of HIV-1
infection, understanding such mechanisms is important, particularly as HIV enters the brain early
in infection. Furthermore, the development of strategies to combat this central nervous system
(CNS) infection requires an understanding of the interactions between the virus and the CNS. In
this review the results of both in vitro and in vivo FIV studies are assessed in an attempt to
elucidate the mechanisms of viral entry into the brain.
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Introduction
Feline immunodeficiency virus (FIV) is a member of the retroviridae, as are the other
immunodeficiency-inducing lentiviruses, human immunodeficiency virus (HIV) and simian
immunodeficiency virus (SIV). FIV was first isolated in 1987 from a group of domestic cats
suffering from an acquired immune deficiency syndrome (AIDS)-like condition (Pedersen et
al., 1987). However, based on phylogenetic analysis, it is likely that FIV may represent a
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more primitive lentivirus which has been prevalent in cat populations even longer than HIV
has been present in humans (Sodora et al., 1994). In addition, FIV appears to have evolved
independently of both HIV and SIV (Olmsted et al., 1989; Elder and Phillips, 1993).

FIV resembles HIV and SIV in its structure and biochemical properties, but is not
antigenically related to either virus. FIV does not infect humans or human cells (Poeschla
and Looney, 1998), although a chimeric clone was shown to establish pro-virus in human
MOLT4 cells, without infectious virions being produced (Ikeda et al., 1996). FIV has been
sub-divided into five clades (A–E) based on sequence similarities in the V3-V5 regions of
envelope proteins (Sodora et al., 1995). The virus is mainly transmitted by biting during
fighting and sexual activity, and therefore its prevalence worldwide is at least twice as high
in males as in females (Bendinelli et al., 1995). Vertical transmission has also been
described during acute maternal infection, leading to an overall infection rate of 70%
(O’Neil et al., 1995).

Experimental infection with FIV results in early, acute infection characterised by pyrexia,
dullness, leucopenia and is associated with an inversion of the CD4+/CD8+ T cell ratio,
followed by a progressive decline in circulating CD4+ T cells (Ackley et al., 1990;
Tompkins et al., 1991; Callanan et al., 1992) and a sustained increase in CD8+ T cells
(Willett et al., 1993; Bucci et al., 1998; Gebhard et al., 1999). A prolonged subclinical phase
then occurs (Diehl et al., 1995) and in many specific-pathogen free environments, this phase
of infection continues beyond the time-span of many studies, although one long-term
experiment reported 6/24 cats progressing to the AIDS stage of disease between 3.8 and 5.8
years post-infection (Mathiason-DuBard et al., 1998). However, in many naturally-infected
animals, severe immunodeficiency develops with accompanying opportunist infections
(Brown et al., 1991; English et al., 1994).

Although most primary isolates of FIV will infect T lymphocytes, B lymphocytes and
monocytes, productive infection in vivo is largely restricted to T lymphocytes (Dow et al.,
1992; Beebe et al., 1994; Dow et al., 1999). FIV is considered a more lymphotropic
lentivirus than HIV which can either be lymphotropic or, more commonly, macrophage-
tropic, with both strain types existing simultaneously in the HIV-1 infected patient (Moses
and Nelson, 1994; Kramer Hammerle et al., 2005; Willett et al., 2008). The primary receptor
for FIV has been identified as CD134 (Shimojima et al., 2004) in contrast to CD4 which is
the primary receptor used by HIV (Gonzalez-Scarano and Martin-Garcia, 2005). However,
CD134 is thought to support infectious interactions in much the same manner as CD4. Both
HIV and FIV lymphotropic-strains use CXCR4 as a co-receptor, and there is close
homology between feline and human CXCR4. Following ectopic expression of human
CXCR4 on non-permissive human cells, these cells can fuse with FIV-infected feline cells.
Moreover, fusion between FIV-infected feline cells and CXCR4-transfected human cells is
inhibited by both anti-CXCR4 and anti-FIV antibodies (Willett et al., 1997). In contrast, SIV
exclusively uses CCR5 as a co-receptor. However, all three viruses have tropisms for similar
cell populations including cells of monocyte lineage (Willett et al., 1997, 1998; Egberink et
al., 1999).

FIV is neurotropic and neurovirulent
Like all lentiviruses, FIV invades the central nervous system (CNS) (Power et al., 2004) and
has been detected in the brain and cerebrospinal fluid (CSF) at the time of acute infection. In
one study using FIV Glasgow-8 strain (FIVGL8), virus was observed in animals as early as 1
week after infection and in 9/12 animals by 23 weeks post-infection (Ryan et al., 2003). In
HIV infection, the rapidity of viral entry to the brain was first demonstrated in a patient 15
days after accidental inoculation with a HIV-1-contaminated product (Davis et al., 1992).
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This early penetration of virus into the brain and CSF suggests the existence of efficient
transmission mechanisms across the blood-brain barrier (BBB) and blood-CSF barrier.

The first reports of the neurological effects of natural FIV infection in cats highlighted the
altered behaviour of the animals (Pedersen et al. 1987). Subsequently, it was shown that
experimental infection with FIV Petaluma could induce CSF pleocytosis with intra-thecal
anti-FIV antibody production (Dow et al., 1990). At the termination of this experiment, 12
months after infection, virus was isolated from sub-cortical brain structures, and encephalitis
was reported. Antibodies to FIV were detected in the CSF of 9/10 naturally-infected cats,
and the virus was cultured from the CSF of 5/9 of these animals (Dow et al., 1990).

Since these initial observations with the original Petaluma isolate, several other FIV strains
have been reported to cause neuropathology in domestic cats including: FIVMD (Phillips et
al., 1994; Podell et al., 1999); FIVPPR (Phillips et al., 1996, 2000); FIVNCSU1 (Meeker et al.,
1997; Bragg et al., 2002); FIVGL8 (Ryan et al., 2003); and the CSF-derived isolate,
FIVV1CSF (Power et al., 1998). Furthermore, many of these viruses have induced
neurological signs including abnormal stereotypic motor behaviours, increased aggression,
anisocoria, delayed righting and papillary light reflexes, marked changes in sleep
architecture and deficits in cognitive motor function (Podell et al., 1993, 1997; Phillips et al.,
1994, 1996; Prospero-Garcia et al., 1994; Steigerwald et al., 1999; Meeker, 2007).

The fundamental pathology induced by FIV is an encephalitis similar to that reported in
HIV-1-infected patients, although the lesions are typically less severe (Meeker, 2007), and,
in contrast to both HIV and SIV infection, multi-nucleated giant cells are rarely observed
(Fox and Phillips, 2002). Proliferation and activation of microglial and astrocytic cells
(gliosis), often with nodular formations, are typical features. This is sometimes accompanied
by degenerative processes such as myelin damage manifested as myelin pallor (Hurtrel et
al., 1992; Abramo et al., 1995; Boche et al., 1996; Poli et al., 1997; Silvotti et al., 1997).
Neuronal loss has also been reported using FIV-NCSU1, beginning in the sub-clinical phase
of infection (Meeker et al., 1997; Power et al., 1998). Viral cell tropism in the context of
CNS infection remains controversial in HIV-1 infection and studies to date with FIV have
been limited, involving only the Petaluma isolate, suggesting that infection of macrophages,
microglia and possibly astrocytes, but not neurons, occurs (Dow et al., 1990, 1992; Poli et
al., 1999).

While it is now established that most isolates of FIV are neurotropic, there is mounting
evidence of variations in neurovirulence, similar to HIV (Johnston et al., 2000, 2002). It has
been proposed that this variation in virulence is potentially due to the emergence of distinct
neuropathogenic strains resulting from adaptation following passages through host
populations and the independent evolution of HIV and FIV in humans and cats, respectively
(Lackner et al., 1991; Albright et al., 2003; van Marle and Power, 2005). However it is also
proposed that there are adaptations of virus within brain compartments in individual hosts
(van Marle and Power, 2005; Liu et al., 2006a). When cats were inoculated with cell-free
FIVNCSU1, by the intra-cerebroventricular or intra-peritoneal routes, rapid
compartmentalisation of envelope variants between the CNS and peripheral tissues was
observed suggesting that regional influences quickly influence the viral genome (Liu et al.,
2006a).

Although cats intra-cranially inoculated with virus were more likely to develop variations in
the V3-V4 envelope sequence, no clear relationship between specific variants and CNS
disease could be established. Highly efficient movement of virus from the CSF to the
systemic tissues in this model indicated that any adaptations that develop in the CNS could
be rapidly transferred systemically (Liu et al. 2006b). As with studies of HIV, the FIV
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recovered from CSF at all time points contained a mix of envelope from both plasma and
local sources. This suggests continuous exchange of virus between the systemic circulation
into the CSF. Studies of HIV clearance from the CSF following anti-retroviral therapy
support this view with a rapid early decline in CSF HIV load that paralleled decreases in the
amount of virus in plasma (Haas et al., 2003). This rapid decline in CSF HIV was consistent
with virus replication in CD4+ T cells suggesting a prominent contribution from trafficking
of these cells.

FIV infection in cats is a well-established model of HIV-1 infection in man and in recent
years this model has been used to address significant concerns regarding the induction of
encephalitis by HIV-1 (Podell et al., 2000; Meeker, 2007; Fletcher et al., 2008). A major
goal in the treatment of HIV infection is the need to eliminate or significantly reduce the
level of infection. Although this has been partly addressed with the advent of highly active
anti-retroviral therapies (HAART) that decrease the severity of CNS disease (Lambotte et
al., 2003; Fischer-Smith and Rappaport, 2005), the prevalence of CNS disease continues to
increase (Ances and Ellis, 2007; Robertson et al., 2007). This is due, in part, to poor
penetration of anti-retroviral compounds across the BBB that not only allows ongoing virus
production in brain but may also establish an environment conducive to the development of
anti-retroviral resistance.

Attempts to develop effective therapies require a better understanding of the control of virus,
immune cell and drug delivery across the BBB. Addressing these issues will require the use
of animal models of natural lentiviral infection that will facilitate experimental approaches
to many of the critical issues surrounding infection and neuropathogenesis. Firstly, the
mechanisms that underpin the critical early penetration of virus into the CNS can be
investigated. At this time the majority of HIV-infected humans are clinically normal and
thus access to useful samples from such patients such as blood, CSF, and brain tissue is
minimal (Davis et al., 1992). With animal models it is possible to evaluate this phase of
infection and develop and test theories on how virus enters the brain. Secondly, the
subsequent interactions between virus and immune cells within the CNS can be investigated
over the entire course of disease to determine how the various pathological processes evolve
(Zink et al., 1997; Ryan et al., 2003, 2005).

Finally, the availability of well-characterised models of infection and pathogenesis will
facilitate efforts to develop and test novel therapies. While still in their infancy in terms of
use, animal models such as FIV infection in the cat will no doubt provide the necessary
information that will facilitate the design and testing of therapies to combat CNS infection
and its pathological consequences (Boche et al., 1996; Zenger et al., 1997; Fletcher et al.,
2008). Furthermore, an understanding of the blood-brain and choroid plexus barriers will
play a crucial role in these endeavours.

Early entry of FIV into the brain
As outlined previously, FIV is associated with neuropathology in both the early and late
stages of infection (Dow et al., 1990; Boche et al., 1996; Ryan et al., 2003). FIVGL-8 enters
the brain in the majority of animals following infection and, between 1 and 23 weeks later,
is detectable in the brains of 9/12 animals (Ryan et al. 2003, 2005), highlighting that the
acute phase of infection is a significant time during which virus invades the CNS. This entry
is paralleled by the appearance of high levels of FIV in the CSF, a level that lags slightly
behind the peak plasma viral titre (Liu et al., 2006a).

This acute phase of infection is also believed to represent the significant ‘time-window’
during which virus enters the brain following HIV-1 infection (Gray et al., 1996). Parallel
histopathological studies using FIVGL-8 highlighted that in cats during this period of acute
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infection, there is prominent lymphocyte trafficking simultaneously through the BBB and
into the choroid plexus (Ryan et al., 2005). Such cell populations were composed of CD79+
B and CD3+ T cells. The latter population contained a mixture of CD4+ and CD8+ T cells.
These transient perivascular cell infiltrations in the meninges, choroid plexus and brain
parenchyma were consistent findings suggesting early active cell migration from the
bloodstream into the brain (Fig. 1). While these findings were in contrast to previous studies
in which lesions in the meninges and choroid plexus were rarely observed (Hurtrel et al.,
1992; Abramo et al., 1995; Boche et al., 1996; Poli et al., 1997), they are consistent with
observations from HIV-infected patients (Falangola, et al., 1995), with the variation
explained by differences in viral strains, time post-infection and sampling protocols.

Studies investigating CNS infiltration in early-stage HIV-1 infection have reported
predominantly CD8+ T cell-rich infiltrations, with fewer CD4+ T cells and B cells, around
small blood vessels, particularly veins. These infiltrations were observed more frequently in
the leptomeninges, in the sub-ependymal regions near the choroid plexus, in the deep white
matter and in the basal ganglia (Gray et al., 1996; Anthony et al., 2003). CD8+ T cells and
monocytes have also been reported to enter the brain during the acute phase of SIV
infection. These cells were present in the perivascular spaces and parenchyma (Clay et al.,
2007; Marcondes et al., 2007).

Whether FIV and HIV entered the brain through a disrupted BBB or blood-choroid plexus
barrier, or whether entry of virus to the brain was facilitated by lymphocyte activation and
migration, remained unclear from in vivo studies (Dallasta et al., 1999; Luabeya et al., 2000;
Ryan et al., 2005). Furthermore, it was not clear if CNS infection was maintained by
persistent immune cell trafficking. There is constant movement of immune cells in and out
of the normal brain as part of natural immuno-surveillance. While little is known about how
these migrations contribute to continual infection, it is clear from in vitro studies using HIV
or FIVGL-8, that immune cells cross the BBB in similar numbers irrespective of whether
they are infected or not (Fiala et al., 1997; Fletcher et al., 2009)

After the acute phase of infection, viral load and immune cell numbers decrease
significantly and the individual enters a sub-clinical phase. Neural disease is thought to
gradually progress during this period and is likely fuelled by a gradual, continuous influx of
immune cells that give rise to the characteristic pathology (Gonzalez-Scarano and Martin-
Garcia, 2005; Fischer-Smith et al., 2008). The extent of this trafficking and the control
mechanisms at the BBB and blood-CSF barrier are not well understood but are important
targets of therapies designed to halt early disease progression before it becomes clinically
significant. As potential therapeutics are developed, animal models of subclinical disease
will become increasingly important as this is the disease phase where treatment
interventions are likely to be initiated in the clinical setting.

The blood-brain barrier and its role in viral entry to the brain
The BBB prevents free entry of hydrophilic compounds into the CNS. In vertebrates, this
barrier is formed by tight junctions between brain capillary endothelial cells (Fig. 2), and
these endothelial cells in turn are characterised by the absence of fenestrations and sparse
pinocytosis (Ballabh et al., 2004). Astrocytes and pericytes are closely associated with the
endothelial cells and contribute to the integrity of the barrier (Abbott et al., 1992;Hellstrom
et al., 2001;Abbott et al., 2006). Lipophilic compounds and small molecules such as O2 and
CO2 readily pass through the BBB by trans-cellular diffusion (Grieb et al., 1985). However,
the transport of many substances is mediated by a number of surface transporters.

Receptor-mediated endocytosis is used by many substances, such as glucose, to cross the
BBB. Carrier-mediated efflux such as that effected by the ATP-binding cassette transporter
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P-glycoprotein, is involved in the extrusion of drugs from the brain and is a major obstacle
hindering the transfer of many pharmacological agents (Cordon-Cardo et al., 1989; Huber et
al., 2001; Tambur and Roitberg, 2005). However, HIV, SIV and FIV are able to overcome
the BBB and invade the brain, using mechanisms that are, as of yet, not clearly understood
(Kramer-Hammerle et al., 2005). Three pathways by which HIV-1 enters the brain have
been proposed and these are also likely to apply to FIV and SIV infections: (1) the passage
of cell-free virus into the brain; (2) the carriage of virus into the brain by infected leucocytes
(the ‘Trojan horse’ hypothesis); and (3) the direct infection of either brain endothelial cells
or astrocytes, causing BBB breakdown and/or release of virus into the brain parenchyma
(Albright et al., 2003; Kramer-Hammerle et al., 2005).

Details of how virus enters the brain have been gleaned mainly from clinical and
pathological studies. However to elucidate the mechanism of viral entry, in vitro tissue
culture-based models of the BBB and blood-choroid-plexus have been developed to
facilitate study of lentiviral interactions with the BBB (Weiss et al., 1999; MacLean et al.,
2004; Fletcher et al., 2006; Hudson et al., 2005). These models mimic specific
characteristics of the BBB in vivo, including tight junction development, and have been used
to study the interactions of neurovirulent viral strains and immune cells with the barrier (Fig.
3).

Passage of cell-free virus into the brain
Migration of cell-free virus particles across the BBB from the blood may occur in either a
para-cellular or trans-cellular manner, whereby virus migrates between brain endothelial
cells (para-cellular) or is taken-up into vacuoles and released on the brain side of the barrier
(trans-cellular). These mechanisms are not considered major routes of HIV or FIV entry into
the brain early in infection (Kramer-Hammerle et al., 2005; Fletcher et al., 2009). Trans-
cellular migration of HIV-1 across brain endothelial cells has been reported in vitro (Bobardt
et al., 2004).

While brain endothelial cells have not been reported to express CD4 (Moses et al., 1993;
Mukhtar et al., 2002), uptake of HIV particles occurs by a process termed absorptive
endocytosis, induced by the viral envelope glycoprotein gp120. In this trans-cellular process
which has been demonstrated in vitro, most of the virus is not released on the brain side of
the endothelial cells, but is degraded or released back on the blood side of the endothelial
cells (Banks et al., 2001, 2006), supporting the theory that direct viral migration across the
BBB, while possible, is unlikely to be the primary mechanism of infection. Furthermore, in
recent studies investigating the passage of FIVGL8 across an BBB model only 0.04% of
virus had crossed the barrier after 24 h, and viral transmigration across the barrier not
significantly increased in response to tumour necrosis factor (TNF)-α, a cytokine known to
be up-regulated in the CNS in FIV and HIV infection (Fiala et al., 1997; Fletcher et al.,
2009).

Trafficking of virus into the brain by infected leucocytes
The trafficking of virus into the brain by infected monocytes is currently the most favoured
model of entry of HIV into the brain (Kramer-Hammerle et al., 2005). This ‘Trojan Horse’
hypothesis suggests that virus gains access to the brain by residing in monocytes and
lymphocytes. Most studies of cell-mediated virus penetration of the CNS have focused on
monocytes since HIV strains in this location are predominantly macrophage (M)-tropic,
preferentially replicating in cells of monocyte lineage such as monocytes, macrophages and
microglia) (Strizki et al., 1996; Gorry, et al., 2001; Peters et al., 2004).
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Studies of monocyte trafficking across an in vitro BBB have indicated that invasion of
activated monocytes is independent of infection (Persidsky et al., 1997). Studies of HIV-
infected humans and SIV-infected macaques have observed that CD163+ and CD16+
subsets of monocytes preferentially traffic to the brain and harbour HIV/SIV infection
(Fischer-Smith et al., 2001; Kim et al., 2006; Fischer-Smith et al., 2008). Although these
observations suggest considerable selectivity in the cells that traffic across the BBB, the
mechanisms that control this selectivity remain unknown.

Much less is known of the role of lymphocytes in the transport of virus across the BBB. The
potential for lymphotropic HIV to be a source of CNS infection is compelling yet there is
limited work on the potential mechanisms used by infected lymphocytes to enter the CNS
(Katsetos et al., 1999; Albright et al., 2003). Although histopathological studies of early-
stage CNS infection have obviously been limited, the major lesions observed are
perivascular lymphocyte-rich infiltrations of the meninges, parenchyma and choroid plexus
(Gray et al., 1996; Anthony et al., 2003). Lymphocytes also represent the predominant cell
within perivascular infiltrations in children with HIV-1-associated encephalitis (Katsetos et
al., 1999).

The role of infected lymphocytes is also a significant in the context of the primary and co-
receptors used by HIV-1 (Berger et al., 1999). The majority of HIV strains use CD4 as the
main receptor in combination with either chemokine co-receptors CCR5 or CXCR4. In any
given host, it is believed that viral strains using CCR5 and strains using CXCR4 co-exist
(Kramer-Hämmerle et al., 2005). The role of CCR5-using strains in HIV infection is
supported by studies showing a reduced risk of HIV-1 infection and disease progression in
individuals carrying a 32 base pair deletion in the CCR5 gene (CCR5 Delta32). Individuals
heterozygous for CCR5 Delta 32 also have a reduced prevalence of HIV-associated
dementia compared to controls (van Rij et al., 1999). Viruses utilising CCR5 preferentially
infect macrophages/monocytes, whereas viruses using the CXCR4 receptor preferentially
infect lymphocytes. These are known as the R5 and X4 strains, respectively.

CCR5 appears to be the co-receptor used by the majority of HIV strains early in infection,
whereas CXCR4-using viruses are often observed with progression of disease (Scarlatti et
al, 1997; Brumme et al., 2005), suggesting that infected lymphocytes circulate in all patients
and may traffic into the CNS. In addition, in individuals participating in trials using CCR5
antagonists to suppress CCR5-using viruses, CXCR4 strains have emerged, suggesting a
potential for these strains to become more prominent as treatment suppresses CCR5-using
strains (Fätkenheuer et al., 2005). The potential role of X4-preferring virus and T cells in
CNS infection and pathogenesis is also supported by studies showing that some highly M-
tropic brain isolates infect microglia using the CXCR4 receptor (Gorry et al., 2001) and by
the observation that CD16+ monocyte-derived macrophages achieve high levels of virus
replication only after interaction with T cells (Ancuta, et al., 2006).

The ability of feline peripheral blood mononuclear cells and MYA-1 CD4+ T lymphocytes
to cross in vitro models of the feline BBB have recently been investigated (Hudson et al.,
2005, 2008; Fletcher et al., 2009). This work demonstrated that the presence of astrocytes
increased monocyte, T cell and B cell migration across an in vitro BBB whereas microglial
cells impeded migration. These findings suggest significant control of trafficking by brain
parenchymal cells (Hudson et al., 2005), and have established astrocytes and microglia as
important regulators of the BBB and thus potential pharmacological targets.

Further experiments have evaluated how prior exposure to virus may influence these
observations and have indicated that exposure of astrocytes to FIVNCSU1 significantly
increased transmigration of CD8+ T cells and monocytes (Hudson et al., 2005). Direct FIV
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interaction with endothelial cells was not sufficient to increase transmigration suggesting
that astrocytes and microglia play a major role in the control of the BBB in FIV infection.
While these results confirmed the interactions required between brain endothelial cells,
astrocytes and microglia to support cell migration into the brain, they also highlighted that
once infection is established, the internal control of the BBB is altered in ways not yet fully
understood (Hudson et al., 2005).

Trafficking of a feline CD4+ T cell line (MYA-1), across the in vitro feline BBB has also
been studied (Fletcher et al., 2009). In many ways the factors that influence monocyte
migration across the BBB in HIV are similar to those that influence lymphocyte movement
(Persidsky et al., 1997). MYA-1 cells are considered to be activated lymphocytes that
readily migrate across an in vitro BBB, regardless of whether they harbour virus or not. This
migration was significantly increased in response to TNF-α and/or the presence of infected
lymphocytes on the brain-side of the BBB.

However, of greater interest was the fact that FIVGL-8-infected MYA-1 cells coupled with
TNF-α in the brain compartment induced marked lymphocyte migration along with barrier
disruption. While this migration coincided with increased adhesion molecule (VCAM-1)
expression on brain endothelial cells, as found in studies on HIV and SIV, the mechanism
has yet to be elucidated (Fletcher et al., 2009). This observation however has in vivo
applications, as infected lymphocytes within the CNS, together with inflammatory
cytokines, may increase trafficking of infected and activated lymphocytes into the CNS,
accompanied by BBB disruption, which may ultimately increase the amount of virus present
in the CNS during early infection.

Direct infection of cells of the blood brain barrier
Few studies have investigated whether FIV has the ability to infect brain endothelial cells
and astrocytes of the BBB. While FIV Villefranche strain (a cell-adapted strain) has been
reported to productively infect feline brain endothelial cell cultures 7 days post-infection
(Steffan et al., 1994), other studies have failed infect feline brain endothelial cells with the
Petaluma, FIV-2546 and Glasgow-8 strains (Dow et al., 1992; N.F. Fletcher et al.,
unpublished data). Given that these results are similar to those of studies investigating the
ability of SIV and HIV to infect brain endothelial cells, evidence of such infection remains
controversial and probably depends on the viral strain used (Kramer-Hammerle et al., 2005).

Some studies have reported non-productive infection of brain endothelial cells, and infection
occurred in a CD4-independent manner (Moses et al., 1993; Moses and Nelson, 1994).
However, using an in vitro BBB composed of simian brain endothelial cells co-cultured with
human astrocytes, the endothelial cells were productively infected with SIV, and BBB
breakdown did not occur (Strelow et al., 2002). Differences in the ability of different strains
to infect simian brain endothelial cells was demonstrated by Mankowski et al. (1994),
whereby a neurovirulent strain infected endothelial cells, but a non-neurovirulent strain did
not. These results highlight the controversies that exist regarding the ability of SIV, HIV and
FIV to infect brain endothelial cells and thus use this route to damage the BBB or migrate
into the CNS. The role of endothelial cell infection is further obscured by the lack that as
yet, there has been no definitive demonstration of clinically significant endothelial cell
infection with HIV in vivo.

Although infection of primary feline astrocytes has been reported with FIV Petaluma (Dow
et al., 1992; Zenger et al., 1997), other studies have failed to demonstrate astrocyte or
astrocyte cell line (G355-5) infection (Zenger et al., 1997). Our studies with FIVGL8 and
FIVNCSU1 have failed to show productive infection of astrocytes or G355-5 cells, although a
reduction in cell viability over time, compared to uninfected controls, was observed (N.F.
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Fletcher et al., unpublished data). The suggestion that HIV-1 and SIV productively infect
astrocytes is also controversial, given the varying capacities of different strains to infect
these cells (Gonzalez-Scarano et al., 2005; Kramer-Hammerle et al., 2005).

It is generally accepted that HIV must overcome restrictions to entry and transcription in
astrocytes (Gorry et al., 2001). However, studies by Gavrilin et al. (2002) using the FIVMD
strain showed that productive infection of G355-5 cells could be established upon direct
contact with infected lymphocytes. This observation suggests that cell-to-cell interactions
may bypass traditional infection routes, a finding that may be significant in the context of
lymphocyte trafficking into the CNS.

The blood-CSF barrier and its role in viral entry to the brain
The entry of virus through the choroid plexus is a further proposed route of CNS infection
(Falangola et al., 1995; Chen et al., 2000; Bragg et al., 2002; Burkala et al., 2005) as well as
a potential viral reservoir (Harouse et al., 1989; Hanly and Petito, 1998; Petito et al., 1999;
Kim et al., 2006). Unlike the BBB, tight junctions are present between the cuboidal
epithelial cells in the choroids plexus with no barrier at the endothelium (Fig. 4).
Furthermore, the vasculature is separated from the epithelium by a stromal matrix that
contains differentiated macrophages and dendritic cells which are often in abundance and
are the targets of HIV, SIV or FIV infection.

Macrophages within the choroid plexus are thought to traffic into the cerebral ventricles
where they become epiplexus cells (Ling, 1981) (Fig. 5). However, much less is known
about the choroid plexus pathway than the BBB. To identify feline choroid plexus
macrophages as targets of infection, Bragg et al. (2002) isolated purified choroid plexus
macrophages and demonstrated a low level of productive infection with FIV. Importantly,
choroid plexus macrophages exposed to FIVNCSU1, FIVMD or FIVPPR efficiently transferred
virus to a feline T cell line, as assessed by quantification of viral P24 core antigen. Thus,
although virus replication in the choroid plexus macrophages is not highly productive, these
cells provide an efficient route for virus transfer/amplification at the blood-CSF interface.

Although the role of immune cell trafficking in virus transfer across the blood-CSF barrier
into the cerebral ventricles is not well understood, the rapid and efficient transfer of virus by
this route has been well characterised (Chen et al., 2000; Gonzalez-Scarano et al., 2005).
Studies of the early kinetics of infection following inoculation with FIV indicate that virus
appears in the CSF just after the increase in plasma FIV. Concentrations in the CSF are
typically 2–3 logs lower than in plasma. This slight lag and lack of equilibration with plasma
FIV indicates that the virus is not transferred passively. Studies of HIV variants and turnover
in humans have shown that much of the virus in CSF has a half-life of 1–3 days, consistent
with T cells as the source of infection (Harrington et al., 2005).

Lymphocyte infiltration into the choroid plexus is prominent early in FIV (Ryan et al., 2003)
as well as in HIV (Falangola et al., 1995) infection. The interactions between cells and virus
within the choroid plexus gives rise to a mix of viral quasi-species with similarities to both
peripheral tissue and brain virus, supporting the idea that the choroid plexus provides a
unique environment that may support both neurotropism and drug resistance (Burkala et al.,
2005). These observations highlight the potential importance of the blood-CSF interface in
lentiviral infections. However, further study of immune function at the choroid plexus
barrier is required.
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Conclusions
FIV, like HIV-1 and SIV, enters the brain early following infection. Virus may enter via the
BBB and/or the blood-CSF barrier at the choroid plexus. While monocytes are reported as
the main cell type which carries HIV to the brain, our studies have demonstrated that both T
and B lymphocytes traffic across the BBB. Although less well studied, entry of virus within
CD4+ T lymphocytes also appears to be a significant mechanism of viral entry.
Inflammatory cytokines such as TNF-α, secreted by astrocytes and microglia may play a
significant role in the selection and trafficking of immune cells.

Entry of virus to the CNS results in the establishment of a viral reservoir that is protected
from anti-retroviral drug therapy and which may re-seed peripheral tissues. The
neuropathology of FIV infection is similar to that of HIV and SIV infection, and both viral
and immune cell entry of the CNS contribute to the pathogenesis. Interactions of virus and
immune cells with the BBB and the blood-CSF barrier are a crucial step in this process and
remain a key a target of therapeutic intervention. FIV infection recapitulates important
aspects of HIV infection and can facilitate the study of brain barrier function in the context
of natural infection. Such an approach will provide essential information for the
development of novel therapeutic strategies to control CNS infection and inflammation.
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Fig. 1.
(a) Photomicrographs illustrating brain perivascular mononuclear cell infiltrations 10 weeks
following IV Feline immunodeficiency virusGL8 infection (arrow), compared with (b)
normal brain vasculature (arrows). Haematoxylin and eosin stain. Magnification factor ×
200. Adapted from Ryan et al., 2003.
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Fig. 2.
Diagram illustrating the location of tight junctions at the blood-brain barrier (BBB). Tight
junctions between endothelial cells of the BBB limit the rate of paracellular transport of
solutes between endothelial cells. These junctions are the most apical element of the
junctional complex, and consist of several transmembrane and cytoplasmic proteins,
including occludin, ZO-1, claudin-1 and -5, linked to an actin-based cytoskeleton. Tight
junctions function as a boundary between the apical (blood) and baso-lateral (brain) side of
the endothelium. Endothelial cells at the BBB are closely associated with astrocytic foot
processes, which play a role in maintaining barrier integrity.
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Fig. 3.
Construction of a feline in vitro blood-brain barrier (BBB) using primary cultures of feline
brain endothelial cells (FBEC) and astrocytes. Cells were co-cultured on rat tail collagen and
bovine fibronectin-coated filters with 1 μm pores. Astrocytes were seeded on the underside
of the filters and cultured for 2–3 days, before the FBEC were seeded on the apical side of
the filters. Tight junction formation was quantified using trans-endothelial electrical
resistance and fluoresceinisothiocyanato-dextran (FD-4) para-cellular permeability assays.
Original magnification of cell cultures x10.
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Fig. 4.
Diagram illustrating the location of tight junctions at the blood-cerebrospinal fluid (CSF)
barrier. There are four choroid plexi in the brain, two in the lateral ventricles, one in the
third and one in the fourth ventricle. The choroid plexus is lobulated with a single
continuous layer of cells derived from the ependymal lining of the ventricles. These cells
possess epithelial cell characteristics with a cuboidal morphology and are referred to as
choroidal epithelial cells. Epithelial cells of the choroid plexus are linked by tight junctions,
which contain trans-membrane and cytoplasmic proteins linked to an actin cytoskeleton.
This forms what is termed the blood-CSF barrier.
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Fig. 5.
Choroid plexus macrophages stained with the red fluorescent compound DiI acetylated low
density lipoprotein (DiI-Ac-LDL) in a live choroid plexus explant from the lateral ventricle
of an uninfected fetal cat brain. The choroid plexus was removed and placed in culture with
2 μM DiI-Ac-LDL for 2 h. This dye is selectively phagocytosed by macrophages at this
concentration resulting in bright red cells against the tissue background photographed with
Hoffmann modulation contrast. Macrophages are densely clustered at the base of the choroid
plexus and dispersed throughout the perivascular stroma (upper right quadrant of image).
Magnification factor × 100. The inset shows labelled macrophages adjacent to the choroidal
epithelium (arrows) where they are thought to transmigrate into the ventricle. Magnification
factor × 400.
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