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ABSTRACT

Monocyte infiltration into the CNS is a hallmark of several viral infections of the central nervous system (CNS), including retro-
virus infection. Understanding the factors that mediate monocyte migration in the CNS is essential for the development of thera-
peutics that can alter the disease process. In the current study, we found that neuropeptide Y (NPY) suppressed monocyte re-
cruitment to the CNS in a mouse model of polytropic retrovirus infection. NPY '~ mice had increased incidence and kinetics of
retrovirus-induced neurological disease, which correlated with a significant increase in monocytes in the CNS compared to wild-
type mice. Both Ly6C™ inflammatory and Ly6C'° alternatively activated monocytes were increased in the CNS of NPY '~ mice
following virus infection, suggesting that NPY suppresses the infiltration of both cell types. Ex vivo analysis of myeloid cells
from brain tissue demonstrated that infiltrating monocytes expressed high levels of the NPY receptor Y2R. Correlating with the
expression of Y2R on monocytes, treatment of NPY '~ mice with a truncated, Y2R-specific NPY peptide suppressed the inci-
dence of retrovirus-induced neurological disease. These data demonstrate a clear role for NPY as a negative regulator of mono-
cyte recruitment into the CNS and provide a new mechanism for suppression of retrovirus-induced neurological disease.

IMPORTANCE

Monocyte recruitment to the brain is associated with multiple neurological diseases. However, the factors that influence the re-
cruitment of these cells to the brain are still not well understood. In the current study, we found that neuropeptide Y, a protein
produced by neurons, affected monocyte recruitment to the brain during retrovirus infection. We show that mice deficient in
NPY have increased influx of monocytes into the brain and that this increase in monocytes correlates with neurological-disease

development. These studies provide a mechanism by which the nervous system, through the production of NPY, can suppress
monocyte trafficking to the brain and reduce retrovirus-induced neurological disease.

he recruitment of monocytes into the central nervous system

(CNS) is associated with a number of neurological diseases.
Monocyte recruitment to the CNS has been reported for trau-
matic brain injury (TBI), misfolded-protein diseases, and multi-
ple sclerosis (MS), as well as many different viral infections, in-
cluding West Nile virus (WNV), herpes simplex virus (HSV), and
retroviruses, such as HIV (1-4). Monocyte trafficking is particu-
larly important for retrovirus-induced neurological diseases, as
monocytes are susceptible to retrovirus infection (5, 6).

Monocytes recruited to the CNS may contribute to pathogen-
esis in these neurological diseases. Decreased cognitive perfor-
mance correlated with increased monocyte infiltration in HIV-
associated neurocognitive disorders (HAND) (1). Additionally,
infiltration of monocytes was found to be important for seizure
development in a mouse model of Theiler’s murine encephalitis
(7). Recent studies in a mouse model of experimental autoim-
mune encephalitis (EAE) demonstrated that CCR2™ infiltrating
monocytes, but not CX3CR1 ™" microglia, were responsible for ax-
onal demyelination (8). Understanding the mediators of mono-
cyte trafficking into the CNS is therefore important for inhibiting
immune-mediated damage within the CNS.

Infiltrating monocytes can contribute to neurological disease
induced by polytropic retrovirus infection in mice (9, 10). In this
model, infection of newborn mice with neurovirulent murine ret-
rovirus Fr98 or BE, a chimeric retrovirus encoding a neuroviru-
lent epitope of the Fr98 envelope protein (11), results in the
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development of severe neurological disease characterized by re-
peated seizures, progressive ataxia, and ultimately death (12). The
mechanism of neuronal damage is indirect, as these viruses do not
productively infect neurons but rather primarily infect microglia
in the CNS (13, 14). Interestingly, the histological changes associ-
ated with Fr98 infection are substantially different from those ob-
served with ecotropic retroviruses, as neither spongiform degen-
eration nor intracerebral hemorrhages are associated with disease
development (15). Instead, clinical signs of neurological disease
are associated with upregulation of proinflammatory cytokines
and chemokines, including CCL2 and tumor necrosis factor
(TNF), and the recruitment of monocytes to the CNS (10, 12, 16).
The expression of CCL2 correlates with the infiltration of mono-
cytes, as these cells are recruited from the bone marrow to the
blood and then to the brain through the CCL2 receptor, CCR2,
expressed by monocytes (17). Indeed, mice deficient in CCR2
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have reduced susceptibility to Fr98-induced disease (9), indicat-
ing that monocyte recruitment to the brain contributes to Fr98
neuropathogenesis. Deficiency in TNF, which is produced pri-
marily by infiltrating monocytes in the brain, also inhibited Fr98-
induced neurological disease (10), further supporting a contrib-
uting role for monocytes in disease pathogenesis.

We recently found that retrovirus infection in the CNS results
in increased production of neuropeptide Y (NPY) by neurons
(14). Further, deficiency in NPY significantly increased the inci-
dence and kinetics of retrovirus-mediated neurological disease
(14). However, we were unable to determine a specific mechanism
for this inhibition, as we saw no significant differences in cell tro-
pism of virus infection, localization of virus within the CNS, as-
trocyte and microglion activation, or neuronal damage. Addition-
ally, we did not observe a clear change in histopathology of the
CNS between wild-type and NPY-deficient mice that correlated
with clinical-disease development. NPY is also upregulated in the
cerebrospinal fluid of patients with HIV encephalopathy, al-
though the effect of this upregulation remains unknown (18).
Recent studies with macrophage-like cell lines or isolated macro-
phages have demonstrated that NPY can influence macrophage
activation (19-24). Additionally, NPY has been found to inhibit
interleukin 1B (IL-1B)-induced activation of microglia (25, 26),
the primary resident myeloid cell type in the CNS. Thus, we hy-
pothesized that NPY might influence retrovirus-induced neuro-
logical disease by affecting the recruitment or activation of mono-
cytes and/or microglia in the brain.

In the current study, we focused on the potential effect of NPY
on monocyte recruitment in the CNS. We found that NPY-defi-
cient mice had increased numbers of inflammatory monocytes in
the CNS compared to wild-type controls and that this increased
influx of inflammatory cells correlated with the development of
neurological disease. Analysis of the infiltrating monocyte popu-
lation indicated that NPY suppressed the recruitment of both in-
flammatory M1 and alternatively activated M2 monocytes. Thus,
NPY has a negative regulatory role on monocyte trafficking into
the CNS during Fr98 infection.

MATERIALS AND METHODS

Mice. 12951 (129SvIm]) and 129S1 NPY /" mice (27) were purchased
from Jackson Laboratories, and colonies were maintained at Rocky
Mountain Laboratories. All animal procedures were conducted in accord
with the Rocky Mountain Laboratories Animal Care and Use Committee
guidelines under approved protocols 2008-45, 2011-64, 2012-13, 2012-
16, and 2015-050.

Virus infection and NPY treatment of mice. The construction of chi-
meric virus clones for Fr98 has been previously described (15). Virus
stocks were prepared from the supernatants of confluent cultures of in-
fected Mus dunni fibroblasts. Virus titers were determined by focus-form-
ing assays using the envelope-specific monoclonal antibodies 514 and 720
(28, 29). Mice were infected within 24 h of birth by intraperitoneal injec-
tion with 100 1 of cell culture supernatant containing 10* focus-forming
units (FFU) of virus. The mice were observed daily for clinical signs, which
were characterized by hyperexcitability, followed by the development of
multiple severe seizures and/or ataxia, which precedes death by 1 to 2
days. When mice developed multiple severe seizures or ataxia, they were
scored as clinical and their tissues were removed. No severe seizures or
ataxia was observed in uninfected wild-type or uninfected NPY ™/~ mice.
For truncated NPY (NPY 13-36) treatment of mice, NPY /™ mice at 14
and 18 days postinfection (dpi) with Fr98 were inoculated intracerebrally
with 15 nmol/kg of body weight of NPY 13-36 (R&D Systems) in a 10-pl
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volume diluted in saline. Vehicle-control-only animals received injections
of saline.

Immunohistochemistry analysis of virus infection and glial activa-
tion in wild-type and NPY /™ mice. At set time points, mice were per-
fused transcardially with heparin saline (100 U/ml), followed by 10%
neutral buffer formalin. Whole brains were serially sectioned at 5 um. The
sections were blocked with block solution (2% donkey serum, 1% bovine
serum albumin, 0.1% cold fish skin gelatin, 0.1% Triton X-100, 0.05%
Tween 20 in phosphate-buffered saline [PBS], pH 7.2) at room tempera-
ture (RT) for 1 h. Primary antibodies against virus (1:200; goat anti-gp70),
rabbit anti-glial fibrillary acidic protein (anti-GFAP) (1:1,000; Dako), and
rabbit anti-Ibal (1:200; Waco) were incubated overnight at 4°C in PBS.
Secondary antibodies (donkey anti-goat AF488 and donkey anti-rabbit
AF594; Invitrogen) were incubated for 1 h at RT. Slides were coverslipped
with Prolong Gold mounting medium containing DAPI (4',6-diamidino-
2-phenylindole) and imaged using an Aperio ScanScope FL (fluorescent)
slide scanner (Leica Biosystems) with a UPLSAPO 20X objective (numer-
ical aperture [NA] 0.75) controlled by ScanScope software or an epifluo-
rescence Nikon Eclipse 551 clinical microscope (Nikon) with a Plan Fluor
40X objective (NA 0.75) mounted with a Nikon DS-Ril digital camera
operated by NIS Elementals v3.2 software. Representative images were
exported to TIFF format. All figures were built using Canvas 14/16 (ACD
Systems).

Isolation and staining of myeloid cells from the CNS. Animals were
anesthetized by inhalation of isoflurane, followed by perfusion through
the left ventricle of the heart with 1X PBS or heparin-treated saline.
Whole brains were removed and sliced into several pieces prior to homog-
enization with a Dounce homogenizer. Samples were then further disso-
ciated using a 70-pum cell strainer (BioExpress). Cells were isolated from
spleen tissue by homogenization through a 70-pm cell strainer. To isolate
the myeloid and immune cells, cells were resuspended in 70% Percoll-PBS
and fractionated using a Percoll gradient as previously described (30).
Cells at the 30%-70% interface of the Percoll gradient were isolated and
washed in PBS. The cells were then fixed in 2% paraformaldehyde and
permeabilized in 0.1% saponin-2% bovine serum albumin (BSA)-1X
PBS. Samples were incubated in an Fc-blocking solution containing rat
anti-mouse CD16/CD32 Fcy III/IT antibody (BD catalog no. 553142) in
2% donkey serum-0.1% saponin-2% BSA-1X PBS. The cells were incu-
bated with fluorochrome-conjugated antibodies at room temperature.
The antibodies used were F4/80-allophycocyanin (APC) (eBiosciences;
clone BM8), Ly6G-APC/Cy7 (Biolegend; clone 1A8), CD45-phycoeryth-
rin (PE) (BD; clone 30-F11), Ly6C-AF700 (BD; clone AL-21), CD11b-
BV510 (Biolegend; M1/70), CD11¢-PE/Cy7 (BD; clone HL3), rabbit
anti-gp70 and goat anti-rabbit AF488 (Invitrogen), and NPY2R-APC
(LifeSpan Biosciences; polyclonal). After washing twice, the cells were resus-
pended in PBS and analyzed on an LSRII flow cytometer (BD Biosciences) or
sorted usinga FACSAria flow cytometer (BD Biosciences) controlled by FAC-
SDiva software (BD Biosciences). Live cells were gated using forward and side
scatter, and appropriate doublet discrimination was used.

Identification and analysis of brain cells by flow cytometry. Myeloid
and other immune cells from the brains of wild-type and NPY /" mice
were isolated and stained with antibodies as described above. T cell, den-
dritic cell, NK cell, or B cell infiltrate was not consistently observed in the
isolated cell populations. Myeloid cells were identified by F4/80 expres-
sion and were approximately 75 to 90% of the cells recovered at the 30%-
70% interface of the Percoll gradient from brain tissue. Myeloid cells were
then analyzed for CD45 expression to distinguish microglia (F4/80" and
CD45'°) and brain monocytes (F4/80" and CD45M). In some experi-
ments, the myeloid cell population was determined by staining and gating
on CD11bM Ly6G ™~ cells rather than F4/80. All microglia and monocytes
were CD11b™, CD11c¢™, and Ly6G ™. These cells were subsequently ana-
lyzed for CD45 expression to delineate microglia (F4/80" CD45'°) and
monocytes (F4/ 80" CD45"), which were further subdivided into M1
monocytes (F4/80* CD45™ Ly6CM) or M2 monocytes (F4/80% CD45M
Ly6C'). Differences in axis are due to differences in gain settings, which
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FIG 1 NPY deficiency is associated with increased neurological disease, as well as increased expression of monocyte-related mRNAs in the CNS. (A) Wild-type
(129S1) and NPY '~ (12981 Npy /™) mice were infected within 24 h of birth with 10°> FFU of Fr98. The mice were then followed for clinical signs of neurological
disease, including severe seizures and ataxia. The data are presented as percent nonclinical for 28 wild-type and 32 NPY '~ mice. Statistical analysis was
completed by Mantel-Cox analysis. P = 0.0013. (B) RNA was isolated from brain tissue of wild-type and NPY ™'~ mice at 7, 10, 14, and 21 dpi and analyzed by
real-time PCR for expression of viral RNA. The data are the means = standard errors of the mean (SEM) for 3 to 6 samples per group per time point. Statistical
analysis was completed by two-way analysis of variance (ANOVA) with Sidak’s multiple-comparison test.

can vary between individual flow cytometry runs. This was due to cells

Ly6G™ staining. Microglia can be infected by Fr98, but the overall num-
being analyzed at different times, which was necessary due to litters being

bers of microglia in the brain did not change significantly during infection

born on different days and the inoculation of mice as newborns.
Because of the variability in the total numbers of cells isolated per

animal by Percoll gradient, we used a ratio of monocytes to total myeloid

cells (including microglia) as determined by F4/80 staining or CD11b™"

and were comparable between wild-type and NPY '~ mice (data not
shown). This allows comparison of an infiltrating population (brain
monocytes) versus a stable population (microglia) in the CNS and con-
trols for any variability in the isolation process between animals.
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FIG 2 Analysis of Fr98 infection in brain tissue from wild-type and NPY /™ mice. Brain tissues from Fr98-infected wild-type (A, C, and E) and NPY /™ (B, D,
and F) mice at 10, 14, and 21 dpi were stained for the viral envelope protein gp70 (green fluorescence) and the myeloid cell marker Ibal (red fluorescence) and
imaged on a ScanScope to compare areas of virus infection. Comparisons were made for 3 or 4 brain tissues per mouse strain per time point. Although individual
mice varied slightly in areas of virus infection, similar infection of the ventricles, thalamus, cortex, and cerebellum was observed at 10 dpi (A and B), with spread
to the midbrain and brainstem by 14 dpi (C and D) and patchy infection in multiple regions of the brain by 21 dpi (E and F). The images were generated using
ScanScope software with X 1.5 to X1.7 digital objective magnification.
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wildtype

FIG 3 Fr98 infection of Ibal™ cells in brain tissue from wild-type and NPY '~ mice. Representative images from Fr98-infected wild-type (A and B) and NPY '~
(C to E) mice at 21 dpi stained for viral envelope protein gp70 (green fluorescence) and the myeloid cell marker Ibal (red fluorescence) were analyzed for
colocalization of virus (yellow fluorescence). Virus infection of Ibal™ (white arrows) and non-Ibal™ (yellow arrows) cells was observed in both wild-type and
NPY /"~ mice. Additionally, Ibal ™ cells in and around blood vessels (bv) (blue arrows) were observed, suggesting infiltrating monocytes. The images were taken
using an epifluorescence Nikon Eclipse 55i clinical microscope (Nikon) with a Plan Fluor 40X objective (NA 0.75) mounted with a Nikon DS-Ril digital camera

operated by NIS Elementals v3.2 software.

For sorting, unfixed, live cells from the brain were stained as described
above but kept on ice during the staining process. Live cells were then
gated for microglia (F4/80% CD45") or brain monocytes (F4/807
CD45™). For comparison purposes, we also gated on monocytes/macro-
phages from the spleen (CD11c™ F4/80" CD45™). Following sorting, cells
were lysed in ZR RNA buffer (Zymo) and analyzed for RNA expression.

RNA extraction, reverse transcription, and real-time PCR. Total
RNA was isolated from brain tissue using TRIzol reagent (Invitrogen,
Carlsbad, CA) or from cells using a Zymo RNA extraction kit (Zymo
Research, Irvine, CA). Total RNA was treated with DNase I (Ambion,
Austin, TX) for 30 min at 37°C and purified over RNA cleanup columns
(Zymo Research) following the manufacturer’s instructions. RNA sam-
ples were transcribed to cDNA using the iScript reverse transcription kit
(Bio-Rad) as previously described (14). Samples that did not undergo
reverse transcription were used to verify the lack of DNA contamination.
c¢DNA samples were diluted 5-fold in RNase-free water prior to analysis by
quantitative real-time PCR using SYBR green Supermix with ROX. All
primers were used at a concentration of 0.5 wM. Untranscribed controls
and water were used as negative controls. All samples were run in triplicate
on a 384-well plate using an Applied Biosystems ViiA7 machine with an
automatically set baseline and a manually set C;. (threshold cycle) 0f 0.19,
which intersects the mid-log phase of curves for all of the PCR pairs.
Dissociation curves were used to confirm amplification of a single product
for each primer pair per sample. The data for each sample were calculated
as the percent difference in the C; value with the housekeeping gene
Gapdh (AC; = Cp Gapdh — C; gene of interest) and then as the fold
expression relative to mock-infected controls.

RESULTS

NPY deficiency increases neurological disease and myeloid cell
activation factors in the CNS. To determine whether NPY af-
fected the development of Fr98-induced neurological disease,
wild-type and NPY /™ mice were infected with 10° FFU of virus
and analyzed for signs of neurological disease. NPY '~ mice de-
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veloped signs of severe seizures and ataxia at a higher rate and
higher incidence than wild-type mice (Fig. 1A), similar to studies
with another murine retrovirus, BE (14). These clinical signs were
not observed in mock-infected NPY '~ controls (data not shown)
and occurred at approximately 2 to 4 weeks postinfection in in-
fected mice. Analysis of viral RNA demonstrated comparable viral
RNA levels between 1 and 2 weeks postinfection (7, 10, and 14
dpi), with a slight increase of approximately 1 log unit in viral
RNA at 3 weeks postinfection (21 dpi) in NPY '~ mice compared
to wild-type controls (Fig. 1B).

Histological comparison of virus infections in wild-type and
NPY /" mice. To examine the potential effects of NPY deficiency
on Fr98 infection in the CNS, we examined brain tissue from 10,
14, and 21 dpi for virus infection by staining for gp70 envelope
protein (Fig. 2 and 3, green fluorescence), microglion activation/
monocyte recruitment using Ibal staining (Fig. 2 and 3, red fluo-
rescence), and astrocyte activation using GFAP staining (Fig. 4,
red fluorescence). Virus infection was observed in focal areas of
the thalamus, cortex, ventricles, and corpus callosum in wild-type
and NPY /" mice as early as 10 dpi (Fig. 2A and B), spreading to
the midbrain, cerebellum, and brainstem by 14 dpi (Fig. 2C and
D) with increased virus expression at 21 dpi (Fig. 2E and F). There
was no obvious or consistent difference in virus staining in the
brain between wild-type and NPY /™ mice at any of the time
points (Fig. 2). Staining for the microglion/monocyte/macro-
phage marker Ibal (Fig. 2, red fluorescence) showed no distin-
guishable difference in localization or intensity by examination of
whole-brain tissue.

Our previous studies on infection of NPY '~ mice with the
polytropic retrovirus BE showed no clear changes in the type of
cell infected by polytropic retroviruses, with infection of endothe-
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FIG 4 GFAP expression increases with Fr98 infection in both wild-type and NPY/~ mice. Brain tissues from Fr98-infected wild-type (A, C,and E) and NPY '~
(B, D, and F) mice at 10 (A and B), 14 (C and D), and 21 (E and F) dpi were stained for GFAP (red fluorescence) and counterstained with DAPI. Comparisons
were made for 3 or 4 brain tissues per mouse strain per time point. Although individual mice varied slightly in areas of virus infection, similar increases in staining
of GFAP was observed in both wild-type (A, C,and E) and NPY '~ (B, D, and F) mice. GFAP went from minimal staining at 10 dpi (A and B) to stronger staining
in the cortex, corpus callosum, thalamus, midbrain, and brain stem by 21 dpi (E and F). The images were generated using ScanScope software using X 1.5 to X 1.7

digital objective magnification.

lial cells, oligodendrocytes, microglia, and monocytes in both
wild-type and NPY '~ mice (14). Similarly, in the current study,
we saw no obvious difference in the type of cell infected between
wild-type (Fig. 3A and B) and NPY "/~ (Fig. 3C to E) mice, with
myeloid (red fluorescence; white arrows) and endothelial (yellow
arrows) cells infected by Fr98 (green fluorescence). There did
appear to be an increase in Ibal™ monocytes in and around
blood vessels (bv) in NPY ™/~ mice (Fig. 3D and E, blue ar-
rows); however, it was difficult to quantify due to our inability
to clearly distinguish these cells as monocytes versus activated
microglia.

Since astrocyte activation is also associated with polytropic ret-
rovirus infection, we analyzed whether astrocyte activation was
altered during Fr98 infection in NPY-deficient mice. Staining with
GFAP increased over the time course of Fr98 infection, with a
substantial increase by 21 dpi (Fig. 4, red fluorescence). However,
no observable difference in either general intensity or localization
was found between wild-type and NPY '~ mice at either early or
late time points (Fig. 4). Furthermore, no significant difference
was observed in Gfap mRNA expression (data not shown).
Similarly to previously published results (15), Fr98 did not
infect astrocytes in either wild-type or NPY /™ mice (data not
shown). Thus, the effect of NPY deficiency on Fr98-induced
neurological disease did not appear to be mediated by an effect
on astrocytes.
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Treatment with NPY peptide induces protection in NPY-de-
ficient mice. To determine if we could reverse the effects of NPY
deficiency by treatment with NPY, we directly treated NPY '~
mice intracerebrally with NPY 13-36, a cleaved peptide of NPY
that binds the NPY 2 receptor (Y2R) that is expressed by neurons
and immune cells (31, 32). NPY ™/~ mice were treated intracere-
brally with NPY 13-36 at 14 and 18 dpi, after the establishment of
virus in the brain (Fig. 1B). Treatment with the NPY 13-36 frag-
ment significantly (P < 0.05) inhibited neurological disease, with
less than 50% of treated animals developing neurological disease
compared to approximately 90% of control animals (Fig. 5A).
RNA analysis and immunohistochemistry analysis of PBS- versus
NPY 13-36-treated mice showed no difference in virus infection in
the CNS (Fig. 5B and C). Thus, treatment with NPY 13-36 at the
late stages of disease, after virus was already present in the CNS,
inhibited the development of neurological disease without alter-
ing the level of virus infection in the brain. This suggests that the
mechanism of NPY suppression is not due to a direct effect on
virus replication in the brain.

NPY deficiency does not affect virus infection or activation of
microglia or monocytes in the brain. One of the strongest asso-
ciations with Fr98-induced neurological disease is the proinflam-
matory response that is associated with neurovirulent polytropic
retrovirus infection, but not avirulent polytropic retrovirus infec-
tion (9, 11, 13, 33). Our previous studies have shown that the
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FIG 5 Treatment with Y2R-specific NPY peptide protects against retrovirus-induced disease. NPY ~/~ mice were infected with 10° FFU of Fr98 within 24
h of birth. Mice were randomly assigned to two treatment groups; one received vehicle control and the other 15 nmol/kg of NPY 13-36. (A) Mice were
given intracerebral inoculations at 14 and 18 dpi and followed for signs of severe neurological disease. The data are the percentages of animals that were
not clinical for 10 vehicle control- and 11 NPY 13-36-treated mice. Statistical analysis was completed using a Mantel-Cox analysis. P < 0.05. (B) RNA was
isolated from brain tissues of vehicle control- and NPY 13-36-treated mice at 3 weeks postinfection and analyzed by real-time PCR for expression of viral
RNA. The data are the means and SEM for 3 or 4 samples per group. No statistical difference was observed between groups. (C and D) Immunohisto-
chemistry of Ibal (red fluorescence) and virus gp70 (green fluorescence) of brain tissue from 3 weeks of age showing similar infection of microglia in
vehicle control- (C) and NPY 13-36-treated (D) mice. The images are representative of 3 or 4 mice per group. The images were taken using an
epifluorescence Nikon Eclipse 55i clinical microscope (Nikon) with a Plan Fluor 40X objective (NA 0.75) mounted with a Nikon DS-Ril digital camera

operated by NIS Elementals v3.2 software.

majority of this inflammatory response is due to the CNS myeloid
cell population (16). This myeloid cell population is composed of
resident microglia (Ibal* CD11b" F4/80" Ly6G~ CD45'), as
well as infiltrating monocytes (Ibal® CD11b™ F4/80" Ly6G~
CD45") (Fig. 6A and B). To look at the responses of these cells, we
sorted the cell populations from the brains of infected mice at 21
dpi, the time point when NPY-deficient mice started developing
neurological disease, and compared them to peripheral mono-
cytes/macrophages from the spleen. Viral RNA was highest in the
brain monocyte population compared to microglia or spleen
monocytes; however, there were no significant differences be-
tween cell types or between mouse strains (Fig. 6C). Nos2 mRNA
expression, an indicator of inflammatory responses, was also
higher in the brain monocyte population than in the microglia or
spleen macrophages (Fig. 6D); however, on a per cell basis, there
was no difference between wild-type and NPY /™ mice. Thus, the
difference between wild-type and NPY '~ mice does not appear
to be due to the level of either virus infection or immune cell
activation of microglia or monocytes.

NPY deficiency results in increased recruitment of mono-
cytes into the CNS following Fr98 infection. One of the nota-
ble differences in the sorting of myeloid cells was the higher
percentage of monocytes in NPY ™/~ mice than in wild-type
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mice (Fig. 6A). Direct comparison showed that Fr98-infected
NPY /" mice had significantly higher percentages of infiltrat-
ing monocytes than Fr98-infected wild-type mice at 3 weeks
postinfection (Fig. 7A). A slight, but not statistically signifi-
cant, increase in the percentage of infiltrating monocytes was
also observed in uninfected NPY /" mice compared to unin-
fected controls (Fig. 7A). Time course analysis showed that the
peak difference in monocyte infiltration between wild-type and
NPY '~ mice was at 3 weeks postinfection, with a slight in-
crease at other time points (Fig. 7B). Thus, NPY deficiency
resulted in increased monocytes in the brain, primarily at 3
weeks postinfection, which correlates with the onset of clinical
disease in NPY '~ mice.

NPY suppresses both M1 and M2 monocyte populations. In-
filtrating brain monocytes can be separated into two populations
depending on their expression of Ly6C (34, 35). Inflammatory M1
monocytes are Ly6C™, are dependent on CCR2 for recruitment to
the CNS, and produce TNF and nitric oxide. In contrast, alterna-
tively activated M2 monocytes/macrophages are Ly6C'® CCR2~
and produce anti-inflammatory cytokines (34, 35). In addition,
the M2 cell population may include infiltrating M1 cells that
downregulate Ly6C and CCR2 after entry into the brain, as well as
the small number of resident brain macrophages. Ly6C analysis of
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FIG 6 Analysis of myeloid cells in the CNS following retrovirus infection in
wild-type and NPY '~ mice. Brain tissue from mock- or Fr98-infected wild-
type mice and Fr98-infected mice was removed at 21 dpi and homogenized
into single-cell suspensions, and myeloid cells were isolated by Percoll gradient
centrifugation. Individual cells were separated from the cell debris and dou-
blets using forward and side scatter. Whole-cell populations were then gated
for F4/80 expression. (A and B) F4/80-positive cells were analyzed for CD45
expression to identify brain monocytes (CD45") and microglia (CD45'").
Representative plots for Fr98-infected wild-type (A) and NPY ~/~ (B) mice are
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FIG 7 Increased monocytes in brain tissue from NPY '~ mice following Fr98
infection. (A) Analysis of the monocyte population at 3 weeks postinfection as a
percentage of the total F4/80 population. The symbols represent individual mice
and are from multiple experiments per group. Cells were isolated and analyzed as
described in the legend to Fig. 6. Statistical analysis was completed by Mann-
Whitney test. **, P < 0.01; ***, P < 0.001; n.s., not significant. (B) Monocytes in
the CNS as a percentage of the total F4/80 population from 14 to 24 dpi. The data
are the means = SEM for 3 to 7 mice per mouse strain per time point. All time
points represent combined data from at least 2 experiments. Two-way ANOVA
analysis showed significant differences for both time (P < 0.001) and strain (P <
0.01).

brain monocytes indicated that approximately 40% of these cells
were M1 cells in Fro98-infected wild-type mice at 3 weeks postin-
fection (Fig. 8A). A similar ratio was observed in Fr98-infected
NPY '~ mice (Fig. 8B). This ratio was also not affected by virus

shown. (C and D) CD45" F4/80" microglia, CD45" F4/80™" brain monocytes,
and CD45" F4/80 spleen monocytes were isolated by sorting from the brains
and spleens of Fr98-infected wild-type and NPY '~ mice at 3 weeks of age.
RNA was isolated from each cell population and analyzed by real-time PCR for
viral RNA (C) and Nos2 mRNA (D) expression. Gene expression was normal-
ized to Gapdh mRNA expression for each sample. The data are from 8 samples
per group, isolated in duplicate experiments. The data were analyzed by two-
way ANOVA with Sidak’s posttest. *, P < 0.05; **, P < 0.01. The error bars
indicate SEM.
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FIG 8 NPY deficiency results in increased numbers of monocytes in the brain,
but with phenotypes similar to those of monocytes from wild-type mice. (A
and B) Brain tissue from wild-type and NPY /™ mice infected with Fr98 was
removed at 3 weeks postinfection as described for Fig. 2. F4/80-positive cells
were also gated on CD45 (y axes) by Ly6C (x axes) to identify M2 noninflam-
matory monocytes (upper left quadrants) and M1 inflammatory monocytes
(upper right quadrants). The data are representative of multiple animals. Rep-
resentative data from Fr98-infected wild-type (A) and NPY "/~ (B) mice are
shown. (C) The percentage of monocytes that were Ly6C" was not statistically
different in any group. The data are the means = SEM for 4 mice per group and
represent a minimum of two replicate experiments.

infection, as uninfected animals had a similar percentage of M1
cells relative to the monocyte population (Fig. 8C). Thus, NPY
appears to affect both inflammatory M1 monocytes and alterna-
tively activated monocytes.

Recent studies have shown that NPY 13-36, which specifically
binds Y2R, can inhibit monocyte recruitment in other tissues (36,
37). Since the effects of NPY deficiency on Fr98-induced neuro-
logical disease could be reversed by treatment with NPY 13-36, we
examined monocytes and microglia for their expression of Y2R.
Y2R was detected on all 3 cell types (Fig. 9A to E). M2 monocytes
had the highest level of Y2R expression (Fig. 9D), with M1 mono-
cytes having an intermediate level of Y2R expression (Fig. 9C).
Thus, by flow cytometric analysis, M2 monocytes expressed Y2R
while M1 monocytes had lower expression levels. Similar results
were observed between cell populations in Fr98-infected NPY '~
mice (data not shown).
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FIG 9 Y2R expression on all three myeloid cell types in the CNS. (A) Micro-
glia, M1 monocytes, and M2 monocytes were isolated by CD45 and Ly6C
staining on CD11b" Ly6G ™~ myeloid cells isolated from Fr98-infected wild-
type mice at 3 weeks postinfection. The cells were analyzed for Y2R using
directly conjugated antibodies. (B to E) Comparison of relative expression of
Y2R on microglia (B), M1 monocytes (C), M2 monocytes (D), and all three cell
populations (E). The gray line in each plot indicates no primary controls (an-
tibody cocktail minus Y2R antibody).

DISCUSSION

The regulation of monocyte levels in the CNS is an important
mediator of viral diseases, both in the recruitment of virus-in-
fected cells to the CNS and in the mediation of damage within the
brain (1, 2, 4). In the current study, we found that NPY, a small
peptide that is produced by neurons of the central and peripheral
nervous systems (23, 38), was an important inhibitor of monocyte
recruitment to the brain during retrovirus infection. Mice defi-
cient in NPY were more susceptible to retrovirus-induced neuro-
logical disease. This increase in disease was associated with an
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approximately 2-fold increase in the number of monocytes in the
CNS, although it did not detectably alter the phenotype of the
infiltrating monocytes. Thus, NPY appears to suppress retrovi-
rus disease, at least in part, by inhibiting monocyte recruitment
to the CNS. The ability of NPY, produced by neurons, to sup-
press monocyte recruitment to the CNS during retrovirus in-
fection suggests that the nervous system can respond to damage
or stress in the CNS and influence the immune response to that
damage.

Monocyte trafficking to the CNS has been reported to be an
important component in the development of seizures, includ-
ing temporal lobe epilepsy in humans and in animal models
(39). Monocyte recruitment to the CNS is also a contributing
factor to Theiler’s murine encephalomyelitis virus (TMEV)-
induced seizures (40—42), as demonstrated by correlative ex-
periments, monocyte transfers, and minocycline treatment.
Our previous studies with polytropic retrovirus infection have
also shown an important role for monocytes, as demonstrated by
the effect of CCR2 deficiency on Fr98-induced neurological dis-
ease (9). Identifying how the nervous system regulates the recruit-
ment of these cells to the CNS, such as through the production of
NPY, will be important for developing methods for the treatment
of seizures and other neurological disorders.

Treatment with NPY has been shown to have therapeutic ef-
fects for both kainate- and trimethyltin-induced seizure mod-
els of temporal lobe epilepsy (43, 44). The major protective
effect of NPY in these models is thought to be through direct
stimulation of neurons. However, since monocytes contribute to
seizure development (39—-42), NPY may also limit seizure induc-
tion by limiting monocyte recruitment. Thus, NPY may inhibit
seizures through multiple mechanisms, including both direct and
indirect effects on the nervous system.

The current study is the first to demonstrate that NPY sup-
presses monocyte recruitment to the CNS but is not the first study
to show an effect of neurotransmitters like NPY on monocyte or
macrophage responses. In vitro, NPY was found to stimulate mac-
rophage functions, including chemotaxis, in some studies but in-
hibited these responses in others (19, 23, 45, 46). NPY was also
found to inhibit the expression of costimulatory molecules on
monocytes in a rat model of experimental autoimmune encepha-
litis (47). However, in the current study, we did not see any
significant effect of NPY on CD80 or CD86 expression by
monocytes or microglia following retrovirus infection (data
not shown). This difference in the effect of NPY on the re-
sponse of monocytes may be highly dependent on NPY recep-
tor expression or the activation state of the cell when stimu-
lated by NPY. Additionally, there may be some differences in
monocyte activation or recruitment of cells to specific areas of
the brain. The flow cytometry analysis of whole-brain tissue
used in the current study would not detect specific changes in
areas of virus infection versus areas without virus infection.
However, it is expected that most monocytes would be re-
cruited to areas of virus infection and therefore would be stim-
ulated/recruited by similar stimuli.

The peak of monocyte recruitment to the brain was 21 dpi
for both wild-type and NPY /™ mice, with a decrease a few days
later. This peak of monocyte recruitment correlates with the
onset of clinical disease in most animals. Cytokine expression
also peaks just prior to the onset of clinical disease for Fr98
infection (9, 12). Thus, the reduction in monocyte recruitment
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at 24 dpi may be reflective of decreased CCL2 and other proin-
flammatory cytokines that recruit monocytes into the CNS.

Stimulation of immune cells using receptor-specific peptides
indicates that the activating effects of NPY are mediated primarily
by Y1R, while the inhibitory effects are mediated by Y2R and Y5R
(20, 48). In agreement with this, the expression of DPP4, which
cleaves NPY to a form that preferentially binds Y2R over Y1R, by
monocytes also contributes to the anti-inflammatory effects of
NPY (49). The ability of Y2R-specific NPY to inhibit retrovi-
rus-induced neurological disease correlates with Y2R expres-
sion on monocytes. These data suggest that NPY may influ-
ence monocyte recruitment and/or accumulation in the CNS
through Y2R.

One aspect of NPY inhibition that was not analyzed in this
study was the ability of NPY to directly inhibit neurons. Although
Fr98 does not infect neurons, virus infection in the CNS results in
seizures (10, 15), suggesting an indirect mechanism of neuronal
damage. Furthermore, XPR1, the receptor for polytropic retrovi-
ruses, is expressed by neurons, and binding of this receptor by
virus proteins induces neurotoxicity (50). Neurons do express
Y1R, Y2R, and Y5R, and stimulation through these receptors has
been shown to limit seizures in animal models of epilepsy, possibly
by regulation of glutamate release (51). Preliminary studies with
glutamate inhibitors have not demonstrated a role for this path-
way in Fr98-induced pathogenesis (unpublished observations).
We cannot rule out the possibility that one of the effects of NPY on
Fr98-induced disease is through direct stimulation of neurons and
a direct neuroprotective effect. However, as monocyte recruit-
ment is also important for Fr98-mediated disease (9, 10), the abil-
ity of NPY to suppress the recruitment of these cells is a critical
factor in Fr98-mediated pathogenesis. Furthermore, as mono-
cytes are important mediators of several neurological disorders,
NPY- or Y2R-specific agonists may be potential therapeutics for
suppressing or reducing monocyte-mediated damage in these dis-
eases.
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