The Journal of Neuroscience, April 1,2015 - 35(13):5271-5283 « 5271

Neurobiology of Disease

Leucine-Rich Repeat Kinase 2 Modulates Neuroinflammation
and Neurotoxicity in Models of Human Immunodeficiency
Virus 1-Associated Neurocognitive Disorders
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Leucine-rich repeat kinase 2 (LRRK2) is the single most common genetic cause of both familial and sporadic Parkinson’s disease (PD),
both of which share pathogenetic and neurologic similarities with human immunodeficiency virus 1 (HIV-1)-associated neurocognitive
disorders (HAND). Pathologic LRRK2 activity may also contribute to neuroinflammation, because microglia lacking LRRK2 exposed to
proinflammatory stimuli have attenuated responses. Because microglial activation is a hallmark of HIV-1 neuropathology, we have
investigated the role of LRRK2 activation using in vitro and in vivo models of HAND. We hypothesize that LRRK2 is a key modulator of
microglial inflammatory responses, which play a pathogenic role in both HAND and PD, and that these responses may cause or exacerbate
neuronal damage in these diseases. The HIV-1 Tat protein is a potent neurotoxin produced during HAND that induces activation of
primary microglia in culture and long-lasting neuroinflammation and neurotoxicity when injected into the CNS of mice. We found
that LRRK2 inhibition attenuates Tat-induced pS935-LRRK2 expression, proinflammatory cytokine and chemokine expression,
and phosphorylated p38 and Jun N-terminal kinase signaling in primary microglia. In our murine model, cortical Tat injection in
LRRK2 knock-out (KO) mice results in significantly diminished neuronal damage, as assessed by microtubule-associated protein
2 (MAP2), class III B-tubulin TUJ1, synapsin-1, VGluT, and cleaved caspase-3 immunostaining. Furthermore, Tat-injected LRRK2
KO animals have decreased infiltration of peripheral neutrophils, and the morphology of microglia from these mice were similar
to that of vehicle-injected controls. We conclude that pathologic activation of LRRK2 regulates a significant component of the

neuroinflammation associated with HAND.
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Introduction

As the prevalence of human immunodeficiency virus 1 (HIV-1)-
associated neurocognitive disorders (HAND) increases in aging
HIV-1-seropositive adults despite combined antiretroviral ther-
apy (cART; Heaton et al., 2010; Cross et al., 2013; Hopcroft et al.,
2013), we are forced to confront the intersection of HAND with
other age-related neurodegenerative processes, including Parkin-
son’s disease (PD). Although cART effectively limits virus repli-
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cation, it fails to stop the production of early viral proteins, such
asthe HIV-1 Tat protein (Kure etal., 1990; Anderson et al., 2002).
In the CNS, infected monocytes and microglia harbor viral reser-
voirs that continue manufacturing Tat, which causes the pro-
duction of neurotoxins, including cytokines and phospholipids, as
well as neurotoxicity (Masliah et al., 1996; Ellis et al., 2007; Lu et al.,
2011).

Given the ability of Tat to contribute to lasting neuroin-
flammation in the CNS, we have developed simplified in vitro
and in vivo models that allow us to focus on how Tat alone
alters complex aspects of microglia and neuronal crosstalk and
function (Lu et al., 2011). In vitro, Tat-treated BV-2 microglia
cells (Bocchini et al., 1992) become activated via changes in
cytokine expression, process extension, and phagocytosis
(Marker et al., 2012). In vivo, Tat injected into the murine
cortex results in sustained neuroinflammation and neurotox-
icity (Marker et al., 2013). To better understand microglial
activation and how it contributes to HAND pathogenesis in
our models, we have focused on leucine-rich repeat kinase 2
(LRRK2) inhibition, which has been implicated as a regulator
of microglial activation during neuroinflammation (Greggio
et al., 2012).
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LRRK?2 is a large, multidomain protein
that is expressed in immune cells, micro-
glia, and neurons (Melrose et al., 2006;
Seol, 2010). Mutations in LRRK2 account
for the most common genetic cause of PD
and primarily result in increased kinase
activity (Zimprich et al., 2004; West et al.,
2007; Gloeckner et al., 2010). Although
such mutations have been shown to alter
neurite length and neurogenesis, a cause-
and-effect relationship between LRRK2
and dopaminergic neuronal cell death has
not been established (MacLeod et al.,
2006; Winner et al., 2011). Thus, recent
research has focused on the role of LRRK2
in microglia, because LRRK2 knockdown
has been shown to attenuate microglial G
activation and LRRK2 knock-out (KO)
transgenic mice exhibit decreased neuroin-
flammation after lipopolysaccharide (LPS)
exposure (Moehle et al., 2012).

We have shown previously that a
small-molecule LRRK2 kinase inhibitor
(Deng et al., 2011) attenuates microglial acti-
vation in BV-2 microglial cells (Marker et al.,

2012). Because these cells do not fully re-
capitulate intracellular signaling events
attributable to oncogene transformation,
we have now assessed the contribution of
LRRK2 kinase activity in Tat-mediated H
activation of primary microglia. We
found that Tat-induced cytokine and
chemokine expression are attenuated
during LRRK2 inhibition in vitro. We
have extended these studies by examining
the contribution of LRRK2 in vivo using
our cortical Tat injection model in both
wild-type (WT) and LRRK2 KO mice to
analyze changes in neuronal and micro-
glial morphology. We have found that
Tat-exposed LRRK2 KO mice exhibit sig-
nificantly ameliorated neurotoxicity and
normalized microglial morphology, indi-
cating that LRRK2 is a key mediator of
synaptodendritic damage associated with
HAND.

Materials and Methods

Primary microglia isolation and culture. Pri-
mary murine microglia isolated from postnatal
day 2 CD1 mice were purchased from Creative
Bioarray (catalog #CSC-7843X). Cells were
cultured using SuperCult Microglial Cell Me-
dium (catalog #CM-1082X; Creative Bioarray)
at 37°C at 5% CO, for 2 d on poly-p-lysine (catalog #P1149; Sigma)-
coated 12-well plates or on glass coverslips. We then treated the cells for
6 h in triplicate with saline vehicle control, 0.15 ug/ml HIV-1 Tatg, from
Joseph Steiner (National Institute of Neurological Disorders and
Stroke, Division of Intramural Research, Translational Neuroscience
Branch, Bethesda, MD), DMSO vehicle control, or the small-
molecule LRRK2 kinase inhibitors LRRK2-IN-1 from Millipore (cat-
alog #438193; 1 uMm working concentration) or GSK2578215A from
Tocris Bioscience (catalog #4629; 1 uMm working concentration) un-
less noted otherwise.
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Effects of LRRK2 kinase inhibition in primary microglia. A-F, 1CC of primary murine microglia for LRRK2 (green),
(D11b (red), and DAPI (blue) after saline (A-C) or Tat (D—F) treatment with or without LRRK-IN-1 and GSK2578215A (40X). G,
Western blot of pS935—-LRRK2, total LRRK2, and B-actin protein levels 6 h after saline or Tat treatment with or without LRRK2-IN-1
and GSK2578215A. H, Tat-induced pS935-LRRK2 is significantly decreased by LRRK2-IN-1 and GSK2578215A (**p < 0.01,
one-way ANOVA with Newman—Keuls post hoc test).

Immunocytochemistry. We adapted our immunocytochemistry (ICC)
protocol from Glynn and McAllister (2006). Briefly, we fixed the cells in
a solution of 4% paraformaldehyde and 4% sucrose in 1X PBS at 4°C for
10 min. We then treated the fixed cells with 100 mm glycine in 1X PBS
and washed in 1X PBS for 5 min and permeabilized with 0.25% Triton
X-100 (catalog #H5142; Promega) in 1 X PBS for 5 min. We prepared the
primary antibodies in 3% bovine serum albumin (BSA; catalog #A3294-
50G; Sigma) in 1 X PBS at the following concentrations: rat anti-CD11b
at 1:250 (catalog #MCA711; Serotech) and rabbit anti-LRRK2 at 1:1000
(catalog #3514-1; Epitomics). We incubated the fixed cells in the primary
antibody solution for 1 h and then washed four times with 3% BSA and
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Figure 2.
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LRRK2 kinase inhibition attenuates Tat-induced proinflammatory cytokine and chemokine expression in primary microglia. Tat-induced expression of TNF-cx (4), IL-6 (B), and CXCL2

(€) aressignificantly decreased by LRRK2-IN-1and GSK2578215A, and Tat-induced expression of MCP-1 (D) is significantly decreased by GSK2578215A but not with LRRK2-IN-1 (*p << 0.05, **p <

0.01, ***p << 0.001, one-way ANOVA with Newman—Keuls post hoc test).

1X PBS for 5 min each. We incubated the cells in Alexa Fluor secondary
antibodies (Invitrogen) in 3% BSA in 1X PBS at 1:500 for 30 min. We
then washed the cells four times in 1X PBS for 5 min each and mounted
them on glass slides using Prolong Gold with DAPT (catalog #P36935;
Life Technologies). We imaged the cultures with a Hamamatsu
ORCA-ER camera on an Olympus BX-51 upright microscope with Qui-
optic Optigrid optical sectioning hardware. We controlled the acquisi-
tion with the Velocity 3DM software (PerkinElmer Life and Analytical
Sciences).

Western blotting. We washed cells once with 1X PBS and scraped them
directly into cell lysis buffer with protease and phosphatase inhibitors
and lysed this cell suspension on ice with periodic vortexing for 30 min.
The cell lysates were then centrifuged at 13,000 rpm for 10 min, and the
supernatant was mixed with loading dye, heated at 70°C for 5 min, and
ran ona4-15% SDS-PAGE gel (catalog #456-1086; Bio-Rad) at 100 V for
1 h. We transferred the gel onto a PVDF or nitrocellulose membrane
at 100V for 1 h onice. We blocked membranes in 5% milk in 1X TBS for
1 h at room temperature with shaking. We washed membranes three
times in 1X Tris-buffered saline with 0.1% Tween 20 (TBST). We ap-
plied primary antibodies overnight at 4°C with shaking at the following
concentrations: rabbit anti-LRRK2 at 1:1000 (catalog #3514-1; Epitom-
ics), rabbit anti-pS935-LRRK2 at 1:1000 (catalog #5099-1; Epitomics),
rabbit anti-phosphorylated Jun N-terminal kinase (pJNK) at 1:1000 (cat-
alog #4668P; Cell Signaling Technology), mouse anti-pp38 at 1:1000
(catalog #4511; Cell Signaling Technology), and B-actin at 1:500 (catalog

#sc-47778; Santa Cruz Biotechnology). We washed membranes three
timesin 1X TBST. We applied HRP-conjugated secondary antibody (GE
Healthcare) at a concentration of 1:5000 in 5% milk in 1X TBST for 1 h
at room temperature with shaking. We washed membranes and applied
ECL substrate (catalog #32106; Pierce) for 5 min. We exposed and devel-
oped membranes on film (catalog #111-1681; Kodak).

Luminex multiplex ELISA. We collected 0.5 ml of supernatant from
control and treated primary microglia cells and froze the samples at
—80°C. We used the Mouse Cytokine/Chemokine Magnetic Bead Panel
(MCYTOMAG-70K; Millipore) to analyze the cytokine and chemokine
concentration of the supernatants according to the instructions of the
manufacturer and used the following bead-coated antibodies in our anal-
ysis: tumor necrosis factor-a (TNF-o; MCYTNFA-MAG), interleukin 6
(IL-6; MCYIL6—-MAG), monocyte chemoattractant protein 1 (MCP-1;
MCYMCP1-MAG), and chemokine macrophage inflammatory protein
20 (CXCL2; MMIP2-MAG). Briefly, we added 25 ul of beads with 25 ul
of supernatant or mouse cytokine or chemokine standard (MXM8070-
2), which were serially diluted to 10,000, 2000, 400, 80, 16, and 3.2 pg/ml
and incubated with shaking overnight at 4°C. We then added 25 ul of
detection antibodies (MXM1070-1) to each well for 1 h with shaking at
room temperature. Next, we added 25 ul of streptavidin—phycoerythrin
(L-SAPE3) to each well for 30 min with shaking at room temperature. We
ran the plate on a Millipore Luminex 200 machine with xPONENT 3.1
software. Using the standard curves for the given cytokine or chemokine,
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Figure 3.  LRRK2 kinase inhibition reduces p38 and JNK signaling in Tat-treated primary microgli
after saline (Sa) or Tat treatment with or without LRRK2-IN-1 (IN-1) and GSK2578215A (GSK). B-D,
pJNK 30 min after treatment. F—H, LRRK2-IN-1 and GSK2578215A significantly inhibit Tat-induced
one-way ANOVA with Newman—Keuls post hoc test).

we obtained absolute concentrations for the various experimental con-
ditions for all analytes measured.

In vivo Tat stereotactic injection. We performed stereotactic injection
in WT C57BL/6 and LRRK2 exon 41 KO mice (Hinkle et al., 2012) of
either sex with 3 ul of sterile PBS or 3 ul of 3 ug/ul HIV-1 Tat,,; from
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a. Western blot of pp38, p54 pJNK, p46 pJNK, and B-actin protein levels 30 min () and 6 h ()
GSK2578215A, but not LRRK2-IN-1, significantly inhibits Tat-induced pp38, p54 pJNK, and p46
pp38 6 h after treatment, but no change in p54 pJNK or p46 pJNK is observed (***p << 0.01,

Philip Ray (University of Kentucky, Lexington, KY), in sterile PBS as
described previously (Marker et al., 2010, 2013; Lu et al., 2011). We used
seven animals per treatment group, four of which were processed by
vibratome sectioning and three of which were processed by cryostat sec-
tioning. We injected at the coordinates 1.0 mm posterior to bregma, 1.0
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LRRK2 KO prevents neurotoxicity and diminishes microglial activation after in vivo cortical Tat injection. A—G, IHC for MAP2 (red), IbaT (green), and DAPI (blue) in saline control animals

(A,10X; D, 10<), Tat-treated WT mice (B, 10X; C, 60><), and Tat-treated KO mice (£, 10<; F, 60 X). G, LRRK2 KO significantly increases MAP2 expression in Tat-treated animals. H—N, IHC for
(D11b (red), TUJT (green), and DAPI (blue) in saline control animals (H, 10X ; K, 10 <), Tat-treated WT mice (I, 10<;J, 60X ), and Tat-treated KO mice (L, 10X; M, 60 X ). N, LRRK2 KO significantly
increases TUJ1 expression in Tat-treated animals (*p << 0.05, **p << 0.01, one-way ANOVA with Newman—Keuls post hoc test). Scale bars: 4, B, D, E, H, I, K, L, 60 m; G, F, J, M, 11 um.

mm lateral left to the midline, and 0.7 mm ventral to the pial surface. We
used a 35 gauge needle with a 10 ul NanoFil syringe (World Precision
Instruments) coated with Sigmacote (SL-2; Sigma) to prevent Tat from
adhering to the walls of the needle and syringe. We injected at a flow rate
of 80 nl/min using a microsyringe pump (Micro4; World Precision In-
struments) to minimize volume and pressure-related injury from the
injection.

Immunohistochemistry. We killed animals at 7 d after treatment by
pentobarbital overdose and transcardially perfused them with periodate-
lysine—3.5% paraformaldehyde (PLP) fixative (McLean and Nakane,
1974). We postfixed the brains in 3.5% PLP overnight and then stored
them in 1X PBS at 4°C. We cut the brains into 40-um-thick coronal
sections on a vibratome (V1000; Leica) and stored them in a cryopro-
tectant mixture of 30% PEG300 (catalog #PX1286A-2; EMD), 30% glyc-
erol (catalog #56-81-5; Alfa Aesa), 20% 0.1 M phosphate buffer, and 20%
ddH,0 at —20°C. For frozen sections, we added 5% sucrose to the PLP
fixative and stored them overnight at 4°C, then 15% sucrose in 1X PBS
overnight at 4°C, and then 30% sucrose in 1X PBS overnight at 4°C.
Next, we flash-froze the brains on dry ice for 15 min and cut 40-um-thick
coronal sections on a cryostat. We performed free-floating section im-
munohistochemistry (IHC) as described previously (Lu et al., 2011). We
washed the sections three times for 30 min in PBS to remove the cryo-
protectant for vibratome-cut sections. For frozen sections only, we per-
formed antigen unmasking in citrate buffer (catalog #H-3300; Vector
Laboratories) at 37°C for 30 min. We prepared the primary antibody
mixture in 1.5% BSA (catalog #A3294; Sigma), 3% normal goat serum
(catalog #S1000; Vector Laboratories), 0.5% Triton X-100 (catalog
#H5142; Promega), and 1.8% NaCl in 1X PBS. We used the following

antibodies in these experiments: rabbit anti-ionized calcium-binding
adapter molecule 1 (Ibal) at 1:1000 (catalog #019-19741; Wako), mouse
anti-microtubule-associated protein 2 (MAP2) at 1:500 (catalog
#M4403; Sigma), rat anti-7/4 at 1:1000 (catalog #ab53457; Abcam), rab-
bit anti-synapsin-1 at 1:400 (catalog #5297; Cell Signaling Technology),
guinea pig anti-VGluT at 1:1000 (catalog #AB5905; Millipore), rat anti-
CD11b at 1:400 (catalog #MCA711; Serotech), mouse anti-NeuN at
1:1000 (catalog #MAB377; Millipore), rabbit anti-class III B-tubulin
(TUJ1) at 1:1000 (catalog #PRB-435; Covance), rabbit anti-cleaved
caspase-3 at 1:100 (catalog #9661; Cell Signaling Technology), and rabbit
anti-LRRK?2 at 1:50 (catalog #3514-1; Epitomics). We incubated the sec-
tions in the primary antibody mixture for 3 d at room temperature with
agitation and an additional 5 d at 4°C with agitation if the staining in-
cluded MAP2 or synapsin-1. We then washed the sections three times for
30 min in 1X PBS with 1.8% NaCl and prepared the Alexa Fluor-
conjugated antibodies (1:500; Invitrogen) in the same staining mixture
described above. We incubated the sections in secondary antibody over-
nightat room temperature with agitation. Finally, we washed the sections
three times with 1X PBS, mounted the sections on slides, and cover-
slipped the slides with number 1.5 cover glass and Prolong Gold mount-
ing agent with DAPI. Imaging was performed as described for ICC.
Amira image analysis. We used the Amira image analysis software to
determine the morphologic characteristics of Ibal-positive microglia
imaged from IHC as described previously (Marker et al., 2013). We
imported single-channel z-stacks of 20X fields of microglia and ran the
median noise reduction function. We then segmented and labeled the
individual microglia via manually guided thresholding. We used the cen-
ter line tree algorithm function to create skeleton trees of the labeled
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LRRK2 KO decreases cleaved caspase-3 expression at the Tat injection site. A—F, IHC for NeuN (red), cleaved caspase-3 (green), and DAPI (blue) in saline control animals (4, 10<; D,

10X), Tat-treated WT mice (B, 10X; C, 60<), and Tat-treated KO mice (E, 10X; F, 60<). G, LRRK2 KO significantly decreases cleaved caspase-3 expression in Tat-treated animals (*p << 0.05,

one-way ANOVA with Newman—Keuls post hoc test). Scale bars: 4, B, D, E, 60 um; G, F, 11 m.

microglia. Finally, we obtained process number and length measure-
ments from the skeleton trees with the spatial graph statistics function.

Statistics. We performed all of our statistical analysis using GraphPad
Prism statistical software (GraphPad Software). We defined signifi-
cance as p < 0.05. For experiments with more than two experimental
conditions at a single time point or a single condition with multiple
time points, we used the one-way ANOVA with Newman—Keuls post
hoc tests.

Results

LRRK?2 kinase inhibition decreases Tat-induced
pS935-LRRK2 expression in primary microglia

Our group has described previously LRRK2 protein expression
and kinase inhibition after Tat exposure in the BV-2 microglia
cell line (Marker et al., 2012). However, literature reports have
suggested discordant cytokine responses to proinflammatory
stimuli in these cells (Horvath et al., 2008; Henn et al., 2009;
Stansley et al., 2012), prompting us to extend our studies to
primary microglial cultures. We found that CD11b-positive
(Fig. 1A-F, red signal) primary microglial cells expressed

LRRK2 by both ICC (Fig. 1A-F, green signal) and Western
blotting (Fig. 1G). After Tat treatment, we observed altered
morphology and a statistically significant increase in pS935—
LRRK2 expression (Fig. 1D,H) that was attenuated by the
LRRK2 kinase inhibitors LRRK2-IN-1 and GSK2578215A
(Fig. 1 E,F,H).

LRRK2 kinase inhibition decreases Tat-induced cytokine and
chemokine expression

We found that LRRK2-IN-1 and GSK2578215A attenuated Tat-
induced protein expression of the cytokine TNF-a (Fig. 2A), the
cytokine IL-6 (Fig. 2B), and the chemokine CXCL2 (Fig. 2C).
Tat-induced expression of the chemokine MCP-1 was attenuated
by GSK2578215A but not LRRK2-IN-1 (Fig. 2D). These chemo-
kines and cytokines are found in the CSF of HAND patients and
contribute to immune activation and infiltration, as well as neu-
ronal damage (Tyor et al., 1992; Buscemi et al., 2007; Xing et al.,
2009; Yuan et al., 2013).
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injection site per animal and analyzed using the Velocity software program, which revealed that Tat-injected WT mice have significantly fewer synaptic puncta (B, E, G,J ) compared with Tat-injected
LRRK2 KO mice (D, /) and saline control animals (4, C, F, H) (*p << 0.05, **p << 0.01, one-way ANOVA with Newman—Keuls post hoc test). Scale bars, 11 pm.

pp38 and JNK signaling are altered by LRRK2 kinase
inhibition after Tat treatment

We then analyzed mitogen-activated protein kinase (MAPK) sig-
naling, which has been shown to be altered by LRRK2 (Kim et al.,
2012). At 30 min after treatment, we found that Tat-induced
pp38 and the p54 and p46 species of pJNK were significantly
decreased by GSK2578215A but not LRRK2-IN-1 in primary mi-
croglia (Fig. 3A-D). At 6 h after treatment, we found that Tat-
induced pp38 was significantly decreased by both LRRK2-IN-1
and GSK2578215A, whereas pJNK was not altered by Tat treat-
ment (Fig. 3E-H).

LRRK?2 KO is neuroprotective and attenuates inflammation
in our in vivo HAND model

Next, we examined the effects of Tat exposure in vivo in LRRK2
KO mice and found that these mice had markedly diminished
neurotoxicity as assessed by MAP2 (Fig. 4A-F, red signal) and

TUJ1 (Fig. 4H-M, green signal) immunostaining 7 d after injec-
tion. Although dendritic MAP2 and TUJ1 staining is maintained
in saline-treated controls (Fig. 4 A, D, H,K), it is essentially absent
7 d after Tat treatment in WT mice (Fig. 4B, C,I,]) but was pre-
served in Tat-treated LRRK2 KO mice (Fig. 4E,F,L,M). These
results were quantified and showed a significant decrease in
MAP2 and TUJ1 mean fluorescence intensity in Tat-injected an-
imals but was preserved at near-control levels in Tat-injected
LRRK2 KO mice (Fig. 4G,N). Furthermore, we observed that
Tat-injected LRRK2 KO mice exhibited decreased neuroinflam-
mation compared with Tat-injected WT mice, as measured qual-
itatively by immunostaining for microglial Ibal (Fig. 4A—F, green
signal) and microglial and peripheral leukocyte marker CD11b
(Fig. 4H-M, red signal). Both Ibal and CD11b immunostaining
were increased in Tat-injected WT animals (Fig. 4B, C,1,]) com-
pared with saline controls (Fig. 4A,D,H,K) and Tat-injected
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LRRK2 KO mice (Fig. 4E,F,L,M). Quan-
titation of microglia morphology in our
model is accessed in Figure 9.

Increased cleaved caspase-3 expression
is observed at the Tat injection site in
WT mice

To further assess damage at the Tat injec-
tion site, we performed immunostaining
for cleaved caspase-3 (Fig. 5A-F, green
signal), an indicator of apoptosis and
microglial activation, in our murine
model (Burguillos et al., 2011). We found
that Tat-injected WT mice had cleaved
caspase-3 immunostaining at the Tat in-
jection site (Fig. 5B,C), but very little
staining was observed in saline controls
(Fig. 5A,D) and Tat-injected LRRK2 KO
mice (Fig. 5E, F). We quantified mean fluo-
rescence intensity for cleaved caspase-3 in
the immediate vicinity of the needle track
and found a significant increase in Tat
WT mice but not in LRRK2 KO animals
(Fig. 5G). We also costained with NeuN
(Fig. 5A-F, red signal), which labels neu-
ronal nuclei, and found decreased NeuN
immunostaining in Tat-injected WT mice
(Fig. 5B, C), with preserved NeuN stain-
ing present in saline controls (Fig. 5A, D)
and Tat-injected LRRK2 KO animals (Fig.
5E,F).

Synaptic puncta loss is prevented after
Tat injection in LRRK2 KO mice
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Figure 7.  LRRK2 KO mice exhibit decreased neutrophil infiltration 7 d after Tat injection. A—G, IHC for 7/4 (green) and DAPI
(blue) was performed, and one 10X image of the injection site was counted manually for 7/4-positive cells per animal per
treatment and showed a significant decrease in the number of 7/4-positive neutrophils in Tat-injected LRRK2 KO mice (E, 10X; F,
60<; G, ** p < 0.01) compared with Tat-injected WT mice (B, 10<; C, 60<), whereas very few neutrophils were observed in
saline control animals (4, 10<; D, 10X). H, Western blot of total brain homogenate from WT and LRRK2 KO mice for total LRRK2
protein levels (C, F, white arrows depict multi-lobed nuclei; one-way ANOVA with Newman—Keuls post hoc test). Scale bars: 4, B,
D, E, 60 pm; G, F, 11 um.

To further assess integrity of presynaptic
nerve terminals, we performed immuno-
staining for synapsin-1, expressed in the cytoplasm of synaptic
vesicles (Fig. 6A-D, red signal), and VGIuT, a marker of presyn-
aptic terminals (Fig. 6F—I, red signal). We quantified the number
of synapsin-1-positive puncta (Fig. 6E) and VGluT-positive
puncta (Fig. 6]) in these fields and found that Tat-treated LRRK2
KO mice have a significant increase in puncta when compared
with Tat-treated WT mice.

Infiltrating 7/4-positive neutrophils are decreased in the CNS
of Tat-injected LRRK2 KO animals

Peripheral immune cell recruitment in the Tat-injected CNS is a
well described occurrence in our animal model (Lu et al., 2011;
Marker et al., 2013). As such, we evaluated the number of neu-
trophils infiltrating the CNS 7 d after Tat injection by immuno-
staining for 7/4 antigen, which labels neutrophils and immature
monocytes found in the bone marrow (Hirsch and Gordon, 1983;
Fig. 7A-F, green signal). Very few infiltrating cells were observed
in saline controls (Fig. 7A,D), but a large influx of 7/4-
immunopositive cells were found in Tat-treated WT animals
(Fig. 7B) compared with Tat-treated LRRK2 KO animals (Fig.
7E). To further define these cells as granulocytes, we examined
high-magnification images of our Tat-treated mice (Fig. 7C,F)
and found that these cells demonstrated a multi-lobed nuclear
morphology consistent with neutrophils in the vast majority of
7/4-positive cells (Fig. 7C,F, white arrows). We counted the num-
ber of 7/4-positive cells per treatment group and found that Tat-
treated WT mice have a significant increase in the number of

recruited 7/4-positive cells compared with saline controls, but
this recruitment was significantly decreased in Tat-treated
LRRK2 KO mice (Fig. 7G). We also show that brain homogenates
from our global LRRK2 KO mice do not express LRRK2 protein
(Fig. 7H).

LRRK?2 is not expressed in infiltrating 7/4-positive
neutrophils in our Tat injection model

To assess whether the increase in neutrophils in Tat-injected WT
mice was correlated with LRRK2 expression in these cells, we
costained for LRRK2 (Fig. 8A-H, green signal) with the neutro-
phil marker 7/4 (Fig. 8 B,D,F, H, red signal) and the microglia
and peripheral leukocyte marker CD11b (Fig. 8 A, C, E, G, red sig-
nal). Although we observed LRRK2 expression in CDI11b-
positive cells after Tat injection in WT mice (Fig. 84), LRRK2 was
not expressed in 7/4-positive cells in these animals (Fig. 8B).
Additionally, LRRK2 was not expressed in CD11b- or 7/4-
positive cells in saline WT mice (Fig. 8C,D) or in LRRK2 KO
animals (Fig. 8E-H). To further define LRRK2 expression in Tat
WT mice, we examined high-magnification and single-channel
images (Fig. 8I-P). We found that LRRK2 (Fig. 8 M,N) was ex-
pressed in CD11b-positive cells (Fig. 8 K, I, white arrows) but not
in 7/4-positive cells (Fig. 8 L, ], white arrowheads).

LRRK2 KO mice exhibit normalized microglia morphology
after Tat exposure

To gain additional insight into the complex morphologic changes
in microglia observed in WT and LRRK2 KO mice 7 d after Tat
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Figure 8.

LRRK2 is not expressed in neutrophils in the CNS of Tat-injected mice. A—H, IHC for (D11b (red, left column), 7/4 (red, right column), LRRK2 (green), and DAPI (blue) in WT Tat-injected

animals (4, B), WT saline-injected animals (C, D), LRRK2 KO Tat-injected animals (E, F), and LRRK2 KO saline-injected animals (G, H) (20X). I-P, IHC for (D11b (red, left column), 7/4 (red, right
column), LRRK2 (green), and DAPI (blue) in high-magnification (60 <) merge (/,J) and single-channelimages (K—P) for WT Tat-injected animals (/, white arrows depict CD11b- and LRRK2-positive
cells; J, white arrowheads depict 7/4-postive LRRK2-negative cells). Scale bars: A-H, 32 pum; I-P, 11 um.

exposure (Fig. 4), we used Amira image analysis software to an-
alyze microglia from our immunohistochemical data. We iden-
tified the injection site by the needle track and analyzed the
section ~320 wm away in all cases. We have included MAP2
immunostaining (Fig. 9A,E,I, M, single channel) of these sec-
tions, in which MAP?2 signal was intact in Tat-injected LRRK2
KO mice (Fig. 9N) and saline controls (Fig. 9 B, F) but essentially
absent in Tat-treated WT animals (Fig. 9]), which is consistent
with our previous data showing neurotoxicity (Fig. 4) and in-
creased cleaved caspase-3 expression (Fig. 5) in Tat-injected WT
mice. In these same sections, we found increased neuroinflam-
mation as qualitatively measured by immunostaining for Ibal-
positive microglia (Fig. 9A,E,I, M, single channel). Tat-treated
WT animals (Fig. 91) exhibited increased Ibal immunostaining
but not saline controls (Fig. 9A,E) or Tat-treated LRRK2 KO
mice (Fig. 9M). Thus, areas of inflammation and microglial ac-
tivation (Ibal, green signal) are observed in the presence of neu-
ronal damage (MAP2, red signal) in Tat-treated WT mice (Fig.
9K, merged with DAPI) but not saline controls (Fig. 9C,G,
merged with DAPI) or Tat-treated LRRK2 KO mice (Fig. 90,

merged with DAPI). To further analyze microglia morphology in
these sections, we imported single-channel 20X Ibal images into
the Amira program in which individual microglia were labeled
and converted into three-dimensional skeletons to quantitate pa-
rameters of microglial processes (i.e., number and length). We
determined that Tat-treated LRRK KO microglia (Fig. 9Q,R)
were more similar to microglia in saline control animals as
opposed to activated microglia in Tat-injected WT mice. Specif-
ically, microglia from Tat-treated WT mice (Fig. 9L) had signifi-
cantly fewer processes and shorter processes compared with
saline controls (Fig. 9D,H). In contrast, microglia from Tat-
treated LRRK2 KO mice (Fig. 9P) had significantly more and
longer processes than Tat-treated WT mice (Fig. 9Q,R).

Discussion

LRRK?2 is a target with increasing importance in the study of
neurodegenerative disease, yet much is still unknown regarding
its biochemistry and signaling properties. Although activity of the
kinase domain is linked to PD pathogenesis, its targets, aside
from itself, have been difficult to elucidate (Gandhi et al., 2009;
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Figure9. LRRK2 KO normalizes microglia morphology in Tat-injected mice. AP, IHC for single-channel IbaT (green; A, E, I, M, 20X; D, H, L, P, 60 <), MAP2 (red; B, F, J, N, 20X ), and merged
images with DAPI (blue; C, G, K, 0, 20 <) was performed. Q-R, Images as 20X taken at the injection were labeled and skeletonized using Amira software and microglia from Tat-injected LRRK2 KO
mice (M—P) have significantly more processes (Q) and longer processes (R) compared with Tat-injected WT mice (/-L) (***p << 0.001, one-way ANOVA with Newman—Keuls post hoc test). Scale

bars: A-C, E-G, I-K, M-0,32 um; D, H, L, P, 11 pum.

Dzamko et al., 2010). For example, LRRK2 is known to interact
with the 14-3-3 binding protein, but the significance of this
interaction in disease is unclear (Nichols et al., 2010; Li et al.,
2011), although 14-3-3 proteins have been implicated recently
as a biomarker for HAND (Morales et al., 2012). In view of

some of the similarities between HAND and PD, our experi-
ments were designed to better understand the contribution of
LRRK?2 activation to neurotoxicity and inflammation in the
context of HIV-1 infection in the CNS. Thus, our data have
unveiled LRRK2 as an important mediator of neuroinflamma-
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Figure 10.

tion and neuronal damage in our in vitro and in vivo models of
HAND.

We have shown previously that the small-molecule LRRK2
inhibitor LRRK2-IN-1 (Deng et al., 2011) inhibits Tat-induced
microglial activation in the BV-2 murine microglial cell line
(Marker et al., 2012). However, contemporary studies have indi-
cated that LRRK2-IN-1 has significant off-target effects, because
it has been shown to cause anti-inflammatory effects in LRRK2
KO cells (Liu et al., 2014; Luerman et al., 2014). Thus, we have
performed our studies in primary microglia using both LRRK2-
IN-1 and GSK2578215A (Reith et al., 2012), a more selective
small-molecule LRRK2 kinase inhibitor. Although both inhibi-
tors attenuated Tat-induced pS935-LRRK2 expression (Fig. 1),
some notable differences were observed in cytokine and chemo-
kine expression (Fig. 2) and MAP kinase signaling (Fig. 3). In
Figure 2, the significance of LRRK2-IN-1 attenuation (p < 0.001)
was greater than that of GSK2578215A (p < 0.01) for Tat-
induced TNF-a, IL-6, and CXCL2, which may be an indication of
off-target effects of LRRK2-IN-1. Although both GSK2578215A
and LRRK2-IN-1 decreased Tat-induced MCP-1, only the de-
crease with GSK2578215A was significant (p < 0.05), demon-
strating that MCP-1 may be less susceptible to off-target effects.
In Figure 3, GSK2578215A, but not LRRK2-IN-1, significantly
decreased pp38 and pJNK species 30 min after treatment, al-
though both inhibitors significantly decreased pp38, but not
PINK, species 6 h after treatment. This result may point toward
kinetic differences between the inhibitors.

Our laboratories have shown previously an increase in MAPK
signaling 30 min after Tat treatment in human macrophages (Sui
et al., 2006). Additionally, Kim et al. (2012) has reported that
LPS-induced pp38 is decreased in LRRK2 knockdown BV-2 mi-
croglia cells between 15 and 60 min after treatment but not pJNK
or pERK. We have found that both Tat-induced pp38 and pJNK
are attenuated by GSK2578215A 30 min after treatment in pri-
mary microglia. These results may highlight differences between
primary murine microglia and BV-2 cells, LPS and Tat induction,

Tat-induced changes in microglia morphology and function. When microglia (4) become exposed to the HIV-1 Tat
protein (B), they retract their processes and become more amoeboid in shape (C), release proinflammatory cytokines (), and can
phagocytose neuronal elements (F). D, This Tat-induced microglial activation is decreased by LRRK2 kinase inhibition.
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and using a lentiviral-based knockdown
model versus an LRRK2 inhibitor. Fur-
thermore, we observed a 35-fold increase
in pp38, an 84-fold increase in p54 pJNK,
and a 30-fold increase in p56 pJNK at 30
min after Tat treatment compared with a
fourfold increase in pp38 and no fold
change in p54 or p46 pJNK at 6 h after Tat
treatment. These findings denote that
these changes in MAPK signaling occur
rapidly after Tat treatment and are dimin-
ished over time. Additionally, it has been
shown that LRRK2 can phosphorylate
MAPK kinase (MKK) 3/6 and MKK4/7 in
vitro (Gloeckner et al., 2009), indicating
that the effects of LRRK2 may occur up-
stream, but Kim et al. did not detect any
changes in MKK3/6 in LRRK2 knock-
down of BV-2 cells at early time points.

Recent research has shown that neu-
trophils can mediate neurotoxicity during
neuroinflammatory disorders (Allen et
al., 2012). Furthermore, neutrophil che-
moattractants, such as IL-8, have been
linked to Tat and HIV infection in the
CNS (Jones et al., 1998; Hofman et al.,
1999; Zheng et al., 2008). We have shown
that the murine chemokine CXCL2, an IL-8 homolog known to
induce neutrophil chemotaxis, is significantly increased after Tat
treatment and had the greatest increase of the cytokines and
chemokines we observed (Fig. 2). These data correlate with our
animal model, in which we found increased 7/4-positive neutro-
phil recruitment 7 d after cortical Tat injection (Fig. 7). Interest-
ingly, LRRK2 inhibition in vitro attenuated CXCL2 expression,
and Tat-injected LRRK2 KO mice had fewer 7/4-positive neutro-
phils. Furthermore, 7/4-positive neutrophils in the CNS of Tat-
injected WT mice did not express LRRK2 (Fig. 8), indicating that
the increased infiltration was not attributable to intrinsic LRRK2
expression. Because we used mice with a global deletion of
LRRK?2 (Hinkle et al., 2012), we cannot identify which cell type is
responsible for this phenomenon. Thus, future studies will focus
on what cell type, whether peripheral or resident to the CNS, may
be mediating LRRK2-regulated neuroinflammation (Greggio et
al., 2012).

The most striking result from this study is the significant neu-
roprotection we observed in Tat-injected LRRK2 KO mice (Figs.
4-6). Our group has shown previously substantial neurotoxicity
lasting up to 28 d in Tat-injected animals (Lu et al., 2011; Marker
et al., 2013). In this study, we observed increased cleaved
caspase-3 immunostaining at the Tat injection site in WT animals
and neurotoxicity in the surrounding parenchyma, whereas Tat-
injected LRRK2 KO mice had healthy neuronal architecture in
these same areas. However, these mice have an LRRK2 deletion
for all cells, thus obfuscating which cell type mediates neuropro-
tection. Although we observed preservation of neuronal architec-
ture using MAP2, TUJ1, and NeuN immunostaining (Figs. 4, 5),
a decrease in infiltrating granulocytes (Fig. 7), and changes in
microglia morphology (Fig. 9), we do not understand the cause-
and-effect paradigm in our in vivo model. Future studies focused
on conditional genetic deletion may prove valuable in addressing
these concerns.

Microglia have been shown recently to play an active role in
the healthy and diseased brain, actively participating in synapse
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pruning and clearing pathogens (Nimmerjahn et al., 2005; Trem-
blay et al., 2011). Very recently, we have demonstrated that mi-
croglia/perivascular macrophages extend filopodia in response to
Tat, which may be the first step in phagocytosis of synaptic ele-
ments (Tremblay et al., 2013). We are very interested in micro-
glial-neuronal interactions as mediators of neurotoxicity and
have shown previously that Tat-treated BV-2 cells phagocytose
primary axons in microfluidic coculture (Marker et al., 2012).
More specifically, these interactions have been implicated in mi-
croglial phagocytosis of dying neurons (Brown and Neher, 2012),
a phenomenon we have observed after Tat injection into the
cortex (Marker et al., 2013; Tremblay et al., 2013). In this study,
we expand on these findings in vivo, showing that microglia from
Tat-treated LRRK2 KO mice have an increased number of pro-
cesses and longer processes 7 d after injection compared with Tat
injection alone and were not significantly different in morphol-
ogy from saline-injected control animals (Fig. 9). Thus, our data
suggest that the morphology of microglia in Tat-injected LRRK2
KO mice appear more like those of control injected animals at
this time point, indicating that changes in microglial activation
status may influence neuronal integrity. Furthermore, both pro-
inflammatory and anti-inflammatory phagocytosis (i.e., Tat-
mediated increases in microglial phagocytosis of synaptic
elements secondary to inflammation or “binge eating” vs micro-
glial phagocytosis of damaged synaptic elements to limit addi-
tional indiscriminate attack on functional synapses) may be
occurring in our model, thus complicating the interactions be-
tween these cell types. As yet, we are unable to experimentally
distinguish between these phenomena. We summarize these
changes in microglial morphology and neuronal interactions af-
ter exposure to Tat in Figure 10.

Future research will focus on determining which cell type or
types are responsible for these results by generating a microglial-
specific LRRK2 KO animal using the CX3C chemokine receptor
1-Cre recombinase estrogen receptor strategy (Wolfet al., 2013),
utilizing both intravital microscopy and microfluidic culture
techniques to establish the relative contributions of macro-
phages/microglia and neutrophils in synaptodendritic damage.
In conclusion, we propose that LRRK2 plays an essential role in
regulating neuroinflammation and neurotoxicity in our HAND
models.
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