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Human immunodeficiency virus (HIV)-associated neurocognitive disorders (HAND) is a significant source of disability in the HIV-
infected population. Even with stringent adherence to anti-retroviral therapy, �50% of patients living with HIV-1 will develop HAND
(Heaton et al., 2010). Because suppression of viral replication alone is not enough to stop HAND progression, there is a need for an
adjunctive neuroprotective therapy in this population. To this end, we have developed a small-molecule brain-penetrant inhibitor with
activity against mixed-lineage kinase 3 (MLK3), named URMC-099. MLK3 activation is associated with many of the pathologic hallmarks
of HAND (Bodner et al., 2002, 2004; Sui et al., 2006) and therefore represents a prime target for adjunctive therapy based on small-
molecule kinase inhibition. Here we demonstrate the anti-inflammatory and neuroprotective effects of URMC-099 in multiple murine
and rodent models of HAND. In vitro, URMC-099 treatment reduced inflammatory cytokine production by HIV-1 Tat-exposed microglia
and prevented destruction and phagocytosis of cultured neuronal axons by these cells. In vivo, URMC-099 treatment reduced inflamma-
tory cytokine production, protected neuronal architecture, and altered the morphologic and ultrastructural response of microglia to
HIV-1 Tat exposure. In conclusion, these data provide compelling in vitro and in vivo evidence to investigate the utility of URMC-099 in
other models of HAND with the goal of advancement to an adjunctive therapeutic agent.

Introduction
Despite continued advances in combination antiretroviral ther-
apy (cART) that have turned human immunodeficiency virus-1

(HIV-1) infection into a medically manageable disease, HIV-1-
associated neurocognitive disorders (HAND) persist, prompting
the need for adjunctive therapy. Sixteen years after it was origi-
nally defined, HAND received a nosological update as a disease
entity that reflects its changing phenotype(s) and its impact on
people living with HIV-1 (Antinori et al., 2007). Although debate
continues over the incidence of the mildest form of HAND (Giss-
lén et al., 2011), the overall prevalence in HIV-infected patients
the United States has exceeded 50% (Heaton et al., 2010), which
is significantly greater in the post-cART era during the medically
asymptomatic stage of HIV-1 infection (Heaton et al., 2011).

Damage to synaptodendritic architecture from viral proteins
and proinflammatory mediators, with failure of activity-
dependent neuronal networks, are substrates for HAND (Bellizzi
et al., 2005; Ellis et al., 2007). However, the Phase II, randomized,
double-blind, placebo-controlled trial (ClinicalTrials.gov Trial
NCT00000867) with the uncompetitive NMDA receptor antag-
onist memantine given with cART failed to demonstrate long-
term efficacy against HAND (Zhao et al., 2010), suggesting that
anti-excitotoxic agents alone are unlikely to be first-line adjunc-
tive therapy. The search for other “druggable” targets important
to neuroinflammatory events that occur upstream and down-
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stream of excitotoxic damage to synapses in HAND led us to
investigate roles for mixed-lineage kinase type 3 (MLK3; also
known as MAP3K11) in preclinical models of HAND. MLK3 is
expressed in neurons (Maroney et al., 2001) and CNS immune
effector cells (Wang et al., 2010) and is activated by cellular and
metabolic stress (Jaeschke and Davis, 2007).

In vitro studies with the nonspecific MLK inhibitor CEP-1347
had previously demonstrated protection against HIV-1 gp120-
mediated neurotoxicity to rodent hippocampal and dorsal root
ganglion neurons (Bodner et al., 2002, 2004). We subsequently
showed that both HIV-1 Tat and gp120 induced autophosphor-
ylation of MLK3 in rodent neuronal cultures, which could be
inhibited by CEP-1347 (Sui et al., 2006). Additionally, CEP-1347
was neuroprotective under these conditions and reversed the
proinflammatory phenotype of human monocytes exposed to
Tat and gp120 (Sui et al., 2006). Studies with a dominant-
negative MLK3 mutant confirmed the specificity of MLK3 signal-
ing in mediating neurotoxicity after exposure to Tat (Sui et al.,
2006). Subsequently, we used a murine model of HIV-1 enceph-
alitis to demonstrate that administration of CEP-1347 prevented
microgliosis, reversed macrophage production of toxic inflam-
matory mediators after HIV-1 infection, and restored normal
synaptic architecture (Eggert et al., 2010).

Bolstered by our data supporting MLK3 as a crucial neuro-
pathogenetic target in our preclinical models of HAND and be-
cause of limitations in the kinase specificity and CNS profile of
CEP-1347, we synthesized an entirely new chemical entity for
MLK3 inhibition with drug-like properties and a favorable CNS,
metabolic and toxicity profile. We now report that our lead com-
pound, URMC-099, robustly inhibits microglial release of in-
flammatory mediators and pathologic clearance of synaptic and
axonal elements in in vitro and in vivo models of HAND.

Materials and Methods
URMC-099, a new MLK3 inhibitor: synthesis and formulations. URMC-
099, based on a pyrrolopyridine scaffold with an aryl piperazine side
chain, was the result of optimization of hits discovered from a large
screening campaign for inhibitors of MLK3 with nanomolar potency
using BioFocus SoftFocus kinase inhibitor libraries. URMC-099 was syn-
thesized and optimized at Califia Bio to provide the following: (1) high
potency in a biochemical MLK3 inhibition assay; (2) activity in macro-
phages versus a relevant panel of cytokines of validated importance in
HAND; (3) metabolic stability; (4) CNS penetration, as evidenced by
pharmacokinetic studies in which the brain concentration against time
after 10 mg/kg intravenous administration of URMC-099 in C57BL/6
mice yielded a brain area-under-the-curve of �5000 �g � kg �1 � h �1 and
CNS concentrations above the in vitro IC50 for MLK3 inhibition for �6
h; and (5) confirmation of reasonable exposure on oral dosing [Com-
pound 32, Patent WO 2010/068483 A2 (Gelbard et al., 2010)].

For all in vitro experiments, we prepared a 1000� stock solution of 100
�M URMC-099 in sterile dimethylsulfoxide (DMSO; D-8779; Sigma).
For in vivo intraperitoneal injection, we dissolved 20 mg of URMC-099 in
0.5 ml of DMSO and diluted the URMC-099/DMSO solution in a mix-
ture of 4 ml of polyethylene glycol 400 (PEG400; 91893-250-F; Sigma)
and 5.5 ml of sterile saline (Hospira National Drug Code NDC0409-
4888-10), resulting in a final 2 mg URMC-099/ml working solution
(containing 5% DMSO). All mice treated with URMC-099 received a
dose of 10 mg/kg every 12 h throughout the duration of the experiment.
We pretreated mice with three doses of URMC-099 starting 36 h before
stereotactic injection for immunohistochemistry (IHC), in vivo cytokine
measurement, two-photon in vivo imaging, and electron microscopy
experiments.

BV-2 cell line culture. We cultured and maintained the BV-2 cell line as
described previously (Marker et al., 2012). For the Western blot experi-
ments, we plated 4 � 10 5 BV-2 cells on poly-D-lysine (PDL; P1149;
Sigma) coated six-well plates (3516; Corning) for 36 h before treatment.

For the quantitative RT (qRT)-PCR and multiplex ELISA experiments,
we plated 1 � 10 5 BV-2 cells on PDL-coated 12-well plates (3513; Corn-
ing) for 12 h before treatment. We treated the cells with various combi-
nations of HIV-1 Tat1–72 (purchased from Philip Ray, University of
Kentucky, Lexington, KY), HIV-1 Tat101 (purchased from Philip Ray,
University of Kentucky), DMSO, PBS (21-040-CV; Cellgro), and 100 nM

URMC-099 in DMSO.
Western blotting. We harvested cells by scraping in cell lysis buffer with

protease inhibitors (p8340; Sigma) and phosphatase inhibitors (524629;
Calbiochem). We mixed 12 �g of sample with loading dye, boiled the
sample for 5 min, and ran it on a 4 –15% SDS-PAGE gel (456-1086;
Bio-Rad) at 100 V. We transferred the gel onto a nitrocellulose mem-
brane at 100 V for 66 min on ice. We blocked membranes in 5% milk in
1� Tris-buffered saline with 0.05% Tween 20 (TBS-T) for 1 h at room
temperature with shaking. We applied primary antibodies overnight at
4°C as follows: rabbit anti-phospho-Jun N-terminal kinase (JNK)
(4668P; Cell Signaling Technology), 1:2000 in 5% milk TBS-T and
mouse anti-phospho p38 (4511; Cell Signaling Technology), 1:1000 in
5% bovine serum albumin (BSA) TBS-T. We washed membranes three
times in TBS-T for 10 min each wash. We applied appropriate horserad-
ish peroxidase-conjugated secondary antibody (170-6515 and 170-6516;
Bio-Rad) at a concentration of 1:11,000 in 5% milk TBS-T for 45 min at
room temperature with shaking. We washed membranes three times in
TBS-T and applied enhanced chemiluminescence substrate (34076 and
34080; Thermo Fisher Scientific) for 3 min. We exposed and developed
membranes on film (34091; Thermo Fisher Scientific).

To control for variations in protein loading, we stripped the mem-
branes (2504; Millipore) and blocked them in 5% milk TBS-T for 30 min.
We applied mouse anti-�-tubulin (T5168; Sigma) in 5% milk TBS-T
overnight with shaking. We repeated the process of washing, secondary
application, and developing to obtain the �-tubulin loading control blot.
We obtained optical density measurements using NIH ImageJ.

Rodent primary hippocampal culture. We dissected embryonic day 18
(E18) rat pups to obtain primary hippocampal neurons for our micro-
fluidic coculture experiments. We explanted, plated, and maintained the
neurons in Neurobasal media (21103-049; Invitrogen) supplemented
with 3% FBS (F-0500A; Atlas Biologicals), B27 plus antioxidants (17504-
044; Invitrogen), 2 mM GlutaMax (35050; Invitrogen), and 50 �M

L-glutamic acid (G5889-100G; Sigma).
qRT-PCR. We isolated RNA from BV-2 cells and synthesized cDNA as

described previously (Marker et al., 2012). We used Invitrogen TaqMan
universal PCR mix (4304437; Invitrogen) with Invitrogen TaqMan primers
and probed for tumor necrosis factor � (TNF�) (Mm00443258_m1),
interleukin-6 (IL-6) (Mm00446190_m1), monocyte chemoattractant
protein-1 (MCP-1) (Mm00441242_m1), IL-10 (Mm00439614_m1), and
18S rRNA (Mm03928990_g1). We ran the samples on an Applied Biosys-
tems 7300 Real-Time PCR machine. We normalized the data to the 18S
rRNA internal control and determined fold change in gene expression using
the Delta-Delta threshold cycle (��CT) method (Livak and Schmittgen,
2001).

Luminex multiplex ELISA. We collected 0.5 ml of supernatant from
BV-2 cells exposed to the various experimental conditions and froze the
samples rapidly at �80°C. We used the Mouse Cytokine/Chemokine
Magnetic Bead Panel (MCYTOMAG-70K; Millipore) to analyze the cy-
tokine concentration of the supernatants. We used the following anti-
body coated beads in our analysis: TNF� (MCYTNFA-MAG), IL-6
(MCYIL6-MAG), MCP-1 (MCYMCP1-MAG), IL-10 (MIL10-MAG),
and IL-4 (MIL4-MAG). We sonicated and vortexed the beads and com-
bined them in assay buffer (L-AB) up to a total volume of 3 ml. We
reconstituted the mouse cytokine standard (MXM8070-2) in ddH2O and
performed a serial dilution to obtain standards of 10,000, 2000, 400, 80,
16, and 3.2 in assay buffer. We washed the plate with the included wash
buffer (L-WB), added 25 �l of assay buffer to each well, and then added
25 �l of sample supernatant, protein lysate, or standard cytokine dilution
to the appropriate wells. We then added 25 �l of the antibody bead mix to
each well, sealed the plate, and incubated the beads at 4°C on a shaker
overnight. Using the handheld magnetic separator block to retain the
beads, we washed the plate twice in wash buffer. We then added 25 �l of
detection antibodies (MXM1070-1) to each well, sealed the plate, and
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incubated at room temperature for 1 h with agitation. Finally, we added
25 �l of streptavidin–phycoerythrin (L-SAPE3; Millipore) to each well,
sealed the plate, and incubated with agitation for 30 min at room tem-
perature. We washed the beads two times with wash buffer and then
resuspended them in 150 �l of sheath solution. We ran the plate on a
Millipore Luminex 200 machine with xPONENT 3.1 software. Using the
standard curves for each cytokine, we obtained absolute concentrations
for the various experimental conditions for all cytokines measured. Note
that we found no IL-4 present in any of our experimental conditions and
thus excluded it from our analysis.

Latex bead phagocytosis assay. We used a latex bead assay to determine
the phagocytic activity of BV-2 cells as described previously (Marker et
al., 2012). Briefly, we plated 1 � 10 5 BV-2 cells on PDL-coated 12-well
plates 12 h before treatment and then treated the cells with 0.5 �g/ml
Tat1–72, 1 �l/ml PBS, 1 �l/ml DMSO, and/or 100 nM URMC-099 with 1
�l/ml DMSO in a total of 1 ml of maintenance media. After 2, 4, 8, or 12 h
had passed, we added 6 �l of a suspension of 0.8 �m deep blue dyed
uncharged latex beads (L1398; Sigma) and cultured the cells for an addi-
tional 1.5 h. We washed, scraped, and collected the cells in 200 �l of PBS.
We then sonicated the cell suspension and read the absorbance of the
resulting solution on a spectrophotometer at 595 nm to quantify the
relative number of beads that had been engulfed per well.

Microfluidic chambers. We created microfluidic chambers based on the
protocol of Park and colleagues as described previously (Park et al., 2006;
Marker et al., 2012). The microfluidic chambers contain two compart-
ments connected by 400 �m long � 10 �m wide � 3 �m high channels
that allow physical and fluidic separation of axons and cell bodies. We
used the chambers after plating E18 primary rodent hippocampal neu-
rons at 0 d in vitro (DIV) in the somal compartment for experiments at 7
DIV. We imaged the axonal compartment on an Olympus IX70 inverted
microscope with a 10� objective. We captured images with a PCO.edge
camera controlled with the NIH acquisition software Micromanager
(Edelstein et al., 2010). We then added 40 �l of a 2.5 � 10 6 cells/ml
suspension of BV-2 cells in the neuronal cell culture media with a com-
bination of 1 �l/ml DMSO, 1 �g/ml HIV-1 Tat101, and/or 100 nM

URMC-099 with 1 �l/ml DMSO to the axonal compartment. The vol-
ume gradient (100 �l somal compartment vs 40 �l axonal compartment)
ensured that no soluble treatment factors reached the soma compart-
ment. After 18 h of coculture, we obtained posttreatment bright-field
images and fixed the cells in 4% paraformaldehyde (PFA; S898-07; J.T.
Baker) and 4% sucrose (8510; EM Science) in 1� PBS for 10 min at 4°C.
We washed the cells with 1� PBS and stored the fixed cells at 4°C in 1�
PBS for immunocytochemistry (ICC). We compared the pretreatment
and posttreatment bright-field images to determine the elimination rate
of the axons. We used the NIH ImageJ plugin NeuronJ to quantify the
length of the axons past the microfluidic barrier before and after treat-
ment (Meijering et al., 2004; Schneider et al., 2012).

ICC. We performed ICC of microfluidic chambers as described previ-
ously (Glynn and McAllister, 2006; Marker et al., 2012). We used the
following antibodies in our analysis: mouse anti-Tau5 at 1:500 (577801;
Calbiochem), rabbit anti-Synapsin-1 at 1:500 (5297S; Cell Signaling
Technology), rat anti-CD11b at 1:200 (MCA711; Serotech), and various
Alexa Fluor-conjugated secondary antibodies at 1:500 (Invitrogen). We
used the Prolong Gold mounting agent with DAPI (P36935; Invitrogen)
to mount the coverslips and prevent photobleaching. We imaged the
sections with a Hamamatsu ORCA-ER camera on an Olympus BX-51
upright microscope with Quioptic Optigrid optical sectioning hardware.
We controlled the acquisition with the Volocity 3DM software
(PerkinElmer Life and Analytical Sciences).

Bone marrow chimeras. We engrafted CD45.1 mice with heterozygous
CX3CR1/GFP �/� bone marrow as described previously (Lu et al., 2011).
Briefly, we lethally irradiated 8-week-old CD45.1 host mice with 9 Gy ofFigure 1. URMC-099 blocks phosphorylation of the MLK3 target JNK in BV-2 cells after HIV-1

Tat exposure. We pretreated BV-2 cells for 1 h with 1 �l DMSO/ml maintenance media or 100 nM

URMC-099 in 1 �l DMSO/ml maintenance media. We then treated the cells with either 1 �l/ml
saline or 1 �g/ml HIV-1 Tat101 for 30 min. We collected the cell lysate and performed Western
blotting to determine levels of phospho-JNK and phospho-p38. A, Representative blot for
phospho-JNK. There was no basal level of phospho-JNK in either saline condition. Tat treatment
significantly induced both p54 (B) and p46 (C) phospho-JNK isoforms. URMC-099 treatment
significantly decreased the levels of phosphorylation of both isoforms. D, Representative blot

4

for phospho-p38. E, Tat treatment significantly induced p38 phosphorylation at this time point,
and URMC-099 treatment slightly reduced levels of phospho-p38 in the Tat-treated condition.
*p � 0.05, ***p � 0.001. We analyzed B, C, and E by one-way ANOVA with Newman–Keuls
post hoc test. Error bars indicate SEM. Sa, Saline; Tub., tubulin; UR, URMC-099.
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gamma radiation from a cesium source. We head shielded all of the mice
to prevent any radiation-induced neuroinflammation or damage (Ajami
et al., 2007; Mildner et al., 2007). We killed 8- to 12-week-old CX3CR1/
GFP �/� donor mice by CO2 asphyxiation and collected the bone mar-
row from the femurs and tibias in Dulbecco’s PBS (dPBS; 21-030-CV;
Cellgro). We lysed the red blood cells with ACK lysing buffer (10-548E;
Lonza), washed twice in sterile dPBS, and resuspended the cells at a
concentration of 5 � 10 7 cells/ml. We injected 200 �l of this cell suspen-
sion into the tail veins of the irradiated host mice. We allowed the mice to
recover for 4 weeks before performing any experimental manipulations.

In vivo Tat exposure model. We performed stereotactic injections with
3 �l of sterile PBS or 3 �l of 3 �g/�l HIV-1 Tat1–72 in sterile PBS as
described previously (Marker et al., 2010; Lu et al., 2011). We used a mix
of both male and female mice for all in vivo experiments, except for the
chimera IHC experiments in which we used only male mice. For chimera
IHC experiments, in vivo cytokine measurement experiments, and im-

munoelectron microscopy experiments, we performed a stereotactic in-
jection at the coordinates 1.0 mm posterior to bregma, 1.0 mm lateral left
of bregma, and 0.7 mm ventral to the pial surface. We used a 35 gauge
needle with a 10 �l Hamilton syringe, which was coated with Sigmacote
(SL-2; Sigma) to prevent the Tat from sticking to the inside of the syringe,
controlled by a micro-syringe pump (Micro4; World Precision Instru-
ments). We injected at a flow rate of 80 nl/min to minimize injury oc-
curring as a result of the injection pressure. For two-photon thin-skull
cortical window (TSCW) experiments, the exact injection coordinates
varied within motor and somatosensory cortex but were always 3.0 mm
away from the imaging site in visual cortex on the ipsilateral side of the
brain and were always 0.7 mm ventral to the pial surface.

IHC. We killed animals by pentobarbital overdose and transcardially
perfused them with periodate-lysine–3.5% PFA (PLP) fixative (McLean
and Nakane, 1974). We postfixed the brains in 3.5% PLP overnight and
then stored them in 1� PBS at 4°C. We cut the brains into 40-�m-thick

Figure 2. URMC-099 reduces in vitro microglial activation in response to HIV-1 Tat1–72. We treated microglial BV-2 cells with HIV-1 Tat (0.5 �g/ml) for 4, 8, and 12 h and measured the production
of TNF�, IL-6, MCP-1, and IL-10 (A–D, respectively), with and without URMC-099 (100 nM) treatment. We measured cytokine mRNA using qRT-PCR (��CT), normalized the transcript to 18S rRNA,
and displayed the data as fold change relative to the saline control. We measured the soluble cytokine protein in the supernatant using the Luminex ELISA method and displayed the data as an
absolute concentration. Control bars represent conditions with 12 h of treatment with either PBS (1 �l/ml cell culture media) or DMSO (1 �l/ml cell culture media). We quantified data from three
independent experiments. E, HIV-1 Tat induces microglial phagocytosis. We treated BV-2 cells with HIV-1 Tat for 0, 2, 4, 8, and 12 h and then exposed the cells to 0.8 �m latex beads for 90 min to
measure the phagocytic activity of the cells. We quantified the data from three independent experiments. F–H, URMC-099 blocks HIV-1 Tat-induced increase in phagocytosis. F, G, Representative
bright-field images of BV-2 cells treated with HIV-1 Tat and HIV-1 Tat plus URMC-099 for 12 h and then exposed to 0.8 �m latex beads for 90 min, respectively (20� magnification). H, We treated
BV-2 cells with saline, DMSO, URMC-099, HIV-1 Tat, and HIV-1 Tat plus URMC-099 for 12 h and then exposed the cells to 0.8 �m latex beads for 90 min. We quantified data from three independent
experiments. *p � 0.05, **p � 0.01, ***p � 0.001. We analyzed A–D by two-way ANOVA, no sample matching with a Bonferroni’s post hoc test and E and H by one-way ANOVA with
Newman–Keuls post hoc test. Error bars indicate SEM. UR, URMC-099.
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sections on a vibratome (Leica V1000) and
stored them in a cryoprotectant mixture of 30%
PEG300 (PX1286A-2; EMD Millipore), 30%
glycerol (56-81-5; Alfa Aesa), 20% 0.1 M phos-
phate buffer, and 20% ddH2O at �20°C. We per-
formed free-floating-section IHC as described
previously (Lu et al., 2011) with modification.
We washed the sections three times for 30 min in
PBS to remove the cryoprotectant. We prepared
the primary antibody mixture in 1.5% BSA
(A3294; Sigma), 3% normal goat serum (NGS;
S1000; Vector Laboratories), 0.5% Triton X-100
(H5142; Promega), and 1.8% NaCl in 1� PBS.
We used the following antibodies in these exper-
iments: rabbit anti-Iba1 at 1:1000 (019-19741;
Wako Biochemicals), mouse anti-microtubule-
associate protein 2 (Map2) at 1:500 (M4403;
Sigma), rat anti-7/4 at 1:1000 (AB53547; Ab-
cam), and rabbit anti-Synapsin-1 at 1:400 (5297;
Cell Signaling Technology). We incubated the
sections in the primary antibody mixture for 2 d
at room temperature with agitation and an addi-
tional 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 1� PBS with
1.8% NaCl and prepared the Alexa Fluor-
conjugated antibodies (1:500; Invitrogen) in the
same staining mixture described above. We incu-
bated the sections in secondary antibody over-
night at room temperature with agitation.
Finally, we washed the sections three times with
1� PBS, mounted the sections on slides, and cov-
erslipped the slides with #1.5 cover glass and Pro-
long Gold mounting agent with DAPI. For
sections that received costaining against Iba1 and
GFP, we first performed primary and secondary
staining against Iba-1 as described above. To label
GFP, we performed two additional 30 min
washes in 1� PBS with 1.8% NaCl after the sec-
ondary antibody incubation. We then blocked
the sections for 30 min in 1.5% BSA, 3% NGS,
0.5% Triton X-100, and 1.8% NaCl in 1� PBS
with the addition of 3% normal rabbit serum
(S5000; Vector Laboratories). We then incubated
the sections overnight in the above mixture plus a
1:1000 concentration of the rabbit anti-GFP–Al-
exa Fluor 488-conjugated antibody (A11122; In-
vitrogen). We washed and mounted the sections
normally after these additional steps. We imaged
the sections as described in above (see ICC).

In vivo cytokine analysis. We killed animals
by pentobarbital overdose and transcardially
perfused them with ice-cold saline for 15 s. We
then rapidly removed the brain, placed it on
ice, blocked the brain with a razor blade, and
rapidly froze the tissue on dry ice. We prepared
a 30 – 40 mg section of brain that included the
injection site for analysis. We homogenized the
brain sections in 750 �l of a solution of 1� TBS
and 0.05% Tween 20, with protease and phos-
phatase inhibitors (161280; Thermo Fisher Scientific) using Wheaton
glass homogenizers. We freeze-thawed the lysates one time and then spun
them for 10 min at 14,000 relative centrifugal force to remove the insoluble
debris. Using the Bio-Rad DC protein detection assay (500-0111; Bio-Rad),
we measured and equalized the protein concentration of all of the brain
lysate samples to 2.1 �g/ml. We then analyzed 25 �l of the samples using the
Luminex multiplex ELISA system as described in the previous section.

TSCW two-photon microscopy. We performed TSCW microscopy as
described previously (Marker et al., 2010). We imaged mice on either a

custom Olympus FluoView 300 two-photon microscope with 20�
water-immersion objective (Majewska et al., 2000) or on a commercial
Olympus FluoView 1000 two-photon system with a 25� water-
immersion objective. We imaged 8- to 12-week-old double-transgenic
Thy1 yellow fluorescent protein (YFP) h-line, CX3CR1/GFP �/� mice
before and 24 h after experimental treatment. We split the GFP and YFP
signals using a 509 nm dichroic (Semrock) and appropriate emission
filters. We captured dual-channel 40 �m z-stacks in layers I and II of
visual cortex at a resolution of 1024 � 1024 pixels with a 0.138 � 0.138 �

Figure 3. URMC-099 prevents microglial phagocytosis of axons in vitro. We grew primary rat hippocampal neurons in micro-
fluidic chambers for 7 d, during which time they established a robust axonal arbor (A, C, E). We then plated BV-2 cells on top of the
axonal arbor and treated the cells and axons with DMSO (1 �l/ml) (B), HIV-1 Tat101 (1 �g/ml) and DMSO (D), or HIV-1 Tat and
URMC-099 (100 nM) in DMSO (F) for 18 h. Scale bars, 50 �m. We fixed and stained microfluidic chambers treated with DMSO (G,
10� magnification; H, 40� magnification), Tat and DMSO (I, J), and Tat and URMC-099 (K, L) for DAPI (dark blue), the microglia
marker CD-11b (light blue), and the axonal markers Tau-5 (green) and Synapsin-1 (red). Arrows highlight neuronal positive
inclusions inside microglia. 10� magnification images shown are a single z-plane; 40� magnification images are an accumula-
tive z-projection of a 4 �m z-stack with a 0.2 �m step. Scale bars: 10� images, 60 �m; 40� images, 16 �m. We quantified the
percentage of axons remaining (M) and the average length of the axons past the microfluidic barrier (N) in the three conditions
from three independent experiments. ***p � 0.001. We analyzed data depicted in M by one-way ANOVA with Newman–
Keuls post hoc test and data depicted in N by two-way ANOVA, no sample matching with Bonferroni’s post hoc test. Error
bars indicate SEM.
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1 �m voxel size. We performed final YFP/GFP separation digitally using
the PerkinElmer Life and Analytical Sciences Volocity software.

Amira image analyses. We used the Amira image analysis software to
determine the morphologic characteristics of microglia imaged with
TSCW two-photon microscopy. We imported single-channel z-stacks of
fields of microglia and ran the Median Noise Reduction function to
remove the pixelated noise associated with the use of photo-multiplier
tubes. We then segmented and labeled the individual microglia via man-
ually guided thresholding. We used the Center Line Tree algorithm func-
tion to create skeleton trees of the labeled microglia. Finally, we obtained
volume measurements from the labeled microglia via the Material Sta-
tistics function and process measurements from the skeleton trees via the
Spatial Graph Statistics function.

Immunoelectron microscopy. We anesthetized CX3CR1/GFP �/� mice
(8 –12 weeks of age) for electron microscopy analyses with sodium pen-
tobarbital and perfused them through the aortic arch with 3.5% acrolein,
followed by 4% PFA (Tremblay et al., 2010b). We killed groups of ani-
mals at both 24 h and 7 d with and without URMC-099 treatment after
Tat or PBS (control) injections. We cut transverse sections of the brain
(50 �m thick) in ice-cooled PBS with a vibratome, immersed them in
0.1% sodium borohydride for 30 min at room temperature, washed them
in PBS, and processed the free-floating sections following a preembed-
ding immunoperoxidase protocol as described previously (Tremblay et
al., 2010b). Briefly, we rinsed sections in PBS, preincubated them for 2 h
at room temperature in a blocking solution of PBS containing 5% NGS
and 0.5% gelatin, incubated them for 48 h at room temperature in rabbit
anti-Iba1 antibody (1:1000 in blocking solution; 019-19741; Wako), and
then rinsed them in PBS. We then incubated the sections for 2 h at room
temperature in goat anti-rabbit IgG conjugated to biotin (Jackson Im-
munoResearch) and then with streptavidin– horseradish peroxidase
(Jackson ImmunoResearch) for 1 h at room temperature in blocking
solution. We revealed the labeling with diaminobenzidine (0.05 mg/ml)
and hydrogen peroxide (0.03%) in buffer solution (Vector Laboratories).
We then postfixed the sections flat in 1% osmium tetroxide, dehydrated
them in ascending concentrations of ethanol (some sections were treated
with 0.2% uranyl acetate in 70% ethanol during the dehydration steps),
treated them with propylene oxide, impregnated them in Durcupan
(Electron Microscopy Sciences) overnight at room temperature,
mounted them between ACLAR embedding films (Electron Microscopy
Sciences), and cured them at 55°C for 48 h.

We mounted tissue from selected regions of visual or somatosensory
cortex, located between 2 and 3 mm from the injection site, onto plastic
blocks and collected ultrathin sections on copper grids (bare square mesh
or pioloform-coated single slots). We enhanced the section contrast with
lead citrate staining. We examined the grids using a Hitachi 7650 or a
JEOL 1011 electron microscope. The immunoperoxidase labeling
showed good penetration into the tissue, so we were able to sample
material away from the tissue–resin interface. We collected data using
two different methods, both blind to the experimental conditions. First,
we obtained a series of lower-power, 20,000� magnification images
randomly from the block. We took the images from randomly se-
lected regions of the neuropil, taking care only to avoid the tissue
resin interface or other ultrastructural flaws. Second, we obtained a
series of higher-power, 40,000� magnification images. For these im-
ages, we attempted to include immunolabeled elements in the image
without consideration of what the elements were. We obtained images in
the superficial cortical layers using a Gatan Erlangshen ES1000W or Gatan
785 camera. We converted the images to TIFF files using Gatan Digital Mi-
crograph software.

We analyzed a total surface area of �2 � 10 3 �m 2 in each animal. We
identified microglia, astrocytes, oligodendrocytes, and neurons accord-
ing to defined criteria (Peters et al., 1991; Oster-Granite et al., 1996;
Turmaine et al., 2000; Peters and Sethares, 2004; Yang et al., 2008; Trem-
blay et al., 2010a).

Statistical analyses. We performed all of our statistical analyses using
the GraphPad Prism statistical software. We defined significance 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 test. For experiments

with multiple conditions over multiple time points, we used the two-way
ANOVA with Bonferroni’s post hoc test.

Results
URMC-099 exerts anti-inflammatory effects on
cultured microglia
MLK3 exerts a well-characterized effect on activation of JNK
(Gallo and Johnson, 2002). Therefore, we tested whether URMC-
099 effectively inhibited MLK3 regulated pathways in BV-2 mi-
croglial cells by measuring the phosphorylation levels of JNK and
p38 MAP kinases in Tat exposed cultures, with and without 100
nM URMC-099 treatment. We used a 100 nM concentration of
URMC-099 in our in vitro models because this concentration is
10 times higher than the Ki of URMC-099 for MLK3 and should
provide complete blockade of MLK3 signaling in vitro. A 30 min
exposure to HIV-1 Tat101 resulted in a rapid induction of both
p46 and p54 phospho-JNK (Fig. 1A–C). Cotreatment with
URMC-099 resulted in a statistically significant, 70% reduction
in JNK activation, as assessed by quantitation of both p46 and p54
phospho-JNK (Fig. 1B,C). Tat treatment significantly increased
phosphorylation of p38 and URMC-099 cotreatment only re-
sulted in a small 10% reduction in p38 phosphorylation (Fig.
1D,E). These results are consistent with previous studies of
MLK3�/� fibroblasts, which showed that genetic ablation of
MLK3 prevented JNK activation both in response to TNF� and
after exposure to stress-promoting free fatty acids (FFAs) but had
no effect on TNF�- or FFA-mediated activation of p38 MAP
kinase (Gallo and Johnson, 2002; Brancho et al., 2005).

To determine whether URMC-099 had potential as a treat-
ment for HAND-associated neuroinflammation, we measured
the production of various HAND-associated cytokines in micro-
glia exposed to HIV-1 Tat with and without URMC-099 treat-

Figure 4. URMC-099 does not alter the peripheral cellular immune response to cortical HIV-1
Tat injection. We performed bone morrow transplantation in lethally irradiated 8-week-old
CD45.1 mice with CX3CR1/GFP �/� donor bone marrow and allowed the mice to recover for 4
weeks. We then injected either 3 �l of sterile PBS (A–C) or 3 �l of 3 �g/�l HIV-1 Tat 700 �m
deep into somatosensory cortex. The mice receiving Tat were either not treated (D–F) or were
treated with intraperitoneal injections of 10 mg/kg URMC-099 twice a day before and after Tat
exposure (G–I). We killed the mice 24 h, 7 d, and 28 d after Tat injection and collected the tissue
for immunohistochemical analysis. We stained for the neutrophil marker 7/4 (white), GFP
(green), which was present only in monocytes derived from the peripheral bone marrow, and
the monocyte/microglia marker Iba-1 (red). Images shown were acquired using a 20� air
objective and are shown as an accumulative z-projection of a 16 �m z-stack with a 0.5 �m
z-step. Scale bars, 32 �m.
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ment. We used the BV-2 cell immortalized mouse microglia line
for these experiments, because these cells have been shown to act
similarly to primary microglia in culture (Bocchini et al., 1992).
We found that URMC-099 treatment significantly decreased the
production of TNF�, IL-6, and MCP-1 after various durations of
Tat exposure at both the transcript and protein levels (Fig. 2A–C,
respectively). URMC-099 had no effect on the expression of IL-
10, a cytokine with classical anti-inflammatory effects (Fig. 2D).
Although 100 nM URMC-099 significantly reduced the levels of
Tat induced proinflammatory cytokine expression, it did not
normalize the cytokine production to control levels.

We then examined the effect of Tat and URMC-099 treatment
on microglial phagocytosis. For our initial studies, we used a basic
colored latex bead assay to measure the phagocytic activity of
microglia exposed to Tat for various durations. By 4 h of Tat
exposure, BV-2 cells significantly increase their level of phago-
cytic activity in this model system (Fig. 2E,F). For subsequent
experiments, we examined the 12 h exposure time point, because
this exposure led to the greatest increase in phagocytic activity.
Treatment of Tat-exposed microglia with 100 nM URMC-099
significantly decreased the phagocytic activity of the BV-2 cells to
saline-treated control levels (Fig. 2G,H).

We used a microfluidic chamber microglia/neuronal coculture
system developed by our laboratory to determine whether the reduc-
tion in cytokine release and phagocytosis would potentially have a
neuroprotective effect. We exposed axons of 7 DIV neuronal cul-
tures to BV-2 cells that received treatment of one of the following
conditions: (1) DMSO alone (Fig. 3A,B,G,H), (2) HIV-1 Tat101 and
DMSO (Fig. 3C,D,I,J), or (3) HIV-1 Tat101, 100 nM URMC-099 in
DMSO (Fig. 3E,F,K,L) for 18 h. We found that axonal fields ex-
posed to DMSO-treated BV-2 cells remained nearly wholly intact
(Fig. 3A,B), with BV-2 cells growing on top of healthy axons and
axon remodeling around BV-2 cells (Fig. 3H). Conversely, axons
exposed to Tat-treated BV-2 cells were almost completely eliminated
(Fig. 3C,D). This elimination was accompanied by the presence of
axonal marker-positive inclusions inside microglia, indicating
phagocytosis (Fig. 3J). URMC-099 treatment preserved the majority
of the axonal field, even in the presence of Tat and activated micro-
glia (Fig. 3E,F). Some phagocytosis of neuronal components re-
mained in the URMC-099-treated group, despite the overall
protection of the axonal field (Fig. 3L). When we quantified the
percentage of preserved axons (Fig. 3M) and the length of the re-
maining axons (Fig. 3N), we found that URMC-099 was able to
protect axons from the Tat-exposed microglia to the level of control
conditions (p � 0.001; Fig. 3, legend).

URMC-099 treatment has no effect on Tat-induced peripheral
immune cell recruitment to the CNS but does significantly
reduce Tat-induced inflammatory cytokine production in the
CNS
We next examined the effect of URMC-099 treatment in mice
receiving a single cortical injection of HIV-1 Tat protein. Our
previous work with hippocampal Tat exposure showed a massive
influx of peripheral monocytes and neutrophils coupled with
microglial activation (Lu et al., 2011). The first goal of our current

Figure 5. URMC-099 reduces Tat-induced inflammatory cytokine production in vivo. We
stereotactically injected either 3 �l of sterile PBS or 3 �l of 3 �g/�l HIV-1 Tat1–72 700 �m
deep into somatosensory cortex. We treated half of the mice receiving saline and half of the
mice receiving Tat with twice a day peritoneal injections of 10 mg/kg URMC-099. The other mice
were left untreated. After 24 h, we rapidly dissected and flash froze total brain tissue from
around the injection site and prepared protein lysates for Luminex protein analysis. We mea-
sured the levels of TNF-� (A), MCP-1 (B), IL-6 (C), and IL-10 (D) present in 50 �g of total brain
lysate for each animal. Tat exposure significantly increased levels of TNF-�, MCP-1, and IL-6
above saline control. URMC-099 treatment significantly decreased the production of these

4

cytokines, and, in the case of TNF� and IL-6, reduced production to saline control levels. URMC-099
had no effect on the levels of cytokines in saline-treated animals. Tat exposure did not significantly
induce production of IL-10, and URMC-099 treatment had no effect on IL-10 levels. Results are ex-
pressed as picograms of cytokine detected per milligrams of total brain protein lysate analyzed. *p�
0.05, **p � 0.01, ***p � 0.001. We analyzed data depicted in A–D by one-way ANOVA with New-
man–Keuls post hoc test. Error bars indicate SEM. Sa, Saline; UR, URMC-099.
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study was to determine whether URMC-099 had any effect on
Tat-mediated recruitment of immune cells into the CNS. We
examined the immune response with URMC-099 treatment 24 h,
7 d, and 28 d after Tat or PBS injection in CD45.1 mice with
allografted CX3CR1/GFP�/� bone marrow. We found that
URMC-099 treatment had no effect on neutrophil infiltration in
the brain parenchyma (Fig. 4A,D,G), as well as no effect on pe-
ripheral monocyte recruitment 7 d (Fig. 4B,E,H) or 28 d (Fig.
4C,F,G) after injection.

We then measured whether URMC-099 treatment reduced
inflammatory cytokine production in the CNS of mice receiving
a single cortical Tat injection. At the 24 h time point, we found
that Tat exposure caused significantly increased production of
TNF�, MCP-1, and IL-6 compared with saline-injected control
animals (Fig. 5A–C, respectively). Cotreatment with URMC-099
significantly reduced the production of MCP-1 and normalized
the production of TNF� and IL-6 to saline control levels. Neither
Tat nor URMC-099 treatment had any effect of IL-10 levels (Fig.
5D). These results indicate that, although Tat-induced peripheral
immune recruitment is not affected by URMC-099 treatment,
the inflammatory response of resident CNS immune cells and
peripheral immune cells that infiltrate the CNS after exposure to
Tat is inhibited by URMC-099 treatment.

URMC-099 is neuroprotective in mice exposed to HIV-1 Tat
Next, we examined neuronal integrity to determine whether
URMC-099 was neuroprotective. We examined the 28 d time
point, because our pilot experiments showed that this was the
time point of greatest Tat-induced neuronal damage in untreated
animals. We first examined the integrity of Map2. The loss of
Map2 immunoreactivity has been shown to be one of the major
correlates of HAND severity, and furthermore, HIV-1 Tat di-
rectly interferes with Map2 function (Masliah et al., 1997; Aprea
et al., 2006). Animals receiving PBS injection have no alteration
in Map2 immunostaining directly at the injection site (Fig. 6A),
as shown by the dense filamentous staining. Conversely, animals
exposed to HIV-1 Tat lose almost all of the filamentous Map2
immunoreactivity around the injection site (Fig. 6C). Continu-
ous treatment with URMC-099 before and after Tat exposure
partially preserved normal Map2 staining at the Tat injection site
(Fig. 6E). Finally, we quantified synaptic density at the injec-
tion site by measuring puncta of Synapsin-1, a marker for
axonal terminals. Tat exposure significantly decreased puncta
density at the injection site, and URMC-099 treatment re-
stored puncta density to control levels (Fig. 6 B, D, F, G; p �
0.001 by one-way ANOVA with Newman–Keuls post hoc test).
These results indicate that URMC-099 treatment is neuropro-
tective in this model.

URMC-099 alters the morphology and neuronal interactions
of microglia exposed to HIV-1 Tat
We then examined the effect of URMC-099 on microglia and
microglia–neuronal interactions in vivo, as a potential contribut-
ing factor for the preserved neuronal architecture. Using TSCW
two-photon microscopy, we observed the morphology of micro-
glia in the same cortical area before and after either PBS or Tat
injection. We found that microglia exposed to Tat (Fig. 7B) sim-
plified their process arbor, as measured by total process number
(Fig. 7E) and total process length (Fig. 7F), compared with PBS-
treated controls (Fig. 7A). We found that treatment with URMC-
099 had no effect on microglia in untreated animals (Fig. 7D–F,
Pre Injection). Tat-exposed microglia treated with URMC-099

Figure 6. URMC-099 protects cortical neurons from the effects of HIV-1 Tat exposure.
We performed bone marrow transplantation in lethally irradiated 8-week-old CD45.1
mice with CX3CR1/GFP �/� donor bone marrow and allowed the mice to recover for 4
weeks. We then stereotactically injected either 3 �l of sterile PBS or 3 �l of 3 �g/�l
HIV-1 Tat1–72 700 �m deep into somatosensory cortex. We treated half of the mice
receiving saline and half of the mice receiving Tat with twice a day peritoneal injections of
10 mg/kg URMC-099. The other mice were left untreated. We killed the mice 28 d after
stereotactic injection and collected the tissue for immunohistochemical analysis. We
stained tissue from mice receiving PBS (A), Tat alone (C), or Tat and URMC-099 treatment
(E) for the dendritic marker Map-2 (red) and the peripheral monocyte marker GFP (green).
Mice receiving Tat and URMC-099 treatment had preserved filamentous Map-2 staining
when compared with Tat alone. Scale bars, 60 �m. We then stained the tissue from the
same animals for Synapsin-1 (B, D, F, red staining) and quantified the number of Synapsin
puncta per volume at the injection site (G). Scale bars, 11 �m. ***p � 0.001. We analyzed
data depicted in G by one-way ANOVA with Newman–Keuls post hoc test. n � 5–7
animals per group. Error bars indicate SEM. UR, URMC-099.
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maintained control levels of process
number and process length. However,
these microglia were not morphologically
identical to control treated microglia, be-
cause they were significantly larger in vol-
ume than either PBS or Tat alone treated
microglia (Fig. 7D). Although the micro-
glia are not morphologically identical to
control microglia, the normalization of
the process arbor may indicate mainte-
nance of normal microglial function or
reduction in pathologic microglial ac-
tivity in the presence of Tat in URMC-
099-treated animals.

Finally, we examined the effect of
URMC-099 on the in vivo interaction
between microglia and neurons. Recent
studies by our group and collaborators
have demonstrated microglial contact
and engulfment of neuronal compo-
nents during normal plasticity, as well as
in neuroinflammation associated with
Tat exposure (Tremblay et al., 2010a,
2011; Lu et al., 2011). We hypothesized
that URMC-099 treatment might reduce
some of these pathologic interactions. Us-
ing TSCW two-photon microscopy, we
found that Tat exposure caused ex-
tended duration of microglia–neuronal
contact (Fig. 8A). Furthermore, we
found that Tat exposure led to a signif-
icant increase in the rate of dendritic
spine loss (Fig. 8 B, C; p � 0.05 by one-
way ANOVA with Newman–Keuls post
hoc test). URMC-099 treatment de-
creased the rate of spine elimination to
that of PBS-treated controls, again con-
firming its neuroprotective properties.

However, two-photon microscopy
does not have the spatial resolution to
confirm that microglia are actually con-
tacting or engulfing neuronal compo-
nents. To overcome this limitation, we
performed immunoelectron microscopic
analysis of brain tissues from Tat-exposed
mice, using Iba1 as a marker for microglia.
We replicated our previous findings,
demonstrating microglial contacts, both
phagocytic and nonphagocytic, with mul-
tiple neuronal components 24 h and 7 d
after Tat injection (Fig. 9A–D). The con-
tacted components were predominantly
nondegenerating, as revealed by their
light cytoplasm, intact organelles, and
cytoskeletal elements. URMC-099
treatment significantly reduced the
prevalence of microglial phagocytic in-
clusions, which prominently consisted
of ultrastructural features of myelinated
axons, and of direct contacts with myelinated axons in Tat-
treated animals at both 24 h and 7 d after injection (Fig. 9 E, F;
p � 0.001 by two-way ANOVA, no sample matching with
Bonferroni’s post hoc test). However, URMC-099 had no effect

on contacts with dendrites or astrocytes (Fig. 9G,H ). These
data further support the preservation of axonal integrity when
URMC-099 is coadministered with Tat that we observed in the
microfluidic chamber model.

Figure 7. URMC-099 treatment alters Tat-induced morphologic changes in microglia in vivo. We performed TSCW
two-photon microscopy on double-transgenic mice (Thy1 YFP h-line and CX3CR1/GFP �/�) before and after receiving a
stereotactic injection of 3 �l of sterile PBS or 3 �l of 3 �g/�l HIV-1 Tat1–72 700 �m deep into cortex with or without
URMC-099 treatment (10 mg/kg twice a day, i.p.). We imaged multiple areas 3 mm away from the injection site immedi-
ately before injection and imaged the same areas 24 h after injection. We used the Amira image analysis program to
segment, label, and skeletonize microglia from the animals receiving PBS (A; n � 28 microglia preinjection; n � 24
microglia postinjection), Tat alone (B; n � 26 preinjection; n � 27 postinjection), and Tat plus URMC-099 treatment (C;
n � 30 preinjection; n � 26 postinjection) before and 24 h after injection. Images depict representative fields from each
treatment group of the same area before and 24 h after treatment. Using these data, we quantified microglia volume (D),
process number (E), and total length of the process arbor (F) before and after injection with Tat or vehicle control. *p �
0.05, **p � 0.01, ***p � 0.001. We analyzed data depicted in D–F by two-way ANOVA, no sample matching with
Bonferroni’s post hoc test. Error bars indicate SEM. UR, URMC-099.
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Discussion
Previous in vitro and in vivo studies with the MLK3 inhibitor
CEP-1347 demonstrated the potential of MLK3 inhibition in var-
ious models of HAND (Sui et al., 2006; Eggert et al., 2010). Based
on these studies, our group developed a novel MLK3 inhibitor,
URMC-099, that has a favorable CNS profile with drug-like
properties (Gelbard et al., 2010), making it suitable for treating
CNS disease. In this study, we show that URMC-099 decreased
the production of inflammatory cytokines in cultured microglia
exposed to HIV-1 Tat and protected cultured neuronal axons
from Tat-activated microglia. We further showed that in vivo
treatment with URMC-099 reduced Tat-induced cytokine pro-
duction in the CNS, protected synaptic architecture from Tat
exposure, and altered the morphologic response of microglia to
Tat. These results provide the basis for additional research into
MLK3 inhibition as an adjuvant therapy for HAND and possibly
other neuroinflammatory diseases with similar cytokine and
chemokine profiles.

MLK3 inhibition has been studied previously in Parkinson’s
disease (PD), progressing to a Phase II interventional study
(PRECEPT) with the pan-MLK inhibitor CEP-1347, in which the
therapeutic endpoint was time to initiate dopaminergic therapy
(Parkinson Study Group, 2007). Despite promising preclinical
results (Maroney et al., 2001; Saporito et al., 2002; Mathiasen et
al., 2004; Lotharius et al., 2005), the human study was ended early
because of futility (Parkinson Study Group, 2007), with no dif-
ference between the placebo group and the groups that received
up to 50 mg CEP-1347 twice a day. As noted by Wang and John-
son (2008) and others, reasons for the failure of the PRECEPT
trial may include the following: (1) that MLK inhibitors cannot,

alone, retard progression of PD; and (2)
that CEP-1347 did not accumulate to
therapeutic levels in the CNS. We believe
that the second issue is an important con-
cern because CEP-1347 was developed
through modification of the naturally oc-
curring indolocarbazole K-252a (Kaneko
et al., 1997) and, as a consequence, has a
large molecular weight, is polar, and has
an excess of hydrogen bond donors and
acceptors. These properties likely limit
CNS penetrance of the drug (which was
not measured in the PRECEPT trial). In
contrast, URMC-099 was designed from
proprietary libraries based on a pyrrol-
opyridine scaffold with an aryl piperazine
side chain and optimized using structure–
activity relationships to have a favorable
CNS profile, with CNS levels rapidly
reaching and persisting at therapeutic lev-
els for hours after injection (data not
shown; Gelbard et al., 2010). Our studies
also support the idea that a significant
amount of the neuroprotection imparted
by MLK3 inhibition results from anti-
inflammatory effects in immune cells and
microglia. In this regard, the known inflam-
matory etiology of HAND may make it a
significantly better candidate for MLK3-
targeted therapies than PD.

The microfluidic chamber coculture
model recently developed by our labora-
tory gives us the unique opportunity to

study the effect of neuroinflammation on isolated neuronal com-
ponents (Marker et al., 2012). This model, which we used to
examine the interaction between microglia and primary neuronal
axons in culture, is particularly applicable to HAND because
there is consistent white matter damage even in cART-treated
HAND patients (Harezlak et al., 2011). Our in vivo murine Tat
exposure model also replicates several key features seen in
HAND, including inflammatory cytokine production, monocyte
recruitment, Map2 dystrophic staining, synapse loss, and white
matter damage. Treatment with URMC-099 was successful in
ameliorating much of the soluble inflammatory response and
structural damage to neurons and synapses that occurs after Tat
exposure. Among possible mechanisms underlying this neuro-
protection, the increased phagocytosis of apparently nondegen-
erating neuronal components induced by Tat exposure and
reversed by URMC-099 treatment suggests that microglia may
contribute to eliminating viable neurons and synapses in HAND
by “primary” phagocytosis executing cell death (Fricker et al.,
2012; Neher et al., 2012). However, there is significant evidence in
other models of brain injury for neuroprotective phagocytosis.
Known as “secondary” phagocytosis, this mechanism generally
involves the phagocytosis of already apoptotic or necrotic neu-
rons and synapses, as well as other proinflammatory debris in
the extracellular environment (Neumann et al., 2009; Sierra et
al., 2013). The data in this manuscript do not distinguish be-
tween potential multiple mechanisms of phagocytosis in re-
sponse to the presence of Tat in the CNS. Therefore, it is
possible that the decrease in phagocytic inclusions seen in
URMC-099-treated animals is the result of fewer degenerating
neuronal structures, as opposed to the inhibition of primary

Figure 8. URMC-099 treatment reduces cortical dendritic spine elimination after HIV-1 Tat exposure. We performed
TSCW two-photon microscopy on double-transgenic mice (Thy1 YFP h-line and CX3CR1/GFP �/�) receiving a stereotactic
injection of either 3 �l of sterile PBS or 3 �l of 3 �g/�l HIV-1 Tat1–72 700 �m deep into cortex with and without
URMC-099 treatment (10 mg/kg twice a day, i.p.). We imaged multiple areas 3 mm away from the injection site immedi-
ately before injection and imaged the same areas 24 h after injection. A, We observed extended microglial contact with
dendritic spines 24 h after Tat injection (microglia in green, dendrites in orange; 10 min between frames; scale bars, 14
�m). We examined dendritic fields before and 24 h after experimental injection and quantified the number of eliminated
spines. B, Representative images of a dendritic branch before and after experimental exposure in an animal receiving a Tat
injection with no URMC-099 treatment. Red triangles indicate spines that were eliminated 24 h after Tat exposure. C, We
quantified the fraction of spines that were eliminated in mice receiving a stereotactic injection of PBS alone (n � 3), PBS
with URMC-099 treatment (n � 2), Tat alone (n � 3), and Tat with URMC-099 treatment (n � 3). We analyzed a minimum
of 50 spines per animal to determine the elimination rate. *p � 0.05. We analyzed data depicted in C by one-way ANOVA
with Newman–Keuls post hoc test. Error bars indicate SEM. UR, URMC-099.
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phagocytosis. Future studies are needed
to precisely determine the mechanism
of the neuroprotection imparted by
URMC-099 treatment in HAND
models.

URMC-099 appeared to have no effect
on Tat-mediated immune cell recruit-
ment into the CNS. This could be for
a number of reasons. First, although
URMC-099 decreased the production of
inflammatory and recruitment related
cytokines in our in vitro and in vivo
models, it did not reduce their produc-
tion to control levels, most notably in
the case of MCP-1, suggesting that re-
maining cytokine production after Tat
exposure in vivo could be large enough
to drive monocyte recruitment into the
CNS (Weiss et al., 1999; McManus et al.,
2000). It is also possible that recruit-
ment depends on endothelial activation
and adhesion factor expression, and, al-
though there are data to support roles
for MLK3 signaling in both of these pro-
cesses (Muniyappa and Das, 2008; Li et
al., 2012), it does not appear to play a
major role in our experimental para-
digm. Regardless, although leukocytes
still enter the brain parenchyma after
exposure to Tat, MLK3 inhibition by
URMC-099 treatment alters the ability
of these immune effector cells to dam-
age synapses and axons, thus contribut-
ing to its efficacious neuroprotective
profile.

In summary, we provide compelling in
vitro and in vivo data to investigate the use
of URMC-099 in other models of HAND
with the goal of advancement to an ad-
junctive therapeutic agent.

Figure 9. URMC-099 changes the interaction between Tat-exposed microglia and neurons at the ultrastructural level. We
performed a stereotactic injection of 3 �l of sterile PBS or 3 �l of 3 �g/�l HIV-1 Tat1–72 700 �m deep into cortex with and without
URMC-099 treatment (10 mg/kg twice a day, i.p.) in wild-type 8- to 12-week-old C57BL/6 mice. We killed the animals after 24 h
and 7 d and prepared the tissue for analysis by immunoelectron microscopy against Iba-1. A–C, Representative electron micro-
scopic images from mice examined 24 h and 7 d after Tat exposure without URMC-099 treatment showing frequent contacts
between Iba-1-stained microglia (m�) and nondegenerating myelinated axons (ma). In A, two myelinated axons are almost
completely ensheathed by the microglial process. B, The microglial process contains a phagocytic inclusion that resembles a
shrunken myelinated axon in the process of becoming degraded (in). Unidentified cellular elements undergoing extracellular

4

digestion (ex) and a myelinated axon (ma) ensheathed by an
astrocytic process (a) are also observed. C, An enlarged micro-
glia that contains a phagocytic inclusion (in), while contacting
a myelinated axon, is shown at lower magnification. n � nu-
cleus. D, Representative image from a mouse examined 7 d
after Tat exposure with URMC-099 treatment. Two axon ter-
minals and an astrocytic process receive microglial juxtaposi-
tion, while a myelinated axon remains uncontacted. Scale
bars: A, B, D, 0.2 �m; C, 2 �m. d, Dendrite; s, dendritic spine;
t, axon terminal. Based on the immunoelectron microscopy
staining, we quantified the frequency of intracellular inclu-
sions in Iba-1-positive processes (E), the frequency of Iba-1
contact with myelinated axons (F), the frequency of Iba-1 con-
tact with dendritic branches (G), and the frequency of Iba-1
contact with astrocytes (H). This quantification was performed
for mice receiving a PBS injection at 24 h (n�2) or 7 d (n�3),
mice receiving a Tat injection at 24 h (n � 3) or 7 d (n � 3),
and mice receiving a Tat injection with URMC-099 treatment
at 24 h (n � 3) or 7 d (n � 3). **p � 0.01. We analyzed data
depicted in E–H by two-way ANOVA, no sample matching
with Bonferroni’s post hoc test. Error bars indicate SEM. UR,
URMC-099.
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