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BACKGROUND AND PURPOSE

Anti-retrovirals have improved and extended the life expectancy of patients with HIV. However, as this population ages, the
prevalence of cognitive changes is increasing. Aberrant activation of kinases, such as receptor tyrosine kinases (RTKs) and
cyclin-dependent kinase 5 (CDKS5), play a role in the mechanisms of HIV neurotoxicity. Inhibitors of CDKS5, such as roscovitine,
have neuroprotective effects; however, CNS penetration is low. Interestingly, tyrosine kinase inhibitors (TKIs) display some
CDK inhibitory activity and ability to cross the blood-brain barrier.

EXPERIMENTAL APPROACH
We screened a small group of known TKIs for a candidate with additional CDK5 inhibitory activity and tested the efficacy of
the candidate in in vitro and in vivo models of HIV-gp120 neurotoxicity.

KEY RESULTS

Among 12 different compounds, sunitinib inhibited CDK5 with an ICso of 4.2 uM. In silico analysis revealed that, similarly to
roscovitine, sunitinib fitted 6 of 10 features of the CDK5 pharmacophore. In a cell-based model, sunitinib reduced CDK5
phosphorylation (pCDKS5), calpain-dependent p35/p25 conversion and protected neuronal cells from the toxic effects of
gp120. In glial fibrillary acidic protein-gp120 transgenic (tg) mice, sunitinib reduced levels of pCDK5, p35/p25 and
phosphorylated tau protein, along with amelioration of the neurodegenerative pathology.

CONCLUSIONS AND IMPLICATIONS
Compounds such as sunitinib with dual kinase inhibitory activity could ameliorate the cognitive impairment associated with
chronic HIV infection of the CNS. Moreover, repositioning existing low MW compounds holds promise for the treatment of
patients with neurodegenerative disorders.
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Abbreviations

AD, Alzheimer’s disease; ART, antiretroviral therapy; BBB, blood-brain barrier; CRMP2, collapsin response mediator
protein-2; GFAP, glial fibrillary acidic protein; Grb2, growth factor receptor-bound protein 2; GSK38, glycogen synthase
kinase-33; HAND, HIV-associated neurocognitive disorders; HIVE, HIV encephalitis; MAP2, microtubule-associated
protein-2; MEF2, myocyte enhancer factor-2; RTKs, receptor tyrosine kinases; tg, transgenic; TKIs, tyrosine kinase
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TARGETS

Catalytic receptors’
VEGF receptor, VEGFR-2
Enzymes®

CDKs

CDK5

Transporters®

ABCB1 (P-glycoprotein)
ABCG2

Dasatinib
Erlotinib
Lapatinib
PD-98059

Roscovitine (seliciclib)

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013a,b,c).

Introduction

Modern antiretroviral therapy (ART) regimens can effectively
suppress HIV viral load, and promote immune recovery with
dramatic improvements in clinical symptoms and increased
life expectancy (Chambers et al., 2014). For this reason, the
ageing population represents one of the fastest growing
groups with HIV (CDC, 2005, 2007; Scott et al., 2011), as it is
estimated that by the year 2015, over half of people living in
the United States with HIV will be over the age of 50 (CDC,
2005, 2007; Smith, 2005). In spite of the clinical efficacy of
ART, some studies have shown that active or silenced HIV can
persist in the CNS for long periods (Bell, 2004). The chronic
presence of HIV in the brain might be associated with neu-
rodegenerative changes that contribute to age-related cogni-
tive changes (Diesing efal., 2002; Gonzalez-Scarano and
Martin-Garcia, 2005; Crews et al., 2009). Remarkably, in aged
patients with HIV, the prevalence of cognitive changes has
increased and could represent an important morbidity factor
in this patient population (Grant et al., 1995; Sacktor et al.,
2002; McArthur et al., 2003; Chambers et al., 2014).

In patients with HIV, neurodegeneration is characterized
by synaptic and dendritic damage (Masliah etal., 1992)
accompanied by loss of selective neuronal populations and
neuro-inflammatory pathology (Gonzalez-Scarano and
Martin-Garcia, 2005; Kaul and Lipton, 2006; Lindl efal.,
2010). The mechanisms by which secreted HIV proteins lead
to neurodegeneration in patients with HIV are the subject of
intense investigation (Ellis et al., 2007). Diverse pathways
have been implicated in this process, including activation of
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apoptosis (Kaul et al., 2001; Garden et al., 2002), calcium dys-
regulation (Lipton and Rosenberg, 1994; Nath, 2002; Mattson
et al., 2005), mitochondrial damage (Norman et al., 2008),
autophagy dysfunction (Alirezaei efal., 2008; Zhou et al.,
2011; Fields et al., 2013), oxidative stress (Ozdener, 2005),
excitotoxicity (Lipton and Rosenberg, 1994) and neuro-
inflammation. Moreover, abnormal kinase activation trig-
gered by HIV products might also contribute to neuronal cell
death. For example, HIV-associated alterations in JNK3,
double-stranded RNA-activated PK (Alirezaei et al., 2007), gly-
cogen synthase kinase-3f (GSK3pB) (Maggirwar et al., 1999;
Dewhurst et al., 2007; Crews et al., 2009), and receptor and
non-receptor tyrosine kinases (RTKs) pathways have been
reported. HIV-1 Tat binds to growth factor receptor-bound
protein 2 (Grb2), an adaptor protein that contains two SH3
domains involved in RTK activity (Rom et al., 2011). Chronic
HIV and SIV infection also dysregulate the RTKs recepteur
d’orgine nantais (Cary et al., 2013), VEGF receptor (VEGFR;
Rasheed etal.,, 2009) and PDGF signalling (Bethel-Brown
etal., 2012).

Additionally, alterations in cyclin-dependent kinase 5
(CDKS) (Wang et al., 2007; Crews etal., 2009) have been
linked to HIV-associated neurocognitive disorders (HAND). In
neurodegenerative disorders such as Alzheimer’s disease
(AD), CDKS hyperactivation is associated with elevated intra-
cellular calcium that activates calpain-I, which in turn cleaves
the CDKS activator protein p35, generating the more potent
product p25 (Lee etal., 2000). Activation of CDKS by p25
results in aberrant phosphorylation of neuronal substrates
(Ahlijanian et al., 2000) and neuronal cell death (Cicero and


http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1813
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Herrup, 2005; Lopes et al., 2010). Recent studies have shown
that in patients with HIV-associated cognitive alterations, as
well as in transgenic (tg) models of HIV protein toxicity,
CDKS is hyperactivated, resulting in neurodegeneration with
hyperphosphorylation of the transcription factor MEF2 and
the microtubule-associated tau protein (Masliah et al., 2004;
Wang et al., 2007; Patrick et al., 2011). Moreover, intracer-
ebral infusion of the CDKS inhibitor roscovitine ameliorated
the behavioural and degenerative pathology in HIV-gp120 tg
mice (Patrick et al., 2011). Although roscovitine has demon-
strated some therapeutic potential as a neuroprotective com-
pound in models of HAND and stroke (Menn et al., 2010),
one issue about this compound is the limited bioavailability
to the CNS when delivered systemically. Previous studies
have shown that roscovitine concentrations in the brain
range from 15 to 30% of that observed in plasma and this
compound is eliminated rapidly from both blood and brain
(Vita et al., 2005).

The objective of the present study was to investigate a
small group of known tyrosine kinase inhibitors (TKIs) that
can cross the blood-brain barrier (BBB), with the goal of
identifying compounds with additional CDKS blocking activ-
ity for testing in in vitro and in vivo models of HIV-gp120
neurotoxicity. TKIs have been shown to penetrate the BBB
and some affect several kinases, including members of the
CDK family (Zapata-Torres etal., 2004; Ling etal.,, 2007;
Wang et al., 2010; Tang et al., 2013). Given that in HIV neu-
rotoxicity, both RTKs and CDKS are deregulated, therapeutic
strategies using compounds with dual activity targeting both
these pathways might be particularly advantageous. Applying
molecular modelling methods coupled with validation in in
vitro Kinase assays, we found that sunitinib — an orally effec-
tive, low MW, multi-targeted TKI approved for the treatment
of renal cell carcinoma (RCC) and gastrointestinal stromal
tumours - also inhibited CDKS with an ICs, similar to that of
roscovitine. In cell-based assays and animal models, sunitinib
was neuroprotective.

Methods

In vitro CDKS activity assay

CDKS kinase activity was determined with the substrate-
binding ATP-based assay. A known CDKS inhibitor, roscovi-
tine, was included as a positive control. Compounds were
added to a mixture containing kinase assay buffer (Signal-
Chem, BC, Canada), 100 uM of CDC2 PK peptide substrate
(Promega Corporation, Madison, WI, USA) and 125 ng of
CDKS/p35 active kinase (SignalChem). Reactions were incu-
bated for 10-20 min before ATP. Kinase-glo reagent (Promega
Corporation) was then added and luminescence signals were
read on the DTX880 Microplate reader (Beckman Coulter,
Inc., Brea, CA, USA).

CDKS molecular pocket analysis and
pharmacophore development

Briefly, similarly to strategies used previously by Mapelli et al.
(2005), we utilized the X-ray crystal structure of the human
CDKS-p25/(R)-roscovitine complex (pdb ID 1UNL) to
develop a pharmacophore based on the accessibility to small
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molecules. Using the program MOE2012.10 (Chemical Com-
puting Group, Montreal, Canada), we generated a molecular
surface that encompassed the binding pocket and then scru-
tinized all residues in the vicinity of this pocket that could
make contacts. These residues that included Ile'°, Val'®, Lys*,
Asp®, Lys*, Cys®, GIn'* and Asn'** were used for the devel-
opment of the pharmacophore. For all selected interacting
atoms of the pocket, we generated 10 pharmacophore
centres, using MOE2012.10 Pharmacophore Editor. To fit the
developed pharmacophore in this pocket, we applied restric-
tions for pharmacophore space, using excluded volume fea-
tures that allowed a pharmacophore search of bound
compounds. To investigate if the selected TKI binds similarly
to the RTK and the CDK pocket we performed a molecular
modelling study (ICM software, MolSoft LLC, San Diego,
USA) for the compound in both the VEGF receptor
2 (VEGFR-2) (http://www.rcsb.org/pdb/explore/explore.do
?pdbld=2xir) and CDKS (http://www.rcsb.org/pdb/explore/
explore.do?pdbld=1ung) using the crystal structure data from
the protein databases. We also performed calculations of the
binding parameters including the binding energy scores and
related binding parameters.

Treatment of neuronal precursor cells (NPCs)
with gp120 and sunitinib

For these experiments, adult rat hippocampal NPCs were
selected because these cells display features similar to those
observed in patients with HAND (Okamoto et al., 2007; Lee
et al., 2011). The cells were grown at 37°C in humidified air
with 5% CO, in DMEM (Life Technologies, Carlsbad, CA,
USA) containing 5% FBS and 1% penicillin/streptomycin.
Cells were plated onto glass coverslips and after 2 h cells were
treated for 24 h with gp120 [HIV-1g16, gp120, National Insti-
tutes of Health (NIH) AIDS Reagent Program #7363] at a
concentration of 200 ug-mL™' combined with increasing con-
centrations (0.1, 1, 10 uM) of sunitinib (Calbiochem, San
Diego, CA, USA) in a final volume of 1 mL. For immunoblot
analysis, cells were washed with PBS and lysates were har-
vested with 80 pL of lysis buffer containing fresh protease and
phosphatase inhibitors (EMD Millipore, Temecula, CA, USA).

Animals

All animal care and experimental procedures complied with
NIH recommendations and were approved by the Institu-
tional Animal Care and Use Committee at the University of
California at San Diego. All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny etal.,
2010; McGrath et al., 2010). A total of 40 animals were used
in the experiments described here.

Generation of glial fibrillary acidic

protein (GFAP)-gp120 tg mice and

sunitinib treatment

Tg mice expressing high levels of gp120 under the control of
the GFAP promoter were used (Toggas et al., 1994); these were
male C57/BL6 mice from our own animal facility. These mice
develop neurodegeneration (Toggas et al., 1994), and show
increased CDKS activation. As previously described (Crews
et al., 2010), 12-month-old non-tg and gp120 tg animals (a
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total of 40 mice; n =10 per group) received daily i.p. injections
with saline (vehicle) alone or sunitinib (Calbiochem) at a dose
of 10 mg-kg™ for 4 weeks. Exposure levels in blood and CNS
were evaluated at nine time points in wild-type (C57BL6) mice
(n = 27) that received a single i.v. injection of sunitinib at
10 mg-kg™. Pharmacokinetics for sunitinib were determined
by HPLC-MS (SAI-Life Sciences, Ltd., Hyderabad, India).

Tissue processing

Mice (C57/BL6 males, 12 months old, from our own animal
facility) were anaesthetized with chloral hydrate (400 mg
kg™") and flush-perfused transcardially with 0.9% saline.
Brains were removed and divided sagittally. One hemibrain
was post-fixed in phosphate-buffered 4% paraformaldehyde
at 4°C for 48 h and sectioned at 40 um with a Vibratome 2000
(Leica, Buffalo Grove, IL, USA), while the other hemibrain
was snap frozen and stored at —70°C for protein analysis.

Immunoblot analysis

Cell lysates or brain homogenates were loaded (20 ug total
protein per lane), separated on 4-12% Bis-Tris NuPAGE gels
(Life Technologies) and separated by electrophoresis in 5%
running buffer. Gels were transferred onto Immobilon-P
0.45 ym membranes (Millipore, Billerica, MA, USA) using
NuPAGE transfer buffer (Life Technologies). Membranes were
incubated with rabbit polyclonal antibodies against CDKS
(1:500, C-8, Santa Cruz Biotechnology, Santa Cruz, CA, USA),
phosphorylated CDKS5 (Tyr'®, 1:500, Santa Cruz Biotechnol-
ogy) and p35/p25 (1:500, C-19, Santa Cruz Biotechnology).
Blots were also probed with mouse monoclonal antibodies
against total tau protein (1:1000, Sigma-Aldrich, Saint Louis,
MO, USA), phosphorylated tau protein (p-tau), PHF1 and
CP13 1:1000, generously provided by Dr Peter Davies, Albert
Einstein College of Medicine), AT270 (pThr'®!, Thermo Fisher
Scientific, Waltham, MA, USA), AT8 (pSer®”* + Thr?**, Thermo
Fisher Scientific), B-III Tubulin (1:5000, clone Tuj1, Covance,
Princeton, NJ, USA), or rabbit monoclonal antibody against
total tau protein (1:1000, Dako, Carpinteria, CA, USA), col-
lapsin response mediator protein-2 (CRMP2), and pCRMP2
(1:1000, Abcam, Cambridge, UK). Bands were visualized with
enhanced chemiluminescence reagent (ECL, PerkinElmer,
Waltham, MA, USA) and analysed with the VersaDoc gel
imaging system and Quantity One software (Bio-Rad, Carpin-
teria, CA, USA). Actin was used as the loading control
(1:1000, C4, EMD Millipore),

Immunocytochemical analysis and

image analysis

Briefly, (Patrick et al., 2011) coverslips or vibratome were
incubated with rabbit polyclonal antibodies against total (T)
CDKS (1:1000, C-8, Santa Cruz Biotechnology) or p35/p25
(1:1000, C-19, Santa Cruz Biotechnology), or mouse mono-
clonal antibodies against p-tau (PHF1, 1:1000, generously
provided by Dr Peter Davies, Albert Einstein College of Medi-
cine), or a rabbit monoclonal antibody against total tau
protein (1:1000, Sigma-Aldrich). All sections were processed
under the same standardized conditions. Immunostained sec-
tions were imaged with a digital Olympus microscope BX41
(Olympus, Center Valley, PA, USA) and assessment of CDK,
p35 and tau protein immunoreactivity was carried out with
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the Image-Pro Plus program (Media Cybernetics, Silver
Spring, MD, USA). For each case, a total of three sections (10
digital images per section at 400x) were analysed in order to
estimate the average number of immunolabelled cells per
unit area (mm? and the average intensity of the immu-
nostaining (corrected optical density).

Analysis of neurodegeneration

Briefly, blind-coded, 40 um thick vibratome sections were
immunolabelled with the mouse monoclonal antibody
against microtubule-associated protein-2 (MAP2, dendritic
marker, 1:200, EMD Millipore) and the antibody against acti-
vated caspase-3 (Cell Signaling Technology, Inc., Beverly, MA,
USA, 1:500). After overnight incubation, sections were
treated with FITC-conjugated secondary antibodies (1:75,
Vector Laboratories, Burlingame, CA) or Tyramide Red, (NEN
Life Sciences, Boston, MA, USA) transferred to SuperFrost
slides (Thermo Fisher Scientific), and mounted under glass
coverslips with anti-fading media (Vector Laboratories). All
sections were processed under the same standardized condi-
tions. The immunolabelled blind-coded sections were serially
imaged with a laser scanning confocal microscope
(MRC1024, Bio-Rad) and analysed with the Image] program
(NIH), as previously described (Toggas et al., 1994; Mucke
et al., 1995). For each mouse, a total of three sections were
analysed, and for each section, four fields in the frontal cortex
and hippocampus were examined. Results were expressed as
percentage of area of the neuropil occupied. An additional set
of sections was immunostained with the mouse monoclonal
antibodies against NeuN (neuronal marker, 1:500, EMD Mil-
lipore), GFAP (astroglial marker, 1:500, EMD Millipore) and
Iba-1 (microglial marker, 1:5000, Wako Chemicals USA, Inc.,
Richmond, VA, USA). The GFAP- and NeuN-immunostained
sections were imaged with a digital Olympus microscope and
the Image-Pro Plus program (Media Cybernetics).

For detection of apoptosis the TUNEL detection method
using the ApopTag In situ Apoptosis Detection Kit (Chemi-
con, Temecula, CA, USA) was used with modifications for
free-floating sections as described previously (Biebl et al.,
2000; 2005; Cooper-Kuhn and Kuhn, 2002). Detection was
performed with DAB and mounted under glass coverslips
(Vector Laboratories) for digital brightfield microscopy
analysis.

Double immunolabelling and confocal
microscopy imaging

Double-immunocytochemical analysis was performed utiliz-
ing the Tyramide Signal Amplification™-Direct (Red) system
(NEN Life Sciences) to detect CDKS. Specificity was tested by
deleting each primary antibody. For this purpose, sections
were double-labelled with the rabbit antibodies against CDKS
(1:20 000, EMD Millipore) detected with Tyramide Red, and
p-tau (PHF-1) detected with FITC-conjugated secondary anti-
bodies (1:75, Vector Laboratories). All sections were processed
simultaneously under the same conditions, and experiments
were performed twice for reproducibility. Sections were
imaged on a laser scanning confocal microscope Bio-Rad
Radiance 2000 (Hercules, CA) equipped with a Nikon E600FN
Ellipse microscope (Tokyo, Japan) and using a Nikon Plan
Apo 60x oil objective (NA 1.4; oil immersion).



Statistical analysis

All results are expressed as means + SEM. All analyses were
conducted on blind-coded samples. After the results were
obtained, the code was broken and data were analysed with
Graphpad Prism (San Diego, CA, USA). Comparisons among
groups were performed with unpaired Student’s t-test and
chi-squared analysis or one-way aNova with Dunnett’s or
Tukey-Kramer post hoc tests, as appropriate.

Materials

All 12 compounds tested for activity against CDKS are listed
in Table 1. Their sources were as follows: compounds 1,2,3
from WUXI, Shanghai, China; compounds 8,9 and 10 from
Targegen, San Diego, California, USA; compounds 4,5,6,7,12
and 13 from Selleck Chemicals Houston TX, USA. Roscovi-
tine was supplied by LC Laboratories, Woburn, MA, USA.

Results

CDKS inhibitory activity of sunitinib in a
cell-free in vitro assay

ATP-mimetic TKIs have the potential to interact with the
active ATP-binding site in other kinases. HIV-associated neu-
rodegeneration is associated with aberrant signalling that
includes the RTK and CDKS, thus compounds with dual
activity might be useful as protection from HIV proteins
toxicity. For this reason, we investigated potential activity of
a small group of 12 RTK inhibitors for additional CDKS inhi-
bition in an in vitro cell-free kinase assay. To test known TKIs

A Roscovitine B Sunitinib
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0.54 0.54
L
3 2 4 1 2 -3 -2 1 2
log conc (uM) log conc (uM)
E Dasatinib F C07081505
1.1+ 1.5+
° 1.0+ °
Tt T—
® 094
L)
081 o 0.5-
0.7
3 -2 - 0 1 2 3 2 4 0 1 2
log conc (uM) log conc (uM)
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for activity against CDKS, a robust luminescence-based in
vitro Kinase assay was implemented using a CDC2 PK peptide
as a substrate, and roscovitine was used as the positive
control. Consistent with previous reports, roscovitine inhib-
ited CDKS with an ICso of 1.6 uM (Figure 1A). Of the TKI
compounds tested, which included anti-cancer TKIs lapat-
inib, dasatinib and erlotinib, only sunitinib inhibited CDKS
with an ICso of <10 uM, at 4.2 uM (Figure 1B). In contrast, the
other compounds showed only weak or no significant activity
against CDKS in the cell-free kinase assay (Figure 1C-H). As
only sunitinib exhibited a favourable dose-response curve
against CDKS similar to roscovitine, we selected this com-
pound for further study in cell-based and in vivo models of
HIV neurotoxicity.

In silico studies of compounds fitting into
the CDKS pharmacophore

To confirm that compared with other TKIs, sunitinib can
potentially interact with the CDKS pocket, in silico molecular
modelling and docking studies were performed. For this
purpose, we generated a molecular surface model for the
CDKS ATP-binding site using the MOE2012.10 program. The
pharmacophore was based on the residues of this pocket
accessible to roscovitine (Figure 2A). The centres of the devel-
oped pharmacophore were placed on the circumferences of
the circled pharmacophore pocket centres with the radii pro-
portional to the open volume from a centre to the pocket
wall. The F1 acceptor centre contacts the backbone nitrogen
of Cys®. The residues Ile'” and Val'® were selected to contact
three possible hydrophobic centres: F4, F5 and F10. Residue
Lys* contacts acceptor centre F6. Residue Asp®® contacts the

C C07081504 D

Lapatinib
1.5 1.1
——o——H0
——v—t04 L e
0.9
L)
0.5
0.84
-3 -2 -1 0 1 2 3 2 1 2
log conc (1M) log conc (1M)
G PD 98059 H Erlotinib
1.154 1.39
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1.1
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In vitro CDK5 activity assay with selected BBB-permeable RTK inhibitors. The activity of each compound was determined in a CDK5 ATP-based
assay containing CDC2 PK peptide as substrate. (A-H) Roscovitine was used as a positive control showing an ICso = 1.6 uM. Of the RTK inhibitors,
only sunitinib showed CDKS5 inhibitory activitywith 1Cso = 4.2 uM; six other examples of RTK inhibitors did not show activity on CDK5 below

10 uM.
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Table 1

Kinase inhibitors tested for CDK5 activity

Structure

Clinical use

MW

cPSA

10

11

12

13

C07081504

C07081505

C07081506

Lapatinib

Dasatinib

PD 98059

Erlotinib

TG100572

TG101910-A-2

TG-101525-A-2

TG100948

Roscovitine

Sunitinib

Various RTKs

Various RTKs

Various RTKs

VEGFR/Her2/neu

c-Abl, c-kit, src

MEK

EGFR, v-src, v-abl

VEGFR2/, Src

Src

Various RTKs

Aurora A

PLK/CDK

PDGF/VEGF

Breast cancer
and solid
tumours

Prostate
cancer

NSCLC,
pancreatic
cancer

NSCLC

Renal cell
carcinoma

(<400)°

357.14

342.14

338.10

580.13

487.16

267.09

393.17

475.18

549.09

313.19

624.19

353.23

398.21

4.12

3.27

3.31

4.98

3.18

3.36

3.61

5.89

6.82

2.99

6.65

2.46

3.23

(<100)®

52.10

47.53

52.89

85.09

83.53

48.80

61.01

71.30

88.21

61.57

87.58

75.77

64.62

—-0.01

-0.07

-0.14

-0.36

—-0.61

-0.07

—0.22

-0.02

-0.13

-0.32

-0.15

—0.61

-0.33

*The values in parentheses are those preferred for CNS uptake.

logBB, blood-brain barrier permeation; logP, partition coefficient; logPS, permeation of neutral compounds from saline; MEK, MAPK kinase;

MW, molecular weight; NSCLC, non-small cell lung carcinoma; PLK, serine/threonine protein kinase; Src, Rous sarcoma oncogene.
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Valld

e~ Both

In silico comparison of the docking of roscovitine and sunitinib on a pharmacophore model for the ATP-binding pocket of CDK5. (A) The X-ray
crystal structure of the human CDK5-p25/(R)-roscovitine complex (pdb ID TUNL) was used to generate a pharmacophore-based model. (B, C)
Representation of the CDK5 pharmacophore molecular surface generated using the program MOE2012.10 (Chemical Computing Group)
showing the 10 centre features, with and without a mask. (D-F) Docking of roscovitine, sunitinib and both compounds in the 10 feature

pharamacophore showing similar binding.

donor centres F2 and F8. F6 donor/acceptor centre can
contact Lys* or Asn'*. Residue Lys* contacts the acceptor/
donor centre F7, and the acceptor/aromatic centre F9. The
Cys® backbone oxygen contacts the donor centre F3 and
backbone nitrogen the acceptor centre F1. The GIn™*" back-
bone oxygen contacts the donor centre F2. After defining the
three-dimensional positions of the key residues, we tested the
preferred contact surfaces of roscovitine and sunitinib, taking
in consideration the intra-pocket distribution of electrostatic
field and hydrophobic surfaces along with the geometrical
restriction of the pocket. A total of 10 possible pharmacoph-
ore centres in the pocket were identified (Figure 2B, C);
however, given that it is difficult for a single compound to
contact all 10, a partial pharmacophore with six out of the 10
contact centres was generated. Roscovitine (Figure 2D) and
sunitinib (Figure 2E) were the only compounds that fit the six
out of 10 contact centres in the partial pharmacophore. All

other compounds fit five or fewer of 10 contact centres in the
partial pharmacophores. When superimposed onto the phar-
macophore, roscovitine and sunitinib displayed a similar
fitting in the molecular pocket of CDKS (Figure 2F). Both
molecules fit four common pharmacophore centres: F9
acceptor/aromatic, F7 acceptor/donor centre, and F4, F5
hydrophobic centres. The additional two centres contacted
are different for these compounds. Roscovitine fits F3 donor
centre and F1 acceptor centre, sunitinib contacts F2 donor
centre and the F10 hydrophobic centre.

Next we compared the docking of sunitinib into both
VEGFR-2 and CDKS pockets. The results showed that suni-
tinib binds to both the RTK and CDK proteins in the ATP
pocket (catalytic domain) in their hinge region below the
sheet scaffold and the C-helix, in a very similar mode with
relative binding energies of —31 and —26 kcal-mol™ respec-
tively (Figure 3A, B).
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In silico comparison of sunitinib binding to the CDK5 and VEGFR-2 pharmacophores. Molecular modelling for CDK5 and VEGFR-2 was performed
with Molsoft, ICM software using the crystal structure data from the protein databases. (A) Ribbon model structure of sunitinib docking to the
CDK5 and (B) VEGFR-2 catalytic domain in their hinge region below the 3 sheet scaffold and the C-helix. Calculations of the binding parameters

showed similar results for sunitinib binding to CDK5 and VEGFR-2.

Sunitinib treatment reduces CDKS
phosphorylation and dprotects neuronal cells
from gp120-mediated neurite injury

In addition to RTK inhibition, sunitinib displayed CDKS
inhibitory activity comparable with roscovitine in cell-free
kinase assays, cell-based assays were performed to determine
the capacity of this compound to protect NPCs from the toxic
effects of gp120. In these neural lineage cells, gp120 toxicity
is manifested as a reduction in the length of neurites immu-
nostained with the MAP2 antibody (Figure 4A, B). Sunitinib
treatment protected neuronal progeny from gp120 toxicity in
a dose-dependent manner (Figure 4B). Gpl120 treatment
alone increased levels of pCDKS5 immunoreactivity, and this
effect was reversed by sunitinib treatment in a dose-
dependent manner (Figure 4C). To confirm the immunocy-
tochemical results by an independent method, Western blot
analysis was performed. Neuronal cells treated with gp120
exhibited increased pCDKS and p35 fragmentation to p25
(Figure 4D-F), consistent with aberrant activation of CDKS
observed in the brains of patients with HIV-associated neu-
rodegeneration (Patrick et al., 2011). Treatment with suni-
tinib reduced pCDKS expression and p25 generation to levels
comparable with vehicle-treated controls (Figure 4D-F).
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Sunitinib treatment reduces CDKS
hyperactivation and tau protein
phosphorylation in gp120 tg mice
Next we investigated whether treatment with sunitinib could
reverse the neuropathology in gp120 tg mice, a model that
reproduces some neurodegenerative and behavioural changes
characteristic of patients with HIV neuropathology. For this
purpose, non-tg and gp120 tg mice (12 months old, n =10 per
group) were treated with vehicle alone or sunitinib
(10 mg-kg™") for 4 weeks. Pharmacokinetic analysis showed
that, at this dose, sunitinib crossed the BBB into the CNS at
high levels and with a favourable brain to plasma ratio (B/P
area under the curve = 1.96). The t,, in brain was 4.57 h and
in plasma 1.16 h and the plasma stability after 1 h was 90%.
Immunoblot analysis demonstrated that compared with
vehicle-treated non-tg mice, gp120 tg mice showed increased
CDKS phosphorylation and p35 cleavage to p25 (Figure 5A,
B). Treatment of gp120 tg mice with sunitinib reduced levels
of pCDKS and p25 to those comparable with non-tg controls
(Figure 5A, B). We have previously shown that in HIV
patients as well as in the gp120 tg mice there is increased
phosphorylation of CDKS substrates such as CRMP2 and tau
protein (Crews et al., 2011; Patrick et al., 2011). Immunoblot
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In vitro neuroprotective effects of sunitinib in a neuronal cell model challenged with HIV1-gp120. Neuronal cells derived from adult rat
hippocampal NPCs were treated with increasing concentrations (0.1, 1, 10 uM) of sunitinib followed by gp120 (HIV-1s6; gp120) at a
200 ug-mL™". (A) Immunocytochemical analysis with an antibody against the neurite marker MAP2 and pCDKS. In saline-treated cells, there were
abundant and elongated neuritic processes (arrowheads). NPCs challenged with gp120 displayed reduced MAP2 and increased pCDK5
immunostaining. (B) Image analysis for neurite length and (C) pCDK5 immunoreactivity showing that sunitinib protects NPCs against gp120 and
reduces pCDKS5 levels. (D) Western blot analysis with antibodies against T-CDK5, pCDK5 and p35. NPCs challenged with gp120 display increased
pCDK5 and p25 immunoreactive bands. (E) Image analysis for neurite length and (F) pCDK5 immunoreactivity showing that sunitinib protects
NPCs against gp120 and reduces pCDK5 levels. Bar = 10 um. *P < 0.05, significantly different from vehicle controls, one-way ANOVA with
Dunnett’s test; # P < 0.05, significantly different from gp120 alone, one way ANOVA with Tukey-Kramer test.

results confirmed increased levels of pPCRMP2 in the brains of
vehicle-treated gp120 mice, while gp120 tg mice treated with
sunitinib displayed pCRMP2 levels comparable with non-tg
controls (Figure 5A, C). Next we investigated the levels of
p-tau with antibodies that detect epitopes phosphorylated by
CDKS (Figure 6). Levels of total tau protein were similar
between non-tg and gp120 tg groups (Figure 6A). In contrast,
vehicle-treated gp120 tg mice displayed increased tau protein
phosphorylation with the AT270, CP13, AT8 and PHF-1 anti-
bodies (Figure 6A-E). Treatment with sunitinib normalized
the levels of tau protein phosphorylation in the gp120 tg
mice (Figure 6A-E).

Immunocytochemical analysis was performed to confirm
these results by an independent method and to investigate
the cellular patterns of CDKS and tau protein phosphoryla-
tion in gpl120 tg mice treated with sunitinib (Figure 7A).
Compared with the non-tg vehicle-treated and sunitinib-
treated mice, the vehicle-treated gp120 tg mice showed
increased pCDKS and p-tau immunoreactivity in pyramidal
cells in the neocortex and hippocampus (Figure 7A-C). Con-
sistent with the immunoblot results, treatment with suni-

tinib reduced pCDKS and p-tau immunostaining in the
gp120 tg mice to levels comparable to the non-tg controls
(Figure 7A-C). In agreement with the immunoperoxidase
results, double-labelling and confocal microscopy analysis
showed that compared with non-tg mice, in vehicle-treated
gp120 tg mice, there was greater co-localization of pCDKS
with p-tau immunoreactive neurones (Figure 7D). Treatment
with sunitinib reduced co-labelling of pCDKS and p-tau in
the gp120 tg mice to levels equivalent to the non-tg controls
(Figure 7D).

Sunitinib treatment ameliorates the

neurodegenerative pathology in gp120 tg mice
Next we analysed the effects of sunitinib on the neuro-
inflammatory and neurodegenerative pathology in gp120 tg
mice. Compared with non-tg controls, vehicle-treated gp120
tg mice displayed increased microgliosis (Ibal) (Figure 8A, B)
and astrogliosis (GFAP) (Figure 8C, D) in the neocortex and
hippocampus. Sunitinib treatment partially reduced the
levels of microgliosis in the neocortex and hippocampus
(Figure 8A, B), and to some extent also decreased the levels of
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Immunoblot analysis of sunitinib’s effects on CDK5 in gp120 tg mice. Non-tg and gp120 tg mice were treated with vehicle or sunitinib for 4 weeks
and analysed by immunoblot. (A) Representative Western blot reacted with antibodies against T-CDK5, pCDK5, p35/25, pCRMP2, Tuj-1 and actin,
as a loading control. (B, C) Image-Quant analysis of the ratio of pCDK5/T-CDK5, p25/35, pCRMP2 and Tuj1. In gp120 tg mice, levels of
pCDKS5/T-CDKS5, p25/35 and pCRMP2 were higher than in non-tg mice. *P < 0.05; one-way ANova with Dunnett’s test. Sunitinib treatment resulted
in a reduction of these levels compared with vehicle controls. #P < 0.05; one-way anova with Tukey—Kramer test. Mice were 12 months old, n =

10 per group.

astrocytosis (Figure 8C, D). As previously described, com-
pared with non-tg controls, vehicle-treated gp120 tg mice
displayed reduced neuronal density as shown by NeuN stain-
ing (Figure 9A, B) and levels of MAP2-immunoreactive den-
drites in the neocortex (Figure 9C, D). Sunitinib-treated
gp120 tg mice displayed levels of NeuN (Figure 9A, B) and
MAP?2 similar to saline-treated non-tg controls (Figure 9C, D).
Next, sections were analysed with an antibody against active
caspase-3. Compared with non-tg controls, vehicle-treated
gp120 tg mice displayed increased immunostaining in the
neocortex and hippocampus (Figure 9E, F). Sunitinib-treated
gp120 tg mice displayed levels of active caspase-3 immu-
nostaining (Figure 9E, F) similar to saline-treated non-tg con-
trols (Figure 9E, F). Additional analysis of neurodegeneration
was performed with the TUNEL assay. The vehicle-treated
gpl120 tg mice displayed increased numbers of TUNEL-
positive cells in the neocortex and hippocampus (Figure 9G,
H) compared with non-tg controls. In contrast, sunitinib-
treated gpl120 tg mice displayed low levels of TUNEL
(Figure 9G, H) comparable with saline-treated non-tg con-
trols (Figure 9G, H).

Taken together, these results support the notion that suni-
tinib might exert neuroprotective effects in models of HIV
gp120 toxicity, and that the dual ability of this compound at
blocking RTK and CDKS signalling might contribute to the
therapeutic effects.
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Discussion and conclusions

Sunitinib is an orally effective RTK inhibitor utilized for the
treatment of RCC that targets both angiogenic pathways (i.e.
those from VEGF or PDGF receptors) and direct pro-oncogenic
pathways, such as stem cell factor receptor and feline McDon-
ough sarcoma-like tyrosine kinase-3. The present study
showed that in addition to the effects on RTKs, sunitinib is
also capable of blocking CDKS, at levels comparable with
those of roscovitine. In cellular models of HIV-gp120 toxicity,
sunitinib reduced CDKS activation and tau protein hyper-
phosphorylation, and promoted neurite outgrowth. Likewise,
in GFAP-gp120 tg mice, sunitinib reduced CDKS and tau
protein hyperphosphorylation and ameliorated the neuro-
inflammatory and neurodegenerative pathology.

A common consequence of targeted cancer therapeutics
in rapidly dividing bulk tumour cells is the ability of a
compound to arrest cell division, usually leading to either
differentiation or apoptosis. Interestingly, in the case of
neurodegenerative pathways associated with CDKS activa-
tion, there is often transient reactivation of cell cycle machin-
ery directly preceding neuronal cell death (Cicero and
Herrup, 2005). Therefore, anti-cancer compounds that
modulate the cell cycle may be active even in typically
non-dividing cells of the brain, and furthermore, the
differentiation-promoting effects may support production of



A

Non-tg GFAP-gp120 tg
Vehicle Sunitinib Vehicle Sunitinib

50 - TT
)

gg'-p"""-..'.'! AT270

e R CP13
Y T8 Rl d LR T

gg'»-—ummnﬂllllu!& AT8

60 -

50_—————*_ PHF1

40 - Actin

Figure 6

Sunitinib in models of HIV neurotoxicity

C

AT270 CP13
25 * # 1.0 * 2
£ 20 5 0.8
8 15 806
[3+] 1]
E‘ 1.0 5’ 0.4
» 05 ® 0.2
0.0 0.0
gp120tg - - + + gp120tg - - + +
Sunitinib - + o + Sunitinib - + - +
D AT8 E PHF-1
3 s # 1.5 » #
£ £
&2 810
™ ®
c c
21 D 0.5
7] 7]
0 0.0
gp120tg - - + + gp120tg - - + +
Sunitinib - + - + Sunitinib - + - +

Immunoblot analysis of sunitinib’s effects on tau protein in gp120 tg mice. Non-tg and gp120 tg mice were treated with vehicle or sunitinib for
4 weeks and analysed by immunoblot. (A) Representative Western blot treated with antibodies against total tau protein, p-tau (AT270, CP13, AT8
and PHF1) and actin, as a loading control. (B—E) Image-Quant analysis of AT270, CP13, AT8 and PHF1. In gp120 tg mice levels of p-tau were higher
than in non-tg mice. *P < 0.05; one-way ANovA with Dunnett’s test. Sunitinib treatment resulted in a reduction of p-tau levels compared with
vehicle controls. #P < 0.05; one-way anova with Tukey-Kramer test. Mice were 12 months old, n = 10 per group.

mature neuronal progeny from endogenous regions of neu-
rogenesis.

The dual effects of sunitinib at inhibiting RTKs and CDKS5
is consistent with previous studies that have shown that
other RTK inhibitors such as erlotinib that primarily targets
VEGF receptors can also modulate CDK2/4 (Ling et al., 2007)
and macrocyclic aminopyrimidines that block VEGF recep-
tors can also inhibit CDK2 (Lucking etal., 2007). Earlier
studies had indicated that sunitinib exhibited some inhibi-
tory activity against CDK1 (ICsy = 2.6 uM) (Mendel et al.,
2003), and a more recent study showed that sunitinib binds
to CDK2 through hydrogen bonding interactions with the
hinge region of the ATP site, namely the backbone of residues
Glu® and Leu® (Martin et al., 2012). This is consistent with
studies showing that sunitinib treatment causes cell cycle
arrest in the Go/G; phase by increasing p27%®!, pRb1l and
p130/Rb2, and decreasing the expression of cyclin D1, cyclin
D3, and CDK2 (Teng et al., 2013). In the CNS, while increased
p27 promotes cell survival and is neuroprotective, decreasing
p27 reduces neuronal cell viability. Therefore, the neuropro-
tective effects of sunitinib might involve several mechanisms
including direct binding to the catalytic pocket and down-
regulation of hyperactive RTKs and CDKS and increased
expression of p27 that can also regulate CDKS. Moreover,
another intriguing possibility is that sunitinib’s effects on
CDKS might be indirect via regulation of the phosphoryla-

tion of CDKS at Tyr'. Previous studies have shown that
phosphorylation at this residue might regulate the state of
CDKS activation In this regard, we found that in the gp120
model of toxicity phosphorylation at Tyr® of CDKS5 is
increased, while sunitinib treatment reduced Tyr'® phospho-
rylation of CDKS to baseline levels.

Abnormal activation of the CDKS (Wang etal., 2007;
Crews et al., 2009), GSK3p (Maggirwar et al., 1999; Dewhurst
et al., 2007; Crews et al., 2009; Schifitto et al., 2009)and RTKs
such as insulin-like receptor (Gerena etal., 2012), ephrin
receptors (Yuferov etal., 2013), STAT3 (Peng etal., 2011),
PDGF (Potula et al., 2004; Eggert et al., 2009) and insulin-like
growth factor (Ying Wang et al., 2003) signalling pathways
have been implicated in HIV-associated neurocognitive
impairment and in gp120 tg models of HIV-1 neurotoxicity.
As discussed earlier, all of these are pathways that are poten-
tially affected by sunitinib and might explain the mecha-
nisms of neuroprotection in models of gp120 toxicity.
Moreover, the results of the current study are in agreement
with previous studies showing that roscovitine, a CDK inhibi-
tor that inhibits CDKS5 (as well as some other CDKs) in the
low micromolar range, protected primary neurones from the
neurotoxic effects of HIV (Wang et al., 2007), and ameliorated
the neurotoxic and neurobehavioural alteration of the HIV-1
protein gp120 in tg animals (Patrick ef al., 2011). Likewise,
lithium chloride, which blocks GSK3 activity, and to some

British Journal of Pharmacology (2014) 171 5757-5773 5767



BJP W Wrasidlo et al.

A Non-tg GFAP-gp120 tg D PHF-1 pCDK5 Merged
Vehicle Sunitinib Vehicle Sunitinib
§ e S TR % e ~ ST [ )
i : [}
2 D- i o >
el ey B — L o
w
- c
- D PR o e
e i Fey Z|E
. - :
: (7]
pCDK5
B 400 i # C 400 =
w (7] 1)
§ 300 E 300 |2
5 200 = 200 Q
$ £ 3|
& 100 E 100 =
o o SNE
0 0 ‘é’
gpl120tg - - + + gpl120ty - - + =
Sunitinib - + - * Sunitinib - + * "
Figure 7

Immunocytochemical analysis of sunitinib’s effects on pCDK5 and p-tau in gp120 tg mice. Non-tg and gp120 tg mice were treated with vehicle
or sunitinib for 4 weeks and immunostained serial vibratome sections were analysed by digital brightfield or confocal microscopy. (A) Repre-
sentative brightfield microscopic images of sections incubated with antibodies against pCDK5 and p-tau (PHF1) showing increased immunore-
activity in cortical neurones in vehicle-treated gp120 tg mice. Outlined images to the right of each low-power micrograph are higher
magnifications of the inset. (B, C) Computer-aided Image] analysis of pCDK5 and PHF1. In vehicle-treated gp120 tg mice, levels of p-tau were
higher than in non-tg mice. *P < 0.05; one-way anova with Dunnett’s test. Sunitinib treatment resulted in a reduction of pCDK5 and p-tau levels
compared with vehicle controls. #P < 0.05; one-way anova with Tukey-Kramer test.. Mice were 12 months old, n = 10 per group. (D)
Immunocytochemical analysis and confocal microscopy of sections double-labelled with antibodies against PHF1 (FITC channel) and pCDKS5 (red
channel). Co-localization (arrows) was observed in sections from vehicle-treated gp120 tg mice compared with controls or sunitinib treatment.

Mice were 12 months old, n =10 per group. Scale bar = 10 um.

extent CDKS hyperactivation, also reduces the behavioural
deficits in patients with HIV encephalitis (HIVE) and in
gp120 tg mice (Everall et al., 2002). Therefore, compounds
that block CDKS hyperactivation such as roscovitine are of
potential importance in the management of neurodegenera-
tive disorders; for this reason, we investigated the potential of
sunitinib. However, it is worth mentioning that novel CDKS
inhibitors with greater selectivity and bioavailability are cur-
rently being developed. For example, a series of new purine-
based fluoroaryl triazoles were developed and shown to be
neuroprotective against AB-induced neurotoxicity. Roscovi-
tine and the triazole 7 bind to the ATP-binding site of CDKS/
p25 with comparable binding energies (Nair et al., 2011).

As previous studies have shown that in patients with
HIVE, the abnormal activation of CDKS5 and RTKs might be
associated with behavioural deficits and neurotoxicity, we
postulate that sunitinib’s neuroprotective effects in HIV
models might be related to the dual effects targeting the
CDKS and RTK signalling pathways. For this study, we
focused on the effects of sunitinib via CDK5. However, future
studies will need to evaluate the effects of this compound at
modulating RTKs and other signalling pathways that are dys-
regulated during the progression of HIV neurotoxicity.
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In addition to the dual effects on RTKs and CDKS, inhi-
bition with sunitinib may have better pharmacokinetic char-
acteristics than compounds such as roscovitine, which
exhibits a brain/plasma (B/P) concentration ratio of 0.15-
0.30. (Vita et al., 2005). Our results demonstrate that the B/P
ratio for sunitinib was 1.96 with a favourable pharmacologi-
cal half-life in the CNS of treated mice. However, it is worth
taking into consideration that brain accumulation of suni-
tinib in mice is restricted by the drug transporters Abcbl
(P-glycoprotein) and Abcg2 (Tang etal., 2012). Complete
inhibition of both transporters significantly increases brain
accumulation of sunitinib, and it has been suggested that the
co-administration of elacridar and sunitinib might be benefi-
cial (Tang et al., 2012; Oberoi et al., 2013).

Further supporting a potential neuroprotective role for
sunitinib, this anti-cancer compound has been under consid-
eration for the treatment of glioblastoma, and a recent study
showed that sunitinib increases neuronal survival and neu-
rotrophic effects via NF-xB (Sanchez et al., 2013). The NF-xB
pathway is also involved in the progression of HIV infection
of the CNS (Alvarez etal., 2007), thus providing another
target for the neuroprotective effects of sunitinib in HIV
neurotoxicity. Moreover, the CDKS and RTK signalling path-



Sunitinib in models of HIV neurotoxicity

A Non-tg GFAP-gp120 tg B
Vehicle Sunitinib Vehicle Sunitinib
Iba1 (frontal-parietal)
= oy, 5007 * #
8, 3 400
w0
£ 300
=
8 2004
T 1004
(&}
D.
gp120tg - - + +
Sunitinib - + - +*
GFAP (frontal-parietal)
400

Optical density
[
8

100

0
gp120tg - - + +
Sunitinib - + - *

Figure 8

Immunocytochemical analysis of the effects of sunitinib in markers of neuro-inflammation in gp120 tg mice. Non-tg and gp120 tg mice were
treated with vehicle or sunitinib for 4 weeks and immunostained serial vibratome sections were analysed by digital brightfield microscopy. (A)
Representative brightfield microscopic images of sections incubated with an antibody against the microglial marker Ibal showing increased
immunoreactivity in the neocortex and hippocampus in vehicle-treated gp120 tg mice. Outlined images below each low-power micrograph are
higher magnifications of the inset in the neocortex. (B) Computer-aided Image] analysis of Ibal. In vehicle-treated gp120 tg mice levels of Ibal
were higher than in non-tg mice. *P < 0.05; one-way anova with Dunnett’s test. Sunitinib treatment resulted in a reduction of Iba1 levels compared
with vehicle controls. #P < 0.05; one-way anova with Tukey—Kramer test. (C) Representative brightfield microscopic images of sections incubated
with an antibody against the astroglial marker GFAP showing increased immunoreactivity in the neocortex and hippocampus in vehicle-treated
gp120 tg mice. Outlined images below each low-power micrograph are higher magnifications of the inset in the neocortex. (D) Computer-aided
Image) analysis of Ibal. In vehicle-treated gp120 tg mice levels of GFAP were higher than in non-tg mice. *P < 0.05; one-way anova with Dunnett’s
test. Sunitinib treatment resulted in a reduction of GFAP levels compared with vehicle controls. #P < 0.05; one-way anova with Tukey—Kramer test.
Mice were 12 months old, n =10 per group. Bar = 250 and 10 um.
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Figure 9

Effects of sunitinib on markers of neurodegeneration in gp120 tg mice. Non-tg and gp120 tg mice were treated with vehicle or sunitinib for 4
weeks and immunostained serial vibratome sections were analysed by digital brightfield microscopy and confocal microscopy. (A) Representative
brightfield microscopic images of sections incubated with an antibody against the neuronal marker NeuN showing decreased immunoreactivity
in the neocortex in vehicle-treated gp120 tg mice. Outlined images below each low-power micrograph are higher magnifications of the inset in
the neocortex. (B) Computer-aided Image-] analysis of the numbers of positive NeuN cells. In vehicle-treated gp120 tg mice, there were fewer
than in non-tg mice. *P < 0.05; one-way aNnova with Dunnett’s test. Sunitinib treatment ameliorated the neuronal changes, compared with
vehicle-treated gp120 tg mice. #P < 0.05; one-way aNnova with Tukey—Kramer test. (C) Immunocytochemical analysis and confocal microscopy of
sections labelled with an antibody against the dendritic marker MAP2 (FITC channel). (D) Computer-aided Image] analysis of the percentage of
area of the neuropil that is MAP2 immunostained. In vehicle-treated gp120 tg mice there was less MAP2 immunoreactivity than in non-tg mice.
*P < 0.05; one-way anova with Dunnett’s test. Sunitinib treatment ameliorated the dendritic alterations compared with vehicle-treated gp120 tg
mice. #P < 0.05; one-way ANovA with Tukey—Kramer test. Bar = 250 and 10 um. (E) Representative confocal microscopy images of sections
incubated with an antibody against active caspase-3 showing increased immunoreactivity in the neocortex in vehicle-treated gp120 tg mice. (F)
Computer-aided Image-] analysis of pixel intensity. In vehicle-treated gp120 tg mice, there was more capsase-3 staining than in non-tg mice. *P
< 0.05; one-way ANovA with Dunnett’s test. Sunitinib treatment reduced caspase-3 in gp120 tg mice. #P < 0.05; one-way anova with Tukey—Kramer
test. (G) Representative digital microscopy images of sections stained with the TUNEL assay showing increased positive cells in the neocortex in
vehicle-treated gp120 tg mice. (H) Computer-aided Image-] analysis of positive cells. In vehicle-treated gp120 tg mice there was more staining
than in non-tg mice. *P < 0.05; one-way ANovA with Dunnett’s test. Sunitinib treatment reduced TUNEL staining in gp120 tg mice. #P < 0.05;
one-way ANovA with Tukey—Kramer test. Mice were 12 months old, n = 10 per group.
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