Neurotherapeutics (2021) 18:2707-2721
https://doi.org/10.1007/513311-021-01113-7

ORIGINAL ARTICLE q

Check for
updates

Neuroprotective Roles of the Adenosine A; Receptor Agonist AST-004
in Mouse Model of Traumatic Brain Injury

Eda Bozdemir' - Fabio A. Vigil® - Sang H. Chun' - Liliana Espinoza? - Vladislav Bugay? - Sarah M. Khoury' -
Deborah M. Holstein' - Aiola Stoja? - Damian Lozano’ - Ceyda Tunca' - Shane M. Sprague? - Jose E. Cavazos* -
Robert Brenner? - Theodore E. Liston® - Mark S. Shapiro? - James D. Lechleiter’

Accepted: 26 August 2021 / Published online: 4 October 2021
© The American Society for Experimental NeuroTherapeutics, Inc. 2021

Abstract

Traumatic brain injury (TBI) remains one of the greatest public health concerns with increasing morbidity and mortality
rates worldwide. Our group reported that stimulation of astrocyte mitochondrial metabolism by P2Y | receptor agonists sig-
nificantly reduced cerebral edema and reactive gliosis in a TBI model. Subsequent data on the pharmacokinetics (PK) and
rapid metabolism of these compounds suggested that neuroprotection was likely mediated by a metabolite, AST-004, which
binding data indicated was an adenosine A, receptor (A;R) agonist. The neuroprotective efficacy of AST-004 was tested in a
control closed cortical injury (CCCI) model of TBI in mice. Twenty-four (24) hours post-injury, mice subjected to CCCI and
treated with AST-004 (0.22 mg/kg, injected 30 min post-trauma) exhibited significantly less secondary brain injury. These
effects were quantified with less cell death (PSVue794 fluorescence) and loss of blood brain barrier breakdown (Evans blue
extravasation assay), compared to vehicle-treated TBI mice. TBI-treated mice also exhibited significantly reduced neuroin-
flammatory markers, glial-fibrillary acidic protein (GFAP, astrogliosis) and ionized Ca**-binding adaptor molecule 1 (Ibal,
microgliosis), both at the mRNA (qRT-PCR) and protein (Western blot and immunofluorescence) levels, respectively. Four
(4) weeks post-injury, both male and female TBI mice presented a significant reduction in freezing behavior during contex-
tual fear conditioning (after foot shock). AST-004 treatment prevented this TBI-induced impairment in male mice, but did
not significantly affect impairment in female mice. Impairment of spatial memory, assessed 24 and 48 h after the initial fear
conditioning, was also reduced in AST-004-treated TBI-male mice. Female TBI mice did not exhibit memory impairment
24 and 48 h after contextual fear conditioning and similarly, AST-004-treated female TBI mice were comparable to sham
mice. Finally, AST-004 treatments were found to increase in vivo ATP production in astrocytes (GFAP-targeted luciferase
activity), consistent with the proposed mechanism of action. These data reveal AST-004 as a novel A;R agonist that increases
astrocyte energy production and enhances their neuroprotective efficacy after brain injury.
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Introduction

Traumatic brain injury (TBI) is defined as a shock, jolt or
blow to the head [1]. It is one of the most common causes
of disability and abnormal brain function, resulting from
sport, battlefield, fall, and domestic violence injuries [2-5].
Roughly 19% of the 1.64 million soldiers deployed in the
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Iraq war suffered TBI events [3], and nearly 50% of ~42
million women in the United States subjected to domestic
violence have suffered a TBI [2]. All TBIs increase the risk
of developing neurodegenerative diseases including Alz-
heimer’s and Parkinson’s diseases [6]. Moreover, our group
recently documented significant changes in the electrical
properties of neurons after repetitive mild TBIs in a blunt
mouse-TBI model [7]. There are no FDA-approved thera-
peutic treatments for TBI and its many associated sequelae,
despite over 1000 clinical trials [8].

TBI severity can range from mild to severe, with mild
TBIs being the most common type [6]. One of the challenges
of studying TBI-mediated neuropathy is the duration over
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which injury progression occurs [6]. Progression is divided
into two phases: an irreversible, primary phase of physical
injury, caused by shearing, tearing or crushing of the brain
[9], followed by a secondary phase of injury, occurring over
hours to months later. The sequalae of the secondary injury,
in principle, could be prevented or even reversed with treat-
ment. Such sequelae include cerebral edema, a maladap-
tive inflammatory response, calcium (Ca>*) ion toxicity,
epilepsy, and infection [9—12]. The focus of our study has
been on testing the therapeutic efficacy of a potential new
drug, AST-004, on the sequelae associated with the second-
ary phase of injury that acts via a novel mechanism.

Astrocytes and microglia are widely recognized for their
central roles in maintaining brain health [13]. Normal func-
tions of astrocytes include nutritional support to neurons,
ion, and water homeostasis and regulation of synaptic func-
tion [13]. During stress or in response to injury, astrocytes
play key neuroprotective roles. They undergo morphological
and molecular changes, called astrogliosis [14]. Cytoskeletal
hypertrophy and the upregulation of glial fibrillary acidic
protein (GFAP) are key features [14]. Ultimately, if an injury
cannot be healed, the wound is sealed off by the formation of
glial scars [13, 14] to limit the spread of inflammation [15].
Microglia also undergo reactive gliosis after brain injury,
indicated by upregulation of ionized Ca®*-binding adaptor
molecule 1 (Ibal), and are critical for the removal of cellular
and molecular debris, aiding in the restoration of normal
brain environment [16]. In the long term, chronically acti-
vated microglia not only can release harmful pro-inflamma-
tory molecules that are damaging, but can also work in con-
junction with astrocytes to form a barrier around the injured
site [17]. Both astrocytes and microglia play vital roles in the
response to injury after TBI.

We previously reported that the P2Y, receptor agonists,
MRS2365 and 2MeS-ADP, exhibit significant neuroprotec-
tive efficacy after brain injuries in mouse models of ischemic
stroke and TBI [18-20]. Our data indicated that both ago-
nists increased mitochondrial energy (ATP) production in
astrocytes, which in turn drove multiple natural protective
processes (e.g., restoration of ion homeostasis, removal of
extracellular glutamate, and production of growth factors
and antioxidants). P2Y, receptors are G-protein coupled
receptors (GPCRs), coupled to G, and phospholipase
Cp, whose activation induces inositol (1,4,5) tri-phosphate
(IP;)-mediated Ca’* release from the endoplasmic reticu-
lum (ER) [17, 21-23]. We demonstrated that astrocyte mito-
chondria partially sequestered this excess Ca>*, leading to
increased ATP production [18-20].

We also revealed MRS2365 and 2MeSADP in mice to
be rapidly metabolized into their respective nucleoside
metabolites [24]. Pharmacokinetic studies demonstrated that
MRS2365 was converted into AST-004 (MRS4322), whereas
2MeSADP was converted into 2-methylthioadenosine. We
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further demonstrated that both metabolites were adenosine
receptor (AR) agonists, primarily for A;Rs, but also with
some affinity for A;Rs [24]. Based on these data, we hypoth-
esized that MRS2365 served as a prodrug and that in vivo
neuroprotection against TBI and stroke was mediated by its
nucleoside metabolite AST-004. Here, we demonstrate that
intraperitoneal injections of AST-004 into mice subjected
to TBI increased ATP production and decreased the sever-
ity of brain injuries. These data suggest a promising new
therapeutic for the treatment of acute and long-term sequelae
associated with TBIs.

Materials and Methods
Materials

Adenosine A; receptor (A;R) agonist AST-004 was synthe-
sized, in part, at the National Institute of Health (Bethesda,
MD), as previously reported [25] and in part, was a gift of
Astrocyte Pharmaceuticals, Inc. Unbound brain concentra-
tions of AST-004 were determined following dosing using
a specific LC/MS/MS assay [25]. Maximum unbound brain
concentrations were measured at 5 ng/gm, demonstrating
that AST-004 was distributed in the brain and available to
interact with AR.

Animals

Male and female C57BL/6 J mice (10 weeks old) were
housed in 12 h light—dark cycles with food and water ad libi-
tum. Animals were sorted prior to each experiment so that
each cage included mice from all treatment groups. In total,
109 male and 34 female mice were used for these experi-
ments. Numbers of mice per experiment are stated in each
figure legend. During data collection, the experimenter was
blinded to animal groups. All experiments were performed
in accordance with the Institutional Animal Care and Use
Committee at UT Health San Antonio and were in compli-
ance with the National Institutes of Health “Guide for the
Care and Use of Laboratory Animals.”

Study Design

All studies were randomized and blinded. Experimental
groups were tested throughout the day and analyzed in par-
allel. The timing of all experimental procedures, manipu-
lations, and tests is presented in Fig. 1. Experiments were
also repeated on different days a minimum of 3 times. Stock
solutions were prepared on multiple separate occasions. The
sample size for each experiment was determined by power
analysis based upon pilot experiments. Mean group differ-
ences were set at p < 0.05 and a power of 0.8.
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Fig. 1 Gantt chart showing the timing of all experimental proce-
dures, manipulations, and tests. Experimental assays for all the data
presented in the figures for this study are listed in the left column.
The timing of the procedures and measurements for each assay is
indicated by the vertical-labeled arrows along the top horizontal axis.
Note the top axis is interrupted at multiple points to show the time
scale in hours (h), days (d), and months (m). The duration of each

Traumatic Brain Injury Model

TBIs were induced using a control closed cortical impact
(CCCI) model to simulate focal contusion with the skull
intact as previously described [19]. Briefly, mice were
placed in an anesthesia chamber, and anesthesia was
induced with 4% isoflurane in a 2:1 mixture of N,0:0,
and maintained with 2% isoflurane in a 2:1 mixture of
N,0:0, [26]. In order to generate a mild-to-moderate
TBI (without skull fracture or obvious hematomas), the
pneumatic device (Leica Biosystems) was prepared with
a 5 mm diameter cylinder probe to induce a 1 mm depth
impact at 4.5 m/s velocity, positioned between the sag-
ittal suture and coronal ridge with the borders near the
lambda and bregma. Sham groups underwent the exact
same procedures without the impact. TBI mice received
a single TBI and were treated with either vehicle or AST-
004 (intraperitoneal (IP) injection; 0.22 mg/kg) 30 min
after insult.

experimental assay is indicated by the length of the horizontal gray
bars. The timing for luciferin/luciferase luminescence measurements
is presented on the lower horizontal axis in days (d) post-TBI at O h.
The duration of these experiments was 8 days, indicated by the hori-
zontal gray bar. Note luminescence measurements alternated between
vehicle and AST-004 in 24 h cycles

Cell Death and Blood Brain Barrier Permeability

To visualize cell death in vivo, the infra-red fluorescent
probe, PSVue794, was intravenously injected at a concen-
tration of 3 mg/kg, 24 h post-CCCI according to the manu-
facturer’s protocol (Molecular Targeting). The probe was
permitted to circulate for 48 h prior to measurements. The
same group of mice was intravenously injected with Evans
blue dye (2.5 mg/kg, Sigma Aldrich) 72 h after CCCI in
order to examine blood brain barrier permeability. The dye
was allowed to circulate 2 h prior to measurements, and a
transcardial perfusion was performed to remove intravas-
cular probe. Both PSVue794 and Evans blue signals were
measured using a Xenogen IVIS Spectrum Imaging System.
Imaging analysis was performed using Living Image Soft-
ware 4.5.5 (Caliper Life Science). The regions of interest
(ROIs) were located in the peri-injured site of each sam-
ple and the fluorescence values were recorded as radiant
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efficiency (emission light (photons/s/cm?/steradian)/excita-
tion light (WW/cm?)).

Immunohistochemistry, Image Acquisition
and Analysis

IHC was performed 72 h after CCCI. Mice were euthanized
via transcardial perfusion with PBS and 4% paraformalde-
hyde (PFA, Electron Microscopy Sciences). Brains were
removed, further fixed overnight in 4% PFA, transferred
into 30% (w/v) sucrose and kept at 4 °C for 3 days. Brains
were then embedded into histology molds (TedPella) filled
with Tissue-Plus O.C.T. compound (Fisher Scientific),
rapidly frozen with 2-methylbutane immersed in liquid N2
and stored at—80 °C until cryosectioning. Thirty-micron
thick coronal sections were cut using a HM505E Cryostat
(MICROM International) and mounted on previously gelatin
(Sigma)-coated Superfrost Plus Microscope Slides (Fisher
Scientific), and dried overnight. Sections were rehydrated
with PBS, and their immunoreactivity was enhanced via
heat-induced antigen retrieval using a DIVA decloaker
(Biocare Medical). Slides were then washed with PBS
twice for 5 min and dipped into 0.25% (v/v) Triton X-100
(Sigma-Aldrich) for another 10 min. Following two more
PBS washes, sections were blocked with 5% (v/v) bovine
serum albumin (Sigma) for 1 h at RT, excess blocking solu-
tion was removed, and slices were incubated with primary
antibodies (1:1000 GFAP, Abcam ab53554) at 4 °C for
20 h. The following day, sections were washed with PBS
5 x for 15 min periods and incubated in secondary antibod-
ies (1:200 Thermo Fisher Lot# 1,640,316 donkey anti-goat
Alexa Fluor 568) for 1 h at RT. Sections were then washed
3 x for 5 min/each and further incubated in DAPI (Sigma)
for 10 min. After a brief wash in distilled H,O, brain sec-
tions were mounted with a Vectashield antifade-mounting
medium (Vector Laboratories). All slides were imaged using
a Zeiss LSM710 confocal microscope (40 X magnification,
NA 1.3) in the Core Optical Imaging Facility at UT Health
SA. Fluorescence settings and parameters were held constant
for all sections. Z stacks at 1-um intervals were processed
using ImageJ (Wayne Rasband, National Institutes of Health,
USA). Custom macros in ImageJ were used to quantify mean
fluorescence intensity analysis. In short, maximum inten-
sity projections were first generated from Z-stacked images.
Background fluorescence was removed using the stack-based
spots plug-in from ICBM (Indiana Center for Biological
Microscopy) to mask cells. Mean gray values were calcu-
lated and used for the analysis.

Quantitative Real-Time Polymerase Chain Reaction

gRT-PCR samples were collected 6 days after CCCls, snap
frozen in dry ice, and stored at —80 °C until analysis. Mouse
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brains were bathed in an ice-cold Ringer’s solution and
maintained over ice during dissection of cortical samples.
Cortical samples were composed of 2 mm X 2 mm squares
dissected between the rostral and middle branches of the
superior sagittal sinus, visible by eye. The 1 mm X2 mm?
cube-shaped sample volume contained all cortical layers.
Contralateral and ipsilateral cortical samples were collected
separately. An Ultra EZgrind tissue homogenizer (Denville
Scientific) was used at the lowest speed (5000 rpm) to
homogenize samples in a TRIzol buffer (Life). After chlo-
roform extraction, total RNA was precipitated with isopropyl
alcohol and resuspended in nuclease-free water. A spectro-
photometer (Nanodrop) was used to test RNA quality and
quantity. Eight hundred ng of total RNA, from each sample,
was used for cDNA synthesis. Synthesis was performed
with Oligo(dT),, primers (Invitrogen) and SuperScript III
first-strand reverse transcriptase (Invitrogen), following
manufacturer protocol. Samples were run in triplicates for
each primer. The primers used were GFAP: F- TGCGTA
TAGACAGGAGGCAGATGAAG, R- GGAGTTCTCGAA
CTTCCTCCTCATAG; IBA1: F- GGGGATCAACAAGCA
ATTCCTCGA, R- ACTCCATGTACTTCACCTTGAAGG
C; GAPDH: F- GAAGGGCTCATGACCACAGTCC, R-
CCACGGCCATCACGCCACAG. The amplicons obtained
were run in agarose gel by electrophoresis, and the pres-
ence of one specific band from the predicted size was visu-
alized, confirming primer specificity. GAPDH was used as
a housekeeping gene for normalization of Ibal and GFAP
results. To test if GAPDH was a suitable housekeeping gene
for our experiments, we confirmed that CCCI and/or AST-
004 treatment did not cause a significant change in GAPDH
expression (Fig. 3d, h). Hypoxanthine—guanine phosphori-
bosyltransferase (HPRT) was used as a housekeeping gene
for this test. Optimum sample dilution was determined by
equal amplification efficiency of the gene of interest and
GAPDH over a range of dilutions (80-5120 x). To define
the best concentration of forward and reverse primers for all
the genes of interest and GAPDH, different primer dilutions
were tested against a sham sample and water. The number
of cycles necessary to use all the substrate in a reaction with
the test sample was subtracted from the number of cycles
obtained with ddH,O. The larger the difference in the num-
ber of cycles, the higher the efficiency and specificity of
the reaction. The same procedure was performed through-
out our experiments to determine the best concentrations of
forward and reverse primers in each set of qRT-PCR reac-
tions executed. All qRT-PCR reactions were performed in a
7900 HT Fast Real-Time PCR system (Life Technologies)
using SYBR Green PCR master mix (Thermo Fisher Sci-
entific). The reactions started with one-step of 95 °C for
10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C
for 1 min. The number of cycles needed to reach exhaustion
of the reaction, threshold cycle (CT), was determined. The
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Fig.2 TBIl-induced increases in BBB permeability (Evans blue)
and cell death (PSVue794) were reduced by AST-004 treatment. a,
b Images of Evans blue or PSVue794-injected mice brains 3 days
post-TBI, collected on the Xenogen IVIS system. Epi-fluorescence
radiance units are the number of photons per second leaving a square
centimeter of brain tissue radiating into a solid angle of one steradian

difference between template CT and housekeeping gene CT
(ACT) was calculated and transformed using a power of 2.
The results were normalized to the average of sham ipsi-
lateral samples and are presented as mean and S.E.M. for
each group.

Western Blotting

The right (ipsilateral) and left (contralateral) brain hemi-
spheres as well as plasma samples were collected 7 days
post-injury, and immediately snap frozen in dry ice. Protein
extracts were prepared by homogenizing frozen samples on
ice in a RIPA buffer solution (Thermo Fisher Scientific —
89,901), which included protease inhibitor tablet (Roche —
05,892,988,001), phosphatase inhibitor cocktail 2 (Sigma —
P5726), and cocktail 3 (Sigma — P0044). An Ultra EZgrind
tissue homogenizer (Denville Scientific Inc.) was used at the
lowest speed. The protein concentration of each sample was
determined with a Pierce BCA protein assay kit (Thermo
Fisher Scientific — 23,225). Protein extracts were reduced,
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(photons/s/cm%sr). ¢, d Histogram plots of Evans blue and PSVue794
fluorescence intensity (arbitrary units) normalized to sham. Size of
ROIs indicated with blue dashed circles in sham image panels. Each
filled circle in the histogram bars represents a single mouse. Total
number of mice used for sham: 9 males, for TBI+ vehicle: 10 males,
for TBI+ AST-004: 9 males

denatured, and samples (25 pg of total protein) run (130 V
for~1 h) in 4-20% precast polyacrylamide gels (Bio-Rad
— 4,561,096). Proteins were transferred for 1 h at 100 V
to a nitrocellulose membrane (Bio-Rad — 10,484,060).
GFAP antibody (Abcam — ab53554) was used at a dilu-
tion of 1:1000, while Actin antibody (Sigma — A2228) was
used at a dilution of 1:10,000. To reveal immunoblot bands,
a chemiluminescent reaction between horseradish perox-
idase-conjugated secondary antibodies (1:5000 Jackson
Laboratories) and Western Lightning Plus-ECL reagents
(PerkinElmer — NEL105001EA) was used. ImageJ soft-
ware (FIJI, Gel Analyzer) was used to quantify bands after
exposure in the linear range. Proteins were normalized by
the housekeeping protein f-actin.

Contextual Fear Conditioning
Contextual fear conditioning—behavior assay was per-

formed to assess spatial memory function [27-29]. Before
the experiments were performed, all mice were handled
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«Fig.3 TBI-induced increases in mRNA levels of GFAP and Ibal
in the cortex are reduced by AST-004 treatments. Mice underwent
sham or TBI and received AST-004 treatment (0.22 mg/kg) or vehi-
cle 30 min post-injury. qRT-PCRs of brain homogenates were per-
formed 7 days post-injury. mRNA levels for GFAP and Ibal in the
ipsilateral cortex are shown in histogram plots, as labeled a, b. GFAP
mRNA levels in the ipsilateral cerebellum were not affected by TBI ¢
GAPDH mRNA levels in the ipsilateral cortex were also unaffected
d. For comparison, contralateral mRNA levels for GFAP, Ibal, and
GAPDH in the cortex and GFAP in the cerebellum are also not signif-
icantly different in TBI-induced brain samples e, h. Number of mice
used for sham: 3 males and 3 females, for TBI + vehicle: 3 males and
5 females, for TBI+ AST-004: 5 males and 3 females. All samples
run in duplicate. Brain samples from the contralateral side of the
brain to the site of injury did not exhibit changes in mRNA levels for
GFAP (cortex and cerebellum), Ibal or GAPDH either after TBI only
or TBI + AST-004 treatment AQ8(Fig. 3e-h)

by the experimenter for 1 min during 5 consecutive days
preceding testing at 1 month for habituation. During
training sessions, mice were placed in the conditioning
box (25.3 cm X 25.4 cm X 18.5 cm) and allowed to freely
explore the box for 2 min. After initial exploration, three
consecutive foot shocks separated by 1-s intervals were
administered. Each shock (0.5 mA) was 2 s in duration.
Mice were left in the chamber for 50 s in order to associate
the chamber with the shocks. Overall, the training session
was 3 min long, and freezing time was quantified after the
shocks. To assess long-term memory, 2 min-long memory
tests were conducted 24 and 48 h after the initial training
session. The percent of freezing time during a memory test
was recorded as the primary readout. Time spent freez-
ing was quantified automatically by a Freeze monitor (San
Diego Instruments Inc). A mouse was considered freezing
when it spent 2 s or more without any movements except
for breathing-related movements.

In Vivo Bioluminescence Measurements
of Luciferin-Luciferase

Transgenic mice expressing the Luciferase-reporter gene
in astrocytes (Dual Glo, Jackson Laboratories) were
housed until 3—4 months of age prior to measurements of
bioluminescence with a Xenogen IVIS Imaging system.
All mice received a single TBI 2—6 days prior to imaging
in order to increase brain access for the luciferase sub-
strate, a synthetic D-luciferin analog (Cyclucl [30]). For
each recording, mice were anesthetized and intraperito-
neally (i.p.) injected with cyclucl (100 ul at 5 mM), 5 min
before imaging. AST-004 or vehicle were then adminis-
tered 12.5 min after the initial Cyclucl injection. Biolu-
minescent signals from the brain were collected during 40
min continuous recordings as total flux (photons per sec-
ond) and plotted as emission curves using Living Imaging

Software 4.0. Finally, the total photon flux levels were
compared 30 min after AST-004 or vehicle were injected.

Statistics

For statistical analysis, GraphPad/Prism was used. Data were
checked for normal distribution by Q—Q plot analysis and the
Shapiro—Wilk normality test. Unpaired, two-tailed, Student’s
t-test was used for bioluminescent photon flux analysis. One-
way ANOVA test was used for the rest of the analyses. Bon-
ferroni correction was utilized for post hoc comparisons for
determining significant differences between different groups
of samples, once ANOVA revealed a significant difference.

Results

AST-004 Reduces TBl-induced Cell Death and Blood
Brain Barrier Disruption

Mice received a single TBI and were treated with either
vehicle or AST-004 (intraperitoneal (IP) injection; 0.22 mg/
kg) 30 min after insult. Disruption of the BBB was assayed
72 h post-TBI, using the Evans blue (EB) extravasation assay
(Fig. 1). EB was injected 2 h prior to imaging, and the brains
were removed and positioned in the Xenogen IVIS imag-
ing system. Significantly higher EB staining was observed
in the cortex of animals subjected to TBI only (1.83 +0.16
Ipsi/Cntr, n=5, p<0.001), compared to sham (1.10+0.03
Ipsi/Cntr, n=5) and TBI+ AST-004 treatment (1.47 +0.12
Ipsi/Cntr, n=6, p <0.025). The difference between sham
and AST-004-treated animals was not statistically significant
(Fig. 2a, c).

TBI-induced cell death was also assessed ex vivo using
the dye PSVue794. Near-infrared (NIR) imaging was per-
formed with the IVIS system in the same cohorts. CCCI-
triggered cell death was mainly located around the site of
impact and significantly higher (2.68 +0.22, n=5, p<0.001)
than sham (mean normalized to 1, n=4). This relatively
focal injury was significantly reduced by AST-004 adminis-
tration (1.71+0.29, n=4, p <0.028) (Fig. 2b, d). Note the
cell death profile spatially overlaps with the BBB disruption.

AST-004 Treatment Reduces mRNA Levels of Both
GFAP and Iba1 in Mice Subjected to TBI

We assayed levels of mRNA for the astrogliosis biomarker,
GFAP, and the microgliosis biomarker, Ibal, in shams and
TBI mice treated with vehicle only or AST-004. mRNA
was extracted from brain homogenates 6 days post-injury
(Fig. 1). We observed a significant increase in GFAP
expression in the ipsilateral cortex of mice subjected to TBI
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(8.42+1.07,n="7, p<0.0001) relative to sham (1.00+0.14,
n=26), which was reduced in mice treated with AST-004
(2.24 +£0.25, n=6, p<0.0001) (Fig. 3a). We observed a
similar increase in expression of Ibal after TBI (2.36 +0.33,
n=6, p<0.01), compared to shams (1.26 +0.09, n=35), and
AST-004 treatment significantly lowered Ibal expression
(1.77+0.14, n=5, p<0.05) (Fig. 3b). Control mRNA levels
for GFAP in the ipsilateral cerebellum and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) in the ipsilateral cor-
tex exhibited no significant differences (Fig. 3c, d).

AST-004 Treatment Reduces Expression of GFAP
Protein

In separate cohorts of mice, we investigated the effect of
AST-004 treatment on GFAP-protein levels after TBI.
Brains were collected and prepared for GFAP immunocy-
tochemistry 3 days post-injury (Fig. 1). Consistent with our
gRT-PCR analysis, GFAP levels were significantly increased
by TBI (2.24+0.19, n=4, p<0.001) compared to sham
(1.06+0.05, n=4), and AST-004 reduced levels of GFAP
immunolabeling in the ipsilateral cortex (1.48 +0.25, n=35,
p<0.03 (Fig. 4a, b).

We also measured GFAP-expression levels 7 days post-
injury in both brain homogenates and plasma using Western
blot analysis (Fig. 1). Injured mice were treated with either
vehicle, AST-004 or with MRS2365. The latter, as noted
above, serves as a prodrug for AST-004. We observed signif-
icantly higher levels of GFAP in both the brain (107.6 +23.1,
n=9, p<0.037) (Fig. 5a, b) and plasma (17.0+4.7, n=10,
p<0.022) (Fig. 5c, d) samples of TBI mice treated with
only vehicle compared to sham brains (39.3+6.5, n=06) or
plasma (4.8 + 1.4, n=12), respectively. GFAP immunolabe-
ling was also reduced in mice treated with either AST-004
in brain (31.8 +8.0,n=7, p<0.012) and plasma (5.3 + 1.0,
n="7, p<0.065) or in mice treated with MRS2365 in brain
(29.4+3.6, n=5, p<0.02) and plasma (4.4+1.2, n=6,
p <0.055) samples, respectively.

AST-004 Treatments Reduce TBl-induced
Impairment in Spatial Memory

To assess the behavioral impact of acute AST-004 treat-
ments on long-term memory function, we tested mice (sham,
TBI+ vehicle and TBI+ AST-004) 4 weeks post-injury with
contextual fear conditioning (Fig. 1). We observed decreased
freezing behavior after shock immediately after training in
both male (0.5+0.5, n=8, p<0.05) and female (6.1 +1.4,
n=38, p<0.0001) mice subjected to TBIs, compared to
sham males (18.2+7.2, n=06) and sham females (31.2+4.5,
n=6). AST-004 treatment reversed this phenotype in males
(19.6+5.4, n=4, p<0.01) and reduced significant loss of
freezing behavior in females (15.6 £2.5, n=4, p<0.05)
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Fig.4 TBl-induced increases in GFAP immunofluorescence are
reduced by AST-004 treatments 3 days post-injury. a Image panels
of brain sections immunolabeled for GFAP. Mice underwent sham
or TBI and received AST-004 treatment (0.22 mg/kg) or only vehicle
30 min post-injury. Scale bar 100 pm. b Histogram plot of mean fluo-
rescence intensity (arbitrary units) normalized to sham. Each filled
circle in the histogram bars represents a single mouse. Total num-
ber of mice used for sham: 4 males, for TBI+ vehicle: 4 males, for
TBI+ AST-004: 4 males

(Fig. 6a, d). Loss of freezing behavior was observed in male
mice at 24 h (23.5+3.5,n=11,p<0.01) and 48 h (4.7 + 1.0,
n=38, p<0.0001), compared to sham males (46.4+2.3, n=6;
48.0+4.5, n=6, respectively) (cf. Figure 6b, c; e, f). Freezing
behavior was significantly increased in male mice treated with
AST-004 at 48 h (29.7+5.5, n=8, p<0.001), but was not sig-
nificantly increased at 24 h (39.8 +10.3, n=35, ns). For female
mice subjected to TBIs, spatial memory was not reduced at
either 24 h (37.4+4.2,n=10, ns) or 48 h (29.3+4.2, n=10,
ns) compared to sham controls. Values were also not signifi-
cantly different in AST-004-treated females at 24 h (43.4+6.5,
n=>5, ns)or at 48 h (30.6+9.0, n=35, ns) (Fig. 6b, ).

In Vivo Bioluminescent Imaging Indicates A;R
Agonist AST-004 Increases ATP in Astrocytes

Our working model of astrocyte-enhanced neuroprotection
is that AST-004 binds to A;Rs, stimulating IP;-mediated
Ca?* release from intracellular stores. Mitochondria, in
turn, sequester some of this Ca?*, which acts as a cofac-
tor to increase enzymatic activity in the citric acid cycle,
ultimately leading to increased capacity for ATP production
[31]. To test this model in vivo, transgenic mice expressing
the Luciferase-reporter gene in astrocytes were subjected
to CCCI-TBI. Two to 6 days after the initial trauma, mice
were injected IP with a synthetic D-luciferin analog (Cycluc
1) and bioluminescent signals recorded using the Xenogen
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Fig.5 TBI-induced increases in GFAP expression in the brain and
plasma are reduced by AST-004 and MRS2365 treatments 7 days
post-injury. Representative Western blots are shown for brain
homogenates a and plasma b collected 7 days post-TBI. ¢, d Histo-
gram plots of GFAP expression levels normalized by actin as labeled.

IVIS (Fig. 1). Mice injected with AST-004 4 min after the
recordings began exhibited significantly higher photon flux
levels (1.66x 10°/s +0.22, n=5, p<0.0001) compared to
mice injected with vehicle (—=5.79+0.69, n="7) at 20 min
(Fig. 7a, b). These data are consistent with our hypoth-
esis that AST-004 stimulates greater ATP production in
astrocytes.

Discussion

In our previous work, neither 2MeSADP nor MRS2365
agonist could be detected in blood samples as early as 1
min post-dosing utilizing liquid chromatography mass spec-
trometry (LC-MS/MS). The half-lives of 2MeSADP and
MRS2365 were estimated to be less than 10 s in mouse
blood, whereas their nucleoside metabolites exhibited half-
lives of ~20 min [24], thus suggesting the hypothesis tested
here that synthesized AST-004 [25] was the active neuro-
protective molecule.

Cell death and loss of BBB integrity are commonly used
biomarkers for the severity of injury post-TBI [32-34]. We
observed significant increases for both of these measures in
previous work [19, 35]. More importantly, acute treatment
with AST-004 significantly reduced both biomarkers. We

Injured mice or shams were injected with either vehicle, AST-004
(0.22 mg/kg) or MRS2365 (0.22 mg/kg) 30 min after TBI. Each filled
circle in the histogram bars represents a single mouse. Total num-
ber of mice used for sham: 12 males, for TBI+ vehicle: 9 males, for
TBI+ AST-004: 7 males and for TBI+ MRS2365: 6 males

also found significant increases in mRNA levels for GFAP
(astrogliosis) and Ibal (microgliosis) in the ipsilateral hemi-
spheres. Subsequent experiments quantifying protein levels
for GFAP confirmed these results. Here again, AST-004
treatments effectively reduced mRNA and protein levels
of GFAP, although increased levels of cortical Ibal mRNA
were not completely blocked. We note that TBI-induced
inflammation can have beneficial effects post-injury, such
as the removal of cellular debris. Consequently, an ideal
treatment may need to preserve a limited, beneficial, inflam-
mation response [6, 36]. Consistent with this notion, nearly
complete obliteration of microglia in distinct animal models
of brain injury increased neuronal damage and worsened
injury outcome [6, 36-38]. Irrespective of the underlying
mechanism, AST-004 treatment significantly decreases TBI-
induced damage and is neuroprotective.

In the long term (30 days post-injury), we observed
decreased levels of freezing behavior during training ses-
sions of contextual fear conditioning for both sexes, an
effect prevented by AST-004 treatment of male mice, and
which trended less in treated female mice. Interestingly, loss
of memory 24 and 48 h post-training was not observed in
female mice. Possibly, the female estrous cycle phase pro-
vided additional protection against long-term memory loss
after TBI, as variation during the phases of the estrous cycle
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Fig.6 AST-004 treatments improve spatial memory 30 days post-
injury. TBI-injured mice or shams were injected with either vehicle
or AST-004 (0.22 mg/kg) 30 min after injury. Contextual fear con-
ditioning tests were performed 30 days later. All panels show freez-
ing percentages during contextual fear memory training and testing
(24 h and 48 h after TBI). Males (a—c) and females (d—f) were ana-
lyzed separately. Note that AST-004 reversed TBI-induced impair-

are known to affect fear conditioning responses in female
rodents [39—41]. Estrogen and progesterone are both neu-
roprotective after a traumatic brain injury [42] and estro-
gen facilitates contextual fear conditioning learning [43].
Irrespective of the potential beneficial effects of these sex
hormones, AST-004 treatment effectively rescued long-term
memory of TBI males. In the clinic, this may translate to an
effective treatment for a TBI-induced increase in cognitive
impairment [44] and risk-taking behavior [45, 46], of which
both have been observed in animal models [37, 47].
Recent studies by our group showed the K; of AST-004
to be 5 xlower for A;Rs compared to A;Rs [24]. There
was no significant binding to either A,, or A,, receptors in
a commercial target selectivity panel screen (Cerep Bio-
print) revealing no additional receptor or enzyme targets
for AST-004 [24]. We thus conclude that neuroprotection
by AST-004 is largely mediated by stimulation of A;Rs.
Indeed, A;R agonists have been recognized as potential
neuroprotectants since the mid-1990s [48]. However, con-
flicting results have been reported depending on whether
acute or chronic doses of A;R agonists were administered

@ Springer

ment in freezing behavior after shock (training session) in both sexes.
However, TBI-induced long-memory loss was only observed in male
mice, which was significantly improved by AST-004 treatment. Each
filled circle in the histogram bars represents a single mouse. Number
of mice used for sham: 6 males and 6 females, for TBI+ vehicle: 11
males and 10 females, for TBI+ AST-004: 5 males and 5 females

prior to ischemia [49-52]. A recent study from Farr et al.
on TBI was also consistent with anti-inflammatory and
neuroprotective effects of acute A;R stimulation [53].
Higher affinity agonists such as CI-IB-MECA [54, 55] are
known to rapidly desensitize A;Rs, thus blocking protec-
tive downstream signaling. Likewise, our group has also
shown that unlike AST-004, high-affinity A;R agonists
such as NECA, CI-IB-MECA, and MRS5698 potently acti-
vate f-arrestin activity, a prime mediator of receptor desen-
sitization [24]. Our estimates of receptor occupancy for
AST-004 at mouse-TBI efficacious doses appear less than
5% [24], consistent with a high A;R reserve in the mouse
brain. It is likely that previous studies with prototypical
A;R agonists resulted in much higher receptor occupancy
and receptor desensitization.

Concentrations of adenosine in the brain under basal con-
ditions have been measured in the range of 10-200 nM [56,
57]. With an adenosine affinity of 1-6.5 pM [58], it is likely
that A;Rs are “silent” under normal physiological condi-
tions. After a brain trauma, endogenous adenosine concen-
trations can reach levels greater than 10 uM in the cerebral
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Fig.7 In vivo bioluminescent imaging indicates AST-004 increases
ATP in astrocytes. a Photon flux plots of TBI-injured transgenic mice
expressing the Luciferase-reporter gene in astrocytes (GFAP pro-
moter, Jackson Labs) after intraperitoneal injections (IP) of synthetic
D-luciferin analog Cyclucl (5 mM, 100 pl). Bioluminescent signals
were recorded with a Xenogen IVIS Spectrum Imager, beginning
5 min after Cyclucl injection (green arrow). Mice were then injected
IP with either vehicle or AST-004 at 4 min (blue arrow); the photon
flux was measured at the time of injection and then compared to the
photon flux level at 20 min (red arrow). Every 24 h after the initial
flux recordings, the same mice were injected again for another photon

spinal fluid (CSF) of rats within 20 min of TBI, then return
to baseline by 40 min [59]. Elevated-CSF adenosine con-
centrations have also been observed in humans who suffered
severe TBI [60]. Given their low adenosine affinity, A;Rs
are expected to be activated only under these pathophysi-
ological situations, or when exogenous agonists are added.
Of note, knockout mice null for A;Rs exhibit increased neu-
rodegeneration in response to mild hypoxia [61] and show
significantly larger cerebral infarct sizes in response to mid-
dle cerebral artery occlusion (MCAO) [61, 62]. These data
suggest that normally “silent” A;Rs are reserved for neuro-
protection when needed.

Our previous work indicated that the neuroprotective
efficacy of MRS2365 and 2MeSADP was mediated by
the type-2 isoform of IP;Rs [18, 63], which is principally
expressed in astrocytes [64, 65] and critical to their mito-
chondrial metabolism [20]. We cannot rule out contribu-
tions of A;R agonism on microglia to neuroprotection, as
this cell type expresses A;Rs in the brain. Also, A;R ago-
nists can act as inhibitors of proinflammatory cytokines
[66-68], and A;Rs are highly expressed in peripheral
inflammatory cells and in blood mononuclear cells of
patients with autoimmune inflammatory diseases such as
rheumatoid arthritis, psoriasis, and Crohn's disease [69].
Our group also recently reported similar neuroprotective

Veh AST004

flux recording, alternating the identity of the test injection between
vehicle and AST-004. b Histogram plot showing photon flux differ-
ences at 20 min compared to corresponding levels at 4 min. Note
mice injected with AST-004 exhibited positive photon flux differ-
ence compared to a loss of photon flux (negative) in vehicle-treated
mice, consistent with higher ATP production in astrocytes of AST-
004-treated mice. Number of mice used for TBI+ vehicle: 2 females,
for TBI+AST-004: 2 females. In total, 12 measurements were
used from these mice every 24 h. alternating between vehicle and
AST-004

action of compounds that increase the opening of the
KCNQ (Kv7, “M-type”) K* channels in neurons that play
a dominant role in the regulation of excitability, which fits
in with the need to conserve metabolic stores [70, 71]. Like
the results reported here, application of retigabine [72-75],
after moderate TBI, reduced most of the inflammatory
responses in the brain, as well as preventing post-traumatic
seizures [35]. It may turn out that a combination of drugs
acting on both astrocytes and neurons prove to be most
efficacious in preventing TBI-induced brain dysfunction.

Finally, A;Rs are GPCRs that canonically activate the
G;,,, subtypes of G proteins and inhibit adenylyl cyclase
activity, as well as regulate neuronal K* and Ca?* ion
channels [76]. However, A;Rs also appear to effectively
couple to Gy [77]. Given the dependence of our neuro-
protective efficacy on expression of type 2 IP;Rs, our data
are consistent with an important role of G,;;. We postulate
that IP;-mediated Ca" release leads to increased metab-
olism via stimulation of Ca* sensitive mitochondrial
enzymes, including Ca**-activated dehydrogenases and
the Ca®>*-activated pyruvate dehydrogenase phosphatase
[18, 20, 63]. This mechanism of action predicts higher
mitochondrial membrane potentials, as we previously
reported [63], and increased ATP levels in astrocytes, as
our current data indicate.
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Conclusions

Our data indicate that AST-004 is an active neuroprotective
molecule that reduces tissue damage and loss of function
after brain injury. It is likely that previously reported neu-
roprotective effects observed with P2Y R agonists [18-20]
were also due to their adenosine-like metabolites, given
their rapid metabolism [24]. Interestingly, we demonstrated
P2Y R agonists were efficacious even when treatment was
delayed 3 h or 24 h post-injury [18, 20]. Consequently, it
is likely that delayed treatments with AST-004, beyond the
30 min tested here, will be efficacious for at least 24 h. Taken
together, these data indicate AST-004 will be a promising
new therapeutic for both the acute and long-term conse-
quences of brain injuries.

Abbreviations 2MeS-ADP: 2-Methylthio-adenosine-5'-diphosphate;
A Rs : Adenosine A, receptor; A, R : Adenosine A,, recep-
tor; A, R : Adenosine A,y receptor; A;R : Adenosine A5 receptor;
ANOVA : Analysis of variance; AR : Adenosine receptor; AST-004
: (1R,2R,3S,4R,5S)-4-(6-amino-2- (methylthio)-9H-purin-9-yl)-1-
(hydroxymethyl)bicyclo [3.1.0] hexane-2,3-diol; ATP : Adenosine
5'-triphosphate; BBB : Blood brain barrier; Ca’* : Calcium ion; CCCI
: Control closed cortical impact; Cl-IB-MECA : 2-Cl N6—(3—chloro or
iodobenzyl)-adenosine-5'-N-methylcarboxamide; cm : Centimeter;
Cntr : Contralateral; CSF : Cerebral spinal fluid; EB : Evans blue; ER
: Endoplasmic reticulum; FC : Fear conditioning; FDA : Food and Drug
Administration; GAPDH : Glyceraldehyde 3-phosphate dehydroge-
nase; GFAP : Glial fibrillary acidic protein; GPCR : G-protein cou-
pled receptor; Gy, : GTP-binding protein subtype /11 family; HPRT
: Hypoxanthine—guanine phosphoribosyltransferase; Ibal : Ionized
Ca?*-binding adaptor molecule 1; THC : Immunohistochemistry; TP,
: Inositol (1,4,5) tri-phosphate; Ipsi : Ipsilateral; IVIS : In vivo imaging
system; K* : Potassium channels; KCNQ : Potassium channel, voltage-
gated, KQT-like subfamily; kg : Kilograms; K| : Inhibition constant;
Kv7 : M-type KCNQ potassium channel; LC : Liquid chromatography;
mA : Milliamp; MCAO : Middle cerebral artery occlusion; mg : Mil-
ligrams; mM : Millimolar; MRS2365 : (N)-methanocarba-2MeSADP;
MRS5698 : Molecular Recognition Section compound 5698; MS : Mass
spectrometry; NA : Numerical aperture; NECA : 5’-N-ethylcarboxamide
adenosine; NFL : National Football League; NIH : National Institutes
of Health; NIR : Near-infrared; nM : Nanomolar; P2Y R : P2Y type 1
receptor; PBS : Phosphate-buffered saline; PFA : Paraformaldehyde;
qRT-PCR : Quantitative real-time polymerase chain reaction; RNA
: Ribonucleic acid; ROI : Region of interest; RT : Room temperature;
S.E.M. : Standard error of the mean; TBI : Traumatic brain injury; TC
: Threshold cycle
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