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Development/Plasticity/Repair

AMPA Receptor-Induced Local Brain-Derived Neurotrophic
Factor Signaling Mediates Motor Recovery after Stroke

Andrew N. Clarkson,' Justine J. Overman,' Sheng Zhong,> Rudolf Mueller,’> Gary Lynch,*>* and S. Thomas Carmichael!
Department of Neurology, David Geffen School of Medicine, University of California, Los Angeles, Los Angeles, California 90095, 2Cortex Pharmaceuticals,

Inc., Irvine, California 92618, and Departments of *Psychiatry and Human Behavior and “Anatomy and Neurobiology, University of California, Irvine,

Irvine, California 92697

Stroke is the leading cause of adult disability. Recovery after stroke shares similar molecular and cellular properties with learning and
memory. A main component of learning-induced plasticity involves signaling through AMPA receptors (AMPARs). We systematically
tested the role of AMPAR function in motor recovery in a mouse model of focal stroke. AMPAR function controls functional recovery
beginning 5 d after the stroke. Positive allosteric modulators of AMPARSs enhance recovery of limb control when administered after a
delay from the stroke. Conversely, AMPAR antagonists impair motor recovery. The contributions of AMPARSs to recovery are mediated
by release of brain-derived neurotrophic factor (BDNF) in periinfarct cortex, as blocking local BDNF function in periinfarct cortex blocks
AMPAR-mediated recovery and prevents the normal pattern of motor recovery. In contrast to a delayed AMPAR role in motor recovery,
earlyadministration of AMPAR agonists after stroke increases stroke damage. These findings indicate that the role of glutamate signaling
through the AMPAR changes over time in stroke: early potentiation of AMPAR signaling worsens stroke damage, whereas later potenti-

ation of the same signaling system improves functional recovery.

Introduction

Stroke produces significant neurological deficits. At chronic pe-
riods after stroke, only 60% of people achieve functional inde-
pendence in simple activities of daily living (Dobkin, 2004).
Although physical therapies in neurorehabilitation after stroke
improve functional recovery (Dobkin, 2008), no drug treatments
exist that promote poststroke recovery. Neurorehabilitation uses
learning rules to guide therapy (Krakauer, 2006) and these post-
stroke therapies induce changes in functional brain mapping that
closely parallel those seen with memory and learning paradigms
(Biitefisch et al., 2006; Kelly et al., 2006). Cellular responses in
learning and memory paradigms, such as dendritic remodeling
(Brown et al., 2007) and long-term potentiation (LTP) (Hage-
mann et al., 1998), are also active in experimental stroke studies.
In addition, drugs that modulate cortical excitability, such as
those that dampen tonic GABA inhibition, not only play a key
role in modulating learning and memory responses but also play
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arole in stroke recovery (Clarkson et al., 2010). Given these sim-
ilarities, molecular systems associated with learning and memory
may underpin recovery from stroke.

Studies of molecular memory systems suggest specific tar-
gets for a pharmacological learning therapy in stroke. AMPA
receptors (AMPARs) play a key role in cellular mechanisms of
learning and memory. Changes in AMPAR trafficking and
number underlie elements of LTP and long-term depression
(Lynch et al., 2008). AMPAR activation also induces brain-
derived neurotrophic factor (BDNF) (Jourdi et al., 2009), a
neurotrophin that is essential for neuronal remodeling
and LTP (Bramham, 2008). Drugs that positively modulate
glutamate-induced AMPAR-gated synaptic currents, such as
“ampakines,” potentiate excitatory signaling and enhance
learning and memory in both animals (Hampson et al., 1998;
Rex et al., 2006) and humans (Goff et al., 2008). These drugs
not only promote LTP, but a subset of ampakines also induces
BDNF levels in an activity-dependent manner (Lauterborn et
al., 2003; Rex et al., 2006). These are termed high-impact, or
type II, ampakines (Arai and Kessler, 2007). The role of en-
hanced AMPAR signaling, with its attendant effect on BDNF,
has not been studied in stroke recovery.

We systematically tested the role of AMPAR signaling in
stroke recovery using pharmacological gain- and loss-of-
function studies. The results indicate that a delayed enhance-
ment in AMPA signaling promotes behavioral recovery after
stroke, whereas blocking AMPAR signaling during the same
period retards recovery. This recovery effect is mediated via
induced BDNF activity within the periinfarct cortex. In con-
trast to this delayed recovery effect, early enhancement of
AMPA signaling increases infarct size. These findings consti-
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tute the first evidence that an inflection point from harm to
benefit exists within the first week after stroke for AMPAR
function, localizes the effect of AMPAR signaling in functional
recovery to the periinfarct tissue that surrounds the stroke,
and suggests that pharmacological treatments that enhance
AMPAR signaling during the period of recovery after stroke
may provide a neural repair therapy.

Materials and Methods

Photothrombosis
Focal stroke was induced by photothrombosis in adult male C57BL/6
mice weighing 20-25 g as previously described (Clarkson et al., 2010).

In vivo drug dosing

CX1837(0.33 and 1 mg/kg) and CX1739 (3 and 30 mg/kg) were dissolved
in 30% hydroxypropyl B-cyclodextran (HPCD) (made 1:1 in 0.9% saline
and distilled H,O) and administered intraperitoneally twice daily start-
ing 5 d after stroke for a period of 6 weeks. The AMPAR antagonist CFM2
(50 um/kg) (De Sarro et al.,, 1999) was administered intraperitoneally
twice daily for 6 weeks.

A hyaluronan/heparan sulfate proteoglycan biopolymer hydrogel (Ex-
tracel-HP; Glycosan) was used to locally deliver TrkB-Fc (5 pg/ml) and
human IgG-Fc (antibody and vehicle control) to the periinfarct cortex
(Li et al., 2010). This hydrogel was chosen because it is composed of
naturally occurring brain extracellular matrix constituents; remains lig-
uid for a period after mixing so that it can be injected into the brain
through a small, minimally invasive needle; and will gel within the
stroke cavity, conforming to the boundaries of this cavity. We have
shown that this hydrogel releases small and large proteins for up to 4
weeks from the infarct cavity after stroke (Li et al., 2010). Five days
after stroke, 10 pl of Extracel-HP, impregnated with TrkB-Fc (5 ug/
ml) or human IgG-Fc (vehicle), was injected directly into the stroke
infarct cavity using a 30 gauge needle attached to a Hamilton syringe.
Extracel-HP was prepared according to the manufacturer’s instruc-
tions. The antibody or antibody conjugate was added to Heprasil
(component 1 of hydrogel), followed by addition of Extracel (com-
ponent 2 of hydrogel) in a 4:1 ratio. Extracel-HP impregnated with
antibody was injected immediately after preparation into the stroke
cavity at stereotaxic coordinates 0 mm anteroposterior (AP), 1.5 mm
mediolateral (ML), and 0.75 mm dorsoventral (DV). In vitro studies
indicate that, at 37°C in an aqueous environment, the liquid constit-
uents form a gel within 20 min. The TrkB-Fc-impregnated biopoly-
mer hydrogel was administered alone and in concert with twice daily
intraperitoneal administration of CX1837 (1 mg/kg) starting from 5 d
after stroke for 6 weeks.

Behavioral assessment

Animals were tested once on both the grid-walking and cylinder tasks, 1
week before surgery to establish baseline performance levels. For the
reaching task, mice were trained for a period of 14 d and subsequently
tested on day 15 to establish a baseline reading. For all of the studies,
animals were tested on weeks 1, 2, 4, and 6 after stroke at approximately
the same time each day at the end of their dark cycle. Behaviors were
scored by observers who were blind to the treatment group of the animals
in the study as previously described (Clarkson et al., 2010).

Grid-walking and spontaneous-forelimb (cylinder) task. Both grid-
walking and cylinder tasks were performed as previously described
(Clarkson et al., 2010).

Single-pellet skilled-reaching task. For loss-of-function studies as-
sessing CFM2, the single-pellet skilled-reaching task was used (Con-
ner et al., 2005). Before stroke, animals were trained for 3 weeks to
successfully reach and retrieve 20 mg sugar pellets (Bio-Serv). A three
lane Plexiglas reaching apparatus (30 cm deep, 10 cm wide, and 30 cm
high for each lane) was constructed to allow simultaneous recording
of three animals. Each lane consists of two 5 mm slots situated against
the front-right and front-left walls of the chamber to force the mouse
the reach for the pellets using either their right or left forepaws. A
5-mm-thick plastic shelf was mounted 15 mm from the floor at the
front of the box.
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During the training period, mice were fasted to 90% of their body
weight and maintained at this level for the full 3 week training period.
Animals were habituated during the first week by placing them into the
lanes two times for 7.5 min each time with a 5 min recovery period in
their home cage. Sugar pellets were freely available on the lane floor
within tongue reach as well as just outside the slot opening. Pellets were
gradually removed from the floor until only the pellets just outside of slot
remained and the mice were forced to retrieve the pellets. The second 2
weeks consisted of training the mice one time for 15 min to retrieve 15
pellets through the slot. Pellets were gradually moved further away from
the slot (~1 cm maximal distance) to force the mice to use their paw and
not their tongue.

Reaching success. All mice were fasted the night before testing. Pellets
were presented one at a time and reaches were recorded with a Canon
VIXIA HV30 video recorder. Each animal was presented with a total of 15
pellets during each 15 min test period. If an animal reached through the
slot and obtained/grasped a food pellet and brought the pellet back
through the slot, the reach was scored as a success. If an animal knocked
the pellet away or dropped the pellet after grasping it, the reach was
scored as a miss. The performance of each mouse was scored as follows:
percentage success — (number of successful retrievals/15) * 100.

BDA injection and infarct size

Eight week poststroke animals were injected with the neuroanatomical
tracer 10% biotinylated dextran amine (300 nl of BDA; 10,000 MW;
Invitrogen). BDA was pressure injected into the forelimb motor cortex
(AP, 1.5; ML, 1.75; DV, 0.75) using a picospritzer with pulled glass mi-
cropipettes (tip diameter, 15-20 wm), using previously described stereo-
taxic techniques (Carmichael et al., 2001). Seven days after BDA
injection, animals were perfused with 0.1 m PBS followed by 4% parafor-
maldehyde. The cortex was removed from the subcortical tissue and
flattened precisely between two glass slides separated by 2 mm steel wash-
ers to ensure equivalent cortical thickness across subjects. Tangential
cortical sections (40 wm) were generated using a sliding microtome and
stored in cryoprotectant at —20°C. Tangential cortical sections were re-
moved from cryoprotectant and rinsed in 0.1 M KPBS. Sections were
processed for cytochrome oxidase histochemistry to visualize the so-
matosensory body map. BDA was visualized in the same sections
using the Standard Vectastain Elite kit (Vector Laboratories) and the
chromagen DAB, enhanced with cobalt chloride (Carmichael et al.,
2001; Li et al.,, 2010). Sections were mounted on subbed slides, dehy-
drated in ascending alcohols, cleared in xylenes, and coverslipped.
The distribution of BDA-labeled cell bodies and axons were plotted in
tangential sections graphed on scatter plots overlaid on physical maps
through the barrel field of the cortex (Carmichael et al., 2001; Li et al.,
2010). For the histological assessment of infarct size, brains were
processed 7 d after stroke using cresyl violet as previously described
(Ohab et al., 2006; Clarkson et al., 2010).

Stereological quantification of axonal sprouting. The BDA injection vol-
ume was measured by calculating the average injection core volume for
each treatment group. The average BDA injection area in each section,
determined by outlining the limit of extracellular tracer deposition, was
multiplied by the sum of the thickness of the section and then summed
for all sections in the series. Anterior/posterior and medial/lateral BDA
injection location was analyzed by measuring the distance from the cen-
ter of the injection site to the rostral edge of the tissue and the midline of
the cortex, respectively (Lietal., 2010). The size and location of each BDA
injection did not vary significantly across animals or by treatment con-
dition (see Fig. 8).

Sprouting was quantified by digitally marking each BDA-positive cell
in the superficial layers of the cortex (layers 2/3) from each group with a
digitizing microscope/computer-controlled motorized stage system
(Leica Microsystems; Ludl Electronic Products) and interfaced camera
(MicroFire) with a neuroanatomical analysis program (MicroBright-
Field). BDA-positive cells were marked in x/y coordinates relative to the
center of the injection site by an observer blind to the treatment condi-
tions. The hardware provides a labeling precision of 5 pwm in mapping
the location of all BDA cells within the tangential cortical sections. This
process generates an x/y plot of the location of all labeled cells in each



3768 - J. Neurosci., March 9, 2011 - 31(10):3766 —3775

brain section. The x/y plots of each brain from each experimental group
were registered with respect to the injection site and coregistered with
functionally relevant anatomical regions, produced by the staining of the
mouse somatosensory body map in cytochrome oxidase, to generate a
composite axonal map for each treatment condition (Carmichael et al.,
2001; Lietal.,2010). Custom software was developed to produce quan-
titative connectional maps that consist of pixels, with the number of
axons in each pixel mapped in register with anatomical brain struc-
tures. Polar plots representing these circular data illustrate both
location and direction of sprouting. Polygons represent the 70th per-
centile of the distances of BDA-labeled axons from the injection site
in each segment of the graph. Weighted polar vectors represent the
median vector multiplied by the median of the normal distribution of
the number of points in a given segment of the graph. The normal
distribution is the axonal projection pattern that would occur if neu-
rons projected equally and radially from the injection site. These
maps were then analyzed for statistically significant differences in
connectional profiles between groups.

Statistical analysis of axonal sprouting. For quantitative connectional
maps, two statistical analysis paradigms were used to determine signifi-
cant differences. First, scatter plots were analyzed using Hotelling’s T>
test for spatial correlation. For data with a common covariance matrix,
such as the map of BDA-labeled cell bodies in tangential cortical sections,
Hotelling’s T* method tests the hypothesis of multivariate mean equality:
that the means for the set outcome variable (axonal location for each
animal, averaged by experimental condition) are equivalent across
groups. The T? statistic is the analog of Student’s two-group t statistic for
testing equality of group means for a single outcome variable. Values of p
were computed without Gaussian assumptions via a bootstrap method,
with 1000 resamplings. Values of p represent the ridge estimate of (log)
Hotelling’s T2 for the comparison between two groups. A mask with a
radius of 500 wm was applied around the injection site to account for the
uniformity of the injection site itself and immediately adjacent BDA
labeling across groups, regardless of sprouting pattern. A second analysis
tool tested for significant differences by location within the cortical hemi-
sphere. This approach uses the polar distribution of projection patterns
across treatment groups. For each treatment condition, the x/y-
coordinate of every BDA-positive cell body was converted to an equiva-
lent polar coordinate relative to the injection site as center (Carmichael et
al., 2001; Dancause et al., 2005; Ohab et al., 2006) (r, 6). The location of
each cell body was transferred to common polar space and a mean pro-
jection vector was computed for each treatment group. The projection
vector was defined by the angle of projection from the injection site (6)
and distance (length of vector, r) from the center of the injection site
(forelimb motor cortex).

ELISA and immunoblotting analysis

Tissue was collected from around the stroke site from stroke plus vehicle,
stroke plus CX1837 (1 mg/kg), and stroke plus CX1739 (3 mg/kg), and
control groups 7 d after stroke. Cortical tissue was dissected in a 1 mm
radius around the stroke infarct core, including the core itself, and flash
frozen on dry ice.

Equal volumes of tissue were homogenized in 100 ml of homogeniza-
tion buffer [Complete Protease Inhibitor Tablet (Invitrogen), 1 mm phe-
nylmethylsulfonylfluoride, 50 mm Tris-HCI, 5 mm EDTA, 10 mm EGTA,
1% Triton X-100] for ~1 min. Tissue and homogenization buffer were
incubated on ice for 30 min, followed by a 5 min spin at 14,000 rpm. The
supernatant was collected and total protein concentrations were deter-
mined using the DC Protein Assay (Bio-Rad). BDNF was measured using
the BDNF ELISA Emax Immunoassay System (Promega) as per the man-
ufacturer’s instructions. BDNF levels were determined relative to a stan-
dard curve constructed from measures of kit-supplied BDNF protein
standards (0500 pg of BDNF protein) that were assayed simultaneously
with the experimental samples. BDNF levels are expressed as picograms
of BDNF per 100 ug of sample protein.

For immunoblotting experiments, protein (10 pg) was loaded onto a
12% SDS-polyacrylamide gel, subjected to electrophoresis, and trans-
ferred to a pure nitrocellulose membrane (GE Healthcare). The mem-
brane was blocked in 10% nonfat milk and probed with polyclonal
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antibodies specific for anti-TrkB (1:1000; Santa Cruz Biotechnology) and
anti-p-Trk (1:5000; Santa Cruz Biotechnology). The blots were incu-
bated with peroxidase-labeled anti-rabbit IgG (1:2000; Vector Laborato-
ries) and immunoreactive proteins were visualized using enhanced
chemiluminescence (GE Healthcare). B-Actin was used as a loading con-
trol (1:5000; Abcam). Optical density (OD) was determined using the
NIH Image] software. Pixel intensities were converted to OD using the
calibration curve of the software, and background-subtracted values
were expressed as OD/100 g total protein.

In vivo electrophysiological recordings

Male Long—Evans rats (250-350 g) were anesthetized by pentobarbital
(60 mg/kg, i.p.) and maintained under anesthesia by pentobarbital infu-
sion (24 mg - kg ~' - h™'). Under anesthesia, animals were placed in a
stereotaxic frame and small holes were drilled into the skull of the left
hemisphere to allow the positioning of a stimulating electrode (—7.8 to
—8.1 AP; 4.2 to 4.4 ML) and a recording electrode (—3.0 to —3.3 AP; 1.6
to 2.2 ML). A monopolar stainless-steel stimulating electrode (175 wm,
insulated with Formvar) was lowered into the perforant path together
with a platinum/iridium recording electrode (75 um) into the hilus of
the dentate gyrus of the hippocampus. The current used to elicit an
evoked potential was adjusted to produce a response size 50—60% of the
maximal spike-free amplitude. Evoked hilar EPSPs were recorded in
response to single-pulse stimulation delivered at a frequency of one
pulse per 20 s. After 20-30 min of stable baseline recordings, CX1837
or CX1739 in 33% HPCD were injected intraperitoneally and field
potentials recorded continuously every 20 s for an additional 80-100
min (see Fig. 3).

Data acquisition and analysis was performed using commercially
available software (NAC and NACSHOW). The amplitude, half-width,
and area of the EPSPs were measured for each stimulation pulse, and the
effects of CX1837 on EPSPs were compared with baseline EPSPs using a
two-tailed, two-sample equal-variance Student ¢ test.

Statistical analysis

All data are expressed as mean * SEM. For behavioral testing, differences
between treatment groups were analyzed using two-way ANOVA with
repeated-measures and Newman—Keuls’ multiple pairwise comparisons
for post hoc comparisons. BDA projection profiles between controls and
experimental groups were analyzed using Hotelling’s ¢ test (Carmichael
et al.,, 2001; Li et al.,, 2010). The level of significance was set at p < 0.05.
Samples sizes for all the experiments were as follows: n = 8—10 per group
for behavior; n = 4 per group for histology, BDA quantification, and
immunoblotting; and n = 4 per group for in vivo electrophysiology.

Results

Positive modulators of AMPAR signaling improve motor
recovery after stroke

Mice were given a stroke in forelimb motor cortex and received
behavioral testing of forelimb and hindlimb motor function for 6
weeks after stroke. Stroke causes mice to exhibit limb use deficits
for at least 6 weeks after the infarct, with mice still exhibiting 55%
impairment in forelimb function on the grid walk and 65% on
the cylinder task. Mice have an increase in the number of foot-
faults (both right-forelimb and hindlimb) on a grid walk task,
and an increased use of the ipsilateral forelimb to the stroke in
spontaneous use on the cylinder task (Fig. 1).

To test the effect of AMPAR signaling in motor recovery after
stroke with an in vivo gain-of-function assay, we administered
both BDNF-inducing (CX1837) and non-BDNF-inducing (CX1739)
ampakines beginning 5 d after stroke, a time in which most cell
death is complete (Braun et al., 1996; Lipton, 1999; Ohab et al.,
2006). Both classes of ampakines promote an increase in iono-
tropic conductance in response to glutamate binding to the
AMPAR, whereas only CX1837 promotes an elevation in BDNF
levels (Lauterborn et al., 2003, 2009; Simmons et al., 2009).
CX1837 and CX1739 both cross the blood—brain barrier (BBB)
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Figure1. Behavioral recoveryinthe presence of the high-impact ampakine, (X1837. Behav-
ioral recovery after stroke was assessed on grid-walking (A, B) and cylinder/forelimb asymme-
try (€) tasks. Analysis of forelimb (A) and hindlimb (B) footfaults revealed a significant increase
in the number of footfaults compared with baseline and time-matched sham-treated controls.
Administration of CX1837 (0.33 or 1 mg/kg) resulted in a gradual yet steady dose-dependent
decrease in the number of footfaults compared with vehicle (30% HP(D)-treated stroke ani-
mals. Assessment of forelimb asymmetry using the cylinder task (€) showed that the mice had
a greater tendency to spend more time on their left forepaw poststroke as revealed by an
increase in the left/right ratio. Treatment with CX1837 resulted in a steady dose-dependent
gain of function of the right forelimb. Data are shown as mean = SEM for n = 8 per group.
*%p < (.01, ***p < 0.001 compared with sham controls; *p < 0.05, *p << 0.001 compared
with stroke plus vehicle-treated animals.

when given systemically and activate excitatory signaling (see Fig.
3). CX1837 (0.33 or 1 mg/kg, i.p., bid) promotes a dose-
dependent gain of function in the impaired forelimb (Fig. 1 A, C),
from week 4 after stroke onward, with only a mild impairment
still evident by week 6 after stroke (Fig. 1A,C). Animals treated
with CX1837 also showed a mild gain of function with the right
hindlimb (Fig. 1B).

Treatment with CX1739 for 6 weeks resulted in a small de-
crease in the number of footfaults on the grid-walking task and a
small increase in the use of the right-impaired forelimb on the
cylinder task (Fig. 2). However, these changes after CX1739 treat-
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Figure2. Behavioral recovery in the presence of the low-impact ampakine, (X1739. Behav-
ioral recovery after stroke was assessed on grid-walking (A, B) and cylinder/forelimb asymme-
try (€) tasks. Analysis of forelimb (A) and hindlimb (B) footfaults revealed a significant increase
in the number of footfaults compared with baseline and time-matched sham-treated controls.
Administration of CX1739 (3 or 30 mg/kg) resulted in a small yet nonsignificant decrease in the
number of footfaults compared with vehicle-treated stroke animals. Assessment of forelimb
asymmetry using the cylinder task (C) revealed that treatment with (X1739 did not result in a
decrease in the left/ratio and were similar to stroke plus vehicle-treated controls. Data are
shown as mean = SEM for n = 8 per group. ***p << 0.001 compared with sham controls.

ment were not significantly (p = 0.054) different from stroke
plus vehicle-treated controls at either low or high doses (3 or 30
mg/kg, i.p., bid).

CX1837 and CX1739 freely cross the BBB to have a

synaptic effect

To assess whether these compounds crossed the BBB and were
having an effect synaptically, EPSPs were recorded from anesthe-
tized animals in vivo. CX1837 (0.2-10 mg/kg, i.p.) resulted in an
immediate and dose-dependent increase in EPSP amplitude (Fig.
3). Administration of CX1739 (5-20 mg/kg, i.p.) resulted in a
similar immediate increase in EPSP amplitude. However, unlike



3770 - J. Neurosci., March 9, 2011 - 31(10):3766 —3775

Clarkson et al. @ AMPA Receptor-Induced BDNF and Stroke Recovery

Recording

CX1837, the effect was much less, with an A B Recording
excitability ceiling seen after 10 mg/kg . Vehicle —_|j-., Stimulating
(Fig. 3). 130+ - 5mglkg B,
L = 10 mg/kg e
AMPA gain of function is attenuated in o 120 . ﬁ’ 3 " 2 el
the presence of BDNF blockade E B xp ST C
A BDNF-inducing ampakine such as ‘_E?-§ L =
CX1837 may promote motor recovery af- : o 100 g% 20
ter stroke because of potentiation of in- ) * A
ward cation influx and excitatory W 907 4 ;% 10
signaling after stroke, or via the enhance- 80 . : : i : , b3 ®
ment of BDNF expression. Furthermore, 0 4 40 60 80 J00: 420 *ence 5 10
as CX1837 is administered systemically Time (min) Dose of CX1739 (mg/kg)
and freely penetrates the BBB (Fig. 3), the D E
locus within the brain responsible for the 15 i
regulation of motor recovery after stroke = i i T 801 e cxisa7
remains unknown. To help delineate a S5 ] % g
BNDEF effect versus an activity-dependent %_% 140 1 = e é 7
AMPAR-mediated effect, we first mea- & § . 5 40
sured the induction of BDNF and activa- & g
tion of its tyrosine kinase receptor, TrkB, & £ 20
in stroke alone and after CX1837 treat- .
ment. To further isolate the locus of o 20 40 @ 25 400 420 o o 1' o 00
BDNF signaling, local periinfarct BDNF Time (min) Dosage (mg/kg, ip)

blockade was performed in stroke and in
the CX1837 treatment groups.

BDNEF signals via activation and phos-
phorylation of its TrkB receptor. Studies
have previously reported a positive corre-
lation  between ampakine-mediated
BDNF expression and phosphorylation of
TrkB (Jourdi et al., 2009; Lauterborn et al.,
2009). Stroke and CX1837 significantly
induce BDNF and BDNF signaling. Stroke induced BDNF in
periinfarct cortex compared with control cortex at 7 d after stroke
(p < 0.05) (Fig. 4A). Treatment with CX1837 resulted in an
additional increase in BDNF levels compared with stroke plus
vehicle-treated controls ( p < 0.001). However, treatment with
CX1739 did not change the level of BDNF expression compared
with stroke plus vehicle-treated animals. There were no signifi-
cant differences in BDNF levels in the contralateral hemisphere in
any stroke or treatment groups (Fig. 4B). In periinfarct cortex,
there is a small increase in TrkB phosphorylation in stroke alone
compared with control samples. Stroke plus CX1837, however,
resulted in a marked increase in TrkB phosphorylation (p <
0.01). CX1739 did not change the level of TrkB phosphorylation
compared with stroke plus vehicle-treated animals (Fig. 4C,E).
No differences in TrkB phosphorylation were observed on the
contralateral hemisphere (Fig. 4D,F). These data indicate that
BDNF activity and an AMPAR stimulating effect is present only
in periinfarct cortex during recovery. Stroke induces an increase
in BDNF only in periinfarct cortex. CX1837 enhances this peri-
infarct BDNF induction and produces a significant activation of
its receptor.

To determine a behavioral role for normal and CX1837-
induced BDNF after stroke, the BDNF receptor decoy, TrkB-Fc,
was locally delivered into periinfarct cortex in the presence and
absence of systemically administered CX1837 (1 mg/kg, i.p., bid)
beginning 5 d after stroke. Local periinfarct treatment with the
TrkB-Fc receptor decoy completely blocked the CX1837-
mediated behavioral gain of function (Fig. 5). However, the
functional recovery in stroke animals treated with CX1837 (1
mg/kg) in the presence of IgG-Fc control was not blocked.

Figure 3.

mean = SEM. N = 4 per gro
multiple-comparison test.

Effects of (X1837 and (X1739 on EPSPs. To assess whether (X1837 and (X1739 crossed the BBB and were having an
effect synaptically, EPSPs measures were recorded from anesthetized animals in vivo, with the positioning of the electrode shown
in B. Administration of (X1739 (5-20 mg/kg, i.p.) resulted in an immediate increase in EPSP amplitude (4) that was dose
dependent (€). (X1837 (0.2—10 mg/kg, i.p.) also resulted in an immediate and dose-dependent increase in EPSP amplitude (D)
that is larger in effect than (X1739. The effect of (X1837 is also dose dependent (E). Data points that are shown represent the

up. **p < 0.01 compared with controls, after analysis using a one-way ANOVA and Dunnett’s

Stroke animals treated with TrkB-Fc alone showed a small
decrease in the rate of normal stroke-induced recovery. These
findings indicate that the CX1837 induction of BDNF signal-
ing within the periinfarct cortex mediates motor recovery after
stroke.

Blockade of AMPA signaling impairs motor recovery

after stroke

Boosting AMPAR-mediated BDNF signaling in periinfarct cor-
tex promotes motor recovery after stroke in this mouse model. If
AMPAR signaling is indeed necessary for motor recovery after
stroke, then blocking AMPAR signaling starting 5 d after stroke
should impair motor recovery. CFM2, a blood—brain barrier-
permeable AMPAR antagonist (De Sarro et al., 1999), was ad-
ministered (50 wmol/kg, i.p., bid) for 6 weeks starting 5 d after
stroke. Treatment of CFM2 did not produce general behavioral
side effects, such as reduced motor activity, impaired grooming,
or weight loss (De Sarro et al., 1999). CFM2 administration re-
sults in a significant impairment in the normal gain of motor
function after stroke as assessed by normal forelimb movement
(Fig. 6A,C). To further test the behavioral effects of AMPAR
signaling, we tested AMPAR blockade on a task that normally
recovers after stroke, a skilled-reaching behavior. The ability to
retrieve food pellets successfully through a small opening using
the impaired right forelimb was significantly decreased only at
the 1 week time point in normal stroke (Fig. 6 D). Treatment with
CFM2 impaired this early recovery, as shown by a significant
impairment in the ability to retrieve pellets successfully out to 2
weeks after stroke (Fig. 6 D).
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Figure 4.  Ampakine-mediated alterations in BONF expression. (X1837 mediates BDNF re-

lease within the periinfarct cortex poststroke. BDNF expression levels (A) were elevated 7 d after
stroke. Treatment with (X1837 from day 5 after stroke resulted in a significant increase in BONF
levels, whereas (X1739 did not alter the level of BDNF expression compared with stroke control.
No significant changes in BDNF levels were observed on the contralateral hemisphere (B).
Assessment of BONF receptor activation TrkB/p-Trk showed a significant increase in activation
after CX1837 treatment within the periinfarct cortex poststroke (C, E). Assessment of TrkB/p-Trk
inthe contralateral hemisphere showed no changes between treatment groups (D, F). Data are
shown as mean == SEM for n = 4 per group. *p << 0.05, **p << 0.01, ***p << 0.001 compared
with sham controls.

Positive AMPAR modulation does not alter poststroke

axonal sprouting

The process of neural repair after stroke involves sprouting of
new connections within the periinfarct cortex (Carmichael et al.,
2001; Li et al., 2010). BDNF has its locus of action in periinfarct
cortex (Figs. 4, 5) and has been shown to have significant effects
on neuronal sprouting (Batchelor et al., 2008). To assess whether
the functional gains associated with CX1837-induced BDNF are
linked to sprouting of new connections within the periinfarct
region, we quantitatively mapped the motor cortex connections
(Li et al., 2010) in stroke plus vehicle controls and stroke plus
CX1837 treatment at the maximally effective dosing regimen (1
mg/kg, i.p., bid). The distribution of BDA-labeled cell bodies
were mapped in x/y coordinates, registered to the somatosensory
body map in tangential cortical sections, collapsed from individ-
ual animals to treatment groups, and statistically compared for
changes in the pattern of motor cortex connections (Fig. 7).
There was no significant difference in the pattern of motor system
cortical connections between stroke-control and stroke plus
CX1837 (Fig. 8).

Inflection point in AMPA effects on stroke size

Glutamate-induced excitotoxicity mediates early cell death after
stroke (Lipton, 1999). Previous studies using AMPAR antago-
nists (Weiser, 2005) have shown a decrease in stroke size in ani-
mals when treatments have started at the time of or shortly after
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Figure5. The BDNFligand decoy, TrkB-Fc, negates the (X1837-mediated gain of behavioral
function. BDNF blockade within the periinfarct cortex was achieved by infusing TrkB-Fc-
impregnated hydrogel into the stroke cavity. Behavioral recovery was assessed after (X1837
treatment in the presence and absence of TrkB-Fc on grid-walking (4, B) and cylinder/forelimb
asymmetry (C) tasks. Implantation of the TrkB-Fc-impregnated hydrogel on day 5 after stroke
resulted in a complete blockade of the CX1837-mediated gain of behavioral function on both
the grid-walking and cylinder task. Furthermore, vehicle-treated stroke animals that received
the TrkB-Fc hydrogel showed impairment in the normal gain of behavioral recovery for
hindlimb footfaults (B). These results show a requirement for local periinfarct BDNF levels in
facilitating functional recovery. The tables next to A-C show the statistical comparisons be-
tween treatment groups at 42 d after stroke. Data are shown as mean == SEM for n = 8 per
group. ns, No significance. **p < 0.01, ***p < 0.001 compared with sham controls; *p <
0.01, *p < 0.001 compared with stroke plus vehicle-treated animals; ~p << 0.001 compared
with stroke plus CX1837-treated animals.

stroke induction. Thus, positive modulation of the AMPAR may
affect stroke size, particularly if given early after the stroke. Stroke
volume was assessed 7 d after insult in mice that received stroke
plus vehicle or CX1837 at the time of stroke, or beginning 5 d
after stroke, which is the timing of the above studies for effective
functional recovery. There was no significant difference in stroke
volume between vehicle-treated and CX1837 treatment starting
from 5 d after stroke (stroke plus vehicle, 0.98 £ 0.13, vs stroke
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plus CX1837 late, 1.16 * 0.15) (Fig. 9). However, a significant
increase in the volume of infarction was seen when treatment
with CX1837 started at the time of induction of cerebral ischemia
(stroke plus CX1837 early, 1.89 = 0.38; p < 0.05) (Fig. 9).

Discussion

AMPAR function plays a critical but functionally contradic-
tory role in the spectrum of stroke pathophysiology. AMPAR

Clarkson et al. @ AMPA Receptor-Induced BDNF and Stroke Recovery

signaling in the tissue adjacent to the infarct mediates behav-
ioral recovery of limb control over weeks after the stroke. This
process occurs through BDNF induction in periinfarct cortex.
Positive AMPAR modulation in a way that also induces BDNF
promotes improved recovery of motor function during this
recovery phase after stroke and blockade of AMPA signaling
retards motor recovery. However, immediately after stroke,
AMPARSs are involved in cell death and infarct evolution. Pos-
itive AMPAR modulation increases infarct size immediately
after stroke. These data indicate that there is an inflection
point within the first several days after stroke where AMPAR
signaling switches from promoting cell death to promoting
behavioral recovery. Positive modulation of AMPAR signaling
during stroke recovery is a novel pharmacological target to
promote improved behavioral outcomes in this disease.

Learning and memory and stroke recovery

Therapies that promote functional recovery after stroke are
limited to physical rehabilitation measures, with a limited de-
gree of recovery. There are no pharmacological therapies that
stimulate recovery. There are parallels on many levels between
mechanisms of learning and memory and those of functional
recovery after stroke. Functional recovery after stroke follows
psychological learning rules such as learned nonuse, mass
action, contextual interference, and distributed practice
(Krakauer, 2006) that indicate learning and memory princi-
ples may underlie behavioral recovery. On a cellular level,
memory formation is mediated by alterations in synaptic
strength and structure, including LTP and dendritic spine
morphogenesis ((Bliss and Collingridge, 1993). Stroke in-
creases the level of LTP-like cortical excitability (Di Lazzaro et
al., 2010) and alters dendritic spine structure (Brown et al.,
2007; Sigler et al., 2009). These parallels between learning and
memory and stroke recovery suggest that molecular memory
systems may play a role in stroke recovery.

AMPAR signaling is one leading candidate for a common
memory and stroke recovery system. AMPAR trafficking is im-
portant in the induction and maintenance of LTP (Derkach et al.,
2007). Increased AMPAR signaling promotes neuronal remodel-
ing and dendritic sprouting that underlies many aspects of learn-
ing and memory (Lynch et al.,, 2008). Here, we report that
AMPAR signaling after stroke controls major aspects of motor
recovery via an increase in local BDNF levels. We tested the effect
of manipulating AMPAR and/or BDNF in two ways. First, we
blocked AMPARs with CFM2. This transiently worsened recov-
ery but did not have a generally negative effect on recovery in
three different behavioral measures (Fig. 6). We then blocked all
of BDNF signaling, by locally releasing TrkB-Fc. This blocked
recovery in three measures. These findings disassociate AMPAR
effects on recovery from BDNF effects. Blocking BDNF consid-
erably disrupts recovery, indicating that it plays a more funda-
mental or downstream role on recovery after stroke from the
AMPAR. This fits with a model in which positively modulating
AMPAR signaling is one way to enhance BDNF effects but that
there are likely other mechanisms in place for BDNF induction
after stroke.

BDNF and functional recovery in stroke

BDNF is an activity-dependent trophic factor that mediates many
aspects of neuronal plasticity. BDNF mediates neuronal spine
plasticity in a process that is thought to underlie LTP (Bramham,
2008; Ji et al., 2010). Additionally, BDNF directly modifies corti-
cal map plasticity (Prakash et al., 1996). Behavioral recovery in
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stroke is closely correlated with changes in cognitive, motor, and
sensory maps. In human stroke patients, an expansion in motor
representation maps is seen in tissue adjacent or connected to
stroke (Carmichael, 2006). In animal models, when stroke dam-
ages primary motor or somatosensory areas, motor and sensory
representations remap in periinfarct cortex (Dijkhuizen et al.,
2003; Brown et al., 2009), and these map alterations occur in
regions of dendritic spine turnover (Brown et al., 2009). These
parallels suggest that BDNF may support behavioral recovery
after stroke.

The present data show a clear role for BDNF signaling in
behavioral recovery after stroke. Systemic administration of
CX1837 induces BDNF levels and TrkB phosphorylation in
periinfarct cortex. Local blockade of BDNF induction in peri-
infarct cortex not only prevents the ampakine-mediated be-
havioral recovery but also generally blocks motor recovery
after stroke. Previous studies have shown that intravenous

administration of BDNF (Schibitz et al., 2004) improves be-
havioral outcome after stroke, and intraventricular infusion of
BDNF antisense oligonucleotides (Ploughman et al., 2009)
blocks aspects of recovery after stroke. The present data indi-
cate that BDNF normally mediates motor recovery after
stroke, localizes this effect to the periinfarct cortex adjacent to
the stroke site, and identifies a systemic pharmacological ther-
apy that will modulate BDNF in this critical periinfarct region
for motor recovery. BDNF does not appear to induce an im-
provement in functional recovery through axonal sprouting.
These data are the first to specifically localize motor recovery
to one brain region after stroke, the periinfarct cortex. Fur-
thermore, because BDNF is poorly permeable to the blood—
brain barrier (Zhang and Pardridge, 2006) and likely to have
significant toxicity if given systemically, ampakine adminis-
tration provides a novel means of inducing BDNF within the
periinfarct cortex via a systemic route.
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Brain excitability in neural repair and
functional recovery after stroke

The ability to regain function after stroke
relies heavily on the ability of the brain to
relearn motor and other tasks. This ability
to relearn after stroke follows activity-
dependent processes associated with mo-
tor learning and memory (Conner et al.,
2005; Krakauer, 2006). As with stroke re-
covery, the processes of learning and
memory can be enhanced by manipula-
tions that increase neuronal excitability
(Clarkson and Carmichael, 2009). For ex-
ample, functional recovery in periinfarct
cortex is aided by extrinsic manipulation
of neuronal excitability, such as modula-
tion of tonic GABA inhibitory currents
(Clarkson et al., 2010). Importantly, the
pattern of behavioral recovery induced by
blocking tonic GABA currents differs
from that seen with positive modulation
of AMPAR signaling. Antagonizing
tonic GABA inhibition produces an early
recovery and rapidly maximal recovery
within the first week after stroke (Clark-
son et al., 2010). However, positive allo-
steric modulation of AMPAR function
produces a delayed and gradual recovery
over 7 weeks (Fig. 1). These data indicate
that blocking GABA tonic inhibition and
facilitating AMPAR function produce two
very different profiles of enhanced recov-
ery, and ones that are specific to each
approach.

There are other indications that mod-
ulation of cortical excitability impact
functional recovery after stroke. Direct
current stimulation of periinfarct cortex,
using a protocol that boosts local neuro-
nal excitability, improves use of the af-
fected limb in stroke patients (Hummel
and Cohen, 2006). Forced use and task-
specific repetitive movements of the af-
fected limb have both been shown to
activate the periinfarct cortex and aid in
improved functional recovery. A recent
report suggests that direct current stimu-
lation may work in part via the enhanced
release of BDNF (Cheeran et al., 2008), a
mechanism similar to what we find occurs
here with the use of high-impact ampaki-
nes. The field of direct current stimulation
and behavioral brain activation after
stroke is evolving, but the cellular mecha-
nisms underlying these therapies are not
well understood. However, these data in-
dicate that clinical therapies that alter the
excitability of periinfarct cortex, either
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pharmacological as in the present data or electrical, may improve  of cognitive diseases, such as Huntington’s disease (Simmuons et
recovery after stroke and may be comparable with what is de-  al., 2009). We show for the first time that the BDNF-inducing
scribed here after treatment with ampakines. ampakine CX1837 boosts motor recovery after stroke. This sug-

Ampakines have been successfully shown to boost learning  gests that the similarities between neuronal mechanisms of learn-
and memory function in normal animals, and in genetic models  ing and memory and those of functional recovery after stroke
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may extend more generally to common treatment strategies for
both. Initial cell death and delayed neuronal recovery both occur
through overlapping excitatory mechanisms. An important point
from the present studies is that treatments that focus on manip-
ulating molecular memory systems to alter excitatory signaling
and recovery in the brain must be accomplished at specific delay
points after the onset of stroke.
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