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Stroke is the leading cause of disability in much of the world, with few treatment options available. Following unilateral stroke in rats,
inosine, a naturally occurring purine nucleoside, stimulates the growth of projections from the undamaged hemisphere into denervated
areas of the spinal cord and improves skilled use of the impaired forelimb. Inosine augments neurons’ intrinsic growth potential by
activating Mst3b, a component of the signal transduction pathway through which trophic factors regulate axon outgrowth. The present
study investigated whether inosine would complement the effects of treatments that promote plasticity through other mechanisms.
Following unilateral stroke in the rat forelimb motor area, inosine combined with NEP1-40, a Nogo receptor antagonist, doubled the
number of axon branches extending from neurons in the intact hemisphere into the denervated side of the spinal cord compared with
either treatment alone, and restored rats’ level of skilled reaching using the impaired forepaw to preoperative levels. Similar functional
improvements were seen when inosine was combined with environmental enrichment (EE). The latter effect was associated with changes
in gene expression in layer 5 pyramidal neurons of the undamaged cortex well beyond those seen with inosine or EE alone. Inosine is now
in clinical trials for other indications, making it an attractive candidate for the treatment of stroke patients.

Introduction
Stroke represents the leading cause of disability and third leading
cause of death in the United States and many other countries
(Dobkin, 2003). A limited amount of recovery often occurs in the
first weeks or months after stroke and is associated in part with
functional changes in brain regions adjacent to, or intercon-
nected with, damaged areas (Dobkin, 2003; Cramer and Crafton,
2006; Cramer, 2008a). Similar changes are seen in animal models
of stroke, and correlate with dendritic remodeling and alterations
in axonal projections (Jones and Schallert, 1994; Carmichael et
al., 2001; Carmichael, 2003; Dijkhuizen et al., 2003; Conner et al.,
2005; Dancause et al., 2005; Nudo, 2007; Brown et al., 2008,

2009). Although the precise relationship between the anatomical
and behavioral changes remains uncertain, several agents that
enhance anatomical reorganization have been shown to improve
outcome in animal models of stroke (Cramer, 2008b; Benowitz
and Carmichael, 2010).

One such agent is inosine, a naturally occurring purine nucle-
oside. Inosine diffuses across the cell membrane and activates
Mst3b, a protein kinase involved in the signal transduction path-
way through which trophic factors stimulate axon growth (Irwin
et al., 2006; Lorber et al., 2009). Following unilateral stroke or
traumatic brain injury in rats, inosine enhances the ability of
neurons in the undamaged hemisphere to extend axon collaterals
into brainstem and spinal cord areas that have lost their normal
innervation and improves fine motor control with the impaired
limb (Chen et al., 2002; Smith et al., 2007; Zai et al., 2009).

Manipulations that counteract myelin-associated inhibitors
of axon growth represent an alternative way to improve outcome
after stroke. Antibodies to Nogo-A or agents that block signaling
through the Nogo receptor (NgR) promote the formation of
novel corticospinal tract (CST) projections after stroke and im-
prove use of the impaired forelimb (Papadopoulos et al., 2002;
Lee et al., 2004; Tsai et al., 2007). Because these approaches in-
duce plasticity by counteracting cell-extrinsic factors, we investi-
gated whether inosine, an activator of neurons’ intrinsic growth
potential, would augment the structural and behavioral effects of
an NgR antagonist after stroke.
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Poststroke recovery can also be enhanced by environmental
enrichment (EE) (Ohlsson and Johansson, 1995; Johansson and
Ohlsson, 1996; Biernaskie and Corbett, 2001; Fischer et al., 2007).
Because physical activity is a standard component of poststroke
recovery, we also investigated whether inosine would augment
the effects of EE. Our results show that inosine combined either
with a Nogo receptor antagonist or EE restores rats’ success in a
skilled-reaching task to preoperative levels using the impaired
forepaw.

Materials and Methods
Stroke surgery. All procedures were performed in accordance with Na-
tional Institutes of Health guidelines and with the approval of Children’s
Hospital Animal Care and Use Committee. Adult male Sprague Dawley
rats (275–300 g; Charles River Laboratories) were maintained on a 12 h
light/dark cycle (lights on at 7:00A.M.). Surgery was performed between
8:30 A.M. and 3:00 P.M., with animals from different experimental
groups intermingled. Strokes were centered in the right caudal forelimb
motor area and included varying amounts of adjacent cortical areas (Zai
et al., 2009). Rats were anesthetized with ketamine (75 mg/kg) and
Domitor (medetomidine; 0.5 mg/kg), the skin was incised along the
midline, muscles and skin were retracted, and a craniotomy was per-
formed to create a rectangular window that extended mediolaterally
from the sagittal sinus to the temporal ridge, and rostro-caudally be-
tween bregma �3.5 mm and �2.5 mm. Rose Bengal, a photosensitive
dye, was injected into the femoral vein through a small opening in the
inner thigh. A fiber-optic cable connected to a xenon light source was
positioned over the craniotomy, focusing light directly on the exposed
region of the brain to activate Rose Bengal for 30 min. A green filter
restricted illumination to �525 nm. Under these conditions, Rose
Bengal releases free radical species that damage endothelial cells in the
exposed portions of the cortical vasculature, resulting in platelet ag-
gregation and focal ischemia. Alzet minimpumps were tucked between
the shoulder blades, and infusion needles were secured onto the cranium
with a silicon-based glue. Incisions were closed with 3– 0 silk sutures and
cleaned with betadine and ethanol pads. Animals were kept on a warming
pad during and after surgery, and were returned to their cages when fully
awake, mobile, and able to thermoregulate (as judged by absence of
piloerection). For 3 d following surgery, animals received twice-daily
subcutaneous injections of Buprenex (buprenorphine, Reckitt Benkiser
Pharmaceuticals) for pain management. Animals in the first study were
randomly assigned to receive continuous infusion of saline (0.9%, Baxter
Scientific), inosine (50 mM in saline, Sigma-Aldrich), NEP1-40, a Nogo
receptor antagonist (500 �M in 2.5% DMSO/97.5% saline), or inosine
plus NEP1-40 into the lateral ventricle of the undamaged hemisphere via
osmotic minipumps (0.25 �l/h, Alzet model 2004, Durect Corporation).
To achieve rapid drug build-up in the CSF, animals in all studies received
a 25 �l intraventricular bolus of the agent to be infused before pump
placement. Treatments were assigned randomly before surgery. Unless
noted otherwise, rats were housed in pairs.

The study examining the interactions of inosine and NEP1-40 in-
cluded two behavioral experiments, one in which rats survived for 4
weeks after stroke and another in which they survived for 8 weeks. In the
4 week study, rats treated with either NEP1-40 alone (N � 11) or
NEP1-40 plus inosine (N � 11) were generated concurrently with ani-
mals reported in another study (Zai et al., 2009), but were not themselves
described previously. Another group of rats, treated either with inosine
alone (N � 7) or saline (N � 7), were generated specifically for this study.
Post hoc analysis revealed that the behavioral and anatomical effects of
inosine and saline were nearly identical between the newly generated
cases and the ones reported on earlier, justifying our combining the
newly generated inosine- and saline-treated animals with the previously
generated animals treated with NEP1-40. Animals in the 8 week study
treated with NEP1-40, either with or without inosine (N � 11 for each),
have not been described earlier but were also generated concurrently
with saline- and inosine-treated animals reported in a previous study
(Zai et al., 2009). Behavioral testing was performed during daylight
hours, with no systematic bias toward type of treatment.

Environmental enrichment. Following pretraining and surgery, ani-
mals for anatomical and behavioral studies were implanted with mini-
pumps delivering either saline (N � 21) or inosine (N � 20) and were
housed in pairs in standard cages. Three days later, half the rats in each
treatment group were selected at random and transferred to specially
designed chambers for EE. The effects of brain injury can be exacerbated
by physiological activity within the first week (Humm et al., 1999), al-
though delaying exposure to EE by just 1–3 d enables the beneficial effects
of EE to manifest themselves (Ohlsson and Johansson, 1995; Risedal et
al., 2002; Dahlqvist et al., 2004). The EE chamber was a Plexiglas cube 24
inches on a side with fixed ladders and a platform to stand on, along with
a set of tunneling tubes, toys, and treats that varied daily. At any given
time, the chamber contained four to eight rats, with enough plastic tun-
nels for each rat to have its own. Rats had free access to water throughout
the study and, with the exception of the day before behavioral testing, free
access to standard rat chow. For the microarray studies, rats were housed
individually for 3 d and then either transferred to the EE chambers or left
in isolation for 4 more days before preparing tissue for analysis (see
below, Microarray studies).

Behavioral testing. Rats were tested for their ability to reach through a
narrow slit, retrieve food pellets (Bio-Serv) from a platform, and bring
them successfully to their mouth (Allred and Jones, 2004; Luke et al.,
2004). Variants of this task are widely used in the field because of its
established reliance on the integrity of the motor cortex and descending
cortical pathways, and because the results are readily quantified. In ad-
dition, the task mimics an essential feature of motor strokes in humans by
evaluating performance on an acquired ability that requires precise mo-
tor control. In the acquisition phase, rats were maintained for 3 d before
and during training on a diet restricted to the banana-flavored pellets
used for the retrieval task. Rats were trained daily for 30 – 60 min with
each paw for 2 weeks or until they attained a baseline performance of
20 –30 successful reaches in a 2 min period. Immediately after reaching
this criterion, each animal was tested for the number of pellets it grasped
successfully and consumed in two 2 min trials. The average of these
became the baseline to which subsequent scores were normalized. Rats
had free access to food and water for at least 3 d between baseline testing
and surgery. Postoperative testing was performed in 10 –20 min sessions
at 7, 14, 21, and 28 d after surgery by an experimenter blind to the
animals’ treatment. Performance was evaluated in two 2 min blocks us-
ing each paw. Scores were recorded only if animals were able to perform
at or near their preoperative level with the unimpaired paw. In instances
in which this did not occur immediately, we waited until rats were more
active to test them again. In the 8 week studies, rats were tested weekly as
above for 4 weeks while receiving the various agents, and then for an
additional 4 weeks after the minipumps and catheters were removed.
Data were analyzed using a two-way ANOVA (repeat measures) with
Bonferroni’s post-test to compare datasets.

Anterograde tracing of crossing fibers. At the completion of behavioral
testing, rats were reanesthetized, the infusion needle and pump were
removed, and a craniotomy was performed over the uninjured sensori-
motor cortex (SMC). Biotinylated dextran amine (BDA) (10,000 molec-
ular weight, 10% w/v solution in sterile saline; Invitrogen) was used as an
anterograde tracer and was injected stereotaxically at depths of 0.5, 1.0,
and 2.0 mm below the cortical surface at 18 standardized points covering
most of the caudal forelimb motor area (70 nl per injection; Nanoject,
Drummond Scientific). Stereotaxic coordinates of the injection sites are
shown in supplemental Table 1 (available at www.jneurosci.org as sup-
plemental material). Two weeks later, animals were anesthetized and
perfused transcardially with 0.9% saline followed by 4% paraformalde-
hyde. The brain and spinal cord were dissected and postfixed in the same
fixative for 1 h at room temperature and overnight at 4°C, then trans-
ferred successively to 10 and 30% sucrose solutions (4°C) over the next
few days. Tissue was embedded in OCT Tissue Tek Medium (Sakura
Finetek USA) and frozen on dry ice. Forty micrometer free-floating sec-
tions were cut in the coronal plane on a Frigo-Jung 8500 cryostat and
stained with avidin– biotin complex conjugated to horseradish peroxi-
dase (Vectastain ABC Kit, Vector Laboratories) followed by Vector SG
(Vector) as a chromagen. Sections were mounted on slides (Super Frost
plus, Fisher) and lightly counterstained with eosin to distinguish gray and
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white matter boundaries. Six to ten equally spaced sections spanning a
distance of 1.2 mm were examined and quantified for (1) axons within
the dorsal funiculus (BDA-labeled axon profiles �40 �m in length in the
transverse plane within the dorsal funiculus on the denervated side of
the spinal cord); (2) axons within the gray matter (as above, but within
the gray matter on the denervated side); and (3) lengthy axons in the gray
matter (as above, but �200 �m in length in the transverse plane). Aver-
age numbers of axons were calculated, and numbers were converted to
axons per millimeter length of spinal cord. Bouton-like structures were
identified under a 100� oil objective as regions �2� the thickness of the
axon shaft. Counts were performed in a 0.5 mm 2 box aligned with lam-
inae VI/VII, and were not extrapolated to any volumetric totals. Camera
lucida drawings were performed using representative spinal cord sections
from control and treatment groups. Statistical significance was determined
by one-way ANOVA followed by Tukey’s multiple comparisons test to eval-
uate significance between treatment groups.

Determination of lesion severity. Lesion sizes were calculated from serial
sections through the telencephalon as described previously (Zai et al.,
2009). Lesions were redrawn onto standard sections from the rat brain
atlas (Paxinos and Watson, 1986) using gray/white matter boundaries
and standard structures. Representations of the injury were created from
tracings of scanned sections in Adobe Photoshop.

Cortical regeneration assay. Primary cortical cultures were established
from embryonic day 18 (E18) Sprague Dawley rat brains. All tissue cul-
ture reagents were from Invitrogen unless otherwise stated. Brains were
dissected in Hibernate E without calcium (BrainBits LLC) supplemented
with B-27, 1 mM sodium pyruvate, and 10 �g/ml gentamicin (dissection
medium). Reagents and brains were kept on ice except during the initial
dissection. Meninges were removed, and cortices were dissected and
combined in a 10 cm Petri dish in 1 ml of dissection medium. Tissue was
diced �100 times into small pieces with a razor blade. Dissection me-
dium (12 ml) containing papain (4.2 mg/ml; P4762, Sigma) and DNase
(0.8 mg/ml) were added to the Petri dish, which was then placed on an
orbital shaker (11– 671-50Q, Fisher Scientific) in a 37° incubator (with-
out CO2 regulation) and shaken at 30 rpm for 1 h. The dish was removed
from the incubator, and the medium was transferred to a 15 ml polysty-
rene Falcon tube on ice. Chunks of cortex were allowed to settle to the
bottom of the tube for 1–2 min. The medium was removed, and chunks
were resuspended in 1.5 ml of dissection medium plus 10% FBS and
triturated 10 –15 times with a fire-polished Pasteur pipette. Medium con-
taining dissociated cortices was transferred to another 15 ml tube con-
taining 12.5 ml of dissection medium plus 10% FBS and centrifuged at
600 � g for 6 min at 4°C. The supernatant was removed, and cells were
resuspended in 12 ml of Neurobasal A supplemented with B-27, 1 mM

sodium pyruvate, 0.5 mM GlutaMAX-I, and 10 �g/ml gentamicin (in
Neurobasal A plus supplements). Cells were filtered through a 70 �m cell
strainer into a 50 ml Falcon tube and counted. Cells were removed from
ice and diluted to 3.33 � 10 5 cells/ml in Neurobasal A plus supplements,
which had been prewarmed and pre-equilibrated in a 37° tissue culture
incubator (5% CO2). Cells were plated at a density of 1.2 � 10 5 cells/cm 2

(4 � 10 4 cells/well in 120 �l) in 96 well plates coated with poly-D-lysine
(BD BioCoat, Becton Dickinson Labware). Door openings over the en-
suing 21 d were kept to a minimum. At 7 and 14 d in vitro (DIV), cultures
were fed by replacing 50% of the medium with fresh, prewarmed and
pre-equilibrated Neurobasal A plus supplements. At 21 DIV, cultures
were injured by scraping with a 96 well floating pin tool with FP1-WP
custom parylene-coated pins (0.557 mm tip diameter). To guide the
movement of the pin tool, a library copier (VP 381NW4.5, V&P Scien-
tific) with vertical alignment holes was used. Aluminum guide rails were
added on the left and right of the library copier (Electronic and Machine
Shop, Yale University School of Medicine, New Haven, CT) to minimize
lateral movement of the pin tool. Immediately after the scrape, 50% of
the medium was replaced with fresh medium. In some cases, the fresh
medium contained extracted bovine CNS myelin (Cafferty et al., 2010)
and/or agents to be tested. Cultures were returned to the incubator to
regenerate neurites for 5 d.

At 26 DIV, cultures were fixed by adding 100 �l/well 4% paraformal-
dehyde plus 20% sucrose in PBS for 20 min, then blocked and perme-
abilized with 10% normal goat serum plus 0.1% Triton X-100 in PBS for

30 min. Cultures were immunostained with an anti-�III-tubulin anti-
body (1:1000; G7121, Promega), followed, after rinsing with PBS, by an
Alexa Fluor 488 goat anti-mouse IgG secondary antibody (1:1000;
A11029, Invitrogen). Images were acquired with an ImageXpress Micro
imaging system (Molecular Devices) using a 10� objective. Neurite re-
generation was analyzed using MetaXpress Version 1.7 software. The
central 75% of the lesion was analyzed by cropping the image and ana-
lyzing neurite growth using an angiotube formation algorithm. The area
covered by neurites was measured, and all values were normalized to the
control. Results were analyzed by one-way ANOVA and Fisher’s least-
significant difference post hoc test.

Microarray studies. We investigated patterns of gene expression in
layer 5 pyramidal cells of the forelimb motor area contralateral to the
damaged hemisphere in four groups of rats, each containing three to six
individual animals. These neurons were selected for study because parts
of this population, though not necessarily the individual neurons that
were isolated, give rise to the novel projections visualized in the anatom-
ical studies. As before, rats underwent stroke surgery and were implanted
with minipumps delivering either saline or inosine into the lateral ven-
tricle of the undamaged hemisphere as described above. All rats used in
the microarray study were initially housed individually. After 3 d, half the
rats in each treatment group were randomly selected and transferred to
the EE boxes described above, while the remainder continued to be
housed in isolation. To focus on gene changes associated with the early
response to EE, rats were anesthetized and killed by decapitation 4 d later.
Brains were rapidly dissected and cut in the coronal plane to prepare
tissue blocks that included the forelimb motor cortex. Blocks were rap-
idly frozen in OCT Tissue Tek Medium (Sakura Finetek USA) and stored
at �80°C until ready for sectioning on a cryostat at 10 �m. Sections were
mounted on slides (Gold Seal RITE-ON glass slides), cooled, and stored
at �80°C until ready to use.

Laser-capture microdissection was performed as described previously
(Zai et al., 2009). In brief, sections were thawed, dehydrated under
RNase-free conditions, and �500 layer 5 pyramidal cells in the forelimb
motor area of the undamaged hemisphere were captured individually
using the Arcturus VERITAS system and stored in Arcturus extraction
buffer (�80°C). We extracted RNA using the Micro-to-Midi TotalRNA
Purification System (Invitrogen), then performed two cycles of RNA
amplification (TargetAmp 2-Round Aminoallyl-aRNA Amplification kit
1.0, Epicenter Biotechnologies). Microarray hybridization and analysis
were performed essentially as described previously (Carmichael et al.,
2008; Zai et al., 2009). Briefly, amplified RNA was checked for average
fragment length (RNA 6000 Nano LabChip Kit, Agilent Technologies),
biotinylated, and hybridized (1 �g) on RatRef-12 Expression BeadChip
arrays (Illumina), querying the expression of �22,000 RefSeq-curated rat
transcripts. Slides were processed and scanned (BeadStation platform, Illu-
mina), and raw data were analyzed using Bioconductor packages as de-
scribed previously (Gentleman et al., 2004). First-level quality-control
analysis was performed using clustering based on variance and by com-
paring gene expression patterns for individual cases to group means
(Pearson correlations) (Oldham et al., 2008). To decrease noise, three
cases that showed a relatively low correlation to their respective group
means (r 2 � 0.94) were excluded, increasing the r 2 values for the remain-
ing cases to �0.97. The final analysis included n � 4 samples from rats
treated with saline reared in isolation, n � 4 treated with inosine and
reared in isolation, n � 4 treated with saline and exposed to EE, and n �
3 treated with inosine and exposed to EE. Data were normalized using
quantile normalization, and analysis of differential expression was per-
formed using linear model fitting (LIMMA package) (Smyth et al., 2005).
Differentially expressed genes were classified according to gene ontology
using Bioconductor packages and online tools (DAVID, http://david.
abcc.ncifcrf.gov/). Pathway analysis was performed using Ingenuity
Pathway Analysis (Ingenuity Systems).

Results
Inosine combined with NEP1-40
The first study tested the hypothesis that inosine and NEP1-40, by
acting through complementary mechanisms, will lead to greater
anatomical reorganization and stronger improvements in perfor-
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mance when combined than in isolation. Failure to confirm this
hypothesis would imply that the two treatments act through a
common cellular pathway, or that the effects of either one repre-
sent an upper limit on corticospinal tract plasticity and/or func-
tional outcome after stroke. Rats were pretrained before surgery
to reach for food pellets at a criterion level using each paw. Under
stereotaxic guidance, we then used the photothrombotic method
of Markgraf et al. (1993) to create unilateral ischemic damage in
the caudal forelimb motor area, and immediately began intracra-
nial delivery of inosine or saline, with or without NEP1-40.

Lesion size and localization
As reported earlier (Zai et al., 2009), infarcts had a diameter of
6 –7 mm and were generally restricted to cortical tissue and some
underlying white matter. In addition to the forelimb motor area,
lesions included varying amounts of adjacent cortex but minimal
damage to the underlying basal ganglia (supplemental Fig. 1a,
available at www.jneurosci.org as supplemental material). Our
prior study (Zai et al., 2009) and another laboratory (Shen et al.,
2005) have shown that inosine does not alter lesion size after
stroke. The present results show that lesion size was likewise un-
affected by NEP1-40, with or without inosine (supplemental Fig.
1b, available at www.jneurosci.org as supplemental material).

Combinatorial treatment enhances CST reorganization
To investigate changes in CST organization, we injected BDA
into the uninjured SMC at the completion of behavioral testing,
waited 2 weeks for BDA to be transported to the cervical spinal
cord, then killed rats and prepared the brains for histology. Sec-
tions were examined for axon growth and synapse formation
from CST axons that arise from neurons on the undamaged side
of the brain and cross over into the denervated side of the spinal
cord at the cervical level. One-way ANOVA revealed an overall
effect of treatment on CST axon branches that project from the
intact hemisphere into the denervated ipsilateral dorsal funiculus
(p � 0.05), labeled fibers that continue on into the denervated
neuropil (p � 0.001), crossed fibers that extend long distances
through the neuropil (p � 0.0001), and bouton-like structures
that arise from crossed CST axons (p � 0.001). Individual com-
parisons were done using Tukey’s post hoc analysis. Inosine and
NEP1-40 each induced a threefold increase in the number of
BDA� fibers that projected from the undamaged cortex to the
denervated, ipsilateral dorsal funiculus compared with controls
treated with saline alone (p � 0.05) (Fig. 1a– d,i), and caused a
similar increase in the number of CST axon branches �40 �m in
the denervated cervical gray matter (Fig. 1j). Both treatments
caused a somewhat larger increase in the number of longer fibers
(�200 �m in the transverse plane) (Fig. 1f,g,k) (p � 0.05) (Zai et
al., 2009). As expected, all of these increases covaried. In addition
to the main part of the CST, some crossed CST fibers course
through the lateral funiculus (Casale et al., 1988; Rouiller et al.,
1991), while a relatively small number of uncrossed CST fibers
run along the ventral midline of the spinal cord (Brösamle and
Schwab, 1997). It is possible that CST axons within these bundles
may have contributed to the observed increases in axon growth
after treatment.

Inosine combined with NEP 1– 40 had considerably stronger
effects than either treatment alone. Combined treatment doubled
the number of fibers �40 �m in length within the denervated
gray matter compared with inosine (p � 0.05) or NEP1-40 (p �
0.01) alone. This change represents a sixfold increase relative to
saline-treated controls (Fig. 1j) (p � 0.001). Inosine combined

with NEP1-40 likewise doubled the number of lengthy axons
(�200 �m) relative to inosine or NEP1-40 alone (Fig. 1h,k) (p �
0.05 for both).

Crossed CST axons formed bouton-like structures in the gray
matter on the denervated side of the spinal cord. These structures
appear as local swellings two times or more the width of the axons
(Fig. 1e– h), and have been shown to correspond to synaptic bou-
tons at the electron microscopic level (Lagerbäck et al., 1981;
Havton and Kellerth, 1987). Camera lucida tracings illustrate the
shape and size of both en passant and terminal boutons (Fig.
1e�–h�). As expected, the numbers of these swellings were gener-
ally proportional to the number of crossed axons. Treatment with
either inosine or NEP 1– 40 alone nearly tripled the number of
bouton-like structures compared with saline (Fig. 1l) (p � 0.05);
combining the two resulted in nearly five times more boutons
than were seen in untreated controls (Fig. 1l) (p � 0.05, compar-
ing combined treatment with either treatment alone).

In view of the large effect of the combined treatment on the
denervated side of the spinal cord, we investigated whether it might
also affect CST organization on the intact side. Because the high
density of fibers on the intact side precluded a comprehensive fiber
count, we focused on lamina 9, a region in which no CST fibers
project ordinarily (Yang and Lemon, 2003). After stroke, this region
was nearly devoid of CST input in saline-treated animals, and nei-
ther inosine nor NEP1-40 altered this situation. However, combin-
ing the two increased the number of fibers entering lamina 9 and
overlying ventral motor neurons (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material).

Combined therapy restores skilled reaching to near-normal
levels
Functional recovery was evaluated using a reaching test that re-
quires pretraining and involves fine motor control of the fore-
limbs, forepaws, and digits. Animals were trained to retrieve food
pellets with either paw before surgery and both paws were tested
afterward. Scores were normalized by rats’ preoperative level of
performance. As expected, all groups showed a near-complete
loss in their ability to retrieve food pellets with the paw contralat-
eral to the stroke in the first week. Two-way ANOVA (repeat
measures) revealed highly significant overall effects of treatment
and time (p � 0.0001 for each). By week 4, inosine-treated rats
were performing at 73% of their preoperative level, compared
with 32% in saline-treated controls (Fig. 2a) (post hoc analysis
using Bonferroni’s correction, p � 0.05). Animals treated with
NEP1-40 likewise showed an overall superiority to saline-treated
controls and performed at 68% of their preoperative level by
week 4 (Fig. 2a) (difference significant at p � 0.05). Combining
inosine with NEP1-40 resulted in appreciably better performance
than either inosine alone (all p � 0.05) or NEP1-40 alone (all
p � 0.01). By week 4, rats receiving combined treatment were
able to retrieve food pellets with the impaired paw at a normal
rate (Fig. 2c,d).

Using the unimpaired paw, animals in all groups showed a
small decline in performance at week 1, perhaps due to difficulty
in balancing on the impaired limb, but performed normally from
week 2 onward (Fig. 2b). Thus, the deficits observed using the
impaired paw cannot be attributed to differences in motivation
or overall behavioral competence.

To determine whether the benefits of combined treatment
persist, we generated new groups of animals that were treated for
4 weeks after stroke as before but then were tested for an
additional 4 weeks after treatments ended. The saline- and
inosine-treated animals of this study have been described pre-
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viously (Zai et al., 2009). Two-way ANOVA (repeated mea-
sures) revealed significant overall effects of treatment and
time (p � 0.0001 for each). Animals treated with NEP1-40,
with or without inosine, continued to improve after the treat-
ments ended. Rats treated with inosine plus NEP1-40 scored
considerably better than those treated with NEP1-40 alone
from week 5 on (all p � 0.05, Bonferroni’s post hoc test),
performing at a level at or above their preoperative baseline

(Fig. 2c). Inosine-treated rats run in
parallel to the rats of the present study
were previously reported to perform at
�80% of their preoperative level at
week 8 (Zai et al., 2009), and, as shown
here, rats treated with inosine � NEP1-
40 were superior to these from week 4 on
(all p � 0.05). As expected, animals in all
groups continued to perform normally
with the paw contralateral to the unin-
jured hemisphere (Fig. 2d). The results
of this study confirm the effects of
NEP1-40 combined with inosine seen in
the 4 week study and show that the ben-
efits of these treatments persist long af-
ter treatment ends. Thus, 4 weeks after
suffering extensive cortical damage, rats
treated with inosine � NEP1-40 scored
as high as normal animals in the skilled
reaching task using the impaired fore-
limb and retained this ability in the ab-
sence of further treatment.

Inosine combined with NEP1-40
enhances neurite outgrowth on myelin
Previous studies have shown that inosine
promotes outgrowth from embryonic
cortical neurons on a permissive sub-
strate (Irwin et al., 2006) and that
NEP1-40 enables other types of postna-
tal neurons to extend axons on myelin
(GrandPré et al., 2002). Although corti-
cal cultures are most readily prepared
from embryonic cortex or early postna-
tal brain, these neurons express little or
no NgR 1 (NgR1) at this stage and are
therefore of questionable relevance to
adult stroke recovery. However, NgR1
expression increases with time in cul-
ture and becomes similar to adult brain
levels by 3– 4 weeks in vitro (data not
shown). We therefore used cortical cul-
tures maintained for 21 DIV to study the
individual and combined effects of ino-
sine and NEP1-40 on neurite regenera-
tion. Mature cultures were scraped with
a multipin tool in 96 well plates to create
axonal injuries. Fibers were then al-
lowed to regenerate into the zone
cleared of neurites in the presence or
absence of myelin for 5 d (Fig. 3A). As
expected, the presence of CNS myelin
(100 �g/ml) strongly inhibited regener-
ation across the scrape zone (Fig. 3 B, C).
Inosine at either 0.1 or 1 mM showed a

trend toward increasing outgrowth over myelin, as did
NEP1-40 alone. Importantly, combining the two enabled a
significant amount of regenerative growth to occur in the
presence of myelin, approaching the level of growth seen in the
absence of myelin (Fig. 3 B, C) (one-way ANOVA, Fisher’s
least-significant difference test). This study enables us to di-
rectly visualize the combined effect of inosine and NEP1-40 in
overcoming myelin inhibition.

Figure 1. Inosine enhances the effects of NEP1-40 on CST reorganization. a– d, Low-power camera lucida drawings of the
spinal cord gray matter contralateral to the stroke at the level of the cervical enlargement. Drawings illustrate BDA-labeled CST
fibers that originate in the undamaged hemisphere in rats treated with saline (a), inosine (ino, b), NEP1-40 (NEP, c), or
NEP1-40 plus inosine (d). e– h, High-magnification photomicrographs showing some of the longest BDA-labeled fibers in
the denervated gray matter of rats treated as in a and d, respectively. e�– h�, Camera lucida tracings of the fibers shown in
e– h. Insets show higher-magnification views of bouton-like structures along axons. i, j, Quantitation of BDA-labeled CST
fibers �40 �m in length (in the transverse plane) in the denervated dorsal funiculus (i) and gray matter (j). k, BDA-labeled
CST fibers as in j but �200 �m in length. l, Synaptic bouton-like structures in the denervated gray matter. *p �
0.05,**p � 0.01,***p � 0.01, difference from animals with stroke treated with saline; †p � 0.05, ††p � 0.01, difference
from animals treated with inosine or NEP1-40 alone. Results in i–l are reported per millimeter of spinal cord. a and b are
reproduced from Zai et al. (2009).
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Inosine combined with environmental enrichment
The next set of studies tested the hypothesis that inosine enhances
the effects of rearing animals in an enriched environment. Al-
though inosine and EE each improves functional outcome after
stroke, it is not known whether EE alters CST organization nor
whether the two treatments combined affect outcome to a greater
extent than either one alone. This study was initially intended to
be independent from the ones described above and differed in
several experimental details. Following pretraining and stroke
surgery, rats were either reared in pairs or, beginning 3 d after
stroke, were maintained in a complex environment with oppor-
tunities for climbing, exploring, and social interactions. Half the
animals in each condition received intraventricular infusions of
inosine as before, whereas the other half received saline. Treat-
ments ended after 4 weeks, but exposure to EE [or to a standard
environment (SE)] and behavioral testing continued for another
4 weeks. Thus, unlike the prior study that involved two indepen-
dent experiments with 4 and 8 week survival periods, the effects
of EE and the persistence of these effects were evaluated in a single
8 week study.

CST reorganization
As in our prior studies, the distribution of axons originating in
the intact forelimb motor area was evaluated by anterograde trac-
ing with BDA after completing the behavioral studies. One-way
ANOVA revealed a significant overall effect of treatment (p �
0.0001). In rats maintained in an SE, inosine increased the num-
ber of CST axon branches that projected from the undamaged
hemisphere to the denervated side of the spinal cord fivefold

compared with saline-treated controls (Fig. 4a) (p � 0.001,
Tukey’s post hoc correction). This increase is greater than that
seen in the previous study (Fig. 1j), reflecting a combination of
somewhat more growth in rats treated with inosine in the present
series compared with the previous study, and relatively less
growth in rats treated with saline. Conceivably, these differences
could arise from the longer survival times used here (i.e., 8 vs 4
weeks), but this has not been studied systematically. EE also in-
creased CST sprouting (p � 0.05) (Fig. 4a) though to a lesser
degree than inosine. Contrary to our expectations, inosine com-
bined with EE produced no more sprouting than inosine alone
(Fig. 4a).

Behavioral outcome
As expected from the first set of experiments and our prior stud-
ies (Zai et al., 2009), inosine improved animals’ ability to retrieve
food pellets with the impaired forepaw. Two-way ANOVA (re-
peated measures) revealed significant overall effects of treatment
and time (p � 0.0001 for each). Controls housed in SE conditions
after stroke and treated with saline reached a plateau of �45% of
their preoperative level of performance after 4 weeks (Fig. 4b),
comparable to the level seen in saline-treated controls in the 8
week study (Fig. 2c), but somewhat higher than in the 4 week
study (Fig. 2a). Inosine, in comparison, enabled rats to attain
�80% of their preoperative success rate by week 7 (p � 0.05 for
inosine vs saline-treated animals at weeks 5, 7, and 8). EE enabled
rats to retrieve food pellets at a level intermediate between that of
inosine- and saline-treated rats reared in SE. Animals treated with
inosine and exposed to EE performed better than all other groups
from the fourth week on and continued to improve after treat-
ment ended [p � 0.05 compared with saline-treated controls
exposed to SE from week 2 onward; p � 0.05 compared with
saline-treated animals exposed to EE at weeks 7– 8 (post hoc anal-
yses using Bonferroni’s correction)]. By week 7, inosine-treated
animals exposed to EE were able to retrieve food pellets at their
preoperative levels (Fig. 4b). Using the forelimb contralateral to
the intact hemisphere, scores remained normal for all groups
after the first week (Fig. 4c).

Gene expression
To maximize our chances of detecting an effect of environment
on gene expression, rats were reared in isolation for 3 d after
stroke and were either maintained in this condition or exposed to
EE for the next 4 d. At the end of this period, we isolated layer 5
pyramidal cells of the intact hemisphere by laser capture micro-
dissection and analyzed gene expression using microarrays. Al-
though animals did not evidence an overt behavioral response to
EE after 4 d, we hypothesized that a neuronal response would be
taking place at this time point.

Analysis of the microarray results revealed a striking interac-
tion between inosine and EE. For animals reared in isolation for a
week, inosine barely affected gene expression. This finding can be
visualized by the close correlation between the expression levels
of individual genes seen in animals treated with inosine after
stroke and reared in SE versus those treated with saline under the
same rearing conditions (R 2 � 0.98) (Fig. 5a). Using as criteria
that changes be significant at p � 0.01, �1.7-fold in magnitude,
and that at least one signal is �2 7, inosine altered the expression
of only 21 genes relative to saline-treated controls (16 increases
and 5 decreases) (supplemental Table 2a, available at www.
jneurosci.org as supplemental material). One of the increases as-
sociated with inosine was Slpi (secretory leukocyte protease
inhibitor), a protein that enhances the ability of axons to grow

Figure 2. Inosine combined with NEP1-40 restores performance with the impaired paw to
preoperative levels. Rats were pretrained to retrieve food pellets through a narrow opening
using either paw before stroke surgery, and were tested with either the impaired paw (i.e.,
contralateral to the stroke) (a, c) or the unimpaired paw (b, d) for either 4 weeks (a, b) or 8
weeks (c, d). a, Inosine or NEP1-40 each improved recovery using the impaired paw. Combining
the two resulted in far stronger recovery and enabled rats to perform at preoperative levels by
week 3. b, Performance with the unimpaired paw was unaffected by treatment. c, d, In a
second, independent study, rats were treated with or without inosine and/or NEP1-40 for 4
weeks and tested for another 4 weeks. Animals treated with NEP1-40, with or without inosine,
continued to improve after treatment ended. Rats with combined treatment continued to score
at normal, preoperative levels after 4 –5 weeks. d, Performance with the paw ipsilateral to the
stroke is unaffected by treatment. *p � 0.05, **p � 0.01, ***p � 0.001, difference from
saline-treated controls; †p � 0.05, ††p � 0.01, difference from rats treated with NEP1-40;
#p � 0.05, ##p � 0.01, difference from rats treated with inosine. Performance was evaluated
by a blinded observer. Group means (	SEM) are reported as percentages of preoperative
performance. The 8 week performance level of inosine-treated rats from an earlier study (Zai et
al., 2009) is shown for reference (blue triangle in c).
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over inhibitory substrates (Hannila and Filbin, 2008). Two of the
five decreases were for per genes, which are involved in circadian
regulation. Using less stringent criteria (changes significant at
p � 0.01, magnitude of the changes unconstrained), gene net-
works affected by inosine when animals were reared in isolation
included “gene expression, connective tissue development and
function and tissue morphology” [14 of 34 genes, Ingenuity Path-
way Analysis (IPA)], “cell-to-cell signaling and interaction” (14
of 41 genes, IPA), inflammatory response/cellular movement (13
of 35 genes, IPA), and cellular growth/inflammatory response (6
of 34 genes, IPA). These effects overlapped slightly with canon-
ical pathways involved in regulating circadian rhythm [3 of 33
genes, p � 0.0025 and CD27 signaling in lymphocytes (3 of 56
genes, p � 0.01, IPA).

In contrast to the above results, inosine had a stronger effect
on gene expression when rats were exposed to EE. The correlation
between gene expression levels in animals treated with inosine
after stroke versus saline declined significantly when rats were
reared in EE rather than SE (Fig. 5b) (R 2 � 0.95; z value for
difference in R 2 values � 38.72, p � 0.0001). Under EE condi-

tions, inosine treatment increased the
expression of 68 genes �1.7-fold and
decreased the expression of 52 genes
�1-/1.7-fold (p � 0.01; at least one signal
�128) (supplemental Table 2b, available at
www.jneurosci.org as supplemental mate-
rial). Using a criterion of p � 0.01 without
specifying the magnitude of the changes,
principal networks affected by inosine were
“neurological disease, cellular function and
maintenance, cellular assembly and organi-
zation” (14 of 35 genes, IPA), “cell cycle, cel-
lular development, cellular growth and
proliferation (13 of 35 genes, IPA), “cell
morphology, endocrine system disorders,
cardiovascular system development and
function” (13 of 35 genes, IPA), “gene ex-
pression, cellular growth and proliferation,
cellular development” (12 of 35 genes, IPA),
and “inflammatory response, inflammatory
disease, cell death” (12 of 35 genes, IPA).
These changes did not overlap strongly with
any particular canonical pathways.

An alternative way to analyze these re-
sults is by examining the effect of varying
environmental rearing conditions when
rats were treated with inosine or saline. EE
had little effect when rats were treated
with saline, increasing the expression of
only one gene (Gfra2, the neurturin re-
ceptor) �1.7-fold compared with animals
reared in isolation, and decreasing the ex-
pression of 28 genes by �1/1.7-fold (p �
0.01, at least one signal �128) (supple-
mental Table 2c, available at www.
jneurosci.org as supplemental material).
Accordingly, gene expression levels in
layer 5 pyramidal cells were highly corre-
lated between rats exposed to EE versus
rats reared in isolation (R 2 � 0.97) (Fig.
5c). Using the criterion of p � 0.01 with-
out constraining the magnitude of the
changes, affected networks included “lipid

metabolism, molecular transport and small molecule biochemis-
try” (13 of 35 genes, IPA), and “developmental disorders, cellular
growth and proliferation, and tissue morphology” (10 of 35
genes, IPA). We did not observe effects on a large percentage of
genes in any particular canonical pathway.

Inosine treatment alters the effects of EE on gene expression
In the presence of inosine, EE increased the expression of 247
genes �1.7-fold, while decreasing the expression of 227 genes
�1/1.7-fold (compared with inosine-treated rats reared in isola-
tion) (supplemental Table 2d, available at www.jneurosci.org as
supplemental material). Correspondingly, the correlation be-
tween levels of gene expression in rats reared under EE conditions
versus isolation declined markedly when rats were treated with
inosine (R 2 � 0.91) (Fig. 5d) compared with saline (z � 35.4, p �
0.0001). In the presence of inosine, EE affected a high percentage
of genes in several networks, particularly those involved in “cell
signaling, cellular function and maintenance, and molecular
transport” (28 of 35 genes, IPA), “cellular response to therapeu-
tics, cellular assembly and organization, DNA replication, re-

Figure 3. Cortical neurite regeneration. A, After 21 DIV, dissociated E18 cortical neurons have created a dense network of
anti-�III tubulin immunoreactive processes. A scrape injury clears all of these neurites from a 500-�m-wide zone, and regener-
ative growth occurs over a 5 d period. B, Representative photomicrographs of neurite regeneration in cortical cultures scraped at 21
DIV. Regeneration proceeded for 5 d in the absence of inhibitor, or in the presence of 100 �g/ml myelin with or without inosine (0.1
or 1 mM) and/or NEP1-40, as indicated. Cultures were immunostained for �III-tubulin to visualize regenerated neurites. C, Quan-
titation of neurite regeneration. Myelin inhibited regeneration, and this inhibition was significantly attenuated by the combina-
tion of inosine and NEP 1– 40 (*p � 0.05). Data show means 	 SEM; N � 8 wells per condition. Scale bar, 100 �m.
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combination and repair” (28 of 35 genes, IPA), “developmental
disorder, genetic disorder, reproductive system disease” (28 of 35
genes, IPA), “cell death, cell cycle, cellular growth and prolifera-
tion” (18 of 35 genes, IPA), “cell-to-cell signaling and interaction,
nervous system development and function, cell morphology” (16
of 34 genes). These effects did not overlap strongly with any par-
ticular canonical pathways, but included some genes involved in
“hypoxia in the cardiovascular system” (10 of 70 genes, p � 0.001,
IPA), “Huntington’s disease” (19 of 234 genes, p � 0.01, IPA),
and “DNA methylation and transcriptional repression” (2 of 23
genes, p � 0.01, IPA).

These results show that inosine and EE interact strongly with
one another to alter gene expression after stroke. In rats reared in
isolation, inosine barely affected gene expression in layer 5 pyra-
midal cells of the forelimb motor area contralateral to the stroke.
Similarly, when rats were treated with saline, EE had little effect
on gene expression. However, in the presence of inosine, EE pro-
foundly altered gene expression. A heat map of these results (Fig.
5e) shows the intragroup similarities in patterns of gene expres-
sion and the strong effect of combinatorial treatment. The mo-

lecular changes observed when rats were treated with inosine and
exposed to EE mirror the synergistic effects of the two treatments
on behavioral outcome, providing a molecular correlate of this
phenomenon and a foundation for investigating the complex
mechanisms involved.

Figure 4. Inosine enhances the behavioral effects of EE. a, CST reorganization: axon collat-
erals arising in the intact hemisphere and projecting to the ipsilateral (denervated) cervical
spinal cord. b, c, Time course of functional recovery using the impaired paw (i.e., contralateral to the
stroke) (b) or the unimpaired paw (c). Animals were maintained in either complete isolation or ex-
posed to EE beginning on day 3, and were treated with saline or inosine for 4 weeks. Testing was
performed weekly from weeks 1 through 8. Inosine-treated animals exposed to EE returned to pre-
stroke levels of competence by week 7. *p � 0.05, **p � 0.01, ***p � 0.001, difference from
saline-treated controls; †p � 0.05, ††p � 0.01, †††p � 0.001, difference from inosine-treated animals
rearedinSE; #p�0.05, ##p�0.01, ###p�0.001,differencefromsaline-treatedratsexposedtoEE.

Figure 5. Inosine and EE synergistically alter gene expression in layer 5 pyramidal cells of the
undamaged hemisphere. a–d, Scatter diagrams show normalized, log2-transformed levels of gene
expression in animals treated with saline or inosine after stroke and either reared in isolation or
exposed to EE. a, b, Effect of rearing conditions. Inosine did not markedly alter the pattern of gene
expression compared with saline-treated animals when rats were reared in isolation, as indicated by
the low level of scatter from the trend line and the high correlation coefficient (a). b, Inosine induced
many changes in gene expression when animals were exposed to EE. c, d, Effect of inosine. When rats
were treated with saline, EE did not markedly alter the pattern of gene expression compared with rats
reared in isolation (c). However, in rats treated with inosine, EE caused massive changes in gene
expression, as seen by the low correlation in signal strength between samples. e, Heat map represent-
ing the top differentially expressed genes. Gene changes are shown for three comparisons: inosine
versus saline in standard environment (inosine effect); enriched versus standard environment in ani-
mals treated with saline (EE effect); and combined effect of inosine and EE versus saline-treated
animals reared in SE. Each individual treatment shows a limited number of changes, whereas the
combined treatment induces a larger set of changes. Samples are in columns, genes are in rows,
clustered by similarity. Red cells represent upregulated genes, green cells, downregulated genes.
Represented here are all the probes with a p value �0.005 for any of the three comparisons.
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Discussion
Inosine diffuses across the cell membrane and activates the pro-
tein kinase Mst3b, a key part of the signal transduction pathway
through which growth factors induce neurons to extend axons
(Irwin et al., 2006; Lorber et al., 2009). Our results confirm earlier
studies showing that inosine exerts a strong effect on axonal re-
organization and functional outcome after stroke, while demon-
strating for the first time that it enhances the effects of treatments
that promote growth through complementary mechanisms.
When combined with either a peptide antagonist to the Nogo
receptor or environmental enrichment, inosine enabled rats with
cortical strokes to reach through a restricted opening and retrieve
food pellets with their impaired forelimbs at the same rate as
normal animals.

Inosine enhances the effects NEP1-40
Three myelin-associated proteins, Nogo-A, myelin-associated
glycoprotein (MAG), and oligodendrocyte-myelin glycoprotein,
suppress axon growth via NgR (Fournier et al., 2001; Filbin, 2003;
Liu et al., 2006) and other receptors (Atwal et al., 2008; Goh et al.,
2008; Hu and Strittmatter, 2008). Following unilateral stroke in
rats, agents that block Nogo or NgR enhance the growth of CST
axon branches from the undamaged hemisphere into the dener-
vated side of the spinal cord and improve use of the impaired
forepaw. These effects can be seen using a recombinant soluble
form of NgR, an anti-Nogo antibody, or by deleting the gene for
NogoA/B or NgR (Papadopoulos et al., 2002; Lee et al., 2004;
Cafferty and Strittmatter, 2006; Tsai et al., 2007). A recent study
has shown that NEP1-40, the NgR antagonist used in this study,
improves outcome after stroke, but did not investigate anatomi-
cal changes (Fang et al., 2010). NEP1-40 was previously shown to
promote axon regeneration and improve outcome after spinal
cord injury (GrandPré et al., 2002; Li and Strittmatter, 2003; Cao
et al., 2008), though one group reported only weak effects in that
model and found similar effects using a scrambled version of
NEP1-40 (Steward et al., 2008). In the present study, NEP1-40
tripled the number of axon branches projecting from the intact
CST to the denervated side of the spinal cord and improved use of
the impaired forelimb. Preliminary studies from our laboratory
show that a scrambled version of NEP1-40, while not enhancing
axon growth over myelin in cell culture, may improve functional
outcome after stroke. This effect may be related to an unantici-
pated resemblance between the scrambled peptide and a portion
of MAG (supplemental Fig. 3, available at www.jneurosci.org as
supplemental material), enabling it to function in a fashion anal-
ogous to NEP1-40.

When combined with NEP1-40, inosine induced nearly twice
as much CST sprouting on the denervated side of the spinal cord
as either treatment alone, and enabled rats to retrieve food pellets
with the impaired forepaw at the same level seen in normal ani-
mals. This high level of performance persisted for at least a month
after treatment ended, suggesting that, once formed, circuits that
sustain behavioral improvements do not require continued ap-
plication of plasticity-inducing agents. At the same time, the nor-
mal performance observed with the impaired paw suggests that
the formation of new circuitry for ipsilateral motor control does
not strongly compromise the ability of the intact hemisphere to
control the contralateral paw. Although we have focused on the
CST, in view of its role in the task used here (Raineteau et al.,
2001; Anderson et al., 2005; Piecharka et al., 2005) and the rela-
tive ease in detecting newly formed ipsilateral projections, the
exact relationship between the observed anatomical changes and
the behavioral improvements is not known. Changes not inves-

tigated in this study may have also played a role in recovery,
including possible novel inputs to the forelimb motor area of the
undamaged hemisphere and to intact areas in the injured hemi-
sphere (see, e.g., Li et al.; Carmichael et al., 2001; Frost et al., 2003;
Dancause et al., 2005; Brown et al., 2008, 2009); descending path-
ways from spared areas of the injured hemisphere (Bareyre et al.,
2004); and/or changes in the efficacy of existing synapses. It is
clear that vicariation, the assumption of function by brain areas
that did not previously mediate control of the impaired forepaw,
occurs in rodent models of stroke even without further treatment
(see Introduction), and inosine is likely to have enhanced this
process. Establishing the significance of any brain changes to be-
havioral improvements may require lesions of candidate regions,
transections of specific pathways, or agents that prevent the
changes from occurring in the first place. We should also note
that the present study quantified food retrieval as an endpoint but
did not analyze the precise digit and limb movements underlying
recovery. Other research in the field would suggest that the func-
tional improvements commonly involve the use of compensatory
strategies rather than recovery of the normal pattern of paw use
(Whishaw et al., 1991). An additional point is that buprenor-
phine, which was used throughout as an analgesic, has anti-
inflammatory effects (Volker et al., 2000) that may affect axonal
sprouting in positive or negative ways (Yin et al., 2003; Steinmetz
et al., 2005; Gensel et al., 2009; Stirling et al., 2009) and alter
patterns of gene expression in the microarray studies.

Inosine enhances the effects of environmental enrichment
The organization of synaptic connections is shaped by patterns of
physiological activity during development, and, to some extent,
this process continues later in life (Merzenich and Sameshima,
1993; Darian-Smith and Gilbert, 1994; Katz and Shatz, 1996;
Maier et al., 2008). Environmental enrichment, with opportuni-
ties for exploring novel objects, climbing, and social interactions,
promotes the expression of trophic factors and certain trans-
mitters and increases dendritic arborization, synaptogenesis,
gliogenesis, neurogenesis, angiogenesis, and brain thickness
(Diamond et al., 1976; Kleim et al., 1998; Klintsova and Gree-
nough, 1999; Rampon et al., 2000; van Praag et al., 2000; Garcia et
al., 2003; Ziv et al., 2006). EE exerts many of these same effects
plus additional ones after brain injury and leads to improvements
in learning, memory, and motor performance (Kolb and Gibb,
1991; Ohlsson and Johansson, 1995; Johansson et al., 1996; Jones
et al., 1999; Biernaskie and Corbett, 2001; Farrell et al., 2001;
Johansson and Belichenko, 2002; Dahlqvist et al., 2004; Johans-
son, 2004; Nithianantharajah and Hannan, 2006; Ziv et al., 2006).
EE has also been shown to improve performance on associative
learning tests in an animal model of cortical neurodegeneration,
mediated via epigenetic changes related to histone acetylation
and methylation (Fischer et al., 2007). Thus, some of the benefi-
cial effects of EE may be linked to widespread changes in gene
expression.

The present results show that EE promotes CST axon sprout-
ing from the intact side of the brain into the denervated side of the
spinal cord after stroke and improves skilled reaching with the
impaired forepaw. Inosine augmented the behavioral effects of
EE, enabling rats to regain use of the impaired paw after a few
weeks. The combination of the two treatments did not enhance
CST reorganization beyond the level seen with inosine alone, but
markedly altered gene expression in layer 5 pyramidal cells of the
undamaged hemisphere. Compared with rats exposed to a stan-
dard environment, rats treated with inosine and exposed to EE
showed changes in the expression of genes involved in cell signal-
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ing, cell morphology, cell growth, cell maintenance, assembly and
organization; DNA replication, recombination and repair; and
nervous system development and function. These observations
may be linked to the previously noted effects of EE on chromatin
remodeling (Fischer et al., 2007). That study and the present one
suggest that, whereas rearing in isolation diminishes the overall
level of neuronal gene transcription, EE, by fostering histone
acetylation and DNA methylation, reverses this situation and en-
ables inosine to influence gene transcription. From another per-
spective, the ability of EE to affect gene transcription was found to
be augmented by inosine. The basis for this observation is un-
known. However, our results suggest the possibility that chroma-
tin remodeling and genome-wide transcriptional changes may
depend on Mst3b activation, a hypothesis that will require fur-
ther testing. It might be noted that the molecular changes associ-
ated with inosine in the present study do not overlap strongly
with those observed previously (Zai et al., 2009), which may be
due in part to differences in environmental rearing conditions in
the two studies. Whereas rats in the prior study were housed two
per cage, rats in the present microarray studies were either reared
alone and offered almost no stimulation, or exposed to a great
deal of stimulation (EE). Our results show that such differences
can profoundly influence gene expression. At a behavioral level,
combining NEP1-40 with training that includes many of the fea-
tures of EE used in this study was recently shown to result in
near-complete restoration of skilled motor performance with the
impaired limb in mice (Fang et al., 2010). Finally, although the
changes in gene expression correlate with behavioral improve-
ments, we do not know which, if any, of the molecular changes
enhances the ability of neurons to modify synaptic relationships
in an adaptive fashion or promote axon branching. Further anal-
ysis of this relationship will require manipulations of candidate
genes or their protein products.

In addition to promoting axon rewiring, inosine suppresses the
response of cortical neurons to glutamate (Shen et al., 2005), en-
hances inhibition via benzodiazepine receptors (Marangos et al.,
1981), limits the production of inflammatory cytokines (Haskó et
al., 2000, 2004), and attenuates hypoxia-induced astrocyte death
(Haun et al., 1996; Jurkowitz et al., 1998). Uric acid, a metabolite of
inosine, prevents peroxynitrite-induced protein damage, protects
the blood–brain barrier, and has potent anti-inflammatory effects
(Scott et al., 2002, 2005). Inosine is in use for cardiac patients (Czar-
necki et al., 1992), is often taken orally by athletes (Starling et al.,
1996), and is in clinical trials for Parkinson’s disease (http://
clinicaltrials.gov/ct2/show/NCT00833690). Moreover, studies
using radioactive tracers suggest that inosine crosses the blood–
brain barrier efficiently (Nakagawa and Guroff, 1973). Together,
these features potentially make inosine a good candidate for en-
hancing brain rewiring and improving outcome after stroke in
patients.
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