Inosine induces axonal rewiring and improves
behavioral outcome after stroke
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Cerebral infarct (stroke) often causes devastating and irreversible
losses of function, in part because of the brain’s limited capacity for
anatomical reorganization. The purine nucleoside inosine has pre-
viously been shown to induce neurons to express a set of growth-
associated proteins and to extend axons in culture and in vivo. We
show here that in adult rats with unilateral cortical infarcts, inosine
stimulated neurons on the undamaged side of the brain to extend
new projections to denervated areas of the midbrain and spinal
cord. This growth was paralleled by improved performance on
several behavioral measures.

erebral ischemic infarct, or stroke, affects approximately
750,000 people annually in the U.S. alone. Depending on the
locus of damage and other complicating factors, stroke can result
in devastating losses in sensory, motor, and cognitive functions.
A limited amount of synaptic reorganization is thought to occur
spontaneously in the brain after stroke (1-5) or focal injury (6,
7) and can be enhanced by training (8, 9). However, there is little
evidence that undamaged neurons can extend lengthy projec-
tions to reinnervate brain regions that have lost their normal
inputs, nor are any clinical methods available to improve func-
tional outcome by stimulating axonal reorganization after stroke.
The purine nucleoside inosine enters cells via facilitated
diffusion or can be synthesized readily from adenosine. In at least
some neurons, inosine activates an intracellular signaling path-
way that regulates the expression of multiple genes involved in
axon outgrowth (10, 11). In vivo, inosine treatment can promote
extensive sprouting of the intact corticospinal tract (CST) into
areas denervated by transecting the contralateral CST (12).
Here, we have investigated whether inosine treatment can
stimulate axonal growth and help improve behavioral outcome
after stroke. The rat’s sensorimotor cortex is required for fine
motor control of the contralateral limbs (5, 13, 14). After
creating a stroke that damaged most of the sensorimotor cortex
on one side of the brain, we tested whether inosine could induce
neurons in the intact hemisphere to grow new connections to
denervated target areas and restore cortical control to the
hemiparetic side. Although a number of neural pathways may be
important in this regard, we have focused on the corticorubral
tract and CST, two pathways that help mediate fine motor
coordination (15, 16). Our results demonstrate that inosine
stimulates significant axonal reorganization after stroke and
leads to improved performance on several sensorimotor tasks.

Methods

Surgery. Male Sprague—-Dawley rats (250-325 g, age range 8-10
weeks: Charles River Breeding Laboratories) were used
throughout. In a pilot study done in collaboration with Cere-
brotec (Boston), we investigated whether inosine treatment
would improve behavioral outcome after stroke. Under halo-
thane anesthesia, rats were placed on their sides, and a vertical
incision was made midway between the right orbit and external
auditory canal. The underlying temporalis muscle was incised,
scraped from the skull, and retracted, with care to preserve the
facial nerve. A large craniectomy was performed from the
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posterior zygoma and along the temporal ridge of the cranium
extending ventrally to expose the middle cerebral artery (MCA)
and olfactory tract. The dura was opened, and the base of the
MCA and the anterior portion of the first branch were electro-
coagulated ventral to the olfactory tract, resulting in infarction
of the right dorsolateral cerebral cortex and underlying striatum
(4, 17). Animals were randomly assigned to receive a continuous
infusion of either inosine (50 mM in saline; n = 15) or saline (n =
12) into the cisterna magna using osmotic minipumps (0.25 ul/h,
Alzet model 2004, Palo Alto, CA).

The second study, carried out at the University of Lethbridge,
examined the behavioral consequences of inosine treatment in
more detail and investigated whether changes in performance
were related to anatomical reorganization. Rats were pre-
screened to select those that performed well on the battery of
tests described below. Animals in the second study received more
extensive right hemisphere strokes than those in the first to
increase the amount of target denervation and hence increase
the possible sprouting from the intact side. This was done by
electrocoagulating the distal branches of the anterior cerebral
artery along with the MCA. While still under anesthesia, animals
received saline alone or inosine at concentrations of 2, 10, or 50
mM in saline (n = 12 per group) from an osmotic minipump
(Model 2004, Alzet) at a flow rate of 0.25 ul/h. Catheters were
stereotaxically implanted into the lateral ventricle on the un-
damaged side of the brain and were held in place with cyano-
acrylate; reservoirs were buried under the dorsal fascia of the
neck. Pumps were replaced after 28 days.

Behavioral Testing. In the first study, sensorimotor integration was
evaluated over a 19-day period by an investigator blind to the
rats’ treatment regimen. In the forelimb-placement test, animals
were held gently by the torso and were moved slowly toward a
table top until the dorsal forepaw surface barely touched the
edge. Normal animals rapidly place their forelimb on the table
top. Performance was scored between 0 (normal) and 10 (max-
imal impairment) (18, 19). Similarly, the hindlimb-placing test
evaluated the animal’s ability to place the hindpaw on a table in
response to light stimulation and was scored on a 0—6 scale. In
the “body-swing” test, extrapyramidal function was tested by
holding the animal by its tail until a total of 30 swings were
counted. Scores represent that percentage of times animals
turned their head more than 10° to the side ipsilateral to the
lesion (20).

In the second study, behavioral testing was done 3, 7, 14, 21,
28, 35, and 42 days after surgery by an experimenter blind to the
animals’ treatment. The animals that were not used to trace
axonal projections (see below) were also tested at 56 days.
Forepaw placing in the second study was evaluated by using a
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simplified three-point scale (3 = approximately normal speed
and accuracy; 2 = significant delay but successful placement; 1 =
successful placement after marked delay; 0 = no limb placement;
see Movie 1, which is published as supporting information on the
PNAS web site, www.pnas.org) (21). In the reaching task,
animals were trained to reach through bars to grasp food pellets
(15). Rats with motor cortex lesions were severely impaired in
this task, largely because of difficulty in pronating the wrist and
digits over the food and in grasping and retrieving the pellets.
Video recordings were used to score the number of times in 7
min that animals extended the impaired paw to the food tray and
the percent of reaches that resulted in food consumption.
Performance with the impaired paw was tested both with the
unimpaired paw constrained and with the animal free to reach
with either paw (Movie 2).

Normal animals use only their hindlimbs to swim in a straight
line, holding the forepaws motionless under the chin. Unilateral
sensorimotor cortex damage disinhibits movement by the con-
tralateral limb, whereas the ipsilateral forelimb remains still (21).
Cortical inhibition was evaluated by placing the animal in a glass
tank and filming from the side as the rat swam toward a visible
platform. The number of strokes made by each forelimb was
counted in three trials (Movie 3). The tongue-protrusion test was
carried out as described (22). Decreased length of tongue
protrusion, measured in millimeters, reflects damage to the
tongue representation area of the motor cortex (22). This test
was given on days 28, 35, and 42.

Behavioral scores were evaluated by ANOVA to detect sig-
nificant differences (P < 0.05) between and among treatment
groups; Fisher’s exact ¢ test was used to determine where those
differences occurred. In some cases, planned unpaired, ¢ tests
were carried out to compare the combined inosine groups and
the untreated group (STATVIEW 5.0 software, SAS, Cary, NC).

Housing and behavioral testing facilities were routinely in-
spected by the Canadian Council on Animal Welfare. The
animal protocol was approved by the Institutional Animal Care
and Use Committees of the University of Lethbridge and of
Children’s Hospital, Boston.

Anatomical Studies. Six weeks after the initial surgery, half of the
animals in each group were anesthetized, the infusion needle and
pump were removed, and, after craniotomy, biotinylated dextran
amine (BDA: Molecular Probes: 10% wt/vol solution in sterile
saline) was injected stereotaxically at depths of 0.5, 1.0, and 2.0
mm below the cortical surface at 18 points distributed over the
sensorimotor cortex (70 nl per injection: Nanoject, Drummond
Scientific, Broomall, PA). Animals were prepared for histology
2 weeks later. BDA-labeled axons were visualized as described
(12, 23). In some cases, a light cellular counterstain was obtained
by using neutral red dye to visualize anatomical boundaries.
Some sections were double-stained to investigate whether BDA-
labeled cortical efferents express growth-associated protein 43
(GAP-43). For this analysis, BDA-labeled axons were visualized
with streptavidin conjugated to AlexaFluor-568 (1:1,000, Mo-
lecular Probes), whereas GAP-43 was visualized with a sheep
anti-GAP-43 1gG (1:2,500) (24) followed by an anti-sheep 1gG
antibody conjugated to AlexaFluor-488 (1:1,000, Molecular
Probes).

Axon crossings in the red nucleus were counted under X200,
with the treatment of the group being counted masked. The
midline was identified by using the aqueduct and the paired red
nuclei as landmarks. For each case, we averaged the number of
BDA-labeled axons that crossed to the denervated side in four
standard coronal sections that included the red nucleus; sections
were spaced at 240 wm and were centered at the level of the
oculomotor nuclei. Images were captured on a Nikon Eclipse
Microscope with a Spot Digital Camera system (Universal
Imaging System, Downington, PA), and the number of labeled
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Fig. 1. Schematic illustration of the stroke and major cortical efferent

pathways. (a) The sensorimotor cortex and other right hemisphere structures
were damaged unilaterally by occluding the right MCA; in the second set of
studies, parts of the anterior cerebral artery were occluded as well. The
pathways originating from the intact left hemisphere that were traced with
BDA include the corticorubral (green) and corticospinal (blue) tracts. (b)
Coronal section through the forebrain showing the extent of injury (black)
and the cells of origin of the intact corticospinal (blue) and corticorubral
(green) tracts. (c) Projections from the sensorimotor cortex to the ipsilateral
red nucleus (R). Compensatory growth to the denervated (Right) red nucleus,
as investigated here, is shown in red. (d) CST projections from the intact
hemisphere decussate in the caudal medulla, course in the contralateral dorsal
funiculus, and synapse primarily on layer 4-6 interneurons in the cervical and
lumbar enlargements of the spinal cord. Inosine-induced collateral projec-
tions to the denervated side are shown in red.

axons on the denervated side was quantified. Results are from
at least three randomly selected animals from each group.
Within the cervical enlargement of the spinal cord, we used a
different counting method, because it was difficult to identify
exactly the same levels in each case. Using the central canal and
dorsal median fissure as landmarks for the midline, we counted
the number of axons crossing from the intact to the denervated
side in 50-100 sections per case. The values reported represent
the group means of the greatest number of crossed axons
counted per section.

When BDA-labeled axons in the cervical enlargement were
visualized with horseradish peroxidase histochemistry rather
than with AlexaFluor-568-conjugated streptavidin, many more
axons of variable intensity were visualized on the denervated
side, as seen previously (12). However, because the latter were
difficult to quantify accurately, the current counts are based on
the fluorescently labeled material.

The remaining animals in each group were used to determine
infarct volumes. After routine histological processing, aldehyde-
fixed brains were sectioned frozen at 40 wm in the coronal plane.
Images of mounted Cresyl violet-stained sections at standardized
levels were captured digitally. The cross-sectional area of the
neocortex and other structures was measured on both sides of the
brain (NIH IMAGE software, Ver. 1.62) and was used to estimate
volumetric loss. Infarct volumes were also determined in the first
study.

Results

Inosine Improves Behavioral Outcome. The first study investigated
whether inosine would enhance functional recovery in rats with
cortical strokes resulting from occlusion of the MCA (Fig. 1a).
Tactile placing depends on the integrity of the sensorimotor
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Fig.2. Behavioral recovery afterstroke. (a) In the first study, forelimb placing
was evaluated by using a 10-point scale as described (4, 17). Animals treated
with inosine performed better than saline-treated controls from day 7 on-
ward. (b) Hindlimb placing of control and inosine-treated animals was scored
on a six-point scale (4, 17). (c) Body swing, a measure of basal ganglion
dysfunction, is scored by the percentage of times animals turn more than 10°
to the side ipsilateral to the lesion when suspended from the tail (20). (d) Food
retrieval: constrained. Score represents the percent of animals that used their
impaired (left) paw when the right paw was constrained. (e) Food retrieval:
free choice. Percent of animals using the impaired paw when free to use either
paw. () Inosine-treated rat spontaneously using its impaired left paw (yellow
arrow) to retrieve food pellets even when the intact right paw was uncon-
strained. *, P < 0 05; »*, P <0.01; »**, P < 0.001.

cortex (19) and, as expected, animals had little use of their
denervated forepaw in the first few days after surgery (Fig. 2a).
Forepaw placement showed some improvement over time even
without inosine, with saline-treated rats achieving approximately
50% of their baseline scores by 19 days. However, with inosine
treatment, rats showed a much stronger recovery, returning to
near-baseline levels of performance at 19 days; the superiority of
the inosine-treated group was apparent by day 7 and increased
in significance over the duration of the testing period (Fig. 2a).
Inosine treatment similarly improved hindlimb placing, resulting
in superior performance relative to controls from day 7 through
the final day of testing (Fig. 2b). In the body-swing test, a
measure of basal ganglia function (20), the performance of
inosine-treated rats was superior to controls at the last two time
points (Fig. 2c).

Volumetric measures showed no differences in the extent of
forebrain damage between inosine-treated animals (28.4 = 1.0%
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volume loss) and controls (28.4 = 1.5% loss). Thus, inosine does
not appear to be neuroprotective.

To investigate whether the beneficial effects of inosine are
related to a reorganization of neural pathways, we carried out a
second study that included behavioral analysis and anatomical
tracing of projections from the intact hemisphere. In addition to
the MCA, we occluded several branches of the anterior cerebral
artery to increase the denervation of the midbrain and spinal
cord, thereby potentially increasing the area available for com-
pensatory axon growth from the intact hemisphere (Fig. 1 b-d).

As in the first study, forepaw placing in inosine-treated
animals was superior to that of controls at 3 weeks [mean =
SEM = 2.34 = (.17 for inosine-treated group, 1.40 = 0.37 for
controls; #(43) = 2.5, P < 0.02: Movie 1, which is published as
supporting information on the PNAS web site]. In this and all
other behavioral tests, no significant differences appeared
among the groups receiving the three different inosine concen-
trations; we therefore pooled these groups to increase statistical
reliability. On the basis of the simplified three-point scale that
was used in the second study, the inosine- and vehicle-treated
groups both appeared to attain normal forepaw placing by week
6. However, using a more sensitive measure of tactile perfor-
mance, latency to place the paw, the superiority of inosine-
treated animals remained evident at later time points [mean
latency = SEM = 185.1 = 17.6 msec for inosine-treated groups
at week 8, and 2554 = 25 msec for controls; #21) = 2.6,
P = 0.01].

Food retrieval is another task that requires the integrity of the
sensorimotor cortex (14). When the normally innervated right
paw was constrained, a few vehicle-treated controls attempted to
use their denervated paw on week 3. However, none succeeded
in gaining food, and this behavior became extinguished at later
time points. In contrast, by week 4, 50% of the inosine-treated
animals used their denervated left paw to retrieve food pellets
when the right forelimb was constrained; these animals averaged
from 37 = 13 attempts per session at week 4 to 45 = 9 attempts
per session at week 6, the final time point, with a success rate of
18 = 7% (difference between inosine-treated animals vs. con-
trols significant at x> = 9.0, P < 0.02 for weeks 4-6: Fig. 2b).
Remarkably, even when given a free choice of which limb to use,
20% of the inosine-treated rats preferentially used their dener-
vated left forelimb, averaging 44 = 16 reaches per session and an
accuracy rate of 7% (Movie 2). During the entire test period, no
vehicle-treated control ever spontaneously used its denervated
paw to reach for food when the right limb was unconstrained nor
did any animal with even less severe sensorimotor cortical
damage in a previous study (B.K., unpublished data; difference
in spontaneous use of denervated limb between inosine-treated
rats and controls significant at y* = 7.3, P < 0.01). By week 8§,
animals treated with inosine showed significantly better forepaw
inhibition during swimming than controls [mean number of
strokes = SEM = 6.7 = 1.3 for inosine-treated group, 13.2 = 1.1
for controls; #(21) = 6.5, P < 0.01: Movie 3] and by week 6 also
performed better on the tongue-extension test [mean length =
SEM = 7.77 = 0.24 mm for inosine, 6.35 = 0.42 mm for controls;
t(43) = 3.0, P < 0.01]. In sum, inosine treatment enhanced
performance on four independent behavioral measures.

Anatomical Reorganization. Axonal reorganization after brain
injury is often difficult to prove convincingly because of the
problem of distinguishing new connections from those that had
not been damaged in the first place. However, because the
corticospinal and corticorubral tracts are almost completely
lateralized (25, 26), reorganization of these pathways would be
apparent if the denervated side of the brain were to show a
significant increase in the number of axons arising from the
uninjured hemisphere (12, 27, 28) (Fig. 1). Axons originating in
the intact hemisphere were labeled by injecting BDA into the left
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Fig.3. Axoncrossing at the level of the red nucleus. (a) Quantitation of axons
crossing from the intact side of the brain to the denervated red nucleus
(averaged from four sections per case). (b) Schematic coronal section through
the midbrain at the level of the red nucleus. Box (red) indicates approximate
area shown in ¢ and d. Labeled axons in the vicinity of the red nucleus are
shown on the normal side (Left) and on the denervated (Right) side in an
animal treated with saline after stroke (c), and in an animal treated with
inosine after stroke (d). *, P < 0.05; »*, P < 0.01. (Bar in d = 500 pm.)

sensorimotor cortex at the end of the testing period (i.e., at 6
weeks). After allowing an additional 2 weeks for the BDA to be
transported to distal axonal terminals, animals were prepared for
histology. Midline crossings of the corticorubral tract were
quantified by counting BDA-labeled fibers in the denervated red
nucleus. The number of crossed corticorubral fibers was low in
normal control animals and increased after stroke, even in
animals treated with saline alone (Fig. 3 a and c). Inosine
treatment had a greater effect, increasing the number of crossed
corticorubral axons 8- to 10-fold above the number seen in
normal animals, i.e., an additional 2- to 3-fold over the level seen
in injured animals receiving saline (Fig. 3 a and d).

The effects of inosine on axon growth were also evident in the
cervical enlargement, the region of the spinal cord that inner-
vates the forelimbs and a principle target of the CST. In normal
rats, BDA injections into the sensorimotor cortex labeled a
maximum of 29 + 2.5 (mean * SEM) axons per section in the
ipsilateral dorsal funiculus and adjacent neuropil. Eight weeks
after stroke, saline-treated animals showed only a slight increase
in this number (38.5 £ 2.5: Fig. 4a). In contrast, inosine had a
profound effect (Fig. 4d), increasing the maximum number of
crossed CST axons visualized per section to 121.6 = 18.3
(difference from saline-treated controls significant at P < 0.005).
Double labeling revealed that most of the crossed axons in
inosine-treated animals were immunopositive for the growth-
associated protein, GAP-43 (Fig. 4 e and f). This finding suggests
that the crossed axons are still in a growth mode. In contrast, the
few BDA-labeled CST axons seen on the denervated side of the
spinal cord in saline-treated animals showed little or no GAP-43
staining (Fig. 4 b and c).

Postmortem measurements of stroke volume in the second
series of animals again revealed no differences between inosine-
treated animals (36.3 = 1.1% volume loss) and controls (33.1 =
4.1% loss). The cortical damage included most of the sensori-
motor cortex, encompassing all of the parietal cortex, although
the most dorsal cortex was spared direct damage. The motor
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Fig. 4. Axon crossing in the cervical spinal cord. (a—g) Transverse sections
through the cervical enlargement showing the area of the denervated CST.
The midline and medial-most fibers of the intact CST are on the far right side
of each frame. (h) Low-power photo through the cervical spinal cord showing
the approximate area enlarged in a—g (red frame). (a—c) Double-labeled
section from a control animal treated with saline after stroke. (d-f) Similarly
stained sections from an animal treated with inosine after stroke. (a, d)
BDA-labeled fibers originating in the intact hemisphere, stained red here,
projecting to the denervated side of the spinal cord (arrows) in saline- (a) and
inosine-treated (d) animals. (b, e) Fibers with high levels of the growth-
associated protein GAP-43 (green fluorescence) in the same sections shown in
a and d, respectively. The intense fluorescence in the neuropil lateral to the
CST (asterisks) is unaffected by treatment. (c, f) Merged images showing that
crossed, BDA-labeled fibers contain high levels of GAP-43 (yellow staining:
arrows). (g) Section from an inosine-treated animal stained with horseradish
peroxidase-conjugated avidin-biotin complex followed by diaminobenzi-
dine. Arrows show axons crossing the midline. (Bar a—f, 100 um; g, 50 um.)

cortex was nonetheless deafferented, as the anterior thalamus on
the lesioned side showed severe gliosis and calcification of the
ventral lateral complex, in addition to neuronal loss and gliosis
in the anterior ventral, dorsal medial, and ventral medial nuclei
in all brains. Most of the fibers forming the internal capsule were
degenerated, as were much of the anterior striatum and globus
pallidus. These morphological changes were highly consistent in
all injured brains. Other infarcted areas included most of the
insular, piriform, and perirhinal cortices and parts of the amyg-
daloid complex.
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Discussion

These studies show that inosine induces significant axonal reor-
ganization in the rat brain after stroke and helps restore cortical
control of the denervated forelimb. Poststroke changes in brain
organization have long been inferred from the partial recovery
that often occurs clinically over time and, more recently, from
changes in brain activity visualized by neuroimaging techniques
and electrophysiology (1, 2, 8, 29, 30). In addition, animal
experiments have shown changes in dendritic morphology after
unilateral infarcts or focal injury, along with immunohistochem-
ical changes for certain synaptic proteins, usually in the intact
hemisphere (3-7, 13, 31, 32). A priori, however, most of these
changes could reflect small local shifts in synaptic organization,
rather than major alterations in brain wiring. The present study
shows that some axonal reorganization does indeed occur spon-
taneously in the corticospinal and corticorubral tracts after
stroke. However, these spontaneously occurring changes are
small compared with those induced by inosine treatment. Al-
though we have focused on two major pathways whose rewiring
can be demonstrated readily, it is likely that inosine stimulated
anatomical changes in other pathways as well, which may have
contributed to the observed functional improvements. In other
studies, spontaneous compensatory growth has been demon-
strated in the hippocampus after lesioning the perforant pathway
(33), in the spinal cord after transecting the CST (12, 34), and
in the visual cortex after lesions (7).

Inosine, acting through a direct intracellular mechanism,
induces neurons in culture to express a constellation of genes
associated with axon growth, including GAP-43, L1, and a-1
tubulin (10, 11). The increased GAP-43 immunoreactivity seen
in the crossed CST fibers of the present study suggests that
inosine may act similarly in vivo, inducing a program of gene
expression that enables cortical pyramidal cells to extend axonal
branches. The growth of these branches through the heavily
myelinated dorsal funiculus further suggests that inosine enables
growing axons to overcome at least some of the molecular signals
that normally inhibit growth. In vitro, 6-thioguanine, a purine
analog that is structurally related to inosine, blocks the effects of
trophic factors on neurite outgrowth and on the induction of
growth-associated proteins (10, 11, 35-37). In low micromolar
concentrations, 6-thioguanine acts selectively as an inhibitor of
N-kinase, a partially characterized, growth factor-sensitive,
serine-threonine kinase (36). Inosine competitively reverses the
inhibitory effects of 6-thioguanine, and we have therefore sug-
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gested that inosine stimulates axon growth by acting as an
N-kinase agonist (11).

Trauma elevates inosine levels in the brain (38, 39); this,
together with other trophic factors that are released from
neurons, glia, or monocytes (40—43), may contribute to the
limited reorganization that occurs spontaneously after stroke.
Among the polypeptide growth factors that are released after
injury, fibroblast growth factor (FGF) -1 and neurotrophin-3
have been shown to promote some regeneration of the injured
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