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A B S T R A C T

Therapeutic delivery to the brain is limited by the blood-brain barrier and is exacerbated by off-target effects
associated with systemic delivery, thereby precluding many potential therapies from even being tested. Given
the systemic side effects of cyclosporine and erythropoietin, systemic administration would be precluded in the
context of stroke, leaving only the possibility of local delivery. We wondered if direct delivery to the brain would
allow new reparative therapeutics, such as these, to be identified for stroke. Using a rodent model of stroke, we
employed an injectable drug delivery hydrogel strategy to circumvent the blood-brain barrier and thereby
achieved, for the first time, local and sustained co-release to the brain of cyclosporine and erythropoietin. Both
drugs diffused to the sub-cortical neural stem and progenitor cell (NSPC) niche and were present in the brain for
at least 32 days post-stroke. Each drug had a different outcome on brain tissue: cyclosporine increased plasticity
in the striatum while erythropoietin stimulated endogenous NSPCs. Only their co-delivery, but not either drug
alone, accelerated functional recovery and improved tissue repair. This platform opens avenues for hitherto
untested therapeutic combinations to promote regeneration and repair after stroke.

1. Introduction

Drug development for stroke - the most prevalent cause of perma-
nent disability [1] - has been severely impeded and is further compli-
cated by the blood-brain barrier (BBB), which prevents most ther-
apeutics from freely diffusing into the brain parenchyma. Thus, only
biomolecules that are either able to penetrate the BBB or delivered in
conjunction with methods that disrupt the BBB have been investigated.
However, many compounds predicted to cross the BBB are removed by
efflux transporters, such as p-glycoproteins and multidrug resistance
associated proteins [2]. Generalized BBB disruption, such as with a
hyperosmolar solution, increases drug accumulation in the brain [3],
but regional variation in permeabilisation and the risks associated with
generalized BBB opening make this approach unreliable [4]. Focused
ultrasound has shown promise for localized and reversible BBB dis-
ruption, allowing well-controlled and spatially localized drug

penetration into the brain [5]; yet, poor serum stability and the asso-
ciated risks of systemic exposure for broadly acting therapeutics are still
unaddressed by these improvements.

With local delivery, the drug bypasses the BBB and can rapidly
accumulate in the brain parenchyma [6]. Ventricular infusion through a
catheter and osmotic minipump system, such as the clinically-used
Ommaya reservoir, has been used to achieve local delivery to the brain
[7]; however, in these studies the drug concentration and distribution
within the brain were not quantified. Since ventricular infusates are
often rapidly cleared into the blood stream through the choroid plexus,
drug accumulation in the brain parenchyma is limited, and delivery is
more akin to that of sustained intravenous infusion than local delivery
[8]. With the Ommaya reservoir, brain tissue is damaged and cerebral
infection rates increased [9].

To address the challenges associated with drug delivery to the brain,
we developed a minimally-invasive local delivery platform to
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circumvent the BBB, both minimizing systemic drug exposure and in-
creasing drug concentration at the site of action [6,10–16]. The plat-
form uses a biocompatible hydrogel drug depot, comprised of hyalur-
onan and methylcellulose (HAMC). Unlike intracranial hydrogel
delivery approaches [17–25], the HAMC hydrogel is deposited onto the
surface of the brain, avoiding the tissue damage that typically occurs
from intracranial implants [14,26]. HAMC is a physically cross-linked,
in situ gelling polymer blend that forms by inverse thermal gelation.
Drug release from the gel can be fine-tuned on the order of days to
months by controlling how drugs are formulated inside the gel, either in
free form or encapsulated in polymeric particles [27]. Multi-drug re-
lease is achieved by mixing different biomolecules and/or drug-loaded
particles within the gel [14,28,29].

In this study, we sought to determine if the platform could be used
to develop new reparative therapies for stroke. Current stroke treat-
ments target tissue sparing with pharmacological or surgical throm-
bolysis, but are only effective within the first few hours of injury [30]
and do not aid in tissue regeneration. Endogenous repair processes in
pre-clinical models of stroke can be stimulated by small molecules,
proteins, or peptides [31] by targeting endogenous neural stem and
progenitor cells (NSPCs), axonal sprouting, synaptogenesis, or removal
of growth inhibitory cues. Cyclosporine (CsA) is a common im-
munosuppressant and has been shown to stimulate the endogenous
stem cells in the rodent brain [32–34]. Erythropoietin (EPO) stimulates
red blood cell production and has been shown to promote neurogenesis
in the rodent brain [35–37]. Both drugs are neuroprotective after stroke
when administered within the first 24 h after injury [33,34,36,38].
Single drug delivery of either CsA [33,34] or EPO [36] for 7–32 days
systemically has been shown to promote neuroprotection and func-
tional recovery after stroke. Additionally, combined CsA and EPO de-
livery, by systemic intra-peritoneal or subcutaneous injections for up to
48 h after stroke, demonstrated that combined CsA + EPO treatment
had a greater neuroprotective effect than either drug alone [38].

We wondered whether the co-delivery of CsA and EPO, adminis-
tered 4 days after injury and outside the neuroprotective window [39],
would be efficacious for tissue repair and functional recovery after
stroke given that they should target multiple repair pathways. How-
ever, systemic delivery of both CsA and EPO is untenable in humans
because not only would there be low levels of the biomolecules in the
brain, but CsA [40] would also cause immunosuppression in vulnerable
stroke patients [41,42] while EPO would increase red blood cell density
[43], which could lead to secondary ischemic occlusion and injury [44].
Thus, a local delivery strategy was necessary in order to even in-
vestigate the combined benefit of CsA and EPO co-delivery.

We synthesized a composite hydrogel for injection directly onto (but
not into) the brain cortex, comprised of drug-loaded poly(lactide-co-
glycolide) (PLGA) particles that were then dispersed in HAMC. As we
were interested in studying the effects of single vs. dual drug treatment,
and as co-encapsulation in PLGA could affect drug loading and release
[45], we designed the system to be modular: CsA and EPO were in-
dependently encapsulated in separate PLGA particles. Single or dual
drug release is achieved by mixing different drug-loaded PLGA particles
in the HAMC hydrogel. The total amount of PLGA was kept constant
(20% w/v) by adding a balance of blank PLGA particles, where ne-
cessary, to control for any impact of particle degradation on release
and/or brain tissue [46]. While no animal model is perfect, we used an
endothelin-1 model of focal ischemia because it produces injuries that
are of similar relative size to treatable human stroke (4.5–14% of the
affected hemisphere) and mimics the gradual reperfusion seen in
human ischemic stroke [47,48].

Neuronal cell death in this endothelin-1 injury model occurs pri-
marily within the first 24 h after stroke [48]. In order to investigate the
regenerative (vs. protective) effects of locally delivered CsA and EPO,
we began delivery at 4 days post-injury. We show that the platform can
provide sustained local delivery to the brain for one month, at con-
centrations unachievable with systemic delivery, with the biomolecules

reaching the subventricular zone of the lateral ventricles where the
endogenous stem cells are found. Importantly, we demonstrate, for the
first time, that the combination of two clinically used drugs, CsA and
EPO, but not each drug alone, accelerates functional recovery and
promotes tissue repair after stroke in an endothelin-1 rat model.

2. Methods

All reagents were purchased from Sigma-Aldrich (Oakville, ON,
Canada), unless specified otherwise.

2.1. CsA encapsulation in PLGA microparticles

CsA (Cat.#C-6000, LC Laboratories, Woburn, MA, USA) was en-
capsulated in PLGA (acid-terminated 50:50, MW 7000–17,000,
Cat.#71989) microparticles using a single-emulsion oil/water solvent
evaporation method, as previously described [13]. Blank PLGA CsA-
formulation particles were similarly prepared without the addition of
CsA in the organic phase. Mean particle sizes were between 14.7 and
25.0 μm [6,13].

2.2. EPO encapsulation in PLGA microparticles

Sterile EPO solution (40,000 IU/mL, EPREX epoetin alfa, Janssen
Inc, Toronto, ON, Canada) was ejected into a sterile 2 mL Max-Recovery
tube and lyophilized within a sterile container. Dry EPO was recon-
stituted with 100 μL of sterile artificial cerebrospinal fluid (aCSF:
148 mM NaCl, 3 mM KCl, 0.8 mM MgCl2, 1.4 mM CaCl2, 1.5 mM
Na2HPO4, 0.2 mM NaH2PO4 in ddH2O, pH adjusted to 7.4, filter ster-
ilized at 0.2 μm [26,49]) containing 0.1% BSA. EPO (40,000 IU) was
encapsulated in PLGA microparticles (120 mg) using a double-emulsion
water/oil/water solvent evaporation method, as previously described
[14]. Blank PLGA EPO-formulation particles were similarly prepared
without the addition of EPO in the aqueous phase. Mean particle sizes
were 18 ± 4.7 μm [14].

2.3. Preparation of sterile HAMC

Sterile hyaluronan (HA, 1.4–1.8 × 106 g/mol, Pharmagrade 150
sodium hyaluronate, NovaMatrix, Sandvika, Norway), and methylcel-
lulose (MC, 3.4 × 105 g/mol, Cat.#SM-4000-C, Shin Etsu, Chiyoda-ku,
Tokyo, Japan) were formulated independently at 1.4 wt/vol% HA and
3.0 wt/vol% MC, as previously described [6].

2.4. Preparation of drug delivery gel

The HAMC gel used for CsA + EPO treated animals contained 10%
w/v CsA-loaded PLGA microparticles (49.2 μg CsA per animal) and 10%
w/v EPO-loaded PLGA microparticles (5.6 ng EPO per animal). The
HAMC gel used for CsA-only treated animals contained 10% w/v CsA-
loaded PLGA microparticles (49.2 μg CsA per animal) and 10% w/v
blank PLGA “EPO-formulation” microparticles (0 ng EPO per animal).
The HAMC gel used for EPO-only treated animals contained 10% w/v
EPO-loaded PLGA microparticles (5.6 ng EPO per animal) and 10% w/v
blank PLGA “CsA-formulation” microparticles (0 μg CsA per animal).
Vehicle treated animals only had blank PLGA particles dispersed in
HAMC, with 10% w/v blank PLGA “CsA-formulation” microparticles
(0 μg CsA per animal) and 10% w/v blank PLGA “EPO-formulation”
microparticles (0 ng EPO per animal). Thus, all gels contained 20% w/v
PLGA particles.

2.5. Animal approval

All animal work was carried out in accordance with the Guide to the
Care and Use of Experimental Animals (Canadian Council on Animal
Care) and approved by the Animal Care Committee at the University of
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Toronto. A total of 232 male Sprague Dawley rats and 10 male Long-
Evans rats (Charles River, QC, Canada) were used in these studies.
Guidelines for experimental stroke from the Stroke Therapy Academic
Industry Roundtable (STAIR) were taken into consideration when de-
signing animal experiments, including: randomization of animals into
experimental groups, use of inclusion and exclusion criteria, justified
choice of therapeutic window, allocation concealment, blinded assess-
ment of outcome, multiple endpoints for both immunohistological and
behavioral outcomes, study of outcomes for more than 3 weeks after
stroke onset, and reporting of potential conflicts of interest and study
funding [50].

2.6. Endothelin-1 stroke

Stroke surgeries were carried out as described previously [51,52].
Anteroposterior (AP) and mediolateral (ML) coordinates are measured
relative to bregma; dorsoventral (DV) coordinates are relative to the
skull surface. Rats were anesthetized with isoflurane, shaved and placed
into a Kopf stereotaxic instrument. An off-midline incision was made in
the scalp and a 2.7 mm burr hole, centered at AP +1.15 mm and ML
+3.0 mm, was made using a trephine drill bit (Cat.# 18004–27, Fine
Science Tools Inc, Vancouver, BC, Canada). Et-1 (400 pmol/μL in
ddH2O, ab120471, Abcam, Cambridge, MA, USA) was injected using a
10 μL Hamilton syringe with a 26G, 45° bevel needle (Model 1701 RN,
Hamilton) controlled with an automated injector (Pump 11 Elite Na-
nomite, Harvard Apparatus, Saint-Laurent, QC, Canada). Injections were
made into the following coordinates in the motor cortex and in the
striatum: motor cortex 1) AP+2.3, ML±3.0 mm, DV -2.3 mm; motor
cortex 2) AP 0 mm, ML±3.0 mm, DV -2.3 mm; striatum 3) AP 0.7 mm,
ML±3.8 mm, DV -7.0 mm.

For each injection, the needle was lowered to 0.1 mm past its DV
coordinate (i.e. −2.4 mm DV) and then raised +0.1 mm to its final DV
position (i.e. −2.3 mm DV). The needle was left to equilibrate for
1 min, after which 1 μL Et-1 was injected at 0.25 μL/min over 4 min.
After injection, the needle was left for an additional 2 min and then
slowly withdrawn. After completing Et-1 injections, a 2.5 mm silicone
disk was placed on the exposed dura surface, the cranial defect was
filled with gelfoam (Spongostan Standard, MS0002, Ethicon, New
Jersey, USA) and sealed with bone cement (Ortho-Jet BCA, Lang Dental,
Illinois, USA), and the skin was sutured closed. The silicone disks were
made by punching out a 2.5 mm hole from medical grade silicone
sheets (Medical Grade Silicone Sheeting, CUST-20001-005, BioPlexus,
California, USA) using a 2.5 mm biopsy punch (Cat. 33-31 B, Miltex,
Pennsylvania, USA) and then autoclave sterilized.

2.7. Gel implantation

Four days after the stroke surgery animals received a second surgery
for HAMC gel injection. The following were removed from the first
surgery: bone cement sealant covering the cranial defect, the gel foam
and the silicone sheet. The dura underlying the cranial defect was
surgically resected with the aid of a surgical microscope, taking care not
to remove the pial vessel layer. A curved 5.9 mm polycarbonate disk
(Fig. 1A, top) [10], with a 2.7 mm opening, was fixed over the burr hole
with bone glue (Loctite 454, Henkel Corporation, Rocky Hill, CT, USA),
as previously described [6]. Six μL of HAMC gel with (or without) PLGA
microparticles were directly injected onto the brain's cortical surface,
filling the space formed by the skull and disk (Fig. 1A, top). A second
5.9 mm polycarbonate disk with no opening was placed over top of the
first disk and the skin was sutured closed.

Untreated control (Sham) animals received identical procedures
(stroke, durectomy and drug delivery casing installation) but had no gel
injected onto the brain. Rather, a 2.7 mm silicone disk was placed onto
the surface of the brain after the durectomy and the space otherwise
occupied by HAMC was filled with gelfoam wetted with PBS. The
polycarbonate disk system was installed in the same manner as done for

HAMC treated animals.

2.8. Analysis of CsA and EPO concentration in the brain

To measure CsA and EPO concentrations in the brain after local
delivery, Sprague Dawley rats (29 male, 300–350 g) were given the Et-1
stroke injury followed by HAMC gel implantation with both CsA and
EPO PLGA microparticles 4 d later. The ipsilateral brain tissue was
harvested at terminal time points (5, 10, 20, 32 and 46 days after
stroke), snap frozen whole and stored at −80 °C. Once tissue had been
collected from all time points, all tissue sections were simultaneously
prepared for depth vs. concentration analysis, as previously described
[6]. Briefly, six coronal sections surrounding the stroke lesion, each 1-
mm thick, were cut out using a McIlwain tissue chopper (Mickle La-
boratory Engineering Company, Surrey, UK) and dorsoventral sections,
each 0.5 mm thick, were collected from the coronal slices using a Leica
CM3050S cryostat system; sections at the same were combined in 2 mL
polystyrene microtubes. Tubes were weighed before and after sample
collection to determine the mass of brain tissue collected.

Tissue was homogenized for 1.5 min with a Mini-beadbeater 16
(Biospec Products, Bartlesville, OK, USA), cooled on ice for 1.5 min, and
homogenized again for 1.5 min. Before tissue homogenization, 5 × 1.0-
mm diameter zirconia beads (Cat.#11079110zx, Biospec Products),
200 μL of 325 mM ZnSO4 with 0.1% glycerol and 50 μL of methanol
(MeOH, HPLC grade, Caledon Labs, Georgetown, CA, USA) containing
25 ng/mL FK-506 (F-4900, LC Laboratories). The ZnSO4 served as a
chelating agent, the glycerol served to protect drugs during homo-
genization and the methanol with FK-506 (IS) served as an internal
control for CsA analysis. After homogenization 100 μL of homogenate
was separated for CsA concentration analysis and 100 μL of homo-
genate was separated for EPO concentration analysis.

For CsA analysis, CsA was extracted by adding 150 μL acetonitrile
(ACN, HPLC grade, Caledon Labs), homogenizing tissue for 1 min,
centrifuging at 4 °C for 10 min at 16,000 G and removing the super-
natant for analysis. CsA was detected by high pressure liquid chroma-
tography tandem mass spectrometry (HPLC-MS/MS), as described
previously [13]. CsA standards in MeOH with IS (final assay con-
centration: 0.25–100 ng/mL) were spiked in stroke-injured brain tissue
that received a vehicle gel (HAMC + 20 wt/vol% PLGA) that were
exacted through the same extraction procedure. The amount of CsA at
each depth was divided by the mass of brain tissue to determine the
concentration in the brain as micrograms of CsA per gram of brain
tissue.

For EPO analysis, the homogenate was diluted with 100 μL of EPO
ELISA diluent, vortexed for 10 s and centrifuged at 4 °C for 10 min at
16,000 G. 100 μL of supernatant was analyzed for EPO concentration
using an ELISA kit (Human Erythropoietin Quantakine ELISA kit,
DEP00, R&D systems). EPO standards were spiked in stroke-injured
brain tisue that received a vehicle gel (HAMC + 20 wt/vol% PLGA)
that were exacted through the same extraction procedure (final assay
concentration 21–3360 pg/mL). The amount of EPO at each depth was
divided by the mass of brain tissue to determine the concentration in
the brain as nanograms of EPO per gram of brain tissue.

2.9. Analysis of CsA concentration in the peripheral blood

We used CsA as a model compound to measure the amount of drug
in the peripheral blood after local delivery with HAMC, and to compare
local drug delivery with HAMC against systemic drug delivery with
subcutaneously implanted osmotic minipumps. Given EPO's limited
transport across the blood-brain barrier [53], we assumed that EPO
concentration in the peripheral blood after local delivery would be si-
milar to, or lower than, that of CsA.

The experiments were performed on Long Evans rats (10 male,
350–425 g) due to animal availability. Stroke surgeries were carried out
as above. At the time of injury, animals were implanted with either
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HAMC hydrogel with CsA microparticles, as described above, or an
osmotic minipump. A 14-day, 0.425 μL/h minipump (Alzet Model
2002, Durect Corporation, Cupertino, CA, USA) loaded with 425 mg/mL
CsA in conventional 65% ethanol and 35% cremaphor was inserted into
a small incision made over the right shoulder. The minipump was in-
serted into the subcutaneous space, with the minipump's opening facing
away from the incision, and the incision was sutured closed. To keep
the cranial defect sealed in these animals a 5.9 mm polycarbonate disk
with no opening was fixed over the burrhole.

At 7 days post-stroke, the rats were sacrificed and whole blood was
collected in 2 mL polystyrene microtubes that were pre-weighed; the
tubes were weighed again after blood collection to determine sample
mass before freezing and storing at −80 °C. An additional Long Evans
rat that did not receive any drug was also sacrificed and its blood col-
lected to serve as a clean blood control. Approximately 0.4 g (400 μL) or
of whole blood was collected per animal.

When the samples were to be processed, 20 × 1.0-mm diameter
zirconia beads, 200 μL of 325 mM ZnSO4 and 200 μL MeOH containing
25 ng/mL FK-506 (IS), as an internal control, were added to the tubes.
The samples were homogenized for 1.5 min, cooled on ice for 1.5 min,
and homogenized again for 1.5 min. Then, 400 μL of homogenate was
added to 600 μL of ACN and homogenized for 1 min to extract CsA. The
sample was then centrifuged at 4 °C for 15 min at 16,000 G and the
supernatant was removed for analysis. Systemic delivery samples were
diluted 10X in a medium matching the supernatant (60% ACN, 20%
saline, 20% 325 mM ZnSO4 and 20% MeOH with 25 ng/mL FK-506).
Local delivery samples were undiluted. CsA standards in MeOH with
FK-506 were exacted through the same extraction procedure. The
standard curve ranged from 0.25 to 50 ng/mL. Whole blood from the
rat that did not receive any drug was also processed in the same manner
and used to set a lower limit of signal detection. All the collected su-
pernatants and standards were analyzed with HPLC-MS/MS, as de-
scribed previously [13].

2.10. Behavioral training and testing

The cylinder and Montoya staircase tasks were used to measure
forelimb function [54,55] in Sprague Dawley rats (148 male,

225–275 g). In the Montoya staircase task animals were trained to re-
trieve pellets from a staircase apparatus using both paws; a total of 21
pellets were available to each paw. Training was done twice a day for a
minimum of 14 consecutive days prior to stroke injury. Baseline per-
formance was calculated as the average of the animal's performance on
the last 4 trials of training, during the 2 days prior to stroke injury.
Animals were successfully trained, and thus included in the staircase
analysis, if their baseline score was 15 pellets or greater; if animals were
successful with both paws, the paw with the higher average was tar-
geted with the stroke; if both paws had the same average score, then the
paw with a lower standard deviation during the last 4 trials was chosen.
The scores were expressed as a percentage of the maximum number of
pellets available (i.e. 21). At day 3 post-stroke animals were tested 3
times on the staircase to obtain an estimate of the stroke deficit; the last
2 trials were averaged to obtain a measure of the stroke deficit. The
deficit was calculated as the score on day 3 as a percentage of the
baseline score (i.e. day 3/baseline). Animals were grouped into large
deficit (< 20% of baseline performance), medium deficit (20–65% of
baseline performance), minimal deficit (65–85% of baseline perfor-
mance) and no deficit (> 85% of baseline performance). These groups
were used to distribute the animals to the 5 treatment groups in a ba-
lanced and randomized manner. After gel implantation the animals
were tested over time. For each time points the animals were tested
across 3 days, 2 tests per day (e.g. on days 8, 9, and 10 for day 10 time
point). The last 4 trials (e.g. from days 9 and 10) were averaged to
obtain their staircase performance. Animals were included in the ana-
lysis if their day 3 deficit score was less than 65% of baseline perfor-
mance, indicating a sufficient deficit in the staircase task. The experi-
menter was blinded to the animals treatment group and injured
hemisphere.

In the cylinder task animals were tested once before stroke surgery
(baseline measurement), once at day 3 (post-stroke pre-implant mea-
surement), and once at each post-implantation time point. Animals
were placed in a plexiglass cylinder (20 cm inner diameter, 36 cm
height) situated atop a clear plexiglass surface. Animals were recorded
from underneath as they explored the cylinder until they made a
minimum of 15–20 rears. A rear was defined as an animal standing up
on its hindpaws, with both forepaws disengaged from the ground, and

Fig. 1. Epi-cortical HAMC implant for local drug delivery. (A) Schematic of the epi-cortical local drug delivery system. A hyaluronan and methylcellulose (HAMC)
hydrogel was injected onto the surface of the brain after a craniotomy and enclosed in polycarbonate casing, thereby serving as a depot for local drug release.
Sustained drug release was achieved by encapsulating drugs in degradable polymeric particles and suspending them inside the gel. (B, C) Motor function after epi-
cortical implant of a blank (drug-free) HAMC gel was evaluated in uninjured (“Sham surgery”, craniotomy-only) and Et-1 stroke-injured rats, and compared to a sham
implant (No Gel). (B) Uninjured animals show no sustained deficits after epi-cortical HAMC implantation relative to controls with no gel (No Gel, n = 7 rats; HAMC,
n = 6). (C) Stroke surgery produces a sustained deficit (No Gel, n = 7 rats; HAMC, n = 8). Importantly, HAMC does not cause any further functional deficit and is
equivalent to the No Gel treatment. Data are expressed as mean + s.e.m and all data points represent individual rats. In (B) and (C), ns, not significant by two-way
ANOVA (Time x Treatment Group) with Bonferroni's multiple comparison test (5 comparisons).
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touching the wall of the cylinder with at least one forepaw. The rear is
complete when the animal returns to the ground on all 4 paws. The
experimenter was blinded to the animals treatment group and injured
hemisphere. Later, two scorers independently scored the animals; both
scorers were blind to the animal's experimental group and stroke
hemisphere. Scoring was done to assess the number of times the animal
touched the cylinder wall with it's injured limb while reared on it's
hindpaws; multiple touches may occur in a single rear. Animal's paw
use was calculated as:

=

+ ×

+ +

injured paw use
unilateral injured paw touches bilateral paw touches
unilateral injured paw touches bilateral paw touches

unilateral uninjured paw touches

%
(0.5 )

=

− −

pre stroke paw use
injured paw use

to be injured paw use before stroke
% –

%
%

Touches were scored as unilateral (left or right hand) and bilateral;
assessment of which paw was counted as the injured paw was done
post-hoc. A touch was defined as a weight-bearing wall contact with 3
or 4 fingers and the palm of the hand. A 3-finger contact was counted if
it appeared to involve weight-bearing, as indicated by the movement of
the animal and finger flexion. Touches were counted during the upward
motion of the rear and during full rearing; touches during the down-
ward motion of the rear were omitted. Multiple touches were only
counted if a paw is fully removed and replaced (during a unilateral
touch) or both paws are removed and one or both paws are replaced
(during a bilateral touch). Scores of animal's %-injured paw use were
averaged between the two scorers; discrepancies greater than 20% were
re-scored. The % pre-stroke paw use was calculated based on the
average of the two scorers. Animals were included in the analysis if
their % pre-stroke paw use at day 3 was less than 70% of baseline
(indicating the animal had a sufficient deficit in the cylinder task) but
greater than 30% baseline (indicating the deficit wasn't too great for
recovery).

2.11. Brain tissue preparation for histological analysis

Sprague Dawley rats (male, 225–275 g) used for im-
munohistochemistry were transcardially perfused with saline followed
by 4% paraformaldehyde. A total of 103 rats were used: 55 rats for day
4 and day 10 tissue and 48 rats, taken from behavioral studies, for day
46 tissue. Brains were extracted and fixed in 4% paraformaldehyde at
4 °C overnight, followed by cryoprotection in 15% and then 30% su-
crose. Cryoprotected brains were snap frozen and coronal sections
cryosectioned at 30 μm slice thickness.

2.12. Immunohistochemistry

Sections were permeabilized for 30 min (1% Triton X-100 in PBS),
blocked for 30 min (0.1% Triton X-100 and 5% BSA in PBS) and in-
cubated in primary antibodies, diluted in blocking solution (dilutions
specific to each antibody), overnight at 4 °C. Sections were then washed
3 times, 5 min each time, in PBS and incubated in secondary antibodies
and DAPI (1 μg/mL final concentration, D1306, Invitrogen Inc.,
Burlington, ON, Canada), both diluted in blocking solution, for 1 h at
25 °C. Sections were washed 3 times in PBS and mounted with
Fluorogold (Cat.#1887462, Invitrogen Inc.) mounting media.

The primary antibodies used (final concentration or dilution listed)
were: rabbit anti-NeuN (0.395 μg/mL, ab177487, Abcam) for day 46
tissue, chicken anti-NeuN (0.1 μg/mL, ABN91, EMD Millipore, Billerica,
MA, USA) for NeuN for day 4 and day 10 tissue, rabbit anti-Sox2 (1:500,
ab59776, Abcam), mouse anti-Ki67 (0.25 μg/mL, Cat.#550609, BD
Pharmingen, Mississauga, ON, Canada), rabbit anti-DCX (0.25 μg/mL,
ab18723, Abcam), and rabbit anti-synaptophysin (0.574 μg/mL,

ab32127, Abcam). The rabbit anti-NeuN could not be used on the day 4
and day 10 tissues because they were co-stained with rabbit anti-sy-
naptophysin. Thus, it was necessary to use chicken anti-NeuN at day 4
and day 10.

All secondary antibodies were highly cross-absorbed variants,
where available, to minimize background fluorescence. The secondary
antibodies used (final concentration listed) were: AlexaFluor 488 goat
anti-mouse (2 μg/mL, Cat.#A-11029, Invitrogen Inc.) for Ki67,
AlexaFluor 488 goat anti-rabbit (2 μg/mL, Cat.#A-11034, Invitrogen
Inc.) for DCX and synaptophysin, AlexaFluor 546 goat anti-rabbit (2 μg/
mL, Cat.#A-11035, Invitrogen Inc.) for Sox2, AlexaFluor 633 goat anti-
rabbit (2 μg/mL, Cat.#A-21071) for NeuN ab177487, AlexaFluor 633
goat anti-chicken (2 μg/mL, Cat.#A-21103, Invitrogen Inc.) for NeuN
ABN91.

2.13. Lesion volume measurement

Coronal NeuN+ stained sections spaced 300–600 μm apart from AP
+5 mm to AP -3.0 mm (relative to bregma) were assessed for stroke
lesion size. A total of 6–12 sections were assessed per animal, de-
pending on the lesion size. Images were captured using a Zeiss
AxioScan.Z1 slide scanner at 10x magnification with a resolution of
1.5314 μm/pixel.

The stroke cavity area in each section was defined as the loss of
tissue (DAPI–) and quantified as the difference in the DAPI+ contrale-
sional and ipsilesional hemisphere area. The stroke infarct area was
defined as the area lacking regular NeuN+ staining (DAPI+ and NeuN–)
in the ipsilateral hemisphere, using the contralateral hemisphere as a
reference; the cortical and striatal infarct volumes were separately
measured. The area in each section was measured using Fiji (ImageJ)
software [56] and the volume between sections was calculated using
the average cavity or infarct area between sections multiplied by the
inter-section distance. The total cavity and infarct volumes were cal-
culated by summing the individual volumes between sections. The le-
sion volume is the sum of the cavity, the cortical infarct and the striatal
infarct. The experimenter was blinded to the animals treatment group
during analysis.

2.14. Neural stem cell quantification

The number of Sox2+ and Ki67+ pixels in the lateral ventricles of
the ipsilateral and contralateral hemispheres was counted in 3 coronal
sections located at approximately: AP +0.6, 0.0, and −0.6 mm, re-
lative to bregma. The lateral ventricles, home to neural stem cells in the
adult forebrain [57,58], were identified anatomically in images by their
location and shape using DAPI+ staining. Images were captured using a
Zeiss AxioScan.Z1 slide scanner at 10x magnification with a resolution
of 1.5314 μm/pixel. DAPI staining was used to identify and isolate the
dorsoventral walls of the ventricles in Fiji software. The “Intermodes”
threshold algorithm was used to set Ki67+ pixels to white and Ki67–

pixels to black. The “Otsu” threshold algorithm was used to set Sox2+

pixels to white and Sox2– pixels to black. The thresholded Ki67 and
Sox2 images were merged to determine the overlapping pixels. The
total number of white pixels in each set of images (Ki67, Sox2 and
Ki67 + Sox2 overlap) along the dorsoventral walls was counted using
Fiji. The experimenter was blinded to the animals treatment group
during analysis.

Pixel counts were converted to cells by calculating the average
number of pixels per cell in 10 ventricle sections. The cells within a
region were manually counted along with the number of corresponding
pixels for each of Ki67, Sox2 and Ki67 + Sox2 overlap. From this a
pixel-to-cell ratio was calculated for Ki67 (67.38 pixels/cell), Sox2
(72.14 pixels/cell), and Ki67 + Sox2 (61.64 pixels/cell).
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2.15. Synaptophysin density quantification

The density of synaptophysin+ puncta in the peri-infarct was
quantified in circular ROI's with a 0.25 mm diameter, evenly located
around the infarct border. As the sections were co-stained with NeuN,
the NeuN– border was used to demarcate the beginning of the peri-
infarct. A total of 6–12 sections were assessed per animal, depending on
the lesion size. These were quantified in the 0–0.25 mm range from the
infarct border. The ROIs were processed with a high pass filter by using
the “Sharpen” function twice on Fiji. The processed ROI's were then
converted to set synaptophysin+ pixels to white and synaptophysin–

pixels to black using the “Moments” threshold algorithm. The number
of positive pixels was counted and expressed as a density. The experi-
menter was blinded to the animals treatment group during analysis.

In the contralesional hemisphere, the thickness of the cortical layer
was measured and used to estimate the location of layer ii/iii. Layer ii/
iii was 10–30% of the cortical thickness. In the striatum circular ROIs,
whose thickness depended on the span of the striatum, were used to
quantify the lateral region of the striatum. The span of the striatum was
measured as the length from the dorsolateral extrema to the ven-
tromedial extrema of the striatum. The lateral striatum ROI was 12.5%
the span of the striatum. The ROI's for the lateral region were placed
bordering the corpus callosum (0–12.5% the striatum span from the
corpus callosum). The same method was used to quantify the sy-
naptophysin+ puncta density in the ROIs. A total of 4–10 sections were
assessed per animal. The experimenter was blinded to the animals
treatment group during analysis.

2.16. Migratory neural progenitor cell count

The number of migratory DCX cells located in the stroke penumbra,
corpus callosum and striatum and corpus callosum were manually
counted on a fluorescence microscope using a 20X objective lens. Four
coronal sections were countered per brain and were centered around
the lesion. All counts were performed in a blinded fashion. Cells were
only counted if they were co-localized with DAPI nuclear staining and
were clearly located outside the tightly clustered population of cells
along the ventricles. Thus, the population of cells counted did not
overlap with the population of cells quantified by the pixel counts. The
experimenter was blinded to the animals treatment group during ana-
lysis.

2.17. Statistics

Results are reported as mean + standard error of the mean.
Statistical analyses were performed using Prism6.0 (GraphPad Software
Inc.). Multiple comparisons between groups were performed using a
one-way ANOVA or two-way ANOVA, with the Dunnett or Bonferroni
post-hoc tests. For factorial design experiments (NSPC number, pro-
liferating NSPCs, migrating neural progenitors and synaptophysin
puncta), a two-way ANOVA was used to assess the significance of
treatment main effects and any interactions between the two drug
treatments. Reported p-values are adjusted for multiple comparisons,
where appropriate.

3. Results

3.1. Motor recovery is improved and accelerated by combined delivery of
CsA and EPO

We formulated a modular delivery system to release CsA and EPO to
the stroke-injured rat brain for at least 4 weeks post-implant using drug-
loaded PLGA microparticles dispersed within the HAMC gel. The gel
was implanted onto the surface of the rat brain, 4 days after injury, to
avoid the tissue damage that typically occurs from intracranial im-
plants. The composite was enclosed in a polycarbonate casing and

sealed with dental cement to avoid any drug leakage to the cere-
brospinal fluid (CSF) (Fig. 1A).

To ensure that the method itself did not cause further injury to the
brain, we first evaluated behavioral function in both healthy and
stroke-injured rats after depositing a drug-free HAMC hydrogel. Using
the Montoya staircase behavioral assay, which is sensitive to deficits in
fine motor function [54], we demonstrated that HAMC deposition onto
the brain of healthy adult rats produced no sustained deficits (Fig. 1B).
To investigate its application in the injured brain, we used the en-
dothelin-1 transient ischemia model in Sprague Dawley rats, inducing
stroke injuries in the cortex and striatum to produce sustained motor
deficits. Implanting HAMC onto the surface of the brain 4 days after the
stroke-injury did not interfere with motor function after stroke com-
pared to an injury-only control (Fig. 1C). Given the innocuousness of
our delivery platform, we then investigated its use for local, sustained
drug release to the brain.

Functional recovery after stroke relies on mechanisms underlying
neural plasticity [59], such as promoting cell survival, neurogenesis and
neural connectivity, among others. We hypothesized that the combi-
nation of locally delivered CsA and EPO would produce greater func-
tional recovery than either drug alone by stimulating multiple repair
pathways. CsA and EPO were each encapsulated in separate PLGA
particles and then combined into the HAMC hydrogel. The concentra-
tion of PLGA was kept constant (20% w/v) in all groups including in
controls where we included blank CsA-formulated single emulsion
particles or blank EPO-formulated double emulsion particles or both.
The following groups were compared: CsA + EPO (10% w/v CsA
particles + 10% w/v EPO particles), vehicle (10% w/v blank-single
emulsion particles + 10% w/v blank-double emulsion particles), CsA-
alone (10% w/v CsA particles + 10% w/v blank-double emulsion
particles), EPO-alone (10% w/v EPO particles + 10% w/v blank-single
emulsion particles). On day 4 after stroke, the drug-infused HAMC/
PLGA composite was deposited directly on the cortex and then recovery
in gross and fine motor function was assessed for 6 weeks using cylinder
and staircase tasks.

The cylinder task assesses recovery of spontaneous forelimb use
during exploratory behavior; recovery in this task is indicative of motor
and sensory function repair [54]. All groups dropped to ~50% of pre-
stroke paw use at day 3, demonstrating a functional deficit of the Et-1
injury (Fig. 2A). CsA + EPO treatment resulted in greater recovery in
the cylinder task, with significant improvement at day 10 (p < 0.05 vs.
CsA-alone) and day 20 (p < 0.05 vs. vehicle, CsA-alone and EPO-
alone) (Fig. 2B); however, no significant differences between groups
were found at days 32 and 46. Neither vehicle nor single-drug treated
groups recovered over time compared to pre-implant testing at day 3
(Supplemental Figs. 1A–C). Combined CsA + EPO treatment had a
synergistic effect, as animals showed a significant improvement by day
20 not seen with either drug alone; this effect was maintained out to
day 46 (Supplemental Fig. 1D).

The staircase task assesses recovery of skilled forelimb use; recovery
in this task is indicative of fine motor functional repair. All groups
dropped from 80% success rate in pellet retrieval before injury to 25%
at day 3 after injury, reflecting a functional deficit of the Et-1 injury
(Fig. 2C). CsA + EPO treatment accelerated recovery in the staircase
task, with significant improvements over controls at days 10 and 20
(p < 0.05 vs. vehicle) (Fig. 2D); yet, no improvement was seen relative
to single-drug treatment. No significant differences between groups
were found at days 32 and 46. The vehicle, CsA-alone and EPO-alone
groups improved significantly at day 10 relative to day 3, to an average
of 40% success on the task (Supplemental Figs. 2A–C). Only the
CsA + EPO treated animals clearly demonstrated accelerated recovery
with a 60% success rate at day 10 (Supplemental Fig. 2D), which was
not matched by other groups until days 32–46.
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3.2. Epi-cortical drug delivery from HAMC-PLGA composite provides
sustained release

Since recovery plateaus after day 20 post-stroke in animals treated
with CsA + EPO (Fig. 2), we wondered if drug release also ceases after
day 20. To answer this question, we measured CsA and EPO con-
centrations in the brain following a similar paradigm to the behavioral
recovery experiments. We implanted the HAMC-PLGA gel 4 days after
stroke and measured local drug release at 5, 10, 20, 32 and 46 days
post-stroke, corresponding to 1, 6, 16, 28 and 42 days post-implant. We
obtained the average concentration and spatial distribution of each
drug in the ipsilesional hemisphere by analyzing the drug concentra-
tions in serial dorsoventral sections starting from the brain surface and
going down to 6 mm deep, thereby including the subventricular zone of
the lateral ventricles where the neural stem cells are found.

Drug release from the HAMC-PLGA is immediate and sustained, as
CsA and EPO each diffused into the brain within the first day post-
implant and were found in the brain for at least 32 (but not 46) days
post-stroke (Fig. 3A). Although no drug was found in the brain at 46
days post-stroke, we observed PLGA particles in the implant site at this
time point. The highest concentrations were seen within the first 6 days
post-implant, during which recovery is greatest in the staircase and

cylinder tasks (Fig. 2). This resulted primarily from direct transport into
the brain from the HAMC-PLGA implant and not vascular transport:
using CsA as a representative compound, we demonstrated that drug
concentrations in the peripheral blood were very low with HAMC de-
livery (Supplemental Fig. 3). Importantly, both drugs diffuse through
the injured brain and reach the sub-cortical NSPC niche, located
2.5–4.5 mm below the brain surface (Fig. 3B), within the first day post-
implant. Thus, CsA and EPO were locally delivered to the stroke-injured
rat brain for up to 32 days post-stroke (or 28 days post-implant) where
they acted on host brain tissue during both acute and chronic stages of
injury to promote recovery.

3.3. EPO treatment increases the number of NSPCs and migrating
neuroblasts

Few studies that investigate drug combinations have been done
systematically to differentiate the individual effects of each drug. Using
factorial design, we isolated the individual effects of each drug on en-
dogenous repair and tested whether any additive effect existed between
the two drugs using a two-way ANOVA (CsA x EPO) (Fig. 4A). This was
evaluated on day 10 post-stroke, the time point at which CsA + EPO
animals recovered significantly in both staircase and cylinder tasks.

Fig. 2. Motor recovery is increased by combined delivery of CsA and EPO. (A, B) Quantification of animal functional recovery in the cylinder task, expressed as
injured paw use relative to pre-injury conditions. (B) Shows the comparisons of recovery in the cylinder task from (A), demonstrating significant improvement with
CsA + EPO treatment at days 10 and 20 (vehicle, n = 10 rats; CsA-alone, n = 10; EPO-alone, n = 8; CsA + EPO, n = 9). (C, D) Quantification of animal
performance in the staircase task, expressed as % success in the task. (D) Shows the comparisons of recovery in the staircase task from (C), demonstrating significant
improvement with CsA + EPO treatment at days 10 and 20 (vehicle, n = 13 rats; CsA-alone, n = 10; EPO-alone, n = 8; CsA + EPO, n = 9). Data are expressed as
mean + s.e.m and all data points represent individual rats. Significance was evaluated at each time-point by a one-way ANOVA with Dunnett's post-hoc test vs.
CsA + EPO (3 comparisons); *p < 0.05.
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We first determined the drug effects on the number of Sox2+ NSPCs
in the lateral ventricles of the forebrain stem cell niche, since both CsA
and EPO are known to stimulate NSPCs (Fig. 4B; Supplemental Fig. 4).
Only EPO treatment (EPO alone or CsA + EPO) significantly increased
the number of NSPCs in the ipsilesional ventricles (F1,28 = 4.61,
p = 0.041) (Fig. 4C and D), in the absence of any effect on NSPC
proliferation (F1,22 = 0.032, p = 0.86) (Fig. 4E and F). No effect was
seen with CsA treatment on total NSPC number (F1,28 = 0.75,
p = 0.40) or proliferating NSPCs (F1,22 = 0.041, p = 0.84). No in-
teraction effect between CsA and EPO was found for total NSPC number
(F1,28 = 0.77, p = 0.39) or proliferating NSPCs (F1,22 = 0.35,
p = 0.56). Neither drug affected NSPCs in the contralesional ventricles.

We then assessed the effect of CsA and EPO on migrating neuro-
blasts by counting DCX+ neuroblasts located outside of the lateral
ventricles, in the corpus callosum, striatum and injured cortex (Fig. 4G;
Supplemental Fig. 5). EPO significantly increased the number of mi-
gratory neural progenitors located outside the ventricular niche
(F1,23 = 4.56, p = 0.044); no effect was seen with CsA (F1,23 = 0.40,
p = 0.53) (Fig. 4H and I). No interaction effect between CsA and EPO
was found (F1,23 = 0.0015, p = 0.97). Neither CsA nor EPO had an
effect in the contralesional hemisphere, but EPO-treated groups had a
similar trend toward increased numbers of migrating neural progeni-
tors.

3.4. Synaptic plasticity is differentially affected by CsA and EPO

Since we observed functional recovery at an early, 10-day time
point with co-delivery of CsA and EPO, we hypothesized that changes in
synaptic plasticity, and not neuronal replacement, were contributing to
this early recovery. To test this hypothesis, we measured the effects of
CsA and EPO on synaptic plasticity by quantifying the density of sy-
naptophysin+ vesicles in the ipsilesional and contralesional hemi-
spheres (Fig. 5A) at day 10 post-stroke. In the ipsilesional hemisphere
we measured synaptic plasticity in the peri-infarct, a 250 μm region
adjacent to the infarct border, which was demarcated by NeuN– cells.
As there was no peri-infarct in the contralesional hemisphere we de-
fined regions of interest to measure synaptophysin+ vesicle density,
which were applied uniformly across all tissue sections analyzed. In the
contralesional cortex we measured synaptophysin density in layers ii/
iii, which contain cross-hemispheric projections, and v/vi, which con-
tain corticospinal projections. In the contralesional striatum we mea-
sured synaptophysin density in a lateral region bordering the corpus

callosum and in an adjacent region located medially. In each region
(Fig. 5B–G) we used a factorial design and two-way ANOVA (CsA x
EPO) to determine the effect of each drug, and the presence of any
interactions, on synaptophysin density, as illustrated in Fig. 4A.

CsA and EPO both affected synaptophysin vesicle density, though in
different ways (Supplemental Fig. 6). In the cortex EPO significantly
decreased vesicle density in the contralesional cortex, specifically in
cortical layers ii/iii (Fig. 5B), as determined by a two-way ANOVA
(F1,28 = 4.82, p = 0.037). In the striatum CsA increased synapto-
physin+ vesicles in both the striatal peri-infarct (F1,28 = 5.813,
p = 0.023) and the contralesional striatum (F1,28 = 4.61, p = 0.041).
Neither drug had a significant effect on synaptophysin+ vesicles in the
cortical peri-infarct. No interaction effect was observed in any region
(p > 0.05).

3.5. Stroke lesion volume is decreased by combined delivery

To examine the effect of CsA and EPO co-delivery on cell survival
and tissue repair, we compared the stroke lesion volume at 3 time
points: day 4 (sub-acute, prior to epi-cortical implant), day 10 (sub-
acute) and day 46 post-stroke (chronic). The lesion volume was cal-
culated as the sum of the stroke cavity (DAPI– volume) and stroke in-
farct (DAPI+ NeuN– volume) in both cortex and striatum (Fig. 6A).

The lesion volume progressively decreased with time after
CsA + EPO treatment (F2,23 = 3.349, p = 0.053) and was significantly
smaller at day 46 vs. day 4 (p < 0.05) (Fig. 6B); the effect appeared to
be additive, consistent with previous reports of tissue repair [38]. In
single-drug treated groups, the lesion volume did not decrease sig-
nificantly with time; the decrease in infarct volume was balanced by the
increase in cavity volume likely due to the clearance of dead tissue as
part of the natural injury response (Supplemental Fig. 7). As a result,
the overall stroke lesion volume did not change in these groups and was
similar to the untreated, stroke-injured brain.

The data demonstrated that tissue repair was achieved only with
CsA + EPO co-delivery. Relative to the vehicle control at day 46, CsA-
alone reduced the lesion volume by 23% while EPO-alone reduced the
lesion volume by 27%. Treatment with CsA + EPO reduced the lesion
volume by 50%, relative to the vehicle at day 46, which was equivalent
to the sum of CsA-alone and EPO-alone groups (50%), suggesting that
the drugs had an additive effect on stroke lesion volume and impacted
independent mechanisms within the injured tissue.

Fig. 3. Local drug delivery with HAMC provides sustained release to the stroke-injured rat brain. (A) Quantification of average CsA and EPO concentration in
the ipsilesional hemisphere over time after implanting a gel with 10% w/v CsA particles and 10% w/v EPO particles at day 4 post-stroke demonstrate sustained
release and accumulation in the rat brain for at least 32 days. (B, C) Analyses of the spatial distribution of (B) CsA and (C) EPO as a function of depth from the brain
surface revealed that both drugs diffused to the depth of the periventricular NSPC niche (highlighted, yellow). Data are expressed as mean + s.e.m and all data points
represent individual rats. In (A), (B) and (C), n = 5 rats, except day 5 where n = 4 rats. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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Fig. 4. EPO treatment increases the number of NSPCs and migrating neural progenitors. (A) Schematic of 2 × 2 factorial design used to assess individual drug
effects. Groups were collapsed to compare CsA treatment (CsA-alone and CsA + EPO) to non-CsA treatment (vehicle and EPO-alone), and EPO treatment (EPO-alone
and CsA + EPO) to non-EPO treatment (vehicle and CsA-alone). (B) Representative images of lateral ventricles (dashed outline) stained with Sox2 (red) for NSPCs
and Ki67 (green) for proliferating cells. (C, D) Quantification of Sox2+ cells in the (C) ipsilesional and (D) contralesional lateral ventricles, demonstrating increased
number of NSPCs with EPO treatment (n = 16 rats per group). (D, F) Quantification of proliferating NSPCs, expressed as % of NSPCs that are proliferating in the (D)
ipsilesional and (F) contralesional ventricles (non-CsA, n = 14 rats; CsA, n = 12; non-EPO, n = 13, EPO, n = 13). (G) Representative image of migrating DCX+

neuroblasts (green) located outside the ventricles. (H, I) Quantification of DCX+ neural progenitors located outside the ventricles in the (H) ipsilesional and (I)
contralesional hemispheres, demonstrating increased number of migratory neuroblasts with EPO treatment (non-CsA, n = 14 rats; CsA, n = 13; non-EPO, n = 13,
EPO, n = 14). Data are expressed as mean + s.e.m and all data points represent individual rats. Significance was evaluated by a two-way ANOVA (CsA x EPO) in
each of C–F, H and I; *p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4. Discussion

The development of effective treatment strategies for neurological
injuries, such as stroke, is becoming increasingly important as mor-
bidity continues to rise. The lack of effective treatments remains an

unmet challenge. Here we demonstrate novel drug combinations to be
investigated, using a local delivery platform, which would otherwise be
prohibited by traditional systemic strategies. While both CsA and EPO
can cross the blood-brain barrier to a small extent, drug accumulation
in the brain after systemic delivery to rats and humans is low

Fig. 5. Synaptic plasticity is differentially affected by CsA and EPO. (A) Representative image of synaptophysin staining and puncta in stroke-injured animals
with quantification regions demarcated in the ipsilesional (inf = infarct; peri = peri-infarct) and contralesional (ii/iii = cortex layers ii and ii; v/vi = cortex layers v
and vi; stl = striatum lateral; stm = striatum medial) hemispheres. (B–D) Quantification of synaptophysin puncta density, expressed as % synaptophysin+ area, in
the (B) ipsilesional cortical peri-infarct, (C) contralesional cortical layers ii/iii, and (D) contralesional cortical layers v/vi, demonstrating decreased plasticity with
EPO-treated groups vs. EPO-untreated groups (n = 16 rats per group). (E-G) Quantification of synaptophysin puncta density in the (E) ipsilesional striatial peri-
infarct, (F) contralesional lateral striatum, and (G) contralesional medial striatum, demonstrating increased plasticity with CsA-treated groups vs. CsA-untreated
groups. Data are expressed as mean + s.e.m and all data points represent individual rats. Significance was evaluated by a two-way ANOVA (CsA x EPO) in each of B-
G; *p < 0.05.
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(~10−2 μg CsA/g tissue [6] and ~10−1 ng EPO/g tissue [60]). Ad-
ditionally, the side effects of systemic CsA and EPO delivery to stroke
patients would be unsafe: CsA causes immunosuppression [40] in al-
ready susceptible stroke patients [41,42], and EPO increases red blood
cell density [43], which increases the risk of secondary ischemic oc-
clusion and injury [44]. The concentrations of CsA and EPO that we
achieved in the brain by bypassing the BBB with our epi-cortical de-
livery strategy were approximately 3 orders of magnitude greater than
systemic delivery (~101 μg CsA/g tissue and ~102 ng EPO/g tissue).
The benefit of localized drug delivery to the brain was demonstrated:
high local concentrations were achieved using substantially less drug
than required for systemic delivery [34,61] and there were very low
drug concentrations in systemic organs [6].

We showed that functional recovery after stroke is possible using a
local drug delivery paradigm where two drugs, CsA and EPO, were
released directly to brain tissue. CsA + EPO treatment resulted in ac-
celerated recovery of gross and fine motor functions compared to
single-drug and vehicle treatments, with improvements observed as
early as 10 days post-stroke. We attributed the accelerated recovery to
our local drug delivery system, which provided high concentrations in

the brain during the first weeks after injection. Other animal groups
spontaneously improved to some degree at the later time points and no
significant differences between groups were found at days 32 and 46,
reflecting a limitation of the focal ischemia animal model. The Et-1
model mimics the size and injury evolution of treatable human stroke;
however, more spontaneous recovery can occur in this model than is
typically observed in the middle cerebral artery occlusion model, which
produces very large injuries that mimic fatal human stroke [47,62]. The
accelerated recovery with CsA + EPO in a model of treatable human
stroke was significant and may have even greater benefit when com-
bined with rehabilitation therapy, which is most effective within the
first few weeks after human stroke [63].

Unlike neuroprotective therapies, which may be effective in the first
few hours after injury [30], we showed that the CsA + EPO treatment is
effective in treating sub-acute stroke, when administered 4 days after
injury. This combination has never been studied in a sub-acute injury
model. Only one previous study investigated systemic delivery of
CsA + EPO in an acute stroke model; however, delivery begun within
30 min of ischemia and only tissue-level effects were reported. No ad-
ditional functional recovery was observed with the combination

Fig. 6. Stroke lesion volume is decreased only by combined CsA and EPO delivery. (A) Representative images of stroke-injured brains stained with NeuN for
mature neurons, demonstrating a change in injury composition over time. The cavity (dashed outline) is demarcated by the loss of DAPI staining and the infarct
(arrowheads) in the cortex (cx) and striatum (st) is demarcated by the loss of NeuN staining relative to the uninjured contralesional hemisphere. (B) Quantification of
lesion volume, defined as the sum of the cavity, cortical infarct and striatal infarct, before implant at day 4 (n = 10 rats) and after implant at day 10 (Injury-only,
n = 9 rats; all other groups n = 8 rats) and day 46 (n = 8 rats per group) post-stroke, demonstrating decreased stroke lesion volume with CsA+ EPO treatment. Data
are expressed as mean + s.e.m and all data points represent individual rats. Significance was evaluated by a one-way ANOVA with Dunnett's post-hoc test vs. day 4 (2
comparisons); *p < 0.05.
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therapy in that study [38].
We investigated tissue repair in order to understand the mechanism

for functional recovery. The fact that the treatment was applied 4 days
after stroke, past the window for neuroprotection [39], suggests me-
chanisms of neurogenesis and plasticity [64]. Only EPO treatment (EPO
alone or CsA + EPO) increased the number of NSPCs in the stroke-
injured brain; yet, in the absence of any effect on NSPC proliferation,
EPO likely impacted NSPC survival, which is consistent with previous
reports [36,37,65]. With EPO treatment there was also a decrease in
plasticity in layers ii/iii of the contralesional cortical hemisphere,
which contain cross-hemispheric projections. Inhibiting contralesional
sprouting has been demonstrated to improve outcomes after stroke [66]
as sprouting of contralesional axons in layers ii/iii after stroke may be
maladaptive [67]. Thus, EPO may have reduced maladaptive plasticity
in the contralesional cortex. Yet, while EPO stimulated endogenous
NSPCs and inhibited contralesional plasticity independent of CsA, this
was insufficient for recovery of fine or gross motor skills. In the
striatum, which is critical in forelimb reaching tasks [68], CsA treat-
ment (CsA alone or CsA + EPO) increased plasticity in both the ipsi-
lesional peri-infarct and the contralesional lateral striatum (Fig. 5C)
whereas EPO had no effect. There is no known direct mechanism for
CsA to increase synaptogenesis, but CsA has been shown to increase
brain-derived neurotrophic factor expression in ischemic astrocytes,
which in turn affects plasticity [69]. This mechanism may have played a
role in our system as well; however, CsA alone was insufficient for
functional recovery. We attribute the different effects of CsA and EPO to
the overall tissue and functional benefit observed by their combined
delivery. It was only in the combination group that we observed greater
numbers of endogenous NSPCs, inhibition of contralesional plasticity,
and increased striatal plasticity, demonstrating the necessity of stimu-
lating multiple reparative mechanisms for functional recovery.

To advance towards the clinic, this strategy can be tested in alter-
native stroke models, like the middle cerebral artery occlusion, and in
larger animals. Furthermore, the platform can be tested in other injury
models where the mechanisms of neurogenesis and plasticity are also
important to recovery, such as traumatic brain injury. Although drug
diffusion was adequate to target the rat brain, and likely sufficient to
target cortical tissue in the human brain [70], modifications to this
strategy may be necessary to target deeper brain structures in larger
brains. To increase their tissue penetration, drugs have been modified
with poly(ethylene glycol), which decreases elimination from the
tissue, effectively increasing diffusivity [11].

By demonstrating the feasibility of this platform strategy in a rat
model of stroke, we open up the methodology for the delivery of a
broader range of drug therapies in the treatment of different disorders
or diseases, such as delivering glial-derived neurotrophic factor, a drug
that cannot cross the BBB, to treat Parkinson's disease [71]. As our
platform system is modular, single- or multi-drug release with in-
dependently tunable release rates is easily achievable. In the case of
therapeutics that are unstable and cannot be delivered systemically,
such as the glial-scar degrading enzyme chondroitinase ABC, an effec-
tive local delivery strategy is integral to success [16,29,72,73].

The approach is also compatible with other treatment modalities. As
we show that our platform strategy itself does not affect behavioral
performance in un-injured (or injured) animals, it can be combined
with rehabilitation therapy, which may improve chronic outcomes.
Importantly, with our local delivery system, drugs that were previously
discarded for reasons of safety or their inability to cross the blood brain
barrier can now be tested for tissue and functional repair in stroke and
other neurological injuries and/or diseases.
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