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a b s t r a c t

Drug delivery to the brain is challenging because systemic delivery requires high doses to achieve
diffusion across the blood-brain barrier and often results in systemic toxicity. Intracerebroventricular
implantation of a minipump/catheter system provides local delivery, yet results in brain tissue damage
and can be prone to infection. An alternate local delivery strategy, epi-cortical delivery, releases the
biomolecule directly to the brain while causing minimal tissue disruption. We pursued this strategy with
a hyaluronan/methyl cellulose (HAMC) hydrogel for the local release of erythropoietin to induce
endogenous neural stem and progenitor cells of the subventricular zone to promote repair after stroke
injury in the mouse brain. Erythropoeitin promotes neurogenesis when delivered intraventricularly,
thereby making it an ideal biomolecule with which to test this new epi-cortical delivery strategy. We
investigated HAMC in terms of the host tissue response and the diffusion of erythropoeitin therefrom in
the stroke-injured brain for neural repair. Erythropoietin delivered from HAMC at 4 and 11 days post-
stroke resulted in attenuated inflammatory response, reduced stroke cavity size, increased number of
both neurons in the peri-infarct region and migratory neuroblasts in the subventricular zone, and
decreased apoptosis in both the subventricular zone and the injured cortex. We demonstrate that HAMC-
mediated epi-cortical administration is promising for minimally invasive delivery of erythropoeitin to
the brain.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Stroke is the fourth leading cause of death in the world and
causes 15million debilitating injuries each year [1]. Stroke is caused
by a disruption in blood supply to the brain, and is classified as
either ischemic or hemorrhagic. In ischemic stroke, decreased
blood flow results in an insufficient supply of nutrients to cells in
the core, which leads to necrotic cell death. A secondary phase of
injury subsequently occurs in the tissue surrounding the core (the
penumbra), resulting in apoptosis [1].

There is currently no cure for stroke and the only clinically
proven drug is tissue plasminogen activator, an anti-thrombolytic
agent used to reduce the extent of injury [2]. However, this treat-
ment does not afford tissue regeneration. A number of

neuroregenerative strategies have shown improved functional
recovery in animal models of stroke, including stem cell trans-
plantation and endogenous stem cell stimulation. For the latter,
exogenous factors are delivered to the brain to stimulate endoge-
nous neural stem/progenitor cells (NSPCs) in the subventricular
zone (SVZ) to promote tissue repair after injury [3]. Endogenous
NSPC stimulation with erythropoietin (EPO) has resulted in NSPC
proliferation, migration, and maturation, as well as promoting
regeneration and replacement of cells and tissues lost following
stroke injury [4,5].

EPO is a 30.4 kDa glycoprotein that has been shown to be both
neuroprotective and neuroregenerative after injury to the central
nervous system (CNS) [6,7], and it has been shown to reduce stroke
cavity size clinically [8]. In the brain, EPO binds with the erythro-
poietin receptor (EPOr), which is expressed on multiple cell types
including neurons, astrocytes, and NSPCs in the SVZ [7]. When
bound to EPOr on NSPCs, EPO promotes their survival and differ-
entiation into mature neurons [9].
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One limitation in using EPO, as well as a number of other growth
factors, for stimulating endogenous brain repair after stroke is the
lack of appropriate delivery systems. Systemic delivery of proteins,
by intravenous or intranasal delivery, results in less than 1%
crossing the blood-brain barrier BBB [10]. Moreover, intravenous
delivery can lead to systemic toxicity at high concentrations [11,12]
while chronic intranasal delivery is associated with systemic
toxicity, patient discomfort, low patient compliance and thus sub-
optimal therapeutic benefit [13,14]. Local drug delivery strategies
typically involve the insertion of a cannula or drug delivery scaffold
into the brain tissue, both of which are highly invasive [15,16]. The
optimum paradigm involves delivering drugs from the cortical
surface using a minimally invasive strategy, controlling the release
and transport of the drugs such that they reach the SVZ, and
maintaining the bioactivity of the drugs in order that they stimulate
NSPCs upon reaching the SVZ.

With a view toward circumventing the blood-brain barrier and
achieving delivery to the brain, we asked whether EPO could be
delivered locally to the stroke-injured brain using an injectable
hydrogel and what the brain host tissue response would be to this
hydrogel. The physically cross-linked blend of hyaluronan (HA) and
methyl cellulose (MC) (HAMC) is bioresorbable, injectable through
a fine needle, and gels rapidly at physiological temperature [17].
HAMC spatially localizes the drug of interest at the site of delivery
and facilitates short-term controlled release to the CNS [18,19].

One of the major limitations of delivering protein drugs to the
brain is the fast rate of protein elimination and the consequent
short penetration distance. Unmodified proteins often do not
penetrate more than 1 mm in the uninjured brain, and penetration
distance decreases significantly after brain injury because stroke
injury results in the upregulation of many protein receptors in the
brain [18,20]. Modification of proteins with poly(ethylene glycol),
PEG, has been used to increase protein penetration distance
[18,21e23].

Here we studied the diffusion of EPO from the HAMC hydrogel,
delivered directly to the cortex, in the uninjured as well as stroke-
injured mouse brain. In order to understand the kinetics of EPO
penetration in the brain, EPOr expressionwas examined at the time
points of EPO delivery: 4 and 11 days post-stroke. These two time
points were selected because previous reports have delivered EPO
at these time points, albeit using a highly invasive cannula/mini-
pump system, and shown that in mice models of ischemia, cortical
EPOr upregulation increases between 1 and 7 days post ischemia
[24], and persists up to 28 days [25]. The host tissue response of
EPO delivered from HAMC was examined in terms of: NSPC stim-
ulation/migration and neurogenesis; and the inflammatory
response by immunohistochemical staining for macrophages/
microglia and astrocytes.

2. Materials and methods

2.1. Materials

Recombinant human erythropoietin (EPREX) was supplied by Ortho Biotech
Canada (Toronto, ON, Canada). Sodium hyaluronan (HA, 1.4e1.8 � 106 g/mol) was
purchased from NovaMatrix (Sandvika, Norway). Methyl cellulose (MC, 3.4 � 105 g/
mol) was obtained from Shin Etsu (Chiyoda-ku, Tokyo, Japan).Mouse anti-human Ki-
67 was purchased from BD biosciences (Mississauga, ON, Canada), mouse anti-rat
NeuN and GFAP were obtained from Millipore Inc. (Billerica, MA, USA), rat anti-
mouse CD68þ and rabbit anti-mouse double-cortin were obtained from Abcam
(Cambridge, MA, USA), and Vectashield with DAPI stain was purchased from Vec-
torlabs (Burlington, ON, Canada). Alexa 488 goat-anti-rat, Alexa 488 and 586 goat-
anti-rabbit IgG, and Alexa 568 goat-anti-mouse IgG were obtained from Invitrogen
Inc. (Burlington, ON, Canada). Sodium cyanoborohydride (NaCNBH3), NaCl, MgCl2,
CaCl2, BaCl2, Na2HPO3, NaH2PO3, trehalose, and cresyl violet acetate were supplied
by Sigma Aldrich (Oakville, ON, Canada). Triton X-100 was supplied by ACROS (NJ,
U.S.A.). Artificial cerebrospinal fluid (aCSF [23]) and all buffers were prepared with
distilled and deionized water prepared from aMillipore Milli-RO 10 Plus and Milli-Q

UF Plus at 18 MUm resistivity (Millipore, Bedford, USA). Recombinant EPO ELISA kit
was purchased from BD biosciences (Mississauga, ON, Canada).

2.2. Preparation of sterile HAMC hydrogel

HA and MC were dissolved separately in dH2O at 4 �C overnight, sterile-filtered
and lyophilized. The resulting sterile powders were kept at 4 �C until use. HAMCwas
prepared with 1.1% HA and 2.2% MC in sterile aCSF and mixed using a SpeedMixer
(DAC 150 FVZ, Siemens). Immediately prior to injection,100 ml of sterile EPO solution
(10,000 U/ml) was added to 900 mL HAMC (yielding a final concentration of 1% HA
and 2% MC), mixed and centrifuged to eliminate air bubbles.

2.3. In vitro release of EPO from HAMC

The time required for EPO to diffuse out of HAMC was determined in vitro. EPO
was mixed into HAMC to yield a final concentration of 1000 U/ml, and 100 ml was
injected into the bottom of a 2 ml eppendorf tube and gelled at 37 �C for 20 min.
900 ml of aCSF at 37 �C was added. The supernatant was completely replaced at each
of the following time points and EPO concentrations determined using ELISA: 0,
30 min, 1, 2, 4, 6, 8, 12, 24 h.

2.4. Stroke surgeries and injection of drug delivery device

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 Toronto. A total of 54 C57BL/6 mice
(aged 9e11 weeks) were used in this study (Charles River, QC, Canada).

Stroke surgeries were carried out as described previously [26]. Mice were
anesthetised with isoflurane, shaved and placed into a Kopf stereotaxic instrument.
Scalps were cleaned and amidline incisionmade next, a small burr holewasmade in
the skull at the coordinates 2.25 lateral to the midline and 0.6 anterior to Bregema.
Using a 26G needle, 1.0 ml of the vasoconstrictor endothelin-1 (400 pM, Calbiochem,
Gibbstown, NJ, USA.) was injected 1.0 ventral to the brain surface at 0.1 ml/min. The
needle was left in place for 10 min prior to removal. The incision was sutured,
antibiotic ointment applied and animal recovered under a heat lamp.

The drug delivery system was injected at either day 4 or day 11 post-stroke
(Supplementary Fig. S1). The sutures were removed to expose the stroke site and
any tissue debris was removed. The drug delivery device was prepared as described
previously [18] to spatially localize HAMC at the cortical surface. A disk with 2 mm
opening was fixed over the burr hole with bone glue. 3 ml of either HAMC containing
EPO or HAMC alone was injected into the hole such that the gel is in direct contact
with the brain cortical surface. A second disk with no opening was fixed over the
first spacer. The skinwas sutured over the spacer system. For uninjured animals, the
surgerywas identical (without the stroke injury itself) to that of stroke-injuredmice.

2.5. Analysis of in vivo protein penetration

Animals were sacrificed at 4 h, 1 day, and 2 days post injection and the drug
delivery device containing HAMC was retrieved. The extracted device was placed
into 0.5 ml 0.1% Tween 20 in PBS and agitated overnight at 4 �C overnight to extract
any remaining EPO.

Brains were snap frozen with CO2(s) cooled isopentane and stored at �80 �C. A
3 mm coronal section around the injection site was prepared using the McIlwain
tissue chopper (790744-11, Mickle laboratory engineering company, Surrey, UK).
Dorsal-ventral sections (0.5 mm) were then cryosectioned from each coronal slice
using a Leica CM3050S cryostat system. Each section was homogenized in 400 ml
lysis buffer (40 mM trehalose, 1% Triton X-100 in dH2O), and the homogenate
supernatant was removed after centrifugation at 15,000 RPM for 15 min at 4 �C.

The amount of protein remaining in HAMC and in the brain homogenate at each
time point was determined using a recombinant EPO ELISA kit (BD Biosciences) as
per the manufacturer’s instructions. The difference between the amounts of protein
that remain in HAMC at each time was used to calculate the amount of protein
released. We assume that no protein is lost from the entire system during the period
of release and that all protein released has diffused into the brain tissue. The amount
of EPO in the homogenate was used to generate tissue penetration profiles as well as
the protein mass balance at each time point.

2.6. Brain tissue preparation for morphological analysis

At the appropriate time points animals were transcardially perfused with saline
followed by 4% paraformaldehyde (PFA). Brainswere extracted and fixed in 4% PFA at
4 �C overnight, followed by cryoprotection in 30% sucrose. Cryoprotected brains
were snap frozen and cryosectioned to 10 mm.

2.7. Analysis of stroke cavity size

Sections were defatted in 50:50 chloroform:ethanol solution overnight, and
rehydrated in 100%, 95%, and dH2O for 2 min each. Cresyl violet acetate was dis-
solved at 0.1 w/v % in dH2O and 0.3 ml of glacial acetic acid was added to 100 ml of
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solution. Brain sections were incubated in cresyl violet solution for 1 h at 37 �C,
washed in H2O and serially dehydrated in 95%, 100% ethanol, and xylene. Sections
were mounted and sealed.

Sections were examined for the start and end points of stroke cavity. Every 10th
section was imaged from the start to the end of the cavity. The cavity size on each
section was measured using ImageJ, summed and multiplied by 10 to obtain the
cavity size.

2.8. Immunohistochemistry

From each brain 16 sections were analyzed using immunohistochemistry.
Sections were permeabilized for 30 minwith 1% Triton X-100 in PBS and blocked for
30 min with a solution of 0.1% Triton X-100 and 5% BSA in PBS. Sections were
incubated with primary antibodies at 4 �C overnight. Mouse anti-human Ki-67,
mouse anti-rat GFAP, rat anti-mouse CD68þ and rabbit anti-mouse double-cortin
(DCX), and mouse anti-rat NeuN were used at 1:200 dilution. Sections were then
washed 3 times in PBS and incubated in secondary antibodies for 1 h at room
temperature. Alexa 488 goat-anti-rat IgG, Alexa 488 and 586 goat-anti-rabbit IgG,
and Alexa 568 goat-anti-mouse IgG were used at 1:200 dilutions. Sections were
washed 3 times in PBS, mounted with Vectashield and sealed.

2.9. Analysis of apoptosis using TUNEL

Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) was
used to determine apoptosis after stroke. The ApopTag Fluoresceine In Situ
Apoptosis kit was purchased from Millipore (Danvers, MA, U.S.A.) and the TUNEL
assay performed as per the manufacturer’s instructions. A total of 8 sections were
analyzed from each brain.

2.10. Statistics

All experiments were conducted with three replicates (n ¼ 3), and data are
shown as mean � standard deviation. One-way ANOVA with Bonferonni correction
was used to compare betweenmultiple groups. Significance levels were indicated as
p < 0.05 (*), 0.01 (**), and 0.001 (***).

3. Results

3.1. Cortical EPO Receptor (EPOr) expression in uninjured and
stroke-injured brains

The rate of protein elimination in the brain is an important
determinant of penetration distance, which can be significantly
increased by reducing elimination kinetics. Receptor mediated
endocytosis is a key route of EPO elimination from the brain [27]
and since many cell types in the brain express EPO receptors
(EPOr) [27,28], it was important to quantify the number of

EPOrþcells in both uninjured and stroke-injured brain tissues. By
quantifying the number of EPOrþ cells in two regions along the
diffusion pathway and both ipsilateral and contralateral to the
injury (Fig.1A), we found that the total number of EPOrþ cells in our
two selected volumes of cortical tissue was similar between unin-
jured and stroke-injured animals (Fig. 1B). The similarity in brain
EPOr expression before and after stroke injury suggests that EPO
penetration in brain tissue will be unaffected by stroke injury, and
EPO may penetrate significantly in the tissue without requiring
further modification with, for example, PEG, as has been required
for other proteins [21,22].

3.2. Release and penetration of EPO in uninjured and stroke-injured
brains

Prior to studying EPO release from HAMC in vivo, we tested the
in vitro release profile of EPO from HAMC and found that approx-
imately 80% of EPO was released in the first 24 h, and all of the
encapsulated protein was released within 48 h (Supplementary
Fig. S2A). Plotting the cumulative fractional release against the
square root of time (t1/2) yields a linear relationship, indicating
Fickian diffusion kinetics (Supplementary Fig. S2B).

The in vivo release and penetration of EPO from HAMC in both
uninjured and stroke-injured brains was quantified at 4 h, 1 d, and
2 d after injection at two different injection times after stroke
injury: 4 and 11 days (Fig. 2A,B). For each set of time points and in
all uninjured, 4 d injured and 11 d injured brain tissues, the amount
of EPO remaining in HAMC was similar as quantified by ELISA. This
demonstrates that the tissue type did not affect the rate of release
of EPO fromHAMC (Fig. 2C). In order to calculate the percent of EPO
released from HAMC and in the brain tissue, we compared the
amount of EPO detected to a theoretical amount. The theoretical
amount of EPO was estimated by assuming that the entire quantity
of EPO released from HAMC diffused into the brain. The difference
between theoretical and measured EPO was used to estimate the
rate at which protein is eliminated from the tissue (Fig. 2D).

The penetration depth of EPO in the uninjured brain and 4 and
11 day-stroke-injured brains were determined at 4 h, 1 d, and 2 d
post injection (Fig. 2EeG). Similar penetration profiles were found
between all groups at the three time points examined. Importantly,
a significant amount of EPOwas found between 2 and 3mmventral

Fig. 1. EPOr expression is similar between uninjured and stroke-injured brain tissues. (A) Diagrammatic representation of the stroke-injured brain and the regions of interest for
EPOr quantification. Rectangles indicate regions examined for EPOr expression. (B) Total numbers of EPOrþ cells are similar in all three conditions and both ipsilateral and
contralateral to injury (mean � standard deviation, n ¼ 3 animals, 16 tissue slices were analyzed per animal).
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to the cortical surface, which corresponds to the location of the SVZ
in the mouse brain. The lack of EPOr upregulation after stroke
supports these data and enables significant EPO penetration in the
brain. These promising results led us to investigate the effects of
HAMC and EPO on cortical tissue and endogenous brain NSPCs.

3.3. Effects of EPO delivered from HAMC on stroke cavity size

To investigate the biological effect of EPO delivered epi-
cortically from HAMC, stroke was induced on day 0 by injection
of endothelin-1 into the mouse brain, and either HAMC alone or
HAMC with EPO was injected on either day 4 or day 11 post-injury
(Supplementary Fig S1). The drug delivery system was injected
ipsilateral to the stroke. The contralateral hemisphere served as an
internal control in all groups examined.

Injection of endothelin-1 into the mouse brain led to the
formation of a cavity at the injection site (Fig. 3A). Wemeasured the
cavity volume in stroke-injured animals, and compared this to that
of stroke-injured animals treated with HAMC alone or HAMC with
EPO (Fig. 3B). To establish a time course on the effects of EPO, we
examined two time points: 4 d and 11 d after stroke. When injected
4 d post-stroke, the vehicle alone (HAMC) appeared to reduce
cavity volume relative to stroke alone; however, when EPO was
delivered in HAMC this reduction in cavity size was significant
(p ¼ 0.031).

When injected 11 d post-stroke, HAMC alone significantly
decreased the cavity volume compared to injury alone (p ¼ 0.033).
HAMC with EPO further reduced cavity size compared to both
HAMC treated (p ¼ 0.045) and untreated (p ¼ 0.006) animals. The
reduction in cavity size observedwith HAMC alonewas unexpected
and led us to investigate the possible mechanism further.

3.4. Effect of HAMC on the inflammatory response after stroke

When stroke-injured animals received injections of HAMC at
both 4 d and 11 d post-injury, the number of reactive astrocytes, as
indicated by GFAPþ immunostained cells with ramified
morphology (Fig. 4AeE), decreased in the ipsilateral cortex ventral

to the lesion site (p ¼ 0.003 at 4 d and p ¼ 0.001 at 11 d; Fig. 4F).
Interestingly, there was no difference observed between injections
of HAMC vs. HAMC with EPO, suggesting that the reduced gliotic
response was due to the biomaterial and not EPO.

The number of CD68þ activated microglia and macrophages
(Fig. 5AeE) also decreased around the lesion site in response to
injection of HAMC at 4 d and 11 d post-stroke (p ¼ 0.01 at 4 d and
p ¼ 0.004 at 11 d, Fig. 5F). Similar to the astrogliotic response, there
was no difference observed between injections of HAMC vs. HAMC
with EPO in terms of the number of CD68þ cells, suggesting that
the attenuated inflammatory response was due to the biomaterial
and not EPO. Taken together, the reduced stroke cavity can be
predominantly attributed to the biomaterial, HAMC.

3.5. Effect of EPO on Ki-67þ and double cortinþ (DCXþ) Ki-67þ cells
in the SVZ

Compared to controls of either stroke alone (Fig. 6AeE) or stroke
with HAMC, injection of HAMC with EPO onto stroke-injured
mouse brains significantly increased the number of Ki-67þ and
DCXþ Ki-67þ double positive cells in the ipsilateral SVZ (Fig. 6FeJ).
Ki-67 is a marker for proliferating cells while DCX is a marker
associated with migratory neuroblasts [29]. Similarly, when injec-
ted 4 d (Fig. 6K) and 11 d (Fig. 6L) post-stroke, HAMC with EPO
treatment led to an approximate 2-fold increase in Ki-67þ cells
compared to HAMC treatment alone and stroke alone. Only the
EPO-treated groups had significantly more Ki-67þ cells in the
ipsilateral SVZ than the contralateral SVZ at both time points
(p ¼ 0.031 at 4 d and p ¼ 0.005 at 11 d). This shows that the
hydrogel alone does not induce cell proliferation, and that exoge-
nous EPO is required to stimulate cell proliferation in the SVZ.
Furthermore, there was no difference between any groups in the
contralateral SVZ, suggesting that EPO diffusion was specific to the
ipsilateral cortex, where it was injected.

Interestingly, the absolute numbers of Ki-67þ cells in both the
ipsilateral andcontralateral SVZwere lowerwhenEPOwasdelivered
11 d post-stroke compared to 4 d post-stroke (p ¼ 0.031). This

Fig. 3. EPO delivered epi-cortically from HAMC decreases the stroke cavity size at 4 and 11 days after stroke. (A) Image of a brain section with stroke cavity (indicated by arrow)
shown at 1.25x (scale: 2 mm). (B) Quantification of the cavity sizes. Stroke-injured animals received treatments at either 4 or 11 d post-stroke. Treatment with EPO in HAMC
significantly reduced cavity size at 4 d, while both HAMC and EPO in HAMC significantly reduced cavity size at 11d (mean � standard deviation, n ¼ 3 animals, 16 tissue slices were
analyzed per animal).
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suggests that proliferation of cells in the SVZ decreased with time
after stroke injury, butmaybepartially restoredwith EPO treatment.

The number of double positive DCXþ Ki-67þ cells in the SVZ was
close to 2-fold greater with EPO delivery in the ipsilateral SVZ at
both 4 d (Fig. 6M) and 11 d (Fig. 6N) post-stroke. This increase was
not observed following treatment with HAMC alone. No difference
was found between any groups in the contralateral SVZ.

When delivered 11 d post-stroke, the number of double positive
DCXþ Ki-67þ cells was also enhanced compared to 4 d post-stroke
(p ¼ 0.033). Moreover, only EPO delivery at 11 d post-stroke
resulted in significantly higher DCXþ Ki-67þ cells in the ipsilateral
SVZ compared to the contralateral SVZ (p ¼ 0.03). These results
indicate that when given 11 d (vs. 4 d) after stroke, EPO enhanced
the migratory potential of proliferating cells in the ipsilateral SVZ.
Since DCX is an immature marker for precursor cells but not found
in mature neurons [30], these findings suggest that EPO promotes
neuroregeneration.

3.6. Effect of EPO on NeuNþ mature neurons in the injured cortex

We examined neuronal responses in stroke animals that
received EPO. Stroke injuries cause neuronal death in the ipsilateral
cortex (Fig. 7AeD). EPO delivery both 4 d and 11 d post-stroke
significantly increased the number of NeuNþ mature neurons in
the injured cortex relative to stroke alone (p ¼ 0.001 at 4 d,
p ¼ 0.032 at 11 d, Fig. 7EeG), although the total number of mature

neurons in the injured cortex was still more than ten-fold lower
than that in the uninjured contralateral cortex.

When stroke injured animals received no treatment or HAMC
alone, the number of NeuNþ cells found in the ipsilateral cortex was
higher at 4 days post-stroke compared to 11 days post-stroke,
although the difference was not statistically significant. Cell death
likely continues to occur around the lesion site between 4 and 11
days after stroke injury. Unexpectedly, the number of NeuNþ cells
in the ipsilateral cortex was higher when EPO was delivered 11 d
post-stroke than 4 d post-stroke (p ¼ 0.017). This result mirrors the
increase of DCXþ Ki-67þ double positive cells in the SVZ at 11 d
compared to 4 d, and indicates that epi-cortically delivered EPO has
a direct benefit on increasing the number of neurons around the
infarct site.

3.7. Effect of EPO on TUNELþ apoptotic cells in the injured cortex
and SVZ

We studied the extent of apoptotic cell death by TUNEL-
immunostaining in both the cortex and the SVZ after stroke and
injection of either HAMC alone or HAMC with EPO. In the SVZ
(Fig. 8A,B), injection of HAMC alone, at either 4 d or 11 d, did not
change the TUNELþ response compared to stroke-injured groups.
However, when EPO was delivered from HAMC, a significant
decrease in the TUNELþ signal was found at both 4 d (p ¼ 0.007)
and 11 d (p¼ 0.049) compared to HAMC alone. This reduction in the

Fig. 4. Epi-cortical delivery of EPO from HAMC attenuates the reactive astrocyte response at 4 and 11 days after stroke injury. (A) Diagram of the stroke-injured brain with drug
delivery device. Rectangle indicates the region of interest. Representative images of GFAPþ reactive astrocytes in the ipsilateral cortex ventral-lateral to the lesion site are shown for
animals that received (B) stroke alone and (C) stroke followed by HAMC injection at 4 d, as well as (D) stroke alone and (E) stroke with HAMC injection at 11 d. Scale: 100 mm. (F)
Quantitative comparison of average number of GFAPþ cells are shown for the ipsilateral cortex per field of view. Treatment with both HAMC and EPO in HAMC significantly reduced
the total number of GFAPþ cells at both 4 and 11 days while the total number of DAPIþ cells remain the same (mean � standard deviation, n ¼ 3 animals, 16 tissue slices were
analyzed per animal).
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number of apoptotic cells in the SVZ may be correlated to the
increase in Ki67þ proliferating cells in the SVZ and suggests
a neuroprotective role for EPO. This effect is further supported by
the data that show the number of TUNELþ cells in the ipsilateral
SVZ being similar to that found in the contralateral SVZ only after
EPO delivery at 4 d. Thus EPO delivery appeared to decrease cell
death to the basal level in the SVZ. The data at 11 d follows similar
trends to those at 4 d; however, the differences in ipsilateral and
contralateral SVZ are not significant at 11 d, suggesting that neu-
roprotective effects associated with EPO delivery are more signifi-
cant when it is present at earlier time points after stroke.

In the ipsilateral cortex, we also observed a decrease in the
number of TUNELþ cells after EPO delivery relative to injection of
HAMC alone or stroke alone (Fig. 8C,D). HAMC treatment did not
lead to changes in cortical TUNEL stain relative to stroke alone. The
decrease at 4 dwas significantly different whereas that at 11 d post-
stroke was not statistically significant. The lack of statistically
significant improvement when EPO was delivered 11 d post-stroke
further suggests the necessity of early EPO administration for
neuroprotection.

4. Discussion

The HAMC-mediated epi-cortical delivery of EPO allowed us to
observe tissue benefit resulting from both EPO and HAMC. Injection
of HAMC itself led to an attenuated inflammatory response after

stroke, as indicated by fewer reactive astrocytes and activated
microglia around the lesion site. HAMC has been shown to atten-
uate the inflammatory response after spinal cord injury [17]. HA
itself has been reported to be anti-inflammatory [31] through
reducing white cell migration to the site of injury [32], and through
inhibiting proinflammatory molecules of the prostaglandin
pathway [33]. It also enhances wound healing and angiogenesis
after traumatic brain injury [34]. The attenuated inflammatory
response may account for the reduced cavity size observed [35]
with injection of HAMC following stroke injury and likely reflects
the wound healing properties of HA [36].

We found that the penetration profiles and in vivo elimination
rate of EPO are similar between the uninjured and stroke injured
brains at two times after stroke. This was interesting given that
epidermal growth factor (EGF) has been previously reported to be
eliminated significantly faster in the infarct brain compared to the
uninjured brain due to EGF receptor overexpression [18,23]. The
transport of epidermal growth factor (EGF) in the brain decreased
more than three-fold after stroke injury [18,23], and PEG-
modification of EGF was required to enhance the amount of EGF
reaching the SVZ. Conversely, EPO penetration was independent of
injury and EPO was able to penetrate the brain tissue sufficiently to
reach the SVZ after stroke.

Receptor-mediated endocytosis is one of the major routes for
EPO clearance from the brain [28]. We found that the extent of EPOr
expression was similar between uninjured and stroke-injured

Fig. 5. Epi-cortical delivery of EPO from HAMC attenuates the activated microglia response at 4 days after stroke injury. A) Diagram of the stroke-injured brain with drug delivery
device. Rectangle indicates the region of interest. Representative images of CD68þ cells in the ipsilateral cortex are shown for animals that received (B) stroke alone and (C) stroke
followed by HAMC injection at 4d, as well as (D) stroke alone and (E) stroke with HAMC at 11d. Scale: 100 mm. (F) Quantitative comparison of average number of CD68þ cells are
shown for the ipsilateral cortex per field of view. Treatment with both HAMC and HAMC with EPO significantly reduced the level of CD68þ signal at both 4 and 11 days while the
total number of DAPIþ cells remain the same (mean � standard deviation, n ¼ 3 animals, 16 tissue slices were analyzed per animal).
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Fig. 6. Epi-cortical delivery of EPO in HAMC increases the number of Ki-67þ proliferating cells and DCXþ migratory neuroblasts in the SVZ at 4 and 11 days post-injury. Repre-
sentative images are shown for Ki-67þ cells and DCXþ Ki-67þ double-labeled cells in the SVZ ipsilateral to the stroke injury following (AeE) stroke injury and (FeJ) EPO injected
with HAMC 11 days after stroke. The lateral ventricle (LV) and the striatum are labeled. Scale: (A, F) 500 mm at 10x, (B e E, G e J) 100 mm at 20�. The number of Ki-67þ cells in the
ipsilateral SVZ at (K) 4 d and (L) 11 d is significantly increased by HAMC-mediated EPO treatment while the number of Ki-67þ cells in the contralateral SVZ remain similar between
treatments. DCXþ Ki-67þ double positive cells in the ipsilateral SVZ at (M) 4 d and (N) 11 d post-stroke also increased following HAMC-mediated EPO treatment (mean � standard
deviation, n ¼ 3 animals, 16 tissue slices were analyzed per animal).



brains in regions of the cortex and striatum through which it would
have to diffuse to reach the SVZ, and which helps to explain the
similar diffusion profiles of EPO in the brain before and after stroke
injury. While EPOr has been previously reported to be upregulated
in the penumbra of stroke-injured brains, the specific regions
where EPOr overexpression was observed were not reported
[7,37,38], which may explain our different results. Interestingly,
since neurons and astrocytes in the brain both express EPOr [39],
and the number of reactive astrocytes, are reduced in the presence
of HAMC, EPOr expression may have been further attenuated. It is
clear that the in vivo environment has a profound impact on
protein transport in the brain, as the rate of protein elimination is
directly influenced by the number of cell surface receptors and

binding moieties on the extracellular matrix (ECM) [40]. Since
protein penetration is dictated by both the rates of diffusion and
elimination, a good understanding of the in vivo environment
allows protein penetration distance to be predicted and whether
minimally invasive drug delivery from the cortical surface is
feasible.

EPO delivered from HAMC shows significant benefits in the
post-stroke brain. The effect of EPO on reducing the stroke cavity
size agrees with results reported previously [8]. The numbers of
SVZ neuroblasts as well as mature neurons following EPO delivery
at 11 d are enhanced compared to those following EPO delivery at
4 d. This may be due to the fact that the environment in the brain
4 d post-stroke is more inflammatory than at 11 d post-stroke. We

Fig. 7. EPO delivered from HAMC enhances the number of NeuNþ mature neurons in the injured cortex at 4 and 11 days post-injury. Representative images are shown for NeuNþ

cells in the cortex of stroke-injured, sham treated animals (A) ipsilateral and (B) contralateral to the injury, as well as stroke-injured, EPO treated animals (C) ipsilateral and (D)
contralateral to the injury at 4 days post-stroke. Scale: 100 mm. (E) Diagram of the brain with rectangles showing the regions analyzed. Quantification of NeuNþ cells are shown for
(F) 4 d and (G) 11 d after stroke (mean � standard deviation, n ¼ 3 animals, 16 tissue slices were analyzed per animal).
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showed that at 11 d, the CD68þ activated microglia/macrophages in
the brain decreased compared to 4 d, which is consistent with
others’ findings that in the acute period after stroke, there is
a higher degree of proteases, inflammatory cytokines, and scav-
enging inflammatory and immune cells in the brain [41,42]. Thus
the beneficial effect of EPO may be masked by these deleterious
factors at 4 d [43].

EPO has been shown to have both neuroprotective and neuro-
regenerative properties in the CNS [44]. EPO delivered 4 d post-
stroke decreased apoptosis in the SVZ and the injured cortex, and
maintained higher numbers of mature neurons in the injured
cortex. Since 4 d after stroke is unlikely sufficient time for newly
generated neuronal precursors to migrate to the stroke site and
mature [45], the observed benefit is likely attributable to the neu-
roprotective role of EPO. EPO delivery 11 d post-stroke also led to
qualitatively fewer apoptotic cells in the injured cortex, although
the lack of statistically significant difference at 11 d suggests that
acute EPO treatment post-injury is required to achieve neuro-
protection. We also observed a neuroregenerative effect associated

with epi-cortical EPO delivery. EPO delivered at 4 d and 11 d post-
stroke increased the number of both proliferating cells and
migratory neuroblasts in the SVZ. The decrease in TUNELþ cells in
combination with the increase in proliferative cells in the SVZ
following EPO delivery at both 4 d and 11 d also suggests that EPO
mediates neuroregeneration by promoting the survival of NSPCs in
the brain as has been also reported by others [46,47]. EPO delivery
also increased the number of mature neurons 11 d post-stroke at
the lesion site. This further suggests enhanced neuroregeneration
following EPO treatment, and that delayed treatment provides
a tissue benefit.

The benefits of epi-cortical EPO delivery observed here
demonstrate that HAMC is a promising vehicle for enabling local
delivery of therapeutics to the brain. The potential advantages of
the systemmay be enhanced by increasing the length of delivery or
by delivering a panel of factors. Many groups have shown that
prolonged delivery of drugs to the brain, including EPO [48],
significantly increases the benefits observed [15,49]. HAMC is
a hydrogel that itself will not facilitate prolonged delivery;

Fig. 8. Treatment with EPO delivery led to decreased number of TUNELþ cells in the ipsilateral SVZ and cortex. When stroke-injured animals were treated with EPO, the number of
TUNELþ apoptotic cells decreased both in the (A, B) ipsilateral SVZ and the (C, D) ipsilateral cortex at 4 d or 11 d post-stroke. While significant decrease was observed at 4 d, only
a non-significant decrease in TUNELþ cells was observed at 11 d. HAMC alone had no effect relative to stroke alone. (mean � standard deviation, n ¼ 3 animals, 16 tissue slices were
analyzed per animal).
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however, tunable and controlled delivery of factors from HAMC
may be achieved by incorporating polymeric particles that encap-
sulate drugs into the hydrogel [49]. Importantly, local epi-cortical
delivery of drugs, such as EPO with HAMC, should result in
a lower overall dose delivered and thus fewer side effects. For
example, with intracerebroventricular delivery, cerebrospinal fluid
is continually replenished resulting in the drug being distributed
throughout the central nervous system. In fact, only 1e2% of drugs
delivered to the ventricles can be found in the tissue 1 mm away
from the ependyma [16] whereas in our epicortical HAMC delivery
strategy, EPO was found 3 mm from the injection site. This illus-
trates that HAMC-mediated epi-cortical delivery is a true local
delivery strategy, and promising for eliciting tissue benefit with
reduced side effects relative to both systemic and intraventricular
delivery. Co-delivering a panel of factors often facilitates synergistic
benefits. EPO has been delivered with EGF [50], brain derived
neurotrophic factor [10], ciliary neurotrophic factor [10], and
insulin-like growth factor [51], among others, to elicit neuro-
regeneration or neuroprotection after CNS injuries. HAMC has
previously been used to deliver a multitude of proteins and small
molecule drugs to the CNS to achieve tissue and functional benefits
[17,19,49,52e54]. The findings here illustrate that HAMC is
a versatile drug delivery platform to improve the treatment of CNS
disorders of the brain.

5. Conclusions

HAMC is an injectable hydrogel that attenuates the inflamma-
tory response in the brain and can be used to achieve controlled
short-term delivery of EPO, which is a versatile glycoprotein that
induces both neuroprotection and neuroregeneration in the CNS.
EPO penetrated deep into the brain, reaching the cells in the sub-
ventricular zone and had neuroprotective and neuroregenerative
effects after stroke. The benefits observed from epi-cortical EPO
delivery from HAMC suggest that this hydrogel can be used as
a platform technology to enable minimally invasive CNS drug
delivery.
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