
Long-term retention of ECM hydrogel after implantation into a 
sub-acute stroke cavity reduces lesion volume

Harmanvir Ghuman, B.S.1,2, Madeline Gerwig3, Francesca J. Nicholls, Ph.D.1,4, Jessie Liu2, 
Julia Donnelly5, Stephen F. Badylak, DVM, PhD, M.D.1,2,6, and Michel Modo, Ph.D.1,2,4,*

1McGowan Institute for Regenerative Medicine, University of Pittsburgh

2Department of Bioengineering, Pittsburgh, Pennsylvania, USA

3Department of Neuroscience, Pittsburgh, Pennsylvania, USA

4Department of Radiology, Pittsburgh, Pennsylvania, USA

5Department of Biological Sciences, Pittsburgh, Pennsylvania, USA

6Department of Surgery, Pittsburgh, Pennsylvania, USA

Abstract

Salvaging or functional replacement of damaged tissue caused by stroke in the brain remains a 

major therapeutic challenge. In situ gelation and retention of a hydrogel bioscaffold composed of 8 

mg/mL extracellular matrix (ECM) can induce a robust invasion of cells within 24 hours and 

potentially promote a structural remodeling to replace lost tissue. Herein, we demonstrate a long-

term retention of ECM hydrogel within the lesion cavity. A decrease of approximately 32% of 

ECM volume is observed over 12 weeks. Lesion volume, as measured by magnetic resonance 

imaging and histology, was reduced by 28%, but a battery of behavioral tests (bilateral asymmetry 

test; footfault; rotameter) did not reveal a therapeutic or detrimental effect of the hydrogel. Glial 

scarring and peri-infarct astrocytosis were equivalent between untreated and treated animals, 

potentially indicating that permeation into host tissue is required to exert therapeutic effects. These 

results reveal a marked difference of biodegradation of ECM hydrogel in the stroke-damaged brain 

compared to peripheral soft tissue repair. Further exploration of these structure-function 

relationships is required to achieve a structural remodeling of the implanted hydrogel, as seen in 

peripheral tissues, to replace lost tissue and promote behavioral recovery.
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1. Introduction

Extracellular matrix (ECM) is a complex collection of molecules produced by cells that 

serve structural and functional roles. The ECM creates an interface between cells to provide 

structural support and mechanical strength to tissue, but also exerts juxtacrine signaling, 

resulting in functional effects on constituent cells [1]. The decellularization of tissues affords 

the reformulation of ECM as a bioscaffold that conveys structural, as well as functional 

properties in aiding and enhancing soft tissue repair [2]. ECM can be derived from a variety 

of tissue sources (e.g. urinary bladder, skin, CNS) [3] and has found translation into a 

clinical setting to repair urinary bladder, muscle, peripheral nerve and heart, as well as being 

used in breast reconstruction [4-8].

Bioscaffolds composed of ECM consistently promote a pro-repair host inflammatory 

response that contributes to functional remodeling outcomes in many anatomic sites. ECM 

hydrogels consist of solubilized and repolymerized ECM and contain signaling molecules 

that can influence cell differentiation [9]. In contrast, synthetic scaffolds, such as 

polyethylene glyocol (PEG) hydrogels, typically require functionalization to achieve similar 

repair properties [10, 11]. Implantation of ECM typically induces a constructive structural 

remodeling of the bioscaffold mediated by the invasion of cells, notably macrophages, and 

subsequent deposition of site appropriate tissue [3]. Through degradation of the ECM 

bioscaffold and the release of signaling molecules, macrophages can be activated toward a 

repair phenotype promoting a gradual host tissue cell invasion, including stem/progenitor 

cells [12]. Invasion of tissue-specific cells leads to a replacement of the scaffold to 

reconstitute a functional tissue [13]. Biodegradation studies reveal that this process is fairly 

rapid, with approximately half of the material being remodeled within 30 days and a 

complete replacement being noted between 75-90 days post-implantation in several 

peripheral tissue locations [14-18]. The ECM bioscaffold provides the substrate for cell 

invasion, but the degradation of the scaffold is an essential process for the release of 

additional signaling molecules, positioning of host-derived stem cells and the deposition of 

new matrix derived from host-organ cells [9, 19]. The biodegradation process of bioscaffolds 

can also be exploited to deliver therapeutic factors to the peri-infarct area to influence host 

remodeling or the inflammatory response. Although there is consistency across different 
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peripheral soft tissues in this process [3], at present it is unclear if the same principle is 

recapitulated in the damaged central nervous system, specifically the stroke-damaged brain.

In vitro comparisons of ECM pre-gel derived from porcine brain, spinal cord, optic nerve 

and urinary bladder (UBM) indicated that all preparations were cytocompatible and 

stimulated proliferation, migration, as well as differentiation and neurite outgrowth of neural 

progenitors [20, 21]. Of these, UBM-ECM produced the highest neurite outgrowth in PC12 

cells [21], as well as cell migration of perivascular stem cells [20], especially at high 

concentrations (>10 μg/mL). The rheological properties of UBM-ECM are similar to brain-

ECM, but significantly lower to the 5× stiffer spinal cord ECM [22]. Brain and spinal cord 

ECM are therefore potential candidates for CNS tissue repair, but the widely-used UBM-

ECM provides favorable characteristics to induce a structural remodeling response.

UBM-ECM hydrogel also provides an excellent survival and differentiation of neural stem 

cells (NSCs) after transplantation into animals with traumatic brain injury [23]. A 

combination of UBM-ECM with 10% brain-ECM also resulted in the survival of NSCs 

implanted into stroke cavity, with evidence of some host invasion into hydrogel void of 

NSCs [24]. To exploit this cell invasion and harness endogenous tissue repair, ECM needs to 

form a stable hydrogel within the stroke cavity. UBM-ECM requires a concentration of 

>3mg/mL to form a hydrogel that is retained within the cavity, revealing a structure-function 

relationship that is governed in part by the rheological properties of the ECM preparation 

[25]. Concentrations >3 mg/mL exhibit a significant invasion of host cells, predominantly 

monocytes (i.e. macrophages/microglia) that are activated towards an M2-repair phenotype 

[26], consistent with the process of biodegradation observed in other organs. The most 

significant cell invasion, monocyte activation and recruitment of neural progenitors were 

evident at 8 mg/mL [26], suggesting that a high content of soluble components increased the 

recruitment of appropriate cells [12]. This significant acute recruitment of host cells into the 

ECM scaffold suggests that the structural formulation of the material leads to an acute 

cellular response that is akin to peripheral soft tissues [3].

In addition to promoting a host repair response that could lead to the reconstitution of brain 

tissue, implantation of a bioscaffold after stroke can also provide structural support to the 

host brain avoiding tissue deformation (e.g. midline shift, ventricular enlargement), as well 

as local delivery of growth factors, neural stem cells, and other medicinal products. 

However, little is known about the long-term interaction between host tissue and biomaterial 

in the stroke-damaged brain. The extent of stroke damage continues to evolve over time with 

further tissue loss [27]. Limiting the progression of this long-term tissue loss could hence 

stabilize the stroke environment and provide a more fertile ground for other therapeutic 

interventions, such as stem cell therapy [19, 28, 29].

To determine the long-term structure-function relationship of ECM hydrogel and peri-infarct 

host tissue, we investigated an ECM preparation (8 mg/mL) that is retained inside the stroke 

cavity to provide structural support [25, 30], but also provides a strong signaling 

environment to recruit large numbers of host cells that can promote structural remodeling of 

the material [26]. The objective of the present study was to evaluate if this hydrogel 

formulation of ECM (i.e. structure) undergoes biodegradation inside a stroke cavity, akin to 
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peripheral soft tissues, and if its continued presence or remodeling affects host tissue 

deformation, as well behavioral impairments after a stroke (i.e. function).

2. Methods

2.1. Extracellular matrix (ECM) hydrogel

To produce an ECM hydrogel, the basement membrane and tunica propria of adult porcine 

urinary bladder (Tissue Source, Inc., Lafayette, IN) were isolated by mechanical 

delamination, as previously described [31]. Decellularization was performed using 0.1% 

peracetic acid in 4% ethanol (v/v; 120 min; 300 rpm) with agitation. A series of PBS and 

deionized water rinses removed cellular debris. Decellularization was confirmed using 

Hematoxylin & Eosin, 4′,6-diamidino-2-phenylindole (DAPI) staining, agarose gel 

electrophoresis, and quantification of remnant DNA [2]. The remaining ECM was 

lyophilized, comminuted, and solubilized with pepsin (1 mg/mL) in 0.01 N HCl. pH 

neutralization was achieved by adding 0.1 N NaOH. Approximately 70% of the overall 

material is collagen [22], but other prominent ECM proteins, such as fibronectin, decorin, 

laminin subunit γ1 are also present [32]. A variety of growth factors are also retained within 

the ECM preparation, including transforming growth factor-β, vascular endothelial growth 

factor-A, basic fibroblast growth factor, and nerve growth factor [21], which all are known to 

influence neuronal and endothelial cells. In addition, matrix-bound nanovesicles (MBV) 

enriched in miRNA and other signaling molecules are present within the ECM preparation 

[33].

Dilution to a desired concentration (8 mg/mL) was attained by suspension in the appropriate 

volume of PBS [31]. Gelation of this preparation is concentration, pH and temperature-

dependent. Concentrations <3 mg/mL do not readily form a hydrogel [25, 26]. An 8 mg/mL 

preparation achieves a viscosity of 0.443 Pa * s, takes 3 min to reach 50% gelation with a 

maximum storage modulus (G’) of 460.4 Pa, which exceeded its loss modulus of 66.4 Pa. 

This preparation approximated the reported 500-1000 Pa elastic modulus of brain tissue 

[34-36].

2.2. Middle Cerebral Artery Occlusion (MCAo)

All animal procedures complied with the US Animals Welfare Act (2010) and were 

approved by the University of Pittsburgh Institutional Animal Care and Use Committee 

(IACUC). Sprague-Dawley rats (male, 260±15g, Taconic Labs, USA) were maintained on a 

12-hour light/dark schedule, with food and water available ad libitum. Animals were 

randomly assigned (using a random number sequence) to either undergo MCAo or serve as a 

control. For transient intraluminal right middle cerebral artery (MCA) occlusion, a rat model 

of stroke, a 5-0 silicone rubber-coated monofilament (diameter 0.12 mm, length 30 mm, tip 

coating at 0.35 mm for 5-6 mm, 503556PK10, Doccol, USA) was advanced to the ostium of 

the MCA in the circle of Willis under isoflurane (4% induction, 1% maintenance in 30% O2) 

anesthesia. The MCA was occluded for 70 minutes prior to reperfusion by retracting the 

filament to the common carotid bifurcation. After recovery from anesthesia, animals were 

assessed for forelimb flexion and contralateral circling with daily post-operative care and 

neurological assessment until they recovered pre-operative weight [37, 38]. Animals not 
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exhibiting signs of MCA damage or who failed to recover weight were excluded at this stage 

(Figure 1A). Control animals received a neck incision to maintain blinding of researchers 

based on external markings.

2.3. Magnetic Resonance Imaging (MRI)

Acquisition—To assess the presence, location and volume of tissue loss, MCAo rats were 

anesthetized with isoflurane (4% induction, 1% maintenance) and scanned using a T2-

weighted spin-echo MRI sequence (TR = 6000 ms, TE = 8 ms, 8 Averages, FOV 30x30 mm, 

128x128 matrix, 42 slices at 0.5 mm thickness) on a horizontal bore 9.4 T Varian scanner 10 

days post-infarction [30].

Lesion volume and intensity measurements—Stroke damage was defined as tissue 

with a hyperintense signal on T2-weighted images that were thresholded at 1 standard 

deviation above the mean of a rectangular region of interest (ROI) in the contralateral 

hemisphere, encompassing striatum, corpus callosum and neocortex [39, 40]. Rats (n=22) 

with lesion volume >40 mm3 (i.e. 40 μL) were randomly assigned to either the untreated or 

the ECM treated group (Figure 1A), resulting in an equivalent distribution of lesion volumes 

across both groups. Lesion volumes ranged from 72-246 μL. Reporting of random group 

allocation, as well as exclusion/inclusion of animals (Figure 1A), complies with the 

principles set forth to ensure transparency in preclinical research [41, 42].

Tissue deformation measurements—ROIs were defined based on anatomical 

characteristics to segment host tissue and determine if ECM implantation affected the 

deformation of the brain due to stroke damage. A midline shift is commonly observed due to 

the host tissue expanding with the void of the lesion cavity not providing sufficient structural 

support. Midline shift was determined by placing a vertical line from the longitudinal fissure 

to the median eminence at Bregma +0.7, which commonly is the central slice of MCAo 

damage. In the middle of the vertical line, perpendicular lines are drawn to measure the 

distance to the edge of each hemisphere. A ratio is taken of these two measurements to 

define the relative midline shift. Ventricular enlargement is also often seen as a consequence 

of tissue deformations. Volume changes of tissue parenchyma were also calculated to 

determine if stroke and ECM implantation affected structural changes in these regions.

2.4. Implantation procedure

Fourteen days post-stroke (Figure 1B), rats underwent ECM implantation by placement into 

a stereotactic frame (Kopf, USA) under isoflurane anesthesia (4% induction, 1% 

maintenance in 30% O2). A vertical skin incision exposed Bregma on the skull and provided 

guidance for the location of Burr holes for the placement of a 250 μL Hamilton syringe with 

a 24 G beveled tip metal needle (Hamilton) filled with solubilized 8 mg/mL ECM in PBS, as 

well as a hole for a drainage cannula (24 G) [25]. Ideally, a needle with a very small bore 

size is used for injection of biomaterials to minimize injection damage to intact or damaged 

brain tissue [43]. Nevertheless, the potential aggregation and gelation of biomaterials can 

clog the needle and hence a large needle size (24G) is required to ensure the efficient 

delivery of material, as well as minimize damage to brain tissue [44]. MR images of lesion 

location and volumes were used to define stereotactic coordinates for needle/cannula 
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placements [25, 43]. Needles/cannula were slowly lowered into brain tissue. Lesion-

equivalent volumes of solubilized ECM (72-246 μL) were injected into the ventral posterior 

region of the cavity to displace and drain the less dense necrotic debris from the most dorsal 

part of the lesion [25]. We have previously demonstrated that a precise neurosurgical 

planning is required for these large volume injections to avoid misplacement or leaching of 

material into the lateral ventricles, but also to avoid damage to structures in the path of 

injection [25, 30]. Injection of ECM hydrogel (n=11) was controlled using a frame mounted 

injection pump (World Precision Instruments, USA) at a constant speed of 10 μL/min until 

the total volume was delivered (7-25 min). The solubilized ECM formed a hydrogel in situ at 

37 °C body temperature. Needle and cannula were left in place for 5 minutes to allow 

material to dissipate and gel before the needles were slowly withdrawn from the brain. Burr 

holes were filled with bone wax (Fisher) prior to suturing. Untreated and control animals 

received the same head incisions without burr hole drilling to maintain blinding of 

researchers based on visible markings. LX4 (Ferndale, containing 4% Lidocaine) was 

topically applied as an analgesic, as well as buprenorphine (0.5 mg/kg) i.p. to provide 

sustained pain relief.

2.5. Behavioral Assessment

Establishing the efficacy of ECM hydrogel injection to recover behavioral deficits in an 

animal model of stroke requires evaluation of these deficits on a variety of tests that reflect 

damage to sensorimotor, motor, and cognitive systems (Figure 1B). Researchers blinded to 

the condition of animals performed all acquisition of data, graphing and statistical analyses. 

Animals from different groups were mixed in cages.

Bilateral Asymmetry Test—The bilateral asymmetry test probed tactile extinction as a 

measure of sensory neglect [28, 37, 38]. For this, two strips of equal size (6 cm long, 0.5-0.8 

cm wide) were applied with equal pressure to the saphenous part of the forepaw. Four trials 

(180 seconds each) recorded the time to contact and removal for each paw. Sensorimotor 

bias was determined by subtracting the unaffected (right) from the affected (left) paw.

Footfault Test—The footfault test evaluated the animals’ ability to integrate motor 

responses by analyzing motor impairments of limb functioning and placing deficits during 

locomotion [28, 37, 38]. The rats were placed in the Motorater System (TSE GmbH) with 

horizontal bars to record the placements of both unaffected and affected forelimbs over 8 

trials (>60 placements). A comparison of total number of incorrect placements or % missed 

steps across groups measured performance on motor integration.

Rotameter—Amphetamine-induced rotations (2.5 mg/kg in saline, i.p.) were measured 

using an automated rotameter system (TSE Systems). Rotational bias is used as an index of 

striatal damage [28, 37]. Animals were harnessed into jackets tethered to the rotameter 

system and injected with amphetamine 30 minutes prior to assessment. Contralateral and 

ipsilateral rotations were recorded for 30 minutes.
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2.6. Histological analyses

Perfusion-fixation of tissue—To analyze the distribution of the ECM hydrogel and cell 

infiltration within the hydrogel, rats were transcardially perfused at 90 days post-

implantation with 0.9% saline followed by 4% paraformaldehyde (in 0.2 M PBS) to fix brain 

tissue prior to its removal from the skull. Brains were post-fixed in 4% paraformaldehyde for 

24 hours prior to being cryopreserved in 30% sucrose with sodium azide (Sigma) at 4 °C . 

Histological sections (50 μm thickness) were cut on a cryostat (Leica) directly onto 

microscopic slides.

Immunohistochemistry—Brain sections were washed 3x5 minutes with 0.01 M PBS, 

followed by 1 hr permeabilization in PBS + 0.1% Triton X-100 (Sigma) at room temperature 

(21 °C). Primary antibodies (Table 1) were then applied, diluted in PBS + 0.05% Triton 

X-100, and incubated at 4 °C overnight. After rinsing of the primary antibodies (3x5 min 

PBS), appropriate secondary AlexaFluor 488, 555, or 660 antibodies (1:500; Life 

Technologies) were applied for 1 hour at room temperature followed by 3x5 min washed 

with PBS. Finally, sections were coverslipped with Vectashield for fluorescence containing 

Hoechst 33342 (1 μg/mL, Sigma) and stored at 4 °C prior to imaging. Visualization of 

antibodies was performed with a fluorescence microscope (Axioimager M2, Zeiss) 

interfaced with a monochrome camera driven by Stereo Investigator image capture software 

(MBF Bioscience) using a motorized stage.

ECM hydrogel volume—The virtual tissue module tiled individual 10× images into 

whole hemisphere images. In order to determine the total volume of the injected ECM 

present at the final time point (Day 90), anterior-posterior whole biomaterial images (500 

μm apart) were acquired to measure the area occupied by ECM (i.e. collagen I staining), and 

then multiplied by the distance between images to approximate total scaffold volume.

Parenchyma and lesion volume—To compare the amount of parenchymal volume, 

freehand ROIs were drawn around the tissue for each hemisphere, including the ventricles, 

on 8-bit whole brain histology images in Fiji version 1.49 (https://fiji.sc). Volumes for the 

left and right lateral ventricles were also measured and subtracted from corresponding 

hemispheres to account for differences in ventricular size to yield parenchymal volume for 

each hemisphere. A ratio between ipsi- and contralateral parenchymal and ventricular 

volumes was calculated for comparison. Due to tissue loss in the stroke hemisphere, the 

volume of the contralateral hemisphere served as reference value to calculate lesion volume 

by subtracting ipsilateral parenchymal volume from the contralateral parenchymal volume 

(both excluding ventricular volume). Total lesion volume was calculated by multiplying the 

area measurement by the distance to the next slice (500 μm).

Scarring measurements—Brain tissue sections were stained with GFAP before 

acquiring whole brain images at 10× magnification. Images were acquired with 100 ms 

exposure time for all animals to provide a consistent signal intensity across all sections. The 

images were then processed through Fiji to define straight lines as ROIs starting from the 

lesion boundary and drawing away from the cavity. An intensity vs. distance plot was then 
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created to determine the thickness of the glial scar in both cortex and striatum. These ROIs 

were drawn in all anterior-posterior brain sections containing the glial scarring.

Peri-infarct astrocytosis—In order to determine the percent area covered by astrocytes 

in both ipsilateral (i.e. right) stroke-affected and contralateral (i.e. left) unaffected 

hemispheres, whole brain GFAP stained images were first converted to 8-bit images before 

applying a threshold to mask GFAP+ cells and create a binary map. The same threshold 

value was used for all brain sections to maintain consistency. ROIs were then drawn around 

both hemispheres (excluding the cavity and lateral ventricles) to determine the area fraction 

covered by astrocytes.

Cell invasion—To determine the number and phenotype of cells invading the injected 

ECM, collagen I was used to delineate the border between host and biomaterial. To quantify 

cell invasion, whole graft images were acquired at 20× magnification with brain sections 

stained for Hoechst (to identify cell nuclei) and Collagen I (to mask and delineate the host-

ECM boundary) (Figure 2). Images were processed through Fiji to define grayscale images 

of the invading cells. Composite images of the biomaterial were untiled before quantifying 

the number of invading cells in Cell Profiler version 2.1.1 (http://cellprofiler.org).

Cell Phenotypes—For analysis of phenotypes of invading cells, images were acquired at 

20× magnification to determine the total number of cells (i.e. Hoechst+) within the ECM 

material. 5-8 images were equally spaced throughout the material within a section and 

counted across all anterior-posterior slices containing ECM hydrogel. Phenotypic markers 

for neural progenitor cells (doublecortin, DCX), neurons (Fox3), astrocytes (glial fibrillary 

acid protein, GFAP), oligodendrocytes (2′,3′-cyclic-nucleotide 3′-phospodiesterase, 

CNPase), endothelial cells (rat endothelial cell antigen 1, RECA-1), microglia (ionized 

calcium-binding adapter molecule 1, Iba-1), as well as macrophage activation (CD206 for 

the M2 phenotype, CD86 for M1 phenotype) were used for analysis (Table 1). Although 

many mononuclear macrophages share histological markers, Iba-1 is a commonly used 

marker for brain microglia [45]. To account for differences in the number of invading cells, 

phenotypes were expressed as % of total cells present.

2.8. Statistical analyses

Statistical analyses were performed in SPSS 17 for Mac (IBM) with significance set at 

p<0.05. Specifically, a one-way ANOVA was used to compare cell invasion and phenotypes, 

using a Bonferroni post-hoc test to validate significant comparisons. A two-way ANOVA 

with Bonferroni post-hoc testing was used to contrast the comparison between lesion 

volumes, as well as behavioral data. Graphs were drawn in Prism 6 (GraphPad) with data 

points representing the mean and bars reflecting the standard deviation. A priori power 

calculations were performed in G*Power [46]. A power of 80% (Type II error) with a 

significance of p<0.05 (Type I error) is considered suitable [47]. With a medium effect size f 

of 0.25 for ANOVAs, a total sample size of N=36 is sufficient to achieve a power of 80% at 

the 5% significance level (Figure 1C).
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3. Results

3.1. ECM implantation and evolution of lesion volume

The volume of implantation of ECM precursor was determined based on the hyperintense 

lesion volume, which was measured on pre-implantation T2-weighted MR images (Figure 

2A) using tissue segmentation (Figure 2B). After exclusion of animals with lesions <40 μL 

or no lesion, the remaining MCAo animals were randomly assigned to the untreated or 

treated MCAo groups, with both having equivalent mean lesion volumes of approximately 

130 μL (Figure 2C). Untreated and treated animals’ lesion volume was significantly different 

from controls (F=41.98, p<0.001), with treated rats showing a significant reduction in lesion 

volume at 12 weeks (p<0.05). By accounting for pre-implantation volume, untreated animals 

revealed a 28% increase in volume, whereas lesion volume in treated rats was significantly 

reduced (t=2.856, p<0.01) in comparison to untreated animals (Figure 2D). It is also 

noteworthy that there was a 10% decrease in volume compared to the 2 weeks post-infarct 

baseline volume, although this did not reach statistical significance. ECM implantation 

therefore attenuated the structural progression of stroke damage.

3.2. ECM and tissue deformation

To quantitatively determine the impact of ECM implantation on host tissue structures, pre-

implantation and final MR images were further segmented. Hemispheric parenchymal 

volume was measured to determine if the reduction in lesion volume translated into novel 

brain tissue. However, there was no significant difference between treated and untreated 

animals (Figure 2E). This pattern of results was also evident for a midline shift (Figure 2F), 

right lateral ventricular volume (Figure 2G), and the ratio of left/right lateral ventricle 

(Figure 2H). The lack of host tissue changes therefore suggests that changes in T2-weighted 

lesion volumes is a reflection of an attenuation of the tissue-lesion interface (i.e. T2 signal in 

lesion), rather than the generation of new tissue per se or a slowing ventricular enlargement.

3.3. ECM hydrogel does not impact behavioral functions

To determine the impact of ECM hydrogel on the brain, a battery of behavioral tests was 

employed to evaluate functional changes associated with different brain regions affected by 

stroke. Sensorimotor functions are dependent on striatal and sensorimotor cortex, both 

affected by stroke, and readily assessed by the bilateral asymmetry test (BAT). The 

contralateral hemisphere is unaffected by stroke and serves as an internal control. The right 

forepaw here was unaffected by stroke and was equivalent in all 3 experimental groups 

(Figure 3A). In contrast, the left affected forepaw exhibited a significant impairment in both 

untreated and treated MCAo animals compared to controls, with no evidence of ECM 

hydrogel altering this defect in a positive or negative fashion.

The footfault test is dependent on the motor loop of the striatum and motor cortex and 

demonstrates a robust long-term deficit after stroke. The right forepaw did not show any 

deficit walking over horizontal bars in any of the experimental groups (Figure 3B), whereas 

the left forepaw contralateral to the stroke lesion exhibited a significant impairment pre-

implantation (p<0.001), with no indication of change due to ECM hydrogel evident at any 

time point.
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In contrast to the BAT and footfault, the rotameter evaluates pharmacologically induced 

rotations that probe the hemispheric dopamine-balance in the striatum (Figure 3C), often 

considered a functional measure of the degree of striatal tissue loss. There was no bias in 

clockwise rotations between any of the experimental groups, but there was a significant bias 

in counterclockwise rotations in untreated and treated animals (p<0.001). No difference 

between untreated and treated animals was evident indicating that ECM hydrogel did not 

functionally affect host striatal tissue.

3.4. ECM hydrogel implantation decreases tissue cavitation

After completion of in vivo analyses, fixed tissue was processed for histological analyses. 

Stroke and the loss of brain tissue leads to the formation of a cavity that is delineated by a 

scar formed by glial cells, forming the edge of the tissue (Figure 4A). Implantation of 8 

mg/mL ECM hydrogel into the cavity indicates that it is contained within the cavity 

delineated by gliosis. Although stroke significantly reduced the amount of parenchyma in 

the ipsilateral stroke hemisphere (F=67.58, p<0.001), the presence of ECM hydrogel in the 

lesion cavity did not significantly increase parenchymal volume in comparison to untreated 

animals (Figure 4B). There was also no evidence of a structural effect of ECM treatment on 

ventricular volume, although stroke significantly enlarged the ipsilateral ventricle in both 

groups relative to controls (F=3.41, p<0.05). A comparison of lesion volume between 

untreated and treated animals indicated that there was a 19.8% decrease in the cavity after 

ECM treatment (t=2.143, p<0.05).

3.5. Slow biodegradation produces long-term retention of ECM hydrogel

A macroscopic evaluation of the presence of ECM hydrogel revealed that the bioscaffold, as 

indicated by collagen I staining, was distributed throughout the lesion cavity (Figure 4C). 

Morphologically the ECM hydrogel appeared to reflect the pre-implantation MR lesion 

volume. Histological measurement of the ECM hydrogel volume along the anterior-posterior 

axis (Figure 4D) afforded a volumetric comparison of injected and retained ECM. There was 

a significant 32% decrease (t=6.737, p<0.001) in ECM hydrogel volume by 12 weeks post-

implantation compared to the injected precursor volume (Figure 4E). Despite some 

biodegradation, a large amount of ECM hydrogel remains within the brain of all animals at 

12 weeks post-implantation.

3.6. Glial scarring and peri-infarct astrocytosis are unaffected by ECM hydrogel

Using whole slice imaging of histological sections along the anterior-posterior axis allowed 

a quantitative determination of the extent of scarring in host tissue (Figure 4F). The extent of 

scarring was highest at the edge of the tissue and gradually declined. The intensity of the 

glial scar indicates a scar that is much more pronounced in the striatum than cortex. A 

comparison between untreated and treated animals revealed no significant difference in 

scarring in striatum or cortex (Figure 4G). Thresholding and quantification of the area of 

astrocytosis in the peri-infarct area (Figure 4H) also did not reveal a significant effect of 

ECM in the ipsi- or contralateral hemisphere (Figure 4I).
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3.7. Presence of host cells is not correlated with injected and retained ECM volume

Host cells invaded the ECM hydrogel with cells scattered throughout the bioscaffold (Figure 

5A). Quantification of cells within the hydrogel (Figure 5B) indicated some variability with 

a range of 44,820 to 78,740 cells (mean = 65,050) per animal. To investigate if this 

variability is associated with the volume of injected ECM, a correlation analysis between 

these was performed (Figure 5C), but did not reveal a strong significant correlation (r=0.33, 

n.s.). Lesion volume did also not predict (r=0.35, n.s.) the number of cells that were present 

within the ECM hydrogel (Figure 5D). Cells within the ECM hydrogel were clustered, rather 

than distributed in a homogenous distribution. In some cases, an organization along grooves 

was observed in the hydrogel (Figure 5E). In a few cases, the cellular organization consisted 

of endothelial cells forming tubules, but in most cases such cell accumulations consisted of 

other cell phenotypes.

3.8. Microglia and oligodendroctes predominantly invade ECM hydrogel

To assess the phenotypes of cells inside the ECM hydrogel, immunohistochemical markers 

for individual cell lineages (neural progenitors, neurons, astrocytes, oligodendrocytes, 

endothelial cells, and microglia) found in brain tissue were quantified (Figure 6A). The vast 

majority of cells within the ECM were of a microglia (Iba1, 51%) phenotype (F=130.6, 

p<0.001; Figure 6B), with fewer cells being oligodendrocytes (CNPase; 31%) and very few 

cells being endothelial (RECA1, 3.75) cells and astrocytes (GFAP, 1.3%). Neurons (Fox3, 

4.2%) and neural progenitors (DCX, 0.15%) were rarely seen within the material at 90 days. 

A 36.4% co-expression of M1 (CD86)- and M2 (CD206)-like characteristics on monocytes 

(i.e. microglia/macrophages) was most commonly observed. Significantly fewer cells 

(F=20.27, p<0.001) presented with an exclusive M1 (9.5%)- or M2 (4.8%)-like phenotype 

(Figure 6C).

4. Discussion

The formation of a tissue cavity in the brain is commonly the result of a severe acute tissue 

injury, such as stroke [48] or traumatic brain injury (TBI) [49], but can also be caused by a 

surgical intervention to evacuate a hematoma [50], or the resection of a neoplasm [51]. The 

loss of tissue is associated with severe disability and structural deformations of host tissue 

leading to behavioral dysfunctions through Wallerian degeneration or tissue compacting 

[52]. As ECM hydrogel can be retained within this tissue cavity [25] and promote the 

infiltration of site-appropriate phenotypes [26], we here determined that an 8 mg/mL ECM 

hydrogel was retained long-term (12 weeks) after implantation with only moderate signs of 

biodegradation. The retention of some host cells that invaded was also evident. These cells 

were predominantly pro-repair microglia and oligodendrocytes that were sparsely 

distributed. There was a significant effect on lesion volume as determined by MRI, but there 

was no reduction in tissue deformation caused by the stroke. No effect on a battery of 

behavioral tests was evident, indicating minimal impact on host tissue function. These 

results therefore indicate that an 8 mg/mL ECM concentration promoted a reduction in 

lesion volume, but did not undergo a rapid biodegradation as observed in peripheral soft 

tissue that could support extensive tissue repair.
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Biodegradation of ECM bioscaffold in brain

ECM bioscaffolds typically undergo a 50% biodegradation within 30 days and are fully 

degraded between 75-90 days in volumetric soft tissue defects [18]. Bioscaffolds are often 

considered to provide the ‘soil’ to seed stem cells from the host organ [19]. Implantation of 

ECM into the stroke-damaged brain induces a very significant infiltration of host cells 

within 24 hours, akin to that observed in peripheral organs [26]. This initiation of a 

constructive remodeling response is essential for tissue repair [9] and is governed by a 

principle of dynamic reciprocity in which the ECM adapts to the structural, mechanical and 

functional needs of cells [53]. Although there was a 32% decrease in ECM volume over 12 

weeks here, the significant retention of the hydrogel within the tissue cavity indicates that 

biodegradation of this material in the brain is slower than that in peripheral soft tissue.

Structural elements, such as pore size and fiber orientation, within the ECM hydrogel can 

influence the biodegradation properties of a scaffold [54]. ECM hydrogels with a denser 

fiber architecture typically show a slower biodegradation, as evidenced by dermal ECM 

hydrogel taking longer to degrade than an equivalent concentration of UBM-ECM [55]. 

Fiber diameter (0.7 μm), pore size (0.10 μm2), and node density (6 nodes/μm2) are well 

conserved between 2 and 8 mg/mL UBM-ECM concentrations [55]. Pore sizes within these 

preparations are smaller than NSCs, which we established to have a diameter of ∼20 μm 

[44]. A significant invasion of NSCs was nevertheless observed within 1 day post-

implantation suggesting that migration itself was not hindered [26]. Smaller pore size in 

gelatin scaffolds (50-200 μm) are thought to induce differentiation of chondrocytes, whereas 

larger pores (250-500 μm) support proliferation [56], potentially indicating that invading 

NSCs differentiate rather than migrate into the scaffold. Still, little is known about how 

porosity influences neural stem cell migration and differentiation. It is important to note that 

cells can change their shape to migrate through smaller pores and pore size can also be 

enlarged by macrophages pushing apart or degrading fibers [57]. Although pore size 

provides a geometry that facilitates cell migration, with larger pore size increasing cell 

migration [56, 58], soluble factors also influence cell behavior by diffusing through these 

pores [12].

Macrophage infiltration and their activation toward a M2-phenotype have been implicated in 

ECM remodeling [59] and been identified as a key process for tissue replacement [3, 13]. 

Cells contained within the matrix here were predominantly macrophages and microglia with 

a M2-polarization indicating that the scaffold maintained an appropriate biodegradation 

response. However, there were very few cells present here at 12 weeks (mean=65,050 cells) 

compared to those reported at 1 day (mean=366,278cells) post-implantation [26]. This 

difference of 82% fewer cells potentially explains the lack of or extremely slow degradation 

response. It remains unclear why the number of cells within the material would decrease so 

dramatically after 1 day. A time course study investigating the cellular infiltration and 

degradation response of different ECM concentrations will be required to further address 

these issues.

The central nervous system is known to be an immune-privileged environment that has 

limited potential for self-repair [60]. Nevertheless, the host brain response to ECM hydrogel 

implantation suggests that the bioscaffold can attract significant numbers of host cells to 
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promote structural remodeling by 24 hours [26]. At 12 weeks, oligodendrocytes and 

microglia/macrophages were the dominant cell phenotypes with very few astrocytes, neural 

progenitors and neurons present. Still, the presence of neurons within the hydrogel is 

encouraging. The lack of neovascularization of the bioscaffold through endothelial cell 

invasion and organization is potentially a major factor impeding the structural remodeling of 

the implanted material. It remains unclear why revascularization of ECM hydrogel occurs 

efficiently in peripheral organs, but not in the brain. Improving the neovascularization of the 

scaffold could hence be a key factor to promote the degradation response and sustain 

invading brain cells.

Structural support to host brain prevents lesion volume increase

In addition to the release of biochemical factors from the ECM, its rheological properties are 

also likely to influence cell invasion and phenotypic differentiation. It is known that stiffer 

material tends to promote astrocytic, rather than neuronal, differentiation [61, 62]. Lower 

concentration hydrogels that are less stiff could hence undergo a more significant 

biodegradation and promote invasion of appropriate phenotypes to form a neurovascular 

environment. The slow biodegradation also maintains a stiffer environment, potentially 

limiting further cell invasion [63], as well as morphological cell changes required to align 

and form a novel vascular structure. Mechanosensing of hydrogels by host tissue also 

influences the interface with host tissue by creating a glia scar [64]. Nevertheless, cells 

infiltrated the material upon implantation through the scar. This suggest that neither the 

stiffness of the material, nor the dense gliosis at the edge of the tissue defect provided a 

barrier to cell invasion. There was no evidence here that ECM hydrogel impacted the extent 

of scarring or peri-infarct astrocytosis, further indicating a minimal impact on existing brain 

tissue.

As the hydrogel maintained its macroscopic structure within the cavity, it can also exert 

structural support to host brain tissue. The impact of stroke on the host brain is severe with a 

major loss of tissue leading to ventricular enlargement, progressive atrophy of the ipsilateral 

parenchyma and an enlargement of the contralateral hemisphere. These tissue deformations 

are reflected in a midline shift [27, 65], with pressure gradients within tissues producing 

secondary Wallerian degeneration of axonal connections and poorer outcomes [66, 67]. 

Reducing tissue deformation is considered beneficial to overall long-term deficits associated 

with infarction [52, 68]. A slowly degrading bioscaffold implanted into the stroke cavity 

could exert a supportive function for host tissue. Sufficient stiffness of the hydrogel will be 

required to ensure a structural support to surrounding tissue. Although there was minimal 

attenuation of ventricular enlargement and midline shift, a significant reduction in lesion 

volume compared to baseline and an ∼40% difference to the untreated animals revealed 

structural effects of the hydrogel on the lesion environment. This difference in treated and 

untreated animals is likely a combination of the cumulative effects of smaller changes in 

parenchymal volume and right lateral ventricle. A more acute implantation of hydrogel in 

combination with the controlled local delivery of therapeutic compounds could provide new 

treatment approaches in stroke, traumatic brain injury and gliomas [69-72].
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ECM hydrogel does not affect behavioral function

ECM implantation has been reported to promote behavioral improvements in animal models 

of TBI [23, 73, 74]. However, in these cases smaller volumes at lower concentrations of 

ECM were injected without retention of material within the tissue cavity. We here 

demonstrated that the retention of urinary bladder ECM within the stroke cavity did not 

impact behavioral functions. No improvement in deficits was evident, but there was also no 

indication that the injection led to any deleterious effects. Long-term retention of ECM 

hydrogel therefore is likely to be safe for physical support and delivery of therapeutic 

factors, but a concentration of 8 mg/mL is not providing a therapeutic behavioral benefit by 

itself. It is hence possible that lower concentrations of ECM, which partially gel after 

injection, would permeate into surrounding tissue to produce beneficial therapeutic effects.

The interface and permeation of ECM into this area might be an important factor in 

achieving therapeutic efficacy. The implantation of human neural stem cells into the peri-

infarct, for instance, has significantly improved the same behavioral deficits as assessed here 

within a 3 months’ time frame [28] and might indicate that repair of pre-infarct tissue is a 

key process in achieving behavioral recovery. As lower concentrations (3-4 mg/mL) of ECM 

hydrogel permeate into this peri-infarct tissue [25], these concentrations might provide more 

favorable conditions to affect behavioral deficits [73], even though these preparations do not 

yield as significant a cell invasion after 24 hours of implantation [26]. In this case, the 

signaling properties of ECM hydrogel would induce the repair of damaged tissue, rather 

than necessitating a structural scaffold to support the invasion of cells to form a de novo 

tissue. Although collagen I is the most abundant molecules in UBM- ECM hydrogel and is 

likely to convey its rheological properties, it also contains a myriad of other proteins, 

oligopeptides, glycosaminoglycans, proteoglycans, growth factors and other juxtracine/

paracrine signaling molecules (including nanovesicles). All of these can influence the repair 

response by modifying macrophage phenotype, stem cell recruitment and 

mechanotransduction. However, the variety and complexity of these molecules and their 

interaction in the damaged brain pose a harrowing challenge to elucidate a specific 

mechanism of repair. Further exploration of these extensive structure-function relationships 

is required to achieve a therapeutic efficacy comparable to the implantation of neural stem 

cells in the peri-infarct area, but also promoting conditions that improve the structural 

remodeling of ECM inside the lesion cavity to encourage the replacement of lost tissue, as 

seen in peripheral organs.

5. Conclusions

The tissue loss after a stroke constitutes a major challenge to improve behavioral outcomes. 

Implantation of a bioscaffold into the cavity can potentially provide physical support to the 

remaining host brain tissue, but inductive biomaterials can also attract host cells to invade. 

We here demonstrated that an 8 mg/mL concentration of UBM-ECM hydrogel can reduce 

the lesion cavity with minimal impact on host tissue, peri-infarct astrocytosis and glial 

scarring. The hydrogel was retained within the cavity for 12 weeks suggesting that the 

biodegradation of the material within the brain does not replicate the typical time course 

observed in peripheral tissues. Behavioral functions were not affected by the implantation or 
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retention of the material within the cavity indicating that an 8 mg/mL preparation appears 

safe for the local delivery of therapeutic factors, but by itself does not appear to exert a 

therapeutic benefit in stroke. Further studies are required using lower concentrations of ECM 

hydrogel that would afford permeation into the peri-infarct areas and potentially sustain a 

host response that could reproduce the structural remodeling observed in peripheral organs.
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Statement of Significance

In situ gelation of ECM is essential for its retention within a tissue cavity. The brain is a 

unique environment with restricted access that necessitates image-guided delivery 

through a thin needle to access tissue cavities caused by stroke, as well as other 

conditions, such as traumatic brain injury or glioma resection. Knowledge about a brain 

tissue response to implanted hydrogels remains limited, especially in terms of long-term 

effects and potential impact on behavioral function. We here address the long-term 

retention of hydrogel within the brain environment, its impact on behavioral function, as 

well as its ability to reduce further tissue deformation caused by stroke. This study 

highlights considerable differences in the brain's long-term response to an ECM hydrogel 

compared to peripheral soft tissue. It underlines the importance of understanding the 

effect of the structural presence of a hydrogel within a cavity upon the host brain tissue 

and behavioral function. As demonstrated herein, ECM hydrogel can fill a cavity long-

term to reduce further progression of the cavity, while potentially serving as a reservoir 

for local drug or cell delivery.
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Figure 1. Experimental Design
A Diagrammatic representation of animals enrolled in the study charts the inclusion and 

exclusion of animals, as well as their random group allocation points. B. Overview of 

experimental time line with procedures performed on animals in relation to implantation of 

ECM hydrogel (week 0). C. A priori calculations to define a sufficient sample size as a 

function of statistical power (1-β) and effect size (f for ANOVA analyses). A power of 80% 

is considered sufficient to account for Type II errors, whereas a statistical significance of 

p<0.05 is considered a threshold for Type I errors. Considering these parameters, the 36 

animals enrolled here will achieve sufficient power if a medium effect size of 0.25 is 

achieved.
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Figure 2. Evolution of lesion volume and tissue deformation
A T2-weighted MR images of experimental groups over time reveal the hyperintense lesion 

cavity in animals with stroke damage. B. Measurement of lesion volume (red region-of-

interest) based on the hyperintense T2-weighted signal on MR images defined by mean 

signal of the contralateral hemisphere + 1 standard deviation (scale bar 2 mm). Ipsilateral 

(green) and contralateral (light green) parenchymal tissue, lateral ventricles (yellow) were 

also segmented on MR images. Midline shift (blue line) was calculated by a ratio between 

distance of the ipsilateral and contralateral hemisphere midpoints. C. Lesion volume was 

calculated for a baseline pre-implantation time point, as well as for 4 and 12 weeks post-

implantation. D. To account for variations in lesion volume at baseline, % change between 

baseline and 12 weeks were calculated. E. A ratio of parenchymal volume revealed a 
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significant loss of parenchyma in stroke animals, which further declined a little over 12 

weeks. F. A gradual shift of the midline was evident in both stroke groups, but was not 

impacted by ECM hydrogel implantation. G. An equivalent dramatic increase in ipsilateral 

lateral ventricle was evident in both stroke groups. H. The ratio between the ipsilateral and 

contralateral ventricle further reflect these gradual long-term changes in tissue structure after 

stroke. ECM hydrogel did not affect these tissue deformations.

Ghuman et al. Page 23

Acta Biomater. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Behavioral assessment
A Bilateral asymmetry test (BAT) analyses revealed a significant sensorimotor bias in the 

left forepaw, but not in the right forepaw in untreated and treated animals. B. Treatment did 

not affect sensorimotor bias compared to untreated animals. The footfault test measured 

motor integration, which was significantly impaired in the left affected forepaw. Treated 

animals performed comparably to untreated animals on this task. C. Amphetamine-induced 

rotation bias on the rotameter reveals striatal integrity and dopamine responsiveness. Treated 

and untreated rats exhibited a comparable asymmetry in rotation.
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Figure 4. ECM hydrogel retention and glial scarring
A A histological comparison between controls, untreated and treated stroke animals reveals 

a major tissue loss in the ipsilateral hemisphere, as well as the presence of ECM hydrogel 

within the lesion cavity. B. A quantification of parenchymal volume in these 3 groups 

indicated a 33% tissue loss in animals with stroke, as well as a dramatic increase in 

ipsilateral ventricular volume. A treatment effect was evident on stroke lesion volume with a 

19.8% decrease in cavity volume. C. ECM hydrogel was retained inside the lesion cavity in 

all treated animals as indicated by collagen I staining surrounded by host tissue. D. Along 

the anterior-posterior axis, ECM hydrogel was identifiable as a morphologically distinct 

entity aided by collagen I staining. E. A comparison between injection volume of ECM gel 

precursor and volume of hydrogel at 3 months revealed a decrease of 32%, but due to 
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individual variability this did not reach statistical significance. F. To evaluate the impact of 

ECM hydrogel on glial scarring at the tissue interface, whole brain slice images covering the 

lesion cavity along the anterior-posterior axis were acquired for all 3 groups to measure the 

level of astrocytic (GFAP) reactivity inside striatal and cortical tissue. G. A marked increase 

in GFAP staining was evident at the border of the lesion cavity that gradually decreased 

further inside the tissue. GFAP reactivity in the stroke-damaged striatum was higher than in 

the cortex. However, there was no significant difference between untreated and treated 

animals. H. Peri-infarct astrocytosis (i.e. the area occupied by reactive astrocytes) in the 

ipsilateral and contralateral parenchyma was measured by an 8-bit conversion of whole slice 

images to apply a threshold that created a binary map. I. This binary image afforded 

quantification of area occupied and provided a comparison of the 3 experimental groups to 

indicate that there was no significant difference between untreated and treated animals, 

although both had significantly more astrocytosis than normal controls. Scale bar 2 mm.
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Figure 5. Presence of host cells in ECM hydrogel
A A sharp boundary of DAPI cells defined the interface between biomaterial and host brain 

with some cells being present within the ECM hydrogel. B. Using collagen I staining, a 

region-of-interest for the ECM hydrogel was defined and applied to the DAPI image to 

provide a quantification of the number of cells present within the hydrogel at 12 weeks post-

implantation. A mean invasion of 65,050 cells with a range of 44,820-78,740 cells was 

measured. C. A non-significant (n.s.) correlation between injection volume of ECM or 

histological volume of ECM at 12 weeks indicates that the number of invading cells was not 

directly related to the volume of ECM injected into the brain. The regression line in the 

scatter plot reflects the steepness of the correlation between the two data sets. D. There was 

also no significant association between the degree of stroke damage (i.e. lesion volume) and 
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the number of invading cells, further highlighting that other factors play an important role in 

host cell invasion. E. Host cells that invaded and remained within the ECM hydrogel appear 

to be localized along topological grooves revealed by collagen I staining. Scale bars 100 μm.
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Figure 6. Phenotypic characterization of cells in ECM hydrogel
A Immunohistochemical characterization of individual cell phenotypes within the ECM 

hydrogel at different magnifications. B. A phenotypic analysis of cells present within the 

hydrogel were predominantly microglia (ionized calcium binding adapter molecule 1, 

Iba-1), as well as fewer (p<0.01) cells from the oligodendrocyte lineage (2′,3′-cyclic-

nucleotide 3′-phosphodiesterase, CNPase). Significantly (p<0.001) fewer neurons (Fox3), 

neural progenitors (doublecortin, DCX), astrocytes (glial fibrillary acid protein, GFAP) or 

endothelial cells (rat endothelial cell antigen 1) were found. C. A comparison of monocyte 

polarization indicated that these mostly co-expressed M1 (CD86) and M2 (CD206) markers, 
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with significantly fewer cell expressing only CD86 (p<0.01) or CD206 (p<0.001). Scale bars 

100 μm.
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Table 1

List of antibodies used for immunohistochemistry.

Antibody Concentration Company Cat. Ref. Clone

Collagen-I 1:250 Abcam Ab34710 Collagen I aa 1-1464

Iba-1 1:300 Abcam Ab5076 Iba1 aa 135-147

GFAP 1:3000 Sigma G3893 G-A-5

DCX 1:150 Abcam Ab153668 CAA0661′7.1 and AAT58219.1

CNPase 1:200 Abcam Ab6319 11-5B

Fox3 1:500 Abcam Ab104224 1B7

RECA-1 1:100 Abcam Ab9774 RECA-1

CD86 1:200 Abcam Ab53004 EP1159Y

CD206 1:200 Santa Cruz sc-34577 C-20
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