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Purpose: Strokes are devastating as there are no current therapies to prevent long-term
neurological deficits. Previous studies reported that cerebroprotein hydrolysate (CH) plays
a role in neuronal protection in acute phase after ischemic stroke, while the long-term effects
of CH upon brain plasticity and neurological outcomes after stroke are still uncertain. To
address these gaps, we assessed the effect of a new cerebroprotein hydrolysate, CHI, on
long-term gray and white matter integrity as well as axonal plasticity in the late phase after
ischemic stroke and the potential mechanisms.

Methods: Adult male mice were subjected to permanent distal middle cerebral artery
occlusion (AMCAO), followed by daily intraperitoneal injection of CHI1 for 14 days.
Motor function was measured weekly through behavioral neurological evaluations. Gray
matter intensity and white matter intensity were examined by immunofluorescence staining.
The sonic hedgehog (Shh) inhibitor cyclopamine (CYC) was injected to determine the
involvement of the Shh pathway in the therapeutic effects of CHI1.

Results: We found that intraperitoneal delivery of CH1, compared to vehicle administration,
significantly improved long-term neurological outcomes at various times and promoted neu-
ronal viability at 14 days but not at 28 days after stroke. Importantly, CH1 mitigated stroke-
induced white matter injury and facilitated axonal plasticity in the late stage after stroke.
Conclusion: These results unveil a previously unappreciated role for CH in the repair of
white matter and brain plasticity after stroke.

Keywords: ischemic stroke, cerebroprotein hydrolysate, axonal plasticity, white matter
integrity, Shh pathway

Introduction

Ischemic stroke is the leading cause of death and disability in adults worldwide.! To
date, the only FDA-approved medication for ischemic stroke is recombinant tissue
plasminogen activator (rtPA), but its use is confined to a narrow time window of 4.5 h,
and it can cause intracranial hemorrhage as well as inflammatory response in brain
capillaries and subsequently neuronal cell damage after stroke as deleterious side
effects.”* Most candidate neuroprotective drugs have found mismatches between
preclinical studies and clinical trials, partly due to a failure to activate long-term
brain repair processes.” Therefore, effective strategies to promote long-term functional
assessments after stroke are critical beyond the hyperacute phase of ischemia.
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Stroke causes neuronal damage within gray matter and
axonal injury within white matter tracts.®” Upon cerebral
ischemia, the brain initiates self-repair mechanisms and
undergoes a post-stroke neurorestorative process, mainly
including angiogenesis, neurogenesis and axonal
plasticity.® Previous studies in the stroke field have mainly
focused on neuronal cell death mechanisms.”!° However,
assessments of gray matter injury do not always coincide
with behavioral function impairments; therefore, an
increasing amount of research has addressed the assess-
ment of axonal plasticity within the white matter, which
has been demonstrated to be strongly correlated with
ischemia.'® Extensive rewiring of remaining neuronal con-
nections in the white matter during the axonal plasticity
process leads to post-stroke cortical map rearrangement
and functional improvement.'' Therefore, strategies target-
ing axonal repair and the formation of new connections are
needed for stroke recovery.

Sonic hedgehog (Shh), a secreted glycoprotein, is an
endogenous activator of the Hedgehog pathway. Shh initi-
ates signaling by binding to its cell surface receptor,
Patched-1 (Ptch-1). Then, Ptch-1 is inactivated, releasing
its suppression of smoothened (Smo). The transcription
factor Gli-1 is activated and translocated into the nucleus,
inducing the transcription of Gli-1 target genes. Our recent
study has demonstrated that the endogenous Hedgehog
pathway is activated after ischemic stroke, promoting neu-
rogenesis in the subventricular zone in vivo and promoting
neurite outgrowth in vitro.'> Meanwhile, activation of the
Shh signaling pathway promotes axonal regeneration fol-
lowing stroke.'® Therefore, Shh and its downstream sig-
naling molecules can serve as potential therapeutic targets
to induce axonal plasticity after stroke.

Cerebroprotein hydrolysate (CH) is a mixture of low-
molecular-weight neuropeptides derived from purified porcine
brain tissue. The ability to penetrate biological membranes and
pass through the blood-brain barrier makes CH a strong candi-
date for clinical application. In vivo, CH has been demon-
strated to improve long-term functional outcomes, promote

1415 attenuate neuroinflammation'® and inhibit

neurogenesis,
free radical formation.'® Importantly, several randomized clin-
ical trials in patients also revealed the therapeutic value of CH
in the field of stroke research.'” ! However, the effect of CH
on axonal plasticity within the white matter following ischemic
stroke is not known in detail.

In this study, we sought to explore the potential appli-
cation of a new cerebroprotein hydrolysate, known as

cerebroprotein hydrolysate (I) (CHI). We aimed to

evaluate the neuroprotective effect of CHI against long-
term neurological deficits and axonal plasticity in the late
phase in a mouse model of distal middle cerebral artery
occlusion (AIMCAO) and determine whether this benefit
was associated with activation of the Shh pathway.

Materials and Methods

Animals and Experiments

A total of 221 adult male C57BL/6 mice (23 to 25 g; 8 to
12 weeks) were obtained from Vital River Laboratory
Animal Technology Co. 3, Ltd. (Beijing, China). All ani-
mal procedures were approved by the Institutional Animal
Care and Management Committee of the Second Hospital
of Hebei Medical University (Permit No. HMUSHC-
130,318) and performed in accordance with the Guide
for the Care and Use of Laboratory Animals. All efforts
were made to minimize animal suffering and the number
of animals used. Mice were group-housed in a specific-
pathogen-free (SPF)-grade, temperature- and humidity-
controlled animal facility with free access to food and
water under a 12/12-hour light/dark cycle. All mice were
the same age at the beginning of the experiments. All
surgeries and outcome measurements were performed by

investigators blinded to the experimental group
assignments.
dMCAOQO Model

Focal cerebral ischemia was induced in adult male mice by
permanent occlusion of the right common carotid artery
(CCA) and right distal middle cerebral artery (MCA) in
a sterile operating room, as described previously.?

Briefly, mice were anesthetized with 3% (vol/vol) iso-
flurane in 67%:30% (vol/vol) N,O/O,; anesthesia was
maintained with 1.5% (vol/vol) isoflurane. After a skin
incision was made at the midline of the neck, the right
CCA was dissected and permanently ligated. Then, another
incision was made between the right ear and eye, and
a craniotomy was performed to expose the right MCA.
The distal MCA was permanently coagulated by low-
intensity bipolar electrocautery without damaging the
brain surface. The rectal temperature and the right tempor-
alis muscle temperature were maintained at 37.0+0.5°C
during surgery by using a heating pad and a heat lamp,
respectively.

Regional cortical cerebral blood flow (CBF) was mea-
sured using two-dimensional laser speckle techniques to
evaluate whether the dMCAO models were conducted
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successfully according to the manufacturer’s instructions
(Supplementary Methods section in the Supplementary

materials). Mice were excluded if they died or developed
subarachnoid hemorrhage during operation or if their
regional cortical CBF was not reduced to less than 30%
of the baseline level. A total of 8 mice were excluded
because of death or failing to meet the criteria. The attri-
tion rate is about 3.6%. Throughout the text, we refer to
this ischemia modeling procedure as “dMCAO”.

Drug and Reagent Administration

CH1 was purchased from Hebei ZhiTong Biopharma
Pharmaceutical Co., Ltd. with a Chinese FDA ratification
code of GuoYaoZhunZi-H20051737/H20051738. CHI was
administered daily by intraperitoneal (i.p.) injection for 14
days after AMCAO. All the mice were randomly divided into
6 groups using a random number table generated by the soft-
ware program SPSS 22.0 (SPSS Inc., Chicago, IL, USA).
These 6 groups were as follows: Sham group (sham) — sham-
operated mice underwent the same surgical procedures as the
dMCAO mice except for the occlusion of the CCA and MCA,;
vehicle group (vehicle) — mice were subjected to IMCAO and
then received i.p. injections of normal saline in the same
volume as the experimental CH1 injections; CH1 groups —
mice received i.p. injections of CHI1 at 5 mg-kg ' (CHI-L),
10 mg-kg ' (CHI-M), or 20 mg-kg ' (CH1-H) once daily for
14 days after dAMCAO; CH1+cyclopamine (CYC) groups —
mice were treated with CH1 combined with CYC (1 mg-mL ™",
10 mg-kg ™ "); this combination was administered daily by i.p.
injection for 14 days after stroke.

Behavioral Tests

Rotarod

In order to assess sensorimotor balance and coordination
after stroke, mice were placed on an accelerating rotating
drum as described previously.** In brief, mice were forced to
run on a rotarod accelerating from 4 to 40 rpm within a 300-
s duration. The latency of each mouse to fall off the machine
was recorded by an investigator who was blinded to the
treatments. All mice were trained for 3 days before stroke,
and the average latency on the last day before IMCAO was
used as the prestroke (baseline) level. The test was repeated
at 3 days, 7 days, 14 days, and 28 days after IMCAO.

mNSS

The modified neurological severity score (mNSS) is
a composite evaluation standard of motor, sensory, reflex,
and balance tests, graded on a scale ranging from 0 to 18

(normal score, 0; maximal deficit score, 18).>> A higher
score indicates worse neurological function. All neurolo-
gical function evaluations were recorded by an investiga-
tor blinded to the treatment groups.

Adhesive Removal Test

An adhesive removal test was performed to assess sensor-
imotor function and postural asymmetry in ischemic
mice.”*** Briefly, two pieces of adhesive tape (0.2 x
0.3 cm?) were attached to the lesioned forepaws of the mice
with equal pressure. The mice were placed in a Perspex box;
contact time (the latency of the mouse to show a tactile
response to the presence of the adhesive strips) and removal
time (the latency of the mouse to remove the adhesive strips)
were collected, with a maximum period of 120 s.

TTC

The infarct volume was evaluated by 2,3,5-triphenyltetrazo-
lium chloride (TTC) staining at day 14 and day 28 after
dMCAO.?° Briefly, under deep anesthesia, the fresh brain of
each mouse was rapidly removed and sliced into 6 coronal
sections. Then, sections were immersed in 2% TTC at 37°C
for 15 min. Infarct volume was calculated with NIH ImageJ
software (National Institutes of Health, RRID SCR_003070)
by an observer blinded to the experimental groups. Infarct
volumes were determined using the following equation,?’
which corrects for edema: Infarct volumes (%)=[Total
Lesion Volume - (Right Hemisphere Volume - Left
Hemisphere Volume)]/Left Hemisphere Volume x 100.

Assessment of Cerebral Cortical

Expansion

Under deep anesthesia with isoflurane at 14 days and 28
days after stroke, the brains of mice were fixed by paraf-
ormaldehyde perfusion and then removed. Images of the
whole brains were captured by a microscopic digital cam-
era (AxioCam, Zeiss) and then analyzed by the Imagel
system. The injury contralateral width (W.contra) from the
lateral edge to the midline and the injury ipsilateral width
(W.ipsi) from the edge of cortical cavitation to the midline
were measured. Measurements were performed at the mid-
point of the forebrain. Cortical width index (CWI) = W.
ipsi x 100%/W.contra.”®

Nissl Staining

We conducted Nissl staining to evaluate cortical neuronal
density. The paraffifinized brain sections (5mm) were
stained with 0.1% cresyl violet (Sigma, USA). Then, the
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cell morphology in cerebral cortex was observed under an
x200 optical microscope (Zeiss, Germany). Numerous
Nissl bodies were observed, indicating that the neurons
had a high ability to synthesize proteins. When the neurons
were damaged, the number of Nissl corpuscles decreased
significantly. The number of stained cells was counted
randomly from four high-power fields in the ischemic
penumbra and calculated using Image J.

Western Blotting

Proteins were isolated from brain tissue and analyzed
using the standard SDS-PAGE method. Immunoreactivity
was determined by semiquantitative gel density scanning.
The following antibodies were used: rabbit anti-Shh
(1:1000, Boster), rabbit anti-Ptch-1 (1:500, Abcam),
mouse anti-Smo (1:300, Proteintech), rabbit anti-Gli-1
(1:500, Bioworld), rabbit anti-GAP43 (1:5000, NOVUS),
and rabbit anti-GAPDH (1:10,000, Bioworld). Membranes
were scanned with an Odyssey infrared scanner (LICOR
Bioscience, Lincoln, NE, USA) and analyzed with ImageJ
software. The relative densitometric values were quanti-
fied with respect to GAPDH.

Tract-Tracer Injections and Quantification

of Axonal Sprouting

Poststroke axonal remodeling was assessed using antero-
grade tracing as described previously.”® At 14 days after
stroke, mice were anesthetized and fixed in a stereotaxic
frame with the skull exposed. The tract tracer biotinylated
dextran amine (BDA, 10,000 MW; Molecular Probes,
Eugene, OR) was dissolved in saline at a concentration
of 10% (wt/vol) and injected at two sites in the contrale-
sional (left) primary motor cortex (M1; 2 uL per injection;
stereotaxic coordinates relative to bregma: 1. anteroposter-
ior (AP) 0.6 mm, mediolateral (ML) 1.2 mm, dorsoventral
(DV) 1.5 mm; 2. AP 0.0 mm, ML 1.8 mm, DV 1.70 mm)*’
2 weeks after AIMCAO or the sham operation. The micro-
pipette was left in place for 10 min after the injection.
BDA was allowed to be anterogradely transported for an
additional 2 weeks to trace the organization of the pyra-
midal tracts. Two weeks later, the mice were perfused with
0.9% (wt/vol) NaCl, followed by 4% (wt/vol) paraformal-
dehyde. The entire brain was processed and immersed in
4% paraformaldehyde overnight. Tissue sections (35 pm)
were incubated in streptavidin-FITC to analyze the regen-
eration of BDA+ fibers after injury. The number of mid-
line-crossing BDA-positive fibers (from the intact side to

the lesioned side) was quantified manually by an investi-
gator blinded to the experimental groups.

Immunofluorescence Staining

Briefly, coronal brain sections fixed in 4% PFA were
permeabilized in 0.5% Triton X-100 for 20 min. After
being washed once in PBS and blocked with 10% donkey
serum for 1 h at 37°C, tissues were incubated with primary
antibodies at 4°C overnight. The following primary anti-
bodies were used: rat anti-myelin basic protein (MBP;
1:400, Abcam); mouse anti-non-phosphorylated neurofila-
ment H (SMI-32; 1:100, Biolegend), mouse anti-NeuN
(1:500, BD Biosciences), and rabbit anti-Gli-1 (1:50,
Bioworld). On the second day, after three washes in
PBS, sections were incubated with appropriate secondary
antibodies at room temperature for 1 h. After three washes
in PBS, brain sections were then coverslipped with
Fluoromount-G containing 4',6-diamidine-2-phenylindole
(DAPI; Southern Biotech, Birmingham, AL) to stain the
cell nuclei.

Statistical Analysis

Data are presented as the mean = SD. GraphPad Prism
software (GraphPad Software Inc., CA, USA) was used
for statistical analysis. The data were first tested for nor-
mality and Levene’s test was used to assess the uniformity
of the variance. Nonparametric one-way analysis of var-
iance (ANOVA) followed by Tukey’s post hoc test was
performed for comparisons among more than two groups.
A two-tailed Student’s #-test was performed for two-group
comparisons. Nonparametric analyses were performed
with the Kruskal-Wallis H-test for mNSS. Imagel soft-
ware was used to quantify the band intensity in Western
blot images. Quantification was performed from at least
three independent experiments. The criterion for statistical
significance was set to P < 0.05.

Results
Poststroke CHI| Administration

Alleviates Long-Term Neurological

Deficits in dIMCAO Mice

The dMCAO model was successfully conducted, which
were examined by cerebral blood flow measurements
(Fig. SIA-C). We first examined the effects of various
CHI1 doses (5, 10, and 20 mg/kg) on long-term neurologi-
cal deficits at various times after AMCAO (Figure 1A).
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As illustrated in all experiments, postischemic neuro-
behavioral performance was considerably worse than base-
line at day 3 after dAMCAO and gradually returned to
baseline 7 days later. According to the rotarod results,
5 mgkg CH1 (CHI-L) was not
a statistically significant improvement in neurological

associated with

function at any time point. Both 10 mg/kg (CHI1-M) and
20 mg/kg (CH1-H) CHI1, compared with vehicle, signifi-
cantly improved neurological function at 7, 14 and 28 days
after stroke (Figure 1B).

The results of the adhesive removal test were consis-
tent with the rotarod data: both 10 mg/kg and 20 mg/kg
CH1 mice exhibited better contact time and removal time
14-28 days after dMCAO
(Figure 1D and E). Both parameters showed nearly com-
plete recovery at 28 days after AIMCAO.

The mNSS scores indicated severe and persistent neu-

than the wvehicle group

rological deficits after AMCAO compared with baseline.
Treatment with 10 mg/kg CHI1 significantly alleviated
neurological deficits in mice
(Figure 1C).

Taken together, our findings indicate that both 10 mg/

late-stage poststroke

kg and 20 mg/kg CH1 potentiated sensorimotor function in
the late stage of stroke. Among the tested doses, 10 mg/kg
was the lowest dose that significantly improved poststroke
performance in all tests. The higher dose (20 mg/kg)
produced no further improvement in behavioral perfor-
mance. Therefore, 10 mg/kg CHI was selected as the
optimal dose for the following studies.

Poststroke CHI| Administration Reduced
Infarct Volume and Increased the Cortical

Width Index at 14 Days but Not 28 Days

After Stroke

Next, we studied the effects of CH1 on neuropathological
outcomes correlated with improvements in functional
recovery at 14 days and 28 days after stroke. As expected,
the infarct volume was dramatically reduced in CHI
(10 mg/kg)-treated mice compared with the vehicle group
at 14 days after stroke (Figure 2A and B). Interestingly, at
28 days after ischemia, the infarct volumes were compar-
able between CHI1- and vehicle-treated mice. Meanwhile,
the CHI group exhibited a significantly higher cortical
width index than the vehicle-treated group at 14 days after
stroke (Figure 2C and D), but the cortical width index of the
CHI group was comparable to that of the vehicle group at
28 days after stroke.

These findings suggested that CH1 can reduce infarct
volume and increase the cortical width index at 14 days
after stroke, but the neuropathological outcomes did not
coincide with behavioral function impairments between
the CH1 and vehicle groups at 28 days after stroke.

Poststroke CH1| Treatments Promoted
Neuron Survival at 14 Days After
dMCAO but Not at 28 Days

Next, to determine the reason why no significant difference
was observed in neuropathological outcomes between the
CHI and vehicle groups at 28 days after stroke, we explored
microstructural changes within the gray matter. We assessed
the total number of viable neurons (NeuN+ cells) in the
14 days and 28 days after
dMCAO.*® Consistent with the neuropathological outcomes

ischemic penumbra at

discussed above, CH1 significantly increased the number of
viable neuronal somata in the ischemic penumbra at 14 days
after ischemic stroke (Figure 3A and C). However, at 28
days after ischemia, the numbers of neuronal somata were
comparable between CHI- and vehicle-treated mice.
Therefore, the viable neurons within the gray matter cannot
account for the improved neurological outcomes by CHI at
28 days poststroke. Meanwhile, we conducted Nissl staining
of the coronal brain sections from the sham, vehicle and the
CHI treated mice at 14 days and 28 days after ischemic
stroke. As shown in Figure 3B, after stroke, the cells were
disorderly, the number of Nissl bodies significantly reduced,
the cell gap increased and many vacuoles formed. Neurons
with abundant Nissl bodies were significantly decreased
after stroke compared with the sham group, which was
restored by CH 14d post-stroke.
However, at 28d post-stroke, there is still no significance
between dMCAO group and CH1 group (Figure 3D).

This makes us suspect that in the late stage of stroke,

administration at

the recovery of neurological outcomes with CH1 treatment
is no longer due to the protection of neurons but the
recovery of white matter.

Poststroke CHI Treatments Improved
White Matter Intensity at 28 Days After
Stroke

Emerging evidence has revealed that white matter injury is
significantly correlated with neurological deficits after
stroke.

Therefore, we investigated the impact of CHI on the
microstructural changes in white matter intensity (WMI)
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14 and 28 days in different groups. Scale bar = 20 um. (C) Quantification of NeuN positive cells numbers per mm? in the ischemic penumbra after stroke at 14 and 28 days in
different groups. (D) Quantification of percentage of Nissl bodies in the ischemic penumbra after stroke at 14 and 28 days in different groups. *P< 0.05, **P< 0.0l,

**¥P<0.001, ns: no significance by one-way ANOVA, n = 6 mice per group.

28 days after IMCAO by double-label immunostaining for
MBP (a marker of mature myelin oligodendrocytes,
indicating myelin) and SMI-32 (a marker of non-
phosphorylated neurofilament H, indicating demyelina-
tion) in the peri-infarct cortex (CTX) and striatum
(STR).*!

In sham-operated animals, abundant staining with
MBP was visible in both CTX and STR, whereas SMI-

32 staining was barely detectable in these regions.
dMCAO caused an increase in SMI-32 immunofluores-
cence and a concomitant reduction in MBP in CTX and
STR. These pathological changes resulted in an increased
ratio of SMI-32 to MBP fluorescence intensity, which has
been established as an indicator of white matter injury, in
the dMCAO group compared with the sham group
(Figure 4A—C).
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Strikingly, poststroke intraperitoneal CH1 injections,
compared to vehicle alone, substantially reduced the ratio
of SMI32 to MBP in both CTX and STR, suggesting that
CHI1 permanently improved WMI (Figure 4A—C).

These results indicated that poststroke CHI adminis-
tration significantly facilitated the restoration of white
matter structural integrity after ischemia.

Intraperitoneal Delivery of CHI
Enhanced Axonal Plasticity in Poststroke
Mice

Postischemic white matter injury takes the forms of demye-
lination in the early phase and secondary axonal degenera-
tion as well as impaired nerve conductivity in the late
phase.*? Therefore, we suspected that CHI potently amelio-
rated WMI and improved neurological outcomes by promot-
ing axonal plasticity after ischemic stroke. We examined
axonal connections and sprouting in the corpus callosum
(CC) and peri-infarct CTX in each group.

Stroke induces axonal sprouting within motor, premo-
tor, and somatosensory cortical areas, and these new con-
nections are correlated with functional motor recovery. As
shown in Figure 5A, axons projecting from neurons within
the BDA-injected region cross the CC (the green line),
reaching the denervated contralateral neurons in the peri-
infarct areas, and branch extensively to form synaptic
connections 28 days after stroke. Consistent with previous
studies, ischemic stroke attack significantly increased the
BDA-positive area in the peri-infarct regions and the
number of midline-crossing axonal fibers (Figure 5B-D).
CHI1 treatment, compared with vehicle treatment, further
improved the BDA-positive area in the peri-infarct regions
and the number of midline-crossing tracts compared with
the vehicle group (Figure 5B-D).

Our data also revealed that CH1 upregulated the pro-
tein expression of GAP43 at day 28 after surgery
(Figure 5E and F), demonstrating that CH1 enhanced
axonal regeneration at day 28 after cerebral ischemia.

These results revealed the effect of CHI on axonal
plasticity during the recovery period after AMCAO.

CHI Promoted Axonal Regeneration by
Activating the Shh/Ptch-1/Gli-1 Signaling
Pathway

Our data thus far suggested that CH1 is a promising ther-

apeutic agent that can enhance poststroke axonal plasticity
and neurological recovery. We then investigated the

mechanism by which CHI increases the outgrowth of
axons. Shh signaling plays a critical role in axonal
outgrowth.'> The Shh signaling pathway is composed of
sonic hedgehog (Shh), the transmembrane receptor pro-
teins Ptch-1, smo and Gli family transcription factors and
downstream target genes. Thus, shh and its downstream
molecules Ptch-1, smo and Gli-1 were examined for their
involvement in the observed protective effect of CHI.

As in our previous study, the shh signaling pathway
was activated after ischemic stroke. Treatment with CHI
significantly increased the relative expression of shh, Ptch-
1, smo and Gli-1 compared with the vehicle group at 28
days after stroke (Figure 6A and B), demonstrating that the
shh pathway was further activated in the presence of CHI.
Activation of the Shh signaling pathway triggers the tran-
scription factor Gli-1 to enter the nucleus from the cyto-
plasm to control its target genes.>** To corroborate this
result, we explored the distribution of Gli-1 with an immu-
nofluorescence assay. As expected, after AMCAO, Gli-1
transferred to the nuclei from the cytoplasm. More Gli-1
accumulated in the nuclei in the CHI group than in the
vehicle group (Figure 6C). These results demonstrated that
CHI1 sensitively targets the Shh/Ptch/Gli-1 signaling path-
way to exert its beneficial effect.

Blockade of the Shh Pathway Reversed
CHI-Induced Improvements in

Neurological Outcomes

To confirm whether there was a causal link between CH1 and
the Shh pathway, we introduced cyclopamine (CYC), a small-
molecule selective inhibitor of smo, to study the role of Shh
signaling in CH1-induced neurological improvements. CYC
decreased the expression of Gli-1 and Ptch-1 but not shh
compared with the CHI group, demonstrating that CYC can
effectively block Shh signaling in the presence of CHI
(Figure 6A). Shh was not affected by CYC because shh is
upstream of smo. As displayed in Figure 7A, the latency to
fall off the rotarod was significantly reduced in the CHI
+CYC group compared with the CH1 group, showing that
CYC reversed the improvements in neurological outcomes
induced by CHI (Figure 7A). However, there was no signifi-
cant difference between the vehicle group and the CHI+CYC
group. Meanwhile, the effects of CHl1 on the adhesive
removal test and mNSS results were also blocked by the
administration of CYC (Figure 7B-D). We then measured
the expression of GAP43 after the application of CYC. As
expected, the effect of CHl1 on GAP43 expression was
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Figure 4 Post-stroke CH| treatment mitigates white matter injury. (A) Representative images of MBP (green) and SMI-32 (red) in peri-infarct cortex (CTX) and striatum
(STR) or the corresponding areas in sham-operated mice at 28 days after MCAQ. Scale bar = 20um. (B and C) Quantification of the ratio of SMI-32 to MBP fluorescence
intensity in the cortex (B), and striatum (C) of the ischemic hemisphere. *P< 0.05, ***P<0.001, by one-way ANOVA, n = 5 mice per group.

reversed by the application of CYC (Figure 7E and F). These Taken together, these data provide strong evidence that
data indicated that CYC blocked the effect of CH1 on neuro- CHI plays a protective role in stroke-induced neurological
logical outcomes in AMCAO mice. improvement by activating the Shh signaling pathway.
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Figure 5 CHI boosts poststroke axonal plasticity in dMCAQO mice. (A) Schematic diagram of tract-tracing experiments. Mice received stereotaxic injections of BDA in the
contralesional (left) motor cortex at 14 d after dIMCAO. BDA fluorescent signal was examined at in the peri-infarct cortex (CTX) (depicted in blue box) and corpus callosum
(CC) (depicted in green curve) at 28 d after dMCAOQ. (B) Representative photomicrographs images of streptavidin-FITC BDA+ label (green) area in the peri-infarct cortex
and projections from the left hemisphere into the right hemisphere. The midline is depicted in white, dashed lines. Red dots indicate midline-crossing axons at the level CC.
Scale bar = 50um. (C) Quantification of BDA fluorescence intensity in the peri-infarct cortex. (D) Quantification of midline-crossing axons numbers per section in the CC.
(E and F) Representative Western blot images (E) and quantitative data (F) of GAP43. *P< 0.05, **P< 0.01 by one-way ANOVA, n =4-5 mice per group.
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Discussion
The present study investigated the therapeutic effect of
CH1 on long-term neurological deficits and poststroke

axonal plasticity. Our results demonstrated that

intraperitoneal injection of CHI mitigated stroke-induced
white matter injury, facilitated axonal sprouting, and pro-
moted long-term neurological function during the late

phase of ischemic injury.
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CH is a mixture containing abundant bioactive neuro-
peptides and free amino acids derived from the porcine
brain. It mimics the effect of neurotrophic factors such as
brain-derived neurotrophic factor (BDNF), glial-derived
neurotrophic factor (GDNF), ciliary neurotrophic factor
(CNF), and nerve growth factor (NGF) and treats stroke
in multiple ways.*>>® Hence, CH is clearly a potential
neuroprotective drug for the treatment of ischemic stroke
in the clinic and is widely used worldwide.

In the present study, we observed that 10 mg/kg CH1
effectively improved neurological function at various
times. However, the infarct volume and cortex width
index in the CHI group were comparable to those in the
vehicle group at 28 days after stroke. To explore the cause
of the asymmetry of neurological function recovery and
neuropathological outcome at 28 days poststroke, we
assessed the microstructure of the gray matter through
immunostaining for NeuN (a marker of neurons), which
has been considered an indicator of gray matter intensity.
As expected, we still found comparable viable neuron
densities between the CHI group and the vehicle group
at 28 days after stroke.

White matter intensity is known to be strongly corre-
lated with sensorimotor functional outcomes in stroke
patients.®” It is vital for communication between widely
separated neurons and axons. We therefore speculated
that the neurological functional improvement due to
CHI1 treatment did not result from gray matter restora-
tion but from a long-term beneficial effect on WMI.
White matter restoration is not accompanied by changes
in the number of cortical somata but plays a vital role in
signal transduction across brain regions and is critical for
functional prognosis. Our data revealed a fundamental
impact of CHI1 on white matter integrity after ischemic
stroke. We observed an increase in the SMI/MBP ratio,
which indicates the exacerbation of white matter injury
encompassing both axons and myelin in mice after
dMCAQO; this injury was mitigated by CH1 treatment.

Ischemic brain injury engages endogenous repair
mechanisms that attempt to reestablish the integrity of
white matter by axonal outgrowth. Axonal plasticity is
a hallmark of regenerative plasticity associated with reac-
tivation of the intrinsic neuronal growth program.
Therefore, we measured axonal plasticity in two specific
regions. One was the BDA-positive area in the peri-infarct
CTX, reflecting the in situ endogenous axonal regeneration
of denervated neurons. The other was the number of mid-
line-crossing fibers in the CC from the contralesional (left)

cortex to the denervated neurons in the peri-infarct CTX,
reflecting regenerated intracortical projections. After
dMCAO, we observed a robust increase in BDA-labeled
fibers at CTX and CC levels in the CH1 group compared
with vehicle controls, suggesting that the endogenous
repair process increased after brain injury. CH1 further
facilitated the in situ endogenous axonal regeneration and
tract-tracing assessment of axons projecting from the con-
tralesional motor cortex at 28 days poststroke. GAP43,
expressed in terminal axonal growth cones, is a reliable
marker of axonal sprouting.*® GAP43 is induced shortly
after ischemic stroke, leading to axonal regeneration and
remodeling, and expressed for at least 28 days in mice.*”
Our results found that the expression of GAP43 is induced
at 28 days after stroke and further increased with the
application of CH1.

Mechanistically, CHI1 treatment induced increased
expression of shh, Ptch-1 and Gli-1 at 28 days after stroke,
as well as translocation of Gli-1 to the nucleus from the
cytoplasm, demonstrating activation of the shh pathway by
CHI1. Moreover, shh was not affected by CYC, as the
inhibitor mainly acts upon the Smo receptor and blocks
Smo and its downstream molecules. However, it is not
clear why CYC inhibited the Ptch-1 receptor in this
study. As previously reported, the expression of Ptch-1 is
downregulated by cyclopamine.'****' The involvement of
the Shh signaling pathway was substantiated by the
demonstration that CYC treatment blocked these beneficial
effects of CHI.

Conclusion

In conclusion, our findings demonstrated that the benefi-
cial effect of CH1 on neurological outcomes was caused
not by the preservation of viable neurons but by the
restoration of white matter integrity and axonal plasticity
in the late stage of ischemic stroke. We have unveiled
a previously unappreciated role for CH in white matter
repair and brain plasticity after stroke. Our findings also
emphasize the importance of white matter restoration and
axonal plasticity for the treatment of ischemic stroke.
More neuroprotective strategies need to emphasize the
effects of treatment on endogenous long-term brain repair
processes and not merely the neuroprotective effect of
treatment in the hyperacute phase of ischemia.

Abbreviations
CH, cerebroprotein hydrolysate; Shh, sonic hedgehog;
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