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ABSTRACT OF THE DISSERTATION

Spatiotemporal Neuroprotection and Early Regeneration after Ischemic Stroke
with Neuregulin-1 Treatment

Jessica M. Noll

Doctor of Philosophy, Graduate Program in Biomedical Sciences
University of California, Riverside, September 2021
Dr. Byron Ford, Chairperson

Stroke is ranked as the fifth leading cause of death and the leading cause of adult disability.
Unfortunately, Tissue Plasminogen Activator is the only FDA approved stroke treatment but does
not address acute injury or cerebral recovery. Neuregulin-1 (NRG-1) has demonstrated promise as
an acute neuroprotective, anti-inflammatory, and neuroregenerative agent in animal stroke models.
In this dissertation, we examined the spatial cellular and inflammatory mechanisms occurring early
after ischemic stroke and with NRG-1 treatment. Exogenous NRG-1 treatment administered to
C57bl/6 male and female mice via intra-arterial or intravenous routes significantly reduced cerebral
cortical infarct volume, inhibited neuronal injury, and reduced apoptosis at 24-hours after MCAO.
Neuroprotection by endogenous NRG-1 was also seen as male and female heterozygous NRG-1
(NRG-1 +/-) knockout mice demonstrated a sixfold increase in cortical infarct size compared to
wild-type mice. Immunohistochemistry and Nanostring Digital Spatial Profiling (DSP) were then
utilized to characterize the spatial mechanisms occurring early after ischemia and determine if
NRG-1 plays a therapeutic role in a similar spatial manner. Male C57bl/6 mice were given a
photothrombotic MCAO and sacrificed at three-days post-ischemia. We demonstrated that the
ipsilateral hemisphere initiates distinct spatial regulatory proteomic profiles that can be identified
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consistently with the immunohistochemical markers, FIJB, GFAP, and Iba-1. DSP defined the core
border profile as inducing neuronal death, apoptosis, immunoreactivity, and early degenerative
proteins. The peri-infarct induced astrocytic immunoreactivity, autophagy, and neurodegenerative
proteins, while the peri-infarct normal tissue demonstrated minimal changes. These profiles were
then analyzed after daily NRG-1 treatment beginning at 24-hours after ischemic onset. We found
no difference in FJB, Iba-1, or GFAP expression between treatment groups. However, delayed
daily NRG-1 treatment induced proteomic changes indicating restoration of autophagy and
mitophagy within neurons and myeloid cells within the ischemic core border and peri-infarct
regions as early as three days post-ischemia, suggesting neuronal resistance to apoptosis and
priming for an anti-inflammatory and neuroregenerative niche. Therefore, we identify NRG-1 as a
potent ischemic therapeutic capable of inducing immediate and late neuroprotection, early

neuroregeneration, and extending the therapeutic treatment window.
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Chapter 1: Introduction and Literature Review

1.1 Background Stroke remains one of the most devasting diseases in modern healthcare.
Previously ranked as the third leading cause of death, stroke has since decreased to fifth but remains
the leading cause of adult disability (Lloyd-Jones 2010; Benjamin 2017). There are two major
classifications of stroke: ischemic, which is the occlusion or blockage of an artery within the brain,
and hemorrhagic, which is a rupture of an artery within the brain and leads to subsequent bleeding
into the surrounding tissue. Approximately 795,000 strokes occur in the United States (U.S.) alone

every year with 80% of strokes classifying as ischemic (Benjamin 2017).

There is currently only one FDA-approved treatment for stroke, tissue plasminogen
activator (tPA), a thrombolytic used for ischemic stroke (Lapchak 2013). Unfortunately, t-PA has
a limited time window for therapeutic use, and only 3-5% of stroke patients arriving at the hospital
will qualify for treatment (Fisher 2009). Importantly, as stroke progression is recognized to be a
complex integration of glia, neurons, and the surrounding extracellular matrix, treatments must
target the detrimental effects created by these interactions (Jeong 2013; Detante 2014; Jayaraj
2019). tPA treatment does not play a neuroprotective or anti-inflammatory role, and is not ideal for
prevention of secondary, long-term neurodegenerative damage. Several potential neuroprotective
agents, including glutamate antagonists, anti-inflammatory compounds, free radical scavenging
agents and hematopoietic growth factors were shown to be effective in preclinical animal models
of ischemia, but failed to demonstrate efficacy in clinical trials with human patients following
stroke. (O'Collins 2006). Therefore, there is a strong need to understand the cellular and
inflammatory mechanisms occurring early after ischemic stroke in a spatial manner in order to

develop future ischemic stroke treatments.



1.2 Ischemic Injury and Implication for Neuroprotection Brain ischemia is characterized by
early onset neuronal death beginning within minutes following stroke. This initial area of brain
injury (the infarct core) is characterized by low cerebral blood flow, energy failure, excitotoxicity,
and edema [for reviews, (Dirnagl 1999; Barone 1999)]. The resulting ischemic brain injury is also
accompanied by increased synthesis of inflammatory molecules and oxidative stress in neurons,
glia, and in the cerebral vasculature, which endangers brain cells in a larger, surrounding area of
brain tissue for which the blood supply is compromised but not completely interrupted (del zoppo
2000; ladecola 2001, 2011; Stoll 1998). This population of surviving, yet vulnerable cells makes
up the ischemic penumbra, which surrounds the necrotic core of the infarct (Dirnagl 1999; Touzani
2001). The expansion of the infarct core is a time-dependent situation where damage to the adjacent
viable tissue continues to progress into the penumbra. In the penumbra, neurons can survive for
several hours following stroke onset, indicating an ideal treatment paradigm for early
neuroprotectants. After ischemic damage is complete, the remaining, bordering region of reversibly
damaged cells in an area of decreased neuronal density is the peri-infarct tissue (Lipton 1999). The
peri-infarct tissue later becomes an important target for neurorepair as a neurogenesis niche, with
a growth permissive environment allowing for induction of axonal sprouting, new neuronal
connections, and survival and maturation of new neurons (Carmichael 2006). Together, this
suggests that the therapeutic window for neuroprotection and repair following stroke can be quite
prolonged and potentially a dual-role for early neuroprotectants within the penumbra and later

neurorepair targeting peri-infarct mechanisms.

1.3 Neuregulin-1 as a Neuroprotectant Target NRG-1, also known as acetylcholine receptor-
inducing activity (ARIA), glial growth factor (GGF), heuregulin and neu differentiation factor
(NDF), plays roles throughout the peripheral and central nervous system (Meyer 1997). NRG-1

acts through homo- or heterodimerization of erbB (1-4) receptor tyrosine kinase receptors (Meyer



1997). During development, NRG-1 is required for generation of neurons in cranial ganglia and is
necessary for Schwann cell migration, differentiation, and myelination (Meyer 1997). In adulthood,
NRG-1 is not necessary for axonal or myelin maintenance but is endogenously released upon nerve
injury by neurons and astrocytes for acute protection and regeneration (Fricker 2011a; Parker 2002;
Tokita 2001; Eilam 1998). NRG-1 also acts upon oligodendrocytes, Schwann cells, astrocytes, and
glia expressing erbB receptors to initiate neuroprotection and regeneration (Fricker 2011a, b; Tokita
2001; Xu 2005, 2006, 2012). Therefore, these studies suggest that NRG-1 plays a potential multiple
mechanistic role by acting on many glial types including neurons, oligodendrocytes, and astrocytes

that could be crucial for preclinical and clinical success.

ErbB4 is upregulated in injured neurons and has been suggested to increase the capacity to
respond to available NRG-1 (Xu 2005; Clement 2007). Exogenous NRG-1 treatment has exhibited
acute neuroprotection in stroke models as well as in spinal cord injury (SCI), experimental cerebral
malaria, and nerve agent intoxication (Alizadeh 2017; Li 2007, 2012, 2015; Noll 2019). Work from
our laboratory and others demonstrated that NRG-1 reduced ischemia-induced neuronal death and
inflammation in rodent focal stroke models by ~90% with a therapeutic window of >12 hours (Shyu
2004; Xu 2004, 2006; Li 2007, 2008 2009; Guo 2006; Guan 2015; Noll 2019). In addition, NRG-
1 prevented neuronal injury and improved blood-brain barrier (BBB) integrity in animal models of

brain hemorrhage (Qian 2018; Yan 2017; Navarro 2019; Lok 2012).

NRG-1 is endogenously released by neurons to induce migration along radial glia during
development and provide subsequent trophic support within the peripheral and central nervous
system (Buonanno 2001; Barres 1999). This suggests a potential role in stimulating neuronal
plasticity and trophic support after brain injury. NRG-1 administration resulted in a significant
improvement of neurological function when administered 3 days following ischemia, suggesting a

role in neuronal regeneration and repair (laci 2016). The study demonstrated that daily intravenous
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treatment with a NRG-1 isoform (Glial growth factor 2/neuregulin 1B3) at 1.0mg/kg for ten days
increased neural plasticity markers GAP-43 and synaptophysin in the ipsilateral and contralateral
somatosensory and motor cortices. Additionally, in a rat SCI model, NRG-1 administered
intrathecally continuously for 1-2 weeks enhanced axonal preservation, increased new
oligodendrocytes, and attenuated astrogliosis and tissue degeneration (Gauthier 2013). These
studies suggest that delayed NRG-1 treatment plays a significant role in neuroregeneration that

remains to be elucidated.

1.4 Neuregulin-1 as an Anti-inflammatory Agent We have shown anti-inflammatory effects of
NRG-1 in multiple in vivo acute brain injury models. NRG-1 prevented macrophage/microglial
activation, reactive astrogliosis, apoptosis, and cytokine expression following ischemic stroke (Xu
2004, 2005, 2006; Li 2007). In a rat transient MCAO model, NRG-1 treatment reduced
inflammatory and stress genes by 50% or more specifically including IL-1p, cyclooxygenase-2
(COX2), CD36, heat shock protein 70 (HSP-70), and monocyte chemoattractant protein-1 (MCP-
1) (Simmons 2016; Xu 2005). In an SCI rat model, NRG-1 decreased neuronal damage and pro-
inflammatory markers TNFa, IL-1p, matrix metallopeptidase 2 (MMP2), matrix metallopeptidase
9 (MMP9), nitric oxide (NO), and chondroitin sulfate proteoglycans (CSPGs) while increasing anti-
inflammatory markers IL-10 and arginase-1 (Arg-1) (Alizadeh 2017). This suggests that NRG-1
plays an important dual role as a neuroprotectant and an anti-inflammatory agent acutely after

ischemic stroke.

1.5 Spatiotemporal Regulation and Repair During stroke recovery, the peri-infarct region is
recognized for increased cellular recovery processes and the induction of regenerative factors. The
peri-infarct exhibits a complex, dynamic interaction between immune and neuronal cells in both
rodents and humans that critically determine repair processes after ischemia (Price 2006; Cramer

2006a). Neuroinflammation after ischemia involves activation of microglia, astrocytes, and
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infiltration of peripheral leukocytes (Hallenbeck 1996; Pekny 2005; Kawabori 2015; Kim 2016).
Resident microglia demonstrate reactivity with a change in morphology and infiltration into the
core (Nowicka 2008; Kawabori 2015; Sanchez-Bezanilla 2021). Astrocytes proliferate and increase
expression of inflammatory factors such as glial fibrillary acidic protein (GFAP) which lead to
astroglia scar formation along the infarct border (Pekny 2005; Nowicka 2008; Sanchez-Bezanilla
2021). Progressive invasion and inflammatory processes lead to cavitation within the core lesion
region (Fitch 1999). Axonal sprouting, neurite outgrowth, and neuroplasticity increase within the
periinfarct tissue and gradually spread into the core region (Buga 2014; Brown 2008; Hinman 2013;
Carmichael 2006). Neuroinflammatory interactions over a prolonged period can create a complex
deteriorating vs neuroprotective/neuroregenerative dynamic roles. These interactions become even
more complex understanding that each region in relationship to the core lesion demonstrates
distinct mechanisms. The core region demonstrates progressive cavitation, while the peri-infarct
tissue becomes increasingly plastic. There are also studies demonstrating that the contralateral
cortex may have independent, temporal changes after ischemia, although these behavioral tests are
limited (Cramer 2004, 2006b). Thus, understanding the complexities of these interacting systems
as they develop after ischemia in a spatial manner is key to further elucidating the underlying
mechanisms for future preventions and treatments. However, early ischemic and NRG-1 treatment

induced spatial profiles of neuronal cells have yet to be characterized.

1.6 Neuregulin-1 and Clinical Progress NRG-1/Neucardin showed significant efficacy for
improving cardiac function in multisite phase Il patient studies (Gao 2010; Jabbour 2011). Systemic
administration of recombinant human NRG-1/Neucardin was used in a multicenter phase Il clinical
trial investigating its efficacy and safety in patients with chronic heart failure in China and
Australia. NRG-1/Neucardin was shown to be safe in patients and to have significant efficacy in

improving cardiac function. Clinical trials have been initiated in the U.S. (ClinicalTrails.gov



identifiers NCT02664831; NCT01258387; NCT01251406) and phase 1l human clinical trials for
heart failure in China. NRG-1/Neucardin has also shown a survival benefit in subjects with severe
heart failure in the ongoing phase 111 study. The GMP manufacturing of NRG-1/Neucardin has
been approved for use in Phase 11 clinical trials in the US by the Food and Drug Administration
(FDA). NRG-1/Cimaglermin is the full-length extracellular domain of NRG-1B3 and has been used

in clinical development for chronic heart failure (Lenihan 2016).

Overall, NRG-1 has demonstrated potential as a multiple mechanistic treatment for
ischemic stroke targeting neuroprotective, anti-inflammatory, and neuroregenerative mechanisms
on multiple neuronal cell types. However, further characterizing the mechanistic role of NRG-1
treatment in a spatiotemporal manner is crucial to progressing the understanding of its potential for

success after ischemic stroke.

Chapter 2: Neuroprotection by Exogenous and Endogenous Neuregulin-1 in Mouse Models

of Focal Ischemic Stroke

2.1 Introduction

In this study, we examined the neuroprotective efficacy of exogenous and endogenous NRG-1
on cerebral injury after the induction of ischemia by middle cerebral artery occlusion (MCAO) in
mice. NRG-1 homozygous knockout mice are embryonic lethal at embryonic day 10.5. However,
heterozygous knockout mice lacking one functional copy of the gene for NRG-1 (NRG-1+/-)
express reduced levels of brain NRG-1 (Erickson 1997; Gerlai 2000; Sandrock 1997) and display
hyperactive and schizophrenia-like phenotypes during neurobehavioral testing (O'Tuathaigh 2007,
2008, 2010; Stefansson 2002). We demonstrated that exogenously administered NRG-1-protected
neurons from cerebral ischemia in both male and female mice. In addition, NRG-1+/— mice
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displayed significantly larger infarcts than wild-type littermates, suggesting a neuroprotective role
for endogenous NRG-1. Our data demonstrate that NRG-1 is a potent neuroprotectant against
ischemic brain injury with high clinical potential. These findings may aid in identifying a novel

therapeutic strategy for the treatment of stroke.

2.2 Materials and Methods

Animals All animals used in these studies were treated humanely and with regard for alleviation
of suffering and pain, and all protocols involving animals were approved by the IACUC of
Morehouse School of Medicine and University of California-Riverside prior to the initiation of
experimentation. Male and female C57BL6 mice (8—10 weeks old) were purchased from Charles
River (Wilmington, MA) and housed with a 12-h daily light/dark cycle. Male and female (10
months old) NRG-1 heterozygous transgenic mice (NRG-1+/—) and wild-type littermates (WT;
NRG-1+/+) were also used in this study (Meyer 1995). The NRG-1 gene knockout mouse was
generated by deletion of exons 7, 8, and 9, which encode the carboxy terminal of the EGF domain
of all known NRG-1 isoforms. Mice with homozygous knockout of NRG-1 (NRG-1—/-) are
embryonic lethal. However, the NRG-1+/— mice display reduced brain NRG-1 levels which are
viable but display some abnormal neurobehavioral functions (Erickson 1997; Gerlai 2000;
Sandrock 1997; Stefansson 2002). Food and water were provided ad libitum. All surgical
procedures were performed by sterile/ aseptic techniques in accordance with institutional

guidelines.

Transient Middle Cerebral Artery Occlusion Animals were subjected to left MCA occlusion
(MCAO). Mice were anesthetized with 1.5% isoflurane in 68.5% N20O and 30% O2. MCA
occlusion was induced by the intraluminal suture transient MCAQO method as previously described

(Barber 2004). The left common carotid artery (CCA) was exposed through a midline incision and



was carefully dissected free from surrounding nerves and fascia. The occipital artery branches of
the external carotid artery (ECA) were then isolated, and the occipital artery and superior thyroid
artery branches of the ECA were coagulated. The ECA was dissected further distally. The internal
carotid artery (ICA) was isolated and carefully separated from the adjacent vagus nerve, and the
pterygopalatine artery was ligated close to its origin with a 6-0 silk suture. Then, a 12-mm 7-0
surgical monofilament nylon suture with rubber silicon (Doccol, Sharon, MA) was inserted from
the external carotid artery (ECA) into the internal carotid artery (ICA) then into the circle of Willis
to occlude the origin of the left middle cerebral artery. The nylon suture was withdrawn 1 h
following ischemia, and the brain tissues were reperfused for 23 h before sacrifice. Mice within the
intravenous treatment group underwent filament occlusion for 90 minutes, and the brain tissues
were reperfused for 22.5 h before sacrifice because of variability in baseline infarct size between
male and female mice with 60 minutes of MCAO. Regional cerebral blood flow (CBF) was
measured by continuous laser Doppler flowmetry (LDF) with a laser Doppler probe (Perimed,
Kings Park, NY) placed in the ipsilateral skull close to the middle cerebral artery from the
beginning of the MCAO surgery until 15 minutes after reperfusion. For NRG-1+/— (n=6) and WT
(n = 6) knockout mice, MCAO occurred for 45 minutes, and the brains were reperfused for 23.25
h before sacrifice. The 45-minute time point was chosen so that infarction was submaximal which
allowed us to determine if infarcts grew larger in the transgenic animals. The surgical procedure
was considered successful if CBF was reduced by > 70% immediately after placement of the

occluding suture; otherwise, mice were excluded.

To determine the effects of NRG-1 on ischemic stroke, mice were randomly divided into two
treatment groups and injected intra-arterially (i.a.) with either a single-bolus 5-uL dose of vehicle
(0.1% BSA in PBS) or NRG-1B8 (10 umol/L NRG-1 (EGF-like domain, R&D Systems,

Minneapolis, MN) in 1% BSA in PBS) through a Hamilton syringe as previously described (Xu



2004, 2005, 2006). This resulted in the administration of 16 pg of NRG-1/kg body weight. NRG-1
(n =9) or vehicle (PBS; n = 9) was administered by bolus injection into the ICA through the ECA
immediately before reperfusion. A second group of female (n = 6) and male (n = 4) mice were
injected intravenously (i.v.) into the tail vein with either a single-bolus 100-uL dose of vehicle
(0.1% BSA in PBS) or NRG-1B (100 pg/kg) with a 30-G needle immediately after filament
insertion. All NRG-1 and vehicle treatment studies were performed in a blinded manner. Core body
temperature was closely monitored with a rectal probe and maintained at 36.1 + 0.1 °C with a
Homeothermic Blanket Control Unit (Harvard Apparatus, Holliston,MA) during anesthesia to

prevent hyperthermia as a confounding factor (Barber 2004).

Infarct Size Measurement and Neurobehavioral Testing Twenty-four hours after MCAO, 1.0-
or 2.0-mm-thick brain sections were stained with 2-5% triphenyl tetrazolium chloride (TTC)
solution and then transferred into a 4% formaldehyde solution for fixation. The infarcted region
appears white, whereas the normal non-infarcted tissue appears red. The infarct area was identified
by using five to seven slices of coronal sections from each brain. The infarct area was calculated in
a blinded manner by capturing the images with a digital camera. Percentages of cortical and striatal
infarct were calculated as a percentage of cortical and striatal volume, respectively (percentage of
total infarct = infarct volume/(hemispheric volume) x 100%.). Infarct volumes were analyzed by t
test; p < 0.05 was regarded as significant. Mice were assessed for neurobehavioral deficits 24 h
after MCAO. The neurobehavioral score evaluation system is as follows: 0, normal; 1, consistent
forelimb and axial flexion toward the contralateral to the lesion side when lifted by the tail; 2,
observations of score 1 with consistently reduced resistance to lateral push and gait toward the
paretic side; 3, observations of score 2 plus large or weak circling toward the paretic side; and 4,

score 2 plus circling toward the paretic side (Barber 2004).



Histology and Immunohistochemistry After MCAO, mice were deeply anesthetized with 2%
isoflurane and perfused transcardially with saline followed by cold 4% paraformaldehyde (PFA)
solution in PBS for 30 minutes (n = 4-5 animals/ group). Brains were quickly removed and
cryoprotected in 30% sucrose. The brains were then frozen in OCT compound and stored at — 80°C
until sectioning. Coronal sections of 10-20-um thickness were cryosectioned and mounted on

slides which were then stored at — 80 °C until further processed. Fluoro Jade B (FJB; AG310,

Millipore, Billerica, MA) labeling was performed according to the manufacturer’s protocol with
minor modifications. Briefly, after 30 minutes drying at 50 °C, sections were post-fixed with 4%
paraformaldehyde for 15 minutes, washed with distilled water, and then directly incubated in 0.06%
potassium permanganate (KMnO4) for 10 minutes on a shaker table followed by distilled water for
2 minutes. Sections were then incubated in a freshly prepared solution of 0.0004% FJB for 20
minutes, rinsed in distilled water, and then dried at 50 °C. Dried slides were cleared by immersion

in xylene for 2 minutes before cover slipping with DPX mounting medium.

TUNEL labeling was performed using the in-situ death detection kit from Roche Molecular
Biochemicals (Indianapolis, IN). Briefly, sections were incubated in 20 pg/ml proteinase K solution
for 10 minutes at room temperature to increase permeability. After 2 washes in PBS, sections were
immersed in the TUNEL reaction mixture, containing biotinylated dUTP and terminal
deoxynucleotidyl transferase (TdT) conjugated with fluorochrome tetramethyl rhodamine red for
60 minutes at 37 °C in a dark, humidified atmosphere. The process was terminated by washing
sections twice with a blocking buffer (PBS, 0.1% Triton X-100, and 5 mg/mL BSA). In each assay,
negative controls were included using the same incubation procedure but omitting TdT in the
process, whereas positive controls were performed by incubating the permeated sections with

DNase (1 ug/mL) to induce DNA strand breakage.
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For immunohistochemical studies, sections were dried at room temperature for 30 minutes.
After rinsing with 0.01M PBS, sections were blocked in PBS containing 5% normal goat serum
and 0.3% Triton X-100 for 1 h at 4 °C and then incubated overnight at 37 °C with primary
antibodies of monoclonal mouse anti-NeuN (1:200, MAB314, Millipore, Billerica, MA). Sections
were washed with PBS and incubated with a FITC-conjugated goat anti-mouse IgG antibody
(1:400, Cat#115-095-146, Jackson ImmunoResearch Laboratory, West Grove, PA) for 1 h at room
temperature. A Zeiss microscope equipped with a CCD camera (Carl Zeiss Microimaging Inc.,

Thornwood, NY) was used to capture all digital images of sections at x20 magnification.

Quantification FIB- and NeuN-Immunopositive Cells The number of FIJB- and NeuN-positive
cells was determined using Image Pro Plus and ImageJ software (Media Cybernetics, Inc.,
Bethesda, MD) by an individual who was blinded to the experimental treatments. Only normal
morphological profiles of NeuN-positive cells were counted, and shrunken NeuN-positive signals
were excluded. A mean value of FJB-positive or NeuN cells per unit area from five brain sections
within the brain regions was obtained for each individual mouse brain. Data were expressed as
mean + SEM. These mean values from each individual mouse were used as the statistical unit of

measure for analysis by t test to determine statistically significant treatment effects.

2.3 Results

NRG-1 Protects Against Ischemia-Induced Brain Injury We examined the neuroprotective
effects of NRG-1 following MCAO in mice. NRG-1 was administered immediately after
reperfusion. Brain tissues were analyzed in mice treated with NRG-1 or vehicle i.a. immediately
after reperfusion and sacrificed 24 h after MCAO. Figure 2.1a illustrates a typical TTC staining of
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Figure 2.1 Neuroprotection with intra-arterial NRG-1 treatment shown by TTC. NRG-1 reduced infarct volume
following MCAO/reperfusion. Mice were treated with NRG-1 (16 pg/kg) or vehicle immediately after MCAO followed
by 23 h of reperfusion. Brains were removed, sliced into seven coronal sections (1 mm thick), and treated with 2% TTC
(a). NRG-1 reduced total infarct volume by 67% (b; p < 0.0001). Treatment with NRG-1 resulted in a 72% reduction in
cortical infarct size (c; p < 0.0001) and 50% in subcortical regions (d; p = 0.001). N = 9 mice per treatment group

brain sections treated with vehicle or NRG-1 after MCAO. Compared with controls, i.a.
administration of NRG-1 drastically reduced infarct volume after MCAO in mice as we and others
previously showed in rats (Guo 2006; Li 2007; Shyu 2004; Wang 2015, 2018; Xu 2004, 2005,
2006). The percentage of total infarct volume to the ipsilateral hemisphere in vehicle-treated
animals was 41%. NRG-1 significantly reduced the total infarct volume to 15% of hemispheric
volume representing a 67% reduction in infarct size (from 78.9 to 25.6 mm3) (Figure 2.1b). The
relative reduction in cortical and subcortical neuronal injury was also calculated. The infarct
volume of control animals represented 56%of the total size of the ipsilateral cortex. Treatment with
NRG-1 resulted in an infarct that was reduced to 16% of the ipsilateral cortex, which corresponds
to a 72% reduction in cortical infarct size (from 53.0 to 15.0 mm3) (Figure 2.1c). NRG-1 treatment
reduced infarction by 50% in subcortical regions (Figure 2.1d). Regional CBF was measured by
LDF for each mouse during MCAO and after reperfusion. NRG-1 did not significantly affect the

CBF reduction after MCAO (p = 0.8695) or recovery after reperfusion (p = 0.8722) (Figure 2.2; n
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=9 in each group). NRG-1 also did not affect the baseline body temperature, body temperature 24
h post-MCAO, or body weight loss (Figure 2.3). No significant difference in neurological outcome

was observed between controls and NRG-1-treated animals at this time point (data not shown).
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Figure 2.2 NRG-1 does not affect regional CBF after MCAO. Regional CBF was measured by LDF for
each mouse during MCAO and after reperfusion. NRG-1 did not significantly affect the CBF
reduction after MCAO (a; p = 0.8695) or recovery after reperfusion (b; p = 0.8722) (n = 9 in each

group).
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Figure 2.3 NRG-1 does not affect animal body temperature or weight after MCAO. NRG-1 or
vehicle was administered immediately after reperfusion. There was no statistical significance
between vehicle and NRG-1-treated animals for the baseline body temperature (a; p = 0.8020);
body temperature 24 h post-MCAO (b; p = 0.5944), or body weight loss (c; p =0.5584) (n =9 in each

group).
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NRG-1 Blocks Ischemia-Induced Neuronal Death Neuronal injury and the neuroprotective
effects of NRG-1 treatment were also assessed by FJB staining. Brain tissues from mice treated
with either NRG-1 or vehicle were examined 24 h after MCAO/reperfusion, and extensive FJB
staining was found within the ischemic cortical and subcortical regions (Figure 2.4). Ischemia-
induced FJB staining was reduced by 64% NRG-1 treatment in the areas within the cerebral cortex.
NRG-1 also dramatically reduced TUNEL labeling after MCAO (Figure 2.5). MCAO reduced
NeuN immunoreactivity in cortical neurons (Figure 2.6). These injured areas showed high numbers

of FJB labeling in adjacent sections as seen in Figure 2.4. Neighboring neurons that were not injured
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Figure 2.4 NRG-1 reduced FJB staining in the brain following MCAO/reperfusion. Brains
from mice treated with either vehicle or NRG-1 were examined 24 h after
MCAO/reperfusion. Extensive FJB staining was found in brain tissues following ischemia
(a). Ischemia-induced FJB staining was significantly reduced by NRG-1 (b). A mean value of
FJB positive or per unit area from five brain sections within the brain regions was obtained
for each individual mouse brain (c; p = 0.0001). Data are expressed as mean = SEM. Scale
bar =100 um.
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showed relatively higher levels of NeuN immunoreactivity. NRG-1 post-treatment rescued NeuN

immunoreactivity following MCAO.

Figure 2.5 NRG-1 blocks ischemia induced apoptosis. Brains from mice treated with either
vehicle or NRG-1 were examined 24 h after MCAO/reperfusion using TUNEL labeling. Extensive
TUNEL labeling was found within the brain following ischemia (a). Ischemia-induced TUNEL
labeling was blocked by NRG-1 treatment in the areas within the cerebral cortex (b). Scale bar
=50 um.
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Figure 2.6 NRG-1 protects neurons from ischemic damage following MCAO/reperfusion.
MCAO/reperfusion resulted in reduced NeuN immunoreactivity in cortical neurons (a). NRG-1
treatment rescued NeuN immunoreactivity (b, c; p = 0.0001). Scale bar = 100 um
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Neuroprotection was observed following i.v. administration of NRG-1 in male and female mice
(Figure 2.7a, b). Vehicle-treated mice exhibited an average total infarct volume of 24.9% and NRG-
1 reduced that percentage to 13.3%, a 46.6% reduction (Figure 2.7c; 2 males + 3 females per
treatment group). Vehicle-treated mice resulted in an average cortical infarct volume of 26.8% that
NRG-1 significantly reduced to an average of 7.5%, a 72.1% reduction specifically within the

ipsilateral cortex. No difference in lesion size was seen within the ipsilateral subcortical region.
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Figure 2.7 NRG-1 reduced infarct volume via intravenous administration in male and female mice. a Vehicle or b NRG-
1 (100 pg/kg) was administered immediately after filament insertion. MCAO occurred for 90 minutes followed by 23 h
of reperfusion. Brains were removed, sliced into five coronal sections (2 mm thick), and treated with 2% TTC. ¢ NRG-1
reduced total infarct volume by 46.6% (b; p < 0.05). Treatment with NRG-1 resulted in a 72.1% reduction in cortical
infarct size (c; p < 0.05) and no significant difference in subcortical regions. N = 5 mice (2 males + 3 females) per
treatment group.

Endogenous NRG-1 Protects Neurons from Ischemic Injury To determine if endogenous NRG-
lis involved in ischemic brain injury, we examined cerebral infarction in male and female (3 males

and 3 females per group) NRG-1+/— mice and WT littermates. MCAO was performed for 45 min

rather than 1 h to produce smaller, submaximal infarcts and examine whether reduced endogenous
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NRG-1 could result in increased neuronal damage. There was no difference in CBF reductions and
recovery between WT and NRG-1+/— mice (Figure 2.8a, b); however, the infarct volume in the
cerebral cortex of NRG-1+/— mice was sixfold larger than that observed in WT mice (Figure 2.8c—

). However, there was no difference in subcortical infarct volume between the two groups and thus

total hemisphere infarct volume was not statistically significant when compared.
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Figure 2.8 Endogenous NRG-1 protects neurons following MCAO/reperfusion. NRG-1+/— mice and WT littermates
were subjected to 45 minutes MCAO followed by 23.25 h of reperfusion. There was no difference in CBF reduction (a,
p = 0.3494) or recovery (b, p = 0.1645) between WT and NRG+/— mice. TTC labeling was used to measure brain
infarction in WT (c) and NRG-1+/— mice (d). There was no difference in subcortical infarct volume between the two
groups (not shown), and thus, total hemisphere infarct volume was not statistically significant when compared (e; p =
0.0549). However, the infarct volume in the cerebral cortex of NRG-1+/- mice was 6-fold larger than that observed in
WT mice (f; p = 0.0406) N = 6 per experimental group.
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2.4 Discussion

NRG-1 belongs to a family of multipotent neuroprotective and anti-inflammatory growth
factors that include acetylcholine receptor—inducing activities (ARIAs), glial growth factors
(GGFs), heregulins, and neu differentiation factors (NDFs) (Falls 1993; Ho 1995; Holmes 1992;
Marchionni 1993;Wen 1992).We have shown that NRG-1 reduced ischemic brain injury when
administered either before or 13.5 h after MCAO (Xu 2006). NRG-1 has also been shown to
promote functional recovery in a rat stroke model when administered intravenously up to 7 days
after ischemia (laci 2010). In this study, we examined if exogenously applied or endogenous NRG-
1 was neuroprotective in a mouse MCAO model. We observed that both i.a. and i.v. administration
of NRG-1 reduced neuronal injury in mice. The neurobehavioral test we used to examine the acute
effects of ischemic stroke and NRG-1 did not correlate with the histological protection as we
observed in the rat stroke model (Xu 2004, 2006). Future studies will employ more sensitive tests
to examine the long-term neurobehavioral consequences of NRG-1 treatment following ischemia

in mice beyond the 24-h time point.

We also observed that ischemic brain injury was more severe in NRG-1+/— knockout mice
compared with WT mice suggesting that endogenously expressed NRG-1 is involved in the
function of neurons under normal conditions. NRG-1—/—homozygous knockout mice die in utero,
but heterozygous NRG-1+/— mice are viable and with reduced amounts of NRG-1 in the brain
(Erickson 1997; Gerlai 2000; Sandrock 1997; Stefansson 2002). Heterozygous NRG-1 knockout
mice were shown to have a “schizophrenia-like” phenotype including alterations in prepulse
inhibition and anxiety-like behaviors (Erickson 1997; Gerlai 2000; O'Tuathaigh 2007, 2008, 2010;
Sandrock 1997; Stefansson 2002). Polymorphisms in the NRG-1 gene have also been associated
with increased risk for schizophrenia in human patients (Stefansson 2002, 2004). Similar results

were shown with erbB4 knockout mice following stroke. Neuroprotection by NRG-1 against
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cerebral ischemia was prevented in the mice with erbB4 deleted in parvalbumin (PV)-positive

interneurons (Guan 2015).

An important finding in this study is that NRG-1 was neuroprotective in both male and female
mice. Pre-menopausal women are protected from ischemic stroke compared with males (Murphy
2004). However, this neuroprotective capacity is lost in post-menopausal women, where estrogen
levels reduced. Experimental studies have shown that premenopausal female rodents and non-
human primates were protected from ischemia-induced brain injury compared with males (Alkayed
1998; Murphy 2004, 2008; Toung 2004). The observation that the neuroprotective effect of NRG-

1 was gender-independent makes it a more attractive clinical candidate for neuroprotective therapy.

The STAIR report produced in response to the multiple failed stroke neuroprotection clinical
trials suggested that pre-clinical stroke studies be performed in multiple species. Therefore, it is
clinically significant that NRG-1 is equally neuroprotective in both mice and rats. Recently, we
developed a novel, minimally invasive ischemic stroke model with young male rhesus macaques
(Rodriguez-Mercado 2012) which has been replicated with similar results in aged female monkeys
(Zhang 2015; Li 2018). This procedure reliably produced infarcts and resulted in discrete and
limited neurobehavioral deficits, indicating the potential of this stroke model for chronic
neuroprotection studies in the future. Therefore, in future studies we will be able to directly examine
the neuroprotective capacity of NRG-1 following stroke in males and female non-human primate

stroke models.

Thrombolysis is the only approved therapy for acute ischemic stroke and can only be used in a
limited patient population. The present study demonstrates that NRG-1 is a viable candidate
neuroprotectant to treat acute ischemic stroke. NRG-1 (Neucardin; Zensun Biotechnology,

Shanghai, China) is currently in phase 111 human clinical trials for the treatment of heart failure and
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showed significant efficacy for improving cardiac function in phase Il patient studies in China
(Chinese Clinical Trial: ChiCTR-TRC-00000414) and Australia (Australian New Zealand Clinical
Trials Registry: ACTRN12607000330448). Three additional clinical trials to determine the ability
of NRG-1 to improve cardiac function after heart failure have been initiated in the USA
(ClinicalTrials.gov identifiers NCT01258387; NCT01541202; NCT01251406). These clinical
studies demonstrated that NRG-1 significantly improved heart function in patients and the effective
doses were shown to be safe and tolerable (Gao 2010; Jabbour 2011). This suggests rationale for
future clinical adjunctive treatment with NRG-1 and tPA or endovascular thrombectomy. We
recently developed a partnership with Zensun to pursue FDA approval to use Neucardin in clinical

trials for stroke treatment (https://news.ucr.edu/articles/2019/05/09/hope-horizon-treatingstroke ).

Recent studies showed that erbB4 prevented neuronal injury and improved blood-brain barrier
integrity in animal models of subarachnoid hemorrhage (Qian 2018; Yan 2017). This suggests that
NRG-1 would not induce hemorrhagic transformation after ischemia and could protect patients
from tPA-mediated toxicity. These findings could support the development of clinical studies using
NRG-1 alone or in conjunction with other therapies for the treatment of patients with acute ischemic

stroke.

Chapter 3: Spatial Analysis of Neural Cell Proteomic Profiles following Ischemic Stroke in

Mice using High-Plex Digital Spatial Profiling
3.1 Introduction

In this study, we examined the spatial regulation of protein profiles initiated by ischemia.
By utilizing immunohistochemistry and Nanostring Digital Spatial Profiling (DSP) we analyzed
panels of proteins in regions of interest including the ischemic core border, peri-infarct, and PiINT
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at 3- days post-ischemia compared to regions in the contralateral cortex. NanoString’s GeoMx DSP
technology generates profiling data for validated protein analytes using high-plex spatial profiling
to rapidly and quantitatively assess the biological implications of the heterogeneity within the tissue
samples. We demonstrated that the ipsilateral hemisphere particularly initiated distinct proteomic
regulatory profiles in a spatial manner that can be co-localized consistently with the cellular
markers, fluoro Jade B (FJB), GFAP, and Iba-1. Additionally, the core border region presented a
unique proteomic profile that represents neuronal death, apoptosis, immunoreactivity, and early
degeneration. Most notably, the core border resulted in a decrease of the neuronal proteins Map2
and NeuN, an increase in the autophagic proteins BAG3 and CTSD, an increase in the microglial
and peripheral immune invasion proteins Ibal, CD45, CD11b, and CD39, and an increase in the
neurodegenerative proteins BACE1, APP, aff 1-42, ApoE, and hyperphosphorylated tau protein S-
199. The peri-infarct region demonstrated increased astrocytic immunoreactivity, apoptotic, and
neurodegenerative proteomic profile, with an increase in the autophagic protein BAG3, GFAP, and
hyperphosphorylated tau protein S-199. The PiNT region displayed minimal changes compared to
the contralateral cortex with only an increase in GFAP. These findings may aid in identifying a

novel therapeutic strategy for the treatment of stroke.

3.2 Materials and Methods

Animals All animals used in these studies were treated humanely and with regard for alleviation
of suffering and pain, and all protocols involving animals were approved by the IACUC of
University of California-Riverside prior to the initiation of experimentation. Male and female
C57BL6 mice (8-10 weeks old) were purchased from Jackson Laboratories (Bar Harbor, Maine)

and housed with a 12-hour daily light/dark cycle. Food and water were provided ad libitum. All
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surgical procedures were performed by sterile/aseptic techniques in accordance with institutional

guidelines.

Photothrombotic Middle Cerebral Occlusion Animals were subjected to left photothrombotic
MCA occlusion (MCAOQ). Mice were anesthetized with 2% isoflurane and circulating air (N20:02
at approximately 2:1) and maintained anesthetized during the procedure via a modified gas tubing
nose connection on a stereotaxic instrument. Eye lubricant was applied to protect the eyes and body
temperature was maintained via a heating pad placed underneath the mice during surgery at 37°C.
MCAO was performed in an adapted accordance to Zhong et al. (Zhong 2010). Rose Bengal (10
mg/mL; Cat#330000, Sigma, Burlington, MA) was injected intraperitoneally (i.p.) at 10 mL/g and
allowed to incubate for 8 minutes. The animal was stabilized in the stereotaxic instrument and the
scalp hair was removed. The scalp was disinfected with iodine and ethanol, then followed by a
midline skin incision to expose the skull above the left sensorimotor cortex. A 2-mm diameter focal
green laser (520nm; Cat# LP520-MF100 ThorLabs Inc, Newton, NJ) was directed at 2-mm lateral
left and 0.6-mm posterior of bregma. Laser irradiation occurred for 20 minutes at 10 mW. After
irradiation, the midline incision was sealed with Vetbond glue followed by triple antibiotic
ointment. Mice were then placed into a 37°C incubation chamber for 20-30 minutes to recover.
Sham control animals included two groups: 1) Rose Bengal injection without laser irradiation and

2) laser irradiation without Rose Bengal injection. Mice were sacrificed at 3 days post-ischemia

(dpi).

Histology and Immunohistochemistry After MCAO, mice were deeply anesthetized with 2%
isoflurane and perfused transcardially with saline followed by cold 4% paraformaldehyde (PFA)
solution. Brains were quickly removed and maintained in 4% PFA for 24 hours. Brains in
preparation for histological and immunohistochemical analysis were quickly removed after

transcardial perfusion and maintained in 4% PFA for 24 hours before being cryoprotected in 30%
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sucrose. The brains were then flash frozen and stored at — 80°C until sectioning. Coronal sections
of 12—15 um thickness were cryosectioned and mounted on slides which were then stored at —80°C

until further processed.

Cresyl violet (Cat#C5042, Millipore, Billerica, MA) stain was first reconstituted from
powder with distilled water, allowed to stir overnight, and then 0.3% glacial acetic acid was added
and mixed thoroughly. Sections were stained with cresyl violet on slides beginning with
rehydrating steps of 15 minutes incubation with 95% ethanol, 1 minute with 70% ethanol, 1 minute
with 50% ethanol, 2 minutes with distilled water, and 1 minute with distilled water. Sections were
then stained with cresyl violet warmed to 37.5°C for 3 minutes followed by distilled water for 1
minute. Sections were then dehydrated with 1 minute of 50% ethanol, 2 minutes of 70% ethanol
with 1% glacial acetic acid, 2 minutes of 95% ethanol, and 1 minute of 100% ethanol. After
allowing the ethanol to dry off the sections, they were incubated with warmed cresyl violet again
for 2 minutes followed by distilled water for 2 minutes. Sections were cleared with a 5-minute wash

of Histoclear and mounted and cover slipped with DPX (Cat#06522, Millipore, Billerica, MA).

Fluoro Jade B (FJB; Cat#AG310, Millipore, Billerica, MA) labeling was performed in an
adapted accordance to Noll et al. 2019 to ensure infarct presence and record infarct size and location
(Noll 2019). Sections were post-fixed with 10% formalin for 10 minutes and then washed twice
with PBS for 5 minutes. Sections were then directly incubated in 0.06% potassium permanganate
(KMnO4) for 3 minutes followed by distilled water for 2 minutes. Sections were then incubated in
a freshly prepared solution of 0.0004% FJB with DAPI for 20 minutes, rinsed in distilled water 3

times for 2 minutes, and then dried at 50°C.

For immunohistochemical studies, sections were dried at room temperature for 30 minutes.

After rinsing with 0.01M PBS, sections were blocked in PBS containing 5% normal donkey serum
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and 0.1% Triton X-100 for 1-2 hours at room temperature, rinsed with PBS/0.2% Tween-20 (PBST)
and then incubated overnight at 4°C with primary antibodies of polyclonal rabbit anti-lba-1
(1:1000, Cat#019-19741, Wako, Osaka, Japan) and Cy3-conjugated monoclonal mouse anti-GFAP
(1:400, Cat#C9205, Sigma, Burlington, MA). Sections were washed 3 times with PBST, incubated
with respective AlexaFluor594-conjugated donkey anti-rabbit 1gG antibody (1:400, Cat#711-585-
152, Jackson ImmunoResearch Laboratory, West Grove, PA) for 1 hour at room temperature, then
rinsed 4 times with PBST before mounting with DAPI-Fluoromount-G (Cat#0OB010020, Fisher

Scientific, Pittsburgh, PA).

Immunohistochemical Quantification A Leica MZ FL Ill stereo microscope with a tethered
dSLR camera was used to capture all digital images of cresyl violet stained sections. A Leica
DM5500 B Automated Upright fluorescence microscope was used to capture all digital images of
FJB stained sections at x5 magnification. A Nikon TS2-S-SM inverted fluorescence microscope
equipped with a CCD camera was used to capture all digital images of sections at x10
magnification. Cresyl violet images were captured to demonstrate photothrombotic damage at each
investigated stereotaxic location (bregma +2, +1, and 0) and each investigated region of interest

(ROI) with highlighted focus on the core border region (Figure 3.1).

Immunohistology images of FJB+ cells were captured at bregma +2 and +1 at 5x
magnification to capture the entire image area of FJB+ cells. Images were taken at the ipsilateral
core and corresponding contralateral cortical region of three separate tissue sections for each

mouse. FJB+ cells were counted semi-automatically with ImageJ software (Media Cybernetics,
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Inc., Bethesda, MD) after threshold at size 10-infinity (pixel units) and circularity 0.4-1.00. FJB+

cell counts were averaged for each stereotaxic location.
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Figure 3.1 Representative Stereotaxic Locations and Regions of Interest at 3-days post-Ischemia. Coronal sections
of mice with induced photothrombotic MCAO were stained with cresyl violet at 3 days after MCAO and examined
qualitatively at bregma +2 (a) bregma +1 (b) and bregma 0 (c) with four ROIs: Ipsilateral core (red), Ipsilateral core
border (blue), Ipsilateral Peri-Infarct Normal Tissue (PiNT; orange), and Contralateral (yellow) with higher
magnification of the core border region. Infarct at 3-days post-ischemia demonstrated larger core damage at bregma
+2 with some sustained damage at bregma +1, but no indicated damage at bregma 0. Core border region
demonstrates a small increase in cell numbers at both bregma +2 and +1.

Immunohistology images of Iba-1, and GFAP were captured at approximately bregma +2,
+1, and O at four different regions of interest: the core, core border, PINT and contralateral cortex
in three separate corresponding tissue sections for each mouse. Mean gray values were calculated
with ImageJ software. All picture properties were obtained and ensured for consistency. Pictures
were converted to 32-bit gray before analysis, and pictures were not altered in any other way. Area
fraction was utilized as a control where all picture values must have 100% area fraction. Mean gray

25



value regions of interest technical replicates were averaged and were calculated as fold changes
against the contralateral side. Iba-1 maxima count was analyzed with prominence=15, in areas of
high tissue damage (based on cresyl violet staining) where background signal may be higher,
prominence was increased to 18. Maxima count ROI technical replicates were averaged and
calculated as fold changes against the contralateral side. Sham and MCAO groups fold-change

mean gray values were compared using Student’s two sample t-tests assuming unequal variances.

Formalin-Fixed Paraffin Embedded Tissue Preparation Brains in preparation for Nanostring
DSP were continually dehydrated in preparation for paraffin embedding: 24 hours of 4% PFA was
followed by 24 hours each in 40% ethanol, 70% ethanol, and a second change of 70% ethanol.
Brains were then placed whole into cassettes and processed in a Tissue-Tek Processor in a 12-hour

cycle (Table 3.1) before embedding coronally in paraffin.

Table 3.1 Tissue-Tek Processing Protocol

Reagent Time Formalin-fixed, paraffin-embedded (FFPE) samples were
Ethanol 30 minutes sectioned to approximately bregma +2 and 5-um thickness
Ethanol 5 x 1 hour sections were mounted onto slides and allowed to dry at room

CitriSolv 3 x 45 minutes | temperature overnight. FJB labeling was performed as

Wax 3x 1 hour described above to ensure infarct presence and record infarct

size and location. Samples confirmed with FJB+ cells indicating
successful MCAO were sent to Nanostring (Seattle, WA) for slide mounting and GeoMx DSP

profiling.

Nanostring Digital Spatial Profiling Analysis To visualize whole tissue, mounted slides were
stained with oligo-conjugated antibodies for MAP2, Iba-1 and GFAP, and with Syto13 (nuclei) in

the GeoMx DSP instrument. Circular geometric patterns (200 pum diameter) were used to identify
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six ROIs on the scanned tissues of each sample: core border, peri-infarct, and PiNT regions on
ipsilateral and contralateral hemispheres. The GeoMx Neural Cell Profiling protein panel (73
proteins) was utilized for this analysis. UV-cleavable oligo-conjugated antibodies according to the
panel were dispensed onto each ROI, UV-cleaved off, aspirated into a plate, hybridized and counted
by the GeoMx DSP instrument. All resulting spatial, quantified analysis was performed in the
Nanostring GeoMx DSP analysis software. Background correction was determined by protein
target correlation plot and high correlation was seen between Rb IgG, Rb IgGa, and Rb IgGb. All
three 1gG proteins were used for panel background correction via signal-to-background ratio.
Spatial ROIs were compared using a linear mixed model (LMM) with Bonferroni-Hochberg (BH)
correction and random effect for Scan ID and ROI ID. Fold changes were identified by comparing

the ROl/contralateral ROI with a significance of p value <0.05.

3.3 Results

FluoroJadeB Identifies Ischemic Infarct 3 Days Post-MCAQO We examined the consistency and
ability to define the photothrombotic infarct at three days post-injury with the neurodegeneration
stain, FJB. Brain tissues from mice with induced MCAO were sacrificed and examined spatially at
three days after ischemia at bregma +2 and +1. Detectable FJB+ cells were found consistently
throughout the infarct core at bregma +2, but not at bregma +1 (Figure 3.2). MCAO brain tissue
exhibited a mean of 547.3 + 114 FJB+ cells at bregma +2 with only a mean of 11.6 £+ 19 at bregma
+1. This demonstrated that neurodegenerative damage occurs and is detectable by FJB staining

three days after MCAO with primary neuronal damage located at bregma +2.
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Figure 3.2 Neuronal Damage 3 Days Post-Ischemia. Brains from mice with induced MCAO were examined 3
days after ischemia. FJB+ cells were counted at bregma +2 and +1 at 5x magnification for whole infarct
comparison. Extensive FJB+ staining was found at bregma +2 (a) but were not detected at bregma +1 (b). A
mean value of FIB+ cells from three brain sections from each location was obtained for each individual mouse
brain (c; p<0.01, n=4). Data are expressed as mean + SD. Scale bar = 100 um.

GFAP Increases in Core Border 3 Days Post-Ischemia To characterize the early inflammatory
processes that occur after MCAO, astrocytic immunoreactivity was assessed in a spatial manner
with the immunohistology marker, GFAP. Brain tissues from mice with induced MCAO and sham
controls (SHAM) were sacrificed and examined at three days after ischemia at stereotaxic locations
bregma +2, +1, and 0 within the ipsilateral core, core border, and PINT for GFAP expression. High

GFAP expression is not typically observed in the naive or SHAM mouse cortex but is upregulated
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within proliferating and activated astrocytes following neuronal injury (Davies 1998; Savchenko
2000; Nowicka 2008). Therefore, GFAP expression was analyzed as mean gray value fold change
against the contralateral side to detect regional changes in GFAP expression. GFAP regional fold
change expression in MCAO animals was compared to SHAM animals (Figure 3.3). GFAP
expression significantly increased within the ipsilateral core border at both bregma +2 and +1 with
a fold change of 1.76 + 0.3 and 1.66 + 0.29, respectively. No significant changes in GFAP mean
gray value fold changes between MCAOQO and SHAM were seen in ipsilateral core or PINT regions
at any stereotaxic location. Additionally, GFAP mean gray fold change expression was non-distinct
from SHAM at bregma O for all three regions. GFAP expression suggests that there is an increase
in astrocytic inflammatory activity along the core border in a spatial manner at three days post-

ischemia.
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Figure 3.3 GFAP Expression Increases in Core Border 3 Days Post-Ischemia. Brains from mice with induced
photothrombotic MCAO were examined spatially 3 days after MCAO for GFAP expression. Mean gray value fold change
of GFAP expression compared to the contralateral hemisphere in the ipsilateral core (a) ipsilateral core border (b)
ipsilateral PiNT (c). Mean gray value fold change increased significantly in the core border at bregma +2 and bregma +1
but was non-significant in bregma 0 (d). Mean gray value fold change of GFAP was non-significant in ipsilateral core or
PiNT in any stereotaxic location. Data are expressed as mean * SD; p<0.05, MCAO (n=4) and SHAM (n=2). Scale bar =
100 pm.

Microglia Increase Reactivity Within Ischemic Region To further characterize the inflammatory
processes that occur after MCAO, microglial activity was assessed in a spatial manner with the
immunohistology marker, Iba-1. Brain tissues from mice with induced MCAO and SHAM surgery
were sacrificed and examined spatially at three days after ischemia at stereotaxic location bregma
+2, +1, and 0 within the ipsilateral core, core border, and PiNT for Iba-1 expression. In the SHAM

mouse cortex, Iba-1 expressing microglia exhibit a quiescent, ramified morphology (Figure 3.4)
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(Nowicka 2008). After ischemia, resident microglia can increase Iba-1 reactivity, change
morphology, as well as infiltrating monocytes will express Iba-1 (Ito 2001). Iba-1 expression was
analyzed as mean gray value fold change and gray maxima count fold change against the
contralateral side to detect regional changes in Iba-1 expression. Iba-1 regional fold changes and
gray maxima count fold changes in MCAOQ animals were compared to SHAM animals (Figure 3.4).
Iba-1 mean gray value fold change significantly decreased within the core region at bregma +2 with
a fold change of 0.74 + 0.09, a -1.3 fold change compared to SHAM (Figure 3.4d). Iba-1 gray
maxima count also significantly decreased within the core region at bregma +2 with a fold change

of 0.28 + 0.2, a -3.6 fold change to SHAM (Figure 3.4¢e). Iba-1 gray maxima count fold change also
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Figure 3.4 Iba-1 Expression Demonstrates Microglia Reactivity 3 Days Post-Ischemia. Brains from mice with induced
MCAO were examined spatially 3 days after ischemia for Iba-1 expression. Mean gray value fold change and gray
maxima count fold change of Iba-1 expression compared to the contralateral hemisphere in the ipsilateral core (a)
ipsilateral core border (b) and ipsilateral PiNT (c). Mean gray value (d) fold change decreased in core region at bregma
+2 and increased in the core border at bregma +1. Mean gray value fold change of Iba-1 was non-significant in PiNT or
in other regions of interest at any other stereotaxic location. Gray maxima count fold change of Iba-1 decreased in
ipsilateral core region at bregma +2 but increased in the core region at bregma 0 and all stereotaxic ipsilateral core
border regions (e). Gray maxima count fold change of lba-1 was non-significantly different in PiNT at all stereotaxic
locations. Data are expressed as mean + SD; p<0.05, MCAO (n=4) and SHAM (n=2). Scale bar = 100 pum.
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exhibited a significant increase compared to SHAM within the core region at bregma 0 with a fold
change of 1.35 £ 0.2. Immunohistology images (Figure 3.4a) demonstrate a distinct morphological
change in Iba-1 expressing cells within the bregma +2 core region. There was also a disappearance
of Iba-1 expressing cells from the center of the core region, likely reflecting within the decrease of
gray values, specifically maxima count. Additionally, round Iba-1 expressing cells appear along
the core border region with beginning invasion into the core, suggesting activation of residential

microglia and potentially early invasion of peripheral monocytes.

Iba-1 mean gray value expression minimally increased within the core border at bregma
+1 with a fold change of 1.09 £ 0.12 compared to SHAM (Figure 3.4d). Iba-1 gray maxima count
fold change demonstrates significantly increased Iba-1 counts at all core border stereotaxic bregma
locations (Figure 3.4e). Iba-1 gray maxima count fold change within the core border at bregma +2,
bregma +1, and bregma 0 were 1.71 + 0.4, 1.47 £ 0.2, and 1.1 + 0.1 respectively. The increase in
gray maxima count Iba-1+ round cells within each bregma core border location further suggests
activation of residential microglia and early invasion of peripheral monocytes into the core in a
spatial manner at three days post-ischemia. No significant changes in Iba-1 mean gray value fold
changes between MCAO and SHAM were seen in ipsilateral core or core border regions at any
other stereotaxic location. Additionally, Iba-1 mean gray fold change expression was non-distinct
from SHAM at bregma 0. No significant changes in Iba-1 gray maxima count fold change were
seen in the PINT at any stereotaxic location. Inflammatory activation within the core border of
GFAP- and Iba-1- expressing astrocytes and microglia demonstrates the importance of this region

early after ischemia. Therefore, we have determined that consistent identification of the core border
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can be histologically defined with combination of these three glia cell stains: FJB, GFAP, and Iba-

1 at three days post-ischemia (Figure 3.5).

a) _ _ b

Figure 3.5 Histological Markers Define Core Border at 3 Days Post-Ischemia. Immunohistology images of FJB (a; green),
Iba-1 (b; red), and GFAP (c; red) compared at the core border at bregma +2 can define a consistent, clear core border
at 3 days post-ischemia. Scale bar = 100 um.

Nanostring Digital Spatial Profiling Defines Distinct MCAO Protein Profiles In order to
elucidate a detailed proteomic analysis and profile after ischemia within these specific ROI’s, we
utilized Nanostring’s DSP technology. Brain tissues from mice with induced MCAO were
sacrificed and examined spatially at three days after ischemia in the ipsilateral core border, peri-
infarct, and PiNT tissues compared to the contralateral side with the Nanostring DSP Neural Cell
Profiling protein panel (70 proteins; excluding IgG negative targets). Sections were immunostained
with four chosen identifying markers for ROl selection (Figure 3.6). Markers included: MAP2 for
neuronal damage, GFAP for astrocytic reactivity, Iba-1 for microglia, and Sytol13 for nuclei. The
full neural cell profiling protein panel was run on each ROI resulting in quantified protein read-

outs for each ROI.
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Figure 3.6 Representative Inmunohistochemical Figures for DSP Analysis and ROI Selection. Coronal sections from
mice with induced photothrombotic MCAO were immunohistologically stained for identifying markers MAP2 (green),
GFAP (yellow), Iba-1 (red), and Syto13 for nuclei (blue) (a) and overlayed for ROl selection (b). Overlay of these markers
clearly identified the extent of the infarct region and astroglia immunoreactivity within the core border. ROI's included
ipsilateral core border, ipsilateral peri-infarct, ipsilateral PiNT, and contralateral cortex, each region is outlined in a red
circle (c). Clear difference in the identifying IHC markers can be seen within each ROI.

To determine the comparative significance of DSP regional specific comparisons to whole
tissue analysis, DSP proteomic profiles were first compared as a combined ipsilateral hemispheric
group to contralateral hemispheres proteomic data. All ipsilateral ROIs (core border, peri-infarct,
and PiNT ROIs) were combined as one ipsilateral hemispheric group and compared against the
contralateral side for significantly changed proteins via an LMM. Then, the individual core ROI
was compared against the contralateral side for significantly changed proteins via an LMM (Figure
3.7). The whole ipsilateral hemispheric group resulted in only 4 significantly upregulated proteins.
However, when the ipsilateral core border ROl was isolated and compared to the contralateral

tissues, 27 proteins demonstrated significant changes, with 19 upregulated and 8 downregulated.

34



a) b)

1 I [
o [ ° e, *
°
I [ 400 1|1
I I {1 e g0 .
15 | o ° F 1 e,
g . Lo L IO S 5 [
E k Y I | l. ° e all Tags
(=Y 1 I L4 ol [. ° — — Significance threshold
% ! ¢ 2 1y lf —-— P-value
le I il
o °
v 1 e L »
05 | e [ £ K
1 e [\d ! |
N > i
o |
? .1 1 o Lol L
| | e
o 5 10 0 20 40 60
Contralateral Fold Change Ipsw\ateraclr:i:lspherlc Contralateral Fold Change Core Border ROI
# Sig changed Proteins a4 # Sig changed Proteins 27
#Up 4 #Up 19
# Down 0 # Down 8

Figure 3.7 Ischemia Presents Region Specific Proteomic Profiles. Volcano plots representing the significant protein fold
changes of the Ipsilateral Hemispheric group (core border, peri-infarct, and PiNT ROls) (a) and isolated core border ROI
(b) compared against the contralateral ROI. Data is plotted on a -log10 pValue scale; fold change on the x-axis; all tags
(blue plotted dots) represent individual panel proteins; p-value (0.05; green dotted x parallel line) (n=3).

To determine general similarities and consistencies between the proteomic profiles of ROIs
between biological samples, a hierarchical cluster was created (Figure 3.8). Overall, all core border
ROIs clustered together, demonstrating the most similar profiles across samples within the core
border. Peri-infarct ROIs clustered closest to the core border ROIs, demonstrating similarity
between samples within the peri-infarct region and closest proteomic profile next to the core border
ROIls. The PiNT and contralateral ROIs clustered generally together outside of the core border and
peri-infarct regions, demonstrating most similarity to each other between samples and furthest
similarity to the core border and peri-infarct regions. Overall, this hierarchal cluster suggests that

each ROI group demonstrates a unique, consistent proteomic profile after ischemia.
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Each ROI was further characterized compared to the contralateral ROI. Significantly
differentially regulated proteins according to fold change were documented for each ROI (Table
2). The ipsilateral core border ROl demonstrated 27 differentially regulated proteins with 19
upregulated and 8 downregulated. Of these 27 differentially regulated proteins, there was most
notably a unique profile reflected in neuronal death, apoptotic, immunoreactive, and early
degeneration proteins. Neuronal proteins, MAP2 and NeuN resulted in downregulation of -7.19
and -3.07 respectively in the core border. An autophagy protein, BAG3, resulted in a 12.04-fold
upregulation and a lysosomal autophagy protein, CTSD, was also upregulated by 8.44-fold. The
astrocytic protein, Aldh1/1, was downregulated by -2.30-fold and a glial cytoskeletal intermediate
filament protein, vimentin, was downregulated by -2.15-fold. Many proteins related to microglial
immunoreactivity and immune peripheral invasion were significantly upregulated within the core
border region. These included a 2.25-fold upregulation in CD45, a 4.31-fold upregulation in Iba-1,
an 8.24-fold upregulation in CD11b, an 8.74-fold upregulation in CD39, and a 9.69-fold
upregulation in MSR1. Notably, there was also a marked 26.39-fold upregulation in SPP1, a protein

specifically associated with disease-related microglia.

Within the core border region, BACE1 was upregulated by 4.18-fold, APP was upregulated
by 5.41-fold, and amyloid B (af) 1-42 was upregulated by 5.82-fold. This suggests that three days
after ischemia, the BACEL1 cleaving protein was upregulated within the core and perhaps leads to
increased cleaved products of APP and the af 1-42 form. Notably, there was a significant
upregulation of the tau-S199 amyloid by 57.42-fold, which can lead to neuronal destabilization and
death. There was also a significant upregulation of ApoE by 6.02-fold, which could later lead to be
neuroprotective or neurodegenerative depending on whether it is expressing the neuroprotective
isoform 3 or neurodegenerative isoform 4 (Koistinaho 2005). The ipsilateral peri-infarct ROI

demonstrated significant upregulation in 3 proteins: GFAP, was upregulated by 23.69-fold, tau-
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S199 was upregulated by 21.41-fold, and BAG3 was upregulated by 2.96-fold. The ipsilateral PINT

ROI only demonstrated significant upregulation in one protein, GFAP, by 6.09-fold.

Table 3.2 Regulatory Proteomic ROI Profiles. Proteins were compared against the contralateral side for significant fold
changes via an LMM for each ROl including: Ipsilateral Hemispheric Group, ipsilateral core border ROI, ipsilateral peri-
infarct ROI, and ipsilateral PiNT ROI. Upregulated proteins expressed in yellow-green, downregulated proteins
expressed in orange-red (p<0.05, n=3).

Ipsilateral Ipsilateral Core | Ipsilateral Peri- Ipsilateral PiNT
Hemispheric Group Border ROI Infarct ROI ROI

Differentially Regulated
Proteins 4 27 3 1
Upregulated 4 19 3 1
Downregulated 0 8 0 0

Protein Name Protein Acronym Fold Change Fold Change Fold Change Fold Change

Microtubule associated protein 2 MAP2 -7.19

Neuronal nuclei NeuN -3.07

BAG family molecular chaperone regulator 3 |BAG3 4.08 12.04 2.96

Cathepsin D CTSD 8.44

Transcription factor EB TFEB 2.96

Vacuolar protein sorting ortholog 35 VPS35 2.36

Aldehyde dehydrogenase 1 family member A1 (Aldh1l1 -2.30

Vimentin VIM -2.15

Glial fibrillary acidic protein GFAP 7.25 23.69 6.09:

Cluster of differentiation 45 CDb45 2.25

lonized calcium binding adaptor molecule 1 IBA1 4.31

Cluster of differentiation molecule 11B CD11b 8.24

Cluster of differentiation 39 CD39 8.74

Macrophage scavenger receptor 1 MSR1 9.69

Secreted phosphoprotein 1 SPP1 26.39

P2X purinoceptor 7 P2RX7 1.82 3.01

Complement component 3 receptor 4 subunit [ITGAX -1.53

Beta-secretase 1 BACE1 4.18

Amyloid Precursor Protein APP 5.41

Amyloid-Beta 1-42 af 1-42 5.82.

Phospho-Tau (S199) tau-S199 13.10] 57.42 21.41

Phospho-Tau (S404) tau-S404 -2.19

Apolipoprotein E ApoE 6.02

Insulin-degrading enzyme IDE 1.48

Neprilysin NEP 3.48

TAR DNA-binding protein 43 Tdp-43 -1.81

Neurogranin NRGN -2.42

Parkinson Disease 5 Park5 2.54

3.4 Discussion

Our data presented emphasizes the importance of accounting for spatial differences when
analyzing post-ischemic proteomic data. Our proteomic analysis presents unique profiles spatially
and regionally in relation to the infarct core. Previous technologies using whole ipsilateral tissues
can provide some insight into mechanisms occurring post-ischemia but can greatly obscure specific

mechanisms that occur within each region. Our data demonstrated that each region analyzed with
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DSP demonstrated a unique proteomic profile with distinctly regulated proteins. Within the
ischemic core border, a unique profile relating to neuronal death, apoptosis, immunoreactivity, and
early degeneration was identified. When looking further into the relationship between these
differentially regulated proteins, a potential pattern emerged with future interest for therapeutic
targeting. As expected, the neuronal proteins, MAP2 and NeuN were downregulated, indicative of
neuronal death within the core border. This is also reflected in the upregulation of the autophagic
protein, BAG3, and the lysosomal autophagy protein, CTSD. CTSD has been shown to increase
sharply after ischemia but will decrease as lysosomes rupture (Liu 2019). BAG3 was also
upregulated within the peri-infarct region, suggesting that autophagy and related apoptosis may

still be ongoing within this region.

Ischemia also resulted in an upregulation of the general immune cell surface marker, CD45,
as well as Iba-1. This suggests an increase in residential microglia and/or peripheral monocyte
infiltration and activity. However, as residential microglia are recognized to decrease acutely within
the core via degeneration, which is reflected within the immunohistochemistry mean gray value
and gray maxima count fold changes, we expect this Iba-1 increase to reflect peripheral monocyte
invasion (Ito 2001; Matsumoto 2007; Nowicka 2008). This is also suggested by the 8-fold
upregulation of CD11b and CD39 and a 3-fold upregulation of the CD39 receptor, P2RX7, which
are all surface markers on leukocytes. Leukocytes are noted to begin infiltrating into the ischemic
region as early as 12 hours after ischemia and persist, with peak levels at 7 days post-ischemia
(Nowicka 2008; Ito 2001; Sanchez-Bezanilla 2021). Microglia reactivity post-ischemia is
notoriously recognized to have both beneficial and deleterious effects. Activated microglia acutely
can phagocytose cells that have necrotized within the lesion core, preventing the further release of
neurotoxic products (Giulian 1993a, 1993b; Matsumoto 2007). However, activated microglia also

release many pro-inflammatory cytokines and reactive oxygen species which can contribute to
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infarct development (Giulian 1993a, 1993b; Matsumoto 2007). Therefore, truly understanding the
interactions of these cytokines and proteins is key to identifying future targets for therapeutic
intervention. For example, CD39 and MSR1 both demonstrated an upregulation of approximately
9-fold, and both proteins have been suggested to play a neuroprotective role within the
inflammatory process. Transgenic mouse lines overexpressing CD39 resulted in reduced leukocyte
infiltration, smaller infarct volumes, and decreased neurological deficit after ischemia, suggesting
a neuroprotective role of CD39 during ischemic insult (Baek 2017). CD39 expression on
endothelial cells and leukocytes is suggested to reduce inflammatory cell trafficking and platelet
reactivity via cell-cell interaction after ischemia (Hyman 2009). Also, it has been shown that higher
expression of the MSR1 protein increases damaged-associated molecular patterns (DAMP)
clearance after ischemia via MSR1-induced resolution of neuroinflammation, indicating MSR1 as
a potential therapeutic target (Zou 2021). Additionally, there was a notable, 57-fold upregulation
of the protein SPP1. This protein is suggested to function as a pro-angiogenic trophic factor, but it
is also associated with neurodegeneration as it is recorded to be upregulated in senescent microglia
in an age-dependent manner (Li 2010; Jiang 2020). Controversially, this protein has also been
associated with macrophagic communication to astrocytic migration toward the infarct area that
has been suggested to be a neuroprotective repair mechanism of the ischemic neurovascular unit

early after ischemia (Choi 2019).

A unique astrocytic proteomic profile is reflective throughout each region. Within the core
border, there is downregulation of the astrocytic proteins, Aldhl/1 and vimentin by about 2-fold.
Vimentin-expressing astrocytes have been shown to increase acutely after ischemia but given
downregulation at this three-day timepoint in combination with Aldh1/1 downregulation, may
suggest astrocytic degeneration within the core (Kindy 1992). However, large upregulation of

GFAP within the peri-infarct region by almost 24-fold and confirmed with mean gray value fold
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change increase at the core border both in stereotaxic location bregma +2 and +1 suggests strong
reactivity of astrocytes within the border and peri-infarct region three-days after ischemia. GFAP
has been shown by multiple studies to be increased specifically within the peri-infarct region
beginning as early as 4 hours after ischemia up until 28 days (Kindy 1992; Nowicka 2008; Sanchez-
Bezanilla 2021). Reactivity of astrocytes and microglia can lead to secondary tissue damage,
progressive cavitation, and scar formation along the peri-infarct border (Fitch 1999). Ultimately,
the relative differences between these microglial and astrocytic proteomic profiles within the core
border and peri-infarct regions could provide potential targets for prevention of secondary damage

and anti-inflammation.

Ischemia is well-recognized to be associated with neurodegeneration and more specifically
the relationship between stroke history, tau proteins, and increased Alzheimer’s Disease prevalence
(Sun 2006; Zheng 2010). Multiple tau related proteins within the core border region resulted in a
pattern that could ultimately indicate a future therapeutic target. BACE1, APP, and aff 1-42 all
demonstrated an approximate 5-fold upregulation within the core border. BACEL has been shown
to be upregulated in response to released reactive oxygen species and hypoxia inducible factor 1o
(HIF1a) following ischemia (Sun 2006; Guglielmotto 2009). Increased BACEL activity results in
increased cleavage of APP with increased deposits and aggregation of the neurotoxic form of
amyloid 8, af 1-42 (Sun 2006; Guglielmotto 2009). BACE1 expression was found to be regulated
by a positive feedback loop between y- and B-secretase cleavages on APP (Wang 2006; Li 2009).
Additionally, upregulation of APP within neurons, astrocytes, or microglia can lead to neuronal
destabilization and vulnerability to stress, suggesting that upregulation of all three proteins within
the core border could be indicative of a neurodegenerative profile (Koistinaho 2005). The tau-S199
form was also found highly upregulated by 57-fold within the core border, and this tau form has

been shown to play a role in the development of Alzheimer-like lesions after ischemia. After
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ischemia, tau proteins become rapidly dephosphorylated acutely and are then slowly
rephosphorylated and accumulated in a serine site-specific manner (Zheng 2010). Tau-S199 has
been reported to be specifically induced after ischemia and to contribute to ischemic neuronal injury
(Zheng 2010). Dysregulation and displacement of tau proteins after ischemia is suggested to
contribute to a neurodegenerative profile. Lastly, upregulation of the protein ApoE within the core
border region could play a dual role depending on the isoform of ApoE that is being expressed.
ApoEe3 is the most common isoform and can exhibit a neuroprotective effect by contributing to
communication from microglia to neurons for repair, regeneration and survival as well as
suppression of microglia reactivity (Koistinaho 2005). However, the ApoEe4 isoform may be

neurodegenerative by contributing to af3 deposition (Koistinaho 2005).

Chapter 4: Delayed Neuregulin-1 Treatment Induces a Late Neuroprotective and Early

Regenerative Proteomic Profile

4.1 Introduction

Our lab and others have previously demonstrated that exogenous NRG-1 treatment
significantly decreases acute neuronal death and neuroinflammation after ischemic damage with a
therapeutic window of >12 hours (Shyu 2004; Xu 2004, 2006; Li 2007b, 2008; Guan 2015; Noll
2019). NRG-1 has also demonstrated a direct neuroregenerative effect with increased neuronal
sprouting, synapse formation markers, and functional recovery 3 weeks after ischemia (laci 2010,
2016). However, the spatial neuroprotective and early regenerative effects of NRG-1 following
ischemia have not been clearly elucidated. In this study, we examined how delayed NRG-1
treatment alters the spatial MCAO proteomic profiles as defined in Chapter 3 and can continue to

act as a prolonged ischemic stroke therapeutic. By utilizing the photothrombotic MCAO model and
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Nanostring Digital Spatial Profiling (DSP) to analyze NRG-1 treated coronal brain sections at 3-
days post-ischemia in comparison with immunohistochemical data, we have more specifically
identified the proteomic profile of NRG-1 treatment after ischemia in a spatial manner. Our data
suggests that delayed NRG-1 treatment induces a unique spatial proteomic profile 3-days post
ischemia by inducing autophagy and mitophagy in neurons and microglia, immune cell
phagocytosis, and synaptic activity to enhance neuroprotection via resistance to apoptosis and

priming of a neuroregenerative niche.

4.2 Materials and Methods

Animals All animals used in these studies were treated humanely and with regard for alleviation
of suffering and pain, and all protocols involving animals were approved by the IACUC of
University of California-Riverside prior to the initiation of experimentation. Male and female
C57BL6 mice (8-10 weeks old) were purchased from Jackson Laboratories (Bar Harbor, Maine)
and housed with a 12-hour daily light/dark cycle. Food and water were provided ad libitum. All
surgical procedures were performed by sterile/aseptic techniques in accordance with institutional

guidelines.

Photothrombotic Middle Cerebral Occlusion Animals were subjected to left photothrombotic
MCA occlusion (MCAOQO). Mice were anesthetized with 2% isoflurane and circulating air (N20:02
at approximately 2:1) and maintained anesthetized during the procedure via a modified gas tubing
nose connection on a stereotaxic instrument. Eye lubricant was applied to protect the eyes and body
temperature was maintained via a heating pad placed underneath the mice during surgery at 37°C.
MCAO was performed in an adapted accordance to Zhong et al. (Zhong 2010). Rose Bengal (10

mg/mL; Cat#330000, Sigma, Burlington, MA) was injected intraperitoneally (i.p.) at 10 mL/g and
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allowed to incubate for 8 minutes. The animal was stabilized in the stereotaxic instrument and the
scalp hair was removed. The scalp was disinfected with iodine and ethanol, then followed by a
midline skin incision to expose the skull above the left sensorimotor cortex. A 2-mm diameter focal
green laser (520nm; Cat# LP520-MF100 ThorLabs Inc, Newton, NJ) was directed at 2-mm lateral
left and 0.6-mm posterior of bregma. Laser irradiation occurred for 20 minutes at 10 mW. After
irradiation, the midline incision was sealed with Vetbond glue followed by triple antibiotic. Mice

were then placed into a 37°C incubation chamber for 20-30 minutes to recover.

To determine how NRG-1 treatment may alter the spatial proteomic MCAOQ profiles as
defined in Chapter 3, mice were divided into two treatment groups and injected i.p. with either a
daily 100-uL dose of vehicle (0.1% BSA in PBS) or NRG-1B (5ug/kg/day NRG-1 (EGF-like
domain, R&D Systems, Minneapolis, MN) in 1% BSA in PBS) beginning 24 hours after surgery
and sacrificed at 3 post-ischemia (dpi). Mice designated for immunohistochemistry analysis were
randomized and blinded where 3dpi NRG-1 (n= 3) and vehicle (h= 4). Mice designated for
Nanostring DSP analysis were unblinded where 3dpi NRG-1 (n = 3) and compared to previous

DSP MCAO analysis data from Chapter 3.

Histology and Immunohistochemistry After MCAO, mice were deeply anesthetized with 2%
isoflurane and perfused transcardially with saline followed by cold 4% paraformaldehyde (PFA)
solution. Brains were quickly removed and maintained in 4% PFA for 24 hours. Brains in
preparation for histological and immunohistochemical analysis were quickly removed after
transcardial perfusion and maintained in 4% PFA for 24 hours before being cryoprotected in 30%
sucrose. The brains were then flash frozen and stored at — 80°C until sectioning. Coronal sections
of 12—15 um thickness were cryosectioned and mounted on slides which were then stored at —80°C

until further processed.
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Fluoro Jade B (FJB; Cat#AG310, Millipore, Billerica, MA) labeling was performed in an
adapted accordance to Noll 2019 to ensure infarct presence and record infarct size and location
(Noll 2019). Sections were post-fixed with 10% formalin for 10 minutes and then washed twice
with PBS for 5 minutes. Sections were then directly incubated in 0.06% potassium permanganate
(KMnO4) for 3 minutes followed by distilled water for 2 minutes. Sections were then incubated in
a freshly prepared solution of 0.0004% FJB with DAPI for 20 minutes, rinsed in distilled water 3

times for 2 minutes, and then dried at 50°C.

For immunohistochemical studies, sections were dried at room temperature for 30 minutes.
After rinsing with 0.01M PBS, sections were blocked in PBS containing 5% normal donkey serum
and 0.1% Triton X-100 for 1-2 hours at room temperature, rinsed with PBS/0.2% Tween-20 (PBST)
and then incubated overnight at 4°C with primary antibodies of polyclonal rabbit anti-lba-1
(1:1000, Cat#019-19741, Wako, Osaka, Japan) and Cy3-conjugated monoclonal mouse anti-GFAP
(1:400, Cat#C9205, Sigma, Burlington, MA). Sections were washed 3 times with PBST, incubated
with respective AlexaFluor594-conjugated donkey anti-rabbit 1gG antibody (1:400, Cat#711-585-
152, Jackson ImmunoResearch Laboratory, West Grove, PA) for 1 hour at room temperature, then
rinsed 4 times with PBST before mounting with DAPI-Fluoromount-G (Cat#0B010020, Fisher

Scientific, Pittsburgh, PA).

Immunohistochemical Quantification A Leica DM5500 B Automated Upright fluorescence
microscope was used to capture all digital images of FJB stained sections at x5 magnification. A
Nikon TS2-S-SM inverted fluorescence microscope equipped with a CCD camera was used to

capture all digital images of sections at x10 magnification.

Immunohistology images of FJB+ cells were captured at bregma +2 and +1 at 5x

magnification to capture the entire image area of FIB+ cells. Images were taken at the ipsilateral
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core and corresponding contralateral cortical region of three separate tissue sections for each
mouse. FJB+ cells were counted semi-automatically with ImageJ software (Media Cybernetics,
Inc., Bethesda, MD) after threshold at size 10-infinity (pixel units) and circularity 0.4-1.00. FJB+
cell counts were averaged for each stereotaxic location. FIB+ cell counts were compared between

NRG-1 and vehicle treatment groups with student two sample t-tests assuming unequal variances.

Immunohistology images of Iba-1, and GFAP were captured at approximately bregma +2,
+1, and O at four different regions of interest: the core, core border, PINT and contralateral cortex
in three separate corresponding tissue sections for each mouse according to Figure 3.1. Mean gray
values were calculated with ImageJ software. All picture properties were obtained and ensured for
consistency. Pictures were converted to 32-bit gray before analysis, and pictures were not altered
in any other way. Area fraction was utilized as a control where all picture values must have 100%
area fraction. Mean gray value regions of interest technical replicates were averaged and were
calculated as fold changes against the contralateral side. Iba-1 maxima count was analyzed with
prominence=15, in areas of high tissue damage where background signal may be higher,
prominence was increased to 18. Maxima count ROI technical replicates were averaged and
calculated as fold changes against the contralateral side. NRG-1 and vehicle treatment group fold-
changes were compared using student two sample t-tests assuming unequal variances to determine

statistically significant treatment effects.

Formalin-Fixed Paraffin Embedded Tissue Preparation Brains in preparation for Nanostring
DSP were continually dehydrated in preparation for paraffin embedding: 24 hours of 4% PFA was
followed by 24 hours each in 40% ethanol, 70% ethanol, and a second change of 70% ethanol.
Brains were then placed whole into cassettes and processed in a Tissue-Tek Processor in a 12-hour

cycle (Table 3.1) before embedding coronally in paraffin.
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Table 3.1. Tissue-Tek Processing Protocol

Reagent Time Formalin-fixed, paraffin-embedded (FFPE) samples
Ethanol 30 minutes were sectioned to approximately bregma +2 and 5-um thickness
Ethanol 5 x 1 hour sections were mounted onto slides and allowed to dry at room

CitriSolv 3 x 45 minutes | temperature overnight. FJB labeling was performed as described

Wax 3 x 1 hour above to ensure infarct presence and record infarct size and

location. Samples confirmed with FJB+ cells indicating
successful MCAO were sent to Nanostring (Seattle, WA) for slide mounting and GeoMx DSP

profiling.

Nanostring Digital Spatial Profiling Analysis To visualize whole tissue, mounted slides were
stained with oligo-conjugated antibodies for MAP2, Iba-1 and GFAP, and with Syto13 (nuclei) in
the GeoMx DSP instrument. Circular geometric patterns (200 pm diameter) were used to identify
six ROIs on the scanned tissues of each sample: core border, peri-infarct, and PiNT regions on
ipsilateral and contralateral hemispheres. The GeoMx Neural Cell Profiling protein panel (73
proteins) was utilized for this analysis. UV-cleavable oligo-conjugated antibodies according to the
panel were dispensed onto each ROI, UV-cleaved off, aspirated into a plate, hybridized and counted
by the GeoMx DSP instrument. All resulting spatial, quantified analysis was performed in the
Nanostring GeoMx DSP analysis software. Background correction was determined by protein
target correlation plot and high correlation was seen between Rb 1gG and Rb IgGa proteins and
were used for panel background correction via signal-to-background ratio. Spatial ROIs were
compared using a linear mixed model (LMM) with BH correction and random effect for Scan ID
and ROI ID. Fold changes were identified by comparing individual ROIs against the contralateral

ROI with a significance of p value<0.05.
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4.3 Results

FluoroJadeB Demonstrates No Difference with NRG-1 Treatment at 3 Days Post-Ischemia
We examined the infarct and possible prevention of neurodegeneration at three days in vehicle and
NRG-1 treated mice post-injury with the chemical neurodegenerative stain, FJB. Brain tissues from
mice with induced MCAO and blindly treated with vehicle or NRG-1 were sacrificed and examined
spatially at three days after ischemia at bregma +2 and +1. FJB+ cells were found throughout the
infarct core at bregma +2 with no difference in cell number between treatment groups (Figure 4.1).
Vehicle group exhibited a mean of 547.3 + 114 and NRG-1 treatment exhibited a mean of 461.4 £
156 at bregma +2. FJB+ cells were not significantly found at bregma +1 in either treatment group.
Vehicle group exhibited a mean of 11.6 £ 19 and NRG-1 treatment exhibited a mean of 1.3 + 0.7
at bregma +1. This demonstrated that NRG-1 treatment appears not to have a direct effect on

neurodegenerative damage detectable by FJB staining three days after MCAO at bregma +2.
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Figure 4.1 FJB Demonstrates No Difference with NRG-1 Treatment at 3 Days Post-
Ischemia. Brains from mice with induced MCAO and blindly treated with vehicle or NRG-1
were examined 3 days after MCAO. a) Representative FJB images of MCAO+Vehicle and
MCAO+NRG-1 treatment groups at bregma +2 and +1 at x5 maghnification. FIB+ cells were
counted at bregma +2 and +1 at x5 magnification for whole infarct comparison. b) FJB+ cells
were found throughout the infarct core at bregma +2 with no difference in cell number
between treatment groups. FIB+ cells were not significantly found at bregma +1 in either
treatment group. A mean value of FIB+ cells from three brain sections from each location
was obtained for each individual mouse brain (c; p<0.01, MCAO+Vehicle (n=4) and
MCAO+NRG-1 (n=3)). Data are expressed as mean + SD. Scale bar = 100 um.
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GFAP and Iba-1 Demonstrate No Difference with NRG-1 Treatment at 3 Days Post-Ischemia
To further characterize how NRG-1 treatment may affect the early inflammatory processes that
occur after MCAQ, astrocytic and microglial activity was assessed in a spatial manner with the
immunohistology markers, GFAP and Iba-1, respectively. Brain tissues from mice with induced
MCAO and blindly treated with vehicle or NRG-1 were sacrificed and examined spatially at three
days after ischemia at bregma +2, +1, and 0 within the ipsilateral core, core border, and PiNT for

GFAP and Iba-1 expression.

GFAP expression was analyzed as mean gray value fold change against the contralateral
side to detect regional changes in GFAP expression. GFAP regional fold change expression in
MCAO animals was compared between treatment groups (Figure 4.2). No significant changes in
GFAP mean gray value fold changes between MCAO+Vehicle and MCAO+NRG-1 treatment

groups were seen in any regions at any stereotaxic location.
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Figure 4.2 GFAP Demonstrates No Difference with NRG-1 Treatment at 3 Days Post-Ischemia. Brains from mice with
induced MCAO and blindly treated with vehicle or NRG-1 were examined spatially 3 days after MCAO for GFAP
expression. Mean gray value fold change of GFAP expression in MCAO+Vehicle and MCAO+NRG-1 treated groups
compared to their respective contralateral hemisphere in the (a) ipsilateral core, (b) ipsilateral core border, and (c)
ipsilateral PiNT. (d) Mean gray value fold change was non-significant changes between MCAO+Vehicle and MCAO+NRG-
1 treatment groups in all regions at all stereotaxic locations. Data are expressed as mean + SD; p<0.05, MCAO+Vehicle
(n=4) and MCAO+NRG-1 (n=3). Scale bar = 100 um.

Iba-1 expression was analyzed as mean gray value fold change and gray maxima count
fold change against the contralateral side to detect regional changes in Iba-1 expression. Iba-1
regional fold changes and gray maxima count fold changes in MCAQO animals was compared
between treatment groups (Figure 4.3). No significant changes in Iba-1 mean gray value fold
changes or gray maxima count fold changes between MCAO+Vehicle and MCAO+NRG-1

treatment groups were seen in any regions at any stereotaxic location. This suggests that if delayed
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NRG-1 treatment has a spatial immunomodulatory effect, it is not reflected in GFAP or Iba-1

immunohistology expression at three days post-ischemia.
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Figure 4.3 Iba-1 Demonstrates No Difference with NRG-1 Treatment at 3 Days Post-Ischemia. Brains from mice with
induced MCAO and blindly treated with vehicle or NRG-1 were examined spatially 3 days after MCAO for Iba-1
expression. Mean gray value fold change and gray maxima count fold change of Iba-1 expression in MCAO+Vehicle and
MCAO+NRG-1 treated groups compared to their respective contralateral hemisphere in the (a) ipsilateral core, (b)
ipsilateral core border, and (c) ipsilateral PiNT. (d) Mean gray value fold change was non-significant changes between
MCAO+Vehicle and MCAO+NRG-1 treatment groups in all regions at all stereotaxic locations. (e) Gray maxima count
fold change of Iba-1 was non-significant changes between MCAO+Vehicle and MCAO+NRG-1 treatment groups in all
regions at all stereotaxic locations. Data are expressed as mean + SD; p<0.05, MCAO+Vehicle (n=4) and MCAO+NRG-1
(n=3). Scale bar = 100 um.

Delayed NRG-1 Treatment Elucidates a Late Neuroprotective and Early Regenerative Profile
with Nanostring Digital Spatial Profiling Our data suggests that with delayed NRG-1 treatment,
characterizing a potential therapeutic spatial proteomic profile after ischemia extends beyond gross

cellular structure found with general immunohistochemical methods. To further elucidate if NRG-
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1 treatment initiates a delayed spatial therapeutic effect, we utilized Nanostring’s Digital Spatial
Profiling (DSP) technology and compared results to the previously defined MCAO 3dpi proteomic

spatial profile.

Brain tissue from mice with induced MCAO and treated with NRG-1 were examined
spatially three days after ischemia in the ipsilateral core border, peri-infarct, and PiNT in contrast
to the respective contralateral side with the Nanostring DSP Neural Cell Profiling protein panel (70
proteins; excluding IgG negative targets). Sections were immunostained with four chosen
identifying markers for region of interest selection (Figure 4.4). Markers included: MAP2 for
neuronal damage, GFAP for astrocytic activity, Iba-1 for microglia reactivity, and Sytol3 for
nuclei. ROIs include the ipsilateral core border, ipsilateral peri-infarct, ipsilateral PiNT, and
contralateral cortex corresponding to the core border. The full neural cell profiling protein panel

was run on each ROI resulting in quantified protein read-outs for each ROI.

Figure 4.4 Representative Immunohistochemical Figures for DSP Analysis and ROI Selection. Coronal sections from
mice with (a) induced MCAO and treated with (b) NRG-1 were immunohistochemically stained for identifying markers
MAP2 (green), GFAP (yellow), lba-1 (red), and Sytol13 (blue) and overlayed for ROI selection. Higher magnification
images demonstrating the selected ROIs for (c) MCAO and (d) NRG-1 treated groups. ROls between MCAO and
MCAO+NRG-1 treated groups appear similar between each corresponding region.
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To further elucidate if delayed NRG-1 treatment initiates a prolonged neuroprotective
spatial proteomic therapeutic effect, each ROl was further characterized compared to the
contralateral ROl and compared to the previously defined MCAO proteomic spatial profiles in
Chapter 3 Table 3.2. Significantly differentially regulated proteins for NRG-1 treated samples are
documented for each ROI in Table 4.2 comparative to fold changes found from Chapter 3 Table
3.2 fold change values (Table 4.2). The ipsilateral core border ROl demonstrated the most altered
proteomic profile indicative of a late neuroprotective and early regenerative profile with NRG-1
treatment. NRG-1 treatment in the core border region demonstrated 37 total differentially regulated
proteins, 33 upregulated and 4 downregulated, compared to the MCAO profile that demonstrated
27 total differentially regulated proteins, 19 upregulated and 8 downregulated. These 37
differentially regulated proteins with NRG-1 treatment within the core border region suggest a late
neuroprotective and early regenerative profile reflected in increased autophagy and mitophagy,
immune cell phagocytosis, and synaptic activity indicative of neuroprotection against further

neuronal apoptosis and priming of a neuroregenerative niche.

Neuronal proteins, MAP2 and NeuN resulted in essentially the same downregulated fold
changes in both treatment groups. MAP2 in MCAO resulted in a -7.19-fold downregulation and
NRG-1 treatment resulted in -6.88-fold change. NeuN had a downregulation of -3.07-fold with
MCAO and NRG-1 treatment with a -2.20-fold change. However, delayed NRG-1 treatment
induced a significant upregulation in the expression of the synaptic outgrowth factor,
synaptophysin, with a 2.10-fold change increase. As also demonstrated with FJB staining, this
indicates that delayed NRG-1 treatment does not significantly alter overall neuronal death, but it

has an early stimulating effect on the neuroregenerative outgrowth environment.

The intermediate filament, vimentin was significantly downregulated in MCAO by -2.15-

fold but demonstrated no significant differentiation with NRG-1 treatment. The astrocytic marker,
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Aldhl1/1 was also downregulated by -2.15-fold in MCAQO but demonstrated no significant
differentiation with NRG-1 treatment. This suggests that NRG-1 treatment may maintain astrocytic
activity within the core border region after ischemic stroke, and as vimentin can be secreted by
astrocytes to induce an axonal growth environment, this may contribute to a neuroregenerative
post-stroke environment (Shigyo and Tohda 2016). There was no GFAP seen within the core
border, but it was similarly upregulated in MCAO and NRG-1 treatment groups in both the peri-
infarct and PiNT, as also demonstrated with IHC mean gray fold changes. MCAO demonstrated a
23.69-fold upregulation of GFAP within the peri-infarct, and NRG-1 treatment demonstrated a
29.97-fold increase. MCAO demonstrated a 6.09-fold upregulation of GFAP within the PiNT, and
NRG-1 treatment demonstrated a 5.36-fold increase. However, NRG-1 treatment did have a
significant increase of Aldhl/1 of 2.32-fold within the peri-infarct and a 1.59-fold in the PiNT.
NRG-1 treatment also induced upregulation of the proliferation protein, Ki-67, within the peri-
infarct region by 2.48-fold. This suggests that although GFAP activity of astrocytes may not differ
between treatment groups, there may be a difference in astrocytic proliferation or viability within

these regions.

Elucidating the importance and effects of autophagy processes in ischemic stroke remain
complex and controversial. However, autophagy remains a critical process for maintaining cellular
homeostasis via intracellular degradation (Klionsky 2016). In the context of stroke, understanding
the cellular types that are undergoing autophagy, what types of autophagy, and whether the
autophagy processes are in flux (successful degradation) or blocked is key for characterizing a
neuroprotective component from a neurotoxic one (Kotoda 2018). We show for the first time that
delayed NRG-1 treatment may induce late neuroprotection through the induction of autophagy and
microautophagy after ischemic stroke. MCAO and NRG-1 treatment profiles show no difference

between autophagy proteins, BAG3, TFEB, and CTSD within the core border region, which could
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be indicative of autophagic blockage. With BAG3 activity upregulated to 12.04-fold in MCAO and
12.71-fold with NRG-1 treatment, TFEB activity upregulated to 2.96-fold in MCAO and 3.27-fold
with NRG-1 treatment, and CTSD activity upregulated to 8.44-fold in MCAO and 9.97-fold with
NRG-1 treatment. BAG3 was also upregulated within the peri-infarct region by NRG-1 treatment
with 2.96-fold increase at MCAO and 4.52-fold increase with NRG-1 treatment. However, NRG-
1 treatment also induces the upregulation of ULK1, LC3B, ATGS5, PINK1, and Park7 within the
core border region, suggesting successful autophagic flux restoration. ULK1 indicates the induction
of autophagy, with a 1.99-fold increase. LC3B in conjunction with ATG5 indicates phagophore
expansion, autophagosome formation, and elevated autophagy flux (Klionsky 2016). NRG-1
treatment increased ULK1 by 1.99-fold, LC3B by 1.58-fold, and ATG5 by 2.15-fold. Stabilized
PINK1 indicates that mitochondrial damage has occurred, damaged mitochondria is accumulating,
and that successful mitophagy of damaged mitochondria is occurring (Klionsky 2016). NRG-1
treatment demonstrated an increased PINK1 expression of 2.73-fold. Lastly, Park7 has been
indicative of antioxidant and neuroprotective responses after ischemia in neuronal cells (Yanagida
2009). NRG-1 treatment increased Park7 expression by 1.95-fold within the core border region.
Taken together, this suggests that NRG-1 treatment compared to MCAO restores autophagic and
mitophagic flux after ischemia allowing for restoration for proper removal of degraded, misfolded,

and damaged proteins and mitochondria in an antioxidant and neuroprotective manner.

Proteins related to microglial immunoreactivity and immune peripheral invasion were also
investigated with delayed NRG-1 treatment within the proteomic panel. Iba-1, as also demonstrated
by immunohistochemistry, did not show any difference between groups, and was upregulated
approximately 4-fold in both groups with no significant difference in the peri-infarct or PiINT
regions. There was also no clear difference seen in CD11b or CD45 in the core border region. With

CD11b activity upregulated to 8.24-fold in MCAO and 9.02-fold with NRG-1 treatment, and CD45
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activity upregulated to 2.25-fold in MCAO and 2.40-fold with NRG-1 treatment. NRG-1 treatment
demonstrated an increase in Mertk, a phagocytic expressing protein of myeloid cells, within the
core border with a 2.68-fold increase. NRG-1 also decreased CD39 activity in the core border with
8.74-fold increase in MCAO and a 5.26-fold increase with NRG-1 treatment. CD39 is highly
expressed by Tregs but is also expressed on other peripheral invading cells such as neutrophils,
monocytes, and lymphocytes (Antonioli 2013). MSR activity was slightly decreased by NRG-1
treatment within the core border region, with 9.69-fold increase at MCAO and 8.15-fold increase
with NRG-1 treatment but was increased in the peri-infarct region with 1.85-fold upregulation.
MSR1 is a macrophage receptor that assists in clearance of DAMPs, and high expressing MSR1
cells express less inflammatory cytokines and are sources for the neurotrophic factor, IGF-1 (Zhu
2019). NRG-1 treatment also demonstrated an upregulation in CD9, CSF1R, and MHC Il within
the core border region. NRG-1 treatment increased CD9 expression by 2.58-fold. CD9 expression
is associated with exosome release from microglia and can play a complex role in inflammation
(Gao 2020; Huang 2018; Zagrean 2018). CSF1R expression was increased by 2.13-fold. CSF1
receptor upregulation on microglia and neurons after ischemia can be stimulated by CSF1 release
by astrocytes to promote survival and microglial response to injury (Wang 1999). MHCII, an
antigen presenting surface marker on M1-like microglia and macrophages, was upregulated by
1.49-fold. NRG-1 treatment also upregulated the expression of Myelin Basic Protein (MBP) by
5.96-fold in the core border region. Controversially, expression of MBP could likely indicate
survival of mature myelin as previous studies with NRG-1 treatment have shown, or presentation
of the MBP antigen to promote an adaptive immune response (Xu 2012; Alizadeh et al. 2017,
Gauthier et al. 2013; Becker et al. 2011; Zierath 2015). Notably, there was also a reduction of SPP1
expression, a marker of disease-related microglia, from 26.39-fold in MCAO to 15.79-fold with

NRG-1 treatment. This data suggests that delayed NRG-1 treatment can still have a significant
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immunomodulatory effect, potentially priming the core border and peri-infarct region immune cells
toward a anti-inflammatory and neuroregenerative environment by restoring microglial

mitochondrial activity and removing neurotoxic debris via phagocytosis.

Further analysis into neurodegenerative proteins that are recognized to be associated with
ischemia prevalence and later neurodegeneration that were defined within Chapter 3 indicates
BACEI1, APP, and off 1-42 expression are regulated by a positive feedback loop between y- and -
secretase cleavages on APP as ischemic hypoxic damage continues (Li 2009; Wang 2006). This
pattern was defined within the core border region in MCAO and appears to be unchanged with
NRG-1 treatment. With BACEL activity at 4.18-fold with MCAO and 4.09-fold with NRG-1
treatment, APP activity at 5.41-fold with MCAO and 4.95-fold with NRG-1 treatment, and af 1-
42 deposits at 5.82-fold with MCAO and slightly increased to 7.40-fold with NRG-1 treatment.
There also was no difference between groups in ApoE protein expression in the core border, with
6.02-fold increase in MCAOQ and 6.71-fold increase with NRG-1 treatment. However, phosphotau-
S199 protein levels were increased within the core border and peri-infarct regions with NRG-1
treatment. With tau-S199 in the core border upregulated by 57.42-fold with MCAO and 89.94-fold
with NRG-1 treatment and upregulated in the peri-infarct by 21.41-fold with MCAO and 43.47-
fold with NRG-1 treatment. Phosphorylated tau-proteins hold a complex function, especially after
ischemia, as their function is mostly studied in neurodegenerative disorders and recent studies argue
that their phosphorylation location after acute injuries may hold a neuroprotective role (Wen 2004;
Li 2007a). Phospho-tau S199 upregulation has been linked to neuroprotection, allowing neurons to
resist apoptosis in relation to autophagy (Li 2007a). Thus, NRG-1 treatment significantly
upregulating this phosphorylation site of phospho-tau in conjunction with promotion of autophagy
suggests that NRG-1 is promoting late neuroprotective effects in both the core border and peri-

infarct regions.
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Table 4.2 Delayed NRG-1 Treatment Induces a Late Neuroprotective and Early Regenerative Profile 3-Days After
Ischemic Stroke. Proteins were compared in each respective treatment group against the contralateral side for
significant fold changes via an LMM for each ROl including, ipsilateral core border, ipsilateral peri-infarct, and ipsilateral
PiNT. Significantly differentially regulated proteins for NRG-1 treated samples are documented for each ROI
comparative to MCAO fold changes found from Table 3.2. Upregulated proteins expressed in yellow-green,
downregulated proteins expressed in orange-red (p<0.05, MCAO (n=3) and MCAO+NRG-1 (n=4)).

MCAO Core NRG-1 Core MCAO Peri- NRG-1 Peri-
Border Border infarct infarct MCAO PiNT NRG-1 PiNT
ISignificantly changed Proteins 27, 37| 3 ) 1) 2|
Upregulated 19 33 3] ) 1 2|
Downrequiated 8| 4 0 0
Protein Name Fold Change  Fold Changel  Fold Change,  Fold Changel  Fold Change,  Fold Change|
Microtubule associated protein 2 MAP2 -7.1% -6.88
INeurcnal nuclei INeuN -3.07 -2.20
Synaptophysin KYP 2.10
imentin imentin -2.15
IAldehyde dehydrogenase 1 family member A1 JAldh1i1 -2.30 2.32] 1.59|
Glial fibrillary acidic protein IGFAP 23.69 29.97| 6.09 5.36]
BAG family molecular chaperone regulator 3 [BAG3 12.04 12.71) 2.96 4.52
[Transcription factor EB [TFEB 2.96 3.27|
ICathepsin D ICtsd 8.44 9.97|
Unc-51 like autophagy activating kinase 1 ULK1 1.99
Microtubule-associated protein light chain 38 |LC3B 1.58
IAutophagy related 5 IATGS 2.15
PTEN-induced kinase 1 PINK1 2.73
Parkinson Disease 7 Park7 1.95
lonized calcium binding adaptor molecule 1 IBA1 4,31 4,57
Cluster of differentiation molecule 11B ICD11b 8.24 9.02
Cluster of differentiation 45 ICD45 2.25 2.40
IMER proto-oncogene, tyrosine kinase Mertk 2.68
[Cluster of differentiation 39 ICD39 8.74 5.2
Macrophage scavenger receptor 1 MSR1 (cd204) 9.69 8.15 1.85
Cluster of differentiation 9 K0S 2.58
ICalony stimulating factor 1 receptor ICSF1R (CD115) 2.13
IMajor histocompatibility complex 11 IMHC 11 1.49
IMyelin basic protein IMBP 5.96
Secreted phosphoprotein 1 SPP1 26.39 15.79
Marker of proliferation Ki-67 Ki-67 2.48
Beta-secretase 1 BACE1 4.18 4.09
IWmyloid Precursor Protein IAPP 5.41 4.95
IAmyloid-Beta 1-42 ap 1-42 5.82 7.40,
IApolipoprotein E IApoE 6.02 6.71
Phospho-Tau (S199) ltau-5199 57.42 89.94 21.41 43.47]

4.4 Discussion

As we described in Chapter 3, MCAO induces a unique spatial profile with the ischemic
core border relating to increased expression of neuronal death, apoptosis, immunoreactivity, and
early degeneration. Here our novel findings suggest that delayed daily NRG-1 treatment beginning
24 hours after ischemia can induce a late neuroprotective and early regenerative proteomic profile
within the ischemic core border and peri-infarct region as early as three days post-ischemia. Our
data suggests that NRG-1 treatment can alter the MCAOQ proteomic profile by inducing autophagy

and mitophagy in neurons and microglia, immune cell phagocytosis, and synaptic activity to
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enhance neuroprotection via resistance to apoptosis and priming of a neuroregenerative niche after

ischemia.

Our immunohistochemical results demonstrated no difference between MCAO+Vehicle
and MCAO+NRG-1 treatment groups, which was consistent with our DSP proteomic results. We
found no difference in neuronal death markers, Iba-1, or GFAP expression between treatment
groups in DSP proteomic panel results. Taken together, this suggests that traditional
immunohistochemical methods are lengthy, expensive, and require large animal numbers in order
to determine differences between treatment groups when differences may be molecular, especially
with a delayed treatment model as we present here. Utilizing the DSP proteomic panel technology
has allowed us to further elucidate a novel mechanism that delayed NRG-1 treatment acts after

ischemic stroke in a spatial manner.

NRG-1 treatment resulted in upregulation of many proteins related to autophagy and
mitophagy. Importantly, it has been shown that ischemia induces an upregulation in autophagic
markers, leading to an increase in neuronal death (Adhami 2007; Wen 2008). However, it has since
been elucidated that the specific cell-types expressing autophagy and the success of autophagic flux
post-ischemia is critical as enhancing autophagic flux and cell-specific autophagy is largely
neuroprotective (Xu 2021; Jeong 2015; Wang 2012). Neuroprotection post-ischemia via enhanced
autophagic flux in microglia and neurons has been demonstrated through mediation of the alpha7
nicotinic acetylcholine receptors (Xu 2021; Jeong 2015). In an experimental autoimmune
encephalomyelitis model, microglia autophagic flux was inhibited with a ATG5 siRNA and
resulted in enhanced neuroinflammation, demonstrating that enhanced microglial autophagy via
ATGS5 suppresses neuroinflammation with mediation of the alpha7 nicotinic acetylcholine
receptors (Shao 2017). NRG-1 has also been shown to mediate an anti-inflammatory effect via

upregulating alpha7 nicotinic acetylcholine receptors on microglia in vitro (Mencel 2013).
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Therefore, autophagic flux is critical not only to neuronal resistance to apoptosis, but microglial
mediation of neuroinflammation post-ischemia, and we suggest that NRG-1 treatment is
modulating neuroinflammation via autophagic flux in microglia and neuronal resistance to

apoptosis via autophagy.

Mitophagy is a selective autophagy process that can be induced by reactive oxygen species
or nitrogen starvation and is a key process that involves sequestration and degradation of damaged,
defective, or excessive mitochondria (Klionsky 2016). PINK1 is a significant protein of the
mitophagy pathway as it accumulates in response to certain forms of mitochondrial damage and is
required to successfully sequester mitochondrial fragments for degradation (Klionsky 2016). Mice
lacking autophagy in myeloid lineage cells, defined as a deficiency in ATGS5, displayed higher
expression levels of proinflammatory cytokines without an effect on Ibal expression (Kotoda.
2018). Additionally, macrophages with restored mitochondrial function after ischemia
demonstrated higher plasticity to repolarize to an M2-like phenotype (Van den Bossche 2016).
Thus, in addition to the main autophagic pathway, we also suggest that NRG-1 treatment is
promoting mitophagy of defective mitochondria in microglia and macrophages within the core

border region to prime for an anti-inflammatory state.

NRG-1 treatment also demonstrated an increase in the CSF1 receptor, which has been
shown to be upregulated after ischemia in microglia and neurons (Wang 1999). When expressed
on monocytes/macrophages it can also be associated with phagocytic capacity as well as
proliferation (Jenkins 2013). Microglia and neurons stimulated by CSF1 released by astrocytes
promotes survival and microglial response to injury after ischemia (Wang 1999). Additionally, the
MSR1 receptor has been associated with resolution of inflammation, clearance of DAMPS, and
phagocytosis (Zou 2021; Shichita 2017). SPP1 holds a controversial function after ischemia that

involves mediating inflammation via microglia and macrophages (Meller 2005). SPP1 has been
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demonstrated to be more upregulated in aged microglia after ischemia and is associated both with
acute inflammation and neurodegeneration, although its specific role has yet to be elucidated (Jiang
2020; Sousa 2018). Taken together, we propose that NRG-1 treatment has altered the post-ischemic
profile toward a microglial and macrophage mediated response within the core border and peri-
infarct region to shift the inflammatory response toward an anti-inflammatory profile to promote

survival and neuroregeneration.

Lastly, after ischemic stroke, it has been shown that tau-proteins slowly
hyperphosphorylate and accumulate and it has been suggested that the accumulation of
phosphorylated tau-proteins contribute to the apoptotic process of neurons (Wen 2004; Zheng
2010). Microglial and oligodendroglial cells have also been found to contain phosphorylated tau-
protein accumulations post-ischemia as well (Uchihara 2000). Contrary to expectations, NRG-1
treatment demonstrated a significant increase in phosphorylated tau-S199 deposits in both the core
border and peri-infarct regions. An in vitro study demonstrated that overexpression of
phosphorylated tau at the site S199 can provide acute antiapoptotic effects, but without clearance
can lead to later neurodegeneration (Li 2007a). This suggests that overexpression of tau-S199 in
combination with enhanced autophagic flux with NRG-1 treatment is providing a mechanism of

late neuroprotection for neurons, microglia, and potentially oligodendrocytes as well.

NRG-1 is recognized to act through its ErbB4 receptor, expressed on neurons and glia in
the central nervous system (Buonanno 2001). The ErbB4 receptor is enriched at the postsynaptic
density and directly associates with PSD-95 as a role in synaptic transmission and neurite
outgrowth (Huang 2000; Buonanno 2001; Gerecke 2003). A study that administered NRG-1
(GGF2/neuregulin 1B3) intravenously daily for ten days resulted in increased neural plasticity
markers GAP-43 and synaptophysin in the ipsilateral and contralateral somatosensory and motor

cortices (laci 2016). Additionally, a rat SCI model administered NRG-1 intrathecally continuously
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for 1-2 weeks and showed enhanced axonal preservation, increased new oligodendrocytes, and
attenuated astrogliosis and tissue degeneration (Gauthier 2013). These studies support that NRG-1
treatment has a direct effect on synaptophysin expression and oligodendrocyte survival and
differentiation after injury. However, we must consider the expression of MHCII in conjunction
with MBP, as this may suggest that MBP may not be suggestive of surviving mature myelin but
rather a presenting antigen to initiate an adaptive immune response (Zierath 2015; Becker 2011).
Our data suggests that delayed NRG-1 treatment may initiate this effect as early as 3-days after
ischemic injury, characterizing a late neuroprotective profile of neurons and oligodendrocytes as
well as an early neuroregenerative profile with synaptic communication and oligodendrocyte

preservation.

Overall, our data suggests the novel findings that delayed NRG-1 treatment initiates a
unique treatment spatial proteomic profile 3-days post ischemia by inducing autophagy and
mitophagy in neurons and microglia, immune cell phagocytosis, and synaptic activity to enhance
neuroprotection via resistance to apoptosis and priming of an anti-inflammatory and
neuroregenerative niche. Ultimately, we present the idea that NRG-1 treatment can continue to
provide significant late neuroprotection and early neuroregeneration post-ischemia and should

continue to be studied in spatiotemporal detail at all phases of treatment.

Chapter 5: Conclusion and Overall Discussion

Minutes to hours after ischemia, acute neuroprotection is largely targeted by preventing
infarct core expansion into the penumbra via early onset neuronal death. Acute ischemic
mechanisms are well-characterized and consist of excitotoxicity, oxidative stress, inflammation,

and progression of neuronal death (Dirnagl 1999; Barone 1999; Stoll 1998; del zoppo 2000;
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ladecola 2001, 2011). However, nearly 100+ clinical trials of neuroprotective compounds targeting
these mechanisms, including glutamate antagonists, anti-inflammatory compounds, and free radical
scavenging agents have failed to demonstrate efficacy in clinical trials with human patients
following stroke (Kidwell 2001; O’Collins 2006). Therefore, it has become even more critical to
identify a multiple mechanistic treatment with potential to increase the therapeutic treatment

window after ischemia.

NRG-1 has demonstrated promise as an acute neuroprotective, anti-inflammatory, and
neuroregenerative agent in animal stroke models. These effects have been seen in multiple cerebral
injury models, multiple administration methods, and in multiple clinically relevant doses. However,
the spatial cellular and inflammatory mechanisms occurring early after ischemic stroke and with
NRG-1 treatment had yet to be elucidated. Within these studies we suggest that ischemic stroke
initiates unique spatial mechanisms and that NRG-1 treatment targets neuroprotective and
neuroregenerative mechanisms within a similar spatial manner with potential of extending the

ischemic therapeutic window.

First, we further investigated the clinical potential of NRG-1 as an acute neuroprotectant
early after ischemia. Exogenous NRG-1 treatment administered to male and female mice via intra-
arterial or intravenous routes significantly reduced cerebral cortical infarct volume, inhibited
neuronal injury when measured by FluoroJade B and NeuN labeling, and reduced apoptosis as
measured by TUNEL labeling at 24-hours after MCAO. As the NRG-1 receptor, ErbB4, is
upregulated in injured neurons and has been suggested to increase the capacity to respond to
available NRG-1, neuroprotection by endogenous NRG-1 was investigated in male and female
heterozygous knock-out mice (NRG-1 +/1) and WT littermates (Xu 2005; Clement 2007). NRG-1
+/- mice demonstrated a six-times increase in cortical infarct compared to WT littermates at 24-

hours post-MCAOQO. These results suggest that exogenous and endogenous NRG-1 play a critical
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role in early neuroprotective mechanisms after ischemia in both male and female mice.
Additionally, successful neuroprotection with intravenous exogenous NRG-1 administration
suggests a strong potential for clinical success as NRG-1 treatment could be administered in

conjunction with tPA.

Next, we utilized immunohistochemistry and Nanostring Digital Spatial Profiling (DSP) to
understand the cellular and inflammatory mechanisms occurring early after ischemic stroke in a
spatial manner and determine if NRG-1 plays a potential multiple mechanistic role in a similar
spatial manner that could be crucial for preclinical and clinical success. Ischemic proteomic spatial
profiles were analyzed in regions of interest including the ischemic core border, peri-infarct, and
PiNT at 3- days post-ischemia. We demonstrated that the ipsilateral hemisphere initiates unique
proteomic regulatory profiles in a spatial manner that can be identified consistently with the
immunohistological markers, FIB, GFAP, and Iba-1. Additionally, the core border region presents
a unique profile that represents neuronal death, apoptosis, immunoreactivity, and early
degeneration. The peri-infarct region demonstrates astrocytic immunoreactivity, apoptosis, and a
neurodegenerative proteomic profile, while the PINT region resulted in an astrocytic
immunoreactivity proteomic profile. We demonstrate that the ability to isolate and compare the
proteomic profiles of each region has allowed us to determine that each region demonstrates a
unique differentially regulated proteomic profile and that substantial loss of data that can occur

when the ipsilateral hemisphere is analyzed together.

After characterizing the importance of spatial analysis, we then wanted to investigate
whether a treatment spatial proteomic profile could also be elucidated with delayed NRG-1
treatment. Ischemic proteomic spatial profiles were analyzed in the same regions of interest at 3-
days post-ischemia after daily NRG-1 treatment beginning at 24-hours after ischemic onset. First,

our immunohistochemical results demonstrated no difference between MCAO+Vehicle and
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MCAO+NRG-1 treatment groups, which was consistent with our DSP proteomic results. We found
no difference in neuronal death markers, Iba-1, or GFAP expression between treatment groups in
DSP proteomic panel results. This suggested that elucidating mechanisms for delayed treatment
model in ischemia may require more in-depth molecular analysis models rather than gross cellular
analysis provided by immunohistochemical markers, of which the DSP proteomic panel provides.
Our novel findings suggest that delayed daily NRG-1 treatment beginning 24 hours after ischemia
can induce a late neuroprotective and early regenerative proteomic profile within the ischemic core
border region and peri-infarct region as early as three days post-ischemia. Our data suggests that
NRG-1 treatment can alter the ischemic proteomic profile by inducing autophagy and mitophagy
in neurons and microglia, immune cell phagocytosis, and synaptic activity to enhance

neuroprotection via resistance to apoptosis and priming of a neuroregenerative niche after ischemia.

Overall, our data highlight the importance of identifying ischemic spatial mechanisms in
order to understand the complex, dynamic interactions throughout ischemic progression and repair
as well to introduce a successful ischemic therapeutic. We identify NRG-1 as a potent ischemic
therapeutic capable of inducing immediate and late neuroprotection, early neuroregeneration, and

extending the therapeutic treatment window after ischemia.
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