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ABSTRACT OF THE THESIS 

 

 

An Investigation of Gene Pathways Indicating Neuregulin-1 Immunoregulation 

Following Ischemic Stroke 

 

by 

 

Dian Mirfat Hoque 

 

Master of Science, Graduate Program in Biomedical Sciences 

University of California, Riverside, June 2021 

Dr. Byron D. Ford, Chairperson 

 

 

 

Stroke is the fifth leading cause of death and the leading cause of adult disability in the 

United States, but despite this alarming statistic, there are few treatment options for stroke 

patients, limited by the critical time window during and after a stroke event. Neuregulin-1 

(NRG-1), a pleiotropic growth factor belonging to a larger family of neuregulins, has 

demonstrated a neuroprotective role following ischemic stroke including the regulation of 

pro-inflammatory processes. In this study, we follow gene expression profiles for rats 

induced with middle cerebral arterial occlusion (MCAO) to model ischemic stroke; these 

rats were randomly allocated to three groups, (1) SHAM (2) MCAO and vehicle treatment 

(MCAO) and (3) MCAO and NRG-1 treatment (NRG), to analyze the mechanisms of 

NRG-1’s neuroprotective role following ischemic stroke. Temporal gene expression was 

analyzed as these rats were sacrificed to collect their cortical brain tissues at either 3, 6, or 

12 hours post-MCAO; SHAM mice were sacrificed at 3 hours following surgery. The 

samples were subjected to microarray analysis and the results were analyzed by 

Transcriptome Analysis Console (TAC), version 4.0 to identify differentially regulated 
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genes as either temporally downregulated or upregulated. These genes were then further 

analyzed using Qiagen’s Ingenuity Pathway Analysis (IPA) software. A subset of these 

genes were mapped based on IPA’s Rattus norvegicus genome database and canonical 

pathways were generated which identified the differentially regulated genes in a variety of 

canonical gene pathways. Eight of these genes were selected to be discussed in greater 

detail by comparison of specific gene pathways between MCAO vs. SHAM and NRG vs. 

SHAM at 3, 6, and 12 hours. These genes were Elk1, Fos, Hmox1, Jun, Mef2, Socs3, Csk, 

and Vegf, which were identified across multiple pathways, indicating possible regulation 

by NRG-1. Identifying specific genes and noting potentially significant upstream 

regulators based on differential gene expression can better improve our understanding of 

the neuroprotective role of NRG-1 following ischemic stroke.  
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INTRODUCTION 

 

Stroke 

 

Stroke, as defined by the Stroke Council at the American Heart Association, is an 

episode of acute neurological dysfunction caused by brain ischemia or hemorrhage and can 

broadly include various types of recognized stroke events such as central nervous system 

infarction or intracerebral hemorrhage. Ischemia is defined as an inadequate supply of 

blood to an organ caused by a physical blockage, such as a clot, or constriction of an artery. 

Hemorrhage is defined by the loss of blood by the rupturing of blood vessels. Both deprive 

the organ, in this case, the brain of vital nutrients and oxygen leading to rapid cellular death, 

both at the infarct core and the surrounding tissue, or penumbra.  

The most common type of stroke, ischemic stroke, is defined by the Stroke Council 

as a focal cerebral, spinal, or retinal infarction with a particular emphasis on the display of 

overt symptoms. Strokes can also occur without explicit symptoms, defined as “silent 

strokes,” an example of which is a silent cerebral hemorrhage. This type of stroke occurs 

when a focal collection of blood collects within the brain parenchyma, subarachnoid space, 

or ventricular system but is not caused by trauma nor causes acute neurological dysfunction 

(Sacco et al, 2013). In the United States, based on data collected in 2018 by the CDC, 1 

out of every 6 deaths from cardiovascular disease was due to stroke. Every year, nearly 

800,000 people experience a stroke, which about 87% are ischemic strokes (Centers 2020, 

Virani 2020, Hall 2012, Fang 2008).  
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Ischemic Stroke 

Ischemic stroke, as compared to hemorrhagic stroke, is the more common of the 

two types of stroke with approximately 87% of stroke patients experiencing this type. 

Ischemic stroke involves the physical obstruction of blood flow to the central nervous 

system and has an emphasis on physical symptoms, including but not limited to loss of 

balance, dysarthria or slurred speech, and facial palsy or drooping of the facial muscles. 

There are very limited treatment options for ischemic stroke. If a patient is able to reach a 

hospital within the first 3 hours after showing signs of a stroke, they may be able to get 

treated with a thrombolytic, tissue plasminogen activator (tPA), which breaks up blood 

clots, improving chances of recovery post-stroke (Ekundayo, 2013).  

Despite the higher chances of recovery post-stroke after receiving tPA, few 

individuals can reach the hospital soon enough to receive this treatment. Ischemic stroke 

are mainly caused by atherosclerosis, fatty deposits which line vessel walls, causing one of 

two types of obstructions: (1) cerebral thrombosis, a blood clot which develop from fatty 

plaques within a blood vessel, and (2) cerebral embolism, a blood clot which forms in a 

location of the circulatory system such as the heart which then dislodge and enter the 

brain’s blood vessels. Another form of treatment is mechanical removal of the blood clot, 

called an endovascular procedure or mechanical thrombectomy, using a stent retriever 

(National, 1995).  
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Figure 1. Flow chart for determining a cerebrovascular event 

This is a way to navigate stroke events although discretion is advised as definitions of 

stroke events are still being debated. The chart implies that an ischemic stroke (CNS 

infarction) would start from a focal arterial ischemia event and include overt symptoms 

persisting for greater than 24 hours.  

Provided by American Heart Association/American Stroke Association, Sacco et al, 2013 

 

Inflammatory Response 

There are two key regions of the ischemic stroke site which are the infarct core and 

the penumbra.  The infarct core is where regional cerebral blood flow is less than one-fifth 

of the normal rat and where acute neuronal death occurs rapidly, taking anywhere from 

several minutes to hours. The area outside the core, where the brain tissue is slightly 

perfused but at a reduced rate, is called the penumbra.  
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Although the penumbral neurons are affected functionally due to proximity to the 

infarct core’s reduced blood flow, they may still be salvageable if adequate blood flow is 

restored. However, even if blood flow is restored, the immune system response and 

excitotoxicity can lead to further neuronal damage. Excitotoxicity occurs when the 

neurotransmitter glutamate, generally considered an excitatory neurotransmitter, is 

released in excess by depolarizing or even dying neurons (as would be found in the infarct 

core). Glutamate then mediates the prolonged activation of ion channels, greatly increasing 

calcium influx, which can cause the generation of reactive oxygen species and the 

activation of apoptosis cascades.  

The inflammatory response, leading to the increase in proinflammatory cytokines 

at the site of injury, can further aggravate tissue injury and cell death. The acute response 

following inert blood flow includes the accumulation of P-actins on the vascular 

endothelium and platelets, which slows down circulating leukocytes to induce their 

recruitment, adhesion, and migration across the endothelial surface The complement 

system is implicated heavily in the post-stroke inflammatory process as complement 

proteins may gain access to the brain parenchyma upon decreased integrity of the blood 

brain barrier, caused by intravascular inflammation. Microglia, which are macrophages of 

the central nervous system, may also have a role in complement synthesis. Damage 

associated molecular patterns (DAMPs) can also be released from dying neurons, 

activating microglia and astrocytes within the brain parenchyma. Microglia respond fairly 

quickly within hours of ischemia and can generate a positive feedback loop of cytokine 
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and chemokine production, generating a more severe and potentially uncontrolled 

inflammatory response (Fang et al, 2008).  

Neuregulin -1 Neuroprotection 

NRG-1 is a pleiotropic growth factor which is implicated in nerve cell 

differentiation, neurite outgrowth, and synapse formation (Barrenschee et al., 2015). It has 

also been shown to display neuroprotective qualities.  Following ischemic stroke, the 

production of pro-inflammatory cytokines, such as IL-1ß released by glial cells, has been 

known to prolong inflammatory change in the brain, facilitating further neuronal damage. 

NRG-1 has been shown to have a neuroprotective role by blocking delayed neuronal death 

and pro-inflammatory processes following ischemic stroke. It also has been shown to 

protect neurons from ischemic brain damage following stroke when NRG-1 is administered 

before MCAO or up to 12 hours after reperfusion (Xu et al, 2006). NRG-1 may be able to 

regulate the inflammatory processes at multiple checkpoints, preventing excitotoxicity, 

macrophage infiltration, and pro-inflammatory gene expression (Xu et al, 2005). 
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Figure 2. Cell viability in rat brains following (a) MCAO 

and (b) MCAO with NRG-1 treatment. White area (shown 

with arrows) indicates damaged cells and red area 

indicates healthy functioning cells. NRG-1 treatment (b) 

promotes cell survival as shown by the conservation of 

healthy tissue. Data and figure provided by Simmons et al, 

2016. 

a 
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HYPOTHESIS 

 

NRG-1 is neuroprotective following ischemic stroke by decreasing the neurotoxic effects 

of stroke, reversing the inhibition of neural protective compounds, and promoting the 

inhibition of pro-inflammatory processes 

 

Scope of this Study 

Previous studies have demonstrated the pro-inflammatory processes following ischemic 

stroke induced by middle cerebral arterial occlusion and have explored the neuroprotective 

role of NRG-1. The purpose of this study is to further explore NRG-1’s neuroprotective 

role by studying the expression profiles of genes involved throughout the cellular and 

molecular processes following ischemic stroke events. This study was conducted through 

temporal analysis of fold-change values of differentially regulated genes and analysis of 

accompanying gene pathways. Microarrays were generated with cortical brain tissues 

cRNA hybridized to an Affymetrix Rat Genome 2.0st Gene Chip. This data was normalized 

and differentially regulated genes were identified by Transcriptome Analysis Software 

(TAC), version 4. Resulting gene lists were analyzed by Ingenuity Pathway Analysis (IPA), 

developed by Qiagen, which generated canonical pathways. Using IPA and STRING, 

specific genes of interest were chosen as potential candidates and analyzed in greater detail 

to explain NRG-1’s neuroprotective role.   
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METHODS AND MATERIALS 

 

Animals and Ischemia Induction  

 

All animals were treated humanely and with regard for alleviation of suffering and 

pain and all surgical protocols involving animals were performed by sterile/aseptic 

techniques and were approved by the Institutional Animal Care and Use Committee at 

Morehouse School of Medicine prior to the initiation of experimentation. Male adult 

Sprague-Dawley Rattus norvegicus (250-300g; Charles River Laboratory International, 

Inc., USA) were housed in standard cages in a temperature-controlled room (22 ± 2⁰C) on 

a 12 hour reverse light-dark cycle. Food and water were provided ad libitum.  

Animals were randomly allocated into the following groups: (1) SHAM (control), 

(2) MCAO (Middle Cerebral Artery Occlusion) + vehicle treatment, and (3) MCAO + 

NRG-1 treatment. Rats in the treatment groups (MCAO + vehicle and MCAO + NRG-1) 

were subjected to a left permanent MCAO. Rats were anesthetized with 5% isoflurane with 

an O2/N2O mixture (30%/70%) prior to surgery. After anesthesia administration, a rectal 

probe monitored the core body temperature, and a Homoeothermic Blanket Control Unit 

(Harvard Apparatus, Hollister, MA) was used to ensure the body temperature maintained 

at 37⁰C. Cerebral blood flow was monitored throughout the length of the surgery by a 

continuous laser Doppler flowmeter (Perimed, Ardmore, PA), with a laser Doppler probe 

placed 7 mm lateral and 2 mm posterior to bregma in a thinned cranial skull window. 

MCAO was induced by the intraluminal suture method. Briefly, a 4 cm length 4-0 surgical 

monofilament nylon suture coated with silicon (Doccol Corp., Sharon, MA, diameter 0.37 

mm, length 2.3-2.5 mm) was inserted from the external carotid artery (ECA) into the 
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internal carotid artery (ICA) and then into the Circle of Willis, to occlude the origin of the 

left middle cerebral artery. Rats in the sham control group underwent the same procedure 

as those in the injury group, but a filament was not inserted into the ICA. Animals assigned 

into treatment groups (MCAO + vehicle or MCAO + NRG-1) were administered either 

vehicle (1% BSA in PBS) or 50 μl of NRG-1 reconstituted with 1% BSA in PBS (20 ug/kg; 

NRG-1β1, EGF-like domain, R&D Systems, Minneapolis, MN). All treatments, both 

vehicle and NRG1, were administered via bolus injection into the ICA through ECA 

immediately before MCAO, as previously described (Li et al, 2007). Animals were 

sacrificed three hours, six hours and twelve hours after MCAO. All NRG-1 and vehicle 

treatment studies were performed in a blinded manner. 

Microarray Analysis  

Animals in the control group (SHAM) were sacrificed 3 hours following surgery. 

Animals in the experimental groups (MCAO + vehicle and MCAO + NRG-1) were 

randomly allocated into groups and sacrificed 3 hours, 6 hours and 12  hours, respectively, 

after MCAO. Brains were extracted and sectioned into 2 mm  coronal sections 

(approximately +3.0 to −5.0 from bregma) using a brain matrix. The brains were separated 

at midline and the injured (left) cortical tissue was isolated. A left hemi-cortical tissue from 

the sham was used as the control. Total RNA was extracted with TRIzol Reagent (Life 

Technologies Corp, Carlsbad, CA), quality controlled and quantified by Agilent 2100 

Bioanalyzer (Agilent Technology, Santa, Clara, CA). Microarrays were completed 

according to manufacturing guidelines (Affymetrix Inc., Santa, Clara, CA), with cRNA 

hybridized to an Affymetrix Rat Genome 2.0st Gene Chip (Affymetrix Inc.). The chips 
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were processed and scanned according to manufacturing guidelines(Affymetrix Inc., Santa, 

Clara, CA), with cRNA hybridized to an Affymetrix Rat Genome 2.0st Gene Chip 

(Affymetrix Inc.). Microarray chips were used for each of experimental sample groups 

(Shyu et al, 2004).  

Transcriptome Analysis Console  

.CEL files from the Affymetrix Rat Genome 2.0 Gene Chip were imported to TAC 

4.0 for quality control and to normalize the data through multiarray averages and 

identify differentially expressed genes. The filter criteria for differential expression 

analyses included a fold change value of +/-2 and p-value of < 0.05. The TAC 4.0 provided 

gene tables for each comparison of “SHAM vs. (3hr/6hr/12hr) MCAO” or “SHAM vs. 

(3hr/6hr/12hr) NRG” or “3hr/6hr/12hr) MCAO vs. 3hr/6hr/12hr) NRG.” This information 

was exported into an Excel file. A number of transcript IDs did not correspond to genes or 

gene products in the rat genome database provided by TAC 4.0, so those were excluded 

from the study. The remaining items (totaling 21,526) consist of known genes, gene 

isoforms, and components of gene products (such as protein domains and types). This 

Excel file was uploaded for further pathway analysis using IPA software.  

Ingenuity Pathway Analysis 

IPA is a web-based software application that enables the analysis of gene expression, 

miRNA, and SNP microarrays allowing the generation of Upstream Analyses, Causal 

Network Analyses, and associated Diseases and Functions. The generation of canonical 

pathways is particularly useful as some genes along these pathways indicate differential 

gene expression. See Figure 3 below as a guide. Within these pathways, particular gene 
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nodes are highlighted in purple or pink to indicate their overlap with the pathway. Figure 

3 shows the Acute Phase Signaling Pathway generated for 3hr MCAO vs. SHAM. Nodes 

that are colored along the spectrum of red indicate upregulation (see SOCS3 node in Figure 

3), with deeper or lighter colors corresponding to the intensity of the value (deeper is more 

upregulated and lighter is less upregulated). Conversely, nodes colored along the spectrum 

of green (see TTR node in Figure 3) indicated downregulation, again with deeper or lighter 

colors corresponding to the intensity of the value. These pathways can be generated for 3hr, 

6hr, and 12hr MCAO vs. SHAM and 3hr, 6hr, and 12hr NRG vs. SHAM, allowing 

comparisons of gene differential expression values in a temporal manner.  
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Figure 3. Acute Phase Response Signaling, 3hr MCAO vs. SHAM based on 

experimental fold change values. Green indicates downregulation. Red indicates 

upregulation.  
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STRING  

Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) is a 

biological database and web resource used to generate graphs of known and predicted 

protein-protein interactions based on genes of interest that the user inputs. Graphed protein-

protein interactions are based on scores which are computed by integrating probabilities 

from various evidence channels while correcting for the potential to randomly observe any 

given interaction. Known protein-protein interactions are experimentally determined from 

sources including Database of Interacting Proteins (DIP) and BioGRID or are generated 

from curated databases including Gene Ontology and Reactome. Predicted protein-protein 

interactions are based on neighboring genes or co-occurring genes.  
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RESULTS AND DISCUSSION 

Transcriptome Analysis Console 

In order to start the analysis for differential gene expression following treatment, 

microarray analysis was performed on rat cortical tissues from each experimental group 

using the software TAC  4.0. A total of 30,429 gene probes was available on the Affymetrix 

Rat 2.0 chip, and of those, a total of 21,526 transcript IDs corresponded with genes in the 

rat genome database in TAC 4.0. To filter these genes to a more manageable number, a 

filter criteria of fold change +/-2 and P-value of 0.05 was chosen. For 3hr MCAO and 

SHAM, a total of 201 genes were differentially regulated. Of these genes, 167 of these 

genes were upregulated and 34 were downregulated. For 6hr MCAO and SHAM, a total 

of 937 genes were  differentially regulated. Of these genes, 658 of these genes were 

upregulated and 279 were downregulated. For 12hr MCAO and SHAM, a total of genes 

were  differentially regulated. For 3hr comparison of MCAO and NRG, there was a greater 

number of genes upregulated and downregulated following NRG-1 treatment. However, 

the reverse occurs at 6hr and 12hr MCAO and NRG where the number of downregulated 

and upregulated genes decreased following NRG-1 treatment. This suggests that NRG-1 

may decrease the effects of stroke by bringing neurotoxic gene expression levels to baseline 

(i.e. gene expression levels where no stroke has occurred) over time.  
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Figure 8. 12hr MCAO vs. SHAM 

Figure 4. 3hr MCAO vs. SHAM Figure 5. 3hr NRG vs. SHAM 

Figure 6. 6hr MCAO vs. SHAM 
Figure 7. 6hr NRG vs. SHAM 

Figure 9. 12hr NRG vs. SHAM 
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Ingenuity Pathway Analysis — Canonical Pathways and Identifying Genes of Interest  

An Excel file containing 21,526 identified genes and gene products from TAC 4.0 

was uploaded for analysis in IPA. A subset of genes were mapped using IPA’s own genome 

database for the animal Rattus norvegicus. Unmapped genes, which were not recognized 

by IPA’s database, were excluded from analysis. Out of the subset of mapped genes, 

canonical pathways were generated indicating genes that showed (a) highlighted genes that 

overlap with these pathways and/or (b colored differentially upregulated (red) or 

downregulated (green) genes. Some genes were then handpicked and cross-matched with 

TAC’s database for Rattus norvegicus. A total of 36 genes were picked to be included in 

this study. These genes are listed in Table 1 and were also mapped into STRING (Figure ??). 

The following genes listed below were chosen to be analyzed in depth as they were 

differentially regulated across multiple canonical pathways.  

(1) ELK-1  

Elk-1, a member of the ETS oncogene family, is a transcription factor that regulates 

immediate early gene expression through the serum response element DNA consensus site 

(Besnard et al.) As seen in Figure 10 below, NRG-1 treatment further downregulates Elk-

1 expression at 3, 6, and 12hr post-MCAO when compared to fold-change values of MCAO 

only. Phosphorylation of the Elk-1 gene occurs at specific residues in response to several 

activation pathways including the MEK1/2 – ERK1/2 pathway. Figures 11 and 12 for 

Cholecystokinin/Gastrin-mediated signaling between 6hr MCAO vs. SHAM and 6hr NRG 

vs. SHAM, respectively, show a difference in the regulation of Elk-1 where Elk-1 is 

downregulated following NRG-1 treatment. An upstream regulator of Elk-1 is Ras, and 
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Figure 11 (6hr MCAO vs. SHAM) indicates no changes in Ras or Elk-1 regulation; 

however, Figure 12 (6hr NRG vs. SHAM) show that both Ras and Elk-1 are downregulated 

(indicated by green-colored nodes) likely by NRG-1 treatment. Figures 13 and 14 (G-alpha 

q signaling) also indicate downregulation of Elk-1 by NRG-1 treatment at the 6hr timepoint 

which can be traced back to a decrease in downregulation (or fold-change back to the 

SHAM baseline) of protein kinase C (PKC) when comparing NRG-1 treatment to vehicle 

treatment. Similarly, figures 13 and 14 for IL-6 signaling in 6hr MCAO vs. SHAM and 6hr 

NRG vs. SHAM, respectively, indicate downregulation of Elk-1 following NRG-1 

treatment. Downregulation of transcription factor Elk-1 indicates that pro-inflammatory 

processes may be better controlled. Since NRG-1 is clearly affecting Elk-1 expression, with 

comparison of these pathways listed before, these data suggest that NRG-1 may 

demonstrate its neuroprotective role through controlled regulation of transcription factors.  
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*fold change values indicate that NRG-1 treatment increases the amount of 

downregulation of Elk1 as compared to gene expression following only MCAO.  

 

 

 

 

Gene 3hrMCAO 6hrMCAO 12hrMCAO 3hrNRG 6hrNRG 12hrNRG 

Elk1 -1.47 -1.71 -1.54 -1.68 -2.13 -2.71 

Figure 10. Elk-1 Temporal Fold-Change  
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Figures 11,12. Cholecystokinin/Gastrin-mediated Signaling, 6hr MCAO vs. SHAM 

and 6hr NRG vs. SHAM 
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Figures 13,14. 1L-6 Signaling, 6hr MCAO vs. SHAM and 6hr NRG vs. SHAM 
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(2) FOS  

Fos codes for c-Fos, a proto-oncogene involved in early cell proliferation and 

differentiation following extracellular stimuli. Previous stroke studies have indicated the 

prolongation and enhancement of c-Fos expression following ischemic stroke, however, 

there has not been strong evidence regarding whether this expression is detrimental or 

neuroprotective. A study by Lin et. Al in 1997 showed a transient induction of c-Fos RNA 

following ischemia in the infarct core, demonstrating a potential neuroprotective role due 

to a reduction in delayed neuronal necrosis and infarct volume. The analysis generated 

from TAC 4.0 (see figures 15 below) supports this finding as both 3hr and 6hr NRG vs. 

SHAM showed an upregulation of Fos compared to 3hr and 6hr MCAO vs. SHAM*. This 

indicates a transient induction of c-Fos following ischemia due to upregulation of Fos at 

these earlier timepoints. When looking at IPA for regulation of c-Fos, which Fos codes for, 

there are no significant differences in fold-change values with regards to degree of 

upregulation following MCAO and MCAO with NRG-1 treatment at the 6hr timepoint (see 

figures 13 and 14 above). According to this study, IPA does not appear to present c-Fos as 

a strong candidate for demonstrating NRG-1’s protective role against neurotoxicity due to 

the lack of difference in differential gene expression at the 6hr timepoint; however, c-Fos 

may have a significant role in neuroprotection at different times during the course of stroke 

damage.  
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Figure 15. Fos Temporal Fold-Change 

 

Gene 3hrMCAO 6hrMCAO 12hrMCAO 3hrNRG 6hrNRG 12hrNRG 

Fos 7.08 5.77 13.63 23.88 13.85 10.43 

 

*fold change values indicate a transient increase in upregulation of Fos following NRG-1 

treatment specifically at 3hr and 6hr post-MCAO   

 

(3) HMOX1- NRG1 upregulated compared to MCAO  

Heme oxygenase 1 (HMOX1) has been shown to reduce neuronal death following ischemic 

stroke in rats by degrading heme in vivo as found in a 2018 study by Lu et al. The 
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overexpression of HMOX1 was found to reduce the death of neuronal cells following 

cerebral ischemic injury to a noteworthy extent. Comparison of 6hr and 12hr NRG vs. 

SHAM and MCAO vs. SHAM supports this finding as HMOX1 expression was 

upregulated to a greater degree following NRG-1 treatment at these timepoints compared 

to MCAO (see Figure 16 below)*. Figures 17 and 18 below show 3hr comparisons of the 

IL-10 signaling pathway between MCAO and NRG as generated by IPA. 3hr comparison 

of NRG and MCAO indicates upregulation of HMOX1 following both MCAO and NRG-

1 treatment but with no significant differences in fold-change values. HMOX1 

upregulation differences seen in TAC are not portrayed in IPA as both HMOX1 nodes are 

indicated in red but without significant differences in shading indicating differences in 

upregulation. According to this study, IPA does not indicate HMOX1 as a strong candidate 

for demonstrating NRG-1’s protective role against neurotoxicity due to the lack of 

difference in differential gene expression shown  at the 3hr timepoint. However, similar to 

c-Fos, HMOX1 may have a neuroprotective role at other time points during the course of 

stroke damage.  
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Figure 16. HMOX1 Temporal Fold-Change 

Gene 3hrMCAO 6hrMCAO 12hrMCAO 3hrNRG 6hrNRG 12hrNRG 

HMOX1 2.61 3.83 13.47 2.26 5.47 14.80 

 

*fold change values indicate that HMOX1 is upregulated to a greater degree following 

NRG-1 treatment compared to expression affected only by MCAO  
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Figures 17, 18. IL-10 signaling in 3hr MCAO vs. SHAM and 3hr NRG vs. SHAM 
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(4) JUN 

Jun codes for c-Jun, which acts along with c-Fos as an early response transcription factor. 

Figure 19 below indicates Jun’s temporal fold-change values generated by TAC 4.0 which 

shows that NRG-1 treatment does not lead to major fold-change differences at 3, 6, and 

12hr post-MCAO*. This does not implicate Jun as a major contributor to neuroprotection 

following ischemic stroke. However, Figures 11 and 12 for Cholecystokinin/Gastrin-

mediated signaling in 6hr MCAO vs. SHAM and 6hr NRG vs. SHAM, respectively, 

indicate upregulation of c-Jun following NRG-1 treatment (shown by a red shaded node in 

6hr NRG versus grey-shaded node in 6hr MCAO). A 2005 study by Gao et al. confirmed 

the role of c-Jun N-terminal kinase as a cell death mediator following ischemic attack by 

triggering a mitochondrial apoptosis-signaling pathway. Although Jun expression levels 

may not be significant as observed through fold-change values generated by TAC 4.0, it 

may still have an impact on c-Jun expression levels. c-Jun, regardless of Jun expression 

levels as seen in TAC 4.0 within 12 hours post-MCAO, may still be a candidate for 

supporting the idea of NRG-1’s protective role of preventing neurotoxic gene expression.  
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Figure 19. Jun Temporal Fold-Change 

 

*fold change values do not appear significant when comparing MCAO vs. NRG across 

all three time points.  

 

 

 

 

Gene 3hrMCAO 6hrMCAO 12hrMCAO 3hrNRG 6hrNRG 12hrNRG 

Jun 2.10 1.92 2.44 2.55 2.15 2.15 
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(5) MEF2 – 11, 12 show downregulated in 6hr MCAO, upregulated in NRG  

The myocyte enhancer factor 2 (Mef2) family of transcription factors are important for the 

mediation of pro-survival of neurons following ischemic attack, specifically white matter 

ischemia, as shown by a study conducted by Xia et al in 2020. Figure 21 shown below 

demonstrates an interesting pattern where NRG-1 seems to increase the amount of 

upregulation as compared to MCAO at 6hr, but then increases the amount of 

downregulation at 3hr and 12hr when compared to stroke. This indicates that NRG-1 may 

be playing an interesting role with Mef2 expression. Figures 11 and 12 for 

Cholecystokinin/Gastrin-mediated signaling between 6hr MCAO vs. SHAM and 6hr NRG 

vs. SHAM, respectively, portrays a degree of downregulation of Mef2 following MCAO, 

but then indicates upregulation of Mef2 following NRG-1 treatment. This further hints at 

the neuroprotective role of NRG-1 since upregulation of Mef2 promotes the survival of 

neurons following ischemic attack, and this is shown at the 6hr timepoint.  
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Figure 20. Mef2a Temporal Fold-Change 

Figure 21. Mef2d Temporal Fold-Change 
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Gene 3hrMCAO 6hrMCAO 12hrMCAO 3hrNRG 6hrNRG 12hrNRG 

Mef2a 1.28 1.30 1.16 1.46 1.19 1.28 

Mef2d -1.19 1.46 -1.29 -1.48 2.22 -2.02 

 

*fold change values do not appear significant when comparing MCAO vs. NRG across 

all three time points for Mef2a. Mef2d shows an interesting pattern where at 3hr and 

12hr NRG-1 treatment increases the amount of downregulation but at 6hr increases the 

amount of upregulation following NRG treatment.  
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(6) SOCS3 – 5, 6 and 7,8 show MCAO upregulated, NRG back to baseline  

Generally, Socs3 is part of a larger group of suppressor of cytokine signaling (SOCS) 

proteins which mediate pro-inflammatory pathways, through regulation of the JAK/STAT 

pathway (Baker et al., 2009). Figure 22 shown below indicates Socs3 was less upregulated 

expression at 3hr and 12hr following NRG-1 treatment as compared to only post-MCAO, 

while Socs3 expression more upregulated at 6hr following NRG-1 treatment when 

compared to MCAO*. Figures 23 and 24 for IL-6 signaling in 3hr MCAO vs. SHAM and 

3hr NRG vs. SHAM, respectively, shows Socs3 upregulation following MCAO and 

vehicle treatment and conversely shows Socs3 regulation back to SHAM baseline 

following NRG-1 treatment. Figures 25, 26 for IL-10 signaling at 6hr and figures 27, and 

28 for IL-10 signaling at 12hr do not indicate significant differences in Socs3 expression 

following NRG-1 treatment. The decrease in Socs3 expression following NRG-1 treatment 

at 3hr when compared to stroke indicates a general anti-inflammatory effect of NRG-1. 

Socs3 expression is induced in astrocytes, microglia, and neurons under inflammatory 

conditions in order to recruit a robust array of pro-inflammatory cells, greatly increasing 

the extent of neuronal stress and decay. Therefore, the regulation of Socs3 expression back 

towards baseline following NRG-1 indicates NRG-1’s neuroprotective role as an anti-

inflammatory agent.  
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*fold change values treatment indicates SOCS3 expression is less upregulated at 3hr and 

12hr following NRG-1 compared to MCAO, more upregulated at 6hr compared to 

MCAO   

 

 

 

 

 

Gene 3hrMCAO 6hrMCAO 12hrMCAO 3hrNRG 6hrNRG 12hrNRG 

Socs3 2.05 2.31 5.98 1.85 3.65 4.33 

Figure 22. Socs3 Temporal Fold-Change 
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Figures 23, 24. IL-6 signaling in 3hr MCAO vs. SHAM and 3hr NRG vs. SHAM 
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Figures 25, 26. IL-10 Signaling in 6hr MCAO vs. SHAM and 6hr NRG vs. SHAM 
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Figures 27, 28. IL-10 Signaling, 12hr MCAO vs. SHAM and 12hr NRG vs. SHAM 
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(7) CSK – 13, 14 MCAO downregulated, NRG back to baseline  

C-terminal Src kinase (CSK) is an upstream regulator which negatively regulates ERK1/2, 

implicated in MEK/ERK pathway leading to Elk-1 production. Figure 29 below indicates 

Csk is less downregulated following NRG-1 treatment compared to MCAO at all three 

timepoints. Figures 30 and 31 for G-alpha q signaling in 3hr MCAO vs. SHAM and 3hr 

NRG vs. SHAM, respectively, shows a downregulation of CSK expression following 

NRG-1 treatment when compared to only vehicle treatment. Since CSK negatively 

regulates ERK1/2,  in MCAO vs. SHAM, the downregulation of CSK indicates higher Elk-

1 transcription. Since NRG-1 shows regulation of CSK back to baseline, then Elk-1 

transcription is downregulated, consistent with the previous analysis of Elk-1 regulation. 

This indicates that NRG-1 may be bringing Csk back towards baseline SHAM expression 

such that Elk-1 downregulation is restored as it negatively regulates Elk-1 production, 

further demonstrating NRG-1’s neuroprotective role.  
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Figure 29. Csk Temporal Fold-Change 

 

Gene 3hrMCAO 6hrMCAO 12hrMCAO 3hrNRG 6hrNRG 12hrNRG 

Csk -1.53 -2.05 -2.05 -1.47 -1.62 -1.7 

 

*fold change values treatment indicates Csk expression is less downregulated following 

NRG-1 treatment compared to MCAO 
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Figures 30, 31. G-alpha q Signaling, 3hr MCAO vs. SHAM and 3hr NRG vs. SHAM  
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(8) VEGF   

Vascular endothelial growth factor is active in angiogenesis, vasculogenesis and 

endothelial cell growth. Figure 32 for fold-changes generated from TAC 4.0 indicates 

Vegfb (vascular endothelial growth factor b) is upregulated after NRG-1 treatment but 

downregulated post-MCAO at 3hr, is closer to SHAM baseline at 6hr after NRG-1 

treatment compared to MCAO, and is more downregulated at 12hr following NRG-1 

treatment. Figures 33 and 34 showing a comparison of the mTOR signaling pathway at 6hr 

MCAO vs. SHAM and 6hr NRG vs. SHAM, respectively, indicating that VEGF expression 

is closer to SHAM baseline following NRG-1 treatment compared to MCAO which shows 

greater relative downregulation of VEGF. This potentially supports NRG-1’s 

neuroprotective role as gene expression is brought closer to baseline SHAM values as 

compared to expression values post-stroke.  

 



 40 

 
Figure 32. Vegfb Temporal Fold-Change 

 

*fold change values treatment indicates Vegfb expression is less downregulated and 

closer to SHAM baselines values following NRG-1 treatment compared to MCAO 

 

 

Gene 3hrMCAO 6hrMCAO 12hrMCAO 3hrNRG 6hrNRG 12hrNRG 

Vegfb -1.19 -2.31 -1.71 1.13 -1.26 -1.93 
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Figures 33, 34. mTOR Signaling, 6hr MCAO vs. SHAM and 6hr NRG vs. SHAM  
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STRING — Identification of Protein-Protein Interactions 

36 genes of interest were taken from IPA’s canonical pathways to be analyzed further with 

STRING to identify known and predicted protein-protein interactions. Eight of these genes 

were chosen to be analyzed further, as previously described above. However, some of the 

genes which were not described in greater detail above are still of interest. Centrally, IL-

1α (Il1a) and IL-1β (Il1b), and the receptors they bind to, IL-1R1 (Il1r1) and IL-1R2 (Il1r2) 

can be linked to a multitude of other genes including Elk1, Fos, Socs3, and Hmox1. 

Interleukin 1, an important mediator of the innate immune response, has downstream 

effects including but not limited to increased expression of cytokines, chemokines and 

growth factors, increased leukocyte infiltration, platelet activation, alterations in blood 

flow, and decreased neurogenesis (Sobowale et al, 2016). Decreasing the expression of Il-

1 then would hypothetically decrease pro-inflammatory processes. NRG-1 treatment has a 

role in this as supported by evidence shown in Table 1 where NRG-1 treatment decreases 

IL-1β expression at 6hr and 12hr post-stroke. IL-1 α , IL-1R1, and IL-1R2 may need to be 

analyzed separately as patterns for their fold-change values at 3hr, 6hr, and 12hr (see Table 

1) were not significant, though they may be significant at later time points in the stroke 

damage process. Jak2, which mediates essential signaling events in both innate and 

adaptive immunity within the JAK/STAT pathway, is also centrally located with 

connections to Jun and Socs3. Although the fold-change values listed in Table 1 may not 

appear significant, regulation of Jak2 following NRG-1 treatment at later time points of the 

stroke process may be valuable to understanding NRG-1 neuroprotection. Lastly, 

regulation of Serpine1, which codes for a PLAT inhibitor responsible for the controlled 



 43 

degradation of blood clots, may be of interest since NRG-1 treatment shows a significant 

downregulation of this gene at 12hr post-MCAO (see Table 1). This is surprising given 

that, hypothetically, promoting the transcription of factors involved in blood clot 

degradation would be stroke-preventive. Serpine1’s role may be therefore be multifaceted 

after a stroke has occurred and inflammatory events have been initiated, or perhaps NRG-

1’s downregulation of this gene has other effects, including decreased neurotoxic gene 

expression levels. Identification of a canonical gene pathway, such as one that may be 

found with IPA analysis, may further support this idea. STRING is valuable for this study 

by connecting genes through known and predicted protein-protein interactions for which 

NRG-1 has the ability to regulate. The fact that there is evidence that these genes are 

involved in the pro-inflammatory response specifically following stroke events supports 

NRG-1’s complex neuroprotective role for ischemic stroke events. 

 

Table 1. Fold-change values of genes described above generated from TAC 4.0  

 

Gene 3hrMCAO 6hrMCAO 12hrMCAO 3hrNRG 6hrNRG 12hrNRG 

Il1a 2.44 2.66 6.66 1.62 2.8 6.79 

Il1b 1.24 1.54 3.5 1.31 1.31 2.76 

Il1r1 -1.11 -1.22 1.45 -1.23 -1.29 1.09 

Il1r2 1.19 1.41 1.48 1.24 1.77 2.47 

Jak2 1.73 2.62 2.85 1.3 2.74 3.29 

Serpine1 1.51 2.8 9.43 2.21 3.42 5.76 
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Figure 35. STRING mapped all genes listed in Table 1 below. Known and predicted 

interactions between mapped genes are indicated in the legend above. 
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CONCLUSION 

The hypothesis of this study was that NRG-1 is neuroprotective following ischemic 

stroke by decreasing the neurotoxic effects of stroke, reversing the inhibition of neural 

protective compounds, and promoting the inhibition of pro-inflammatory processes. This 

was evidenced by several factors. First, the fact that NRG-1 decreases the number of 

upregulated and downregulated genes following stroke over a period of 12hrs post-

MCAO was demonstrated through differential gene expression analysis generated by 

TAC 4.0. This provides evidence of NRG-1’s role in decreasing neurotoxic 

 effects produced by dying neuronal effects and subsequent pro-inflammatory processes 

by the regulation of gene expression back towards baseline after a stroke has occurred. 

Secondly, NRG-1 can reverse the inhibition of neural protective compounds such as 

through upregulation of neuroprotective genes including Mef2 and c-Jun, which previous 

studies have indicated promotes the survival of neurons and mediates controlled cell 

death following ischemic attack. Thirdly, NRG-1 has been shown to promote the 

inhibition of pro-inflammatory processes by decreasing expression of genes such as 

Socs3 which induce pro-inflammatory responses in structures such as astrocytes and 

microglia which can produce increased neuronal damage. All these factors demonstrate 

how beautifully complex yet orchestrated NRG-1’s power is with its control over 

preventing brain cell death and preserving the function of neuronal processes even after 

traumatic events such as ischemic stroke.  
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Symbol Description Function 

1. Adcy4 adenylate cyclase 4 Catalyzes the formation of the 

signaling molecule cAMP in response 

to G-protein signaling. 

2. Cacna2d2 calcium channel, 

voltage-dependent, 

alpha 2/delta subunit 2 

Regulates calcium current density 

and activation/inactivation kinetics of 

the calcium channel. Acts as a 

regulatory subunit for P/Q-type 

calcium channel, L-type, and possibly 

T-type.  

3. Cacnb2 calcium channel, 

voltage-dependent, 

beta 2 subunit 

Contributes to the function of the 

calcium channel by increasing peak 

calcium current, shifting the voltage 

dependencies of activation and 

inactivation, modulating G protein 

inhibition and controlling the alpha-1 

subunit membrane targeting.  

4. Cacng1 calcium channel, 

voltage-dependent, 

gamma subunit 1 

Regulatory subunit of the voltage-

gated calcium channel that gives rise 

to L-type calcium currents in skeletal 

muscle. Regulates channel 

inactivation kinetics. 

5. Ccr5 

 

chemokine (C-C motif) 

receptor 5 

Receptor for a number of 

inflammatory CC-chemokines 

including CCL3/MIP-1-alpha, 

CCL4/MIP-1-beta and RANTES and 

subsequently transduces a signal by 

increasing the intracellular calcium 

ion level. May play a role in the 

control of granulocytic lineage 

proliferation or differentiation. 

6. Chrna2 

 

cholinergic receptor, 

nicotinic, alpha 2 

After binding acetylcholine, the AChR 

responds by an extensive change in 

conformation that affects all subunits 

and leads to opening of an ion-

conducting channel across the 

plasma membrane. 

Table 2. List of Genes  
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7. Chrnb2 

 

cholinergic receptor, 

nicotinic, beta 2 

(neuronal) 

After binding acetylcholine, the AChR 

responds by an extensive change in 

conformation that affects all subunits 

and leads to opening of an ion-

conducting channel across the 

plasma membrane permeable to 

sodium ions. 

8. Col1a1, 

Col1a2 

collagen, type I, alpha 

1 

collagen, type I, alpha 

2 

 

These genes encode the pro-alpha1 

and pro-alpha 2 chains of type I 

collagen whose triple helix comprises 

two alpha1 chains and one alpha2 

chain. Type I is a fibril-forming 

collagen found in most connective 

tissues and is abundant in bone, 

cornea, dermis and tendon.  

9. COX2/PHS2 

 

COXII/PHSII 

Cyclooxygenase 2/ 

Prostaglandin-

Endoperoxide Synthase 

2 

Prostaglandin-endoperoxide 

synthase (PTGS), also known as 

cyclooxygenase, is the key enzyme in 

prostaglandin biosynthesis, and acts 

both as a dioxygenase and as a 

peroxidase. It is regulated by specific 

stimulatory events, suggesting that it 

is responsible for the prostanoid 

biosynthesis involved in inflammation 

and mitogenesis.  

10. Csf2rb 

 

colony stimulating 

factor 2 receptor, beta, 

low-affinity 

(granulocyte-

macrophage) 

High affinity receptor for interleukin-

3, interleukin-5 and granulocyte-

macrophage colony-stimulating 

factor. 

11. Csk  

 

c-src tyrosine kinase 

 

Non-receptor tyrosine-protein kinase 

that plays an important role in the 

regulation of cell growth, 

differentiation, migration and 

immune response. Suppresses 

signaling by various surface 

receptors, including T-cell receptor 

(TCR) and B-cell receptor (BCR) by 

phosphorylating and maintaining 

inactive several positive effectors 
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such as FYN or LCK. Negatively 

regulates ERK1/2 cascade.  

12. Elk1 

 

ELK1, member of ETS 

oncogene family 

Transcription factor that binds to 

purine-rich DNA sequences. Forms a 

ternary complex with SRF and the ETS 

and SRF motifs of the serum 

response element (SRE) on the 

promoter region of immediate early 

genes such as FOS and IER2. Induces 

target gene transcription upon JNK-

signaling pathway stimulation 

13. Fcgr2b 

 

Fc fragment of IgG, low 

affinity IIb, receptor 

Receptor for the Fc region of 

complexed or aggregated 

immunoglobulins gamma. Involved in 

a variety of effector and regulatory 

functions such as phagocytosis of 

immune complexes and modulation 

of antibody production by B-cells. 

Binding to this receptor results in 

down-modulation of previous state 

of cell activation triggered via 

antigen receptors on B-cells (BCR), T-

cells (TCR) or via another Fc receptor. 

Does not trigger phagocytosis. 

14. Fos 

 

FBJ osteosarcoma 

oncogene 

Nuclear phosphoprotein which forms 

a tight but non-covalently linked 

complex with the JUN/AP-1 

transcription factor. Thought to have 

an important role in signal 

transduction, cell proliferation and 

differentiation. In growing cells, 

activates phospholipid synthesis, 

possibly by activating CDS1 and 

PI4K2A. This activity requires Tyr-

dephosphorylation and association 

with the endoplasmic reticulum. 

15. Gatb 

 

glutamyl-tRNA(Gln) 

amidotransferase, 

subunit B 

Allows the formation of correctly 

charged Gln-tRNA(Gln) through the 

transamidation of misacylated Glu-

tRNA(Gln) in the mitochondria. The 

reaction takes place in the presence 
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of glutamine and ATP through an 

activated gamma-phospho-Glu-

tRNA(Gln). 

16. Gatm 

 

glycine 

amidinotransferase (L-

arginine:glycine 

amidinotransferase) 

Catalyzes the biosynthesis of 

guanidinoacetate, the immediate 

precursor of creatine. Creatine plays a 

vital role in energy metabolism in 

muscle tissues. May play a role in 

embryonic and central nervous 

system development.  

17. Hmox1 

 

heme oxygenase 1 

 

Heme oxygenase cleaves the heme 

ring at the alpha methene bridge to 

form biliverdin. Biliverdin is 

subsequently converted to bilirubin 

by biliverdin reductase. Under 

physiological conditions, the activity 

of heme oxygenase is highest in the 

spleen, where senescent erythrocytes 

are sequestrated and destroyed. 

Exhibits cytoprotective effects since 

excess of free heme sensitizes cells to 

undergo apoptosis. 

18. IL-1a 

19. IL-1b 

interleukin 1 alpha 

interleukin 1 beta 

Produced by activated macrophages, 

IL-1 stimulates thymocyte 

proliferation by inducing IL-2 release, 

B-cell maturation and proliferation, 

and fibroblast growth factor activity. 

Potent proinflammatory cytokine. 

Initially discovered as the major 

endogenous pyrogen, induces 

prostaglandin synthesis, neutrophil 

influx and activation, T-cell activation 

and cytokine production, B-cell 

activation and antibody production, 

and fibroblast proliferation and 

collagen production. Promotes Th17 

differentiation of T-cells. Plays a role 

in angiogenesis by inducing VEGF 

production synergistically with TNF 

and IL6.  



 50 

20. IL-1r1 

21. IL-1r2 

interleukin 1 receptor, 

type I 

interleukin 1 receptor, 

type II 

1: Receptor for IL1A, IL1B and IL1RN. 

After binding to interleukin-1 associates 

with the coreceptor IL1RAP to form the 

high affinity interleukin-1 receptor 

complex which mediates interleukin-1-

dependent activation of NF-kappa-B, 

MAPK and other pathways. 2: Non-

signaling receptor for IL1A, IL1B and 

IL1RN. Reduces IL1B activities. Serves as a 

decoy receptor by competitive  binding 

to IL1B and preventing its binding to 

IL1R1. Also modulates cellular response 

through non-signaling association with 

IL1RAP after binding to IL1B. 

22. IL-6 

 

interleukin 6 potent inducer of the acute phase 

response. Rapid production 

contributes to host defense during 

infection and tissue injury, but 

excessive IL6 synthesis is involved in 

disease pathology. In the innate 

immune response, is synthesized by 

myeloid cells, such as macrophages 

and dendritic cells, upon recognition 

of pathogens through toll-like 

receptors (TLRs) at the site of 

infection or tissue injury 

23. Jak2 Janus kinase 2 Non-receptor tyrosine kinase involved in 

various processes such as cell growth, 

development, differentiation or histone 

modifications. Mediates essential 

signaling events in both innate and 

adaptive immunity. In the cytoplasm, 

plays a pivotal role in signal transduction 

via its association with type I receptors 

such as growth hormone (GHR), prolactin 

(PRLR), leptin (LEPR), erythropoietin 

(EPOR), thrombopoietin (THPO); or type 

II receptors including IFN-alpha, IFN-

beta, IFN-gamma and multiple 

interleukins  

24. Jun Jun proto-oncogene  Transcription factor that recognizes and 

binds to the enhancer heptamer motif 5'-

TGA[CG]TCA-3' Promotes activity of 

NR5A1 when phosphorylated by HIPK3 
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leading to increased steroidogenic gene 

expression upon cAMP signaling 

pathway stimulation 

25. Map3k1 

 

mitogen activated 

protein kinase kinase 

kinase 1 

Component of a protein kinase signal 

transduction cascade. Activates the 

ERK and JNK kinase pathways by 

phosphorylation of MAP2K1 and 

MAP2K4 

26. Mef2 myocyte enhancer 

factor 2a 

Transcriptional activator involved in 

the activation of numerous growth 

factor- and stress-induced genes. 

Mediates cellular functions not only 

in skeletal and cardiac muscle 

development, but also in neuronal 

differentiation and survival. Plays 

diverse roles in the control of cell 

growth, survival and apoptosis via 

p38 MAPK signaling in muscle-

specific and/or growth factor-related 

transcription. In cerebellar granule 

neurons, phosphorylated and 

sumoylated MEF2A represses 

transcription of NUR77 promoting 

synaptic differentiation.  

27. Pld1 

 

phospholipase D1, 

phosphatidylcholine-

specific 

Function as phospholipase selective 

for phosphatidylcholine. Implicated 

as a critical step in numerous cellular 

pathways, including signal 

transduction, membrane trafficking, 

and the regulation of mitosis. May be 

involved in the regulation of 

perinuclear intravesicular membrane 

traffic 

28. Pld6 

 

phospholipase D 

family, member 6 

Endonuclease that plays a critical role 

in PIWI-interacting RNA (piRNA) 

biogenesis during spermatogenesis. 

piRNAs provide essential protection 

against the activity of mobile genetic 

elements  
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29. Rasa1 RAS p21 protein 

activator (GTPase 

activating protein) 1 

Inhibitory regulator of the Ras-cyclic 

AMP pathway. Stimulates the GTPase of 

normal but not oncogenic Ras p21; this 

stimulation may be further increased in 

the presence of NCK1.  

 

30. Rgs2 

 

regulator of G-protein 

signaling 2 

Regulates G protein-coupled receptor 

signaling cascades. Inhibits signal 

transduction by increasing the GTPase 

activity of G protein alpha subunits, 

thereby driving them into their inactive 

GDP-bound form.  

31. Rho rhodopsin 

 

Photoreceptor required for image-

forming vision at low light intensity 

32. Rock1 

33. Rock2 

Rho-associated coiled-

coil containing protein 

kinase 1 & 2 

Protein kinase(s) which is a key regulator 

of actin cytoskeleton and cell polarity. 

34. Serpine1 

 

serpin peptidase 

inhibitor, clade E 

(nexin, plasminogen 

activator inhibitor type 

1), member 1 

primary inhibitor of tissue-type 

plasminogen activator (PLAT) and 

urokinase-type plasminogen activator 

(PLAU). As PLAT inhibitor, it is 

required for fibrinolysis down-

regulation and is responsible for the 

controlled degradation of blood clots 

35. Socs3 

 

suppressor of cytokine 

signaling 3 

form part of a classical negative 

feedback system that regulates 

cytokine signal transduction. SOCS3 

is involved in negative regulation of 

cytokines that signal through the 

JAK/STAT pathway. Inhibits cytokine 

signal transduction by binding to 

tyrosine kinase receptors including 

IL6ST/gp130, LIF, erythropoietin, 

insulin, IL12, GCSF and leptin 

receptors. Binding to JAK2 inhibits its 

kinase activity and regulates IL6 

signaling. 

 

36. Vegfb vascular endothelial 

growth factor b 

Growth factor active in angiogenesis, 

vasculogenesis and endothelial cell 

growth. Induces endothelial cell 

proliferation, promotes cell 



 53 

migration, inhibits apoptosis and 

induces permeabilization of blood 

vessels. 

Gene symbols and their corresponding descriptions were obtained from Ingenuity Pathway 

Analysis. Gene Function was obtained from www.genecards.org.  
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