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ABSTRACT OF THE THESIS 

 
 

A Comparison of Gene Expression Profiles in Rat Brains Following Ischemic Stroke and 

Neuregulin Treatment 
 

 

by 
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Master of Science, Graduate Program in Biomedical Sciences 

University of California, Riverside, December 2020 

Dr. Byron D. Ford, Chairperson 

 

 

 

 

Stroke is a serious cardiovascular disease that can cause long-term disability or even 

death. About 87% of all strokes are ischemic strokes. Previous studies have shown that 

neuregulin-1 (NRG-1) was neuroprotective and improved neurological function in rat 

models of ischemic stroke. In this study, we analyzed early gene expression profiles after 

stroke and NRG-1 treatment over time. Ischemic stroke was induced by Middle Cerebral 

Artery Occlusion (MCAO). Rats were randomly allocated into 3 groups: SHAM 

(Control), MCAO + vehicle and MCAO + NRG-1. Cortical brain tissues were collected 3 

hours, 6 hours and 12 hours following MCAO and NRG-1 treatment and were subjected 

to microarray analysis. Gene expression analysis and ontology associations were 

performed using a series of bioinformatic tools namely Transcriptome Analysis Console 

(TAC), Short Time-series Expression Miner (STEM), Enrichr and the Search Tool for the 

Retrieval of Interacting Genes/Proteins (STRING). TAC revealed several genes 
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differentially expressed in a temporal manner. STEM organized these genes into 10 

significant temporal expression profiles and similarly behaving genes into clusters using 

the novel STEM clustering method. Enrichr displayed the top gene ontologies associated 

with these clusters. Temporally upregulated genes were associated with cytokine-

mediated signaling pathways, chemokine signaling and inflammatory responses post 

ischemic stroke. Temporally downregulated genes were associated with nervous system 

development and synaptic transmission post MCAO. STEM also revealed that genes 

exhibiting similar behavioral patterns over time, differed in terms of their magnitude of 

expression on comparison of MCAO and MCAO + NRG-1 profiles. Inflammation and 

stress-related genes such as IL-1B, CD44, HMOX1, HSP-70B, ICAM1, IL-6 and JAK2 

were upregulated post ischemic stroke but were decreased between 1- and 2-fold upon 

NRG-1 treatment. For the profiles analyzed in this study, NRG-1 had the maximum 

effect at 12 hours in reducing damage post ischemic stroke. STRING highlighted known 

protein-protein interactions and identified IL-6 and IL-1B as central regulators or 

potential ‘Hub’ genes associated with the JAK/STAT signaling pathway. These results 

explore NRG-1’s role as a potent neuroprotectant and identify NRG-1 as a potential 

therapeutic target for the treatment of ischemic stroke.       
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INTRODUCTION 

 

Stroke  

 

A stroke occurs when blood supply is blocked to a part of the brain or when a blood 

vessel in the brain bursts. A stroke can also be referred to as a ‘brain attack’ and can 

cause lasting brain damage, long-term disability or even death. There are primarily two 

types of stroke: An ischemic stroke occurs when blood clots or other particles block the 

blood vessels to the brain. Plaque (fatty deposits) can also cause blockages by building up 

in the blood vessels, commonly called atherosclerosis. A hemorrhagic stroke occurs 

when a blood vessel bursts in the brain, causing bleeding in and around the brain, capable 

of damaging surrounding brain tissue (1). In 2018, 1 in every 6 deaths from 

cardiovascular disease was due to stroke (2). In the United States, someone has a stroke 

every 40 seconds. Every 4 minutes, someone dies of stroke. Stroke is a life-threatening 

cardiovascular disease. Every year, more than 795,000 people in the United States have a 

stroke. About 87% of all strokes are ischemic strokes, in which blood flow to the brain is 

obstructed (3).  

Ischemic Stroke  

Ischemic stroke can be defined as the infarction of the brain, spinal cord or retina. Most 

ischemic strokes are thromboembolic in origin. Common sources of embolism include 

large artery atherosclerosis and cardiac diseases, particularly atrial fibrillation (4). 

Ischemic stroke is very common and therefore, it is currently the focus of stroke research. 

This form of stroke is usually caused by a blood clot that blocks one of the arteries in the 

brain. Tissue plasminogen activator (tPA) is currently the only FDA-approved 
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therapeutic for the treatment of ischemic stroke. tPA is a thrombolytic drug that breaks 

down the blood clot. Another treatment option is a surgical procedure called an 

endovascular thrombectomy, which is an interventional procedure used to physically 

remove a blood clot from a blood vessel (5). The core of the ischemic territory is 

clinically defined as the region with regional cerebral blood flow <20%. Acute neuronal 

death occurs within minutes to hours, after the occlusion, in the ischemic core (6). This 

area of immediate brain injury suffers an energy deficit resulting in intracellular ionic 

imbalance, mitochondrial failure and activation of intracellular proteases, lipases and 

ribonucleases leading to a fast breakdown of cellular structural elements as well as loss of 

cellular integrity (7, 8). Outside the ischemic core, lies the penumbra, which is 

characterized by secondary damage and inflammation. While penumbral neurons are 

functionally compromised, they are salvageable, if blood flow is restored (9). 

Excitotoxicity and inflammation pose as major challenges for penumbral neurons. 

Excitotoxicity further leads to uncontrolled extracellular calcium influx and dysregulation 

of intracellular calcium homeostasis that results in the generation of reactive oxygen 

species (ROS), mitochondrial dysfunction as well as activation of the apoptotic cascade 

(6). The activation of intravascular leukocytes in the penumbra, accompanied by the 

release of proinflammatory mediators such as cytokines and chemokines, has the 

potential to increase tissue injury (10-12).  

Inflammation and Stroke 

The inflammatory signaling cascade is integral to all stages of ischemic stroke, from the 

early damaging events triggered by arterial occlusion, to the late regenerative processes 
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underlying post-ischemic tissue repair (13). Stroke involves both innate and adaptive 

immunity. Arterial occlusion results in hypoxia, changes in sheer stress as well as the 

production of reactive oxygen species (ROS) which further lead to the activation of 

complement, platelet and endothelial cells (14-17). Within minutes post ischemia, several 

proinflammatory signals are rapidly generated. These signals include the production of 

cytokines such as IL-1, IL-6, IL-10, IL-17, IL-20, TNF, etc. Some of the chemokines 

involved include CCL2 (MCP-1), CCL3, CCL5, CXCL2/3, CXCL8 as well as proteases 

such as MMP2 and MMP9. Adhesion molecules such as ICAM-1, VCAM-1, P-selectin, 

E-selectin, Mac-1 and VLA-1 are also involved in the inflammatory signaling cascade 

(13). Nitric oxide (NO) is a potent vasodilator and an inhibitor of platelet aggregation and 

leukocyte adhesion (18). The bioavailability of NO is reduced due to oxidative stress in 

endothelial cells. Oxidative stress can also produce microvascular occlusions (19). 

Oxidative stress and inflammatory mediators also alter the permeability of the blood 

brain barrier (BBB). Mast cell degranulation releases vasoactive mediators such as 

histamine, proteases and TNF. Proinflammatory cytokines released by activated 

macrophages promote the infiltration of leukocytes (neutrophils, lymphocytes and 

monocytes) (20).  

Role of Neuregulin-1 

Tissue plasminogen activator (tPA) is the only approved drug for ischemic stroke that can 

dissolve the blood clot that causes stroke. Unfortunately, tPA has a very short therapeutic 

efficacy window (approximately 3 to 4.5 hours) and only 3-5% of stroke patients arriving 

at the hospital will qualify for treatment (21). Hence, understanding the underlying 
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molecular mechanisms associated with ischemic stroke is of the utmost importance, in 

order to investigate alternative treatment options. Previous studies have reported the 

efficacy of multiple neuroprotective compounds against cerebral ischemia in-vitro and in-

vivo, but none of these drugs proved to be clinically effective (21-24). Neuregulins 

(NRGs) are a family of structurally related signaling proteins that mediate a plethora of 

cellular functions including survival, proliferation and differentiation. Neuregulin-1 

(NRG-1), an endogenous growth factor, is one of the four proteins in the neuregulin 

family that bind to the ErbB family of receptors. Previous studies from our laboratory 

have demonstrated that NRG-1 was neuroprotective in rats following ischemic stroke. 

NRG-1 also exhibits neuroprotective features by suppressing proinflammatory gene 

expression in brain tissues (25). NRG-1 has also been shown to reduce ischemia-induced 

neuronal death in a rat focal stroke model by ~90% with a therapeutic window of >13 

hours (26-31). Additionally, previous data reinforces NRG-1’s anti-inflammatory effects 

and its ability to protect neurons from delayed, ischemia-induced apoptotic cell death in 

the cortex by preventing proinflammatory responses (31). Thus, in this study, 

neuregulin’s role has been further investigated as a potent neuroprotectant that can reduce 

damage post ischemic brain injury based on gene expression analysis and bioinformatic 

tools with the goal of identifying a novel treatment strategy for stroke.     
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HYPOTHESIS 

There is a time-dependent change in ischemia-induced gene expression and neuregulin 

can differentially regulate a subset of these genes.  

 

Specific Aim 1: To characterize time-dependent changes in gene expression post 

ischemic stroke and neuregulin treatment.  

 

Specific Aim 2: To identify ontologies of significant expression patterns and study genes 

in the context of neuregulin being neuroprotective.     
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MATERIALS AND METHODS 

 

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 3 groups: SHAM (control), MCAO (Middle 

Cerebral Artery Occlusion) + vehicle treatment (MCAO) and MCAO + NRG1 

(MCAO+NRG1). Rats in the treatment groups (MCAO and MCAO+NRG1) 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 37 degrees Celsius. 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, as previously described (27). 

Briefly, a 4 cm length 4-0 surgical monofilament nylon suture coated with silicon 
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(Doccol Corp., Sharon, MA, diameter 0.37 mm, length 2.3-2.5 mm) was inserted from 

the external carotid artery (ECA) into the internal carotid artery (ICA) and then into the 

Circle of Willis, to occlude the origin of the left middle cerebral artery (MCA). 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 

or MCAO+NRG1) were administered 50 μl of NRG-1 reconstituted with 1% BSA in 

PBS (20 ug/kg; NRG-1β1, EGF-like domain, R&D Systems, Minneapolis, MN) or 

vehicle (1% BSA in PBS). All treatments were administered by bolus injection into the 

ICA through ECA immediately before MCAO, as previously described (27). 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. The 

remaining animals in the experimental groups were sacrificed 3 hours, 6 hours and 12 

hours, respectively, following 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 
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(Affymetrix Inc.). The chips were processed and scanned according to manufacturing 

guidelines. Microarray chips were used for each of experimental sample groups (32).  

Transcriptome Analysis Console (TAC) 4.0 

.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 multi array averages and identify 

differentially expressed genes. For differential expression analyses, a cutoff of 2-fold 

change and p-value of <0.05 was used. TAC also provided principle component analysis 

information for the experimental samples. TAC was initially used to breakdown the 

entire dataset. TAC was able to generate results in terms of scatter plots, volcano plots, 

hierarchical clustering, Wikipathways as well as sample signals. TAC can also be used to 

compare groups and generate gene lists and venn diagrams. However, a limitation for 

TAC is that it can only perform a comparison analysis between 2 groups. Hence, this 

software was inadequate to look at our gene expression data over time.  

Short Time-series Expression Miner (STEM) 

The Short Time-series Expression Miner (STEM) is a Java program for clustering, 

comparing and visualizing short time series gene expression data from microarray 

experiments (~8 time points or fewer). STEM allows researchers to identify significant 

temporal expression profiles and the genes associated with these profiles and to compare 

the behavior of these genes across multiple conditions. STEM can also be used for dose 

response experiments. The link to download the STEM software can be found at 

https://www.cs.cmu.edu/~jernst/stem/. In this study, the STEM clustering method was 

used to cluster differentially expressed genes according to their temporal profiles. The 

https://www.cs.cmu.edu/~jernst/stem/
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text file derived from TAC (with blanks removed using MATLAB script), was analyzed 

by STEM. The data was normalized, and Spot IDs were included in the data file. Within 

the ‘Gene Info’ subsection, the Gene Annotation Source and the Cross Reference Source 

should both be selected as ‘User provided’. Use rgd.gaf as the Gene Annotation File and 

goa_rat_rna.gpi.gz as the Cross Reference File. The Gene Annotation File can be 

downloaded from http://geneontology.org/page/download-annotations and the Cross 

Reference File can be downloaded from ftp://ftp.ebi.ac.uk/pub/databases/GO/goa/  

respectively. For the Gene Location Source, select “No Gene Locations”. No further 

selections are necessary. Within the ‘Options’ subsection, the default controls can be left 

as is (STEM Clustering method, 50 model profiles, Maximum unit change of 2 in model 

profiles between time points). Click ‘Execute’. Alternatively, the data file can be 

formatted without Spot IDs. In such a case, the box for ‘Spot IDs included in the data 

file’ should be left unchecked.  

In this study, emphasis was laid on the ‘Compare’ feature of STEM. This option can be 

used for comparing two datasets under different experimental conditions. In this case, the 

comparison data file used was the MCAO NRG-1.txt file. The default controls can be left 

as is. This refers to 0.005 as the maximum uncorrected intersection p-value and 5 as the 

minimum number of genes in intersection. Click ‘Compare’ (33).  

Enrichr 

Enrichr (http://amp.pharm.mssm.edu/Enrichr/) is a web-based user interface, which 

allows users to upload a list of genes (34). The database retrieves data from many 

biological databases, which allows for the identification of associated pathways and 

http://geneontology.org/page/download-annotations
ftp://ftp.ebi.ac.uk/pub/databases/GO/goa/
http://amp.pharm.mssm.edu/Enrichr/
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ontology tools, to name a few. Ontologies were shown on the organismal, cellular, and 

molecular levels. Enrichr pulls its ontologies from 8 different databases: GO (Gene 

Ontology) Biological Process, GO Molecular Function, GO Cellular Component, MGI 

Mammalian Phenotype, Human Phenotype Ontology, Jensen TISSUES, Jensen 

COMPARTMENTS, and Jensen DISEASES. This program was mainly used to analyze 

the STEM dataset. For our purpose, ‘GO Biological Process 2018’ and ‘GO Molecular 

Function 2018’ were used to look at the biological processes and molecular functions 

associated with genes within the identified clusters. Enrichr can display these results in 

the form of a bar graph, a table or a clustergram. The Enrichr adjusted p-value was used 

to identify the most critical processes. Enrichr calculates this value by using a rank based 

ranking; they use the Fisher exact test on multiple random gene sets to calculate the mean 

rank and standard deviation from the expected rank for each term in the gene set library. 

The z-score is then computed to evaluate the deviation from the expected rank. The p-

values and associated adjusted p-values are provided to the user. The combined score is 

the z-score multiplied by the natural log of the p-value. 

STRING 

The Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database 

(http://string-db.org) is a free online database based on both known and predicted protein-

protein interactions (35). Line thickness indicates the strength of data support. STRING 

analysis determines the confidence of interaction (line thickness) by collecting data from 

multiple databases to determine the interaction likelihood. Confidence scores are 

calculated by combining the probabilities from each evidence category including, but not 

http://string-db.org/
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limited to, prior co-expression, experimental data, association in curated databases and 

co-mentioned in Pub-Med abstracts. String was used to identify potential ‘Hub’ genes 

that may regulate pathways associated with a gene set. String was used to analyze the 

data sets from the STEM analysis and was used on individual profiles as well as 

superclusters. 
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RESULTS AND DISCUSSION 

Transcriptome Analysis Console (TAC) Analysis 

In order to determine gene expression following treatment, microarray analysis was 

performed on rat cortical tissues from each experimental group using the software 

Transcriptome Analysis Console (TAC), Version 4.0. Out of the 36,685 gene probes on 

the Affymetrix rat 2.0 chip, 10,464 were annotated for the rat genome. Of those, a total of 

251 genes were differentially regulated between 3h MCAO and SHAM. Furthermore, 

230 of these genes were upregulated and 21 downregulated. A total of 873 genes were 

differentially regulated between 6h MCAO and SHAM. Additionally, 635 of these genes 

were upregulated and 238 downregulated. Lastly, a total of 1774 genes were 

differentially regulated between 12h MCAO and SHAM. In this case, 1033 of these 

genes were upregulated and 741 downregulated (Figure 1). The gene expression analysis 

was based on a ±2-fold change and a p-value of <0.05. The Ebayes Anova Method was 

carried out for the analysis. We can observe that the number of upregulated genes and 

downregulated genes increase over time.  
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On comparison of the MCAO (only stroke) and MCAO + NRG (stroke + treatment) 

groups, a total of 25 genes were differentially regulated between 3h MCAO and 3h NRG. 

Furthermore, 8 of these genes were upregulated and 17 downregulated. A total of 160 

genes were differentially regulated between 6h MCAO and 6h NRG. Additionally, 129 of 

these genes were upregulated and 31 downregulated. Lastly, a total of 87 genes were 

differentially regulated between 12h MCAO and 12h NRG. In this case, 38 of these genes 

were upregulated and 49 downregulated (Figure 2). The gene expression analysis was 

230

635

1033

21

238

741

251

873

1774

0 200 400 600 800 1000 1200 1400 1600 1800 2000

3h MCAO vs SHAM

6h MCAO vs SHAM

12h MCAO vs SHAM

Differentially Expressed Genes
MCAO vs SHAM

Total Differentially Regulated Genes Downregulated Genes Upregulated Genes

Figure 1. TAC expression data based on a 2-fold change cutoff. Each group compared to SHAM (animals given surgery but no 
stroke). A p-value cutoff of 0.05 was used. The groups are as follows: SHAM (n=4), 3h MCAO (n=3), 6h MCAO (n=4), 12h 

MCAO (n=4). Ebayes Anova Method was used.  
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based on a ±2-fold change and a p-value of <0.05. The Ebayes Anova Method was 

carried out for the analysis. Contrary to Figure 1, we can observe that the number of 

upregulated genes dramatically increase from the 3h to the 6h time-point, but then they 

decrease from the 6h to the 12h time-point. However, in terms of the downregulated 

genes, we can observe an increase over time.  

 

 

 

 

 

8

129

38

17
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0 50 100 150 200

3h MCAO vs 3h NRG
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Total Differentially Regulated Genes Downregulated Genes Upregulated Genes

Figure 2. TAC expression data based on a 2-fold change cutoff. Each MCAO group compared to the corresponding NRG 
counterpart (stroke plus treatment). A p-value cutoff of 0.05 was used. The groups are as follows: 3h MCAO (n=3), 6h MCAO 

(n=4), 12h MCAO (n=4), 3h NRG (n=3), 6h NRG (n=5), 12h NRG (n=5). Ebayes Anova Method was used.  
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Short Time-series Expression Miner (STEM) Analysis for Identifying Similar Profiles 

The STEM software was used to analyze the TAC dataset. The TAC data was converted 

into a .txt file which contained the columns ‘ID’, ‘Gene Symbol’, ‘Sham Avg (log2)’, ‘3h 

MCAO Avg (log2)’, ‘6h MCAO Avg (log2)’ and ‘12h MCAO Avg (log2)’. STEM can 

only read .txt files. As STEM looks at gene expression data in a temporal manner, this 

software was the best suited for this study. The STEM Clustering Method was used to 

cluster genes derived from the TAC dataset. The STEM Clustering Method is a novel 

method for clustering short time-series gene expression data (36). Out of a maximum of 

50 model profiles, STEM successfully divided the differentially expressed genes into 10 

significant clusters based on their expression over time (Figure 3). Genes are assigned to 

the model profile that they most closely match. Significant model profiles which are 

similar to each other are grouped together as a cluster of profiles and given the same 

color. Therefore, colored profiles are statistically significant. Upon clicking each colored 

model profile, one can see a list of genes assigned to that profile. Profile 42 had a total of 

259 genes assigned to it. This profile indicates a continuous upward trend or an 

upregulation of genes over time. Profile 40 had a total of 277 genes assigned to it. The 

genes seem to exhibit an upward trend till the 3h timepoint, then stagnate at the 6h 

timepoint and then continue to be upregulated till the 12h timepoint. Profile 48 had a total 

of 167 genes assigned to it. This profile is similar to profile 40 and indicates an 

upregulation of genes over time. Profile 9 had a total of 483 genes assigned to it. This 

profile displayed a sharp downregulation of genes over time. Profile 11 had a total of 123 

genes assigned to it, also displaying a downregulated trend over time. Profile 1 had a total 
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of 73 genes assigned to it. Genes were downregulated at the 3h timepoint, stagnated till 

the 6h timepoint and continued to be downregulated till the 12h timepoint. Profile 49 had 

a total of 161 genes assigned to it, indicating an upward trend till the 6h timepoint and 

going down at the 12h timepoint. Profile 18 had a total of 161 genes assigned to it, 

dipping at the 3h timepoint and then sharply increasing till the 12h timepoint. Profile 29 

had a total of 94 genes assigned to it. This profile indicated a sharp increase from the 3h 

to the 6h timepoint. Lastly, profile 23 had a total of 53 genes assigned to it. This profile 

indicated a sharp decrease from the 3h to the 6h timepoint, opposite to profile 29. Of 

these profiles, some of them were grouped together into larger superclusters that overall, 

behaved similarly over time. Hence, a large supercluster could be identified by the same 

color. As observed in Figure 3, the red supercluster (Profiles 42, 40 and 48) displayed a 

similar behavioral pattern of gene expression, where genes were upregulated over time. 

Similarly, the green supercluster (Profiles 9, 11 and 1) behaved similarly where genes 

were continuously downregulated over time. The corrected p-value uses a randomization 

test where samples of the same size of the set being analyzed is drawn with a Bonferroni 

correction being used when the p-value enrichment is based on the expected size of the 

set of genes. 500 samples are used for randomized multiple hypothesis corrected 

enrichment p-values.  
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Figure 3. STEM Profile Summary analyzed from TAC dataset (3h, 6h, 12h MCAO and SHAM). Each gene is assigned a profile. 

The colored profiles are statistically significant. Profiles assigned the same color belong to a larger supercluster. The number on 

the top left of the box is the profile number. Each model profile contains a graph of log of expression change ratio over time. 
Clicking on a profile, provides a list of genes associated with that profile.  

0h     3h     6h    12h 

Figure 4. Example of a model profile. Each break in the line is associated to a timepoint (Left to right 0h, 3h, 6h and 12h). The 

line depicts the log of expression change ratio over time.  
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Enrichr Analysis of Gene Ontologies from STEM Superclusters 

Enrichr was used to determine Gene Ontologies associated with the 2 large superclusters: 

the red supercluster and the green supercluster, from STEM (Figures 5-8). The cluster 

gene table was generated for both the red and green superclusters. The gene tables were 

directly copied into an Excel sheet and all unknown genes were removed for the Enrichr 

analysis. The final gene list was then analyzed on Enrichr. This gene list is also referred 

to as a ‘gene set’. A gene set is a group of genes that share a common biological function. 

A gene set can be the product of a high-throughput experiment such as differential 

expression analysis of microarray or RNA-Seq data or it can be an annotated list created 

from prior knowledge. Enrichr performs an enrichment analysis, which is a 

computational method for inferring knowledge about an input gene set by comparing it to 

annotated gene sets representing prior biological knowledge. Enrichment analysis checks 

whether an input set of genes significantly overlaps with annotated gene sets. Each gene 

set within the Enrichr database is associated with a functional term or an enrichment term 

such as a pathway, cell line, or disease. The output of Enrichr provides the most highly 

ranked enrichment terms for the user’s input gene list (37). The red supercluster (Profiles 

40, 42 and 48) had a total of 324 genes that were generated from the cluster gene table 

(after removing unknown gene symbols). Enrichr then displayed the top 10 ontologies 

and the top 20 genes, based on p-values, representative of this dataset. This data was 

displayed as a Clustergram (Figure 5). Enrichr implements four scores to report 

enrichment results: p-value, q-value, rank (Z-score), and combined score. The p-value is 

computed using a standard statistical method used by most enrichment analysis tools: 
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Fisher's exact test or the hypergeometric test. This is a binomial proportion test that 

assumes a binomial distribution and independence for probability of any gene belonging 

to any set. In terms of Gene Ontologies for Biological Processes, it was observed that the 

red supercluster (upregulated genes) was closely associated with cytokine-mediated 

signaling pathways, chemotaxis and inflammatory responses. The top genes associated 

with these processes include: CCL20, CCL7, CCL3, CCL4, CCL2, ITGB2, FGF2, IL1B, 

PDCD10, PDPN, NPM1, HSPB1, ANGPTL4, ANXA1, IL6, RPS27A, MMP9, STAT3, 

MYC and VEGFA. In terms of Gene Ontologies for Molecular Functions, it was 

observed that this same supercluster for profiles 40, 42 and 48 was closely associated 

with cytokine and chemokine activity, cell-cell adhesion, RNA binding and protein 

synthesis (Figure 6). The top genes associated with molecular functions include: IL6, 

IL11, FGF2, IL1B, IL1A, CSF1, VEGFA, LIF, INHBA, IL1RN, JAK2, CXCL2, 

CXCL16, CCL7, CCL4, CCL3, CCL20, CCL2, JUN, ANXA2. Thus, the Enrichr 

Ontology analysis suggested that genes that were upregulated post ischemic stroke at the 

3h, 6h and 12h timepoints, majorly revolved around inflammation-mediated responses 

and immune function.  
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1. Cytokine-mediated signaling pathway 

2. Cellular response to cytokine stimulus 

3. Negative regulation of programmed cell death 

4. Inflammatory response  

5. Negative regulation of apoptotic process  

6. Granulocyte chemotaxis  

7. Positive regulation of cellular process 

8. Regulation of apoptotic process 

9. Monocyte chemotaxis  

10. Regulation of angiogenesis  

 

 

 

 

Figure 5. Enrichr Gene Ontologies for Profiles 40, 42 and 48 (Red Supercluster) associated with Biological Processes. Enriched 

terms are the columns, input genes are the rows. Cells in the matrix indicate if a gene is associated with a term. Results are based 

on P-value. This Clustergram shows the Top 10 Enriched Terms and Top 20 genes.     
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1. Cytokine activity 

2. Growth factor activity 

3. Chemokine activity 

4. Cadherin binding involved in cell-cell adhesion  

5. RNA binding  

6. Chemokine receptor binding  

7. Protein binding involved in cell-cell adhesion  

8. Protein homodimerization activity 

9. Cytokine receptor binding  

10. Growth factor receptor binding  

 

Figure 6. Enrichr Gene Ontologies for Profiles 40, 42 and 48 (Red Supercluster) associated with Molecular Functions. Enriched 

terms are the columns, input genes are the rows. Cells in the matrix indicate if a gene is associated with a term. Results are based 

on P-value. This Clustergram shows the Top 10 Enriched Terms and Top 20 genes.     
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The green supercluster (Profiles 1, 9 and 11) had a total of 633 genes that were generated 

from the cluster gene table (after removing unknown gene symbols). Enrichr then 

displayed the top 10 ontologies and the top 20 genes, based on p-values, representative of 

this dataset. In terms of Gene Ontologies for Biological Processes (Figure 7), it was 

observed that the green supercluster (downregulated genes) was closely associated with 

nervous system development and synaptic transmission. The top genes associated with 

these processes include: SLC8A2, GRIN2C, MPP2, VAMP2, TSHZ3, SHANK2, 

SHANK1, NLGN2, CACNG3, NLGN3, SHISA9, CNIH2, SHISA7, MAPK8, GRM2, 

ADGRB1, SLITRK1, MAP1S, EPHB3 and DCTN1. In terms of Gene Ontologies for 

Molecular Functions (Figure 8), it was observed that this same supercluster for profiles 1, 

9 and 11 was closely associated with transmembrane transporter activity and sodium-

potassium channel activity. Thus, the Enrichr Ontology analysis suggested that genes that 

were downregulated post ischemic stroke at the 3h, 6h and 12h timepoints, primarily 

involved neuronal cell components and ion transport activities.  
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1. Regulation of cation channel activity 

2. Nervous system development 

3. Regulation of AMPA receptor activity  

4. Positive regulation of synaptic transmission  

5. Regulation of neurotransmitter receptor activity  

6. Axon development  

7. Long-term synaptic potentiation  

8. Regulation of glutamate receptor signaling  

9. Regulation of synaptic transmission, glutamatergic  

10. Positive regulation of synaptic transmission, glutamatergic  

 

 

Figure 7. Enrichr Gene Ontologies for Profiles 1, 9 and 11 (Green Supercluster) associated with Biological Processes. Enriched 
terms are the columns, input genes are the rows. Cells in the matrix indicate if a gene is associated with a term. Results are based 

on P-value. This Clustergram shows the Top 10 Enriched Terms and Top 20 genes.   
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1. Anion transmembrane transporter activity 

2. Secondary active transmembrane transporter activity 

3. Potassium channel activity 

4. Voltage-gated potassium channel activity 

5. Organic anion transmembrane transporter activity  

6. Monocarboxylic acid transmembrane transporter activity 

7. Sodium-independent organic anion transmembrane transporter activity 

8. Inorganic anion transmembrane transporter activity 

 

 

 

 

 

Figure 8. Enrichr Gene Ontologies for Profiles 1, 9 and 11 (Green Supercluster) associated with Molecular Functions. Enriched 

terms are the columns, input genes are the rows. Cells in the matrix indicate if a gene is associated with a term. Results are based 

on P-value. This Clustergram shows the Top 8 Enriched Terms and Top 20 genes.   
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Short Time-series Expression Miner (STEM) Analysis for Comparing Profiles post 

Ischemic Stroke and Neuregulin Treatment 

After gene ontologies were defined using Enrichr, we wanted to compare different 

treatment groups using the ‘Compare’ feature on STEM.  

STEM can automatically identify pairs of temporal expression profiles from two different 

experimental conditions such that there is a statistically significant intersection in the sets 

of genes assigned to the two profiles.  STEM also allows one to easily find out among the 

genes assigned to one or more profiles under one set of conditions, what temporal 

response they had in an experiment under a different set of conditions. For our 

comparison experiment, we compared the 2 groups: MCAO and MCAO + NRG-1 as 

described in Figure 9. The Original Set Profiles to the left of the yellow line is MCAO 

and the Comparison Set Profiles to the right of the yellow line is MCAO + NRG-1. The 

profiles in the display were ordered based on their significance through the ‘Order by 

Significance’ option. Within each row, the profiles are ordered in decreasing order of 

significance. For all the Comparison Set Profiles, a significant number of genes that were 

assigned to the profile on the left, were also assigned to it. The p-value of the number of 

genes in the intersection is computed using the hypergeometric distribution based on the 

number of total genes assigned to each of the two profiles, and the total number of genes 

on the array.  
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Figure 9. STEM Comparison Window for MCAO and MCAO + NRG-1. Each box is a profile. Profiles are ordered by 
significance. Profiles to the left of the yellow bar = MCAO. Profiles to the right of the yellow bar = MCAO + NRG-1. The 

number on the top left is the Profile ID. The number in the lower left corner of a profile to the left of the yellow bar is the number 

of genes assigned to the profile in the MCAO treatment group. The numbers in the lower left corner of profiles to the right of the 
yellow bar are the number of genes assigned to the profile that were also assigned to the profile to the left of the yellow bar, and 

separated by a semicolon is the p-value significance for the number of genes in the intersection. The number in the top right 

corner is the correlation between the two profiles.        
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Out of all the profiles displayed on the STEM Comparison window, we decided to look at 

the red supercluster (Profiles 40, 42 and 48). Upon comparing the groups MCAO and 

MCAO + NRG-1, these 3 profiles visually looked the same. The correlation between 

these profiles was 1. A correlation of +1 indicates a perfect positive correlation, meaning 

that genes in these profiles were behaving in a similar manner over time (Figure 10). 

However, even though the genes were temporally changing in the same pattern, we 

hypothesized that they might differ in terms of their magnitude of expression.  

   

 

Clicking on the ‘Profile Intersect Gene Table’ button for the desired profile, displays a 

table of just the genes assigned to this profile that were also assigned to the profile to the 

left of the yellow bar in its row on the main comparison window. The Profile Intersection 

Gene Table for Profiles 40 and 40, as observed in Figure 10, included 40 significant 

genes. Similarly, the Profile Intersection Gene Table for Profiles 42 and 42, as observed 

in Figure 10, included 91 significant genes. The gene lists were then copied onto an 

Excel sheet and the unknown gene symbols were filtered out. Since these profiles 

Figure 10. Comparison of similarly behaving profiles. Profiles 40 and 40; and Profiles 42 and 42 exhibit a perfect positive 

correlation. There are 40 genes at the intersect of Profiles 40 and 40. There are 91 genes at the intersect of Profiles 42 and 42. 
Maximum uncorrected intersection p-value = 0.005. Minimum number of genes in intersection = 5.  
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consisting of upregulated genes are associated with inflammatory and stress-related 

responses, we wanted to take a closer look at some of the key genes, derived from the 

intersect tables, including IL1B, TGFB1I1, CD44, HMOX1, IL18, COX2 and IL6, to 

name a few. Thus, the fold changes between the groups MCAO and MCAO + NRG-1 for 

the 3h, 6h and 12h timepoints, for these genes, were analyzed using the TAC software. 

For the MCAO group, the fold changes for the 3h, 6h and 12h timepoints were calculated 

with respect to SHAM as the baseline (Figure 11). At the 3h MCAO timepoint, a fold 

increase between ~1 to 2-fold was observed, when compared to SHAM. At the 6h 

MCAO timepoint, a fold increase between ~1 to 4-fold was observed, when compared to 

SHAM. Lastly, the highest fold increase was observed at the 12h MCAO timepoint 

ranging from ~1 to 19-fold increase, when compared to SHAM. Heme Oxygenase-1 

(HMOX1), an essential enzyme in heme catabolism, displayed the highest fold increase 

(~19-fold increase) compared to SHAM at the 12h timepoint following ischemic stroke. 

Therefore, there was an increase in the fold change values over time post ischemic stroke.  
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For the MCAO + NRG-1 treatment group, the fold changes were calculated at each time 

point corresponding to their respective MCAO counterparts as the baseline (Figure 12). It 

was observed that inflammation and stress-related genes such as IL-1B, CD44, HMOX1, 

HSP-70B, ICAM1, IL-6 and JAK2 were upregulated post ischemic stroke but were 

decreased between 1- and 2-fold upon NRG-1 treatment. For the profiles analyzed in this 

study, NRG-1 had the maximum effect at 12 hours in reducing damage post ischemic 

stroke. These findings reveal that NRG-1 exhibits anti-inflammatory potential and should 

be further investigated as a treatment strategy to treat stroke in human patients.  

 

 

Figure 11. Fold Change (FC) Analysis from TAC post ischemic stroke. 3h, 6h and 12h MCAO fold changes are calculated with 
respect to SHAM as the baseline. The genes are associated with inflammation and stress responses. Highest fold increase is 

observed at 12h following ischemic stroke (~19-fold increase). The fold change values increase over time.  
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Figure 12. Fold Change (FC) Analysis from TAC post Neuregulin-1 treatment. At each timepoint, NRG-1 fold changes have 

been calculated corresponding to their respective MCAO counterparts as the baseline. The genes are associated with 

inflammation and stress responses. Between ~1 to 2-fold decrease is observed upon NRG-1 treatment post ischemic stroke at 3h, 
6h and 12h.    



 31 

The Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) Analysis for 

Identifying Protein-Protein Interactions 

STRING is a database of known and predicted protein-protein interactions. The 

interactions include direct (physical) and indirect (functional) associations (38, 39). 

STRING collects data from multiple databases to determine the interaction likelihood 

(40). In this study, STRING was used to connect the genes in the inflammatory Profile 

40, based on associations in literature (Figure 13). We observed that in this profile, IL-6 

and IL-1B were identified as the central regulators or potential ‘Hub’ genes that may 

regulate pathways associated with this gene set. Additionally, STRING’s local network 

cluster suggested the JAK-STAT signaling pathway which mediates the effects of IL-6. 

The JAK-STAT signaling pathway is involved in processes such as immune function, 

cell division, cell death and tumor formation. This pathway also plays a major role in 

cytokine receptor signaling (41). The JAK-STAT pathway in cytokine receptor signaling 

can activate STATs (Signal Transducer and Activator of Transcription proteins), which 

can bind to DNA and allow the transcription of genes involved in immune cell division, 

survival, activation and recruitment. The biological processes associated with 

inflammatory Profile 40 include: chronic inflammatory response to antigenic stimulus, 

negative regulation of membrane potential, fever generation, negative regulation of 

glutamate secretion and positive regulation of T-cell cytokine production. The molecular 

functions associated with inflammatory Profile 40 include: interleukin-1 receptor binding, 

chemokine and cytokine activity, growth factor receptor binding and cytokine receptor 

binding.  
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A description of all the genes listed in the inflammatory Profile 40 STRING Network is 

reported in Table 1, based on TAC and the GeneCards database.    

 

 

 

   

Figure 13. Profile 40 STRING Network. IL-6 and IL-1b are the central regulators or potential ‘Hub’ genes in this inflammatory 

profile. Line thickness indicates the strength of data support. Green line: Textmining; Black line: Co-expression; Blue line: from 
Curated Databases; Purple line: Protein Homology.    
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Gene 

Symbol 

 

Gene Description Gene Function 

TMBIM1 Transmembrane BAX 

inhibitor motif 

containing 1 

Negatively regulates aortic matrix 

metalloproteinase-9 (MMP9) production and 

may play a protective role in vascular 

remodeling 

CD44 Cd44 molecule (Indian 

blood group) 

Cell-surface receptor that plays a role in cell-

cell interactions, cell adhesion and migration, 

helping them to sense and respond to changes 

in the tissue microenvironment. Cellular 

functions include the activation, recirculation 

and homing of T-lymphocytes, hematopoiesis, 

inflammation and response to bacterial 

infection  

IL6 Interleukin 6 This gene encodes a cytokine that functions in 

inflammation and the maturation of B cells. In 

addition, the encoded protein has been shown 

to be an endogenous pyrogen capable of 

inducing fever in people with autoimmune 

diseases or infections. The protein is primarily 

produced at sites of acute and chronic 

inflammation, where it is secreted into the 

serum and induces a transcriptional 

inflammatory response through interleukin 6 

receptor, alpha. The functioning of this gene 

is implicated in a wide variety of 

inflammation-associated disease states, 

including susceptibility to diabetes mellitus 

and systemic juvenile rheumatoid arthritis 

CCL20 Chemokine (C-C 

motif) ligand 20 

The protein encoded by this gene displays 

chemotactic activity for lymphocytes and can 

repress proliferation of myeloid progenitors. 

The ligand-receptor pair CCL20-CCR6 is 

responsible for the chemotaxis of dendritic 

cells (DC), effector/memory T-cells and B-

cells and plays an important role at skin and 

mucosal surfaces under homeostatic and 

inflammatory conditions, as well as in 

pathology, including cancer and various 

autoimmune diseases. Involved in the 

recruitment of both the proinflammatory IL17 

producing helper T-cells (Th17) and the 

regulatory T-cells (Treg) to sites of 
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inflammation  

CNN3 Calponin 3, acidic This gene encodes a protein with a markedly 

acidic C terminus. Thin filament-associated 

protein that is implicated in the regulation and 

modulation of smooth muscle contraction. It 

is capable of binding to actin, calmodulin, 

troponin C and tropomyosin. The interaction 

of calponin with actin inhibits the actomyosin 

Mg-ATPase activity 

BCL2A1 BCL2-related protein 

A1 

This gene encodes a member of the BCL-2 

protein family. The protein encoded by this 

gene is able to reduce the release of pro-

apoptotic cytochrome c from mitochondria 

and block caspase activation. This gene is a 

direct transcription target of NF-kappa B in 

response to inflammatory mediators, and is 

up-regulated by different extracellular signals, 

such as granulocyte-macrophage colony-

stimulating factor (GM-CSF), CD40, phorbol 

ester and inflammatory cytokine TNF and IL-

1, which suggests a cytoprotective function 

that is essential for lymphocyte activation as 

well as cell survival 

IL1RN Interleukin 1 receptor 

antagonist  

The protein encoded by this gene is a member 

of the interleukin 1 cytokine family. This 

protein inhibits the activities of interleukin 1, 

alpha (IL1A) and interleukin 1, beta (IL1B), 

and modulates a variety of interleukin 1 

related immune and inflammatory responses 

TFPI2 Tissue Factor Pathway 

Inhibitor 2  

This gene encodes a member of the Kunitz-

type serine proteinase inhibitor family. The 

protein can inhibit a variety of serine 

proteases including factor VIIa/tissue factor, 

factor Xa, plasmin, trypsin, chymotryspin and 

plasma kallikrein. This gene has been 

identified as a tumor suppressor gene in 

several types of cancer 

IL11 Interleukin 11 This cytokine is shown to stimulate the T-cell-

dependent development of immunoglobulin-

producing B cells. It is also found to support 

the proliferation of hematopoietic stem cells 

and megakaryocyte progenitor cells. Signaling 

leads to the activation of intracellular protein 

kinases and the phosphorylation of STAT3 
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IL1B Interleukin 1 beta 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. 

Synergizes with IL12/interleukin-12 to induce 

IFNG synthesis from T-helper 1 (Th1) cells 

PDLIM1 PDZ and LIM domain 

1 

Cytoskeletal protein that may act as an 

adapter that brings other proteins (like 

kinases) to the cytoskeleton 

(PubMed:10861853). Involved in assembly, 

disassembly and directioning of stress fibers 

in fibroblasts. Required for the localization of 

ACTN1 and PALLD to stress fibers. Required 

for cell migration and in maintaining cell 

polarity of fibroblasts 

OSMR Oncostatin M receptor Associates with IL31RA to form the IL31 

receptor. Binds IL31 to activate STAT3 and 

possibly STAT1 and STAT5. Capable of 

transducing OSM-specific signaling events 

TXNRD1 Thioredoxin reductase 

1 

Isoform 1 may possess glutaredoxin activity 

as well as thioredoxin reductase activity and 

induces actin and tubulin polymerization, 

leading to formation of cell membrane 

protrusions 

ZFP780B Zinc finger protein 

780B 

Gene Ontology (GO) annotations related to 

this gene include nucleic acid binding and 

DNA-binding transcription factor activity. 

Among its related pathways are Herpes 

simplex virus 1 infection. May be involved in 

transcriptional regulation 

CD55 CD55 molecule, decay 

accelerating factor for 

complement 

This gene encodes a glycoprotein involved in 

the regulation of the complement cascade. 

Binding of the encoded protein to complement 

proteins accelerates their decay, thereby 

disrupting the cascade and preventing damage 

to host cells. Antigens present on this protein 

constitute the Cromer blood group system 

(CROM) 

CXCL2 Chemokine (C-X-C 

motif) ligand 2   

This antimicrobial gene is part of a chemokine 

superfamily that encodes secreted proteins 
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involved in immunoregulatory and 

inflammatory processes. Produced by 

activated monocytes and neutrophils and 

expressed at sites of inflammation 

RGS1 Regulator of G-protein 

signaling 12 

Regulates G protein-coupled receptor 

signaling cascades, including signaling 

downstream of the N-formylpeptide 

chemoattractant receptors and leukotriene 

receptors. Inhibits B cell chemotaxis toward 

CXCL12 

KNG1L1 Kininogen 1-like 1  Predicted to have cysteine-type endopeptidase 

inhibitor activity and signaling receptor 

binding activity. Predicted to be involved in 

several processes, including blood 

coagulation; negative regulation of blood 

coagulation; and negative regulation of 

endopeptidase activity 

MAGOHB Mago homolog B, 

exon junction complex 

core component 

Required for pre-mRNA splicing as 

component of the spliceosome  

Table 1. List of genes in Profile 40. Gene symbols, Gene descriptions and their functions are provided for the 20 significant 

genes in Profile 40 (STRING Network). Gene descriptions were based on TAC and Gene functions were based on the 
GeneCards database.  
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CONCLUSION 

Previous studies have shown that NRG-1 exhibits anti-inflammatory potential and plays a 

role in protecting neurons from delayed, ischemia-induced apoptotic cell death in the 

cortex by inhibiting proinflammatory responses. Past research from our lab has also 

demonstrated that NRG-1 was neuroprotective in rats following ischemic stroke. Thus, 

our results lie in accordance with previous research conducted in this field. Based on the 

differential gene expression analysis carried out by the TAC software, it was evident that 

NRG-1 altered a subset of genes following ischemic stroke. A number of genes were 

upregulated and downregulated post stroke. STEM analysis organized similarly behaving 

genes over time, into clusters and two major superclusters with opposite expression 

patterns (red and green) were identified. Enrichr’s gene ontology analysis indicated that 

upregulated genes (red supercluster) post ischemic stroke were associated with 

inflammatory and stress responses and downregulated genes (green supercluster) post 

stroke were associated with nervous system development and synaptic transmission. 

Upon comparison of the MCAO and MCAO + NRG-1 groups using STEM, it was 

observed that most inflammation and stress-related genes such as IL-1B, CD44, HMOX1, 

HSP-70B, ICAM1, IL-6 and JAK2 were upregulated post ischemic stroke but were 

decreased between 1- and 2-fold upon NRG-1 treatment. The STRING software 

identified IL-6 and IL-1b as central regulatory genes associated with the JAK-STAT 

signaling pathway. Hence, this data signifies NRG-1’s role as a potent neuroprotectant 

and recognizes NRG-1 as a potential therapeutic target for the treatment of ischemic 

stroke.       
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