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Abstract

Erythropoietin (EPO), a cytokine molecule, is best-known for its role in erythropoiesis. Preclinical 

studies have demonstrated that EPO has robust neuroprotective effects that appear to be 

independent of erythropoiesis. It is also being clinically tested for the treatment of 

neuropsychiatric illnesses due to its behavioral actions. A major limitation of EPO is that long-

term administration results in excessive red blood cell production and increased blood viscosity. A 

chemical modification of EPO, carbamoylated erythropoietin (CEPO), reproduces the behavioral 

response of EPO in animal models but does not stimulate erythropoiesis. The molecular 

mechanisms involved in the behavioral effects of CEPO are not known. To obtain molecular 

insight we examined CEPO induced gene expression in neuronal cells. PC- 12 cells were treated 

with CEPO followed by genome-wide microarray analysis. We investigated the functional 

significance of the gene profile by unbiased bioinformatics analysis. The Ingenuity pathway 
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analysis (IPA) software was employed. The results revealed activation of functions such as 

neuronal number and long-term potentiation. Regulated signaling cascades included categories 

such as neurotrophin, CREB, NGF and synaptic long-term potentiation signaling. Some of the 

regulated genes from these pathways are CAMKII, EGR1, FOS, GRIN1, KIF1B, NOTCH1. We 

also comparatively examined EPO and CEPO-induced gene expression for a subset of genes in the 

rat dentate gyrus. The CEPO gene profile shows the induction of genes and signaling cascades that 

have roles in neurogenesis and memory formation, mechanisms that can produce antidepressant 

and cognitive function enhancing activity.
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1 Introduction

Erythropoietin (EPO), a 30.4 kDa glycoprotein, is widely prescribed to treat anemia. 

Progress in understanding EPO’s biological actions over the past two decades has shown 

that it has robust neurotrophic and neuroprotective actions on the brain (Brines and Cerami, 

2005). Clinical studies have attempted to harness the neurotrophic properties of EPO to treat 

schizophrenia and depression. Results from rigorous clinical trials in treatment resistant 

depression are promising, and indicate that EPO could be developed as an antidepressant 

and cognition enhancing agent (Miskowiak et al., 2014). Interestingly, neuroimaging and 

volumetric analyses indicate that the behavioral effects could be due to EPO’s actions on the 

hippocampus (Miskowiak et al., 2015), potentially providing direction for mechanistic 

understanding and hypothesis testing.

Despite the encouraging results from neuropsychiatry studies and the overall safety of EPO, 

it should be noted that EPO is a potent inducer of red blood cell production and could 

produce adverse hematological consequences in non-anemic individuals. Carbamoylated 

EPO (CEPO), a chemically engineered in vitro post- translational modification of EPO, has 

emerged as an attractive trophic molecule because it is devoid of erythropoietic activity. Yet, 

it retains the neurotrophic effects in the central nervous system (Leist et al., 2004). The 

precise mechanism involved in CEPO’s cellular actions are not well understood. It has been 

proposed that CEPO is non-erythropoietic, as it signals via an EPO receptor (EPOR)- beta 

common receptor (βcR\CD131) heteromer rather than the classical EPOR-EPOR dimer 

bound by EPO (Leist et al., 2004). We therefore hypothesized that the downstream signal 

transduction pathways and gene profile induced by CEPO would differ from EPO due to 

lack of erythropoietic activity, but exhibit overlap due to their shared neurotrophic activity. 

We used the neuronal phenotype PC12 cell line in a genome wide microarray analysis of 

gene expression to gain insight into CEPO’s mechanism of action in neurons. This cell line 

has been used to examine multiple aspects of EPO signaling (Um et al., 2007; Wu et al., 

2007) and gene profiling analysis (Renzi et al., 2002). We subjected the CEPO gene profile 

to bioinformatics analysis to examine the functional implications of CEPO regulated genes 

and to shed light on mechanisms involved in its behavioral effects. We also conducted 

independent secondary validation of array data using quantitative PCR analysis.
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2 Materials and Methods

2.1 Carbamoylation of EPO

Erythropoietin was purchased from Prospec Bio (Israel) and carbamoylated in 1 mg aliquots 

as per (Mun and Golper, 2000) with mild modifications. Briefly, EPO was deprotonated in a 

high pH (pH = 8.9) borate buffer and then exposed to potassium cyanate for 16h at 36°C. 

CEPO was exhaustively dialyzed for 6h against PBS. CEPO concentration was determined 

using the Qubit protein assay (ThermoFisher). CEPO purity was verified by silver staining 

after electrophoretic gel analysis.

2.2 Cell Culture

Rat pheochromocytoma cells (PC-12 cells) were obtained from American Type Culture 

Collection (ATCC). The cells were grown in suspension in RPMI-1640 (ATCC) with 10% 

heat inactivated horse serum, 5% fetal bovine serum (Gibco) at 37°C and 5% CO2. To 

differentiate the cells into neuronal cells PC-12 cells were plated in collagen coated dishes 

(Corning) and were grown in RPMI-1640 with NGF (100ng/ml, Alomone Labs) and 1% 

Horse Inactivated serum (Gibco). The cells were grown for 10 days and the medium was 

changed every 2 days. Neuronal morphology and robust neurite outgrowth was confirmed by 

microscopy. NGF was removed overnight before the day of experiment. PC-12 cells were 

treated with CEPO 100ng/ml for 3hrs. Vehicle-treated (PBS) cells were used as control.

2.3 Animals

Adult male Sprague-Dawley rats (n=6 per group, mass 220 – 240 gm; Envigo) and pair-

housed according to treatment group (Vehicle, EPO and CEPO) for the duration of the 

experiments. Rats were maintained on a standard 12-hr light-dark cycle with free access to 

food and water. All procedures were carried out in strict accordance with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals, and approval by the 

USD Institutional Animal Care and Use Committee. Every effort was made to minimize the 

number of animals used. Rats received single daily i.p. injections of either vehicle (PBS), 

EPO or CEPO (30 μg/kg) for 4 consecutive days. Five hours after the last dose animals were 

decapitated according to American Veterinary Medical Association guidelines and the brains 

were frozen on dry ice.

2.4 Laser microdissection

Cryocut hippocampal sections (coronal, 16 μm) were collected on PEN- Membrane slides 

(Leica) and processed for laser microdissection. Sections were fixed in histochoice fixative 

(Sigma) for 3 min followed by brief rinses in PBS, 70% ethanol and milliQ water. Sections 

were stained with cresyl violet (2 min), followed by dehydration in 95% and 100% ethanol. 

The dentate gyrus was delineated using the free draw tool on a Wacom Cintiq high 

resolution monitor and microdissected using the Leica LMD 7000 system. Microdissected 

tissue was collected directly into lysis solution and processed for RNA isolation using the 

RNAqueous micro kit (ThermoFisher). The RNA samples were then used for quantitative-

PCR analysis.
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2.5 RNA extraction and Microarray analysis

RNA was isolated using the RNAqueous kit (ThermoFisher) and quantitated using the 

NanoDrop spectrophotometer (ThermoFisher). RNA quality was tested using the Nano-

assay on the Bio-analyzer (Agilent). RNA integrity numbers were ≥ 9 (see supplementary 

material). A dual color (Cy3 vs Cy5) microarray experiment (N=4) was performed using the 

Agilent rat whole genome expression array (Agilent rat (v3) GE, 4×44K-028282). Data was 

processed using Agilent feature extraction software and LOWESS dye normalization. 

GeneSpring software (Agilent) was then used to perform summarization, transformation, 

normalization, fold change calculation and regulation (up vs down).

2.6 Ingenuity Pathway Analysis (IPA)

Functional analysis of microarray data was conducted using IPA software. The dataset 

containing the gene identifiers and their corresponding average expression fold change 

values were uploaded as an excel spreadsheet to the IPA server. A fold change cutoff was set 

at 1.3 (both up and down regulated) to identify molecules which were differentially 

regulated. The network containing the genes from the dataset are either algorithmically 

generated or the genes from the dataset were assigned to biologically relevant networks and 

canonical pathways based on the information present in Ingenuity Pathway Knowledge 

Base. IPA uses two classes of statistical treatments for its functional analysis. 1) For all types 

of functional analysis IPA calculates p-values based on the association between molecules 

from the dataset and the pathways generated. The p-value is calculated using right-tailed 

Fisher’s Exact test and p-value ≤ 0.05 is considered as significant. 2) IPA also calculates z-

scores for some of the functional analysis like canonical pathway analysis, diseases and 

functional analysis, and upstream regulator analysis based on correlation between what is 

known in IPA knowledge base and the data. The z-score predicts whether a pathway is 

activated or inhibited. A z-score of ≥ 2 means a pathway is activated and a score of ≤ −2 

means a pathway is inhibited.

2.7 Quantitative PCR

Based on the results of IPA analysis and data from previous array analysis of EPO-induced 

gene expression in the hippocampus (Girgenti et al., 2009), we chose representative target 

genes for secondary validation. We focused our attention on genes with established 

neurobiological value, essentially genes that have been functionally validated in the 

literature by behavioral experiments. Quantitative PCR analysis was used for independent 

secondary validation as previously described (Sathyanesan et al., 2017). Briefly, reverse 

transcribed cDNA was amplified employing SYBR Green chemistry (Qiagen) and gene-

specific primers in the Mastercycler realplex Real-time PCR machine (Eppendorf). 

Specificity of product was determined by melt curve analysis. Data were normalized using 

the housekeeping genes cyclophilin, p-actin and GAPDH.

2.8 Statistical Analysis

Statistically significant differential expressing genes in our dataset was determined by 

Significance Analysis of Microarray (SAM) in rstudio. Two class unpaired test was 

performed and false discovery rate (FDR) less than 1.5% was selected as acceptable. 
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Quantitative PCR based gene regulation was calculated using the ΔΔCt method. Gene 

expression comparisons were considered statistically significant at p < 0.05. The results 

were replicated in an independent set. Data are presented as mean +/− s.e.m.

The quantitative-PCR data for in-vitro studies were statistically analyzed using the t-test and 

in-vivo studies were analyzed using ANOVA statistical analysis followed by Holm-Sidak 

tests using SigmaStat 4.0 software (Systat).

3 Results

3.1 Nervous system functions regulated by CEPO

Employing a cutoff of ±1.3 for the fold change values 2868 genes showed differential 

expression. There were 1535 upregulated genes and 1333 that were downregulated. In order 

to understand the functional significance of the genes expressed in our microarray study we 

used the diseases and functions tool under the IPA core analysis module. IPA generated list 

of top 10 up and downregulated genes are shown in Table 1. We then examined the nervous 

system related functions that were enriched in our dataset. The prominent functions that 

were activated included quantity of neurons or neuronal number (p ≤1.09E-10 and z-score = 

2.84), long-term potentiation (p ≤ 0.00000296 and z-score = 2.506), and neurotransmission 

(p ≤ 6.79E-10 and z- score = 2.017) as shown in Table 2. Genes represented in the functional 

categories of neuronal number (Fig. 1A) and long-term potentiation (Fig. 1B) are shown 

along with cellular location of protein expression.

3.2 Neuronal signaling pathways regulated by CEPO

We then investigated the nervous system signaling pathways that were induced in our 

dataset. We utilized the canonical pathways tool in IPA’s core analysis module to generate 

canonical signaling pathways. Figure 2 shows that there are thirteen canonical signaling 

pathways related to nervous system signaling that are significantly upregulated and 

activated. The signaling pathways include gonadotropin-releasing hormone (GNRH) 

signaling (-log p-value=8.39 and z score=3.592), nerve growth factor (NGF) signaling (-log 

p-value=7.62 and z score=3.667), cAMP response element- binding protein (CREB) 

signaling in neurons (-log p-value=6.62 and z score=3.683), neurotrophin/tyrosine receptor 

kinase(TRK) signaling (-log p-value=6.49 and z score= 3.266), neuropathic pain signaling in 

dorsal horn neurons (-log p-value =6.16 and z score=3.656), glial cell-derived neurotrophic 

factor (GDNF) family ligand-receptor interactions (-log p-value =6.02 and z score=3.838), 

ErbB4 signaling (-log p-value=4.79 and z-score=2.985), ephrin receptor signaling (-log p-

value=4.61 and z-score=4.426), cholecystokinin/gastrin-mediated signaling (-log p-

value=4.55 and z-score=3.272), dopamine-DARPP32 feedback in cAMP signaling (-log p-

value=3.5 and z- score=2.475), synaptic long-term potentiation signaling (-log p-value =2.75 

and z- score=2.746), ciliary neurotrophic factor (CNTF) signaling (-log p-value=2.27 and z- 

score=2.84), and melatonin signaling (-log p-value=1.73 and z-score=2.84).

Among the above signaling cascades we were interested in the pathways related to neuronal 

number and long-term potentiation. The pathways associated with neuronal number that are 

being activated include CREB signaling in neurons, neurotrophin/TRK signaling (Fig. 3A) 
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and NGF signaling. The pathway involved in long-term potentiation function that is being 

activated include synaptic long-term potentiation signaling (Fig. 3B).

3.3 Induction of CREB binding protein (CREBBP or CBP) and CBP-mediated functions

As signaling cascades converge to activate specific transcription factors that then regulate 

entire programs of gene expression, we sought to identify the transcription factors that were 

being activated by CEPO. To this end we employed the upstream analysis tool in IPA. This 

analysis revealed that several transcription factors were regulated expressed in our dataset. 

The list of transcription factors includes CTNNB1, KLF5, CBP, RELA, ID2, FOS, PAX4, 

ETV5, HNRNPK, EPAS1, LEF1, REST, CCND1, MAFB, ZEB2, POU3F3, PPARGC1B, 

SP4, IRF1, SPDEF, GMNN, WT1 and TP73. The upstream analysis also indicated that CBP 

transcription factor (p≤ 0.00018, z- score=2.739) was being activated by CEPO. Given the 

importance of CBP in neuroscience investigations we mined the data for genes whose 

expression is regulated by CBP (Fig 4). Some of the important genes that were regulated by 

CBP includes CAMKII, EGR1, FOS, GRIN1, KIF1B, NOTCH1, NTN1 and RARB.

In order to obtain insight into the biological functions regulated by CBP we employed the 

regulator effects tool in IPA. This tool can algorithmically assign biological functions (based 

on the large body of curated information from the IPA knowledge base) to group genes 

present in the dataset which are regulated by few important molecules also present in the 

dataset. These key molecules are identified as regulator molecules and the biological 

functions they produce are termed regulator effects. In our study CBP is the regulator 

molecule and by interacting with CAMKII, CCND1, CDKN1B, EGR1, FOS, GRIN1, 

ITGA6, KIF1B, LIG4, MAF, NOTCH1, NR3C1, NTN1, RARB, and UTRN it can activate 

functions such as long-term potentiation of brain, neuronal number, and inhibit function like 

perinatal death (Fig. 5).

3.4 Independent validation of microarray data

Secondary validation was performed using quantitative PCR. We chose a list of 10 genes 

from our IPA analysis of microarray data, including genes with established neurobiological 

value. Rather than choosing primers to overlap the probe sequences featured on the array we 

sought to conduct biological validation of the results by using independently designed 

primer sets. Results showed that the genes FOS, EGR1, ARC, VGF, BDNF, CD131, and 

CBP (P< 0.05) mRNA expression increased significantly as compared to control. However, 

for the downregulated genes CAMKIIA, HSD11 and TLR2, only CAMKIIA reached 

statistical significance (Fig. 6a).

3.5 Dentate gyrus gene regulation

A comparative analysis of EPO and CEPO-induced gene regulation in the dentate gyrus 

region using laser microdissection (Fig. 6b) revealed substantial overlap between them (Fig. 

6c) and also with CEPO-treated PC12 cells (Fig. 6a). With the exception of Arc, genes that 

were significantly regulated in PC12 cells were also regulated by CEPO in the dentate gyrus. 

Arc, Fos and Egr1 were more strongly induced by EPO than CEPO. CD131 was 

significantly induced by CEPO but not by EPO (Fig 6c).
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4 Discussion

We conducted a transcriptome analysis of non-erythropoietic, carbamoylated erythropoietin 

induced gene regulation in neuronal cells and investigated the functional significance of the 

gene profile by bioinformatics analysis employing the Ingenuity Pathway Analysis suite. 

Our dataset revealed the prominent enrichment of functional categories pertaining to 

neuronal number, long term potentiation and neurotransmission.

EPO has been previously been shown to play an essential role in developmental 

neurogenesis (Tsai et al., 2006), and is known to be involved in cell proliferation in multiple 

cell types (Bahlmann et al., 2003; Chamorro et al., 2013). It also elevates adult neurogenesis 

via a rather unique mechanism, increasing neuronal and oligodendrocyte number by 20% in 

the hippocampus but without substantially impacting cell proliferation (Hassouna et al., 

2016). The EPO-induced increase in hippocampal volume noted in the clinic could be in part 

driven by this cellular mechanism (Miskowiak et al., 2015). As CEPO regulates numerous 

genes that play key roles in progenitor cell proliferation or differentiation, including CBP, 

Fos, KIF1B, BDNF and NTN1 to name a few, it is reasonable to expect that it would elicit 

similar cellular effects in the hippocampus.

EPO has shown robust cognitive improvement in schizophrenia (Ehrenreich et al., 2007) and 

treatment resistant depression (Miskowiak et al., 2014). Rodent studies designed to 

understand these cognitive enhancing effects have demonstrated that EPO enhances long 

term potentiation (LTP) in the CA1 (Adamcio et al., 2008) and the cognitive performance 

improvements persist for at least 3 months after the last dose (El-Kordi et al., 2009). 

Interestingly, it was recently shown that CEPO produces notable cognitive effects in the 

social defeat model, preferentially regulating neurotrophic gene expression in the dorsal 

hippocampus (Sathyanesan et al., 2018). Given the relationship between hippocampal LTP 

and cognition it is interesting to note that CEPO regulated over 66 genes with known roles in 

modulating LTP, such as DLG4, EGR1, GRIN1, NOTCH1, VEGFA and Arc. The elevation 

in Arc is of particular interest due to its known roles in regulating synaptic plasticity 

(Shepherd and Bear, 2011), cognitive function (Zhang et al., 2015) and LTP (Messaoudi et 

al., 2007).

IPA also revealed the increase in neurotrophin signaling pathways by CEPO. Apart from 

independently exhibiting trophic actions CEPO appears to also regulate other neurotrophic 

factors that act via their respective receptors. The CEPO-induced increase in VGF and 

BDNF is significant as these genes are also induced in the hippocampus by exercise 

(Hunsberger et al., 2007) electroconvulsive seizure (Newton et al., 2003) and EPO (Girgenti 

et al., 2009). Both genes were also induced in the rat dentate gyrus by CEPO in the current 

study. They are downregulated with stress exposure and independently produce 

antidepressant-like effects when infused into the hippocampus (Rasmusson et al., 2002; 

Shirayama et al., 2002; Thakker-Varia et al., 2007). Among the several nervous system 

signaling cascades activated by CEPO, the regulation of CREB signaling is pertinent to 

antidepressant activity as the cAMP pathway and CREB phosphorylation has been heavily 

investigated in psychiatric neuroscience research as a key transcription factor and 

convergence hub for different classes of antidepressants activation (Blendy, 2006). CREB 
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activation increases neuronal proliferation in the dentate gyrus (Nakagawa et al., 2002), 

which could be a cellular mechanism that mediates its behavioral effects.

CBP, a transcriptional coactivator, was prominently indicated by IPA and its regulation was 

confirmed by secondary validation in PC12 cells and in the hippocampus. Previous work in 

PC12 cells has demonstrated the induction of CBP after CEPO treatment and its role in 

increasing neurite length and spine density (Choi et al., 2014). CBP is a diverse, 

multifunctional molecule with roles in several cellular processes. Apart from possessing 

intrinsic acetyltransferase activity it also associates with several transcription factors and 

transcriptional activators and functions as a crucial regulatory hub for CREB-dependent 

gene expression (Vo and Goodman, 2001). CBP has been shown to be essential for 

hippocampal neurogenesis and the associated improvement in cognitive performance 

(Lopez-Atalaya et al., 2011; Gouveia et al., 2016). The induction of CREB and CBP 

mediated gene expression suggests that this pathway and downstream genes could be 

important for CEPO’s behavioral effects, including both antidepressant and cognitive 

enhancing activity. Elucidating how CEPO activates CREB and CBP will be an interesting 

and worthwhile endeavor as it is not indicated by the canonical JAK-STAT pathway utilized 

by EPO. It is however not surprising that CEPO activates the CREB pathway as it is well 

known that neurotrophic factors (BDNF) can activate CREB by multiple cAMP-independent 

pathways, the calcium/calmodulin dependent kinase IV (CaMKIV) pathway and the Ras 

pathway (Finkbeiner et al., 1997). Perhaps the first line of investigation would be to 

interrogate the role of the erythropoietin receptor and the intracellular adaptor molecules that 

associate with it upon CEPO binding.

The elevation in CD131/βcR is intriguing as it is a receptor that is shared by the beta 

common family of cytokines, granulocyte-macrophage colony stimulating factor (GM-CSF), 

interleukin (IL)-3 and IL-5 (Broughton et al., 2015). The tissue protective actions of EPO 

and CEPO have been previously shown to act via an interaction between the pcR and EPO 

receptor (Brines et al., 2004). It is thought that CEPO is non- erythropoietic because it 

primarily signals via this βcR-EPOR heteroreceptor complex rather than the EPOR-EPOR 

dimer utilized by EPO (Leist et al., 2004). Hippocampal expression of βcR is low and is 

induced mainly in reactive microglia after seizures (Nadam et al., 2007). From our 

quantitative PCR analysis, we noted that basal expression levels of βcR were 3-fold lower 

than EPOR. It is therefore possible that the robust CEPO-induced increase in βcR is an 

effort to potentially facilitate stoichiometric pairing of both receptors. Of note from our 

bioinformatics analysis is the lack of gene categories pertaining to the hematopoietic cascade 

that is strongly activated by EPO. There could be multiple reasons for this. 1) CEPO does 

not activate this cascade, 2) activation of the hematopoietic cascade is not reflected in a 

PC-12 cells gene profile despite expression of EPOR. It would be useful to examine the 

precise role played by βcR in CEPO induced gene expression by genetically manipulating 

receptor expression levels. In the larger context it will be important to test the specific role 

played by βcR in the behavioral effects of CEPO. However, it is useful to note that there was 

substantial overlap in EPO and CEPO-induced gene regulation in the hippocampus despite 

differences in levels of regulation. Although it will be interesting to compare their behavioral 

actions in a battery of behavioral assays, the hematological effects of EPO (Coleman et al., 
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2006) are likely to limit its use for CNS disorders particularly when chronic administration 

is required.

5. Conclusion

Our gene profile sheds light on CEPO’s potential molecular mechanism of action. The 

induction of neurotrophin signaling, CREB signaling and LTP signaling related genes 

indicate that it activates multiple intracellular signal transduction pathways. The gene 

products of the target genes have been strongly implicated in both antidepressant activity 

and cognition, raising expectations that CEPO would produce these therapeutic effects in 

rodent models and humans. This strengthens the case for further development of CEPO as a 

candidate molecule for the treatment of neuropsychiatric disorders.
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Highlights

• CEPO induces a neurotrophic gene profile and signaling cascades.

• CEPO and EPO produce comparable gene regulation in the hippocampal 

dentate gyrus.

• Genes regulated by CEPO have been implicated in antidepressant activity and 

cognitive function.
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Figure 1. Most relevant neuronal functions and their interaction with the differentially expressed 
genes as predicted by IPA.
(A) Shows the genes associated with neuronal number. (B) Shows the genes associated with 

long term potentiation. Red and green nodes represent the differentially expressed genes. A 

red node denotes an up-regulated gene, and a green node denotes a down-regulated gene. 

The intensity of the node color indicates the degree of up or down regulation. Different 

structures of the nodes represent different functional class of the gene product. Orange line 

indicates that it leads to activation, blue line indicates that it leads to inhibition, grey line 
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indicates that the effect is not predicted, and yellow line indicates that the findings are 

inconsistent with the state of the downstream molecule.
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Figure 2. The canonical pathways associated with nervous system signaling that are significantly 
upregulated by CEPO.
The canonical pathways are represented on the x axis. The y axis represents the significance 

scores as -log p-value. The threshold line in dark green indicates the significance (p<0.05) 

cutoff The height of the bar shows the level of significance. The ratio number line in dark 

blue represents number of molecules present in the dataset divided by the total number of 

molecules in the pathway.
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Figure 3. Canonical pathways involved in nervous system development and function.
(A) Neurotrophin/TRK Signaling. (B) Synaptic long-term potentiation signaling. Red and 

green nodes represent the differentially expressed genes. A red node denotes an up-regulated 

gene, and a green node denotes a down-regulated gene. The intensity of the node color 

indicates the degree of up or down regulation. White colored nodes represent the genes that 

were not differentially expressed in our experiment but are the part of the signaling cascade 

as proposed by IPA. Different structures of the nodes represent different functional class of 

the gene product. Edges represent the type of relationship between the nodes. Filled arrow 
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head indicates activation, bar-headed line indicates inhibition, hollow arrow head indicates 

translocation and perpendicular arrowheads indicate enzyme catalysis reaction.
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Figure 4. Subcellular localization of differentially expressed genes regulated by CBP.
Red and green nodes represent the differentially expressed genes. A red node denotes an up-

regulated gene, and a green node denotes a down-regulated gene. The intensity of the node 

color indicates the degree of up or down regulation. Different structures of the nodes 

represent different functional class of the gene product. Edges represent the type of 

relationship between the nodes. Filled arrow head indicates activation and bar-headed line 

indicates inhibition. Orange line indicates that it leads to activation, blue line indicates that it 

leads to inhibition, grey line indicates that the effect is not predicted, and yellow line 

indicates that the findings are inconsistent with the state of the downstream molecule.
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Figure 5. CBP regulation of different neuronal functions through its interaction with 
differentially expressed genes.
Red and green nodes represent the differentially expressed genes. A red node denotes an up-

regulated gene, and a green node denotes a down-regulated gene. The intensity of the node 

color indicates the degree of up or down regulation. Different structures of the nodes 

represent different functional class of the gene product. Edges represent the type of 

relationship between the nodes. Filled arrow head indicates activation and bar-headed line 

indicates inhibition. Orange line indicates that it leads to activation, blue line indicates that it 

leads to inhibition, grey line indicates that the effect is not predicted and yellow line that the 

findings are inconsistent with the state of the downstream molecule.
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Figure 6. Independent secondary validation of microarray data and Comparative analysis of 
EPO and CEPO-induced gene regulation in the hippocampus.
A. Quantitative PCR analysis was performed using gene specific primers. Gene regulation is 

expressed as percentage of vehicle levels (N=6). Error bars are +/− SEM; *p < 0.05 vs 

Vehicle, t-test. B. Laser microdissection of the dentate gyrus showing before (left) and after 

(right) images of the same section. C. Quantitative PCR analysis of EPO and CEPO-induced 

gene regulation in the dentate gyrus. Gene regulation is expressed as percentage of vehicle 

levels. Error bars are +/− SEM; *p < 0.05 ANOVA. Egr1- early growth response 1, Arc - 
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activity regulated cytoskeleton-associated protein, VGF- non-acronymic, BDNF- brain 

derived neurotrophic factor, CD131 - beta common receptor, HSD11- l1β hydroxysteroid 

dehydrogenase, CBP- CREB binding protein, CamKIIa- calcium/calmodulin dependent 

protein kinase type 2 alpha, TLR2- toll-like receptor 2. DG - dentate gyrus, HL- hilus.
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Table 1.

Representative top molecules identified by IPA analysis after CEPO treatment

Gene Symbol Fold
Change

Genebank
Accn

Description Molecular Function

Up-regulated
genes

Ddx3x 14.599 NM_ 0011082 46 DEAD-box helicase 3, X-linked Helicase

KAT2B 12.401 XM_ 0037506 17 lysine acetyltransferase 2B Transcription regulator

CIRBP 10.999 NM_031147 cold inducible RNA binding protein Translation regulator

CHRDL1 10.636 NM_199502 chordin like 1 plays a role in neuronal differentiation

POGZ 10.337 NM_ 0011076 93 pogo transposable element derived w ith ZNF 
domain

transposase

ALY REF 9.963 NM_ 0011096 02 Aly/REF export factor Transcription regulator

Cts8 9.288 NM_ 0011282 16 cathepsin 8 Peptidase

ELAC1 9.193 NM_ 0011074 06 elaC ribonuclease Z 1 ribonuclease

PPP1R3A 9.023 NM_ 0011092 22 protein phosphatase 1 regulatory subunit 3A Phosphatase

PAQR7 8.931 NM_ 0010340 81 progestin and adipoQ receptor family member 7 Steroid membrane receptor

Down-regulated
genes

CHMP4B* −6.315 NM_0012764
56

charged multivesicular body protein 4B protein homodimerization activity

NPM3 −4.762 XM_0010585 48 nucleophosmin/nucleoplasmin 3 chaperone protein

GABRA5 −3.948 NM_017295 gamma-aminobutyric acid type A receptor 
alpha5 subunit

Ion Channel

Raet11 −3.785 NM_0010130 63 retinoic acid early transcript 1L Peptide antigen binding

KLK1* −3.73 NM_0010053 82 kallikrein 1 Peptidase

GJD2 −3.517 NM_019281 gap junction protein delta 2 Transporter

SNW1 −3.497 NM_0011092 79 SNW domain containing 1 Transcription regulator

KIF1C −3.353 NM_145877 kinesin family member 1C microtubule motor activity

GZMB −3.294 NM_138517 granzyme B Peptidase

Olr1124 −3.127 NM 0010004 26 olfactory receptor 1124 G-protein coupled receptor

Table shows top 10 upregulated and downregulated molecules with their gene symbol, fold change value, gene bank accession number, description 
and molecular function.
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Table 2.

Functions related to Nervous system enriched in the dataset.

Functions Annotation p-Value Activation z- score Predicted Activation State # Molecules

Neuronal Number 1.09E-10 2.84 Increased 117

long-term potentiation 0.0000029B 2.506 Increased 66

Neurotransmission 6.79E-10 2.017 Increased 108

The p-values and z scores were generated by IPA for categories neuronal number, long term potentiation and neurotransmission after core analysis. 
The significance and z scores are calculated by the IPA software as described in the methods section. The z ≥2 predicts increase in activation of that 
function. Differentially expressed genes in the dataset for each function is represented as number of molecules.
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