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Abstract
To grasp the molecular mechanisms and pathophysiology underlying epilepsy development (epilep-

togenesis) and epilepsy itself, it is important to understand the gene expression changes that occur

during these phases. Quantitative real-time polymerase chain reaction (qPCR) is a technique that

rapidly and accurately determines gene expression changes. It is crucial, however, that stable refer-

ence genes are selected for each experimental condition to ensure that accurate values are

obtained for genes of interest. If reference genes are unstably expressed, this can lead to inaccurate

data and erroneous conclusions. To date, epilepsy studies have used mostly single, nonvalidated

reference genes. This is the first study to systematically evaluate reference genes in male Sprague–

Dawley rat models of epilepsy. We assessed 15 potential reference genes in hippocampal tissue

obtained from 2 different models during epileptogenesis, 1 model during chronic epilepsy, and a

model of noninjurious seizures. Reference gene ranking varied between models and also differed

between epileptogenesis and chronic epilepsy time points. There was also some variance between

the four mathematical models used to rank reference genes. Notably, we found novel reference

genes to be more stably expressed than those most often used in experimental epilepsy studies.

The consequence of these findings is that reference genes suitable for one epilepsy model may not

be appropriate for others and that reference genes can change over time. It is, therefore, critically

important to validate potential reference genes before using them as normalizing factors in expres-

sion analysis in order to ensure accurate, valid results.VC 2017 Wiley Periodicals, Inc.
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1 | INTRODUCTION

Epilepsy is a chronic neurological condition that is characterized by

recurrent, unprovoked seizures (Thurman et al., 2011). It is one of the

world’s most common neurological disorders, affecting approximately

1% of the world population (!65 million) with around 2.4 million new

diagnoses annually (Thurman et al., 2011). Temporal lobe epilepsy

(TLE), where seizures originate in the temporal lobe, is the most com-

mon epilepsy syndrome, often refractory to treatment, and is thought

to be caused by a brain insult (Chang & Lowenstein, 2003). TLE is char-

acterized by hippocampal atrophy and limited extrahippocampal dam-

age as well as seizures that originate in the hippocampus and/or

closely related structures (Spencer & Spencer, 1994). TLE is most com-

monly modeled in rats by one of three methods: electrical stimulation

(Norwood et al., 2010; Sloviter & Damiano, 1981), systemic administra-

tion of kainic acid (Ben-Ari & Lagowska, 1978; Ben-Ari, Lagowska,

Tremblay, & Le Gal La Salle, 1979), or systemic administration of pilo-

carpine (Turski, Cavalheiro, et al., 1983; Turski, Czuczwar, Kleinrok, &

Turski, 1983).

Significance
This is the first study on systemic evaluation and validation of

reference genes in experimental epilepsy. We present novel

reference genes that are more stably expressed than those most

often used. We also show that stable, appropriate reference

genes can vary between animal models and even within the

same animal model (at different time points). We also

demonstrate that a minimum of two reference genes should be

used for normalization; most studies have used only one.
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Gene expression analysis is a standard approach for studying the

regulation of biological mechanisms under normal and diseased condi-

tions. A better understanding of the molecular mechanisms at play in

epilepsy is crucial for the development of novel therapeutics that cor-

rect culpable dysfunction. Quantitative real-time polymerase chain reac-

tion (qPCR) is the gold standard for gene expression analysis in small

quantities of tissue. Appropriate reference genes (formerly known as

housekeeping genes) are required in order to precisely and accurately

determine the expression of genes of interest (GOIs) (Bustin et al.,

2009). The purpose of normalizing data to one or more reference genes

is to account for differences in the amount of cDNA (McCulloch, Ash-

well, O’Nan, & Mente, 2012) and efficiency of amplification (Vandesom-

pele et al., 2002), and to compare GOIs among different samples.

Reference genes are typically involved in the basic maintenance of cel-

lular structure and/or function. Irrespective of its role, reference gene

mRNA should express at a constant level in all conditions, regardless of

cell cycle stage or age (Eisenberg & Levanon, 2013; Radonić et al.,

2004). Reference genes vary widely across diseases and experimental

models (Bademci et al., 2010) but can be considered suitable if several

criteria are met (Chervoneva et al., 2010), the most important criterion

being stable expression. The expression of a reference gene cannot be

influenced by experimental conditions (Kozera & Rapacz, 2013).

Reference genes have been proposed in a few studies on human

and experimental epilepsy (Maurer-Morelli et al., 2012; Pernot, Doran-

deu, Beaup, & Peinnequin, 2010). There has, however, not been a sys-

tematic evaluation or validation of potential reference genes in any

experimental epilepsy model. The aim of this study was to discover ref-

erence genes for two rat models of epilepsy: 8-hr perforant pathway

stimulation (PPS) (Norwood et al., 2010) and systemic kainate-

lorazepam (KaL) during epileptogenesis and/or chronic epilepsy, and

after acute, noninjurious seizures (30-min PPS) (Norwood et al., 2010).

The mRNA expression levels of 15 (Kienzler-Norwood et al., 2017)

potential reference genes were determined in hippocampi from treated

and control animals. Four different validated and established methods

to determine expression stability were used: geNorm (Vandesompele

et al., 2002), NormFinder (Andersen, Jensen, & Ørntoft, 2004), Best-

Keeper (Pfaffl, Tichopad, Prgomet, & Neuvians, 2004), and Delta-Ct

(DCt) (Silver, Best, Jiang, & Thein, 2006).

The 15 candidate genes used in this study are actin beta (ACTB),

beta-2-microglobulin (B2M), glyceraldehyde 3-phosphate dehydrogen-

ase (GAPDH), hypoxanthine phosphoribosyl-transferase 1 (HPRT1), lac-

tate dehydrogenase (LDHA), non-POU domain containing octamer-

binding (NONO), peptidylprolyl isomerase A (PPIA), peptidylprolyl isom-

erase B (PPIB), retinitis pigmentosa 2 (RP2), ribosomal protein large P1

(RPLP1), TATA box binding protein (TBP), transferrin receptor (TFRC),

ubiquitin C (UBC), tyrosine-3-monooxygenase (YWHAZ), and 18s ribo-

somal RNA (18s). Toll-like receptor 4 (TLR4) was used as a GOI to eval-

uate potential reference genes since it is known to upregulate in

experimental and human epilepsy. The candidate reference genes were

selected based on previous epilepsy studies, use in other rodent dis-

ease models, or use in other model organisms. For example, TBP has

been determined to be a stable reference gene in a febrile seizure

model used in male Sprague–Dawley rat pups (Swijsen, Nelissen,

Janssen, Rigo, & Hoogland, 2012); NONO has been validated as a

stable reference gene in a mouse model of colitis (Eissa, Kermarrec,

Hussein, Bernstein, & Ghia, 2017) and adipocyte cell differentiation

(Arsenijevic, Gr!egoire, Delforge, Delporte, & Perret, 2012); HPRT1 and

TBP have been described as stable genes in the intrahippocampal kainic

acid mouse model (Pernot et al., 2010); and YWHAZ, ACTB, and GAPDH

in a nonhuman primate model of Alzheimer disease (Park et al., 2013).

Some of our candidate reference genes (GAPDH, HPRT, TBP, ACTB,

UBC, B2M) have been used in human epilepsy studies (Wierschke et al.,

2010).

2 | METHODS

2.1 | Animals

Male Sprague–Dawley rats (n532) (Harlan-Winkelmann, Borchen,

Germany, weight range: 318–344g) were used in this study. Animals

were treated in accordance with the guidelines of the European com-

munity (EUVD 86/609/EEC) and were housed in an on-site animal

facility (21 8–25 8C; 45%–60% humidity) under a 12:12 light/dark cycle

with ad libitum access to food and water. All experiments were

approved by the local regulation authority (Regierungspräsidium

Gießen, Germany). All animals were housed in groups (at least two per

cage); none were excluded from the study.

2.2 | Animal models

2.2.1 | PPS

The 8-hr PPS model is characterized by hippocampal sclerosis and

hippocampal-onset epilepsy after 2 to 3 weeks (Norwood et al., 2010),

whereas 30-min PPS does not induce either neurodegeneration or epi-

lepsy (Norwood et al., 2011). Briefly, rats were implanted bilaterally

with bipolar stimulating electrodes in the perforant pathway and unipo-

lar recording electrodes in the dorsal hippocampus, then stimulated for

30min or 8hr as described previously (Norwood et al., 2010, 2011).

Control animals were implanted with electrodes, but not stimulated.

2.2.2 | KaL

The KaL model also recapitulates essential characteristics of human

TLE, such as hippocampal sclerosis and hippocampal-onset epilepsy

after a discreet seizure-free period (Kienzler-Norwood et al., 2017).

Animals received 15mg/kg kainic acid monohydrate (10mg/ml in

phosphate-buffered saline, K0250, Sigma-Aldrich, Germany) and

0.75mg/kg lorazepam (2mg/ml, Pfizer, Germany) that was adminis-

tered subcutaneously, while the control animals received 15 mg/kg

kainic acid monohydrate and 3 mg/kg lorazepam. The controls received

a higher dose of lorazepam that blocks neurodegeneration and epilepsy

(Kienzler-Norwood et al., 2017).

Animals were not video-EEG monitored to confirm epilepsy. In

previous studies (Kienzler-Norwood et al., 2017; Norwood et al.,

2010), we found that all animals that were EEG monitored developed

epilepsy. In this study, a few animals from the 14-day and 20-week
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groups (n53 for both PPS and KaL models) were video monitored,

however, to confirm epilepsy. All six animals exhibited spontaneous

convulsive seizures.

2.3 | Tissue harvesting

Rats were sacrificed after 4 days, 14 days, or 20 weeks (n54 per

group). The 30-min PPS, 8-hr PPS, and KaL animals were sacrificed

after 4 and 14 days. An additional group of KaL rats was sacrificed

after 20 weeks. All animals received an overdose of ketamine

(>100mg/kg i.p.) and xylazine (10mg/kg i.p.) and were then perfused

through the aorta with 0.9% saline for 90 s to remove intravascular

blood. Brains were removed from the skull and the hippocampi were

microdissected, frozen on dry ice, and stored at 280 8C.

2.4 | RNA extraction and cDNA synthesis

RNA was extracted using the Quick-RNA Miniprep Kit (R1054, Zymo

Research, Germany) according to the manufacturer’s protocol. Briefly,

hippocampi were weighed and then homogenized using a pellet pestle

(Z359971-1EA, Sigma-Aldrich, Germany) in 600ll of lysis buffer with

0.5% v/v of reagent DX (19088, Qiagen, Germany) to prevent froth

formation. RNA was eluted with 30ll of water and analyzed on a

NanoDrop spectrophotometer (2000c, Thermo Scientific, Germany) to

obtain the yield and determine purity by 260/280 and 260/230 ratios

(Supplementary Figure 1). gDNA was removed by use of the Turbo

DNA-free kit (AM1907, Ambion, Life Technologies, Germany) following

the manufacturer’s instructions. cDNA was synthesized in a 20-ml reac-

tion by using Maxima First Strand cDNA synthesis kit for RT-qPCR

(k1641, Thermo Scientific, Germany) using 1mg of RNA per sample and

random hexamer primers. cDNA was aliquoted and stored at 220 8C

until further use.

2.5 | qPCR

This was performed on a StepOnePlus Real-Time PCR system (Applied

Biosystems, Germany). Each reaction contained 5ll of 2X Maxima

SYBR Green/ROX qPCR Master Mix (K0222, Thermo Scientific, Ger-

many), 2ll of the cDNA corresponding to 100ng of RNA, and 0.6lM

forward and reverse primers in a total reaction volume of 10ml. A two-

step protocol was used for amplification with an initial denaturation for

10min at 95 8C, followed by 40 cycles of 15 s at 95 8C and 60 s at

60 8C in a 96-well reaction plate. The specificity of PCRs was verified

by melt curve analysis for each sample after 40 cycles by raising the

temperature from 60 8C to 95 8C at a rate of 1 8C per minute. qPCR

was performed in triplicate (technical replicates) along with a no-

template control (NTC) to rule out contamination. In the NTC well,

template RNA was substituted with nuclease-free water; otherwise,

the protocol was identical.

2.6 | Primer design

Gene sequences were obtained from the Rat Genome Database (RGD)

(RRID: SSCLBR_RGD13063) (http://www.rgd.mcw.edu/wg/home) and

NCBI (http://www.ncbi.nlm.nih.gov). Primers were designed using the

web interface Primer3Plus (RRID: SCR_003081) (http://primer3plus.

com/cgi-bin/dev/primer3plus.cgi). The presence of secondary struc-

tures was excluded by the online oligo evaluator from Sigma-Aldrich

(http://www.oligoevaulator.com/ShwoToolservlet?TYPE5ANALYSIS),

and primers were synthesized at 100nm (Sigma-Aldrich, Germany).

The primer sequences for all of the candidate reference genes and

the GOI are shown in Supplementary Table 1.

2.7 | Primer efficiency

Primer efficiency was calculated based on standard curve slope and r2

value. Standard curves were obtained and analyzed on a StepOnePlus

system, using the StepOnePlus software (RRID: SCR_014281) (Applied

Biosystems, Version 2.3, Germany). A pair of primers was considered

valid if its efficiency was between 90% and 110% (Robledo et al.,

2014; Sep!ulveda, Bohle, Labra, Grothusen, & Marshall, 2013). The

primer pair efficiency ranged between 98% and 102% for all reference

genes and GOIs (Supplementary Table 1).

2.8 | Determination of endogenous control stability

We used geNorm (RRID: SCR_006763), NormFinder (RRID: SCR_

003387), BestKeeper (RRID: SCR_003380), and the DCt method to

determine gene expression stability in common samples.

2.8.1 | geNorm

This method determines both the relative stability of genes and the

minimum number of reference genes necessary for GOI normalization.

Reference gene stability is determined by average expression stability

(M) value. The geNorm algorithm has been integrated into a qBase

software package (http://biogazelle.com/qbaseplus) and is no longer

freely available. A Microsoft Office–compatible version of the original

spreadsheet is available at http://ulozto.net/xsFueHSA/geNorm-v3-

zip. geNorm converts the raw Cq values to relative quantities by using

the DCt equation (Equation 2); the highest expression level is set to 1.

Q5EDeltaCt (1)

Q5EðminCt2sampleCtÞ (2)

where,

Q5 sample quantity relative to sample with the highest expression

E5PCR amplification efficiency (25100%) calculated from the

standard curve min Ct5 lowest Ct value among all genes analyzedsam-

ple Ct5Ct value for the current gene geNorm defines the number of

genes required for normalization of GOIs by determining an M value

that describes the stability of expression of the respective gene (Equa-

tion 3). The M value is defined as the mean pairwise variation for a

given gene compared with other genes, with a cutoff value of 1.5

(Vandesompele et al., 2002), where lower values indicate greater stability.

Mj5

Xn

k51

Vjk

n21
(3)

where,
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Mj5 gene stability measure

Vjk5 pairwise variation

n5 total number of genes geNorm also calculates a pairwise varia-

tion value that determines the minimum number of reference genes

required for normalization with a cutoff value of 0.15 (Vandesompele

et al., 2002). Values above 0.15 mean additional reference genes are

required. Similar to the M value, a lower pairwise variation value indi-

cates a more stable combination.

2.8.2 | NormFinder

NormFinder also calculates expression stability values for potential ref-

erence genes (Kozera & Rapacz, 2013) and suggests the best candidate

gene pairs. It evaluates candidate genes based on expression stability

values along with inter- and intragroup variation by direct comparison

of genes (Hildyard & Wells, 2014). NormFinder is available as a Micro-

soft Excel plugin (http://moma.dk/normfinder-software). It accepts Q

values as input (Equation 2) and ranks genes according to expression

and stability value, which is a measure of expression variation. As with

geNorm, smaller values mean greater stability.

2.8.3 | BestKeeper

This is a tool for the selection of reference genes based on pairwise

correlation analysis and generation of a normalization factor (known as

the BestKeeper index). BestKeeper is available as a Microsoft Excel

spreadsheet file (http://genequantification.de/bestkeeper.html). It

assesses the stability of each gene by comparing the standard deviation

of Cq values with the genes and averages these values. Descriptive sta-

tistics for individual genes such as coefficient of variance, Pearson cor-

relation coefficient (r) values, arithmetic mean (average), and geometric

mean are obtained. Genes with high r values are considered to be

more stable compared with genes with lower r values. BestKeeper uses

a different algorithm than geNorm and NormFinder; raw Cq values are

used to calculate expression variation for candidate reference genes.

2.8.4 | DCt method

This is perhaps the simplest way of determining gene expression stabil-

ity. It can be performed either by using a Microsoft Excel spreadsheet

or by input of raw Cq values in RefFinder (RRID: SCR_000472) (http://

fulxie.0fees.us). The concept and goal of DCt analysis are similar to

those of geNorm, but DCt is not a unique algorithm. Like geNorm, DCt

calculations are based on pairs of genes, but it ignores the need to

accurately quantify input RNA and instead compares DCt values

between genes (Silver et al., 2006). The DCt method ranks genes

according to calculations based on standard deviation and pairwise

comparison with other genes.

2.9 | Minimum Information for Publication of
Quantitative Real-Time PCR Experiments guidelines

All experiments were performed in accordance with Minimum Informa-

tion for Publication of Quantitative Real-Time PCR Experiments

(MIQE) guidelines (Bustin et al., 2009).

2.10 | Statistics

Statistical analysis was performed using Graphpad Prism 7.0(a) (Graph-

pad Software, Inc., La Jolla, CA). Data were presented as the mean6

standard error of mean. Student’s t-test was used for the chronic KaL

group (unpaired, two-tailed), and for the remaining groups one-way

ANOVA, followed by Tukey method for multiple comparison, was

used. P values< .05 were considered statistically significant.

3 | RESULTS

3.1 | qPCR

Cq values between 15 and 35 cycles were considered valid; mean Cq

values are shown in Supplementary Figure 2. A single peak was

observed in the dissociation curve for all primer pairs, demonstrating

that only specific target products were amplified. The NTC showed no

synthesis of any products, thereby indicating that reactions were con-

tamination-free.

3.2 | 8-hr PPS model (epileptogenesis)

3.2.1 | geNorm

LDHA and NONO were the most stable genes, whereas PPIA and

HPRT1 were the least stable (Table 1). The pairwise variation value for

the combination of LDHA and NONO was 0.13, suggesting that these

reference genes were adequate for normalization. The M values for all

candidate reference genes are shown in Supplementary Figure 3A, and

the pairwise variation values are shown in Supplementary Figure 4A.

3.2.2 | NormFinder

ACTB and LDHA were ranked as the most stable combination (ACTB

was the most stable gene), while PPIA and HPRT1 showed the lowest

expression stability (Table 1). The expression stability values are shown

in Supplementary Figure 3B.

TABLE 1 Most stable reference genes for the 8-hr PPS model
according to the four different algorithms

Algorithm Stable genes
M value/stability value/
Pearson coefficient value

geNorm LDHA and NONO 0.2

NormFinder ACTB and LDHA 0.198

ACTB 0.341

BestKeeper YWHAZ 0.987

UBC 0.987

Delta-Ct UBC 0.73

LDHA 0.79

Note: LDHA5 lactate dehydrogenase; NONO5non-POU domain con-
taining octamer-binding; PPIA5peptidylprolyl isomerase A; RP25 retini-
tis pigmentosa 2; TBP5TATA box binding protein; TFRC5 transferrin
receptor; UBC5ubiquitin C.
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3.2.3 | BestKeeper

YWHAZ was ranked the most stable gene, followed by UBC, while

RPLP1 and GAPDH were the least stable (Table 1). Pearson correlation

coefficient (r) values for the candidate reference genes are shown in

Supplementary Figure 3C.

3.2.4 | DCt

UBC and LDHA were the most stable genes, while GAPDH and HPRT1

were the least stable (Table 1). The stability values for all candidate ref-

erence genes are shown in Supplementary Figure 3D.

3.3 | 30-min PPS model (acute phase)

3.3.1 | geNorm

UBC and TBP were the most stable combination, while B2M and

HPRT1 were the least stable genes (Table 2). The pairwise variation

value for a combination of UBC and TBP was 0.10, suggesting that this

combination of these reference genes was suitable for normalization of

GOIs. The M values for all candidate reference genes are shown in

Supplementary Figure 5a, and the pairwise variation values are shown

in Supplementary Figure 4B.

3.3.2 | NormFinder

PPIB and RPLP1 were ranked the most stable combination (RPLP1 was

the most stable gene), while B2M and HPRT1 were the least stable

genes (Table 2). The expression stability values are shown in

Supplementary Figure 5B.

3.3.3 | Bestkeeper

TBP was the most stable gene, followed by UBC, while PPIA and HPRT1

were ranked the least stable (Table 2). Pearson correlation coefficient

(r) values for all candidate reference genes are shown in Supplementary

Figure 5C.

3.3.4 | DCt

TBP and UBC were ranked most stable, and B2M and HPRT1 were the

least stable genes (Table 2). The stability values for all candidate refer-

ence genes are shown in Supplementary Figure 5D.

3.4 | KaL (epileptogenesis)

3.4.1 | geNorm

PPIA and RP2 were found to be the most stable combination, whereas

TBP and YWHAZ were ranked as the least stable genes (Table 3). The

pairwise variation value for the combination of PPIA and RP2 was 0.14,

suggesting that these reference genes were suitable for normalization.

The M values for all candidate reference genes are shown in Supple-

mentary Figure 6a, and the pairwise variation values are shown in Sup-

plementary Figure 4C.

3.4.2 | NormFinder

ACTB and PPIA were considered the best pairing (ACTB was ranked

highest for stability), while TBP and YWHAZ were the least stable genes

(Table 3). The expression stability values are shown in Supplementary

Figure 6B.

3.4.3 | BestKeeper

ACTB and YWHAZ were ranked the most stable genes; B2M and RPLP1

were the least stable genes (Table 3). Pearson correlation coefficient (r)

values for the candidate reference genes are shown in Supplementary

Figure 6C.

3.4.4 | DCt

ACTB and PPIA were the most stable genes, and TBP and YWHAZ were

the least stable genes (Table 3). The stability values for all candidate

reference genes are shown in Supplementary Figure 6D.

TABLE 2 Most stable reference genes for the 30-min PPS model
according to the four different algorithms

Algorithm Stable genes
M value/stability value/
Pearson coefficient value

geNorm UBC and TBP 0.16

NormFinder PPIB and RPLP1 0.242

RPLP1 0.274

BestKeeper TBP 0.993

UBC 0.972

Delta-Ct TBP 1.19

UBC 1.21

Note: ACTB5 actin beta; GAPDH5 glyceraldehyde 3-phosphate dehydro-
genase; LDHA5 lactate dehydrogenase; PPIA5 peptidylprolyl isomerase
A; PPIB5 peptidylprolyl isomerase B; RPLP15 ribosomal protein large
P1.

TABLE 3 Most stable reference genes for the KaL epileptogenesis
group according to the different algorithms

Algorithm Stable genes
M value/stability value/
Pearson coefficient value

geNorm PPIA and RP2 0.32

NormFinder ACTB and PPIA 0.053

ACTB 0.066

BestKeeper ACTB 0.929

YWHAZ 0.781

Delta-Ct ACTB 0.78

PPIA 0.79

Note: ACTB5 actin beta; GAPDH5 glyceraldehyde 3-phosphate dehydro-
genase; LDHA5 lactate dehydrogenase; PPIA5 peptidylprolyl isomerase
A; PPIB5 peptidylprolyl isomerase B; RPLP15 ribosomal protein large
P1.
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3.5 | KaL (chronic epilepsy)

3.5.1 | geNorm

The most stable combination was NONO and TFRC, whereas UBC and

PPIB showed the lowest expression stability (Table 4). The pairwise var-

iation value of NONO and GAPDH was 0.07, demonstrating adequate

stability for this pair. The M values for all candidate reference genes

are shown in Supplementary Figure 7A, and the pairwise variation val-

ues are shown in Supplementary Figure 4D.

3.5.2 | NormFinder

The combination of RPLP1 and GAPDH was the most stable gene pair

(GAPDH was the most stable gene), while B2M and ACTB were the

least stable genes (Table 4). The expression stability values are shown

in Supplementary Figure 7B.

3.5.3 | BestKeeper

UBC and RPLP1 were ranked the most stable genes for the chronic

group, while ACTB and B2M were the least stable (Table 4). Pearson

correlation coefficient (r) values for the candidate reference genes are

shown in Supplementary Figure 7C.

3.5.4 | DCt

GAPDH and NONO were the most stable genes, while UBC and PPIB

were the least stable genes (Table 4). The stability values for all candi-

date reference genes are shown in Supplementary Figure 7D.

3.6 | Comprehensive ranking of reference genes

Each algorithm ranked potential reference gene (pairs) differently. To

reach an objective and unbiased consensus, an overall ranking was

obtained by calculating the geometric mean (Chen, Pan, Xiao, Farwell,

& Zhang, 2011) of the individual rankings from the four algorithms

(Figure 1). The comprehensive ranking showed that LDHA, UBC, and

NONO were the overall most stable reference genes for the 8-hr PPS

model, and TBP, UBC, and PPIB were the most stable reference genes

for the 30-min PPS model. Similarly, for the KaL model, ACTB, PPIA,

and RP2 were identified as the most stable reference genes during the

epileptogenesis phase; GAPDH, NONO, and RPLP1 were the most sta-

ble during the chronic phase.

3.7 | Validation of reference genes

The expression of TLR4 is known to be enhanced in both TLE patients

and epilepsy models (Maroso et al., 2010). We determined TLR4

expression in each of the four treatment groups using both the three

most stable and two most unstable reference genes (Figure 2). This

was done to illustrate how apparent gene expression can change when

reference genes of varying stability are used.

For the 8-hr PPS model, TLR4 expression was found to be 4.6-fold

and 4.2-fold higher than control at 4 and 14 days, respectively, when

the most stable genes were used. When the two most unstable genes

were used (HPRT1 and PPIA), TLR4 expression was only 1-fold and 1.1-

fold at the same time points.

In the 30-min PPS model, TLR4 expression was 1.3-fold higher

than control at 4 days and slightly downregulated at 14 days when

using the most stable reference genes. Conversely, the most unstable

genes (HPRT1 and B2M) showed TLR4 expression to be downregulated

in the 4-day group and upregulated 1.1-fold in the 14-day group.

In the KaL model, TLR4 expression was 1.4-fold and 3.4-fold that

of control at 4 and 14 days, respectively, when the most stable refer-

ence genes were used. The use of YWHAZ and TBP, the most unstable

genes, resulted in increased TLR4 expression in the 4- and 14- day

groups to be enhanced 2.5-fold and 7.2-fold, respectively.

In the chronic KaL group, apparent TLR4 expression was 3-fold

higher than control when the most stable reference genes were used.

The combination of ACTB and LDHA, the most unstable genes, showed

a 4.8-fold expression increase.

4 | DISCUSSION

This study systematically evaluated reference genes at various time

points and with several algorithms in two different animal models of

epilepsy. We found a few novel reference genes, which to our knowl-

edge had not previously been used in experimental epilepsy studies

(NONO, RP2, and RPLP1), to be more stable than others that are com-

monly used, such as PPIA (Grabenstatter et al., 2014) and GAPDH

(Matsuda et al., 2015).

Previous studies have shown that appropriate reference genes can

vary between animal models of the same disease (Suzuki, Higgins, &

Crawford, 2000; Thellin et al., 1999). We show here that they can even

vary within a model—for instance, at different time points. In the KaL

model, only one of the five most stable genes was shared between the

epileptogenesis and chronic epilepsy groups: TFRC (Figure 1). Interest-

ingly, overall reference gene stability increased over time in the KaL

model. During epileptogenesis, only 4 genes were sufficiently stable

(Supplementary Figure 6A), whereas in the chronic epilepsy phase, all

15 genes were below the stability cutoff (Supplementary Figure 7A).

Pairwise variation during the chronic phase was also substantially lower

TABLE 4 Most stable reference genes for the KaL chronic epilepsy
group according to the different algorithms

Algorithm Stable genes
M value/stability value/
Pearson coefficient value

geNorm NONO and TFRC 0.1

NormFinder RPLP1 and GAPDH 0.045

GAPDH 0.070

BestKeeper UBC 0.98

RPLP1 0.963

Delta-Ct GAPDH 0.37

RPLP1 0.39

Note: ACTB5 actin beta; GAPDH5 glyceraldehyde 3-phosphate dehydro-
genase; LDHA5 lactate dehydrogenase; PPIA5 peptidylprolyl isomerase
A; PPIB5 peptidylprolyl isomerase B; RPLP15 ribosomal protein large
P1.
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for all gene combinations (Supplementary Figure 4, Panel C and D). A

potential explanation for this phenomenon is that the brain is seriously

perturbed by an epilepsy-inducing event and many genes/pathways

are temporarily dysregulated, which affects the expression of reference

genes. In fact, a recent study showed that more genes are dysregulated

during epileptogenesis than chronic epilepsy in the pilocarpine rat

model (Hansen, Sakamoto, Pelz, Impey, & Obrietan, 2014).

We did find that some reference genes are common to multiple

models/groups as seen in the comprehensive ranking (Figure 1). NONO

was a stable reference gene for the 8-hr PPS and chronic KaL groups;

FIGURE 2 Evaluation of reference genes using Toll-like receptor 4 (TLR4) (A) with the three most stable reference genes and (B) two most
unstable reference genes. Please refer to Figure 1 for the reference gene list.

FIGURE 1 Comprehensive reference gene ranking for (A) 8-hr PPS, (B) 30-min PPS, (C) KaL epileptogenesis, and (D) KaL chronic epilepsy
groups. The y axis represents the geometric mean, which was used to calculate the comprehensive ranking of the genes from the different
algorithms. Geometric mean is defined as the nth root of the product of n values. The x axis represents the genes ranked in order from the
least to the most stable genes. Gene colors are consistent in all panels. ACTB5 actin beta; B2M5 beta-2-microglobulin; GAPDH5 glyceral-
dehyde 3-phosphate dehydrogenase; HPRT15 hypoxanthine phosphoribosyl-transferase 1; LDHA5 lactate dehydrogenase; NONO5 non-
POU domain containing octamer-binding; PPIA5peptidylprolyl isomerase A; PPIB5 peptidylprolyl isomerase B; RP25 retinitis pigmentosa
2; RPLP15 ribosomal protein large P1; TBP5TATA box binding protein; TFRC5 transferrin receptor; UBC5 ubiquitin C; YWHAZ5 tyrosine-
3-monooxygenase; 18s518s ribosomal RNA.
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UBC was common to the 8-hr and 30-min PPS models. We also found

genes unique to particular models and time points. LDHA (8-hr PPS);

TBP (30-min PPS); PPIA, ACTB, and RP2 (KaL epileptogenesis); and

GAPDH and RPLP1 (chronic KaL) were not common to the top three of

any other group.

Comprehensive ranking for the PPS models differed significantly.

In fact, only two of the top five genes were shared between the 8-hr

and 30-min models (NONO and UBC). This could be because 8-hr PPS

induces substantial neuronal injury and epilepsy, whereas 30-min PPS

is noninjurious (Norwood et al., 2010, 2011). It is possible that some of

the candidate reference genes are influenced by processes involved in

neurodegeneration or glial proliferation; both of these phenomena are

characteristic of the 8-hr model, but not the 30-min model (Norwood

et al., 2010). This would help explain differences in the top candidate

reference genes between the two PPS paradigms.

We also found that apparent gene stability varied somewhat

between the different evaluation methods. This is, of course, due to

subtle differences between the four algorithms. Along these lines, in

previous studies evaluating reference genes, minor divergences in geN-

orm and NormFinder have been reported (Cruz et al., 2009; Pellino,

Sharbel, Mau, Amiteye, & Corral, 2011), which leads to slight differen-

ces in candidate gene ranking, as we also found in the present study.

A limitation of the present study is that we did not evaluate poten-

tial reference genes in other epilepsy models (e.g., pilocarpine or intra-

amygdala kainate), in other strains, or in other model organisms. Previ-

ous studies have, however, validated some of the same reference genes

both in human epilepsy samples (Wierschke et al., 2010) and in the pilo-

carpine rat model of epilepsy using male Wistar rats (Marques et al.,

2013). Regarding the former, TBP, ACTB, and UBC were found to be

suitable reference genes in human samples; we show here that they are

appropriate for use in the 8-hr and 30-min PPS models. Regarding the

latter, TBP is a stable reference gene in the pilocarpine model and was

ranked first overall for the 30-min PPS group (Figure 1B). The same

study showed ACTB and GAPDH to be stable reference genes; these

were ranked first in the KaL epileptogenesis and chronic epilepsy

groups, respectively (Figure 1, Panel C and D). Marques and colleagues

also found RPLP1 to be another stable reference gene in the pilocarpine

model (Marques et al., 2013); it was ranked among the top four for both

the 30-min PPS and chronic KaL groups (Figure 1, Panel B and D).

Unsurprisingly, the use of inappropriate reference genes can lead

to erroneous gene expression values (Dheda et al., 2005). An example

of this is seen in Figure 2. Apparent expression values are significantly

skewed for all groups when unstable reference genes are used. Vande-

sompele et al. strongly recommend employing multiple reference

genes, as the use of a single reference gene might result in higher

gene-specific variation and errors in normalization (Vandesompele

et al., 2002). It is also prudent to use the geometric mean of multiple

reference genes to normalize GOI expression (Equation 4) (Vandesom-

pele et al., 2002) to control for potential outliers.

Geometric mean5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1; x2; x3 . . . :xnn

p
(4)

We suggest using the geNorm algorithm to evaluate reference

genes because it ranks the potential genes according to their stability

and also determines the minimum number of reference genes required

for normalization. Although NormFinder calculates stability values for

each gene and BestKeeper ranks the genes according to r values, these

algorithms do not determine the minimum number of reference genes

required for normalization (Kozera & Rapacz, 2013).

Our geNorm data suggest that two reference genes are suitable

for normalization as the pairwise variation values for all the animal

models were below the 0.15 threshold. Although our data show that

just two reference genes can be used for accurate normalization, it is

not advisable to rely on these data without validation. The minimum

number of reference genes required for normalization should always

be determined for each experimental setting.

In summary, we present here validated stable reference genes for

two different models of epilepsy and one model of acute, noninjurious

seizures. These data show that suitable reference genes vary between

models and can also differ between time points in the same model. We

found several novel reference genes to be more stably expressed than

others that are commonly used in experimental epilepsy studies. These

findings demonstrate the importance of validating potential reference

genes before using them as normalizing factors in expression analysis.

The use of inappropriate (i.e., unstable) reference genes can inadver-

tently skew data and lead to erroneous conclusions.
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Supplementary	Figure	1:	RNA	purity	 ratios	 for	 (A)	 treated	and	 (B)	control	groups	 for	 the	 four	

animal	models.	The	260/280	ratio	is	labeled	in	blue	and	the	260/230	ratio	is	labeled	in	red	in	both	

the	panels.	The	260/280	ratio	is	used	to	evaluate	purity	and	a	value	of	around	2.0	is	considered	

to	be	adequate.	The	260/230	absorbance	ratio	is	a	secondary	assessment	of	purity	and	a	value	

of	around	2.0	–	2.2	is	considered	appropriate.	

	

Supplementary	Figure	2:	Mean	Cq	values	for	(A)	8	h	PPS,	(B)	30	min	PPS,	(C)	KaL	epileptogenesis,	

and	(D)	KaL	chronic	epilepsy	groups.	The	four	panels	in	Figure	1	show	the	average	Cq	values	for	

candidate	reference	genes	for	treated	and	control	groups.	The	treated	groups	are	shown	in	blue	

and	the	control	groups	are	red	in	all	panels.	The	mean	Cq	values	are	represented	on	the	y-axis	

and	the	candidate	reference	genes	are	shown	on	the	x-axis.	

	

Supplementary	Figure	3:	Ranking	of	candidate	reference	genes	for	the	8	h	PPS	model	according	

to	(A)	geNorm,	(B)	NormFinder,	(C)	BestKeeper,	and	(D)	Delta	Ct.	Panel	A	shows	ranking	based	

on	geNorm,	where	the	y-axis	represents	the	average	expression	stability	(M)	value,	and	candidate	

reference	genes	are	ranked	from	least	to	most	stable	on	the	x-axis.	The	dashed	line	represents	

the	cut-off	value	of	0.5,	below	which	genes	are	considered	sufficiently	stable.	Panel	B	represents	

ranking	 based	 on	NormFinder,	where	 the	 y-axis	 represents	 the	 stability	 value	 and	 the	 x-axis	

shows	 the	 ranking	 of	 reference	 genes.	 Panel	 C	 represents	 BestKeeper,	 where	 the	 y-axis	

represents	the	co-efficient	of	variation	(r)	values,	and	the	x-axis	shows	the	ranking	of	 least	to	

most	stable	reference	genes.	Panel	D	represents	the	ranking	based	on	Delta	Ct	method,	where	

the	 y-axis	 represents	 stability	 values	 and	 the	 x-axis	 represents	 the	 candidate	 reference	 gene	

ranking.	 All	 colors	 are	 consistent	 in	 all	 panels	 in	 all	 figures,	 e.g.	 HPRT1	 is	 always	 dark	 blue.	

Supplementary		

	

Figure	 4:	 geNorm	 pairwise	 variation	 ranking	 for	 (A)	 8	 h	 PPS,	 (B)	 30	 min	 PPS,	 (C)	 KaL	

epileptogenesis,	and	(D)	KaL	chronic	epilepsy	groups.	The	y-axis	represents	the	pairwise	variation	

values,	whereas	the	x-axis	shows	an	increasing	number	of	genes,	e.g.	V14/15	means	the	addition	

of	a	15th	gene.	The	dashed	line	represents	the	cut-off	value	of	0.15,	below	which	combinations	



are	considered	to	be	sufficiently	stable.	Note	that	the	addition	of	a	15th	reference	gene	in	Panel	

A	(HPRT1)	substantially	decreases	stability.	

	

Supplementary	 Figure	 5:	 Ranking	 of	 candidate	 reference	 genes	 for	 the	 30	 min	 PPS	 model	

according	to	(A)	geNorm,	(B)	NormFinder,	(C)	BestKeeper,	and	(D)	Delta	Ct.	Panel	A	shows	ranking	

based	 on	 geNorm	 where	 the	 y-axis	 represents	 the	 average	 expression	 stability	 (M)	 value.	

Candidate	reference	genes	are	ranked	from	the	least	to	the	most	stable	on	the	x-axis.	The	dashed	

line	 represents	 the	cut-off	value	of	0.5,	below	which	genes	are	considered	sufficiently	stable.	

Panel	B	represents	ranking	based	on	NormFinder,	where	y-axis	represents	the	stability	value	and	

the	x-axis	represents	the	ranking	of	reference	genes.	Panel	C	represents	BestKeeper,	where	y-

axis	represents	the	co-efficient	of	variation	(r)	values	and	the	x-axis	shows	the	ranking	of	least	to	

most	stable	reference	genes.	Panel	D	represents	the	ranking	based	on	Delta	Ct	method,	where	

y-axis	 represents	 the	 stability	 value	 and	 x-axis	 represents	 the	 ranking	of	 candidate	 reference	

genes.	All	colors	are	consistent	in	all	panels	in	all	figures,	e.g.	HPRT1	is	always	dark	blue.	

	

Supplementary	Figure	6:	Ranking	of	candidate	reference	genes	for	the	KaL	epileptogenesis	group	

according	to	(A)	geNorm,	(B)	NormFinder,	(C)	BestKeeper,	and	(D)	Delta	Ct.	Panel	A	shows	ranking	

based	on	geNorm,	where	the	y-axis	represents	the	average	expression	stability	(M)	value	and	the	

x-axis	shows	the	candidate	reference	genes	ranked	from	the	least	to	the	most	stable.	The	dashed	

line	represents	 the	cut-off	value	of	0.5,	below	which	genes	are	considered	sufficiently	stable.	

Panel	B	represents	ranking	based	on	NormFinder,	where	the	y-axis	shows	the	stability	value	and	

the	x-axis	represents	the	ranking	of	reference	genes.	Panel	C	represents	BestKeeper,	where	the	

y-axis	shows	the	co-efficient	of	variation	(r)	values	and	the	x-axis	has	the	ranking	of	the	least	to	

the	most	stable	reference	genes.	RPLP1,	B2M,	and	TBP	do	not	have	bars	since	the	values	were	

negative.	 Panel	D	 shows	 the	 ranking	based	on	Delta	Ct	method,	where	 y-axis	 represents	 the	

stability	value	and	the	x-axis	presents	the	ranking	of	candidate	reference	genes.	All	colors	are	

consistent	in	all	panels	in	all	figures,	e.g.	HPRT1	is	always	dark	blue.	

	



Supplementary	Figure	7:	Ranking	of	candidate	reference	genes	for	the	KaL	chronic	epilepsy	group	

according	to	(A)	geNorm,	(B)	NormFinder,	(C)	BestKeeper,	and	(D)	Delta	Ct.	Panel	A	shows	ranking	

based	on	geNorm,	where	y-axis	represents	the	average	expression	stability	(M)	value	and	x-axis	

shows	the	candidate	reference	genes	ranked	from	the	least	to	the	most	stable.	The	dashed	line	

represents	the	cut-off	value	of	0.5,	below	which	genes	are	considered	sufficiently	stable.	Panel	B	

represents	ranking	based	on	NormFinder,	where	the	y-axis	represents	the	stability	value	and	the	

x-axis	represents	the	ranking	of	reference	genes.	Panel	C	represents	BestKeeper,	where	the	y-

axis	represents	the	coefficient	of	variation	(r)	values	and	the	x-axis	shows	the	ranking	of	reference	

genes	from	least	to	most	stable.	B2M,	ACTB,	TBP,	and	PPIA	do	not	have	bars	since	the	values	

were	 negative.	 Panel	 D	 represents	 the	 ranking	 based	 on	 the	 Delta	 Ct	method,	 where	 y-axis	

represents	stability	values,	the	ranking	of	candidate	reference	genes	is	shown	on	the	x-axis.	All	

colors	are	consistent	in	all	panels	in	all	figures,	e.g.	HPRT1	is	always	dark	blue.	



Gene	name	 Abbreviation	 Forward	Primer	 Reverse	Primer	 Length	(bp)	 r2	value	 Efficiency	
Actin	β	 ACTB	 TGACAGGATGCAGAAGGAGA	 GGACAGTGAGGCCAGGATAG	 121	 0.96	 97.533	

Beta	2	Microglobulin	 B2M	 GCAGCCTAGCAGTTCAATCC	 CACACAGGCTTGCAGACATT	 166	 0.98	 98.067	
	

Glyceraldehyde-3-
phosphate	

dehydrogenase	

GAPDH	 CAAGTTCAACGGCACAGTCA	 TACTCAGCACCAGCATCACC	 128	 1	 100.08	

Hypoxanthine	
Phosphoribosyl-
transferase	1	

HPRT1	 CAGTCAACGGGGGACATAAA	 GGTCCTTTTCACCAGCAAG	 180	 1	 101.86	

	Lactate	
Dehydrogenase	

LDHA	 CCGTTACCTGATGGGAGAAA	 ACGTTCACACCACTCCACAC	 108	 1	 100.034	

Non-POU	domain	
containing	Octamer	

binding	

NONO	 GGTCCACTTGATCCTGCTGT	 GCCTGGGTCCTTTGAGTATG	 83	 0.99	 100.3	

Peptidylprolyl	
Isomerase	A	

PPIA	 AGGCATGAGCATTGTGGAAG	 GCCGCAAGTCAAAGAAA	 193	 0.99	 100.84	

Peptidylprolyl	
Isomerase	B	

PPIB	 GGCTCCGTTGTCTTCCTTTT	 CGTCCTACAGGTTCGTCTCC	 119	 0.99	 100.19	

Ribosomal	Protein	
Large	P1	

RPLP1	 GACGGTCACGGAGGATAAGA	 AACAAGCCAGGCCAGAAAG	 78	 0.99	 102.18	

Retinitis	Pigmentosa	2	 RP2	 TGGAAAATGCTGAGGAGGAG	 TGGTGATACGCTTCTGGTTG	 87	 0.99	 100.09	
TATA	box	binding	

protein	
TBP	 TTACGGCACAGGGCTTACTC	 TGCTGCTGTCTTTGTTGCTC	 81	 1	 100.11	

Toll-like	receptor	4	 TLR4	 CACCAACGGCTCTGGATAAA	
	

GAGGACTGGGTGAGAAACGA	
	

188	 0.96	 98.968	

Transferin	receptor	 TFRC	 GGCTGCAGATGAGGAAGAAA	 CCCAGGTAGCCGATCATAAA	 141	 0.98	 99.786	
Ubiquitin	C	 UBC	 ACTCGTACCTTTCTCACCACAG	 AGACACCTCCCCATCAAACC	 76	 1	 100	
Tyrosine	3- YWHAZ	 AGACGGAAGGTGCTGAGAAA	 CCTCAGCCAAGTAGCGGTAG	 192	 1	 101.09	



	
Supplementary	Table	1:	Primer	sequences	and	efficiencies	for	the	reference	genes	and	genes	of	interest.		

monooxygenase	
18s	ribosomal	RNA	 18s	 ATACCGCAGCTAGGAATAATGG	 CCTCTTAATCATGGCCTCAGTT	 78	 1	 99.523	


