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Abstract
A proper reference gene (RG) is required to reliably measure mRNA levels in bio-
logical samples via quantitative reverse transcription PCR (RT-qPCR). Various experi-
mental paradigms require specific and stable RGs. In studies using rodent models of 
brain ischaemia, a variety of genes, such as β-actin (Actb), hypoxanthine phosphori-
bosyltransferase 1 (Hprt1), peptidyl-propyl isomerase A (Ppia) and glyceraldehyde-3-
phosphate dehydrogenase (Gapdh), are used as RGs. However, most of these genes 
have not been validated in specific experimental settings. The aim of this study was 
to evaluate the time- and brain region-dependent expression of RG candidates in 
a rat model of transient middle cerebral artery occlusion (tMCAO). The following 
genes were selected: Actb, Hprt1, Ppia, Gapdh, tyrosine 3-monooxygenase/trypto-
phan 5-monooxygenase activation protein, zeta (Ywhaz) and beta-2  microglobulin 
(B2m). Focal cerebral ischaemia was induced by 90 min of tMCAO in male Sprague-
Dawley rats. Expression was investigated at four time points (12 and 24 h; 3 and 
7 days) and in three brain areas (the frontal cortex, hippocampus and dorsal stria-
tum) within the ischaemic brain hemisphere. The RT-qPCR results were analysed 
using variance analysis and the ΔCt, GeNorm, NormFinder and BestKeeper methods. 
Data from these algorithms were ranked using the geometric mean of ranks of each 
analysis. Ppia, Hprt1 and Ywhaz were the most stable genes across the analysed brain 
areas and time points. B2m and Actb exhibited the greatest fluctuations, and the re-
sults for Gapdh were ambiguous.
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1  |  INTRODUC TION

Quantitative reverse transcription PCR (RT-qPCR) is a widely used 
technique for gene expression studies. This method is highly specific, 
sensitive and reliable. However, each experimental setup requires 
proper reference genes (RGs) to reliably measure mRNA levels. The 
accuracy of RGs might be determined by dedicated statistical ap-
proaches: comparative ΔCt, BestKeeper, NormFinder, GeNorm or 
coefficient of variation analysis1–5

The aim of this study was to evaluate the time- and brain region-
dependent expression of RGs candidate in a rat model of transient 
middle cerebral artery occlusion (tMCAO), which is one of the most 
widely used in vivo model of brain ischaemia. Previous reports on 
RGs in brain ischaemia models were focused on the analysis of the 
single brain structure or single time point post-ischaemia/reperfu-
sion. However, considering the complex pathomechanism of brain 
ischaemia, cellular diversity, the spatiotemporal variability in pro-
cesses induced by blood flow cessation, previous analyses provide 
not enough reliable data for other experimental conditions. Here, 
the following genes were analysed: tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein, zeta (Ywhaz), 
β-actin (Actb), beta-2-microglobulin (B2m), glyceraldehyde-3-
phosphate dehydrogenase (Gapdh), hypoxanthine phosphoribosyl-
transferase 1 (Hprt1) and peptidyl-propyl isomerase A (Ppia). Since 
detrimental and repair processes that occur after ischaemia and sub-
sequent reperfusion are dynamic the expression was investigated at 
four time points (12 and 24 h; 3 and 7 days) and in three brain areas: 
the frontal cortex (CX), hippocampus (HIP) and dorsal striatum (DS). 
CX and HIP in tMCAO model represent the periinfarct area, whereas 
DS the core of ischaemia.

2  |  METHODS

All experiments were performed on male Sprague–Dawley rats 
(280–320  g, Charles Rivers). tMCAO was elicited as previously 
described.6 Animals were randomly allocated into the following 
groups: the SHAM 12 h, tMCAO 12 h, SHAM 24 h, tMCAO 24 h, 
SHAM 3 d, tMCAO 3 d, SHAM 7 d and tMCAO 7 d groups. For each 
group, n = 8. Time point refers to the time lapse between the onset 
of reperfusion and animal decapitation and tissue collection. Using 
TaqMan based RT-qPCR technique the stability of most frequently 
used RGs was analysed in CX, HIP and in DS (Table 1). Detailed de-
scription of the Methods is provided in the Supplemental Material. 
All experimental protocols were approved by the First Local Ethical 
Committee at Jagiellonian University and in accordance with the 
National Institutes of Health guidelines.

3  |  RESULTS

The presence of cerebral infarction was confirmed using TTC staining 
of coronal brain sections (Supplemental Material, Figure S1). Ninety TA
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minutes of tMCAO caused a large injury, which involved a major part 
of the DS and cerebral cortex. HIP was in the periinfarct zone.

Figure 1 and Table 2 present a comprehensive overview of the 
results of performed statistical analyses of the evaluated candidate 
RGs. The results of the variance analysis demonstrated that each 
gene showed significant variation in expression at a particular time 
point in the CX and DS, whereas in the HIP, only Ppia mRNA ex-
pression was stable across all time points (Supplemental Material, 
Figure S2).

The GeNorm comprehensive ranked list of stability, which 
was based on the geometric mean of ranks of this analy-
sis for a particular brain area and time point, was as follows: 
Ppia>Ywhaz>Hprt1>Gapdh>B2m>Actb (Table  2; Figure  1). The 
GeNorm pairwise variation value (Vn/n+1) revealed that two to three 
RGs was an optimal number in this animal model to perform the re-
liable normalization. However, in the DS, which is the region that is 
most severely affected by ischaemia, more RGs were needed to nor-
malize target gene expression (Supplemental Material, Figure S3).

Next, NormFinder analysis was performed and the 
gene ranking according to geometric mean was as follows: 
Ppia>Hprt1>Ywhaz>Gapdh>Actb>B2m (Table 2).

BestKeeper analysis showed that stability was as following: 
Ywhaz>Ppia>Hprt1>Gapdh>Actb>B2m.

In ΔCt method the gene stability after tMCAO was as following: 
Ppia>Hprt1>Ywhaz>Gapdh>Actb>B2m (Table 2).

The use of a geometric mean allowed us to present an integrated 
ranked list of gene stability across all the studied brain structures and 
time points. According to this approach, Ppia was the most stable gene 
in the rat model of tMCAO (Ppia>Hprt1>Ywhaz>Gapdh>Actb>B2m) 
(Table 2).

4  |  DISCUSSION

According to the majority of statistical methods applied, Ppia ap-
peared to be the most promising RG. Two other genes, namely Ywhaz 

F I G U R E  1  GeNorm analysis showing the stability of RG candidates in the cerebral cortex (CX), in the hippocampus (HIP) and in the dorsal 
striatum (DS) at four time points after tMCAO: 12 and 24 h; 3 and 7 days
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and Hprt1, might serve as complements for multigene normalization 
of RT-qPCR results. Gapdh analysis results in some conflicting re-
sults, whereas Actb and B2m appeared to be highly unstable at the 
studied time points and regions.

Ischaemia and reperfusion initiate a series of pathological events 
with clear spatiotemporal diversity. Glutamate excitotoxicity, oxida-
tive stress, mitochondrial dysfunction and neuroinflammation initi-
ate several different mechanisms of cell death. The intensity of these 
events varies according to time point and brain region. Additionally, 
the cellular composition and molecular characteristics of affected re-
gions change over time, with dying neurons, proliferating glia, invading 
peripheral inflammatory cells through the disrupted blood-brain bar-
rier. All these processes may influence the stability of potential RGs.

Actb was previously suggested as an unstable gene for RT-qPCR 
data normalization in brain trauma and in both transient and perma-
nent models of MCAO due to its variability in expression.7–9 Here, in 
the CX and DS at delayed time points (3 and 7 days), Actb expression 
was increased 4–6-fold (Supplemental Material, Figure S2). This may 
be related to the proliferation of microglia, neutrophils/monocytes 
and activated astrocytes developing extensive processes within the 
infarcted brain area.

B2m encodes a small protein (11.8 kDa) that is a component of 
the major histocompatibility class I (MHC I) complex. The role of 
B2m protein in cerebral ischaemia is unclear; however, its serum lev-
els are associated with an increased risk of ischaemic stroke in hu-
mans.10 Neuroinflammation plays a crucial role after brain ischaemia. 
A lack of MHC I in animals subjected to focal cerebral ischaemia is 
neuroprotective.11 The instability of B2m was reported in a global 
brain ischaemia model.12 This suggests that in cerebral ischaemia, 
the mRNA expression of B2m might be regulated. In the present 
study, at 3 and 7 days after tMCAO, the expression of B2m was in-
creased 5–10-fold in the most affected brain structures.

Gapdh was reported to be an unstable gene in stroke mod-
els.13–15 The expression of protein product in a model of tMCAO 
correlates with its proapoptotic action.16 Here, in the HIP and DS at 
3 days after reperfusion, Gapdh was ranked as the most stable gene, 
but in the DS at 24 h, this gene was excluded from analysis due to 
its high SD value. Apoptosis occurs with some delay after ischaemic 
injury, which corresponds to increased expression of Gapdh at later 
time points (Supplemental Material, Figure S2).

In the current study, next to Ppia, Hprt1 and Ywhaz were the most 
reliable and stable genes in the infarct area (the DS and CX) at every 
studied time point (Table 2; Figure 1). This is in line with previous re-
ports on an MCAO model; however, it is worth to mention that Ppia 
in one report was unstable but in a model of permanent MCAO.7,15 
Hprt1 is a stable RG in mice with permanent and transient MCAO.7,17 
Ywhaz and Hprt1 have been reported to be suitable RGs in rats with 
pMCAO.15 However, to date, there have been no reports on their 
stability in a rat model of tMCAO. HPRT is an enzyme catalysing the 
synthesis of energy-rich purines. In stroke models its activity is un-
affected.18 The role of protein 14-3-3, which is encoded by Ywhaz, 
in cerebral ischaemia is unknown. This protein is predominantly 
expressed in the brain. Some data suggest that the 14-3-3 protein 

regulates NFκB. This signalling pathway is essential for cell survival, 
including in stroke, and the 14-3-3 protein might be a therapeutic tar-
get for neurological diseases.19 Ppia encodes cyclophilin A, a protein 
that interacts with apoptosis inducible factor and mediates the ac-
tivation of caspase-independent apoptosis in ischaemia-reperfusion 
injury.20 In this study, tMCAO model of cerebral ischaemia was used. 
In this model, there are two critical moments—occlusion of the mid-
dle cerebral artery, and after 90 min its reperfusion. The restoration 
of perfusion initiates other mechanisms of cellular degeneration. This 
may explain that in permanent ischaemia Ppia is unstable, but in con-
trast to ischaemia which is followed by reperfusion.15

To conclude, this study provided a clear guide on the selection of 
RGs appropriate for particular brain structures and time points after 
tMCAO. This study indicate that Ppia is the most reliable RG candi-
date in a rat tMCAO model, whereas Hprt1 and Ywhaz were found 
to be complementary RGs. As shown, at the delayed time point after 
reperfusion, such as 3 or 7 days there are no perfect RGs, here we 
suggest that RT-qPCR results should be normalized not with just one 
RGs, but specifically for CX and DS, with at least three most stable 
RGs. These should definitely standardize the analysis at different 
time points and in different brain areas more or less associated with 
ischaemic core or penumbra area. This study confirms that for every 
experimental setup, verifying RGs stability is strongly recommended 
and presented here analysis can be used as a guidance. To the best of 
our knowledge, there are no detailed data on the expression of RGs 
at various time points after reperfusion in various brains areas in a 
rat model of tMCAO. These data fill the existing knowledge gap and 
thus improve research on target gene expression using RT-qPCR.
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