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Abstract

:

Quantitative real-time reverse transcription polymerase chain reaction (RT-qPCR) is the most commonly-used technique to identify gene expression profiles. The selection of stably expressed reference genes is a prerequisite to properly evaluating gene expression. Here, the suitability of commonly-used reference genes in normalizing RT-qPCR assays of mRNA expression in cultured rat cortical neurons infected with Borna disease virus (BDV) was assessed. The expressions of eight commonly-used reference genes were comparatively analyzed in BDV-infected rat cortical neurons and non-infected control neurons mainly across 9 and 12 days post-infection. These reference genes were validated by RT-qPCR and separately ranked by four statistical algorithms: geNorm, NormFinder, BestKeeper and the comparative delta-Ct method. Then, the RankAggreg package was used to construct consensus rankings. ARBP was found to be the most stable internal control gene at Day 9, and ACTB at Day 12. As the assessment of the validity of the selected reference genes confirms the suitability of applying a combination of the two most stable references genes, combining the two most stable genes for normalization of RT-qPCR studies in BDV-infected rat cortical neurons is recommended at each time point. This study can contribute to improving BDV research by providing the means by which to obtain more reliable and accurate gene expression measurements.
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1. Introduction


Borna disease virus (BDV) is the causative agent of Borna disease, an enzootic encephalomyelitis of horses and sheep named after epidemics having occurred in horses close to the city of Borna in Saxony (Germany) at the end of the 19th century. BDV is a neurotropic, non-cytolytic, non-segmented, negative-stranded RNA virus belonging to the order, Mononegavirales. The BDV genome spans approximately 8.9 k band consists of six major open reading frames (ORFs). It is a neurotropic RNA virus that can infect many vertebrate species [1], including man. Whether or not BDV is involved in human disease, like mental disorders, remains a controversial issue [2]. To date, BDV infection has been reported in a range of animal species across a broad global geographic distribution [3], including China [4,5]. Infected hosts develop a wide spectrum of neurological disorders, ranging from immune-mediated diseases to behavioral alterations without inflammation [6]. In rats, neonatal BDV infection causes disturbances in learning, mood and behavior reminiscent of those observed in human psychiatric diseases, which is a model system to study the consequences of persistent viral infections for brain function, morphology and behavior [7].



The mechanism(s) underlying BDV pathogenesis are not well understood [8]. When attempting to analyze the biomolecular consequences of a BDV infection model, real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR) is a well-established, facile technique, because it allows fast, accurate and sensitive evaluation of mRNA levels in biological samples [9]. Proper use of this method requires normalization to account for the differences in the amount of starting material, variability in RNA quality, variable PCR or cDNA synthesis efficiencies and differences between tissues and cell types in overall transcriptional activity. The most frequently applied approach for normalization is the use of reference genes. Thus, normalizing reference genes is a simple and popular method for an internal control of errors in RT-qPCR. Several studies, however, have demonstrated that the expression levels of reference genes can vary under different experimental conditions [10].



To date, no formal evaluation of optimal mRNA reference genes in BDV research has been made. Thus, the aim of this study was to identify the most stable one or a combination of the most stable ones, in cultured primary rat cortical neurons infected with a human BDV. We selected a total of 10 frequently used reference genes (HPRT, YWHAZ, TPB, Rpl13A, GAPDH, ACTB, PPIA, ARBP, 18sRNA, B2M) as candidate reference genes. They were afterwards validated by RT-qPCR of control neurons and infected ones. Four statistical algorithms (geNorm, NormFinder, BestKeeperand the comparative delta-Ct method), as well as consensus rankings were applied to identify the most stable reference genes. Thus, our results can provide information about appropriate reference genes for normalization of qPCR data in Sprague-Dawley rat cortical neurons infected with BDV.




2. Results


2.1. Immunofluorescence Assay


This test was applied to detect the purity of neurons at day seven post-infection. The percentage of neurons was determined through observation of randomly selected cells across three independent experiments. The results showing the purity of neurons was more than 80% (Figure 1A). Percentages of BDV P40-positive neurons were assessed on Days 3, 6, 9, 12 post-infection. On Days 3, 6, 9, 12 samples were collected and analyzed by immunofluorescence microscopy, and the percentage of BDV P40-positive neurons was quantified. BDV infection was first detectable on Day 6 and BDV P40-positive neurons were less than 4%. Between Days 6 and 9, BDV spread rapidly, and by Day 12, almost 100% of the cells were infected (Figure 1B,C).
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Figure 1. Immunofluorescence analysis of neurons infected with Borna disease virus (BDV). (A) Purity of neurons on Day 7; (B) BDV P40 (Genscript, Nanjing, China) detected with a primary monoclonal antibody followed by a FITC-labeled secondary antibody (green, Goat anti Mouse) (Abcam, Cambridge, MA, USA). Neurons marked with chicken polyclonal MAP-2 (Abcam) followed by an Alexa Fluor 594-conjugated secondary antibody (red, goat anti chicken) (Abcam) at Days 3, 6, 9 and 12; and (C) Quantification of virus spread. On different days of the tissue culture, the percentages of BDVN-positive neurons were assessed. 
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2.2. Evaluation of Expression Stability


Ten candidate reference genes were chosen from the literature. Their full names, primer sequences, amplicon lengths and amplification efficiencies are shown in Table 1. We used quantitative real-time RT-PCR to evaluate the expression of these candidate reference genes in rat cortical neurons between the BDV infected group versus (vs.) control group in vitro at 9 days and 12 days post-infection. All candidate reference gene products revealed single bands for all primer sets during agarose gel electrophoresis (not shown). Melting curve analysis consistently demonstrated a single homogenous melting peak for each primer set. Moreover, no amplicons were detected for the NTC (no template control) cells. The standard curve revealed the amplification efficiencies for all candidate reference genes (Table 1). These results indicated that the method of measurement was appropriate. To identify candidate reference mRNAs from each group, the following criteria were used: (1) RNA normalized gene expression; (2) the fold-change of the candidate reference gene expression between the two groups at two time point was not more than 1.1×; and (3) no significant differences (p-value < 0.05) existed between the two groups (using the Student’s t-test and the Wilcoxon–Mann–Whitney test). In this study, all candidate reference genes met these criteria, except B2M and 18s rRNA, as there were significant differences for these two candidate reference genes between the two groups, measured at two time points.




2.3. Candidate Reference Gene Ranking


Only eight candidate reference genes (HPRT, YWHAZ, TPB, Rpl13A, GAPDH, ACTB, PPIA and ARBP) met the criteria and were subsequently tested for the stability of gene expression with the four aforementioned algorithms. GeNorm [11] was used to rank the candidate reference genes on the basis of their expression stability value (M) to identify the most stable reference gene at each of the four time points. The lowest M-value corresponds to the most stable reference gene, while the highest corresponds to the least stable one. In previous studies, an M-value of 1.5 was set as a cut-off to assess gene stability [12]. As shown in Figure 2, geNorm identified ARBP and HPRT as the most stable pair-wise combination of reference genes for the experimental groups at Day 9 (M-value for the combination of the two genes: 0.2859) and GAPDH and YWHAZ at Day 12 (M-value for the combination of the two genes: 0.2159). Moreover, geNorm calculates a normalization factor (V/NF value) that is a criterion for the optimum number of reference genes (Figure 2). According to Vandesompele et al. [11], the ideal pair-wise variation value is less than 0.15. In our data sets, the calculated V2/3 was less than 0.15. Thus, there is no need to include more than two genes into the normalization factor, and only the two most stable genes are needed for a reliable normalization.



NormFinder [13] uses a model-based approach to estimate overall reference gene stability, but also considers variations between sample subgroups. It enables the identification of the single best gene, as well as providing a ranking order. NormFinder identified ARBP and ACTB as the best two reference genes for Day 9and ACTB and YWHAZ as the best ones for Day 12 (Table 2).
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Table 1. Primers used for real-time PCR.
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Symbol

	
Accession

	
Name

	
Forward and Reverse Primer (5'-3')

	
Amplicon Size

	
Primer Efficiency

	
Cq Value (Average ± SD)

	
Reference a

	
Mean Relative Quantification b(9, 12 Days)






	
HPRT

	
NM012583

	
Hypoxanthine phosphoribosyl-transferase

	
CTCATGGACTGATTATGGACAGGACGCAGGTCAGCAAAGAACTTATAGCC

	
123

	
93

	
23.36 ± 0.78

	
[10]

	
0.83; 1.16




	
YWHAZ

	
NM013011

	
Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide

	
GATGAAGCCATTGCTGAACTTGGTCTCCTTGGGTATCCGATGTC

	
117

	
100

	
19.04 ± 0.66

	
[10]

	
0.78; 0.91




	
TPB

	
NM001004198

	
TATA box binding protein

	
TGGGATTGTACCACAGCTCCACTCATGATGACTGCAGCAAACC

	
131

	
93

	
23.94 ± 0.65

	
[10]

	
0.91; 1.25




	
Rpl13A

	
NM173340

	
Ribosomal protein L13A

	
GGATCCCTCCACCCTATGACACTGGTACTTCCACCCGACCTC

	
132

	
94

	
18.67 ± 1.12

	
[10]

	
0.99; 1.28




	
GAPDH

	
NM017008

	
Glyceraldehyde-3-phosphate dehydrogenase

	
CAACTCCCTCAAGATTGTCAGCAAGGCATGGACTGTGGTCATGA

	
118

	
105

	
20.35 ± 0.67

	
[14]

	
0.80; 0.78




	
ACTB

	
NM031144

	
Beta-actin

	
CAGGGTGTGATGGTGGGTATGGAGTTGGTGACAATGCCGTGTTC

	
115

	
103

	
17.88 ± 0.85

	
[15]

	
1.00; 0.99




	
PPIA

	
NM017101

	
peptidylprolylisomerase A

	
GTCAACCCCACCGTGTTCTTCATCCTTTCTCCCCAGTGCTCAG

	
133

	
93

	
17.06 ± 0.82

	
[15]

	
0.85; 0.97




	
ARBP

	
NM022402

	
Acidic ribosomal phosphoprotein P0

	
TAGAGGGTGTCCGCAATGTGCAGTGGGAAGGTGTAGTCAGTC

	
137

	
102

	
22.02 ± 0.62

	
[16]

	
0.81; 0.73




	
B2M

	
NM012512

	
Beta-2 microglobulin

	
CGAGACCGATGTATATGCTTGCGTCCAGATGATTCAGAGCTCCA

	
114

	
92

	
18.16 ± 1.15

	
[14]

	
2.51; 3.24




	
18s rRNA

	
M11188

	
18s subunit ribosomal RNA

	
ACGGACCAGAGCGAAAGCATTGTCAATCCTGTCCGTGTCC

	
310

	
107

	
18.07±0.76

	
[17]

	
0.72; 0.69




	
BDNF

	
NM001270630

	
Brain-derived neurotrophic factor

	
ACAGTATTAGCGAGTGGGATTGGGTAGTTCGGCATT

	
213

	
96

	
25.55 ± 0.30

	
a

	
-




	
AldoC

	
NM012497

	
Aldolase C, fructose bisphosphate

	
ACCTGGAAGGGACTCTCCTCAAAGTCACCCCTGGGACAGCT

	
141

	
103

	
20.86 ± 0.77

	
[18]

	
-








a Primers were designed by our laboratory using Primer Premier 5 software; b mean fold change of each gene mRNA level (infected vs. non-infected) at 9 and 12 days; fold change = 2−[(Mean Cq) infected group − (Mean Cq) non-infected group].
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Figure 2. The average expression stability values (M) calculated by geNorm across the two points. Average expression stability measure (M) of eight reference genes at (A) Day 9, (C) Day 12, respectively, during stepwise exclusion of the least stable control gene. A lower M-value of the average expression stability indicates a more stable expression. Determination of the optimal number of control genes for normalization on the basis of a pair-wise variation (Vn/n + 1) analysis. Every bar represents a change in normalization accuracy when stepwise adding more endogenous controls according to ranking at (B) Day 9, (D) Day 12. 
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Table 2. Ranking of reference genes by geNorm, NormFinder, BestKeeper and delta-Ct. Reference genes are ranked in two groups at each time point as follows: C + V = control group and infected group, n = number of independent determinations. Genes are ranked by their stability values calculated by the outputs of the four programs: geNorm, M-value; NormFinder, variability; BestKeeper, coefficient of correlation (r); delta-Ct, mean standard deviation.
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Genorm

	
9 Days (C + V, n = 12)

	
12 Days (C + V, n = 12)






	
Rank

	
Gene

	
M-Value

	
Gene

	
M-Value




	
1

	
ARBP

	
0.2859

	
GAPDH

	
0.2159




	
2

	
HPRT

	
0.2859

	
YWHAZ

	
0.2159




	
3

	
YWHAZ

	
0.3152

	
ACTB

	
0.2617




	
4

	
TPB

	
0.3539

	
ARBP

	
0.3249




	
5

	
Rpl13A

	
0.3771

	
ppIA

	
0.3529




	
6

	
ACTB

	
0.3928

	
TPB

	
0.3645




	
7

	
GAPDH

	
0.4035

	
HPRT

	
0.387




	
8

	
ppIA

	
0.4103

	
Rpl13A

	
0.537




	
NormFinder

	
9 Days (C + V, n = 12)

	
12 Days (C + V, n = 12)




	
Rank

	
Gene

	
Variability

	
Gene

	
Variability




	
1

	
ARBP

	
0.0565

	
ACTB

	
0.0709




	
2

	
ACTB

	
0.0627

	
YWHAZ

	
0.1131




	
3

	
TPB

	
0.0713

	
ppIA

	
0.1363




	
4

	
YWHAZ

	
0.0796

	
TPB

	
0.1521




	
5

	
HPRT

	
0.0815

	
HPRT

	
0.1626




	
6

	
Rpl13A

	
0.0821

	
GAPDH

	
0.1643




	
7

	
GAPDH

	
0.0873

	
ARBP

	
0.199




	
8

	
ppIA

	
0.1055

	
Rpl13A

	
0.3008




	
BestKeeper

	
9 Days (C + V, n = 12)

	
12 Days (C + V, n = 12)




	
Rank

	
Gene

	
(r)

	
Gene

	
(r)




	
1

	
ppIA

	
0.879

	
ppIA

	
0.874




	
2

	
ARBP

	
0.868

	
TPB

	
0.809




	
3

	
GAPDH

	
0.784

	
ACTB

	
0.749




	
4

	
YWHAZ

	
0.72

	
ARBP

	
0.734




	
5

	
HPRT

	
0.703

	
HPRT

	
0.584




	
6

	
ACTB

	
0.7

	
YWHAZ

	
0.583




	
7

	
Rpl13A

	
0.527

	
GAPDH

	
0.511




	
8

	
TPB

	
0.497

	
Rpl13A

	
0.146




	
Delta-Ct

	
9 Days (C + V, n = 12)

	
12 Days (C + V, n = 12)




	
Rank

	
Gene

	
Mean SD

	
Gene

	
Mean SD




	
1

	
ARBP

	
0.34

	
ACTB

	
0.42




	
2

	
TPB

	
0.4

	
YWHAZ

	
0.45




	
3

	
GAPDH

	
0.4

	
TPB

	
0.45




	
4

	
HPRT

	
0.41

	
GAPDH

	
0.46




	
5

	
ACTB

	
0.41

	
ARBP

	
0.49




	
6

	
Rpl13A

	
0.42

	
ppIA

	
0.5




	
7

	
ppIA

	
0.42

	
HPRT

	
0.52




	
8

	
YWHAZ

	
0.43

	
Rpl13A

	
1









BestKeeper [19] uses repeated pair-wise correlation analysis of candidate gene quantification cycle (Cq) values to determine the optimal reference genes. BestKeeper calculates the correlation between the genes and with the BestKeeper index (Pearson correlation coefficient, r) [20]. With BestKeeper, ppIA and ARBP were ranked as the two most stable genes with Cq correlation coefficients of 0.8790 and 0.8680 at Day 9; ppIA and TPB were ranked as the two most stable genes with Cq correlation coefficients of 0.8740 and 0.8090 at Day 12 (Table 2).



Delta Cq analysis [21] is similar to the geNorm program in that pairs of genes are compared using Cq differences. This statistical algorithm ranks the stability of reference genes by comparing the Cq value differences between two reference genes from different samples. Results are shown in Table 2. In brief, the best reference genes were ARBP and TPB with mean standard deviations of 0.34 and 0.40, respectively, at Day 9, and ACTB and YWHAZ with mean standard deviations of 0.42 and 0.45, respectively, at Day 12.



As the four statistical algorithms produced different results, the RankAggreg package was applied to determine a consensus ranking by comparing the rankings produced by geNorm, NormFinder, BestKeeper and the comparative delta-Ct method (Table 3). ARBP and ACTB were determined to be the most suitable reference genes at Day9and GAPDH and YWHAZ at Day 12. Furthermore, the RankAggreg output is comprised of two time points and determines ACTB to be the most suitable reference genes for the two time point.
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Table 3. Ranking of candidate reference genes by stability values.
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Day 9




	
Ranking

	
geNorm

	
NormFinder

	
BestKeeper

	
Delta-Ct

	
Consensus




	
1

	
ARBP and HPRT

	
ARBP

	
ppIA

	
ARBP

	
ARBP




	
2

	
-

	
ACTB

	
ARBP

	
TPB

	
ACTB




	
3

	
YWHAZ

	
TPB

	
GAPDH

	
GAPDH

	
TPB




	
4

	
TPB

	
YWHAZ

	
YWHAZ

	
HPRT

	
YWHAZ




	
5

	
Rpl13A

	
HPRT

	
HPRT

	
ACTB

	
HPRT




	
6

	
ACTB

	
Rpl13A

	
ACTB

	
Rpl13A

	
GAPDH




	
7

	
GAPDH

	
GAPDH

	
Rpl13A

	
ppIA

	
RpI13A




	
8

	
ppIA

	
ppIA

	
TPB

	
YWHAZ

	
ppIA




	
Day 12




	
Ranking

	
geNorm

	
NormFinder

	
BestKeeper

	
Delta-Ct

	
Consensus




	
1

	
GAPDH and YWHAZ

	
ACTB

	
ppIA

	
ACTB

	
ACTB




	
2

	
-

	
YWHAZ

	
TPB

	
YWHAZ

	
YWHAZ




	
3

	
ACTB

	
ppIA

	
ACTB

	
TPB

	
GAPDH




	
4

	
ARBP

	
TPB

	
ARBP

	
GAPDH

	
TPB




	
5

	
ppIA

	
HPRT

	
HPRT

	
ARBP

	
ARBP




	
6

	
TPB

	
GAPDH

	
YWHAZ

	
ppIA

	
ppIA




	
7

	
HPRT

	
ARBP

	
GAPDH

	
HPRT

	
HPRT




	
8

	
Rpl13A

	
Rpl13A

	
Rpl13A

	
Rpl13A

	
RpI13A




	
Two Time Points




	
Ranking

	
Day 9

	
Day 12

	
Consensus




	
1

	
ARBP

	
ACTB

	
ACTB




	
2

	
ACTB

	
YWHAZ

	
ARBP




	
3

	
TPB

	
GAPDH

	
TPB




	
4

	
YWHAZ

	
TPB

	
YWHAZ




	
5

	
HPRT

	
ARBP

	
GAPDH




	
6

	
GAPDH

	
ppIA

	
HPRT




	
7

	
RpI13A

	
HPRT

	
ppIA




	
8

	
ppIA

	
RpI13A

	
RpI13A










2.4. Assessment of the Validity


We selected two targets genes—brain-derived neurotrophic factor (BDNF) and aldolase C (AldoC)—to evaluate the impact of reference gene by determining the relative gene expression during 12 days. BDNF regulates neuronal development, survival and death [22] and plays a fundamental role in synaptic morphogenesis and function in brain regions relevant to learning and memory, such as the hippocampus [23]. BDNF also regulates neuronal plasticity and increases synaptic strength by inducing specific protein synthesis in dendrites [24]. AldoC [25] catalyzes the cleavage of fructose 1,6-bisphosphate into d-glyceraldehyde phosphate and dihydroacetone phosphate. The relative expressions of the two target genes were evaluated using the most stable gene combination (ACTB and YWHAZ) vs. the least stable gene RpI13A. When using ACTB and YWHAZ as reference genes, the relative expressions of BDNF and AldoC were found to be down-regulated (Table 4), which is similar to previous reports [18,26]. In contrast, when choosing RpI13A as the reference gene, the relative expressions of the two target genes were to be found up-regulated.
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Table 4. Relative gene expression ratios of BDNF and AldoC.
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Reference Genes at Day 12

	
BDNF

	
AldoC




	
(p-value, n)

	
(p-value, n)






	
ACTB and YWHAZ

	
0.74

	
0.086




	
(0.002, n = 12)

	
(0.612, n = 12)




	
RpI13A

	
1.37

	
1.95




	
(0.075, n = 12)

	
(0.873, n = 12)











3. Discussion


A systematic approach has been reported by Swedish researchers, where geNorm was used to identify the most stable reference genes in BDV-infected cat brains [27]; our study, however, is the first comparison of different normalization approaches using RT-qPCR data in virus-infected primary rat cortical neurons. In order to validate the appropriate reference genes in these cells infected with a human BDV strain, we analyzed the expressions of 10 commonly-used candidate reference genes (HPRT, YWHAZ, TPB, Rpl13A, GAPDH, ACTB, PPIA, ARBP, 18sRNA and B2M). During the RT-qPCR validation stage, we found that B2M and 18s rRNA were not suitable as candidate reference genes. B2M gene expression has previously been found to be up-regulated both in brains of newborn BDV-infected rats, as well as in BDV-infected hippocampal slice cultures [28]. Then, the expression stability of the remaining eight candidate reference genes was analyzed by four algorithms. As the different normalization approaches did not provide the same results, the RankAggreg package was used to obtain a consensus ranking order of the reference genes. Since BDV infection was not detectable at Day 3 and less than 5% of neurons were positive for BDV-N at Day 6, we choose Days 9 and 12 for selecting reference genes. At Day 9, ARBP was ranked as the best by three algorithms, except BestKeeper, which ranked ARBP as the second-most stable gene. Interestingly, although GAPDH is a commonly-used reference gene in qPCR analysis [29,30], in our studies, this gene turned out to be not a good stable gene by geNorm and NormFinder. At Day 12, ACTB was chosen to be the most stable gene by NormFinder and BestKeeper and was ranked as the best consensus result.



The four software programs used here to determine stability in gene expression produced different results due to their different statistical outputs, namely M-values obtained from geNorm, variability measurements from NormFinder, coefficients of correlation from BestKeeperand mean standard deviations from the delta-Ct method. Thus, the RankAggreg software package was used to combine these four algorithms to establish a consensus ranking among the genes. Specifically, the brute force method (i.e., the BruteAggreg function) was used to enumerate all possible candidate lists and then to select the one with the minimum Spearman foot rule distance [31]. This method produced the most stable and least stable reference genes for each time point. Across the two time points, RankAggreg did not output the same reference genes (Table 3). The structure and physiological function of neurons vary over time. For neurons to be connected, they need to develop an intricate structure based on neuronal processes, known as dendrites and axons [32]. Neuronal structure allows interconnections among cells and, therefore, the transmission of information. Some physiological functions and physicochemical properties of neuron may change. For instance, the electrophoretic pattern of the large microtubule-associated protein, MAP2, changes during rat brain development [33]. Besides, the process of neuron growth is influenced by the interactions of the cell with its environment. BDV replicating and spreading is different in primary neurons over time. Viral dissemination occurs after primary infection. BDV infection was first detectable on Days 4 to 6, when 5% of all neurons were positive for BDV-N. Between Day 6 and Day 10, BDV spread rapidly, and by Day 12, 100% of the neurons were infected. The distribution pattern of BDV-positive neurons strongly suggested that cell-cell contact was required for virus spread [34]. In fact, it has been reported that the expression of some reference genes may not be consistent completely over time under some conditions [14,35,36].



There are several limitations of this study to be noted here. First, this study had a limited sample size (n = 12 for each time point). Second, we only analyzed ten commonly-used candidate reference genes here, so better combinations of reference genes may exist. It remains to be determined whether other traditional reference genes may be more suitable as reference genes for BDV research. Third, another limitation concerns that only one type of cells was investigated for the suitability of reference genes for qRT-PCR. We did not include the knowledge on the analysis of RNA extracted from rat and mouse brains infected with BDV. However, studying and standardizing parameters in neurons (here, represented by neural cultures in vitro), which are the major target cells for Borna disease virus in nature, provides a further step in unraveling the complex pathogenesis of this virus disease [37].




4. Experimental Section


4.1. Primary Culture of Neurons and Viral Infections


To isolate neonatal cerebral cortices form Sprague-Dawley rats (postnatal Day 1), we used cells extracted from the brain of 16 SD rats for all 24 wells (6 infected vs. 6 uninfected wells at each time point, Days 9 and 12), then mixed the cells and evenly distributed them into wells. In short, the brains were taken out and submerged into ice-cold Ca2+/Mg2+-free Hanks’ salt solution (HSS), pH 7.5. After removal of the meninges, the cerebral cortical regions were dissected and dissociated by mild trypsinization (0.25% trypsin, Gibco, Shanghai, China) and DNase I (100 U/mL, Gibco) for 25 min. The cell fraction was suspended in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 10% fetal calf serum (Gibco), 10% horse serum (Gibco), 1% glutamine (HyClone, Shanghai, China), 0.1% penicillin (10 U/mL, HyClone) and 0.1% streptomycin (10 μg/mL, HyClone). Cells were seeded at a density of 5.0 × 105 cells/well on poly-l-lysine-coated6-well plates (Sigma, Shanghai, China). After 4–6 h later, the culture medium was replaced with neurobasal medium (Gibco), including 2% B-27 (Gibco) for 12 h. After removal of this medium, the cells were infected for 2 h with a multiplicity of infection (MOI) of 0.02 focus-forming units. BDV infection was performed by adding cell-released virus (CRV) to the culture medium. CRV stocks were prepared as previously described [34]. The BDV Hu-H1 strain (in oligodendroglia cell line) were kindly supplied by Hanns Ludwig (Free University of Berlin, Berlin, Germany) and is one out of the first 3 human strains derived from mentally-diseased patients [38]. These strains have partially been characterized by sequencing [39]. Then, excess virus was removed by washing with 5 mL phosphate buffer saline (HyClone) before bathing the neurons in neurobasal medium. The cells were then incubated under the same conditions for the remainder of the study. The purity of neurons was assessed by staining with the neuron-specific marker MAP-2. BDV infection of neurons was verified by immunofluorescence for each experiment.




4.2. Immunofluorescence


Standard tests were performed as described previously [40,41]. Briefly, both BDV-infected and control neurons in 6-well plates were incubated for 30 min at room temperature with 4% paraformaldehyde followed by permeabilization for 5 min in 0.25% Triton X-100. Then, both neuron groups were rinsed with phosphate buffer saline (PBS) 3 times and blocked with 5% bovine serum albumin (BSA) for 30 min, followed by incubation for 1 h at room temperature with the neuron-specific marker MAP-2 and a BDV-specific anti-P40 monoclonal antibody [42]. After several washes with PBS, a 1-h incubation with secondary antibodies at room temperature followed. After 3 PBS washes again, the cells were assayed using an inverted fluorescence microscope (Nikon, Tokyo, Japan).




4.3. RNA Isolation and Reverse Transcription


RNA was extracted from the cells using the TRIzol® Reagent (Life technologies, Gaithersburg, MD, USA) according to the manufacturer’s instructions. The samples were dissolved in 20 μL DNase/RNase-free H2O and stored at −80 °C until use. The concentration of total RNA was determined by measuring the optical density (OD) at 260 nm, and the purity was based on the 260 nm/280 nm ratio with expected values between 1.8 and 2.0. Total RNA integrity was assessed by electrophoresis on 2% (w/v) agarose gels, as indicated in the MIQE guidelines [43]. For cDNA synthesis, first strand cDNA was prepared from 300 ng total RNA in a total volume of 20 µL using PrimeScript™ RT reagent Kit (TaKaRa, Shanghai, China). According to the manufacturer’s instructions, the reaction mixture consisted of 4 µL 5× PrimeScript Buffer, 1 µL PrimeScript RT Enzyme Mix, 1 µL OligodT Primer, and 300 ng RNA template in a total volume of 20 µL. Reverse transcription was performed in a Gene Amp PCR System 9700 (Applied Biosystems, Foster City, CA, USA) at 37 °C for 15 min and 85 °C for 5 s. The products were stored immediately at −20 °C for later use.




4.4. Quantitative Real-Time PCR


The qPCR reactions were performed with the ABI Prism7900 system (Applied Biosystems, Foster City, CA, USA) using the SYBR® Premix Ex TaqTM II (TliRNaseH Plus, Exiqon, Vedbæk, Denmark) according to the manufacturer’s protocol and the MIQE guidelines [31]. The reaction mixture consisted of 10 µL SYBR® Primer Ex TaqII, 0.5 µL PCR Forward Primer (10 µM), 0.5 µL PCR Reverse Primer (10 µM), 2 µL cDNA template and 7 µL sterile distilled water. The control cDNA synthesis reaction, without reverse transcriptase enzyme, was performed to test that the extracted RNA was not contaminated with genomic DNA. The quantitative real-time PCR reaction started at 95 °C for 30 s, followed by 40 cycles at 95 °C for 5 s and 60 s at 60 °C After that, a melting curve was performed at the end of the PCR run over a range of 55–99 °C, increasing the temperature stepwise by 0.5 °C every 2 s. A dilution series was created with random cDNA from the sample group to construct relative standard curves for each internal control gene. All samples (each group n = 6, total n = 24) were diluted 10 times and measured in triplicate.




4.5. Data Analysis


Statistical analysis was carried out with SPSS 21.0 statistical software (SPSS Inc., Chicago, IL, USA). Statistical significance was determined using the Student’s t-test and the Wilcoxon–Mann–Whitney test. p < 0.05 was considered statistically significant. To select a suitable reference gene, the stability of mRNA expression of each reference gene was statistically analyzed with 4 software packages: geNorm, NormFinder, BestKeeper and the comparative delta-Ct method. Except BestKeeper and the comparative delta-Ct method, Cq values were transformed into RQ values according to the delta-Ct formula: RQ = E−deltaCq = E(meanCq − sampleCq) as input data in geNorm and NormFinder. Applying the RankAggreg package of the R project, the stability measurements produced by the above four methods were combined to establish a consensus rank of the housekeeping genes.





5. Conclusions


This is the first study to comparatively evaluate reference gene expression for the normalization of mRNA qPCR expression data in BDV-infected rat cortical neurons. ARBP was the most stable internal control gene at Day 9 and ACTB at Day 12. Assessment of the validity of the selected reference genes confirms the suitability of applying a combination of the two most stable references genes at each time point. This study can contribute to improving BDV research by providing a means by which to obtain more reliable and accurate gene expression measurements.







Acknowledgments


This study was supported by the National Natural Science Foundation of China (Grant No. 31300137), the National Key Scientific Program of China (Grant No. 2009CB918300, 2012CB910602) and the Chongqing fundamental and advanced research project of China (Grant No. cstc2013jcyjA10003). We are grateful to the individuals that voluntarily participated in this study. We thank Hanns Ludwig (Free University of Berlin, Berlin, Germany) for providing the BDV Hu-H1 strain, and Liv Bode, as well as Hanns Ludwig for correcting the manuscript.




Author Contributions


Lujun Zhang and Liang Zhang contributed to the proposals, the discussion of the results and final proofreading of the manuscript. Siwen Liu and Hongmin You were involved in the Experimental Section and the discussion of the results. All authors have read and approved the final manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ludwig, H.; Bode, L.; Gosztonyi, G. Borna disease: A persistent virus infection of the central nervous system. Prog. Med. Virol. 1988, 35, 107–151. [Google Scholar]

	



Lipkin, W.I.; Briese, T.; Bornaviridae. Fields Virology, 5th ed.; Knipe, D., Howley, P., Griffin, D., Lamb, R., Martin, M., Roizman, B., Straus, S., Eds.; Lippincott Williams and Wilkins: Philadelphia, PA, USA, 2007; Volume II, pp. 1829–1851. [Google Scholar]

	



Kinnunen, P.M.; Palva, A.; Vaheri, A.; Vapalahti, O. Epidemiology and host spectrum of Borna disease virus infections. J. Gen. Virol. 2013, 94, 247–262. [Google Scholar]

	



Zhang, L.; Wang, X.; Zhan, Q.; Wang, Z.; Xu, M.; Zhu, D.; He, F.; Liu, X.; Huang, R.; Li, D.; et al. Evidence for natural Borna disease virus infection in healthy domestic animals in three areas of western China. Arch. Virol. 2014, 159, 1941–1949. [Google Scholar]

	



Zhang, L.; Xu, M.M.; Zeng, L.; Liu, S.; Liu, X.; Wang, X.; Li, D.; Huang, R.Z.; Zhao, L.B.; Zhan, Q.L.; et al. Evidence for Borna disease virus infection in neuropsychiatric patients in three western China provinces. Eur. J. Clin. Microbiol. Infect. Dis. 2014, 33, 621–627. [Google Scholar]

	



Ludwig, H.; Bode, L. Borna disease virus: New aspects on infection, disease, diagnosis and epidemiology. Rev. Sci. Tech. 2000, 19, 259–288. [Google Scholar]

	



Hornig, M.; Solbrig, M.; Horscroft, N.; Weissenbock, H.; Lipkin, W.I. Borna disease virus infection of adult and neonatal rats: Models for neuropsychiatric disease. Curr. Top. Microbiol. Immunol. 2001, 253, 157–177. [Google Scholar]

	



Gosztonyi, G. Natural and experimental Borna disease virus infections—Neuropathology and pathogenetic considerations. APMIS 2008, 116, 53–57. [Google Scholar]

	



Huggett, J.; Dheda, K.; Bustin, S.; Zumla, A. Real-time RT-PCR normalisation; strategies and considerations. Genes. Immun. 2005, 6, 279–284. [Google Scholar]

	



Nelissen, K.; Smeets, K.; Mulder, M.; Hendriks, J.J.; Ameloot, M. Selection of reference genes for gene expression studies in rat oligodendrocytes using quantitative real time PCR. J. Neurosci. Methods 2010, 187, 78–83. [Google Scholar]

	



Vandesompele, J.; de Preter, K.; Pattyn, F.; Poppe, B.; van Roy, N.; de Paepe, A.; Speleman, F. Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 2002, 3. [Google Scholar] [CrossRef][Green Version]

	



Vesentini, N.; Barsanti, C.; Martino, A.; Kusmic, C.; Ripoli, A.; Rossi, A.; L’Abbate, A. Selection of reference genes in different myocardial regions of an in vivo ischemia/reperfusion rat model for normalization of antioxidant gene expression. BMC Res. 2012, 5. [Google Scholar] [CrossRef]

	



Andersen, C.L.; Jensen, J.L.; Orntoft, T.F. Normalization of real-time quantitative reverse transcription-PCR data: A model-based variance estimation approach to identify genes suited for normalization, applied to bladder and colon cancer data sets. Cancer Res. 2004, 64, 5245–5250. [Google Scholar]

	



Langnaese, K.; John, R.; Schweizer, H.; Ebmeyer, U.; Keilhoff, G. Selection of reference genes for quantitative real-time PCR in a rat asphyxial cardiac arrest model. BMC Mol. Biol. 2008, 9. [Google Scholar] [CrossRef]

	



Kim, I.; Yang, D.; Tang, X.; Carroll, J.L. Reference gene validation for qPCR in rat carotid body during postnatal development. BMC Res. Notes 2011, 4. [Google Scholar] [CrossRef]

	



Zhao, C.; Zha, Y.; Wu, X.; Chen, L.; Shi, J.; Cui, L. The quantification of ADAMTS4 and 8 expression and selection of reference genes for quantitative real-time PCR analysis in myocardial infarction. Biomed. Pharmacother. 2011, 65, 555–559. [Google Scholar]

	



Bonefeld, B.E.; Elfving, B.; Wegener, G. Reference genes for normalization: A study of rat brain tissue. Synapse 2008, 62, 302–309. [Google Scholar]

	



Williams, B.L.; Yaddanapudi, K.; Hornig, M.; Lipkin, W.I. Spatiotemporal analysis of purkinje cell degeneration relative to parasagittal expression domains in a model of neonatal viral infection. J. Virol. 2007, 81, 2675–2687. [Google Scholar]

	



Pfaffl, M.W.; Tichopad, A.; Prgomet, C.; Neuvians, T.P. Determination of stable housekeeping genes, differentially regulated target genes and sample integrity: BestKeeper—Excel-based tool using pair-wise correlations. Biotechnol. Lett. 2004, 26, 509–515. [Google Scholar]

	



Liu, X.; Zhang, L.; Cheng, K.; Wang, X.; Ren, G.; Xie, P. Identification of suitable plasma-based reference genes for miRNAome analysis of major depressive disorder. J. Affect. Disord. 2014, 163, 133–139. [Google Scholar]

	



Silver, N.; Best, S.; Jiang, J.; Thein, S.L. Selection of housekeeping genes for gene expression studies in human reticulocytes using real-time PCR. BMC Mol. Biol. 2006, 7. [Google Scholar] [CrossRef]

	



Lewin, G.R.; Barde, Y.A. Physiology of the neurotrophins. Annu. Rev. Neurosci. 1996, 19, 289–317. [Google Scholar]

	



Huang, E.J.; Reichardt, L.F. Neurotrophins: Roles in neuronal development and function. Annu. Rev. Neurosci. 2001, 24, 677–736. [Google Scholar]

	



McAllister, A.K.; Katz, L.C.; Lo, D.C. Neurotrophins and synaptic plasticity. Annu. Rev. Neurosci. 1999, 22, 295–318. [Google Scholar]

	



Ahn, A.H.; Dziennis, S.; Hawkes, R.; Herrup, K. The cloning of zebrin II reveals its identity with aldolase C. Development 1994, 120, 2081–2090. [Google Scholar]

	



Carbone, K.M.; Rubin, S.A.; Nishino, Y.; Pletnikov, M.V. Borna disease: Virus-induced neurobehavioral disease pathogenesis. Curr. Opin. Microbiol. 2001, 4, 467–475. [Google Scholar]

	



Wensman, J.J.; Ilback, C.; Hjertstrom, E.; Blomstrom, A.L.; Gustavsson, M.H.; Jaderlund, K.H.; Strom-Holst, B.; Belak, S.; Berg, A.L.; Berg, M. Expression of interferon gamma in the brain of cats with natural Borna disease virus infection. Vet. Immunol. Immunopathol. 2011, 141, 162–167. [Google Scholar]

	



Jehle, C.; Herpfer, I.; Rauer, M.; Schwemmle, M.; Sauder, C. Identification of differentially expressed genes in brains of newborn Borna disease virus-infected rats in the absence of inflammation. Arch. Virol. 2003, 148, 45–63. [Google Scholar]

	



Koster-Patzlaff, C.; Hosseini, S.M.; Reuss, B. Layer specific changes of astroglial gap junctions in the rat cerebellar cortex by persistent Borna Disease Virus infection. Brain Res. 2008, 1219, 143–158. [Google Scholar]

	



Southall, M.D.; Li, T.; Gharibova, L.S.; Pei, Y.; Nicol, G.D.; Travers, J.B. Activation of epidermal vanilloid receptor-1 induces release of proinflammatory mediators in human keratinocytes. J. Pharmacol. Exp. Ther. 2003, 304, 217–222. [Google Scholar]

	



Pihur, V.; Datta, S.; Datta, S. RankAggreg, an R package for weighted rank aggregation. BMC Bioinform. 2009, 10. [Google Scholar] [CrossRef]

	



Bellon, A. New genes associated with schizophrenia in neurite formation: A review of cell culture experiments. Mol. Psychiatry 2007, 12, 620–629. [Google Scholar]

	



Binder, L.I.; Frankfurter, A.; Kim, H.; Caceres, A.; Payne, M.R.; Rebhun, L.I. Heterogeneity of microtubule-associated protein 2 during rat brain development. Proc. Natl. Acad. Sci. USA 1984, 81, 5613–5617. [Google Scholar]

	



Bajramovic, J.J.; Munter, S.; Syan, S.; Nehrbass, U.; Brahic, M.; Gonzalez-Dunia, D. Borna disease virus glycoprotein is required for viral dissemination in neurons. J. Virol. 2003, 77, 12222–12231. [Google Scholar]

	



Wang, G.P.; Xu, C.S. Reference gene selection for real-time RT-PCR in eight kinds of rat regenerating hepatic cells. Mol. Biotechnol. 2010, 46, 49–57. [Google Scholar]

	



Lilly, S.T.; Drummond, R.S.; Pearson, M.N.; MacDiarmid, R.M. Identification and validation of reference genes for normalization of transcripts from virus-infected Arabidopsis thaliana. Mol. Plant Microbe Interact. 2011, 24, 294–304. [Google Scholar]

	



Bode, L.; Ludwig, H. Borna disease virus infection, a human mental-health risk. Clin. Microbiol. Rev. 2003, 16, 534–545. [Google Scholar]

	



Bode, L.; Durrwald, R.; Rantam, F.A.; Ferszt, R.; Ludwig, H. First isolates of infectious human Borna disease virus from patients with mood disorders. Mol. Psychiatry 1996, 1, 200–212. [Google Scholar]

	



De la Torre, J.C.; Bode, L.; Durrwald, R.; Cubitt, B.; Ludwig, H. Sequence characterization of human Borna disease virus. Virus Res. 1996, 44, 33–44. [Google Scholar]

	



Suberbielle, E.; Stella, A.; Pont, F.; Monnet, C.; Mouton, E.; Lamouroux, L.; Monsarrat, B.; Gonzalez-Dunia, D. Proteomic analysis reveals selective impediment of neuronal remodeling upon Borna disease virus infection. J. Virol. 2008, 82, 12265–12279. [Google Scholar]

	



Huang, R.; Gao, H.; Zhang, L.; Jia, J.; Liu, X.; Zheng, P.; Ma, L.; Li, W.; Deng, J.; Wang, X.; et al. Borna disease virus infection perturbs energy metabolites and amino acids in cultured human oligodendroglia cells. PLoS One 2012, 7, e44665. [Google Scholar]

	



Ludwig, H.; Furuya, K.; Bode, L.; Klein, N.; Durrwald, R.; Lee, D.S. Biology and neurobiology of Borna disease viruses (BDV), defined by antibodies, neutralizability and their pathogenic potential. Arch. Virol. Suppl. 1993, 7, 111–133. [Google Scholar]

	



Bustin, S.A.; Benes, V.; Garson, J.A.; Hellemans, J.; Huggett, J.; Kubista, M.; Mueller, R.; Nolan, T.; Pfaffl, M.W.; Shipley, G.L.; et al. The MIQE guidelines: Minimum information for publication of quantitative real-time PCR experiments. Clin. Chem. 2009, 55, 611–622. [Google Scholar]





© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
Average expression stability (M)

Average expression stability (M)

0.45+ A -
0.15 B
0.40+ pe-
=
S 0.101
il
5
0.35- g
4]
0
.; 0.05-
0.30- o
0.25 : : : . . : : 0.00 RIS o : o [-:-::-:- : i --:-::-:I o
pplA GAPDH ACTB Rpl13A TPB YWHAZHPRT & ARBP V213 v Va/5 V5/6 V6/7
+— Least stable genes Most stable genes — Pairwise variations
0.6- Cc
0.15- D
0.5-
=
S 0.10-
0.4- E '
©
-t
0.3- @
E 0.054 |
&
0.2-
" RoM3A HPRT TPB  pplA ARBP ACTB YWHAZ & PO 55 IO s e M s M
p pp W ] ¥ ) L]
GAPDH V2/3 V34 V4/5 V5/6 V6/7
+— Least stable genes Most stable genes — Pairwise variations





nav.xhtml


  ijms-15-21825


  
    		
      ijms-15-21825
    


  




  





media/file3.png
015 B
0.40 >
T
s
1
0.35- g
H
2
H
0.30 I l—l
PPIA GAPDH ACTB Rpl13A TPB YWHAZHPRT & ARBP
Palmxswarla«ons
0.6 c 0.15 o
=
0.5-
>
§ o0
0.4 -
g
03 2
E 0.05:
<
02
RPfi3A HPRT TPB pplA ARBP ACTB YWHAZE 00 a Vel vas  vee Ve

5 5/
ger Q¢ Pairwise variations





media/file0.png
A

Day 7 MAP-2

Day 7 in culture
z o >

6 9 12
Day in culture






media/file1.png
BDV- p40 MAP-2

A Day 7 MAP-2

%BDV-positive neurons

Day in culture






