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The expression of glial cell line-derived neurothrophic factor (GDNF) transcript forms pre-(α)pro-gdnf,
pre-(β)pro-gdnf, and their common region m-gdnf in the pons as well as the inferior (IC) and superior
colliculi in Krushinsky–Molodkina (KM) rats and in the strain “0” was analyzed by quantitative real-time
polymerase chain reaction (PCR) in the control (unstimulated KM and “0” rats) and 1.5, 4.5, and 8 h after
auditory stimulation. Such stimulation induced audiogenic seizures (AS) in KM rats. Audiogenic seizure
was not observed in “0” rats, which was obtained by selection for the absence of AS in a population of F2 hy-
brids between KM andWistar rats not predisposed to AS. A significant drop in the level of all transcripts was
observed 1.5 h after auditory stimulation in both KM and “0” rats. In most cases, the average expression ofα
and β isoforms and m-region 4.5 h after stimulation was greater than those after 1.5 and 8 h. At the same
time, the expression of pre-(β)pro-gdnf in the IC of KM rats 4.5 h after the stimulation was significantly
lower than after 1.5 or 8 h. This work presents the first demonstration of different time courses of expres-
sion of the α and β GDNF isoforms during physiological processes in genotype-specific pathology.

© 2019 Elsevier Inc. All rights reserved.
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1. Introduction

Animals genetically predisposed to seizures, particularly, rats with
audiogenic seizures (AS), are a promising model for studies of
epileptogenesis [1]. The involvement of the glial cell line-derived
neurothrophic factor (GDNF) in the mechanisms of epileptogenesis
has been studied since the discovery of this protein [2–5]. It was
shown that the level of GDNF messenger ribonucleic acid (RNA)
mRNA in granule cells of the dentate gyrus increased as the result of
acute repeated seizures induced by kainic acid [6] or pilocarpine [7]
administration.

For instance, kainic acid induces death of hippocampal pyramidal
cells. It is of interest to reveal the relationship between GDNF and
seizure activity using the models of reflex epilepsy unrelated to
drug stimulation. Here, we used Krushinsky–Molodkina (KM) rats as a
genetically-based model of reflex epilepsy induced by auditory
ussian Academy of Sciences, 34
stimulation. Nearly 100% KM rats demonstrate tonic seizures in re-
sponse to loud sound,which distinguishes thismodel of epileptogenesis
from “limbic” myoclonic seizures induced by administration of
convulsants [1].

The studies mentioned above analyzed the transcripts coding
mature GDNF common for the α and β fragments without any
distinction between the isoforms. At the same time, the GDNF gene is
known to encode two mRNA species: the full-length transcript pre-(α)
pro-gdnf and the shorter pre-(β)pro-gdnf lacking 78 nt in the pro-
domain [8,9]. These isoforms are generated by alternative splicing of
the GDNF transcript. At the same time, pre-(α)pro-gdnf and pre-(β)
pro-gdnf have different localization in the cell. Moreover, pre-(α)pro-
gdnf is thought to be secreted largely via the constitutive pathway,
whereas pre-(β)pro-gdnf is largely secreted via the alternative possibly
regulated pathway [10].

Here, we studied the time course of expression of pre-(α)pro-gdnf
and pre-(β)pro-gdnf as well as their common region m-gdnf
encoding mature GDNF after auditory stimulation in KM and rats of
“0” strain without audiogenic seizures. The latter strain “0” was
selected for no AS in F2 hybrids between KM and Wistar rats not
prone to AS [1,11]. The brainstem origin of tonic AS has been clearly
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demonstrated [1]. In this context, the expression time course of
isoforms was studied in the pons as well as the superior (SC) and
inferior (IC) colliculi.

2. Methods

All in vivo experiments were performed in accordance with
European regulation 2010/63/EU. Expression of the full-length pre-(α)
pro-gdnf, short pre-(β)pro-gdnf transcripts, and their common m-gdnf
region was analyzed in 12 KM and 12 “0” rats (males at the age of
4–6 months).

An old auditorium bell sound of 100 dB for 30 s was used as a
stimulus. After 1.5, 4.5, and 8 h, the animals were anesthetized by
lethal dose of chloral hydrate and the brain samples of pons varolii,
IC, and SC were frozen in liquid nitrogen. Each time point was stud-
ied in 3 KM and 3 “0” rats; 3 more KM and “0” animals were analyzed
without stimulation.

Total RNA was isolated from frozen tissue samples homogenized by
active pipetting in 800 μl (IC and SC) or 1 ml (pons) of RNAzol (MRC,
#RN 190) using the manufacturer's protocol. The obtained RNA was
used to synthesize the first complementary DNA (cDNA) strand with
Moloney Murine Leukemia Virus (MMLV) reverse transcriptase
(Evrogen, #SK021). The resulting cDNA served as the template in quan-
titative real-time polymerase chain reaction (PCR) (qRT-PCR). The
quantitative PCR (qPCR) was performed with use of PCR-Komplekt kit
in the presence of the SYBR Green dye (Syntol). For the GDNF tran-
scripts amplification, the following primer pairs were used: F-alfa and
R-1 for (α)pro-gdnf transcript; F-beta and R-1 for (β)pro-gdnf transcript;
and F-1 and R-1 for their commonm-region (Fig. 1). Initially, the house-
keeping genes encoding hypoxanthine guanine phosphoribosyl trans-
ferase gene (HPRT; primers HPRT-f and HPRT-r) and beta-2-
microglobulin (B2m; primers b2m-f & b2m-r) were used for reference;
however, using HPRT alone was equally informative and B2m was ex-
cluded. Primer efficiency was calculated for all pairs. The expression
levels for different GDNF regions were corrected for the primer
efficiency.

The following primers were used in this study (Fig. 1), presented in
5′ to 3′ direction.

F-alfa GCC GGT AAG AGG CTT CTC GAA
F-beta CCC GCT GCC CGC CGC CAA TAT
F-1 AGC CCA GAG AAT TCC AGA GG
R-1 GCT TCA CAG GAA CCG CTA CA
HPRT-f CCC AGC GTC GTG ATT AGT GAT
HPRT-r CCA GCA GGT CAG CAA AGA AC
b2m-f TGC TTG CCA TTC AGA AAA CTC C
b2m-r ATA CAT CGG TCT CGG TGG GT
Fig. 1. Arrangement of RT-qPCR primers on the pre-(α)pro-gdnf (upper) and pre-(β)pro-
gdnf (lower) transcripts. Dotted line in the pro-region of the β-form marks the 78-nt
gap distinguishing the α- and β-isoforms. The F-alfa covers positions 70–90 relative to
the start codon (the AUG codon) of the α-isoform. The region complementary to F-beta
covers the larger region upstream of the gap (positions 60–73) and the smaller
downstream region (152–158), which rules out the possibility of annealing to the α-
isoform. The F1 primer covers the beginning of the m-region common for the α- and β-
isoforms (295–314). The reverse primer positions are 433–452 of m-region.
The fold change of the relative mRNA expression of each gdnf
form was calculated with the 2-ΔΔCT method. Statistical analysis
was performed using the SPSS software. The values were compared
by the Mann–Whitney U test. Statistical significance was accepted
at p b 0.05.

3. Results

Expression analysis of pre-(α)pro-gdnf, pre-(β)pro-gdnf, and their
common m-region by RT-qPCR has demonstrated decreased mean
levels of these mRNAs relative to the control (unstimulated KM and
“0” rats) 1.5 and 8 h after stimulation in the pons, IC, and SC of KM
and “0” rats (Fig. 2). In many cases, the poststimulation levels
significantly differed from the control according to the one-sided
Mann–Whitney test (p b 0.05). In particular, the expression levels
after 1.5 h were significantly different from the control in KM and
“0” rats except for m-region in the pons in “0” rats (Fig. 2A) and
pre-(α)pro-gdnf in the IC of both strains (Fig. 2B). The expression
levels 8 h after auditory stimulation were significantly lower than
the control except for pre-(α)pro-gdnf in the IC of both strains
(Fig. 2B) and m-region in the IC and SC of “0” rats (Fig. 2B and C).
“0” rats demonstrated increasedmean expression of all studied tran-
scripts in all studied structures 4.5 h after auditory stimulation rela-
tive to the corresponding values after 1.5 and 8 h. The mean levels of
these transcripts in KM 4.5 h after the stimulation were also higher
than those after 1.5 and 8 h except for pre-(β)pro-gdnf in the IC.
The levels of pre-(α)pro-gdnf and m-region in the SC of KM rats
4.5 h after the stimulation were significantly higher than those
after 1.5 and 8 h, while the mean pre-(β)pro-GDNF levels in KM
and “0” as well as of m-region in “0” rats were even (insignificantly)
higher than levels in control. The expression of pre-(β)pro-gdnf in
this structure significantly decreased (p b 0.05) after 4.5 h relative
to 1.5 and 8 h after stimulation and seizure.

The total expression of pre-(α)pro-gdnf and pre-(β)pro-gdnf
was in most cases lower than the expression of their common
m-gdnf, which can be attributed to the existence of other than pre-
(α)pro-gdnf and pre-(β)pro-gdnf isoforms. Additional alternative
splice variants of the GDNF gene transcripts were found in a mouse
[1] and in humans [12–15]. The mean level of m-region mRNA in
the control in KM rats was (insignificantly) higher than that in “0”
rats in the IC and SC (Fig. 2 A and B), and the fold change of the
relative mRNA expression of each gdnf form was calculated with
the 2-ΔΔCT method (Fig. 3).

4. Discussion

Here, a significant decrease in the mean level was demonstrated
for all studied GDNF transcripts 1.5 and 8 h and less frequently
4.5 h after audiogenic seizure-inducing auditory stimulation both
in audiogenic seizure-prone KM rats and in “0” strain. Considering
that the effect is observed in both strains, this response is likely
unrelated to AS.

Studies on other models of epilepsy demonstrated increased pro-
tein and mRNA levels of GDNF in the dentate gyrus and hilus after
chemically-induced seizures [6,7]. One can propose that convul-
sant-induced increase in GDNF level is due to its damaging effect
rather than to seizure activity. Our study demonstrated no increase
in the level of GDNF transcription after audiogenic seizure-inducing
auditory stimulation in KM rats relative to the background, which
can be interpreted in favor of the above proposal. However, we
have revealed a complex pattern of changes in GDNF transcription
after auditory stimulation. A significant decrease was followed by
an increase in the mean expression levels after 4.5 h (in all but one
case). Another drop was observed 8 h after the stimulation. The re-
vealed transcription dynamics can result from the interplay between



Fig. 2. Time course of pre-(α)pro-gdnf, pre-(β)pro-gdnf, andm-region expression in the pons (A), IC (B), and SC (C) (ordinate). Amounts are relative to HPRT. The abscissa shows time after
auditory stimulation. Bars indicate the main values. Significantly differing values according to the one-sided Mann–Whitney test (p b 0.05) are indicated by lines above.
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positive and negative factors. The balance between these factors can
differ in KM and “0” rats.

5. Conclusions

Of particular interest is the revealed correlation between epileptic
seizures in KM and decreased expression of pre-(β)pro-gdnf in the IC
4.5 h after stimulation. This has not been observed in “0”. Thus, this
study presents the first demonstration of different expression of GDNF
α- and β-isoforms in the living body in pathology determined by
genotypic factors.
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Fig. 3. The fold change of the relative pre-(α)pro-gdnf, pre-(β)pro-gdnf, and m-region mRNA expression in the pons (A), IC (B), and SC (C) (ordinate) calculated with the 2-ΔΔCT method.
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