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Summary. – Rabies virus is an enveloped negative-stranded RNA virus belonging to the family Rhabdoviridae. 
It can be successfully controlled by vaccination however, there are still tens of thousands of deaths each year 
caused by rabies virus due to its mutations and complexity. A better understanding of the interaction between 
the rabies virus and the host might help solve this problem. Therefore, in this study, we used two-dimensional 
electrophoresis to investigate the protein expression of rabies virus-infected mice. This can help us to understand 
the impact of rabies virus on host protein expression during infection. For our experiment, two-dimensional 
electrophoresis was used to analyze the differential proteomics of the brain of 10- and 20-day-old suckling mice 
infected with attenuated rabies virus strain SRV9. The results showed that the expression levels of 10 protein 
spots had been up- or down-regulated at least 2-fold. Using MALDI-TOF-MS, we identified 8 differentially 
expressed proteins. We have identified proteins, namely hnRNP L, DPYSL3, NECAPs, and transaldolase that 
might be closely related to the susceptibility of SRV9 in suckling mice.
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Introduction

Rabies is one of the epidemic zoonosis caused by rabies 
virus (RABV). The main clinical features of the infected 

homoeothermic organisms including human are acute lethal 
encephalomyelitis, progressive paralysis, and death. After 
sub-culturing in the animals, chicken embryos or cells, the 
virulence of some RABV strains may be gradually attenuated, 
however, the virulence of some RABV, such as Flury-LEP, 
Flury-HEP, ERA, SAD, B19, SAG1/2 strain, can gradually 
increase after adaptation in cells.

SRV9 has always been used in various studies for a RABV 
attenuated vaccine strains in China (Bourhy et al., 1992). In 
this study, we have used a medium plaque-forming strain 
derived from strain SAD B19 (Muller et al., 2006). Chinese 
rabies virus SRV9 strain is an attenuated vaccine strain de-
rived from strain SAD. It has good immunogenicity and it 
is not pathogenic to most of the animals. RABV SRV9 after 
inoculation of 5–10 folds of the routine dose has no adverse 
reaction in the dogs, rats, guinea pigs, rhesus monkeys, and 
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sika deer, improving thus the safety of intracerebral injec-
tion. Different doses were used to inoculate weaning and 
adult mice, and the results showed that after brain, muscle, 
subcutaneous or oral vaccination, the vaccines were safe 
and generated good immune responses (Schmidt et al., 
2012). However, in some cases, patients still die after vac-
cination and the study of the RABV mechanism resistance 
should be investigated more. SRV9 is a popular and useful 
strain for these studies. In this work, we have intracerebrally 
inoculated SRV9 into 1- to 22-day-old suckling mice and 
found that all mice under age of 13 days died, some mice 
of 14 to 17 days of age died, while mice older than 18 days 
survived. Meanwhile, some studies reported that all the 
mice between 14 to 17 days of age after inoculation with 
SRV9 survived, indicating that the susceptibility to SRV9 
appears to have a phasic change among the suckling mice 
with different ages. 

The mechanism involved in RABV infection is very com-
plex. Proteomics is one of the powerful tools to find disease-
related proteins and reveal the pathogenicity mechanism. 
In the research of viral infections, proteomics can be used 
as an important tool to clarify the differential expression 
of proteins in tissues or cells at different infection stages. 
Using two-dimensional gel electrophoresis (2-DE), mass 
spectrometry (MS) identification, protein database analysis, 
and other proteomic technologies can help us confirm the 
differential expression of host cell-related proteins before 
and after viral infection (Pleissner et al., 2004).

To study the pathogenicity of the virus and molecules 
related to the response of host cells in the brain tissues of 
suckling mice of different age infected with RABV attenu-
ated strain SRV9, we accomplished differential proteomics 
analysis of the SRV9 infected suckling mice's brain tissues 
and compared to the uninfected mice of the same age. 
Through this study, we found several proteins which are 
crucial for SRV9 infection and provide more information 
for the development of SRV9 vaccine.

Materials and Methods

Virus, animals, and reagents. RABV attenuated strain, SRV9 
was provided by the epidemiology laboratory of Changchun 
Veterinary Research Institute of Academy of Military Medical 
Sciences. Chinese Kunming pregnant mice in the clean grade were 
purchased from Changchun Institute of Biological Products. Suck-
ling mice of different ages were reproduced in the laboratory (No. 
44005800000099). IPG buffer and IPG dry-strips (18 cm, pH 3–10; 
18 cm, pH 4–7) were purchased from GE Health (USA). Bovine 
serum albumin and trypsin inhibitor (complete Mini, EDTA-free) 
were purchased from Roche (USA). Goat anti-mouse IgG antibody 
labeled with horseradish peroxidase (HRP), goat anti-rabbit IgG 
antibody, HnRNP L and NECAP 1 (murine monoclonal antibo- 

dies), were purchased from Santa Cruz Biotechnology (USA). 
PVDF membrane was purchased from Millipore (USA). Chemi-
luminescence substrate kit was purchased from Pierce (USA).

Preparation of SRV9 brain virus suspension and determination of 
drug median lethal dose. Each gram of ground brain tissues of SRV9 
infected suckling mice was suspended in 10 ml of MEM medium 
with 10% FBS. After centrifugation, the supernatant was collected 
for LD50 determination. Brain tissue of uninfected suckling mouse 
was processed in the same way. LD50 determination was performed 
according to the reference (Wenqiang et al., 2014). We used the 
SRV9 virus to infect the brain of 3-day-old suckling mice and pre-
pared the virus suspension from the fresh brain tissue, and then 
determined the LD50 in the 3-day-old suckling mice. According to 
the results, the virus suspension was stored as 100 LD50/10 μl stock 
until further use. The negative control group was prepared by the 
same way with brain suspension of uninfected 3-day-old suckling 
mice. LD50 of SRV9 in mice brain was 10-5.5, and all the experiments 
were performed with this stock.

Fluorescent antibody test (FAT) of RABV infected mouse brain 
tissues. The presence of RABV in the mice tissues was detected 
by a FAT method according to the reference (Appolinario et al., 
2015). Brain samples were put on clean glass microscope slides and 
fixed overnight. Samples on slides were incubated with anti-rabies 
polyclonal antibody and then washed with buffer. After air-dry, 
coverslips were mounted on the slides and observed with a fluo-
rescence microscope (Carl Zeiss AG, Germany). According to the 
fluorescence intensity, the results were classified as weak (30% of the 
reference fluorescence), positive (60% of the reference fluorescence) 
and strong (100% of the reference fluorescence).

RT-PCR detection of RABV. The presence of RABV in the mice 
tissues was detected by the RT-PCR method according to the refer-
ence (Lopes et al., 2010). Following the manufacturer's protocol, 
rabies viral RNA was isolated from the central nervous system 
(CNS) and used for reverse transcription reaction. After reverse 
transcription, qRT-PCR was performed. The positive and negative 
controls were performed for all reactions. P <0.05 was considered 
statistically significant.

Fluorescent antibody virus neutralization (FAVN) detection of 
anti-RABV neutralization antibody titer. The anti-RABV neutrali-
zation antibodies were detected in the peripheral blood obtained 
each day from infected suckling mice during 2 weeks after SRV9 
inoculation. The antibody titer was determined by the FAVN 
method. FAVN detection was performed according to the reference 
(Wasniewski et al., 2014). 

Determination of suckling mice morbidity. Suckling mice between 
1- and 22-day-old were divided into a group with at least 10 mice. 
After 300 LD50/30 μl/intracerebral injection of SRV9, the morbidity 
was recorded each day.

Grouping and sample preparation for proteomic analysis. There 
were 2 groups of suckling mice with 10 mice per group, 10- and 
20-day-old. In each group, 5 mice, were intracerebrally injected 
with SRV9 (300 LD50/30 μl/each), and 5 uninfected mice were 
used as control. At 48 h after challenge, whole-brain tissue from 
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10- and 20-day-old suckling mice were collected, and brain sus-
pensions were prepared. The whole-brain tissues from infected 
and control mice were washed twice with pre-cooled sterile water 
to remove blood. After air dry, the tissues were ground 3 times 
with mortar and liquid nitrogen. Next, the ground tissues were 
placed in a 1.5 ml Eppendorf tube and treated with 0.1 mg/ml 
of lysis solution (8M Urea, 2M Thiourea, 4% CHAPS, 40 mM 
Tris, 0.5% IPG buffer). After repeated vortexing, the tissues were 
ultrasonicated until the liquid was clear and transparent. Finally, 
after 2 centrifugations at 14,000 x g at 4°C 30 min, the tissues were 
separated into tubes and cryopreserved in liquid nitrogen. The 
protein samples were purified by protein purification kit (2-D 
Clean-up kit, Pierce Biotechnology USA). The cryopreserved 
samples were quantified by protein assay kit (Bio-Rad Ettan 2-D 
quant kit, Bio-Rad, USA).

Two-dimensional gel electrophoresis (2-DE). For silver staining, 
we have used 150 µg of total proteins of the sample and for Coomas-
sie brilliant blue G250 staining 800 µg of total proteins. The sample 
was mixed with 3 µl of IPG buffer, 7 µl 1M DTT and water up to 
350 µl. Next, the mixture was added to an 18 cm IPG gel linear pH 
3–10 strip. Initiative hydration was set at 20°C, 50V, for 14 h, and 
then isoelectrofocusated (IEF). IEF was performed at 50V for 14 
h, 500V for 1 h, 1000V for 1 h, 3,000 V for 1 h, 8,000V with linear 
rise to 64,000V for 3 h at 50 µA/gel. Otherwise, passive hydration 
was set for 24 h, then transferred to IEF plate and focused at 250V 
for 1h, 500V for 1 h, 1000V for 1 h, 3,000V for 1 h, 8,000V with 
the linear rise to 64,000V for 3 h at 50 µA/gel. The IPG gel strip 
was incubated in reduction buffer for 15 min and alkylated in 
alkylation buffer for 15 min. After two equilibrations, SDS-PAGE 
electrophoresis was performed. Electrophoresis conditions were 
15 mA/gel at 16°C and after 1 h 30 mA/gel.

Gel staining. The SDS-PAGE gel was stained by silver staining. 
Firstly, it was immersed in 45% ethanol and 5% acetic acid solution 
and fixed for 20–30 min (or overnight). The gel was then washed 
2 times for 3 min with water. Secondly, it was sensitized in 0.02% 
Na2S2O3 for 30 min and then washed 3 times with water (5min). 
Thirdly, it was incubated in 0.1% AgNO3 for 30 min and washed 3 
times with water (1 min). Finally, it was developed in 2% Na2S2O3 
solution containing 0.04% formaldehyde and terminated with 
EDTA-Na2 (3.65 g/250 ml double-distilled water). Colloidal blue 
staining. Firstly, the gel was immersed in a solution of 45% ethanol 
and 5% acetic acid and fixed for 20–30 min, then washed 3 times 
with water for 2 min. The gel was then stained with Colloidal blue 
(0.12% G250) overnight and then distained. 

Imaging and analysis. The gel was imaged by the scanner (Amer-
sham Biosciences, USA, U9909H7L0, transmission, 256 gray-scale, 
300 dpi, save *.TIF format). It was analyzed by ImageMaster 2D 
Platinum Software 6.0 (Amersham). The protein spots were taken as 
a significant differential expressing protein spots, of which sample-
control proteins density ratio was ≥2 times (up-regulation) or ≤0.5 
times (down-regulation) with T-test (P >0.05).

In-gel digestion. The differentially expressed protein spots were 
cut from the colloidal blue staining gel into 1 mm3 size pieces and 

put into an EP tube, repeatedly washed 3 to 4 times with deionized 
water to remove residual SDS. One to two hundred µl of destaining 
solution (50% acetonitrile and 50% 50 mM NH4HCO3 solution) 
were added to the gel and shaken for 20 min. The solution was 
discarded. Gel pieces were washed 1–2 times until transparent. Fifty 
µl of 10 mM DTT stock solution was added to the gel and incu-
bated at 56°C for 30 min and the reduction solution was discarded. 
One hundred µl of acetonitrile was added to dehydrate the gel for 
5–10 min. Fifty µl of 55 mM iodoacetamide solution was added 
to alkylate the gel for 30 min, while protected from light. Alkyla-
tion solution was discarded, and the gel was immersed into 100 
µl of a distaining solution and then washed 5–10 min with water. 
After distaining, the gel was put into vacuum dryer for 20 min for 
complete dehydration. Fifteen to twenty µl of trypsin (0.01 µg/µl) 
was added to the gel and incubated at 4°C for 30 min. Then the 
remaining enzyme was discarded. Fifteen to twenty µl of enzyme 
buffer (25 mM NH4HCO3) was added to the gel and incubated 
at 37°C for 15 h or overnight. Peptides were extracted with an 
enzyme solution and moved to a new EP tube. One hundred µl of 
extraction buffer I (5% TFA) was added into the original tube and 
heated at 40°C in the water bath for 45 min, then ultrasonicated 
for 3 min, and warmed in the water bath for 45 min. Peptides were 
mixed with enzymolysis liquid – 100 µl of extraction buffer II (50% 
acetonitrile, 2.5%TFA) and incubated at 30°C for 1 h, followed 
by ultrasonication for 3 min. The sample was dried, frozen and 
preserved at -20ºC for mass spectrometry. 

Mass spectrometry. Using MALDI-TOF-MS/MS for analysis of 
ion mass-to-charge ratio scanning range of 800–4000 Da and 20 
kV accelerated voltage, the high abundance of parent ions further 
formatted into ion fragments by collision-induced dissociation. 
Mass spectrometry internal standard was corrected and standard-
ized by trypsin cleavage fragments. Based on peptide mass finger-
print (PMF) and tandem mass spectrometry (MS/MS), protein 
identification data were analyzed. Obtained mass spectrometry 
data were used for blasting in the NCBI non-redundant database 
of rodents based on MASCOT (Matrixscience, UK) search engine 
GPS software. Setting error parameter for the search of each 
peptide allows an error of a cleavage site and molecular mass er-
ror for a mass of 0.3 Da and 0.4 Da tandem mass spectrometry. 
Protein identification standard is the protein scored above 60 and 
the 95% confidence. 

Results

Determination of death time of suckling mice infected by 
SRV9 

In this study, we recorded the death time of mice after 
infection and used it for later analysis. The mortality of 
suckling mice inoculated intra-cerebrally with RABV SRV9 
was 100% in 1–13-day-old mice, while there was no mortality 
in 18–22-day-old mice (Table 1.).



426 YAN, W. et al.: PROTEOMICS OF ATTENUATED RABV INFECTED SUCKLING MOUSE BRAIN

FAT and RT-PCR detection of rabies virus in brain tissue 

To detect the presence of rabies virus in brain tissues of 
mice, we used FAT to detect the expression of proteins after 
the infection of rabies virus. According to the fluorescence 
intensity, the results were classified as weak (30% of fluores-
cence of the reference), positive (60%) and strong (100%): 
The FAT detection results of all mouse brain tissues were 
positive (Fig. 1). 

The detection of rabies virus antibody titer

The fluorescent antibody virus neutralization (FAVN) 
test is used for measurement of the response of an animal's 
immune system to the rabies vaccine. The test detects anti-
RABV neutralizing antibodies in peripheral blood serum. 
All surviving suckling mice after inoculation with SRV9 had 
present anti-RABV neutralization antibodies after 2 weeks. 

Results of 2-DE

2-DE was used to conduct comparative proteomics analy-
sis of the extracted proteins from brain samples of 4 mice 
groups (10- and 20-day-old SRV9 group, 10- and 20-day-
old control group). To reduce the sample preparation error 

Fig. 1

The results of FAT
All the dead suckling mice brains were positive in FAT (a); negative control (b) (200×).

Fig. 2

2-DE image of proteins of the RABV SRV9 strain infected mouse 
brain sample

Signatures indicate spots with up- or down-regulation. Spots are numbered 
according to order in Table 3.

Table 1. The mortality of 1–21-day-old suckling mice infected  
with SRV9 

Age (days) 1–13 14 15 16 17 18–22
Mortality (%) 100 68 33 33 17 0

and the system error between the gels, these experiments 
were performed under the same conditions, including each 
infected and control group. After protein spots visualization, 
protein content was compared by ImageMaster 2D Platinum 
Software 6 software. In the results, up- or down-regulated 
expression levels of the protein spots varied more than 2 

(a) (b)
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Table 2. The quantitative results of suckling mouse brain protein samples 

Group 10-day-old SRV9 10-day-old control 20-day-old SRV9 20-day-old control
Mouse number 10S1 10S2 10S3 10Ct1 10Ct2 10Ct3 20S1 20S2 2 0 S 3 20Ct1 20Ct2 20Ct3
Conc. (µg/ml) 5767 6032 5357 7978 8420 8430 9279 9747 10060 8100 7456 6875

Table 3. Differential protein expression in SRV9 -infected suckling mouse brain samples

Index Protein namea Function clustering GI No.b MM 
(kDa)/pIc

Protein score/se-
quence coveraged

Ratio (group/10 control) e

10 Ctrl 20 Ctrl 10 SRV9 20 SRV9
1 FUSE binding protein Transcription regulator gi|84662730 67.4/7.18 1172/55% 1.0 2.7 3.1 0.3
2 HnRP L Transcription regulator gi|20072624 60.1/6.65 875/43% 1.0 0.5 1.9 2.2

3 dihydropyrimidinase-like 3 
isoforms 2

Neurobiology gi|6681219 61.9/6.04 2260/64% 1.0 0.3 3.6 1.9

4 dihydropyrimidinase-like 3 
isoforms 2

Neurobiology gi|6681219 61.9/6.04 2594/66% 1.0 0.4 3.2 0.9

5 transaldolase 1 Synthesis and 
degradation

gi|33859640 37.4/6.57 958/56% 1.0 1.9 2.2 2.3

6 cytosolic malate 
dehydrogenase

Signaling intermediates gi|387129 36.4/6.16 397/36% 1.0 0.2 0.3 0.6

7 haloacid dehalogenase-like 
hydrolase

Enzyme gi|21313310 28.7/5.70 302/31% 1.0 2.1 2.7 2.1

8 A nmra-like family domain 
containing 1

Tumor suppressors/
apoptosis

gi|24431937 34.4/6.37 689/45% NDf 1.0 2.4 0.5

9 NECAP endocytosis 
associated 1

Synthesis and 
degradation

gi|27229051 29.6/5.97 444/51% 1.0 3.1 2.9 2.4

10 Ctrl = 10-day-old suckling mice without infection; 20 Ctrl = 20-day-old suckling mice without infection; 10 SRV9 = 10-day-old suckling mice infected 
with SRV9; 20 SRV9 = 20-day-old suckling mice infected with SRV9. 10 Ctrl was set as a comparison group. aName of differential protein spots. bGI No. 
is the MASCOT results of MALDI-TOF-MS/MS searched from the NCBInr database. cTheoretical molecular weight (kDa) and pI from the ExPASy 
database. dProtein score is probability-based MASCOT. Sequence coverage (%) is the number of amino acids spanned by the assigned peptides divided 
by the sequence length. eLevels of protein abundance in infected cells to that of uninfected cells. fND, the protein spots were not detectable in the group.

folds, which were considered as significant differences. The 
results showed that at least 1000 protein spots were detected 
in each gel (Fig. 2), of which 10 protein spots with significant 
differential expression were selected for our study.

Identification of differentially expressed proteins with 
mass spectrometry

After the analysis with mass spectrometry, 8 unique 
proteins were identified from the 10 differentially expressed 
protein spots in 2-DE results. In the results, compared to 
10-day-old control group, FUSE binding protein, HnRP L, 
dihydropyrimidinase-like 3 isoform 2, dihydropyrimidinase-
like 3 isoform 2, transaldolase 1, haloacid dehalogenase-like 
hydrolase, NmrA-like family domain containing 1 and 
NECAP endocytosis associated 1 were up-regulated and 
cytosolic malate dehydrogenase was down-regulated in the 
group of 10-day-old SRV9 group (P <0.05),which is shown 
in Table 3 and Fig. 2. We set the 10 Ctrl as compare group, 

and selected these differential expression proteins to do GO 
clustering for categorization which is shown in Table 3.

Discussion

The rabies virus SRV9 strain is an attenuated strain. In 
our previous study, we found that when the strain with 
300 LD50/30 µl was injected intracerebrally into mice it 
caused 100% mortality in mice under 13 days of age, partial 
mortality of suckling mice under 14–17 days of age, while 
no suckling mice older than 18 days died. We did all the 
experiments under the same conditions, with differences in 
mice age, which lead to differences in mice mortality. We 
investigated the mechanisms of virus-host interactions by 
proteomics methods. Proteomics is one of the powerful tools 
to find disease-related proteins and reveal the mechanisms of 
pathogenicity. In the research of viral infection, proteomics 
can be used as an important tool to study protein abundance 
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in tissues or cells at different infection stages. The two-
dimensional gel electrophoresis (2-DE), mass spectrometry 
(MS) identification and analysis in protein database can be 
used for proteomics analysis (Banki et al., 1996).

To investigate host proteins involved in the RABV infec-
tion, rabies virus strain SRV9 was used to infect suckling 
mice and brain tissues from these mice were collected to 
conduct differential proteomics. In our study, we selected 
SRV9 strain because it showed good cell adaptability after 
the long-term cell culture. TCID50 of the virus cultured in 
BHK cells is 107, so the SRV9 strain has a good prospect in 
the inactivated vaccine, especially oral live attenuated vac-
cine research.

As mentioned before, SRV9 still has strong pathogenicity 
to low ages of suckling mice. If we can get differential protein 
abundance profiles of the brain tissue of infected suckling 
mice before and after death age, it will provide the basis to 
understand the mechanism of RABV infection, especially 
susceptibility to SRV9 in the mice at different ages. Using 
two-dimensional electrophoresis, we analyzed proteomics of 
differential protein abundance in 10- and 20-day-old suck-
ling mice brains infected with rabies virus attenuated vaccine 
SRV9 strain. The results showed that the expressions of 10 
protein spots had at least been 2-fold up- or down-regulated. 

Using MALDI-TOF-MS, we identified 8 proteins from these 
10 spots. Among these unidentified proteins, 1 spot failed 
to be identified due to low protein content and failure to 
produce good mass spectrometry data. After analysis, we 
hypothesize that those differentially expressed proteins may 
be closely related to the susceptibility of SRV9 in different 
ages of suckling mice. 

Those differentially expressed proteins play important 
roles in some cellular functions. Their differences may 
be related to the response of SRV9 in suckling mice. Dif-
ferentially expressed proteins are FUSE binding protein, 
heterogeneous nuclear ribonucleoprotein L (HnRNP L), 
dihydropyrimidinase-like 3 isoform 2, dihydropyrimidinase-
like 3 isoform 2 transaldolase 1, cytosolic malate dehydro-
genase, haloacid dehalogenase-like hydrolase, NmrA-like 
family domain containing 1, NECAP endocytosis associated 
1, far upstream element (FUSE) binding protein (FBP). 
Some studies show that FBP can regulate the expression of 
proteins through binding with the 5' end of the c-Myc gene 
(Tremolada et al., 2008). The c-Myc gene can encode a c-Myc 
protein which is involved in a series of cellular activities, 
including cell proliferation, differentiation and cell cycle, and 
tumor formation. Due to the activation of the c-Myc gene, 
the expression level of c-Myc protein in many tumor tissues 
and cell tumorigenesis was increased. c-Myc protein is also 
associated with cell apoptosis. Some studies proved that the 
differential expression level of c-Myc protein in cells could 
induce apoptosis (Thompson, 1998). The transcription of 
the c-Myc gene was strictly controlled by many transcrip-
tion factors, and FBP is one of the important factors. The 
Far upstream element (FUSE) is located at 1.5 kb upstream 
of the transcription start site of the c-Myc gene, and FBP 
could bind to these sites and regulate the transcription of 
c-Myc (Avigan et al., 1990). Until now, three kinds of FBP, 
i.e. FBP, FBP2, and FBP3 were found (He et al., 2000). FBP 
regulates the transcription process, and some reports showed 
that FBP and its relatives FBP2 and FBP3 can interact with 
some RNA molecules to participate in the transcription, 
transmission, and degradation of RNA in the cytoplasm or 
nucleus (Davis-Smyth et al., 1996). In this experiment, the 
expression of FBP was up-regulated in the RABV infected 
suckling mouse at 10 days of age while the expression of 
FBP was down-regulated in the RABV infected suckling 
mice at 20 days of age. Besides, the expression of FBP was 
up-regulated in adult mice infected by RABV virulent strains, 
but we do not know the reasons for increased or decreased 
expression of FBP in RABV. It needs further investigation to 
identify whether RABV infection affects the c-Myc pathway. 

HnRNP L protein belongs to the hnRNPs (heterogeneous 
nuclear ribonucleoprotein) family. hnRNPs is a nuclear RNA 
binding protein, which is involved in transcription, mRNA 
transportation, and splicing, mRNA stability, telomere 
length control and mRNA polyadenylation (Krecic et al., 

Fig. 3

Proteins which show a potential connection with DPYSL analyzed by 
string software
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1999). hnRNP L also plays a key role in viral infection. For 
example, the 3' end ribosome entry position of the hepatitis 
C virus (IRES) is an important regulation site of viral trans-
lation. hnRNP L was found to be involved in the regulation 
of this site (Harris et al., 2006). The interaction of HnRNP 
L and HCV IRES improved the efficiency of hepatitis B 
virus mRNAs translation and increased viral genes expres-
sion. HnRNP A1 was found to bind the 3' end of the plus 
strand and minus strand of mouse hepatitis virus (MHV) 
RNA, which regulates the synthesis of viral RNA (Li et al., 
1997; Wang et al., 1999; Zhang et al., 1999). This function 
of HnRNP A1 could be replaced by other closely related 
hnRNP proteins (Shi et al., 2003). Several hnRNP proteins 
are involved in the synthesis and processing of viral RNA. 
For example, hnRNP A1 participates in the replication of 
hepatitis C virus (HCV) and binds to the 5' end (5' NTR) 
and 3' end untranslated region (3' NTR) of NS5b protein 
and viral genome, which are necessary for viral replication, 
and reduce the replication of HCV to knockout hnRNP A1 
of host cells (Valente et al., 2006). The function of HnRNP 
A1 involved in MHV RNA synthesis might be also replaced 
by other closely related hnRNP protein (Denes et al., 2006). 
Besides, several kinds of hnRNP proteins are involved in 
the regulation of RNA metabolism and gene expression of 
the human immunodeficiency virus (HIV) (Johnson et al., 
2006; Kumaraswamy et al., 2006; Wang et al., 2005). Some 
studies indicate that the expression levels of four hnRNPs or 
its related proteins change in PK-15 cells infected by CSFV, 
suggesting that CSFV replication might need the participa-
tion of hnRNPs in host cells (Sun et al., 2008). In our experi-
ment, we also found that the expression of hnRNP K was 
up-regulated in the group of infected mice with three strains 
of RABV with different virulence and cell compatibility, as 
compared with the control group. We also found that hnRNP 
L is up-regulated in the 10- or 20-day-old mice infected by 
SRV9 for 48 h, indicating that hnRNP L might modulate the 
response and proliferation of RABV in the infected cells.

Transaldolase (TAL.EC2.2.1.2) is the key enzyme in the 
non-oxidative phase of the pentose phosphate pathway 
(Pentose Phosphate Pathway). It can keep the balance at 
the oxidative and non-oxidative phase of the pentose phos-
phate pathway to generate 5-ribose phosphate and NADPH 
(nicotinamide adenine dinucleotide phosphate) (Wood, 
1972). 5-ribose phosphate is the precursor substance of 
the nucleotide coenzyme A, NAD+ (nicotinamide adenine 
dinucleotide phosphate) and other molecules; and NADPH 
can maintain the reduction state of glutathione to protect the 
integrity of thiol and cell membrane from the damage caused 
by oxygen free radicals. It also can serve as the hydrogen do-
nor and directly be involved in various metabolic reactions. 
Banki (1996) research group used transaldolase sense and 
antisense carrier to transfect Jurkat cell line. Their results 
show that the excessive expression of transaldolase could 

reduce the activity of 6-phosphate glucose dehydrogenase 
and 6-phosphogluconate dehydrogenase and increase the 
yield of NADPH, which leads to the generation of reactive 
oxygen intermediates, increase of mitochondrial transmem-
brane potential, activation of asparagus enzyme, overturn of 
phosphatidylserine and acceleration of cell apoptosis pro-
cess. Also, they proved that the transfected cells are highly 
sensitive to hydrogen peroxide, nitric oxide, tumor necrosis 
factor, and other apoptosis factors. While in the antisense 
transfection group the expression of transaldolase was in-
hibited and the results were just the opposite. (Banki et al., 
1996). Transaldolase can regulate cell apoptosis, which might 
be caused by differential transaldolase positive catalytic and 
reverse catalytic rate. In transaldolase sense transfection 
group, excessive transaldolase expression increased reverse 
catalytic activity and decreased the generation of 6-phos-
phate-glucose. Later the substrate of 6-phosphate-glucose 
dehydrogenase inhibited its activity, thereby decreasing the 
production of NADPH and inducing apoptosis. In recent 
years, research showed that transaldolase plays an important 
role in lymphocyte apoptosis (Banki et al., 1998), malignant 
tumors (Lachaise et al., 2001), organ development (Urner et 
al., 1999) embryonic development (Heinrich et al., 1976) and 
it also can be induced by human immunodeficiency virus 
(HIV) ) (Valente et al., 2006). The expression and activity of 
transaldolase show obvious tissue specificity, development 
phase correlation and difference between physiological and 
pathological conditions. In our study, SRV9 infection up-
regulated transaldolase expression in10-day-old mice, while 
there was no significant change of the transaldolase expres-
sion level in 20-day-old mice infected by SRV9. Considering 
the physiological function of transaldolase, the result may 
provide evidence for different pathogenicity of SRV9 in the 
differential growth phase of suckling mice.

DPYSL3 is a member of the TUC (TOAD-64/ULIP/
CRMP) protein family, which is also called the dihydro-
pyrimidinase related protein 3 (DRP-3), brain failure col-
lapsin response-mediated protein 4 (CRMP-4), TUC-4 or 
Ulip-1 (Quinn et al., 1999). DPYSL3 is a protein which can 
regulate the development and can be efficiently expressed 
in postmitotic neurons in the early embryo, and the expres-
sion level of DPYSL3 reaches the peak in one week after 
delivery (Charrier et al., 2003). In the adult brain, DPYSL3 
mainly exists in the conserved area of neurogenesis such as 
dentate gyrus granule neurons, or area with axonal growth 
and synaptic rearrangements such as glomeruli, piriform 
cortex, and hypothalamus (Byk et al., 1998; Nacher et al., 
2000). Also, the DPYSL3 protein was found in the binding 
site of the neuromuscular junction and its main function is to 
maintain the stability of neural cells (Bourhy et al., 1992). The 
neurotropism of DPYSL protein, especially those abundant 
in nitrite and axon growth cone body, participated in neural 
differentiation and the growth of axon (Charrier et al., 2003). 
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Also, DPYSL3 proteins may be related to the regeneration of 
nerve cells (Minturn et al., 1995). In our results, we found 
that the expression of DPYSL3 protein in normal 10-day-old 
suckling mice was significantly higher than in 20-day-old 
mice. It was also significantly up-regulated regardless of 10- 
or 20-day-old mice infected with SRV9 for 48 h, indicating 
that SRV9 infection induced the up-regulation expression 
of DPYSL3 in mice. DPYSL3 protein is the only protein 
which is not only related to the growth and development but 
also is related to the neurons. However, we still don't know 
the reasons and we need to investigate this topic further. 
NECAPs (adaptin ear-binding clathrin-associated protein) 
is a class of new clathrin auxiliary protein family determined 
by proteomic analysis through the coated vesicles in clathrin-
coated vesicles (CCVs). NECAP 1 is the most important 
protein in this family (Blondeau et al., 2004). NECAP 1 
mainly exists in the tissues of the central nervous system and 
participates in endocytosis. Part of the protein within the ca-
veolae coated by clathrin can directly bind with the spherical 
ear domain of α cohesion subunit (α ear) of adaptor protein 2 
(AP-2) to form dense adaptor protein complex (Ritter et al., 
2003). AP2 is the adapter protein specifically involved in 
the transformation from the cytoplasmic membrane to the 
endosomes (Kirchhausen, 2002) and it can promote the ag-
gregation of NECAP 1 and other auxiliary proteins (Ritter et 
al., 2007). NECAP 1 is recruited in invaginating vesicles in 
the presence of AP2 and guides the aggregation of clathrin 
to multimerize into a grid and draw the membrane to the 
cytoplasm to form the coated vesicle (Schmid, 1997). The 
clathrin-coated vesicles mediate endocytosis internalization. 
In the synapse, the recycling of synaptic vesicles happens 
mainly through the endocytosis with the involvement of 
NECAP 1 mediated by clathrin (Blondeau et al., 2004; Takei 
et al., 1996). NECAP 1 is another protein found in this study 
to be closely related to the nervous system. At present, we 
still do not know its function, but the RABV neurotropism 
has been verified in the experiment comprehensively.

Nitrogen metabolite repression regulator (NmrA) is a 
transcription repressor with a negative regulatory role in 
Aspergillus nidulans, fungi and nitrogen metabolism. It 
belongs to the short-chain dehydrogenase reductase super-
family (SDR) (Stammers et al., 2001). X-ray crystal diffrac-
tion results indicate that NmrA consists of two domains: 
Rossmann folding domain in N end (βαβαβ structure) and 
GATA type zinc finger structure in the C terminus. The 
zinc-finger structure contributes to the formation of protein-
protein or protein-DNA complex (Davis et al., 1987; Fu et al., 
1990; Marzluf, 1997). NMR is a monomeric protein without 
complete nucleic acid binding motif of the SDR family. It is 
also without the enzyme activity of other proteins of the SDR 
family, but it can form reduction type structure binding with 
NAD+. In addition, it can regulate the nitrogen metabolism 

process together with the zinc finger structure in the C 
terminus of AreA protein, which belongs to the same fam-
ily with SDR. According to the structural characteristics of 
NmrA and other SDR family members, they were considered 
as the ideal pharmacological target to treat many diseases, 
including metabolic diseases and some infectious diseases 
(Oppermann et al., 2003). However, the function of the 
protein with differential expression level in suckling mice 
infected with SRV9 is not clear. In previous experiments, 
we used three strains of RABV with different cell adaptive 
capacities to infect cell lines in vitro and the results showed 
that Zfp12 protein is a zinc finger-related protein. In this 
experiment, the differentially expressed protein transaldolase 
is also involved in NAD+ metabolism. It points to the fact 
that NAD+ metabolism in the host may play an important 
role in the SRV9 infection. However, whether there is a link 
between transaldolase and NmrA-Zfp12 protein during 
RABV infection needs to be further investigated.

Cytosolic malate dehydrogenase (cyMDH) is widely 
present in animals, plants, and microorganisms and shows 
high conservation in different species. It mainly catalyzes 
the mutual conversion between oxaloacetate and malate. 
cyMDH plays an important role in many shuttle systems of 
cytoplasm and organelles (Ding et al., 2004) and also has an 
important impact on the nucleic acid selective channels and 
gluconeogenesis (Gibson et al., 2003). In addition, cyMDH 
is also the key enzyme in malic acid metabolism and coor-
dinates the phosphoenolpyruvate carboxylase (PEPC) to 
maintain malic acid in the cytoplasm (Chollet et al., 1996). 
It shows differential expression level in our experiment 
which indicates that SRV 9 infection impacts the nucleic acid 
pathway in the host cell. More details should be investigated 
in the future.

In conclusion, this experiment revealed the differential 
expression protein situation in the brain tissues of 10- and 
20-day-old suckling mice infected with SRV9 compared to 
uninfected suckling mice. Eight proteins were differentially 
expressed, of which the differential expression of hnRNP L, 
DPYSL3, NECAPs, and transaldolase might be closely re-
lated to the susceptibility of suckling mice of different ages 
to SRV9. DPYSL is the differential expression protein with 
a high score, and we want to investigate it further. All of 
these results can provide us the crucial basis for the detailed 
mechanism by which rabies infects the host, and can help us 
find a solution for the treatment of rabies virus.
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