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Abstract

Rabies virus (RABV) infection leads to a fatal neurological outcome in humans and animals and is associated with major
alterations in cellular gene expression. In this study, we describe the effects of RABV infection on the mRNA expression
levels of two genes, encoding the Ca®*-binding proteins (Ca-BPs) calbindin D-28K (Calbl) and calretinin (Calb2), in the
brains of BALB/c mice. Sixty 4-week-old mice were divided into two test groups and one control group. Mice were inoculated
intramuscularly with either a street rabies virus (SRV) strain or a challenge virus standard (CVS-11) strain and sacrificed
at 3-day intervals up to day 18 postinfection. A direct fluorescent antibody test (DFAT) was used to verify the presence of
RABY antigen in brain tissues, and real-time quantitative PCR (RT-PCR) was used to assess gene expression. Infection
with both RABYV strains resulted in significant (p < 0.05) increases in Calbl and Calb2 expression in the test animals when
compared with the controls at various time points in the study. Correlation analysis indicated very weak insignificant (p >
0.05) negative and positive relationships, respectively, between Calbl expression (r = -0.04) and Calb2 expression (r = 0.08)
with viral load (CVS-11 strain). Insignificant (p > 0.05) relationships were also observed Calbl expression (r = -0.28) and
Calb?2 expression (r = 0.06) and viral load for the SRV strain.

The observed alterations in Calbl and Calb2 expression in this study indicate possible impairments in neuronal Ca>* buff-
ering and Ca®* homeostasis as a result of RABV infection and, consequently, possible involvement of calbindin-D28K and
calretinin in the neuropathogenesis of rabies.

Introduction

Rabies remains a worrying neglected tropical disease of
public health significance in many developing countries,
and it causes up to 60,000 deaths worldwide, annually [19].
The disease is an often-fatal zoonosis caused by rabies
virus (RABV), a single-stranded, negative-sense RNA
virus belonging to the genus Lyssavirus of the family Rhab-
doviridae [14]. Capable of infecting almost all mammals and
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highly neurotropic, RABV is transmitted mainly through the
bite of an infected animal and the inoculation of virus-laden
saliva into the bite wound.

RABYV gains access to the peripheral nervous system
(PNS) from the bite site, subsequently spreading through
viral replication and retrograde axonal transport until it
reaches the central nervous system (CNS) and rapidly
advances to the brain, where it causes an intense infec-
tion characterized by marked neurological features and an
almost 100% fatality rate in untreated human patients [12,
16]. Despite the extensive investigations that have been car-
ried out in the past, the precise basis of the functional aber-
rations observed in RABV-infected neurons remains to be
elucidated, and there are still gaps in our understanding of
the mechanisms underlying the neuropathogenesis of rabies
[18, 31].

RABYV infection has been shown to lead to altered lev-
els of gene expression [27], and therefore investigating the
complex mechanisms of neuronal cell dysfunction from the
perspective of virus-induced changes in the expression of
genes involved in the regulation of key neuronal processes
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such as ion homeostasis (such as genes encoding proteins
involved in Ca®" homeostasis) could be useful in expanding
the currently existing knowledge about RABV neuropatho-
genesis. Understanding about the mechanisms of RABV
pathogenesis will help to identify new molecular targets for
the development of vaccines or safe therapeutics.

EF-hand proteins are a family of calcium (Ca>")-binding
proteins (Ca-BPs), which are central to cellular Ca>* signal-
ing by broadly functioning as Ca** buffers or Ca>* sensors.
These proteins share a common motif known as the EF-
hand, which is involved in binding Ca>* ions selectively and
with high affinity [32, 34]. EF-hand proteins are involved in
a wide array of cellular activities such as the control of Ca**
gating, the modulation of Ca** signaling kinetics, and trans-
duction of the signals into a biochemical response [11, 17].

Calbindin-D28K (CB) is an intracellular protein belong-
ing to the EF-hand family of calcium-binding proteins that
functions in part as a cytosolic calcium buffer [11, 39].
Encoded by the Calbl gene, CB is mainly expressed by
double bouquet cells (axodendritic inhibitory interneurons)
as well as by some Cajal-Retzius neurons in the CB-positive
neurons of the neuronal cortex in the human brain [4, 34].
In addition to its role as a cytosolic Ca2* buffer, CB has
also been postulated to function in Ca* transport and play
arole in protection against Ca** overload [45]. Pathological
conditions such as Alzheimer’s disease have been reported
to be associated with altered patterns of CB distribution in
various regions of the brain [10], suggesting that it would be
worthwhile to investigate its expression in rabies.

Calretinin (CR) is another EF-hand protein that is pre-
dominantly expressed in specific neurons of the central
and peripheral nervous system. Its expression may also be
observed in non-neuronal cells such as mesothelial cells and
during embryonic development [33]. Encoded by the Calb2
gene, CR functions as a fast Ca>* buffer protein, altering
the shape of intracellular Ca®* transients [5]. Studies have
also shown that CR undergoes considerable conformational
changes upon Ca*" binding, suggesting that it also func-
tions as a Ca>" sensor in addition to its Ca** buffering role.
Although relatively little is known about the mechanisms of
regulation of CR expression in various tissues, alterations in
the expression levels of CR have been reported to be associ-
ated with some human diseases and also to occur as a result
of experimental manipulations in animal models [33, 34].

Both CR and CB are strongly expressed in a subset of
inhibitory local circuit neurons with specific functions in
GABAergic neurotransmission [3]. Reports have indicated
a possible involvement of this GABAergic system dur-
ing RABYV infection [42], and a sustained change in the
expression patterns of CB and CR in the brains of RABV-
infected mice could lead to alterations in Ca®* homeostasis
and impairments in GABAergic neurotransmission, poten-
tially contributing to neuronal dysfunction in rabies [39].
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Additionally, RABV can offset the balance of the Ca?/
GABA mechanism by redirecting cellular resources toward
viral gene expression by promoting immune evasion [29].
In addition to the expression levels of Ca-BPs being
altered in brain disease states [22], perturbations in neu-
ronal Ca>* regulation have been linked with the pathogenesis
of various neurodegenerative disorders [34, 44]. Presently,
there is very little experimental data available on the gene
expression profiles of major Ca-BPs in RABV infection. In
this study, we describe changes in Calbl and Calb2 mRNA
expression associated with RABYV infection in mouse brain.

Materials and methods
Animals and virus strains

Sixty BALB/c mice, matched in age (3-4 weeks) and weight,
were used in the study. The mice were obtained from the
animal facility of the Faculty of Pharmaceutical Sciences,
Ahmadu Bello University (ABU), Zaria. The mice were
maintained in a high-security area under appropriate envi-
ronmental and nutritional conditions, following the stand-
ards of the Animal Care Committee of Ahmadu Bello
University. Experiments involving mice were performed at
the animal facility of the Department of Veterinary Public
Health and Preventive Medicine, ABU, Zaria. Six animals
each were placed in clean, well-ventilated cages under natu-
ral lighting conditions (12 hours of sunlight and 12 hours of
darkness) and fed ad libitum with broiler mash and water.
The Nigerian street rabies virus (SRV470) and the challenge
virus standard (CVS-11) RABYV strains used were obtained
from the National Veterinary Research Institute (NVRI),
Jos. All personnel involved in the study received full pre-
exposure vaccination before the commencement of the study.

Experimental groups of animals and virus
inoculation

The viral material used for inoculation was obtained from
the macerated brain of an infected suckling mouse. A 10%
w/v dilution of this material was prepared in normal saline
containing 200 pg of penicillin and 4 mg of streptomycin
per ml [40]. For the study, the mice were divided into three
groups, all were kept under similar conditions, and all were
inoculated intramuscularly in the left hind limb with 0.03
ml (containing approximately 1.0 x 10° infectious particles
of RABV) of a 10% w/v dilution of inoculum as described
previously [30]. The experimental groups were as follows:

group 1: SRV-strain-infected mice
group 2: CVS-11-strain-infected mice
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group 3: uninfected/control group (inoculated with a
similar volume of normal saline)

Successful infection with RABV was evaluated by moni-
toring the mice for neurological signs and death. On days
3,6,9, 12, 15, and 18 postinfection (p.i.), three mice were
randomly selected from each of the RABV-infected groups
and sacrificed. Uninfected control mice were also randomly
selected and sacrificed at the same time as the infected ani-
mals. Whole brain tissue was collected from each animal and
preserved in RNA Later at - 20 °C until required.

Direct fluorescent antibody test (DFAT)

A direct fluorescent antibody test (DFAT) was carried out on
the collected brain tissue samples as described by WHO [30]
to verify the presence of the rabies virus antigen. Briefly, an
impression smear on a clean glass slide was prepared from
each brain tissue sample, air dried at room temperature, and
fixed in a Coplin jar containing cold acetone at -20 °C for
30 minutes. The slides were removed from the acetone, air-
dried at room temperature, and stained in a humid chamber
with a fluorescein-labeled monoclonal anti-RABV immu-
noglobulin (Fujirebio Diagnostics, Inc., Malvern, Pennsyl-
vania, USA). Positive (containing a previously confirmed
positive tissue sample) and negative (containing a previously
confirmed negative tissue sample) control slides were also
prepared similarly to the experimental samples. All of the
slides were then incubated at 37 °C for 30 minutes, removed
from the incubator, and washed three times with 1X phos-
phate-buffered saline (PBS) (pH 7.4). The slides were then
air-dried and visualized under a fluorescent microscope. The
presence of brilliant apple green or greenish-yellow fluoresc-
ing intracellular particles or accumulations against a dark
background was regarded as a positive result (Plates 1, 2).

RNA isolation and complementary DNA (cDNA)
synthesis

Total RNA was extracted from 30 mg of RABV-antigen-
positive mouse brain tissue using a Norgen Total RNA
Purification Kit (Norgen Biotek Corp., Ontario, Canada),

following the manufacturer’s protocols. RNA quality was
assessed using a NanoDrop ND-1000 spectrophotometer.
Following the manufacturer’s instructions, a SensiFAST™
cDNA synthesis kit (Bioline Reagents Ltd., UK) was used to
transcribe total RNA to cDNA, Briefly, a 20-ul master mix
containing up to 15 pl of RNA template (500 ng), 1 ul of
reverse transcriptase, 4 pl of 5x TransAmp buffer containing
a mixture of random hexamers and oligo dT, and variable
amounts of DNase/RNase-free water per tube was prepared.
PCR cycling conditions were set at 25 °C for 10 minutes, 42
°C for 15 minutes, and 85 °C for 15 minutes for a total of 35
cycles. After synthesis, the cDNA products were stored at
-20 °C for further analysis.

Quantitative real-time PCR

Quantitative real-time polymerase chain reaction was per-
formed to measure gene expression using a BIOER Line-
Gene system (Hangzhou, China). Mouse phosphoglycerate
kinase 1 (PGK) was used as an endogenous control (refer-
ence gene). The primers for Calbl, Calb2, and PGK are
listed in Table 1. For the reaction, a master mix containing
2 ul of cDNA template (500 ng), 5 ul of 5x HOT FIREPo]®
Eva Green (No ROX) qPCR Mix Plus (Solis Bio-Dyne,
Tartu, Estonia), 0.6 ul each of forward and reverse primers
(10 uM final concentration), and 16.8 pl of nuclease-free
PCR-grade water to a final volume of 25 ul per tube was
prepared. Real-time PCR cycling conditions were set as fol-
lows: 95 °C for 15 minutes (initial inactivation), 40 cycles
of 95 °C for 15 seconds, 63 °C for 20 seconds, and 72 °C for
20 seconds. Cy (cycle threshold) values obtained from the
real-time PCR data were analyzed using the 2"*2CT relative
quantification method.

Determination of viral load

To determine the viral load of RABV in the infected brain
tissue, nested PCR was carried out using 5x FIREPol® Mas-
ter Mix (Solis Bio-Dyne, Tartu, Estonia), which is a ready-
to-load PCR synthesis kit, following the manufacturer’s pro-
tocol. Using virus standards for the SRV and CVS-11 strains
of RABYV, cDNA was generated from the N gene region of

Table 1 Primers used for qRT-

Primer sequence (5’-3’)

Gene Accession number
PCR

Calbl NM_00978.4

Calb2 NM_007586.1

PGK-1 NM_008828.3

Forward: 5>-TGGCTTCATTTCGACGCTGACGGA-3’
Reverse: 5. TCCGGTGATAGCTCCAATCCAGCCT-3’
Forward: 5’-CGAGCTGACTGCATCCCAGTTCCTG -3’
Reverse: 5’-CCCTTCCTTGCCTTCTCCAGCTCC -3’
Forward: 5’-ATGCCGAGGCTGTGGGTCGAG-3’
Reverse: 5’-ACTTGGTTCCCCTGGCAAAGGCT-3’

“PGK-1: phosphoglycerate kinase 1
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Plate 1 A fluorescent micro-
scope image of a DFAT-nega-
tive brain sample

Plate 2 A fluorescent micro-
scope image of a DFAT-positive
brain sample. The blue arrows
show the brilliant apple green
fluorescing intracellular parti-
cles against a dark background,
indicating the presence of
RABYV antigen.

Table 2 Primers used for viral load determination

Gene Accession number Primer sequence (5’-3’)

RAV (outer primers) NM_008828.3 Forward: 5°- GCTCTGGGCTGGTGTCGTTC -3’
Reverse: 5°- TACGGGGACTTCCCGCTCAG -3’

RAVN (nested PCR primers) KR080523.1 Forward: 5’-AGAATGTTCGAGCCAGGGCAGGAC-3’
Reverse: 5’-ACTTCCCGCTCAGACCCAACGAG-3’

CVSA (outer primers) KR105374.1 Forward: 5°- GGCACAGTCGTCACCGCTTA -3’
Reverse: 5’- TGAGGGGCACATGCAGCAAT -3’

CVSN (nested PCR primers) KR105374.1 Forward: 5’-AGAAGAATGTTCGAGCCAGGGCAA-3’

Reverse: 5-AGGAGACTTCCCACTCAAGCCTAGT-3’

“RAV, RAVN: used for amplification of the viral strain SRV
“CVSA, CVSN: used for amplification of the viral strain CVS-11
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each strain, using specific N gene primers (Table 2). The
cDNA amplicons were purified, quantified using a Nan-
oDrop spectrophotometer, and used to prepare tenfold serial
dilutions of known concentration. Next, a set of nested prim-
ers specific for regions within the N-gene templates was then
used to carry out JPCR on each of the serial dilutions to
obtain Ct values. A standard curve of Ct vs. Log, quantity
was plotted from the dilutions. To generate Ct values from
the test samples, qPCR was carried out on each sample using
the nested PCR primers only, as shown in Table 2. Using
the standard curve, the quantity of viral material in each test
sample was extrapolated from its Ct value.

Data analysis

Each experiment was repeated three times to address experi-
mental variability, and numerical results were presented as
the mean + standard deviation (mean + SD). Data analysis
was performed using the software Statistical Package for
Social Sciences (SPSS) version 20.0 (SPSS Inc., Chicago,
Illinois, USA). p-values less than 0.05 were considered sta-
tistically significant. Quantitative variable distribution was
determined using the Shapiro-Wilk test. Variance homoge-
neity was determined by Levene’s test. Mean differences in
expression between the test and control groups at each time
point were determined using one-way analysis of variance

(ANOVA). Tukey’s post hoc test was used to assess individ-
ual differences between groups. Pearson’s correlation analy-
sis was carried out to determine the relationship between
RABYV titer and the Calbl and Calb2 gene expression pat-
terns. The sensitivity, specificity, and positive and negative
predictive values of the DFAT screening results and viral
load assays were determined at the 95% confidence level
using SPSS. Using the serial dilutions with which the stand-
ard curve was plotted, the limits of detection of the qPCR
assay for measuring the viral load were determined for the
SRV and CVS-11 strains of RABV using a Microsoft Excel
data analysis function.

Results

In this study, screening by DFAT (Plates 1, 2) confirmed
the presence of RABV antigen in 83.3% (20/24) and 88%
(21/24) of the mouse brain samples inoculated with street
rabies virus (SRV) and challenge virus standard 11 (CVS-
11) strains, respectively (Table 3). Clinical signs of rabies
in animals such as ruffled fur, paralysis in one or more of
the limbs, and loss of mobility were observed in the infected
animals from the fifth day p.i.

To assess Calbl mRNA expression levels in the brain
tissues of SRV-infected mice, CVS-11-infected mice, and
uninfected control mice, quantitative real-time PCR was

Table 3 Antigen detection and

.. . . Days postinfection
clinical manifestations in CVS-

Clinical signs

DFAT results

11- and SRV-infected mice Ruffled fur Increased Paralysis Antigen Control mice
agitation detection
CVS-11
3 - - - 2/4 072
6 + - - 3/4 072
9 + + - 4/4 0/2
12 + + + 4/4 0/2
15 + + + 4/4 0/2
18 + + + 4/4 0/2
SRV
- - - 2/4 0/2
- - - 3/4 0/2
9 + - - 3/4 0/2
12 + + - 4/4 0/2
15 + + + 4/4 0/2
18 + + + 4/4 0/2
Key:

+ = Presence of clinical manifestations

- = Absence of physical manifestations

2/4 =2 samples positive for RABV antigen from 4 test replicates

3/4 = 3 samples positive for RABV antigen from 4 test replicates

4/4 = 4 samples positive for RABV antigen from 4 test replicates

0/2 = No sample positive for RABV antigen from 2 control replicates
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Fig. 1 Expression of Calbl mRNA (fold change normalized to PGK-
1) in the brain tissue of RABV-infected mice. Mean values with dif-
ferent letters show a statistically significant difference when com-
pared with others on the same day postinfection (p < 0.05) .SRV,

performed. One-way ANOVA was used to analyze the dif-
ferences in expression between the various groups at each
measured time point.

Results from the gene expression studies (Fig. 1) showed
that infection with either the SRV or CVS-11 strain of
RABYV resulted in similar increases in Calbl mRNA lev-
els throughout the study period except for day 6, on which
a notable difference in the effect of the two strains was
observed. There was a significant difference between the
SRV, CVS-11, and control groups on day 3 p.i., as deter-
mined by one-way ANOVA (F (2, 6) =7.265, p = 0.025). A
Tukey HSD post hoc test for multiple comparisons revealed
that Calbl expression was significantly higher in the CVS-
11 group (12.30 + 4.10-fold) than that in the control group
(p = 0.026). There was no statistically significant difference
between the expression in the SRV group and the CVS-11
group (p = 0.067) or the SRV group and the control group
(p = 0.721) for the same day.

On day 6 p.i., ANOVA indicated a significant difference
in Calbl expression between the SRV, CVS-11, and control
groups (F (2, 6) = 6.865, p = 0.028). Post hoc analysis using
Tukey’s HSD test for multiple comparisons showed that
there was a significant difference (p = 0.033) between the
Calbl levels in SRV-infected mice (5.80 + 2.22-fold expres-
sion) and those in CVS-11-infected mice (0.87 + 0.44-fold)
on the same day.

On day 9 p.i., infection with both RABYV strains had sig-
nificant effects on Calbl expression (F (2, 6) = 6.116, p =
0.036). Tukey’s post hoc test revealed statistically signifi-
cantly increased Calbl levels in the CVS-11 group (3.22 +
2.18-fold expression) compared to the control group (p =
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street rabies virus—infected mice; CVS, challenge virus standard-11-
infected mice; Calbl, calbindin-D28K gene; CTRL, uninfected con-
trol mice; PGK-1 phosphoglycerate kinase 1

0.031). On days 12, 15, and 18 p.i., ANOVA did not reveal
any significant differences in Calbl expression between the
groups.

To assess Calb2 mRNA expression levels in the brain
tissues of SRV-infected mice, CVS-11-infected mice, and
uninfected control mice, quantitative real-time PCR was per-
formed. A one-way ANOVA was performed to compare the
effects of RABV infection on the three groups. The results
showed that infection with RABV led to alterations in Calb2
expression levels, which were significant on days 6 and 9
p-i (Fig. 2).

Calb2 expression levels differed significantly between the
groups on day 6 p.i. (F (2, 6) =23.975, p = 0.001). Multiple
comparisons using Tukey’s HSD post hoc test indicated sig-
nificantly increased (p = 0.015) Calb2 expression (10.87 +
7.27-fold) in the SRV group compared to the control group
for the same day. Unlike the increased expression in the SRV
group, CVS-11-infected mice showed a decrease in Calb2
levels (0.42 + 0.04-fold expression), which were signifi-
cantly different from those of the SRV group for the day (p
= 0.001). There was no significant difference in expression
between the CVS-11 and control group on day 6 p.i. (p =
0.069).

ANOVA indicated a significant difference between the
groups on day 9 p.i. (F (2, 6) = 10.021, p = 0.012). Post
hoc multiple comparisons of the data between the groups
revealed a significant increase in Calb2 levels (2.14 + 0.80-
fold expression) in the SRV group compared to the con-
trol group on the same day (p = 0.012). There was also a
significant difference between the Calb2 levels in the SRV
group and the CVS-11 group (2.05 + 1.08-fold expression)
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Table 4 Quantification of viral
load in CVS-11- and SRV-
infected mouse brain tissue

Days postinfection CVS-11

Average copy number of infectious parti-
cles/30 mg of brain tissue

SRV

Average copy number of infec-
tious particles/30 mg of brain

samples fissue
3 2.13 x 10** + 9.30 x 10* 3.31 x10" + 7.41 x 10"
1.17 x 10% + 4.16 x 10”7 1.11 10" + 1.49 x 10'3
9 234 x 10 + 6.27 x 10** 1.72 x10% + 6.10 x 10!
12 234 % 10°° + 6.27 x 10 4.48 x10%* +3.29 x 10**
15 2.25 x 1077 + 7.88 x 10 3.32 x10%? + 1.49 x 10*2
18 6.40 x 10°' +5.78 x 10%° 4.76 x10% + 2.31 x 1032

on day 9 p.i. (p = 0.43). There was no significant difference
between the Calb2 expression levels in the CVS-11 and con-
trol groups on day 9 p.i. (p = 0.542).

Data analysis revealed no statistically significant differ-
ences between the expression in the SRV, CVS-11, and con-
trol groups at other measured time points in the study (days
3,12, 15, and 18 p.i).

Relationship between mRNA expression and viral
loads in RABV-infected mice

To investigate possible relationships between rabies viral
loads and gene expression level changes in the brain tis-
sues of SRV- and CVS-11-infected mice, nested PCR was
performed to determine the viral load (Table 4), and Pear-
son’s correlation analysis was then performed to corre-
late the variables. In SRV-infected mice (Table 5), a weak
negative correlation (r = -0.288) was observed between
Calbl expression and viral load. For Calb2 expression, a
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weak positive correlation (r = 0.066) with viral load was
observed. There was no significant association (p > 0.05)
between the changes in expression of either Calbl or Calb2
and viral load (Table 5). In CVS-11-infected mice (Table 5),
Calbl expression showed a weak negative correlation (r =
-0.044) with viral load, while Calb2 expression showed a
weak positive correlation (r = 0.088) with viral load. The
association between the changes in expression of both Calbl

Table 5 Relationship between expression and viral load for Calbl
and Calb2 in SRV and CVS-11 infected mouse brain tissue samples

RABYV strain Calbl Calb2
Pearson cor-  p-value Pearson cor-  p-value
relation relation
Q) Q)

SRV -0.288 0.580 0.066 0.902

CVS-11 -0.044 0.933 0.088 0.869

B SRV
o K acvs
h £ CTRL
g k
Day 12 Day 15 Day 18

Days post infection

Fig.2 Expression of Calb2 mRNA (fold change normalized to PGK-1) in the brain tissue of RABV-infected mice. Mean values with different
letters show a statistically significant difference when compared with others on the same day postinfection (p < 0.05).
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and Calb2 and viral load in CVS-11-infected mice was also
not significant (p > 0.05).

In SRV-infected mice, sensitivity and specificity esti-
mates of 87.0% (95% confidence interval [CI], 0.70-0.96)
and 85.7% (95% CI, 0.67-0.95), respectively, were obtained.
At a 95% ClI, the positive predictive value (PPV) and nega-
tive predictive value (NPV) estimates for SRV-infected mice
were 90.0% (95% CI, 0.75-0.98) and 80% (95% CI, 0.56-
0.95), respectively. The detection limit of the qPCR assay
to determine the viral load in SRV-infected mice was found
to be 20 cDNA copies/pl.

For CVS-11-infected mice, sensitivity and specificity
estimates of 87.5% (95% CI, 0.71-0.96) and 85.7% (95%
CI, 0.63-0.97), respectively, were obtained. The positive pre-
dictive value (PPV) and negative predictive value (NPV)
estimates for CVS-11-infected mice were 91% (95% CI,
0.76-0.98) and 80% (95% CI, 0.57-0.95), respectively. The
detection limit of the qPCR assay to determine the viral load
in CVS-11-infected mice was found to be 22 cDNA copies/

pl.

Discussion

In an attempt to understand the possible roles played by the
Ca”* buffer proteins calbindin and calretinin in rabies neu-
ropathogenesis, the expression levels of their genes were
examined over time. Our study reports for the first time the
comparative effects of rabies virus infection on the mRNA
expression patterns of the Calbl and Calb2 genes in the
brain tissues of mice infected with the SRV and CVS-11
strains of RABV. The alterations in Calb! and Calb2 expres-
sion reported in this study corroborate earlier reports that
RABYV infection elicits a cellular response, leading to differ-
ential expression of various genes and proteins in the CNS,
especially neurotransmitter-associated genes [27, 41]. Pro-
cesses related to neuronal function have been reported to be
altered very early in infection, before an immune response
is induced [18], in agreement with the results of this study.

For both genes that were investigated in the study, higher
levels of expression were observed at different time points
than in the control group. Although the changes in Calbl
and Calb2 expression levels generally differed only slightly
between the two virus strains in this study, a notable contrast
between the strains was observed on day 6 p.i. While SRV-
infected mice showed an increased expression of 5.8-fold for
Calbl, CVS-11-infected mice showed a decreased expres-
sion of 0.9-fold for the same gene. For Calb2, SRV-infected
mice showed a 6-fold increase in expression, and a 0.4-fold
decrease in expression was observed in CVS-11-infected
mouse brain.

We postulate that the increase in Calbl expression (espe-
cially on days 3-6 p.i.) was due to a response by the host to
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limit neuronal dysfunction or death. Previous studies have
shown that activation of the interferon system leads to the
establishment of antiviral responses that help to shape an
effective response [1, 25]. A cellular response mechanism to
cope with a possible sudden imbalance in cytosolic Ca** lev-
els caused by SRV and CVS-11 infection could have led to
the increase in gene expression observed in the study. Mito-
chondria and the endoplasmic reticulum (ER) can accumu-
late cytosolic Ca** [46], and it is possible that a disruption in
Ca*" release or storage from these intracellular stores could
result from RABYV infection as a result of organelle dys-
function. Jackson et al. and Alandijany et al. have reported
mitochondrial dysfunction as a result of RABV infection
[47, 48], which agrees with our postulation. RABV has been
demonstrated to utilize endosomal systems of host cells for
internalization and trafficking [35]. In addition, the down-
regulation of endoplasmic proteins that regulate membrane
transport has been shown to significantly reduce RABV
infection, suggesting that these proteins may play important
roles during RABYV infection [2].

The increased expression in this study could also have
been due to viral replication processes interfering with the
normal regulation of Calbl gene expression. Calbindin is
a cytoplasmic protein, and RABV replication occurs in the
cytoplasm of the cell [23]. Interference with the transla-
tion of Calbl mRNA due to virus replication in the cell
cytoplasm could possibly initiate mechanisms leading to
increased gene transcription. The eventual suppression of
Calbl expression in the later stages of the study (days 9-18
p.i.) as compared to the earlier stages (days 3-6 p.i.) could
also have been due to viral replication interference. Hence,
we attribute the differences in expression between the dif-
ferent stages of the study to the possible interference of
virus replication with normal gene regulation. This is sup-
ported by experimental reports that RABV infection does
not induce immediate cell death or degradation in neurons
but leads to neuronal dysfunction via the alteration of host
gene expression [9]. Additionally, the onset of clinical signs
(increased agitation and gradual paralysis) in the test animals
corresponds to the period of reduced gene expression in the
study.

The increased Calb2 expression observed in our study
might be attributable to the same causes as the increased
expression of Calbl, especially since these two genes encode
proteins with closely related functions [11, 13]. Since cal-
retinin expression is normally regulated at the post-transcrip-
tional level by the transcription factors NRF-1 and E2F2
[20, 21], the probability that cytoplasmic RABV replication
interferes with the normal regulation of Calb2 expression is
further strengthened.

Although some studies have reported a loss of calbindin
expression in the brains of animal models with rabies [39,
42], upregulation of gene expression as an outcome of
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RABYV infection in animal models has also been reported.
Increased parvalbumin expression has been observed in the
cerebral cortex of mice infected with RABV [40]. Intracer-
ebral infection of mice with the CVS-N2c strain of RABV
was shown by Prosniak et al. to result in upregulation in the
expression of 1.4% of the genes evaluated in that study [27].
Some genes were downregulated early in the study and then
upregulated in the later stages (days 6 and 7 p.i.), while a few
were upregulated throughout the entire study period. Upreg-
ulated genes included genes involved in antiviral growth,
cell defense, immune regulation, and the establishment of
new connections between neurons.

Infection of suckling mice with street rabies virus has
been shown to result in an increase in the expression of eight
major groups of genes in the brain, as determined on differ-
ent days postinfection using cDNA arrays and qPCR [41].
Upregulated gene groups included genes involved in immune
response, metabolism, kinases, proteases, enzymes, death-
related proteins, transcription, and translation. Experimental
infection with two types (fixed and street) of RABV caused
increased immunoreactivity of microtubule-associated pro-
tein 2 (MAP-2) and neurofilament (NF-H) in the spinal cord
and cerebral cortex of mice [15, 24].

Koraka et al. reported the upregulation of 409 genes and
downregulation of 22 genes in mouse brains by RABV-P
infection, compared to 262 upregulated and eight downregu-
lated genes by Duvenhage virus. Although RABV infection
has been demonstrated to lead to an increase in the expres-
sion of some genes in mouse brain, no genes coding for
calcium-binding proteins were evaluated in any of the stud-
ies in which upregulation was observed [19].

Although the findings from this study appear to be con-
sistent with some of the general reports on RABV infection
in animal models, there are some discrepancies between our
results and those reported by Torres-Fernandez et al. and
Verdes et al. [39, 42]. One reason for this might be that the
genes of interest in this study were assessed at the level of
transcription only; consequently, the possibility of a discrep-
ancy between transcription and translation levels may come
into play. Another explanation is that whole-brain lysates
(total brain mRNA) were used for this study, whereas sam-
ples from specific brain regions (such as the cerebral cortex
and the hippocampus) were used in other studies. Natural
infection with rabies virus has been observed to cause a loss
in CB immunostaining of Purkinje cells in the cerebellar
cortex of cattle, while the large interneurons in the granular
layer were observed to maintain their positive immunostain-
ing [42]. From this, it is reasonable to infer that while Ca-BP
expression can be downregulated in some brain regions, it
can remain the same or even increase in other regions.

The route of inoculation could have also played a role,
as different routes of inoculation have been associated with
different effects in the brains of mice inoculated with RABV.

Previous studies have shown that intracerebral inoculation
of mice with RABV caused apoptosis, while intramuscular
inoculation did not [9, 28]. Since intracerebral inoculation
eliminates the need for the virus to travel to the brain, it may
not be an appropriate way to model the processes that occur
during infection, whereas intramuscular inoculation might
more closely simulate what happens during natural infection.
Intramuscular infection with RABV might simulate a natural
infection and thus offer a more realistic approach to under-
standing the physio-pathological mechanisms involved [7].

The weak correlations between viral load and gene
expression in this study agree with the findings from other
studies that gene expression does not always reflect varia-
tions in viral load in some viral diseases [6, 43]. Overall,
changes in global RNA expression mostly reflect responses
to viral replication rather than a mechanism that might
explain viral control. Therefore, the correlation of a gene’s
expression with viral load may suggest that the changes in
expression are a response to the amount of virus present or
that the gene directly controls the viral load.

Impairment in Ca’>* homeostasis seems to be a common
underlying factor in the pathogenic mechanism of neuro-
degenerative disorders such as Alzheimer’s disease, Par-
kinson’s disease, and amyotrophic lateral sclerosis, despite
intrinsic differences in their etiologies [8, 26, 36]. This
implies that sustained alterations in Ca>* homeostasis play
a major role in either the initiation or progression of neuro-
dysfunctional processes by increasing the vulnerability of
neuronal cells to metabolic and other stressors [37, 38].
Although the functional relevance of the upregulation of
Calbl and Calb2 expression to rabies pathogenesis requires
further study, our study shows that expression of Calbl and
Calb?2 is altered by infection with the SRV and CVS-11
strains of RABV.

In conclusion, expression of both Calbl and Calb2 is
altered by RABV infection. These alterations imply the
involvement of Ca-BPs during RABYV infection, reflecting
possible impairments in the Ca>* buffering system and regu-
lation of Ca?* homeostasis, with associated neuronal cell
dysfunction. The varying changes in mRNA expression lev-
els of the genes throughout the infection period indicate that
the proteins they encode may be important in the correction
of neuronal Ca>* dyshomeostasis caused by RABV infec-
tion. Therefore, Calbl and Calb2 may play significant roles
at the early stages of the neuronal cell response to RABV
infection and consequently are implicated in the neuropatho-
genesis of the disease. Relevant signaling pathways, vary-
ing host cellular responses, and pathogeny still provide vast
areas in which to conduct intensive investigations regarding
rabies pathogenesis.
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