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ABSTRACT

Background: Pseudorabies virus (PRV) infection leads to high mortality in swine. Despite 
extensive efforts, effective treatments against PRV infection are limited. Furthermore, the 
inflammatory response induced by PRV strain GXLB-2013 is unclear.
Objectives: Our study aimed to investigate the inflammatory response induced by PRV strain 
GXLB-2013, establish an inflammation model to elucidate the pathogenesis of PRV infection 
further, and develop effective drugs against PRV infection.
Methods: Kunming mice were infected intramuscularly with medium, LPS, and different 
doses of PRV-GXLB-2013. Viral spread and histopathological damage to brain, spleen, and 
lung were determined at 7 days post-infection (dpi). Immune organ indices, levels of reactive 
oxygen species (ROS), nitric oxide (NO), and inflammatory cytokines, as well as levels of 
activity of COX-2 and iNOS were determined at 4, 7, and 14 dpi.
Results: At 105–106 TCID50 PRV produced obviously neurological symptoms and 100% 
mortality in mice. Viral antigens were detectable in kidney, heart, lung, liver, spleen, and 
brain. In addition, inflammatory injuries were apparent in brain, spleen, and lung of PRV-
infected mice. Moreover, PRV induced increases in immune organ indices, ROS and NO 
levels, activity of COX-2 and iNOS, and the content of key pro-inflammatory cytokines, 
including interleukin (IL)-1β, IL-6, tumor necrosis factor-α, interferon-γ and MCP-1. Among 
the tested doses, 102 TCID50 of PRV produced a significant inflammatory mediator increase.
Conclusions: An inflammatory model induced by PRV infection was established in mice, and 
102 TCID50 PRV was considered as the best concentration for the establishment of the model.
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INTRODUCTION

Pseudorabies virus (PRV), which belongs to the family Herpesviridae, subfamily Alphaherpesvirinae, 
is the main pathogen that causes Aujeszky's disease (AD) [1]. In addition to pigs, PRV can 
infect most mammals, such as cattle, sheep, rodents, dogs, and a wide range of wildlife. PRV 
is related to human pathogens such as herpes simplex virus 1 (HSV-1) and varicella-zoster 
virus (VZV) [2], and since 2018, PRV infection in humans has been identified at the genetic 
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level [3,4]. These observations demonstrate that PRV has pathogenicity to humans [4,5], 
indicating it is worth additional research attention.

PRV always causes reproductive failure in pregnant sows; encephalitis, lung inflammation 
and high mortality in newborn piglets; and severe, uncontrollable pruritus and lethal 
neuropathy in non-natural hosts [6-8]. Vaccination is an available strategy for the prevention 
of PRV infection [9]; however, the commercially available vaccine against PRV is a potential 
health risk for other animals [10]. Despite the eradication of Pseudorabies from domestic pigs 
in some developed countries [11], in China, herds immunized with the Bartha-K61 vaccine 
were shown to be infected with highly virulent PRV variants since late 2011, resulting in 
severe socioeconomic consequences [12-14]. Moreover, variant PRV is currently the most 
prevalent genotype worldwide, and most commonly involved in cross-species transmission 
events [5,15,16]. Therefore, development of a safe and highly efficient vaccine or drugs 
against PRV is of great importance.

A suitable animal model of PRV infection would be useful in further elucidating the 
pathogenesis of PRV infection and developing effective ant-PRV vaccines and drugs [17]. As 
observed in neonatal piglets, when PRV infects mice, the virus enters peripheral neurons and 
propagates to the central nervous system, resulting in brain lesions [18,19]. A mouse model 
could be a key platform for the study of PRV infection. There have been reports describing 
the infection route, clinical signs, viral distribution, lesion patterns, and vaccination of PRV 
in pigs and mice, but there is limited information on the inflammatory response in PRV-
infected mice. Moreover, encephalitis caused by PRV infection is a key factor contributing 
to animal death [20]. To establish an inflammatory response model, Kunming mice were 
selected for infection with PRV-GXLB-2013. The immune organ indices, inflammatory 
injuries of organs, and the levels of inflammatory mediators, as well as the content level 
of key pro-inflammatory cytokines, were investigated to elucidate the PRV-induced 
inflammatory response in Kunming mice.

MATERIALS AND METHODS

Chemicals and reagents
LPS was purchased from Sigma Chemical Co. Ltd. (USA). Dulbecco's modified Eagle medium 
(DMEM) and fetal bovine serum (FBS) were purchased from Gibco (USA). Commercial kits 
for biochemical analysis of interleukin-1β (IL-1β), IL-6, tumor necrosis factor-α (TNF-α), 
interferon-γ (IFN-γ), reactive oxygen species (ROS), nitric oxide (NO), inducible nitric oxide 
synthase (iNOS), and Cyclooxygenase-2 (Cox-2) were obtained from Nanjing Jiancheng 
Bioengineering Institute (China). Anti-PRV monoclonal antibody (PRV–mcab) was purchased 
from Chundu Biotechnology (China).

Virus and cells
Pseudorabies virus (PRV) strain GXLB-2013 was kindly provided by the laboratory of Preventive 
Veterinary Medicine, Guangxi University. Porcine kidney 15 (PK15) cells were purchased from 
the American Type Culture Collection (USA). The cells were cultured in DMEM supplemented 
with 10% FBS at 37°C under 5% CO2. The GXLB-2013 PRV strain was propagated in PK-15 
cells, and the 50% tissue culture infective dose (TCID50) values for PRV were determined by 
following the Reed–Muench method. The titer of PRV-GXLB-2013 was determined to be 107.2 
TCID50 for the following experiments.

2/13https://vetsci.org https://doi.org/10.4142/jvs.2021.22.e20

Establishment of inflammatory mice model induced by PRV

https://orcid.org/0000-0002-9517-9802
https://orcid.org/0000-0002-6010-8342


Animals and treatment
The experimental protocol was approved by the Institution Animal Ethics Committee of 
Guangxi University. Housing and experimental treatment of animals were performed in 
accordance with National Institute of Health Guidelines (Institute of Laboratory Animal 
Resources, 1996). Two hundred and ten specific-pathogen-free (SPF) Kunming mice (4 
weeks, 18–22 g) of either sex were purchased from the Laboratory Animal Center of Guangxi 
Medical University, China (SYXK Gui 2014-0003), and maintained under SPF conditions for 
one week with free access to a standard chow diet and water. The 210 SPF Kunming mice 
were randomly divided into 7 groups (3 replicates of 10 mice): Control, LPS, and 102–106 
TCID50 PRV groups. Ten samples from all groups were collected for analysis on days 4, 7, and 
14 post-infection.

Mice were infected intramuscularly with 100 μL of cell culture supernatant from PK15 cells, 
LPS (1 mg/kg body weight), or different PRV titers (102–106 TCID50 PRV). After infection, 
clinical symptoms of mice were observed daily. Mice were sacrificed by injection of 200 mg/kg 
of pentobarbital, and brains, lungs, thymus, spleens, hearts, livers, and kidneys were obtained 
from the sacrificed mice. Half of all tissue specimens were fixed in 4% paraformaldehyde for 
histopathologic analysis, and the other half were stored at −20°C until use.

Determination of viral spread by PCR
The brain, lung, thymus, spleen, heart, liver, and kidney of mice were collected at 7 days 
post-infection (dpi) and examined to establish the presence of PRV virus by PCR. Briefly, 
total DNA was isolated from organ tissue by Genomic DNA Extraction Kit (TaKaRa, 
Japan). The forward and reverse primers 5′-CGGCTTCCACTCGCAGCTCTTCTC-3′ and 
5′-TGTGGGTCATCACGAGCACGTACAGC-3′ respectively, were used to amplify a 388-bp 
fragment of the glycoprotein E gene of PRV (GenBank accession no. MK622291.1).

Histopathology and immunohistochemistry
At 7 dpi, brain, spleen, and lung tissues were collected and fixed; subsequently, tissues 
were enclosed in paraffin wax and cut to form 3 μm thick slices. For light microscopical 
investigation, sections underwent hematoxylin and eosin (H&E) staining before analysis 
under an optical microscope (Nikon eclipse 80i, Japan). Three slides from different parts 
of each tissue type (3 mice per group) were analyzed. For immunohistochemical analysis, 
sections of brain were dewaxed and rehydrated. Intrinsic peroxidase activity was blocked 
via 3% hydrogen peroxide (Merck, Germany) treatment for 10 min. Sections were then 
incubated with undiluted normal goat serum for 30 min to block nonspecific binding sites 
before incubation with the primary antibody. After washing with Tris-buffered saline (TBS), 
the primary monoclonal antibody against PRV (ChunDu, China; 1:500 diluted in TBS, 60 
min) was used to detect PRV-infected cells. Sections were rinsed and subsequently incubated 
with a biotinylated goat anti-rabbit IgG (Vector Laboratories, USA; diluted 1:200 in TBS, 30 
min), followed by incubation with ABC (Vector) diluted 1:10 in TBS for 30 min, The DAB 
chromogenic agent were added into the sections until the cells were stained, then 0.01M 
sterile phosphate-buffered saline (PBS) was added to terminate the reaction.

Measurement of immune organs indices
Mice were weighed before being sacrificed at 4, 7, and 14 dpi, after which immune organs, 
including spleen and thymus, were immediately removed and weighed. The organ index was 
calculated as the organ weight (mg) divided by body weight (g).
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Measurement of ROS and NO level in spleen
Splenocytes from mice of each group were prepared for ROS analysis by incorporating the 
fluorescent probe of DCFH-DA as previously described [21]. Briefly, 100 µL of splenocytes 
(1 × 106 cells/mL) were transferred to a black 96-well plate. After adherence, the cells were 
incubated with the DCFH-DA ROS fluorescent probe (10 μM) at 37°C for 30 min. Then, the 
cells were washed three times with sterile phosphate-buffered saline (PBS), and fluorescent 
intensity was measured at 488 nm (excitation) and 525 nm (emission) on an automatic 
microplate reader (TECAN, Switzerland). The secretion of NO was detected according to the 
manufacturer's instructions. Briefly, spleen tissues were homogenized in normal saline (1:9, 
V/V) with an Ultra-Turrax T25 Homogenizer. After centrifugation at 10,000 × g for 15 min at 
4°C, the supernatant was examined to determine the NO concentration level; absorbance at 
550 nm was measured on an automatic microplate reader.

Measurement of COX-2 and iNOS activity in spleen
Spleen tissues were homogenized in normal saline (1:9, V/V). After centrifugation of the 
homogenate at 10,000 × g for 15 min at 4°C, the supernatant was used, according to the 
manufacturer’s instructions, to determine the activities of COX-2 and iNOS.

Cytokine analysis
Spleen tissues were homogenized in normal saline (1:9, V/V). After centrifugation of the 
homogenate at 10,000 × g for 15 min at 4°C, the supernatants were collected for quantitative 
detection of cytokines (IL-1β, IL-6, TNF-α, IFN-γ, and MCP-1) using commercial ELISA 
kits and following the manufacturers' instructions. Optical density at 450 nm (OD450) was 
measured using a Multimode Plate Reader (PerkinElmer Instruments, Switzerland).

Statistical analysis
Statistical analyses were performed using SPSS version 21.0. All data were expressed as 
mean ± SD. One-way analysis of variance was used for the determination of differences 
in measurements between groups. A result with a p value < 0.05 indicated a significant 
difference, while p < 0.01 indicated a highly significant difference.

RESULTS

Clinical symptoms and mortality of PRV-GXLB-2013 infection
Mice infection with 105–106 TCID50 PRV-GXLB-2013 exhibited several clinical symptoms, 
including agitation, pruritus, scratching and gnawing the facial skin, skin lesions with 
tissue damage, and bleeding. Neurological symptoms could also be observed and symptoms 
became apparent about 12 h before death. All mice in the 105–106 TCID50 PRV group died at 
3 or 4 dpi, while 20% of the mice in 104 TCID50 PRV group died at 4 dpi. A survival curve is 
shown in Fig. 1. Clinical symptoms were not evident in mice of the 102 and 103 TCID50 PRV 
groups, and 100% of the mice in those groups survived. The control group mice appeared to 
be in a good mental state, exhibiting active behavior, bright hair color, and normal appetite.

Detection of viral antigen in mice at 7 day post infected with PRV-GXLB-2013
To detect viral spread, tissue sections underwent PCR and immunohistochemical analyses 
using an anti-PRV monoclonal antibody. In mice infected with different doses of PRV-
GXLB-2013, viral antigens were detectable in kidney, heart, lung, liver, spleen, and brain. 
PCR-based identification of viral antigens in mice infected with 102 TCID50 PRV is shown in 
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Fig. 2A. Fragments of gene gE (approximately 388 bp) were amplified from kidney, heart, 
lung, liver, spleen, and brain tissues. The brain tissue of mice infected with PRV showed 
massive antigen staining (Fig. 2B).

The effects of PRV infection on organ damage
Results of H&E staining of brain, lung, and spleen tissues are shown in Fig. 3. Normal 
histological structures were observed in the brain, lung, and spleen of mice in the 
control group. However, PRV infection induced histopathological changes in brain tissue 
that included tubular infiltration, neuronal degeneration, hemorrhage, satellitosis, 
neuronophagy, and reactive gliosis, whereas the LPS treatment induced marked tubular 
infiltration and neuronophagy. In the lungs of the PRV-infected group, the lung alveolar 
structure was missing, and inflammatory cell infiltration, hemorrhage, and congestion were 
observed. For mice in the LPS group, there was slight hemorrhaging observed in the lungs. In 
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the spleens of the PRV-infected and LPS-treated mice, reduction and disappearance of splenic 
corpuscles were observed, red pulp was widened, and white pulp was atrophied.

The effects of PRV infection on organ indices
Spleen and thymus are important immune organs, and their weights are indicative of a 
relative or absolute overall rating of immune function [14]. Compared with the control group, 
mice of the 102–104 TCID50 PRV groups had increased thymus and spleen indices (Fig. 4). 
At 4 dpi, the thymus index in the 103 TCID50 group was significantly higher than that in the 
control group (p < 0.05). Moreover, at 14 dpi, the thymus index in the 104 TCID50 group was 
significantly higher than that in the control group (p < 0.05). The spleen index in the 104 
TCID50 group was significantly higher than that in the control group at 4 dpi and 7 dpi.

The effects of PRV infection on ROS and NO levels
ROS and NO are important inflammatory mediators. The level of ROS in the 102 TCID50 PRV 
group was significantly higher than that in the control group at 4, 7, and 14 dpi (p < 0.05). At 
7 dpi, the levels of ROS in the PRV-infected and LPS-treated groups were significantly higher 
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than that in the control group (p < 0.01) (Fig. 5A). The levels of NO in the 102 TCID50 PRV 
group and the LPS group were significantly higher than that in the control group at 7 dpi (p < 
0.05) (Fig. 5B).

The effects of PRV infection on COX-2 and iNOS activity
The PRV-GXLB-2013 infection produced increases in COX-2 and iNOS activity levels (Fig. 6). 
At 7 dpi, the activity of COX-2 and iNOS in the 102 TCID50 and 103 TCID50 PRV groups were 
significantly higher than those in the control group (p < 0.05). The activity of COX-2 in the 102 
TCID50 PRV group was significantly higher than that in the control group at 14 dpi (p < 0.05).

The effects of PRV infection on cytokine secretions
The PRV-GXLB-2013 infection strongly increased the levels of IL-1β, IL-6, TNF-α, IFN-γ, and 
MCP-1 (Fig. 7). Compared with the control group, the levels of MCP-1 in all treated groups 
were significantly higher at 7 dpi (p < 0.05); moreover, the levels of IL-1β, IL-6, TNF-α and 
MCP-1 in the 102 TCID50 PRV group were significantly increased at 7 dpi (p < 0.05), while the 
levels of IL-6 and TNF-α in the 102 TCID50 PRV group were significantly increased at 14 dpi (p < 
0.05). The 104 TCID50 PRV treatment induced high levels of IL-1β, IFN-γ, and MCP-1 at 14 dpi; 
in addition, the LPS treatment induced high levels of TNF-α and MCP-1.
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DISCUSSION

PRV causes reproductive failure, diarrhea, encephalitis, severe pruritus, and high mortality 
in a wide range of hosts and causes considerable economic losses in animal husbandry 
[6,7,8,10]. The PRV variants isolated from farms in China show insertion, deletion, or 
substitution of amino acids at key sites in several virulence genes [12,13]. PRV-GXLB-2013, 
which was isolated from Guangxi province in 2013 and used in this study, was shown 
to have pathogenicity to BALB/c mice stronger than that of the Bartha-K61 strain [22]. 
However, prior to this study, the inflammatory response induced by PRV-GXLB-2013 was 
unclear. This study demonstrated that PRV-GXLB-2013 in Kunming mice results in death, 
encephalitis, inflammatory injuries of lung, brain, and spleen, increased immune organ 
indices, and increases in the levels of inflammatory factors, pro-inflammatory cytokines, and 
chemokines. Thus, this mouse inflammation model could be used to screen drugs potentially 
effective against PRV infection.

Encephalitis caused by PRV infection can result in severe neurological defects and death in 
swine [6,20]. It has been reported that PRV induces encephalitis in both pigs and mice and 
produces similar pathological signs [20]. Herein, we demonstrated that 104–106 TCID50 of 
PRV-GXLB-2013 is lethal for Kunming mice, with mouse mortality rates increasing with the 
increase in the applied dose of virus. Mice infected with PRV-GXLB-2013 showed localized 
pruritus and lesions, observations in accordance with previous reports showing that mice are 
unable to survive an acute PRV infection [7,23,24]. In addition, histopathological examination 
revealed that PRV-GXLB-2013 infection leads to encephalitis, as evidenced by the 
perivascular cuff-like changes, neuronal degeneration, shrinkage and necrosis, infiltration 
of inflammatory cells, and extensive glial cell necrosis in the brain. These histopathological 
changes provided morphological data supporting the clinical neurological signs in mice 
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after PRV infection. Our results are consistent with those in previous studies, which showed 
that PRV could induce the activation of microglia and macrophages and the infiltration of 
leukocytes in mice [17]. Virus distribution is an important and directly measurable parameter 
to evaluate virus infection in vivo [17]. Brittle et al. [19] reported that PRV can be detected in 
brain, lung, kidney, spleen, pancreas, stomach, liver, heart, and urinary bladder at 70 h and 
192 h after PRV infection. Our results showed that a specific gene gE fragment was detectable 
in brain, spleen, lung, liver, and kidney at 7 dpi, and was evident in lung, spleen, and brain. 
These results were consistent with those in a previous report indicating the nervous and 
respiratory systems are the main target organs of PRV [17]. The virus distribution results 
revealed that PRV-GXLB-2013 could infect Kunming mice and propagate in major organs. 
The distribution of virus in brain tissue was positively linked to the clinical parameters and 
histopathological changes observed in infected mice.

The host’s inflammatory response is important in preventing the spread of viral infections 
[25]. An uncontrolled inflammatory response often leads to a damaging systemic 
inflammation, also known as a “cytokine storm,” that can be fatal for the host [24,26]. A viral 
infection can result in an excessive inflammatory response and can induce the generation of 
pro-inflammatory factors such as free radicals and cytokines, which have crucial roles in the 
pathogenesis of some diseases [27,28]. Although it was reported that a PRV-Bartha infection 
did not induce a specific and lethal systemic inflammatory response [24], a PRV-GXLB-2013 
infection does induce an excessive inflammatory response leading to death in mice, as 
evidenced by the increased secretions of NO, ROS, iNOS, COX-2, IL-1β, IL-6, TNF-α and MCP-
1 and the increased organ indices. Additionally, mice infected with PRV-GXLB-2013 showed 
massive inflammatory cell infiltration in brain, spleen, and lung.

Interestingly, the inflammation caused by PRV was not apparent at 4 dpi, but was evident at 
7 and 14 dpi. Moreover, among the tested doses, 102 TCID50 was shown to induce a suitable 
inflammatory response level. The levels of cytokines and chemokines in 103 TCID50 and 104 
TCID50 PRV group were increased but not notably, which may be related to the level of tissue 
damage and cell destruction caused by the higher viral concentration. In the early period 
of PRV infection (4 dpi), the level of ROS was increased, and at 7 dpi, the level of ROS was 
significantly increased in all PRV groups. ROS have an important role in the initiation and 
development of inflammation and produce oxidative damage to cells, aggravating the virus 
infection and making the body produce excessive amounts of inflammatory mediators 
[1,29-32]. At 7 dpi, the NO, iNOS, and COX-2 levels were significantly increased in the 102 
TCID50 PRV group. Large amounts of NO, generated primarily by iNOS, can be toxic and 
pro-inflammatory [32,33]. Induction of iNOS can be initiated by the inflammatory cytokines 
IFN-γ, TNF-α, or IL-1, producing excessive NO, triggering an inflammatory cascade, and 
leading to tissue and endothelial damage [34,35].

IL-1β, IL-6, TNF-α and MCP-1 are important pro-inflammatory cytokines [36-39], and the 
levels of these pro-inflammatory cytokines were increased in mice in the 102 TCID50 PRV 
group at 7 dpi. MCP-1, mainly induced by endogenous inflammatory factors such as IL-1 
and TNF-α, can directly lead to the production of large levels of IL-1, IL-6, TNF-α, and 
other cytokines, and these cytokines, in turn, can stimulate cells to secrete more MCP-1, 
ultimately leading to a vicious cycle [40]. Notably, our results showed that the level of MCP-1 
was significantly increased in all PRV groups. While the level of IFN-γ was not increased in 
the 102 TCID50 PRV group, it was increased in the 104 TCID50 PRV group at 7 dpi and 14 dpi. 
As the PRV infection dose increased, the body's immunity was enhanced, and the level of 
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IFN-γ in the 104 TCID50 group was significantly higher than that in the control group at 7 dpi 
and 14 dpi. Herein, we demonstrated that a 102 TCID50 dose of PRV induces a higher level 
of inflammatory mediators at 7 dpi than that in the control group, and it produced a better 
effect than the other PRV concentrations and that of LPS.

Surprisingly, LPS, which is reported to be responsible for the development of the Systemic 
Inflammatory Response Syndrome in the course of sepsis due to Gram-negative bacterial 
infection [32], only induced increased levels of ROS, NO, and MCP-1 at 7 dpi, but there 
were increased levels of TNF-α and MCP-1 at 14 dpi. This result may be related to the 
injection procedure and sampling time. It has been reported that LPS usually causes an 
acute inflammatory response [41]. Moreover, LPS-injected mice were reported to show 
signs of moderate to severe distress, which peaked between days 1 to 3 after injection and 
gradually resolved within 3 to 5 days after injection [42]. In our previous study, some mice 
injected with 2.5 mg/kg body weight of LPS twice died at 3 dpi and, all mice were dead at 6 
dpi. Considering that the latent period of PRV infection is about 3 days, our study aimed to 
investigate the inflammatory response induced by PRV to develop effective anti-PRV drugs. 
To persistently observe inflammation caused by LPS, mice were injected once with LPS (1 mg/
kg body weight). Based on the levels of inflammatory mediators, an LPS dose of 1 mg/kg body 
weight could cause inflammation; however, the inflammatory reaction was lower at 4, 7, and 
14 dpi. Thus, the mice in our LPS group did not exhibit inflammatory responses under most 
conditions. In addition, the inflammation mechanisms associated with viral and bacterial 
infections differ. Although LPS had a limited role in this study, the level of the inflammatory 
response induced by LPS could be useful as a reference level.

In conclusion, high doses of PRV-GXLB-2013 (105–106 TCID50 PRV) caused obvious 
neurological symptoms and 100% mortality in mice, with viral antigens shown to have 
spread into kidney, heart, lung, liver, spleen, and brain tissues. In addition, inflammatory 
injuries were evident in the brain, spleen, and lung tissues of mice infected with PRV. A 
PRV-GXLB-2013 infection can induce inflammatory responses in Kunming mice, and 
PRV-GXLB-2013 at a titer of 102 TCID50 produces a significant increase in inflammatory 
mediators, including ROS, NO, COX-2, iNOS, IL-1β, IL-6, TNF-α, and MCP-1. In this study, a 
PRV infection-induced mouse-inflammatory model was established and based on the clinical 
manifestations, mortality rate, viral spreading, and inflammatory responses the mouse 
model meets the requirements of a PRV disease model. Among the tested doses, a 102 TCID50 
PRV injection was considered the most appropriate for establishing the disease model. 
The establishment of this model lays a foundation for further research investigating the 
pathogenesis of PRV and screening for drugs that are effective against PRV infection.
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