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Abstract

Serial passages of herpes simplex virus type 1 (HSV-1), strain Victoria, and type 2 (HSV-2), strain 
Bja, in MDBK cell monolayer and suspension cultures resulted in high viral titer in vitro and enhanced viral 
virulence in vivo in newborn white mice. The infectious viral titer in MDBK cells was found to correlate 
with viral virulence (LD50) among infected newborn mice. For example, the 4th passage of HSV-1 in MDBK 
suspension cell culture with a titer of 107.5 TCID50/ml caused an infection in newborn mice with a titer of 
107.65 LD50/0.02 ml, while the 6th passage of HSV-2 in monolayer cultures with a titer of 107.5 TCID50/ml 
inoculated into newborn mice had a titer of 107.22 LD50/0.02 ml. The viral titer determined by the neutral red 
(NR) colorimetric method was distinctly lower (Dlog10=3) than the titer determined by microscopic read-
out of the cytopathic effect (CPE) observed in the virus-infected monolayer.
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Резюме 

Серийни пасажи на херпес симплекс вирус тип 1 (HSV-1), щам Victoria, и тип 2 (HSV-2), 
щам Bja, в монослойни и суспенсионни култури на клетки MDBK доведоха до високи стойности 
на вирусния титър in vitro и до увеличена вирулентност на вирусите in vivo при новородени бели 
мишки. Установена бе корелация между стойностите на вирусния инфекциозен титър в клетки 
MDBK и вирулентността (леталитета в LD50) на вируса сред инфектираните новородени мишки. 
Така например, 4-ти пасаж на HSV-1 в суспенсионна култура на клетки МDBK с титър 107.5 TCID50/
ml доведе до инфекция в новородени мишки с титър 107.65 LD50/0.02 ml, a 6-ти пасаж на HSV-2, 
в монослойни култури с титър 107.5 TCID50/ml,  инокулиран в новородени мишки бе с титър 107.22 

LD50/0.02 ml. Вирусният титър отчетен по колориметричен метод с неутрално червено (NR) бе 
отчетливо по-нисък (Dlog10=3) от титъра определен чрез микроскопско отчитане на цитопатичния 
ефект (ЦПЕ) наблюдаван в поразения от вируса монослой.

* Corresponding author: galabov@microbio.bas.bg

Introduction
Herpes simplex viruses (HSVs) are ubiquitous 

and known since ancient times. They often infect 
humans, causing a number of diseases from mild 
uncomplicated mucosal infections to life-threat-
ening conditions. Herpesviruses HSV type 1 and 
HSV type 2 are the causative agents of herpes sim-
plex, a disease with multiple manifestations and a 
significant place in the infectious pathology in hu-
mans. The most serious are encephalitis, with se-
vere, mainly mental, consequences (Whitley, 2006; 
Quist-Paulsen et al., 2019; Mendez, 2021), and ker-
atitis, considered to be the main cause of blindness 
(Farooq ans Shukla, 2012; Azher et al., 2017).

Experimental animal in vivo models are par-
ticularly important in intensive studies of herpes  

 
simplex viruses. Their adequacy allows the study of 
the pathogenesis of diseases with pronounced neu-
rotropism and interaction with the immune system, 
as well as the development of antiviral agents - in-
hibitors of viral replication and modifiers of biolog-
ical response. Studies in the latter area have proven 
to be in general at the forefront of the development 
of viral infections’ chemotherapy. It is known that 
William Prusoff laid the foundations in that field 
with his research on the first antiviral agent -5’-de-
oxyuridine - for the treatment of herpes keratitis 
(1959), and Gertrude Elion received the Nobel 
Prize in Physiology/Medicine in 1988 for her dis-
covery of acycloguanosine (ASG), the most effec-
tive medication against herpes simplex (1982).
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In stark contrast to the wide range of 
HSV-1/2-sensitive cell cultures that make possible 
a variety of studies of these viruses, including their 
molecular biology and genetics, the scope of in vivo 
experimental models is quite limited. It includes 
encephalitis in mice by intracerebral, intranasal and 
intracaudal inoculation of HSV-1/2 (Barrón and 
Vela, 1995), dermatitis by subcutaneous injection 
in adult mice (Galabov et al., 1982; Mastikova et 
al., 2019), intrauterine infection with HSV-2 in 
guinea pigs (Stanberry et al., 1982), and keratitis 
by inoculation into rabbit eye (Webre et al., 2012; 
Courrier et al., 2020). All these models have a spe-
cial place in the experimental chemotherapy of her-
pes simplex.

The availability of a wide variety of rele-
vant biological models greatly facilitates the un-
derstanding of the role played by tissue tropism in 
the pathogenesis of HSV-1/2 infections (Kollias 
et al., 2015). Intracerebral inoculation of newborn 
mice allows the direct study of the pathogenetic 
and physiological manifestations of herpes viruses 
on the brain due to the fact that acute viral infec-
tion accumulates rapidly in the CNS without being 
hampered by the animal’s immune system.

The present study - a stage in the develop-
ment of an in vivo model in antiviral drug investi-
gations, is devoted to the preparation of laboratory 
strains of HSV-1 and HCV-2 with enhanced viru-
lence. For that purpose, sequential passages of the 
viruses in monolayer and suspension cell cultures 
were followed by titration in newborn mice under 
strict virulence control. 
Materials and Methods 
Cells

In vitro experiments were conducted using 
the Madin-Darby Bovine Kidney (MDBK) cell 
line, obtained from the National Bank for Industri-
al Microorganisms and Cell Cultures (NBMPMC), 
Sofia. The cells (2x105/ml) were cultivated on Dul-
becco’s Modified Eagle’s Medium (DMEM) con-
taining 10% fetal bovine serum (FBS) (Gibco BRL, 
USA), 10 mM HEPES buffer (Merck, Germany), 
and antibiotics (penicillin 100 IU/ml and strepto-
mycin 100 µg/ml) at 37°C and 5% CO2 in a HERA 
Cell 150 thermostat (Heraeus, Germany).
Viruses 

HSV-1, strain Victoria, and HSV-2, strain 
Bja, provided by Prof. Stefan Dundarov, National 
Centre for Infectious and Parasitic Diseases, Sofia, 
were used in this study.

Experimental animals
Newborn white mice of random-bred ICR 

line, provided by the Laboratory Animal Breeding 
and Experimental Facility at the Bulgarian Acade-
my of Sciences, Slivnitsa, were used. This experi-
mental model was first used by the National Cancer 
Institute (Fox Chase Cancer Center, Pennsylvania, 
USA) by T. S. Hauschka (1948).

During the studies, the animals were housed 
at a temperature of 21–26°C, under a 12-hour light/
dark cycle, mothers receiving ad lib access to food 
and water. All experimental procedures were per-
formed in accordance with the national require-
ments for animal experiments in compliance with 
Council Directives 86/609/EEC.
Virus passaging in MDBK cells

HSV-1 and HSV-2 were sequentially pas-
saged in parallel 10 times in monolayer and sus-
pension cultures of MDBK cells in 6-well plates 
(CELLSTAR®, Frickenhausen, Germany). The 
maintenance medium was similar to the growth 
medium - DMEM with 0.5% FBS. In the passaging 
in monolayer cultures, two 6-well plates were used 
for each passage, one for cell control and one for vi-
ral inoculation. The cell monolayers were obtained 
after incubation for 24 h at 37°C and 5% CO2 per 
2.5 ml of cell suspension. The resulting monolay-
ers were inoculated with 200 μl of undiluted virus 
suspension by 60-min adsorption at 37°C followed 
by the addition of 2.5 ml of growth maintenance 
medium (0.5% FBS in DMEM). The plates were 
incubated for 48 h at 37°C.

Passages in the suspension culture were per-
formed by inoculating the suspension with 200 μl 
of undiluted virus suspension immediately after the 
cells were added to the well, followed by 48-h in-
cubation. 

For each subsequent passage, the virus ob-
tained from the previous passage was used. After 
48 h of incubation, the viruses from monolayer and 
suspension cell culture were collected and distrib-
uted in aliquots (Eppendorf Tubes®) and frozen at 
-20°C.
Determination of infectious viral titer

Infectious titer assay was performed in 
MDBK cell cultures in 96-well plates (CELL-
STAR®, Frickenhausen, Germany) in monolayers 
formed 24 h after inoculation with 100 μl of cell 
suspension. Cells were inoculated with 100 μl/well 
from 10-fold viral dilutions (4 wells per dilution). 
After 60 min of adsorption, the unabsorbed virus 
was removed, 0.5% DMEM maintenance medium 
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was added, and the plates were incubated for 72 h 
at 37°C.

The viral titer was calculated using the Reed-
Muench (1938) endpoint dilution method, and the 
cytopathogenic effect (CPE) was observed under an 
inverted microscope at the 24th, 48th and 72nd h us-
ing the four-cross system. At the 72nd h after infec-
tion, CPE was also evaluated by colorimetric stain-
ing of viable cells with neutral red (neutral red, NR; 
3-amino-7-dimethylamino-2-methyl-phenazine hy-
drochloride) (Sigma-Aldrich Chemis Gmbh, Stein-
heim, Germany) (Borenfreund and Puerner, 1985; 
Barnard et al., 1997). NR 100 µl was added to each 
well after pouring out the maintenance medium 
and washing with 150 µl free of Ca2 + and Mg2+ 
PBS. The stained samples were incubated for 3 h 
at 37°C, washed with PBS and treated with 100 μl 
of extraction solution (1% glacial acetic acid, 50% 
ethanol and 49% distilled water). After shaking the 
plates for 5 minutes, optical density (OP) was read 
using an ELISA Teknika Reader spectrophotome-
ter (Organon, Germany) at a wavelength of 540 nm 
with a reference filter of 620 nm. Cell survival was 
calculated as a percentage (%) against a cell control 
according to the formula:
% cell survival = (viable cell number /  
viable cell number in the control) x 100
HSV-1 and HSV-2 infection in newborn white mice

Newborn mice were inoculated intracerebral-
ly with the respective HSV-1 or HSV-2 virus up to 
24 h after birth with 0.02 ml/mouse of each viral di-
lution (10-1-10-8) of some of the in vitro passages (in 
monolayer and suspension cell cultures). The new-
born mice, divided into groups for each dilution 
(minimum 4 animals per group), were inoculated 
intracerebrally with 0.02 ml of cell-culture infec-
tious material, while control mice were inoculated 
with saline. The animals were monitored daily for 
10 days for clinical manifestations, and their body 
weights were measured. Virulence was determined 
on the basis of lethality - 50% lethal dose (LD50), 
calculated using Kärber’s method (1931) and the 
mean survival time.
Results
CPE-based infectious titers of HSV-1 and HSV-2 
passaged in MDBK cells

Sequential passages of HSV-1 and HSV-2 
in MDBK cell monolayer and suspension cultures 
resulted in a marked (exponential) increase in the 
viral infectious titer determined by the CPE-based 
endpoint dilution method (Table 1).

Table 1. Virus infectious titer at passages of HSV-
1 and HSV-2 in monolayer ans suspension cul-
tures of MDBK cells – titer of the stock virus 102.5 

TCID50/ml 

Passage 
No.

TCID50/ml
passages of HSV-1 passages of HSV-2

monlayer 
cultures

suspension 
cultures

monlayer 
cultures

suspension 
cultures

I 6.5 6.5 6.5 6.5
II 7.5 7.5 6.5 6.5
III 7.5 7.5 6.5 7.5
IV 7.5 7.5 6.5 7.5
V 7.5 7.5 7.5 7.5
VI 7.5 7.5 7.5 7.5
VII 7.5 7.5 7.5 7.5
VIII 7.5 7.5 7.5 7.5
IX 7.5 7.5 7.5 7.5
X 7.5 7.5 6.7 7.5

The viral infectious titers given show 
that while multiple passages of HSV-1 and HSV-
2 in monolayer and suspension cultures do not 
determine the exponentially increasing viral titer 
with each subsequent passage, they apparently lead 
to stronger adaptation of the virus to the host cell and 
enhancement of its virulence. The latter proposition 
is based on numerical values (not illustrated) 
obtained after microscopic analysis and viral titers 
calculated by the Reed-Muench endpoint-dilution 
method, which indicated that both herpes viruses 
were able to induce CPE at high dilutions of the 
viral suspension, but TCID50/ml values remained 
similar during passaging.
Cytopathogenicity of HSV-1 and HSV-2 passaged 
in MDBK cells determined by the neutral red (NR) 
colorimetric method   

For better accuracy in the calculation of 
TCID50/ml by the CPE-based endpoint-dilution 
method, colorimetric determination of the titrated 
HSV-1 and HSV-2 samples was performed (Fig. 1a, 
b, and Fig. 2a, b). 

The change in sample color occurring after 
the addition of NR was proportional to the number 
of viable cells in each well. Cellular controls were 
assumed to maintain a 100% viable confluent 
monolayer. This allowed a comparative calculation 
of the percentage of viable cells in all other samples 
(wells) at each dilution. Using the data obtained 
from the microplate reader (ELISA reader), the 
quantitative live cell parameter in part of the 
passages was determined (4th passage of HSV-1 and 
6th passage of HSV-2). 

Based on the values obtained, a graph was 
plotted showing the viable cell percentages ver-
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sus different dilutions of the virus (Fig. 3a, b). 
Undiluted viral controls (stock) of each of the in-
fectious passages showed ~100% cell mortality. 
With the increase in virus dilution, the percentage 
of viable cells increased as the infectious inoculum 
decreased. These data are supported by the micro-
scopic observations described in the previous sec-
tion. The differences between the numerical values 
in the calculation of the viral infectious titer based 
on the microscopically evaluated CPE and the 
Reed-Muench endpoint dilution method, and the 
NR colorimetric method are based on the inabili-
ty of the ELISA reader to distinguish healthy cells 
from infected ones. This is so because absorption or 
the amount of light lost (absorbed) during the read-
out of the stained plaques by the ELISA reader is 
also absorbed by the infected but still unlysed cells. 

Figures 1a, b, 2a, b show the enhanced cy-
topathogenicity of HSV-1 and HSV-2 passages in 
MDBK cell suspension and monolayer cultures. 
The infectious titer for each passage is shown on the 
graphs immediately after each exponential increase. 

Fig. 3a shows the percentage of viable 
cells at the 72nd h after inoculation of the conflu-
ent monolayer at the 4th passage HSV-1 in MDBK 
cell monolayer cultures for all viral dilutions  
(10-1-10-8).

Fig. 3. Cell growing curves, illustrating the per-
centage quantity of living cells in the samples a) 
passage HSV-1; b) passage HSV-2

Fig. 1. Evaluation of virus titer of the HSV-1 passages in MDBK cultures by the colorimetric method with 
NR: a) suspension cultures; b) monolayer cultures

Fig. 2. Evaluation of virus titer of the HSV-2 passages in MDBK cultures by the colorimetric method with 
NR: a) suspension cultures; b) monolayer cultures
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Figure 3b illustrates the percentage of viable 
cells at each dilution (10-1-10-8) at the 6th passage 
of HSV-2 in MDBK cell suspension cultures at the 
72nd h after inoculation of the confluent monolayer.
Determination of neurovirulence of HSV-1 and 
HSV-2 in neonatal mice after passaging in MDBK 
cell cultures

Immediately after serial passaging of HSV-
1 strain Victoria and HCV-2 strain Bja in MDBK 
cells, an in vivo experimental study was carried out 
on newborn mice, aiming to determine the viral in-
fectious titer of two of the newly acquired infectious 
passages - HSV-1 4th passage in monolayer culture, 
and HSV-2 6th passage in suspension culture. These 
viral passages in vitro were selected on the basis 
of data (numerical values) obtained by the Reed-
Muench endpoint dilution method with microscop-
ic examination of CPE. Ten-fold viral dilutions for 
in vivo experiments included groups of animals for 
the 10-1 to 10-9 range. Newborn mice were inoculat-
ed intracerebrally with each of the viral dilutions in 

a volume of 0.02 ml/mouse. Lethality and survival 
days of each inoculated mouse were monitored be-
tween the 1st and 10th day after inoculation. Viru-
lence was determined in 50% mouse lethal doses 
(MLD50) calculated by the Kärber method (1931).

The results showed that lethality among in-
fected newborn mice correlated with the virus in-
fectious titer data read for the passages in the cell 
cultures. As shown in Tables 2a and 2b, all mice in-
oculated with initial viral material and ten-fold di-
lutions from 10-1 to 10-4 of HSV-1 (4th passage) and 
HSV-2 (6th passage) died (100% mortality rate). 
Survival at lower dilutions increased, with surviv-
ing neonatal mice in all groups of animals for dilu-
tions of 10-5 for HSV-1, and for dilutions from 10-6 
to 10-9 for both viruses. Figures 4a, and 4b show the 
daily survival of the animals for each passage (4th 
passage for HSV-1 and 6th passage for HSV-2).

Repeated passaging of HSV-1 and HSV-2 in 
cell cultures favours increase in pathogenic viru-
lence in vivo. The results obtained after the in vivo 

Table 2а. Lethality of newborn mice, evaluated by the method of Kärber, infected by HSV-1 of IV-th passage 
in MDCK cells

Virus dilution Total mice number Ratio living/total number Mean survival time Lethality
(%)

Stock 10 0:10 2.4 100.0
-1 11 0:11 3.4 100.0
-2 12 0:12 3.4 100.0
-3 10 0:10 3.3 100.0
-4 20 0:20 3.25 100.0
-5 23 1:23 >3.3     95.6
-6 17 2:17 >5.2     88.2
-7 13 1:13 >4.7     92.3
-8 14 10:14 >8.7     28.6
-9  9  8:9 >9.7      11.1

Lethality determined by Kärber attained 107.65LD50/0.02 ml.

Table 2b. Lethality evaluated by Kärber in newborn mice, infected with, HSV-2 VIth in MDBK cells
Virus dilution Total mice number Ratio living/total number Mean survival time Lethality

(%)
Stock 9 0:9 2.6 100.0

-1 6 0:6 3.5 100.0
-2 5 0:5 2.8 100.0
-3 6 0:6 3.8 100.0
-4 17 0:17 2.4 100.0
-5   16 0:16 3.5 100.0
-6 33 5:33            >4.2     84.9
-7 21 10:21            >6.6     52.4
-8 11 9:11            >9.2    18.2
-9 18 15:18            >9.2       16.7

Lethality determined by Kärber attained 107.22LD50/0.02 ml.
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experiments show that serial passaging in cell cul-
tures resulted in viral strains with increased viru-
lence. Moreover, the aggressiveness of the infec-
tious agents to the experimental models increased, 
which in turn led to an increase in lethality.

Figures 4a and 4b illustrate the survival rate 
of newborn mice after viral inoculation. Graphs 
were plotted with the numerical values in Table 2a, 
b taken into account. The linear curves illustrate the 
ratio between the total number of animals in the re-
spective group corresponding to one dilution and 
the number of neonatal deaths in relation to the day 
of recorded death.

Discussion
The present study showed that serial passag-

ing of laboratory strains HSV-1 Victoria and HSV-
2 Bja in pathogen-sensitive MDBK cells favoured 
the production of herpes simplex virus strains with 
increased virulence in vivo. According to Sirotkin 
and Sirotkin (2020) while studying the emergence 
of SARS-CoV-2, serial passaging is very similar 
to the natural processes occurring during viral in-
fection in living organisms outside the laboratory 
environment, as sequential passaging of infectious 
agents artificially recreates their spread over a short 
period of time. Another study (Wei et al., 2014) 
found an increase in the pathogenicity and spread 
of influenza A virus as a result of serial passages 
of the virus in pigs. The authors reported that se-
quential passaging of the pathogen led to changes 
in viral characteristics, including enhanced repli-
cation and increased polymerase activity in vitro; 
increased pathogenicity in vivo - in pigs and in fer-
rets, and increasing transmissibility, ensuring effec-
tive transmission of the infection.

The present study revealed the main charac-
teristics of viral infectious titer determination in vi-
tro in TCID50 using the endpoint dilution method by 
microscopic evaluation of CPE and 50% mortality 
in mouse models in vivo. In addition, a colorimet-

ric-based analysis was performed to quantify the vi-
able cells in the samples and the viral titer of newly 
produced HSV-1 and HSV-2 progeny. A statistically 
significant difference was found (of approximately 
3 logs10) between the TCID50/ml value obtained by 
microscopic CPE evaluation by the Reed-Muench 
method (1938) and the value obtained by the neu-
tral red colometric method (Borenfreund and Puer-
ner, 1985; Barnard et al., 1997). As noted above, 
titration in newborn mice performed by the Kärber 
(1931) method, expressed in LD50, with the two 
viral passages newly produced in MDBK cell cul-
tures, showed correlations with the titrations per-
formed in cell cultures in vitro. 

In a publication providing a detailed protocol 
about the analysis based on the application of the 
neutral red colorimetric method to assess cell via-
bility, the authors (Repeto et al., 2008) explain that 
dye absorption is subject to the ability of the individ-
ual cell to maintain a strictly regulated pH gradient 
through the production of ATP. Taking advantage 
of the physiologically maintained hydrogen index 
of the cell, the NR dye, having a net charge close 
to zero, allows it to penetrate the cell membrane. 
Maintaining lower pH values inside lysosomes than 
maintaining higher ones in the cell cytoplasm is a 
two-way process strongly related to the proton gra-
dient within the organelles themselves. This in turn 
allows the weak cationic dye to penetrate the cell 
membrane by non-ionic passive diffusion and load 
into the cellular lysosomes by binding electrostat-
ic hydrophobic bonds to anionic and/or phosphate 
groups of the lysosomal matrix. On the other hand, 
due to the decrease in the gradient of the hydro-
gen index resulting from cell death, the dye cannot 
remain in the cell. The disadvantage of the colori-
metric method, identified during our experimental 
work, is based on the fact that the ELISA Teknika 
Reader spectrophotometer is unable to distinguish a 
living non-infected cell from a living infected cell. 

Fig. 4. Surviving percentage of (a) newborn mice towards virus dilutions at HSV-1 IVth passage;  
(b) in vivo models towards virus dilutions at HSV-2 VIth
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The pathogenetic strategy of all viruses is based on 
the exploitation of the physiological systems of liv-
ing cells (Walsh and Mohr, 2011). For future infec-
tious progeny to be produced, the viability of host 
cells must be preserved. Only after the new mature 
viral generation has been created can the cell be de-
stroyed, and the new viral particles released into the 
intercellular space are able to infect the remaining 
cells. It is for this reason that the present study es-
tablished that the methods of microscopic observa-
tion of the cytopathic effect induced by HSV-1 and 
HSV-2 are more accurate in determining the viral 
infectious titer.

Both methods used for the purposes of this 
study, showing the endpoint viral dilution that de-
termines the viral infectious titer in vitro, in cell 
cultures, and in vivo, in newborn mice, are stand-
ard approaches based on titration analyses of vi-
ral samples by means of the common logarithm 
with base 10 (log10) (Pourianfar et al., 2012). The 
in vivo studies in the present work were based on 
intracerebral inoculation of newborn mice during 
the 24-h postnatal period. Titration performed on 
mouse models showed correlations with the results 
obtained after viral titration in vitro in cell cultures. 
This in turn demonstrates that serial passaging of 
laboratory strains HSV-1 and HSV-2 into cell cul-
tures could increase virus virulence for the animal 
host as well. Beswick (2009) of Cambridge Uni-
versity expressed the view that titration in newborn 
mice is a virological approach hampered by many 
difficulties, such as maternal cannibalism. Never-
theless, for the purposes of the present study, the 
newborn mouse model was used because effector 
responses of innate and adaptive immunity differ 
in their strength in neonates compared to adult ani-
mals. This proposition, in turn, places newborns in 
the group of organisms resistant to the development 
of life-threatening infections. Furthermore, experi-
mental models used during in vivo laboratory work 
with HSVs diseases have also shown increased vul-
nerability in newborn animals (Kollias et al., 2014).
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