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Primary murine neurons as in vitro model for studying neuroinfections caused
by human adenoviruses
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Summary. - Adenoviral infections of the central nervous system are rare, but they are characteristic for
their high mortality rate. People with impaired immunity and children are particularly vulnerable. A few re-
ports of neuroinfections caused by adenoviruses are found in literature. In this study the tropism of the human
adenoviruses type 4, 5, 7 to primary cultures of murine neurons and the influence of infection on the neuron
morphology and actin cytoskeleton was examined. The A549 non-small-cell lung cancer cell line was used as
a reference line. Viral effects upon the cell culture were evaluated by direct immunofluorescence. The levels of
adenovirus replication in the above-mentioned cell cultures were determined by real-time PCR. In the current
study we demonstrated for the first time that human adenovirus (HAdV) type 4, 5 and 7 exhibits tropism for
neurons cultured in vitro followed by the extensive replication of all serotypes in the primary culture of murine
neurons. Immunofluorescent labelling and confocal microscopy revealed the changes in cell morphology, de-
struction of actin cytoskeleton and cell lysis as the final stage of infection. According to the obtained results we
can assume that productive cycle of HAAV in the studied cell cultures occurred. We also observed accumulation
of nuclear actin within nuclei of infected cells which may indicate that it plays role in adenovirus infection and
replication in neurons and A549 cells.
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Introduction

Adenoviruses are ubiquitous in human and animal
populations worldwide, capable of infecting upper respira-
tory tract, digestive tract and eyes, but due to the different
tissue tropism, adenoviruses can also cause infections of
other organ systems (Hayashi and Hogg, 2007). Moreover,
data available in literature indicate that human adenoviruses
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Abbreviations: CAR = coxsackievirus-adenovirus receptor;
CPE = cytopathic effect; HAdV(s) = human adenovirus(es);
p.i. = post infection

(HAdVs) can be an etiological factor of infections in the cen-
tral nervous system. Although neurological complications of
adenoviral infection are rare, they are usually morbid with
the high risk of mortality. Chatterjee et al. (2000) reported
the isolation of HAdV 5 from the brain of an infant who
developed skin rash, pulmonary congestion, and fever and
who died 6 days later.

Mechanisms of adenoviral neuroinfections are poorly
known and, what is worth noting, there are no data con-
cerning the use of primary neuronal culture for studying
adenoviral infection in vitro. Replication of HAdV in murine
neuronal cells is possible due to the presence of coxsackie-
virus-adenovirus receptor (CAR), necessary for an initial
stage of adenoviral infection. Expression of CAR receptor
in the central and peripheral nervous system of murine
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fetus is abundant, while very weak in adult mice (Dorner
et al., 2005). The strongest CAR expression is detected on
the ependymal cells of cerebral ventricles. In humans, very

Fig. 1

The effect of HAAV infection on the cell morphology and structure of
the actin cytoskeleton in A549 cells

Confocal images of mock-treated (a, b), HAdV 4 infected (c, d) HAdV 5in-
fected (e, f) and HAAV 7 infected (g, h) A549 cells. Actin filaments are shown
in red, EHV-1 antigens in green and DNA in blue. In mock infected cells,
microfilaments formed a network of fibres within the cytoplasm, however,
the densest distribution was detected in the cortical layer of the cytoplasm
in the peripheral region of the plasma membrane (a, b). In HAdV infected
cells (24 and 48 hr p.i.) microfilaments were disrupted. CPE manifested
by disintegration and nucleus degradation, which led to cell degeneration.
Arrows indicate viral antigen inside cells. Scale bars — 20 um.

strong expression of CAR is also found in some tumors of
the central nervous system, such as medulloblastoma and
neuroma. It is therefore possible to treat these tumors with
gene therapy based on adenovirus vectors (Yuonming and
Jeffrey, 2005).

Therefore, in the current study we have investigated
the replication kinetics of HAdV serotype 4, 5 and 7 in
primary cultures of murine neurons and A549 cell line,
which was used as a positive control. Additionally, we have
also examined the changes in the actin network of primary
murine neurons and A549 cells induced by different HAdV
serotypes.

Materials and Methods

Cells and adenoviruses. Balb/c (H-2%) mice genetically suscep-
tible to EHV-1 infection were used to establish primary culture of
murine neurons, as described before (Cymerys et al., 2010). Primary
murine neurons were cultured in B-27 Neuron plating medium,
consisting of neurobasal medium (Gibco Life Technologies), B-27
supplement (Gibco Life Technologies), 200 mmol/l glutamine, 10
mmol/] glutamate and penicillin/streptomycin antibiotics with 10%
supplemental fetal bovine and equine serum (Gibco Life Technolo-
gies). Cells were plated onto poly-D-lysine with laminin - coated
sterile coverslips at a density of 5 x 10* neurons per well (3.6 cm?)
and maintained at 37°C in 5% CO,. Four days after plating, the
medium was removed and replaced with Neuron feeding medium
(B-27 Neuron plating medium without glutamate). Murine neurons
were maintained in this medium for next 6 days prior to treat-
ments. A549 cell line (non-small-cell lung cancer) was cultured
in Modified Eagle’s medium (MEM), with 2 mmol/l L-glutamine,
10% FBS/FCS and antibiotics — 10 U/ml penicillin and 100 pg/ml
streptomycin. Cell cultures were incubated at 37°C with 5% CO.,.
Primary murine neuron cultures and A549 cell line were infected
with human adenovirus serotype 4 (HAdV 4 species E, RI-67,
ATCCVR-1572), serotype 5 (HAdAV 5 species C, Adenoid 75, ATCC
VR-5) or serotype 7 (HAdV 7 species B, Gomen, ATCC VR-7) at
10° CCID, /ml in culture medium. After incubation at 37°C for
1 hr, the inoculum was aspirated and fresh culture medium was
added. Subsequently, infected cells were incubated for 24 or 48 hr
at 37°C with 5% CO,.

Immunofluorescent staining and confocal microscopy. For im-
munofluorescent staining, cells were plated onto laminin-coated
coverslips. After 24 and 48 hr post infection (p.i.), cells were fixed
in 3.7% paraformaldehyde/PBS (Sigma Aldrich) for 30 min at room
temperature, permeabilized in 0.5% Tween/PBS for 5 min, washed
in PBS and blocked with PBS containing 1% bovine serum albumin
(BSA) (Sigma Aldrich). Filament structures of actin were visualized
using TRITC-phalloidin conjugate (500 ng/ml; Sigma Aldrich).
Polyclonal antiserum ADENO MAB conjugated to FITC (Light
Diagnostics™, Merck Millipore) was used to detect viral antigens.
Cell nuclei were stained with bisbenzimidine/Hoechst 33258 ac-
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cording to the manufacturers’ recommendations. Confocal images
were captured using a FluoView FV500 laser scanning confocal
microscope and analyzed with FluoView 3.1. software (Olympus,
Poland), Image], and Adobe Photoshop software.

Real-time PCR. The quantity of the HAdV DNA in all tested
samples was estimated using real-time PCR (qQPCR) technique
described by Rola et al. (2007), with further modifications (Rynans
et al., 2015). Each amplification reaction embraced, except tested
samples, also positive HAdV calibrators in range 100-10,000,000
copies/ml and negative control of DNA extraction and amplification
process. All qQPCR tests were run on LightCycler 480 instrument,
using LightCycler TagMan Master amplification kit (Roche Diag-
nostics). Fluorescence levels were measured at 560 nm wavelength,
typical for JOE fluorescent dye, and a threshold cycle (Ct) value for
each sample was calculated. Ct values of HAdV calibrators were the
basis for standard curves and the copy numbers were calculated
automatically by a software package for data analysis.

Statistical analysis. Results of three independent experiments
were statistically evaluated by one-way analysis of variation (ANO-
VA) using the Student-Newman-Keuls multiple comparisons test.
This analysis was performed using GraphPad PrismTM version 4.03
software (GraphPad Software Inc., USA). Statistical differences were
interpreted as significant at P <0.05, highly significant at P <0.01
and non-significant at P >0.05.

Results and Discussion

In the present study, we demonstrated that all used sero-
types of human adenoviruses - HAdV 4, 5, and 7 were able to
infect primary murine neurons and A549 cell lines, without
the need for initial adaptation. Infected cells exhibited mor-
phological changes, followed by cell lysis at the final stage
of infection. These observations indicated that productive
replication cycle of HAAV in the both tested cell cultures has
occurred. In primary murine neurons infected with HAdV 4,
5 or 7, cytopathic effect (CPE) was well visible as early as 24
hr p.i. and manifested by disintegration and nucleus degrada-
tion, changes in a cell shape and rearrangements of the actin
filaments, which led to cell degeneration. Moreover, in cells
which did not undergo lysis, accumulation of viral antigens
in the cytoplasm, accompanied by increased density of actin
fibres was detected (Fig. 1, arrows). Infection of A549 cell
line led to a significant decrease in the number of cells. The
CPE occurred quite early (before 24 hr p.i.) in comparison
to primary cultures of murine neurons and the following
changes were observed: disintegration and degradation of
a nucleus, rearrangements of the actin filaments, changes
of cell shape and finally destruction of cell. As for neurons,
accumulation of viral antigens around the nucleus was ap-
parent (Fig. 2, arrows). Dramatic reorganization of the cell
nucleus during intermediate and late phase of productive
adenovirus infection was previously reported but mainly

in HeLa cell line (Pombo et al., 1994; Gama-Carvalho et
al., 2003). HAdVs induced formation of ring and crescent-

Fig. 2

The effect of HAdV infection on the cell morphology and structure of

the actin cytoskeleton in primary murine neurons
Confocal images of mock-treated (a, b), HAAV 4 infected (c, d) HAdV 5
infected (e, f) and HAdV 7 infected (g, h) primary murine neurons. Actin
filaments are shown in red, EHV-1 antigens in green and DNA in blue. In
mock infected cells, microfilaments formed a network of fibres within the
cytoplasm, however, the densest distribution was detected in the cortical
layer of the cytoplasm in the peripheral region of the plasma membrane (a,
b). In HAAV infected cells (24 and 48 hr p.i.) microfilaments were disrupted.
CPE manifested by disintegration and degradation of a nucleus, changes
of cell shape and finally destruction of cell. Arrows indicate viral antigen
inside cells. Scale bars — 20 um.
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like structures, which demarcated area of active viral DNA
replication. Moreover, Fuchsova et al. (2015) reported that
nuclear actin was recruited to viral centers during the late
phase of infection and therefore they concluded that it played
important role in adenovirus infection and replication. In
our studies, we also detected the accumulation of nuclear
actin within the nucleus of infected primary murine neurons
(Fig. 3¢), as well as A549 cells (Fig. 3a) for all tested HAAV
serotypes. Co-localization of nuclear actin and viral antigen
was confirmed by the measurement of the fluorescence
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intensity, in which the signals corresponding to actin and
HAdV antigen overlapped (Fig. 3b,d). According to these
observations we can assume that nuclear actin may also
be involved in viral replication in primary murine neurons
and A549 cells.

The quantitative PCR analysis showed a statistically sig-
nificant increase in the amount of viral DNA of all analyzed
HAGJV serotypes, both in murine neurons and A549 cells, in
comparison to the uninfected control (Fig. 4). The highest,
statistically significant increase in the amount of viral DNA
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Fig. 3

Accumulation of nuclear actin within nuclei of HAdV infected A549 cells and neurons
Confocal images of HAAV 4, 5 or 7 infected A549 cells (a) and primary murine neurons (c). Actin filaments are shown in red, EHV-1 antigens in green
and DNA in blue. Profile plot of fluorescence signal intensities along the yellow lines indicate the co-localisation of actin and viral antigen within the
nucleus of infected cells (b, d). Scale bars - 10 um.
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Viral DNA levels in primary murine neurons and A549 cell line
infected with various strains of HAdV
Comparison of viral DNA level in mock-infected cells, neurons and A549
cells infected with analyzed HAdV serotypes (24 hr p.i. and 48 hr p.i.) by
qPCR (**, P<0.01; *, P<0.05).

was observed in A549 cells, which is consistent with the
literature data (Fig. 4b,c). Replication in neurons was less ef-
ficient (Fig. 4a). It should be noted that A549 cell line is com-
monly used for multiplication of different HAAV serotypes in
vitro, both in viral diagnostics and research (Dziecigtkowski

et al.,2008). Moreover, A549 cell line is a golden standard in
replication studies of human adenoviruses in vitro. In this
study, HAdV 7 reached the highest replication level in A549
cells at 24 hr p.i. (7.01+2.19 x 107 copies/ml; P <0.01), while
HAAV 5 showed the lowest level of viral DNA (4.6+1.25 x
10° copies/ml; P <0.05), but it was also statistically significant
increase in comparison to uninfected control (Fig. 4b,c).
Interestingly, similar results were obtained for primary cul-
tures of murine neurons. The highest, statistically significant
increase in the amount of viral DNA was observed for HAdV
7 at 24 hr p.i. (1.6+1.01 x 10° copies/ml; P <0.01), and lower
statistically significant increase for HAdV 5 (5.1+£1.65 x 10°
copies/ml; P <0.05) and HAAV 4 (2.7£0.94 x 10° copies/ml;
P <0.05), in comparison to uninfected control (Fig. 4a). The
differences observed for viral titers in neurons depend on the
HAJV serotype and are probably related with the different
tropism of adenoviruses for particular cell types. Accord-
ing to the literature data, serotypes used in this study show
tropism mostly for the cells of the respiratory tract causing
mild infection. Additionally, HAAV 7 could be isolated from
the cells of nervous and urinary systems.

As already mentioned above, little information is available
on the replication of HAdVs in neuronal cells. Serotypes 2,
7,5, 11, 19, 31, 32, and 49 were isolated from the central
nervous system (Chatterjee et al., 2000). Their presence was
related with diseases such as: meningitis and encephalitis,
myelitis, chronic persistent inflammation of the central nerv-
ous system and Rey-like syndrome (Rynans et al., 2013).

In summary, the results presented in this study are in-
novative, because we have proven for the first time the
replication of HAdV 4 in primary murine neurons. So far,
there were no reports on isolation of this serotype from the
central nervous system. Obtained results provide a basis
for testing other serotypes of HAdV in primary culture of
murine neurons in vitro. Additionally, tropism of the above
serotypes for nerve cells makes it possible to use them as
vectors in treatment of diseases such as brain tumors or
neurodegenerative diseases.
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