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Abstract In this report we investigate the alterations of
the dielectric properties of the plasma membrane caused by
the infection of cultured fibroblasts with murine polyo-
mavirus. The approach consists in a well-established
dielectric spectroscopy technique, electrorotation, which
has been successfully used in our laboratory to study the
alterations of the plasma membrane of cells exposed to
various forms of stress. The response to viral proliferation
was time dependent as shown by evaluation of the de novo
synthesis of viral DNA. This response was paralleled by
gradual damage of the membrane evidenced by alteration
of the dielectric parameters, specific capacitance and con-
ductance. The electrorotation results show a reduced effect
on the dielectric properties of the membrane when infec-
tion is carried out in the presence of a natural oil (MEX). In
this case a drastic reduction in viral DNA synthesis was
also monitored, thus indicating an antiviral action of this
product.

Keywords Polyomavirus infection -
Dose/response effect - Electrorotation -
Membrane structure/function

V. Berardi - C. Aiello - G. Risuleo (B)
Dipartimento di Genetica e Biologia Molecolare,
Universita di Roma “La Sapienza”, p.le A. Moro 5,
Rome 00185, Italy

e-mail: gianfranco.risuleo@uniromal.it

A. Bonincontro
CNISM-Dipartimento di Fisica, Universita di Roma
“La Sapienza”, p.le A. Moro 5, Rome 00185, Italy

A. Bonincontro - G. Risuleo
SOFT-INFM-CNR Research Centre, Universita di Roma
“La Sapienza”, p.le A. Moro 5, Rome 00185, Italy

Introduction

Murine polyomavirus (Py) is an extremely well-charac-
terized model system used to investigate a variety of bio-
logical phenomena. The virus genome is formed by a small
double-stranded circular DNA molecule and has been
“historically” considered a good model of the eukaryotic
chromosome. Polyomavirus relies completely on the met-
abolic machinery of the infected cell, and therefore it has
been used to investigate cellular and molecular functions
such as DNA replication and regulation of RNA tran-
scription and translation as well as mechanisms of tumor
transformation. Like other polyomaviruses, Py can very
efficiently transform nonpermissive cells in culture. In
addition, these viruses are able to cause tumors if injected
in immunosuppressed or singeneic animals. The “classi-
cal” book edited by Tooze (1982) possibly still represents
the most complete work on this subject. However, although
reports exist documenting the presence of Py DNA
sequences in human tumor tissues (see, e.g., Casini et al.
2005; Muifioz-Marmol et al. 2006; Giuliani et al. 2007;
Shiramizu et al. 2007), the actual role of these viruses as
causative agents of tumor transformation within the
immunocompetent population is still strongly debated (see,
e.g., Barbanti-Brodano et al. 2006; Eash et al. 2006; Moens
et al. 2007). Finally, in our laboratory Py has also been
used to test the cytotoxic and/or antiviral potential of
substances of natural origin (Iacoangeli et al. 2000; Cam-
panella et al. 2002; Di Ilio et al. 2006).

A particular aspect of productive infection with Py is
represented by the entry of the virion into the cell and by
its interaction with the plasma membrane. However, the
mechanisms of virion entry through the membrane and its
transport to the nucleus, where it is uncoated prior to
initiation of proliferation, are not yet fully understood. In
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the case of Py, it is known that the main capsid protein
VP1 binds sialic acid residues, while the homologous
protein of SV40 binds membrane gangliosides (Stehle
et al. 1994; Tsai et al. 2003). It is commonly accepted
that these viruses are internalized through caveolin-
dependent or -independent pathways and are subsequently
transferred to the endoplasmic reticulum (ER) system
(Gilbert and Benjamin 2000; Pelkmans et al. 2001). With
respect to this, it was recently published that the ER-
specific protein Derlin-2 is required for productive entry
and initiation of Py infection (Lilley et al. 2006). Also,
the dynamics of internalization and the impact on the
infected cell physiology have recently been reviewed
(Damm and Pelkmans 2006). However, information on
possible membrane damage consequent to virus penetra-
tion into the cell is not very abundant, even though
reports have been published on the mode and effects of
viral proliferation on the plasma membrane (Norkin 1977,
Bonincontro et al. 1996; Drachenberg et al. 2003; Damm
et al. 2005).

This report focuses on the structural/functional altera-
tions of the plasma membrane consequent to viral infec-
tion. The study was conducted using the spectroscopic
technique known as electrorotation (Arnold and Zimmer-
mann 1982; Mischel et al. 1982; Gimsa et al. 1991; Bon-
incontro et al. 1997; Gimsa 2001; Cen et al. 2004). This
powerful technique allows single-cell examination and,
thus, evaluation of the dielectric parameters of the plasma
membrane: specific capacitance (C) and specific conduc-
tance (G). The alteration of these parameters is suggestive
of a change in plasma membrane structure and/or function.
Evidence is presented that these alterations of the dielectric
properties are virus induced.

Materials and Methods

Cell Cultures, Viral Infection, and DNA Replication
Assays

Cultures of murine fibroblasts (3T6 cell line) were rou-
tinely maintained at 37°C in a 5% carbon dioxide atmo-
sphere in DMEM supplemented with 10% newborn serum,
glutamine (50 mM f.c.), and penicillin-streptomycin (10
U/ml each). Viral infection was performed at 4 pfu x cell
for 2 h at 37°C with shaking. Infection procedure and de
novo synthesized DNA assays (replication assays) have
been described in detail in previous work (see, e.g., Cam-
panella et al. 2002; Pastore et al. 2004). Viral DNA was
visualized after agarose gel electrophoresis in the presence
of ethidium bromide (0.5 pg/ml, final concentration).
Whole Neem oil was supplied by Trifoglio-MR GmgH
(Lahnau, Germany). Methanolic extract (MEX) was
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obtained by six consecutive methanol extractions (twice
the volume of the whole oil each time). The extract was
subsequently freeze-dried in vacuo and the pellet thus
obtained was dissolved in ethanol in a stock solution at a
concentration of 100 mg/ml: for details on the procedure
see Di Ilio et al. (20006).

Electrorotation Apparatus

A standard apparatus for electrorotation was used. The
frequency range used in each experiment was 100 Hz—
500 kHz. In this interval it is possible to monitor only
relaxation at the interface of solvent/plasma membrane.

The rotating electrical field was generated by super-
imposing four square waves out of phase by 90°. The
square pulses were applied to the copper miniplate elec-
trodes of the measuring cell, which form a central circular
cavity with a volume of about 10 pl. The whole setup was
mounted on a microscope glass slide. The rotating cells
were observed via a monitor and at each session the
rotation period of 20 cells was considered (for further
details on measurements and caveats see Bonincontro
et al. 2007).

Statistical Treatment of Experimental Data

All experiments were performed in triplicate. Error bars
indicate the standard error of the mean (£SE).

Results and Discussion
Electrorotation Theory

An electric field applied to a polydisperse cell suspension
induces a dipole moment. This is due to the charges
compartmentalized at the interface between cell membrane
and solvent. When this interfacial polarization relaxes, the
induced dipole moment undergoes a phase shift with
respect to the electric field. This causes a torque moment
and cells begin to rotate. The period depends on the fre-
quency of the applied field according to the formula, based
on the so-called single-shell model:

L)
Toin—~— (1)
2(%)

where f is the frequency of the applied field, f* is the
relaxation frequency, and Ty, is the value of the rotation
period at the relaxation frequency. The value of f* depends
on the solvent conductivity following the formula:

T(f) =
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where C and G are, respectively, the specific capacitance
and conductance of the cell plasma membrane with radius
r, g is the solvent conductivity, and g; is the conductivity
of the cytoplasm considered to be homogeneous. Since o,
<< 0y, Eq. 2 becomes

fx = (ﬁ) g+ (ﬁ) G (3)

The electrorotation theory is illustrated in detail in the
literature (Arnold and Zimmermann 1982; Mischel et al.
1982; Gimsa et al. 1991; Gimsa 2001).

Dielectric Parameters of the Plasma Membrane After
Py Infection

As an example of a typical experimental result, Fig. 1 (top
panel) shows the average rotation period as a function of
different rotating field frequencies in control cells. The
experimental data were fitted according to Eq. 1 and the
relaxation frequency was determined. Measurements were
done at different conductivities of the solvent (0.5, 1.0, and
1.5 mM NaCl; only the curve at 0 mM NaCl is shown).
The relaxation frequencies f* are reported as a function of
the solvent conductivity, and as expected from Eq. 3, they
form a straight line (Fig. 1 bottom panel). The average cell
radius was estimated for a statistically significant number
of cells and its value was 8.5 = 0.5 um. We subsequently
calculated the dielectric parameters C and G. An analogous
procedure was adopted for cells infected with Py at various
times of infection (we would like to point out that the cell
radius did not show a significant difference in infected cells
versus control cells). Table 1 summarizes the dielectric
parameters obtained for controls and infected cells. These
data suggest that a correlation exists between infection
time, i.e., viral proliferation, and alteration of the plasma
membrane.

The actual progression of the viral infection was mon-
itored by analysis of the de novo synthesis of viral progeny
DNA. Figures 2, 3, 4, 5 report the electropheretograms
(panels at the right), which show a steady increase in viral
DNA production as infection time proceeds; this is sum-
marized and quantified in Fig. 6. The panels at the left
show the straight line reporting the relaxation frequencies
f* as a function of the solvent conductivity. From these
data the variations of C and G values may calculated. Data
reported in Table 1 show that the infection causes an
increasing trend in the C value, while a significant rise in G
is monitored only at a prolonged infection time. The
modest increase in G at a shorter time of infection is in
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Fig. 1 Top Average rotation period as a function of rotating field
frequency in untreated control cells. The solvent was salt-free 0.3 M
sucrose. The curve is the result of the best fit according to Eq. 1.
Bottom Relaxation frequency f* as a function of solvent conductivity.
The straight line results from the best fit according to Eq. 3. Error
bars indicate £SE

Table 1 Dielectric parameters of the plasma membrane at different
times of infection with murine polyomavirus

Time of Specific capacitance C Specific conductance G
infection (uF/ecm?) (S/em?)
Mock 0.8 £ 0.1 0.26 £+ 0.06
infection
24 h 09 £ 0.1 0.20 £ 0.04
48 h 12 +02 0.25 + 0.04
72 h 1.3 +£02 0.45 + 0.03

agreement with the fact that viral DNA production reaches
its maximum at about 40 h postinfection as reported in
literature. The parameter C is strongly related to the
membrane structural properties: therefore one can conclude
that the virus entry across the plasma membrane causes
only a modest structural rearrangement. The variations in C
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values are, within the measurement error, rather limited.
On the other hand, the increase in G, a parameter related to
membrane ion permeability, may suggest that a correlation
exists between viral DNA synthesis and an overall stimu-
lation of cell functions.

Electrorotation Measurements After Inhibition of Viral
DNA Production

To correlate the variation of the dielectric parameters with
viral DNA synthesis, we performed a new set of mea-
surements on cell samples infected with Py in the presence
of MEX. This natural complex mixture shows a variety of
biological activities, among which is an antiviral one
(Subapriya and Nagini 2005). In previous electrorotation
studies performed in our laboratory, MEX was also shown
to alter membrane fluidity after administration to cultured
cells (Bonincontro et al. 2007). In any case the membrane
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is one of the main targets of this natural mixture (Ricci
et al. 2008). The results of these new dielectric measure-
ments are reported in Table 2 and in Fig. 6, which sum-
marizes the evaluation of viral DNA production after
treatment with MEX. In the presence of MEX, the
parameter C remains unaltered and the increasing trend,
observed previously, is abolished. This implies that the
membrane essentially maintains its structural features,
unlike the previous data obtained in the absence of MEX
(cf. Tables 1, 2), which may suggest that the viral DNA
production is impaired. Figure 2 shows that after 48 h of
infection in the presence of MEX, viral DNA synthesis
decreases dramatically. Last but not least, these results
show that MEX actually has an antiviral action toward Py
proliferation: this activity needs further elucidation and
experimental work is in progress in our laboratory. Only
the data at 48 h postinfection are shown, since at longer
infection times, electrorotational data become unreliable.
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Fig. 5 Left Relaxation frequency f* as a function of solvent
conductivity. The straight line results from the best fit according to
Eq. 3. Right Lane 1, electropheretogram obtained from mock-infected
control cells; lane 2, progeny viral DNA yield at 48 h postinfection,
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Fig. 6 Summary of the progeny viral DNA yield at various times
postinfection. Green bars: mock-infected control cells. Red bars: viral
DNA. Blue bar: viral DNA obtained in the presence of MEX. Error
bars indicate =SE (color figure online)

indicated by the arrow, but in this case infection was done in the
presence of MEX (5 mg/mL, final concentration). Data at 72 h are not
shown since the toxicity of MEX is too elevated at this time; see the
text. Error bars indicate =SE

Table 2 Dielectric parameters of the plasma membrane at different
times of infection with murine polyomavirus in the presence of the
Neem derivative MEX

Time of infection Specific capacitance Specific conductance

C (pF/ecm?) G (S/em?)
Mock infection 0.8 +0.1 0.26 £ 0.06
24 h 0.9 402 0.29 + 0.08
48 h 0.8+ 0.2 0.34 + 0.06

Note: Data at 72 h are omitted since, after this time of infection, MEX
is too toxic to provide reliable data

This is because, after such a long exposure to MEX, the
cytotoxic effect on the cells and the nonhomogeneity of the
cell population (infected vs. uninfected, different stages of
virus proliferation) cannot be neglected (Bonincontro et al.
2007).
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In summary, the lower increase in parameter G, com-
pared to the results obtained in the absence of MEX, should
be attributed to a direct effect mediated by MEX rather
than to viral DNA synthesis (Bonincontro et al. 2007; Ricci
et al. 2008). In any case, it is worth noting that the elec-
trorotational data presented here are in very good agree-
ment with results obtained in our laboratory using an
impedance methodology (Bonincontro et al. 1996).

Conclusion

The results obtained in this work corroborate the idea that
dielectric spectroscopy is a good tool to investigate the
structure/function relationships of the plasma membrane.
Also, this work shows that infection with Py has little effect
on the structural properties of the cell membrane, while
membrane permeability seems to increase significantly. In
infection experiments carried out in the presence of a
natural mixture known as MEX the structural damage was
eliminated. However, the presence of MEX induces per se
an increase in ion permeability, masking and/or eliminating
a possible effect of the viral proliferation. In light of these
data an antiviral action of MEX is suggested, and this
deserves further investigation.
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