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Abstract Electrophysiological techniques were applied

to investigate the action of antiviral drugs during trans-

plasma events in in vivo grapevine cells infected by

GLRaV-1 and GLRaV-3. Carbon fiber microelectrodes and

redox-sensitive dyes were used to measure trans-plasma

membrane electron transport (t-PMET) activity in healthy

and infected samples treated with ribavirin, tiazofurin and

oseltamivir. Each drug caused a reduction in oxidation

current (expressed as D[Fe2?]) in healthy samples, indi-

cating t-PMET inhibition. In almost all infected samples,

the effect of drugs on t-PMET activity was significantly

lower, suggesting that higher content of NADH in infected

plants can interfere with t-PMET inhibition caused by

drugs. Moreover, virus-infected samples exhibited elevated

t-PMET activity compared to healthy samples. Analogous

effects were observed by dye tests. Considering the effects

of drugs on trans-plasma membrane potential, tests showed

the activity of a proton pump during drug treatments with

no significant difference with regard to health status.

Keywords Trans-plasma membrane electron transport �
GLRaV-1 � GLRaV-3 � Ribavirin � Tiazofurin �
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Introduction

Electrophysiological techniques can be applied to evaluate

the effects of drugs in trans-plasma membrane events

during their administration in animal or plant cells and

tissues in vivo. The transport of solutes can be monitored

by a trans-plasma membrane electric potential (t-PMEP)

assay (Bush 1993; Rinaldelli et al. 2011), and transporters

are involved in the uptake and efflux of chemical sub-

stances like drugs (Sherwood and Stollar 1984; Brandsch

et al. 2008; Rubio-Aliaga and Daniel 2008; Wang and

Wang 2009; International Transporter Consortium 2010).

Trans-plasma membrane electron transport (t-PMET) is

considered a target for developing antitumor drugs and

allowing reduction of extracellular oxidants at the expense

of cellular reducing equivalents that may derive from

NADH or NADPH (Del Principe et al. 2011). This mech-

anism permits the t-PMET to maintain cellular redox

homeostasis (Prata et al. 2010). In this way, cells can

respond to changes in the redox microenvironment, regu-

lating a variety of biological functions, including cell

metabolism, proton pumping, activity of ion channels,

growth and death (Ly and Lawen 2003).

With regard to chemotherapy in plants, t-PMEP of

inosine monophosphate dehydrogenase (IMPDH) or purine

biosynthesis inhibitors was electrophysiologically studied

in grapevine explants infected by grapevine leafroll-asso-

ciated virus 1 (GLRaV-1) (Luvisi et al. 2012), showing

how drugs lead to biphasic electrical membrane response,

suggesting an operation of H? cotransport. Moreover, in

tobacco plants, the IMPDH inhibitor mycophenolic acid

interferes with t-PMET activity linked to NAD?/NADH

conversion, acting differently in infected versus healthy

samples during drug uptake by cells (Rinaldelli et al.

2012). Again, electrophysiological data can be supported
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by a dye reduction assay using the cell-impermeable tet-

razolium salt 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-

disulfophenyl)-2H-tetrazolium monosodium salt (WST-1)

(Berridge et al. 2005; Herst and Berridge 2007). In the

presence of the intermediate electron acceptor 1-methoxy

phenazine methylsulfate (PMS), WST-1 is reduced extra-

cellularly to its soluble formazan via reducing equivalents

derived from intracellular NADH (Prata et al. 2010).

Different chemotherapeutic strategies were performed

for the eradication of GLRaV-1 and GLRaV-3 from plants

(Panattoni et al. 2007; Skiada et al. 2009; Guta et al. 2010).

IMPDH inhibitors (ribavirin [RB], tiazofurin [TZ]), a

purine biosynthesis inhibitor (6-thioguanine [TG]) and a

neuraminidase inhibitor (oseltamivir [OS]) eradicated both

viruses at different rates, considering viral infection (Pan-

attoni et al. 2011).

The aim of this study was to apply electrophysiological

techniques to investigate the action of antiviral drugs

belonging to three classes (De Clercq 2004) during trans-

plasma events in in vivo cells infected by GLRaV-1 and

GLRaV-3.

Materials and Methods

Plant Material

Field-grown Vitis vinifera cv. Sagrantino samples naturally

infected by GLRaV-1 or GLRaV-3 were transferred to an

insect-proof greenhouse. Seven-year-old plants, GLRaV-1

or GLRaV-3 single infection and virus-free (considering

viruses included in European Commission directive

2005/43/EC), were used for t-PMET and t-PMEP trials. In

June 2012, fully expanded leaves were excised and fresh

freehand samples (3–5 mm) were cut with an ethanol-

cleaned razor blade for testing (Rinaldelli et al. 2012).

For tissue culture, suspension cultured grape cells

derived from grapevine cells were maintained in QL liquid

medium (Quorin and Lepoivre 1977) containing 0.23 lM

2,4-D at 28 �C with shaking at 150 rpm on a gyrotary

shaker and subcultured every 15 days with a 4 % inoculum

(Yin et al. 2012).

Effect of Drugs on t-PMET

For the amperometric measurements, carbon fiber micro-

electrodes (CFMEs; tip diameter 5 lm) (Carbostar-1;

Kation Scientific, Minneapolis, MN) were used following

Rinaldelli et al. (2012). CFMEs were used in subsequent

calibrations to test the linear response in the presence of the

redox intermediary. Electrodes were placed in recording

solution (RS) with a constant background of 5 9 10-4 M

potassium ferricyanide (K3[Fe(CN)6]) (PF) (Table 1)

adjusted to pH 5.6 by 2-(N-morpholino)ethanesulfonic acid

(MES) and varying concentrations of potassium ferrocya-

nide (K4[Fe(CN)6]) (0, 20, 50, 100 lM). The oxidation

current at an electrode potential of ?400 mV was mea-

sured for each potassium ferrocyanide concentration.

The current at the CFME surface rises because the

impermeant intermediary ferrocyanide, generated by the

reduction of ferricyanide by cell reductase activity, is

reoxidized by the CFME held at ?400 mV. Calibration

Table 1 Solutions used in t-PMET and t-PMEP trials and parameters (cell reductase activity or membrane potential)

t-PMET trials

Solution Abbreviation Cell reductase activity

expressed as [Fe2?]

Variation of cell

reductase activity (%)

MgSO4 2 9 10-3 M, CaSO4 2 9 10-3 M,

5 9 10-4 K3[Fe(CN)6]

RS [Fe2?]RS

RS with RB at 0.60 mM RB-RS [Fe2?]RB [Fe2?]RS–[Fe2?]RB = D[Fe2?]RB

RS with TZ at 0.60 mM TZ-RS [Fe2?]TZ [Fe2?]RS–[Fe2?]TZ = D[Fe2?]TZ

RS with TG at 0.60 mM TG-RS [Fe2?]TG [Fe2?]RS–[Fe2?]TG = D[Fe2?]TG

RS with RB at 0.60 mM OS-RS [Fe2?]OS [Fe2?]RS–[Fe2?]OS = D[Fe2?]OS

t-PMEP trials

Solution Abbreviation Membrane potential (Em) Variation of membrane

potential (%)

CaSO4 5.0 9 10-4 M, K2SO4 2.5 9 10-3 M,

MES 5.0 9 10-3 M

BS EmBS

BS with RB at 0.60 mM RB-BS EmRB-BS EmBS–EmRB-BS = DEmRB

BS with TZ at 0.60 mM TZ-BS EmTZ-BS EmBS–EmTZ-BS = DEmTZ

BS with TG at 0.60 mM TG-BS EmTG-BS EmBS–EmTG-BS = DEmTG

BS with RB at 0.60 mM OS-BS EmOS-BS EmBS–EmOS-BS = DEmOS
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curves were used in order to estimate cell reductase

activity, expressed as [Fe2?] using oxidation current values

before each treatment (Rinaldelli et al. 2012). In order to

evaluate the interference of drug with PF or CFME,

1-(2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)oxolan-

2-yl-1H-1,2,4-triazole-3-carboxamide (RB; Sigma-Aldrich,

St. Louis, MO), (1R)-1-[4-(aminocarbonyl)-1,3-thiazol-2-

yl]-1,4-anhydro-D-ribitol (TZ; kindly provided by Dr.

Marquez, Center for Cancer Research, Frederick, MD),

2-amino-7H-purine-6-thiol (TG, Sigma-Aldrich) and

ethyl(3R,4R,5S)-5-amino-4-acetamido-3-(pentan-3-yloxy)-

cyclohex-1-ene-1-carboxylate) (OS; Roche Pharmaceuti-

cals, Milan, Italy) at 0.60 mM were singularly added to

solutions used for calibrations, comparing curves with the

calibration ones.

Sample preparation and reductase activity detection

were performed following Rinaldelli et al. (2012).

In order to stabilize the system before drug treatments,

the leaf sample was maintained in RS until the oxidation

current stabilized for at least 5 min. RS was then extracted

using a syringe and renewed, measuring oxidation current

until stabilization. The reductase activity difference

between RS administrations (D[Fe2?]RS, %) was calculated

and repeated 15 times. Mean D[Fe2?]RS ± r was used as a

threshold in order to establish system stability before each

treatment. Drug treatments came before two sequential

administrations of RS, with D[Fe2?]RS set within the

threshold. Thus, RS was reextracted via syringe and

substituted with drug-RS (Table 1). Oxidation current was

measured until it stabilized for at least 5 min. D[Fe2?] for

each drug was calculated considering oxidation current

after the last RS administration and oxidation current after

drug administrations (Table 1).

All tests were conducted on 15 healthy or infected

samples. Plots reported are representative of 15 equivalent

experiments. Measurements were performed under a Far-

aday cage.

Redox-sensitive dye was used to confirm the CFME

assay. tPMET activity was determined as described by

Prata et al. (2010) using a microplate format. Cells (105/ml)

were washed twice in 1-methoxy-5-methylphenazinium

methylsulfate, resuspended in Hanks’ balanced salt solu-

tion (HBSS) and incubated for 30 min at 37 �C with drugs

dissolved in DMSO (\0.1 % final concentration) prior to

adding WST-1/PMS solution (final concentrations 500 lM

WST-1, 20 lM PMS). WST-1 reduction was determined

after 20 min at 450 nm in a multiwell plate reader (Titertek

Multiskan; Titertek Instruments, Huntsville, AL). All val-

ues were corrected for background readings of HBSS with

drugs in the presence of WST-1/PMS. Effects of drugs

were expressed as DA450 (DA450RB, DA450TZ, DA450OS)

between untreated and treated samples in each health sta-

tus. Moreover, NADH was quantified in healthy and

infected samples in a colorimetric assay (450 nm) using an

NADH Quantification Kit (Sigma-Aldrich). All tests were

conducted on 15 healthy or infected cell cultures.

Effect of Drugs on Trans-Plasma Membrane Potential

After preincubation for 1 h in basal solution (BS) (Table 1)

adjusted to pH 5.6 with Tris (2-amino-2-hydroxymethyl-

propane-1,3-diol), leaf segments were prepared according

to Luvisi et al. (2012). Continuously aerated BS and drug-

BS solutions (Table 1) were permitted to perfuse through

the chamber at a flow rate of 10.0 9 10-3 l min-1. The

measuring electrodes used were micropipettes (tip diame-

ter \ 1 lm) obtained from single-barreled borosilicate

capillaries (World Precision Instruments, Sarasota, FL) as

described in Rinaldelli et al. (2012). Insertion of the

microelectrodes took place in the central zone of the

mesophyll by way of a micromanipulator. Treatments

started after membrane potential (Em) stabilized for 5 min.

Preincubation and electrophysiological tests were carried

out at 22 �C (±0.5) under light (30 watt m-2).

In order to confirm that drugs did not cause irreversible

damage to the membrane at higher drug concentrations

compared to those tested by Luvisi et al. (2012), repolari-

zation of the membrane was investigated. Em after BS

stabilization (EmBS) and Em after drugs-BS stabilization

(Emdrug-BS) (Table 1) were observed. Irreversible damage

to the membrane was reported if stabilized Emdrug-BS was

significantly lower than EmBS. The effect of drugs on

membrane depolarization was calculated considering Em

after BS stabilization and maximum Em achieved after

drug-BS administration, expressed as DEmdrug (%).

In order to evaluate drug effects on Em, carbonyl cya-

nide m-chlorophenylhydrazone (CCCP), a protonophore

and uncoupler of oxidative phosphorylation (Felle 1987;

Marré et al. 1973) was used in 0.05 % ethanol, starting

from a stock solution of 0.5 mM. Controls, in the different

trials, also contained the same percentage of ethanol in the

treatments. Moreover, treatments at low temperature (5 �C)

were conducted following the same protocol of 22 �C

(±0.5) tests. Sodium orthovanadate (Na3VO4) (Table 1),

a relatively specific inhibitor of plasma membrane

H?-ATPase (Marré et al. 1989), was employed starting

from a 5.0 9 10-3 M stock solution dissolving dry inhib-

itor in water and heating the solution for 3 h above 38 �C

(O’Neill and Spanswick 1984). Controls in the trials also

contained the same amount of Na (as Na2SO4) in the

treatment.

All tests were conducted on 15 healthy or infected

samples. Plots reported were representative of 15 equiva-

lent experiments. Measurements were performed under a

Faraday cage.
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Statistical Analysis

The effects of treatments on D[Fe2?], DEm, WST-1

reduction and influence on health status were elaborated

using Sigma-Plot software (version 11; Systat Software,

San Jose, CA). The software was used to perform two-way

analysis of variance in a random design and pairwise

multiple comparisons on significant effects and interactions

using the Holm–Sidak method. Data expressed in percent

were converted to arcsin values. p \ 0.05 was considered

to be significant.

Results and Discussion

CFME Response

The oxidation current response of the CFME was linear

with respect to potassium ferrocyanide concentration (in a

constant background of PF 5 9 10-4 M) in RS before each

treatment, and no interference with RB, TZ and OS was

observed. Conversely, TG interfered with the CFME. In the

presence of TG, the oxidation current of the RS was set at

100–110 mV, precluding the measurement of interference

of this drug against the cell reductase activity using CFME.

The same oxidation current response was registered in the

TG water solution, indicating that the CFME was able to

oxidize the drug.

Effect of Health Status on t-PMET

Virus-infected samples exhibited elevated t-PMET activity

compared to healthy samples. The [Fe2?] in healthy sam-

ples was set at 25.7 ± 3.6 lM, while GLRaV-1 and

GLRaV-3 samples showed 33.9 ± 3.8 and 48.9 ± 8.5 lM

[Fe2?], respectively. Analogous effects were observed by

dye tests, where A450 was set at 0.234 ± 0.021 for healthy

plants and at 0.301 ± 0.018 for GLRaV-1- and

0.315 ± 0.010 for GLRaV-3-infected cells. These data can

be linked to the NADH content in GLRaV-1 and GLRaV-3

samples, which was set at 1.18 ± 0.05 and 1.22 ± 0.07

times higher than healthy samples, respectively.

D[Fe2?]RS in healthy samples was set at -3.7 9 10-3 %,

and virus infection did not cause differences.

Effect of RB

Drug treatments that came before two sequential adminis-

trations of RS during which D[Fe2?]RS was set within the

threshold caused a reduction in oxidation current (expres-

sed as D[Fe2?]drug) in healthy samples (Fig. 1), indicating

t-PMET inhibition. Otherwise, the D[Fe2?]RB was signifi-

cantly reduced in both infected samples (Table 2). Effects

of RB on t-PMET were confirmed by dye reduction assay

(Table 3). In healthy or infected samples, EmRB-BS was

never lower than EmBS, achieving 100 % of repolarization

(Fig. 2). RB caused a membrane depolarization of

16.3 ± 1.5 % in healthy samples. Treatments with RB,

performed in the presence of CCCP, did not provide any

further effect on Em. Repolarization started, instead, after

the inhibitor was removed. No significant difference with

regard to health status was reported for RB. Treatments at

low temperature (5 �C) completely eliminated the electri-

cal response of the three drugs, with no differences

according to health status. During sodium orthovanadate

administration, the electrical response of the RS was

completely eliminated in healthy and in infected samples

(data not shown).

Effect of TZ

Similarly to RB treatment, TZ caused a reduction in oxi-

dation current in healthy samples, indicating t-PMET

inhibition. In both infected samples, D[Fe2?]TZ was sig-

nificantly reduced (Table 2), even compared to RB

(Table 3). Effects of TZ on t-PMET were confirmed by dye

reduction assay (Table 3). EmTZ-BS was never lower than

EmBS as reported for RB, achieving 100 % of repolariza-

tion (Fig. 2). TZ caused a membrane depolarization of

17.1 ± 1.4 % in healthy samples. Em control tests (CCCP,

low temperature and orthovanadate) showed the same

results as for RB (data not shown).

Effect of OS

OS caused a reduction in oxidation current in healthy

samples, more extensive than that of RB or TZ, indicating

stronger t-PMET inhibition. In GLRaV-3-infected samples,

D[Fe2?]TZ was significantly reduced (Table 2), while any

RS extraction

RS administration

RS extraction

Drug-RS administration

Fig. 1 Effect of ribavirin on oxidation current. Plot is representative

of 15 equivalent experiments in healthy grapevine samples treated

with ribavirin. Arrows The time of solution extraction or administra-

tion. RS recording solution, Drug-RS recording solution with drug at

0.60 mM
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variation was reported for GLRaV-1 samples compared to

healthy ones (Table 3). Effects of OS on t-PMET were

confirmed by dye reduction assay (Table 3). As with RB or

TZ, the EmOS-BS was never lower than EmBS, achieving

100 % of repolarization (Fig. 2). OS caused a membrane

depolarization of 23.4 ± 1.1 % in healthy samples. Em

control tests (CCCP, low temperature and orthovanadate)

showed the same results as for RB or TZ (data not shown).

In conclusion, the t-PMET activity in plants was

reduced by all of the drugs. With regard to RB and TZ,

their action as IMPDH inhibitors can interfere with

NAD?/NADH conversion, altering t-PMET activity. In

the literature, the OS mechanism of action as an antiviral

drug in plants has not been described, while its behavior

in animal cells (Mendel et al. 1998; Sidwell et al. 1998)

does not seem to carry over into the plant kingdom. To

our knowledge, the inhibition of t-PMET activity by OS

represents the first evidence of its interaction with plant

cells.

Table 2 Two-way factorial analysis of variance of D[Fe2?] of Vitis

vinifera cv. Sagrantino plants

Source of variation df SS p

Treatment (A) 3 3.160 \0.001

Health status (B) 2 1.276 \0.001

A 9 B 6 1.402 \0.001

Residual 168 0.383

Total 179 6.221

Comparison for factor DM t p

Comparison for B within RB-RS

Healthy plant vs. GLRaV-1 0.100 5.760 \0.001

Healthy plant vs. GLRaV-3 0.0870 4.987 \0.001

GLRaV-1 vs. GLRaV-3 0.00135 0.774 NS

Comparison for B within TZ-RS

Healthy plant vs. GLRaV-1 0.364 21.864 \0.001

Healthy plant vs. GLRaV-3 0.364 21.844 \0.001

GLRaV-1 vs. GLRaV-3 0.000333 0.0200 NS

Comparison for B within OS-RS

Healthy plant vs. GLRaV-3 0.369 22.158 \0.001

GLRaV-1 vs. GLRaV-3 0.341 20.457 \0.001

Healthy plant vs. GLRaV-1 0.0283 1.701 NS

Healthy or GLRaV-1- or GLRaV-3-infected plants were treated with

drug-RS. Pairwise multiple comparison analysis with the Holm–Sidak

test was performed

RS recording solution, Drug-RS recording solution with drug at

0.60 mM, RB ribavirin, TZ tiazofurin, OS oseltamivir, SS sum of

square, df degrees of freedom, DM difference of means, t t value, NS

nonsignificant at p [ 0.05

Table 3 t-PMET activity expressed as D[Fe2?] using carbon fiber

microelectrodes or as DA450 (%) using WST-1 assay

D[Fe2?] (%)

Healthy GLRaV-1 GLRaV-3

RB -35.0 ± 2.4a* -25.0 ± 2.2b -26.3 ± 3.4b

OS -44.2 ± 3.2a -43.0 ± 4.2a -10.1 ± 2.0b

TZ -36.7 ± 2.4a -3.3 ± 1.5b -3.7 ± 1.4b

DA450 (%)

Healthy GLRaV-1 GLRaV-3

RB -20.5 ± 2.2a -10.5 ± 1.2b -12.5 ± 1.0b

OS -26.6 ± 2.6a -25.0 ± 3.0a -9.6 ± 1.3b

TZ -21.2 ± 1.8a -2.1 ± 1.5b -2.2 ± 1.8b

RB ribavirin, TZ tiazofurin, OS oseltamivir

* Values in the same column followed by the same letter do not differ

significantly according to Duncan’s multiple range test (p = 0.05)

Drug

-110

-92

-110

Drug

-105

-87

-106

Drug

-112

-86

-112

Fig. 2 Effects of drugs on membrane potential at 22 �C in healthy

grapevine plants. Plots are representative of five equivalent experi-

ments for each tested drug. Arrows The time of drug administration
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In almost all infected samples, the effect of drugs on

t-PMET activity was significantly lower, suggesting that a

higher content of NADH in infected plants can interfere

with t-PMET inhibition caused by drugs. Anyway, our

findings showed that this interference of t-PMET inhibition

varied according to drug. These results, as well as different

eradication rates of viruses (Panattoni et al. 2011), indicate

an as yet undescribed relationship between the mechanism

of action of drugs and virus activity in plant cells.

The tested drugs did not cause DEm after CCCP treat-

ment, suggesting that transport of RB, TZ and OS is

metabolism-dependent. In fact, CCCP is an uncoupler of

oxidative phosphorylation, which dissipates the electro-

chemical gradient of H? ions, preventing ATP synthesis.

Consequently, active transport systems that require free

energy to drive translocation (Bush 1993) are inhibited.

Moreover, the tested drugs showed a strongly reduced

membrane depolarization at low temperature, while treat-

ments carried out under sodium orthovanadate, a specific

inhibitor of H?-ATPase, prove the activity of a proton

pump during drug treatments. The health status of samples

did not interfere with t-PMEP trials as reported for my-

cophenolic acid or purine biosynthesis inhibitors (Luvisi

et al. 2012). Complete repolarization of membrane poten-

tial was achieved for RB, TZ and OS, indicating no irre-

versible damage to membranes due to drug administration.
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