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ABSTRACT

Background: The antiviral drugs AZT and acyclovir are
generally used in the treatment of infections with hu-
man immunodeficiency virus (HIV) and herpes simplex
virus (HSV). These substances are known to impede
virus replication by premature nucleic acid chain termi-
nation. It is not yet clear, however, if this is the sole
mechanism responsible for the antiviral and/or the nu-
merous side effects observed in patients treated with
these agents. We investigated the swelling-induced chlo-
ride current in fibroblasts, which we demonstrated is
closely related or identical to a cloned epithelial chloride
channel, ICIn. This chloride channel can be blocked by
nucleotides.
Materials and Methods: Electrophysiological, fluores-
cence optical, and volume measurements were made to
determine the effect of nucleoside analogs on the swell-

ing-dependent chloride current (ICI) in NIH 3T3 fibro-
blasts and in human T cell lymphoma (H9) cells and the
cAMP-dependent chloride current in CaCo cells.
Results: AZT and acyclovir block the swelling-depen-
dent chloride current and the chloride flux in fibroblasts,
and the regulatory volume decrease (RVD) and Ic, in H9
cells. This immediate effect can be substantially reduced
by the simultaneous incubation of the cells with thymi-
dine-5'-diphosphate (TDP) or uridine, both of which are
by themselves unable to affect Icl.
Conclusions: We show here a novel molecular mech-
anism by which antiviral drugs of the nucleoside analog
family could lead to impairments of the kidney, bone
marrow, gastrointestinal, and neuronal functions, and
how these side effects could possibly be restricted by the
presence of TDP or uridine.

INTRODUCTION
The use of nucleoside analogs is a major strategy
in the treatment of viral infections. The key
mechanism by which these substances interfere
with virus replication appears to be by inducing
premature chain termination; it is still unclear,
however, if this is the exclusive antiviral effect
and how different side effects observed both in
vitro and in patients treated with these drugs can

be explained. The side effects consist mainly of
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bone marrow suppression and impaired central
and peripheral neuronal tissue, gastrointestinal
tissue, and kidney function. This organ prefer-
ence for the side effects of these drugs seems to
result from mechanisms different from prema-
ture chain termination. As previously demon-
strated, ICIn, a chloride channel cloned from epi-
thelial cells and expressed in Xenopus laevis
oocytes, can be blocked by the addition of differ-
ent nucleotides (cGMP, ITP, cAMP, GTP, ATP,
ADP, or AMP) to the extracellular solution (1). A
similar nucleotide block of chloride currents has
recently been shown in other cell systems (2-4).
Mutation of a putative nucleotide binding region
in ICIn leads to a dramatic reduction of the nu-
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cleotide block and to a change in the kinetics of
the current expressed in oocytes (1). In NIH 3T3
fibroblasts, the swelling-induced chloride current
(ICl) can similarly be blocked by cAMP, cGMP, or

ATP. This endogenous current can be signifi-
cantly reduced by antisense oligonucleotides
against IC'n, indicating that ICmn is the prevalent
protein involved in Ici (5). The aim of the present
study was to investigate the effect of antiviral
drugs from the nucleoside analog family on Icl.
We show here that nucleoside analogs selectively
block Ic, and the regulatory volume decrease
(RVD) at concentrations one to two orders of
magnitude lower than nucleotides, thus interfer-
ing with a vital cell regulatory mechanism at
concentrations present in the plasma of patients
treated with these drugs.

MATERIAL AND METHODS
Electrophysiology and Cell Culture
The whole-cell voltage clamp method (6) was
chosen to measure swelling-induced chloride
currents in isolated NIH 3T3 fibroblasts, colon
carcinoma (CaCo) cells, and H9 cells, a human T
cell lymphoma cell line (ATCC HTB 176). Fibro-
blasts and CaCo cells were grown on glass cover
slips in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal calf se-
rum, 4 mM glutamine, 100 IU/ml penicillin, 100
jig/ml streptomycin at 37°C, 5% CO2, 95% air,
and measured 24-48 hr after splitting. H9 cells
were grown in suspension in RPMI-1640 me-
dium supplemented with 10% fetal calf serum, 2
mM glutamine, 100 IU/ml penicillin, 100 jig/ml
streptomycin at 37°C, 5% CO2, 95% air. For
electrical measurements in H9 cells, glass cover
slips were coated with a 0.25% collagen solution
(type I). All experiments were carried out at
room temperature (20-22°C). Bath and pipette
solutions were chosen to enable chloride current
measurements. The isotonic extracellular solu-
tion used was composed of (in mM): NaCl 125,
CaCl2 2.5, MgCl2 2.5, N-2-hydroxyethylpipera-
zine-N' -2-ethanesulfonic acid (HEPES) 10, man-
nitol 50, pH 7.2 (adjusted with NaOH). Mannitol
was omitted to reduce extracellular osmolarity.
One to two minutes after confirming whole-cell
configuration, hypotonic conditions were estab-
lished and the activated outwardly rectifying
chloride current measured. Fast exchange of the
bath solution was obtained using a perfusion
system with a flow rate of 10 ml/min and a bath

volume of '-250 ,ul. The blocking effect on Ic, of
the different substances tested was determined
2-4 min after the addition of the corresponding
concentrations to the extracellular solution. The
filling solution of the patch pipette was (in mM):
CsCl 144, MgCl2 5, ethyleneglycol-bis(,-amino-
ethyl ether)-N,N,N',N'-tetraacetic acid (EGTA)
11, HEPES 10, pH 7.2 (adjusted with CsOH). For
data acquisition and analysis an EPC-9 (HEKA,
Lambrecht, Germany) and an Axopatch 200A
(Axon Instruments, Foster City, CA U.S.A.) am-
plifier, controlled by an Atari or an Apple com-
puter running the according software for driving
the amplifier and PULSE and REVIEW for anal-
ysis (Instrutech, Great Neck, NY U.S.A.) was
used. All current measurements were filtered at
1 kHz (analog 4-pole BESSEL) and leak sub-
tracted where indicated. Where applicable, data
are expressed as arithmetic means ± standard
error of the mean (SEM). Statistical analysis was
made by t-test where appropriate. Significant dif-
ference was assumed at p < 0.05.

Fluorescence Optical Measurements

CHLORIDE MEASUREMENTS USING MEQ. NIH 3T3 fi-
broblasts were superfused with a hypotonic so-
lution containing (in mM): Na-gluconate 81, K
gluconate 5.4, MgSO4 0.8, Ca-gluconate 1.2,
NaH2PO4 1, glucose 5.5, Tris(hydroxymethyl)
aminomethane (Tris) 5, pH adjusted to 7.4. At
the point indicated (arrow in Fig. Id), the hypo-
tonic extracellular fluid was changed to a solu-
tion containing 150 mM KSCN. The decrease of
fluorescence is proportional to chloride perme-
ability (Pcl) since SCN- is able to quench MEQ
(6-methoxy-N-ethylquinolinium iodide) fluo-
rescence more effectively than chloride (7), ICin
is more permeable for SCN- than for chloride
(8), and Ic, is reduced by only .404% within the
first 180 sec after restoring normal osmolarity.
Fluorescence measurements were made under
an inverted microscope equipped for epifluores-
cence and photometry. Light from a xenon arc
lamp was directed through a grey filter (nominal
transmission 0.3%) and a 340 ± 10 nm interfer-
ence filter, deflected by a dichroic mirror and
directed through the objective. The emitted light
was directed through a 420 nm cutoff filter to a
cooled photomultiplier tube for photon counting
(9). For loading the cells with MEQ it is essential
to convert MEQ to diH-MEQ (6-methoxy-N-
ethyl 1,2-dihydroquinolinium iodide; methods
are described in Ref. io). Thie fibroblasts vvere
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incubated for 10 minutes in a 5-,KM diH-MEQ
solution (37°C, 5% C02), washed with PBS and
incubated in DMEM for another 10 min prior to
measurement.

VIABILITY MEASUREMENTS. Viability of NIH 3T3 fi-
broblasts was measured using a confocal micro-
scope (LSM 410, Zeiss, Oberkochen, Germany)
after labeling the cells with calcein AM and
ethidium homodimer (11). Cells were grown on
sterile glass cover slips (see above) and incubated
for 20 min with 2 ,uM calcein AM and 4 AM
ethidium homodimer as described by the sup-
plier (EucoLight, Molecular Probes, Eugene, OR,
U.S.A.). After washing the cells with PBS the
cover slips were mounted under an inverted la-
ser scan microscope (LSM 410). The fluorescent
dyes were excited by an argon laser (488 nm).
Fluorescence emission from both fluorophores
was viewed simultaneously using a dichroic mir-
ror (FT580) and two emission filters (530 nm
bandpass for calcein and 590 nm longpass for
ethidium homodimer, respectively). Live cells
were distinguished by the presence of intracellu-
lar esterase activity, determined by enzymatic
conversion of nonfluorescent calcein AM to
green fluorescent calcein, whereas dead cells
with damaged membranes were entered by
ethidium homodimer, leading to red fluores-
cence after binding to nucleic acids. Viable cells
are expressed as percentage of total cell number
in a given area.

Cell Volume Measurements

Cell volume was measured in 30-sec intervals
using a Casy-1 model TT (Scharfe, Reutlingen,
Germany). The measurements were made after
splitting the cells and growing the single cells for
12, 24, and 34 hr in the incubator. Cell volume
was calculated from the median of the cell vol-
ume distribution curves using latex beads as cal-
ibration standards (12,13). During measurement
cells were kept at 30-370C. The isotonic extra-
cellular solution for volume measurements was
(in mM): NaCl 90, mannitol 80, KCI 5.4, MgCl2
0.8, CaCl2 1.2, glucose 5.5, tris(hydroxymethyl)
aminomethane (Tris) 5, pH 7.4 (adjusted with
NaOH). To reduce extracellular osmolarity the
isotonic solution was diluted with a solution
composed as above but missing mannitol. Final
osmolality of the different solutions was verified
by freezing point depression.

RESULTS
The Swelling-Induced Chloride Current
Can Be Blocked by Nucleoside Analogs
Such as AZT or Acyclovir
A chloride current of +97.7 ± 11 pA (+40 mV;
n = 44) can be measured in NIH 3T3 fibroblasts
(passages 60-100) under isotonic conditions. Re-
ducing extracellular osmolarity (omitting 50 mM
mannitol) leads to a marked increase in the cur-
rent to + 1473.6 ± 104 pA (n = 44). As shown in
Fig. 1, the thymidine nucleoside analog 3'-azido-
3'-deoxythymidine (AZT) blocks the swelling-
induced chloride current (Icl) at a half maximal
concentration (IC50) of -'20 ,uM (Fig. 1 a and b),
with the block being equally effective on both
current directions (Fig. lc) 3-4 min after adding
the drug to the extracellular solution.

In addition to the electrophysiological mea-
surements, the effect of AZT on chloride trans-
port is also demonstrated using a fluorescence
optical technique. As depicted in Fig. 1d, cells
challenged with a hypotonic solution show sub-
stantial chloride permeability (Pcl) across the cell
membrane (see Materials and Methods). In the
presence of AZT, Pcl is significantly reduced.

The antiviral drug acyclovir blocks Ic, simi-
larly to AZT (IC50 10 ,uM; Fig. 2a). In contrast,
ganciclovir, a compound comprised of acyclovir
and an additional hydroxymethyl group at the
"sugar rudiment", has no significant effect on Ici
up to a concentration of 0.1 mM (Fig. 2b).

The Nucleoside Block Can Be Influenced
by the Addition of TDP and Uridine
In contrast to AZT, the nucleotide thymidine-5'-
diphosphate (TDP) is not able to block Ici at
concentrations up to 0.1 mM (Fig. 3a). In the
presence of 0.1 mM TDP, the addition of 0.1 mM
AZT has only a minute blocking effect (Fig. 3b).
After washing out TDP and AZT, however, the
renewed addition of 0.1 mM AZT alone dramati-
cally reduces Ici (Fig. 3b). Similar effects were
obtained using uridine in combination with acy-
clovir. In the presence of 100 ,uM uridine, the
chloride current elicited by reducing extracellu-
lar osmolarity (Icl) is + 1321.0 ± 191.4 pA (+40
mV; n = 8). Adding 100 ,uM acyclovir does not
significantly change the current (+ 1223.2 +
252.3 pA; n = 8). However, omitting both uri-
dine and acyclovir, and adding 100 ,uM acyclovir
alone leads to a substantial reduction of Ici
to +493.9 ± 100.7 pA (n = 8) in the same cells.
Uridine, as well as TDP, prevents nucleoside an-
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FIG. 1. Inhibition of the swelling-induced chloride current (Ic') and chloride permeability by the anti-
viral drug azidothymidine (3'-azido-3'-deoxythymidine, AZT) in NIH 3T3 fibroblasts

(a) AZT blocks Ic, irreversibly. The cells were held at 0 mV and clamped repetitively to a potential of +40 mV for
400 msec (all values given without leak subtraction). Current measurements were taken 1-5 min after drug appli-
cation. The insert depicts the molecular structure of the compound used. (b) Original tracing showing the inhibi-

tory effect of 100 ltM AZT (hypotonic + AZT) on the swelling-induced chloride current (hypotonic) in the same

NIH 3T3 fibroblast. Voltage clamp protocol as above. (c) Current voltage relation of the swelling-induced chloride
current in the absence (hypotonic; open symbols) and presence of 100 piM AZT (hypotonic + AZT; closed sym-
bols). The cells were held at 0 mV and voltage steps made for 800 msec from -80 mV to +80 mV in 20 mV incre-
ments. The current measurements after decreasing extracellular osmolarity are -1466 143 pA, -1053 + 107
pA, + 1692 ± 184 pA, and +4091 ± 404 pA in the absence of AZT, and -367 ± 111 pA, -185 ± 59 pA, +248
76 pA, and +551 ± 170 pA in the presence of AZT at -80 mV, -40 mV, +40 mV, and +80 mV, respectively (for
both, n = 5; peak current was measured 10 msec after pulse onset). (d) Measurements of chloride permeability
(PC1) in NIH 3T3 fibroblasts in the absence (control) and presence of 100 ,LM AZT (AZT). Independent measure-
ments of eight cells in the absence and nine cells in the presence of AZT are summarized as total percentage of the
KSCN-quenchable MEQ signal plotted for a time frame of 30-150 sec after addition of KSCN (% KSCN quench-
ing; see Materials and Methods).
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FIG. 4. AZT and acyclovir block the swelling-induced chloride current and regulatory volume
decrease (RVD) in the human T cell lymphoma cell line H9

(a) In H9 cells (puilse protocol see Fig. la), half maximiial blockage can be observed at a concentration ol 3() ,uM
AZT ad(ded to the extracelltular solution. Cturrents are leak subtracted. (b) Dose response curve for acyclovir added
to the exti-acelltular llid (IC,, 20 AM). Currenits are leak stubtracted. (c) AZT significantly imIpedes regulatory
Volulmie decrease (RVD) ini H9 cells: following reductionl of extracellular osmiiolarity f)y 70 m1osM H9 cells display
instant cell swelling to 123.0 + 1.1 % (vi = 8) in the absenice (open symnbols) and to 123.9 0.6% (n = 9) in the
presenice of AZT (closed symiibols). Under control conditionis this cell swelling is followed by a gradual reditictioni of
cell \v01ii1111! to 116.0 0.9%o (vi = 6) withiin 240 seC aftter peak volume. In the presencce of 100 AM AZT this VOl-
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channels leads to an impaired ability of cells to
regulate their volume back to "normal" after
swelling [regulatory volume decrease (RVD)
(8,12)]. Accordingly, as shown in Fig. 4c the
addition of 100 ,uM AZT to H9 cells dramatically
reduces RVD from 30.3 ± 2.6% (n = 6) to
16.6 ± 2.3% (n = 9).

AZT Does Not Block the cAMP-
Dependent Chloride Current in CaCo Cells

Blockers known to impede chloride channels
poorly discriminate between the different chlo-
ride channel families (8). For better understand-
ing of the effect of AZT on different cell systems
it is essential to know if other chloride channels
beside the swelling-dependent one can be
blocked by this drug. To test whether cAMP-
dependent chloride current is sensitive to AZT
applied to the extracellular solution, we acti-
vated this current in colon carcinoma (CaCo)
cells by adding a mixture of dibutyryl-cAMP (0.5
mM), forskolin (0.01 mM), and IBMX (0.1 mM)
to the extracellular solution. The experiments
are summarized in Fig. 4d. Two to three minutes
after the addition of the mixture, a cAMP-stim-
ulated chloride current is elicited in these cells.
The cAMP-dependent chloride current cannot be
changed significantly by the addition of 100 ,uM
AZT. Replacing AZT with 0.5 mM NPPB, a
known blocker of chloride currents (14), how-
ever, dramatically reduces the current to similar
values to those prior to stimulation (Fig. 4d).

Volume Measurements in Fibroblasts
Treated with AZT and/or HSV
As discussed above, AZT substantially reduces
RVD in H9 cells. Ic, is crucial for controlling the
cell volume and reducing the cytoplasmatic vol-
ume after swelling. Since the resting volume of
cells is lower than the equilibrium (15), blocking
ici in resting cells should increase their volume.
Also, this swelling effect of substances able to
block Ici could be intensified in virus-infected
cells, which are known to show cytoplasmatic
swelling after infection with a variety of different
viruses (16-23). To test for this effect of AZT in
either uninfected fibroblasts or fibroblasts in-
fected with herpes simplex virus (HSV), cell vol-
umes were determined under the different ex-
perimental conditions. The absolute cell volume
of fibroblasts was measured 12, 24, and 34 hr
after reculture (see Materials and Methods). In
untreated cells (control in Fig. 5), the cytoplas-

5.5
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[p] 4.5

4.0

3.5
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= control
Fvirus
E3 AZT
- virus + AZT

I 2:
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FIG. 5. Cell volume measurements in NIH 3T3
fibroblasts in the presence and absence of AZT
and in fibroblasts infected with HSV in the
presence and absence of AZT
The absolute cell volumes (in pl) were measured 12,
24, and 34 hr after reculturing the cells. Conditions
were changed immediately before the time point of
12 hr. At this point cells were exposed to AZT, virus
(HSV at an m.o.i. of >10) or both. For controls the
cell volumes of untreated cells were measured at the
equivalent time points.

matic volume of single cells diminished from
2874 ± 25 fl (n = 3) to 2628 ± 19 fl (n = 4) and
2548 ± 10 fl (n = 4) at the time points measured.
Twelve hours after reculturing the cells, AZT,
AZT and HSV, or HSV alone, were added to the
cells and their volume determined immediately,
then 12, and 22 hr after incubation. Fibroblasts
infected with HSV (HSV strain wal, [24]) at a
multiplicity of infection (m.o.i.) of >10 (Fig. 5)
increase their volume from 2725 ± 8 fl immedi-
ately after adding the virus, to 3050 ± 56 fl and
3955 ± 46 fl (SEM; n = 4). HSV strain wal was
chosen for its ability to infect fibroblasts with
high efficiency (>95%), which is mandatory for
the volume measurements. The addition of AZT
alone increases the cell volume even further
than virus infection alone. Twelve and twenty-
two hours after adding the drug, the volume of
the cells was 3631 ± 84 and 4301 ± 38 fl (n = 4).
Infection of the cells in the presence of AZT leads
to a significantly larger increase in volume
(4107 ± 73 and 4912 ± 83 fl, n = 4; Fig. 5).

Viability Measurements of
Virus-Infected Fibroblasts
The dramatic increase of the volume of virus-
infected cells in the presence of AZT might sug-
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FIG. 6. Viability measurements of NIH 3T3 fi-
broblasts under control conditions (open sym-

bols) and NIH 3T3 fibroblasts infected by HSV
(filled symbols) in the absence and presence

of AZT
Cell viability 12, 24, and 34 hr after splitting is ex-

pressed as percentage of total cell number in a

given area.

gest a reduced viability of these cells, leading to
impaired virus replication. To test for this hy-
pothesis, the viability of fibroblasts was mea-

sured at the same time points used for volume
measurements. As shown in Fig. 6, cell viability
in the presence of 100 ,uM AZT is indistinguish-
able from that measured in the untreated cell
population. The infection of fibroblasts with the
HSV strain wal at a m.o.i. of >10 dramatically
reduces the viability from 96.4 + 1% to 73.5
2% after 22 hr of virus infection. After the same

period of infection, viability is significantly
higher (86.7 + 3%) in the presence of AZT. The
results indicate that the increased cytoplasmatic
volume of virus-infected cells in the presence of
AZT is not accompanied by reduced viability of
the infected cells within the time measured. We
cannot rule out, however, that the increased cy-

toplasmatic volume in virus-infected cells nega-

tively affects virus replication.

DISCUSSION
Decreasing extracellular osmolarity leads to the
activation of an outwardly rectifying chloride
current, Ic, in NIH 3T3 fibroblasts. In H9 cells, a

similar current can be elicited with properties
identical to those of Ici in fibroblasts. Antisense
oligonucleotides complementary to Icln, a cloned
chloride channel from MDCK cells (1) reduces Ic
in these fibroblasts (5), indicating that Ic'n is the
chloride channel itself or a closely related protein
(25). The simplest explanation at present is that
ICIn is the chloride channel itself, as previously
described (5,8). However, a more complex inter-
action between ICIn and pre-existing proteins
cannot be ruled out. A unique feature of the
swelling-induced chloride current is its sensitiv-
ity to different nucleotides. Ic'n expressed in Xe-
nopus oocytes can be blocked by the extracellular
addition of cGMP, ITP, cAMP, GTP, ATP, ADP, or
AMP (1). IcG activated in fibroblasts can be
blocked by cAMP, ATP, or cGMP (5). The molec-
ular structures of AZT or acyclovir used in ther-
apy of viral infections are closely related to the
nucleotides tested. As we show here, both AZT
and acyclovir are able to dramatically and instan-
taneously impede Ic, in fibroblasts and H9 cells,
indicating that the observed inhibition of Ic, re-
flects a direct effect on the channels. This effect is
most likely not related to premature chain ter-
mination and the consecutive indirect inhibition
of Icl. The inhibition of Ici is observed at concen-
trations typically present in the plasma of pa-
tients treated with these drugs (26) (Figs. 1, 2,
and 4). Accordingly, fluorescence optical mea-
surements show a significant inhibition of the
KSCN quench of the MEQ fluorescence express-
ing chloride movement across the cell membrane
(Fig. 1d). AZT is able to discriminate between the
swelling-dependent chloride current Ic, and the
chloride current activated by cAMP (Fig. 4d)
leading to a selective blockage of Ic. Moreover,
we show that AZT increases the cell volume of
fibroblasts (Fig. 5). These findings support our
hypothesis that Icln is the swelling-induced chlo-
ride current and that AZT and acyclovir specifi-
cally block this current.

Ganciclovir, however, does not have any sig-
nificant effect on Ici at concentrations up to
0.1 mM. This drug, used in patients infected with
cytomegalovirus, differs from acyclovir only by
the addition of a hydroxymethyl group at the
sugar rudiment of the acyclovir molecule (Fig. 2
a and b).

TDP, structurally related to AZT, is also un-
able to block Ic, at concentrations of up to 0.1
mM (Fig. 3a). It is, however, important that TDP
is able to competitively inhibit the blocking effect
of AZT on Ic. As shown in Fig. 3b, the addition of
100 ,uM TDP does not impair the swelling-

I I I
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induced chloride current. In the presence of TDP,
addition of AZT to the extracellular fluid has
virtually no effect. However, after washing out
both substances and adding 100 ,uM AZT, Ici is
substantially reduced (Fig. 3b). Similar results
can be obtained for uridine and acyclovir in NIH
3T3 fibroblasts. It has been shown that the nu-
cleoside uridine is able to reduce the cytotoxic
effect of AZT in human bone marrow progenitor
cells (27), as well as the neurotoxic effect of the
nucleotide ddC (2', 3' -dideoxycytidine) (28). Our
results could provide a molecular mechanism ex-
plaining these therapeutically very important
findings. In general, growing cells, neurons
(and/or their surrounding glial cells), and cells
with a large substrate transport and therefore
high volume stress (e.g., epithelial cells in the
gastrointestinal tract or tubular cells in the kid-
ney) need powerful mechanisms to regulate
their cytoplasmatic volume (15). Impairing the
swelling-induced chloride current leads to a re-
duced regulatory volume decrease, cell swelling
and, as a result, impaired organ function (15).
The cytotoxic effects observed in patients treated
with antiviral drugs from the nucleoside analog
family are mainly restrained to bone marrow,
gastrointestinal, kidney, and neuronal functions.
The side effects of these drugs could be due to a
block of the swelling-induced chloride current. It
can be speculated that the simultaneous admin-
istration of TDP or uridine, as nonactive mole-
cules able to bind to the chloride channel, to-
gether with AZT or acyclovir, could reduce the
side effects provoked by these antiviral drugs.
Additional substances, which could substitute for
TDP or uridine in protecting IcI more efficiently,
are currently under investigation. Moreover, a
substantial increase of the dosage of antiviral
drugs of the nucleoside analog family could be
feasible in conjunction with such competitive
inhibitors. The role of cell swelling in virus rep-
lication is, however, still unclear. The viability of
virus-infected cells, additionally swollen in the
presence of AZT (Fig. 5), is not reduced when
compared with that of cells infected with virus
alone (Fig. 6). A direct influence of blocking RVD
on virus replication by reducing viability of in-
fected cells can be ruled out. It remains, how-
ever, to be tested if and how swelling itself affects
virus replication. Such an effect could be medi-
ated by a change in the "internal milieu" ob-
served after cell swelling. Intracellular ions like
potassium and chloride, and the intracellular pH,
are reduced under this condition (29,30). In ad-
dition, the intracellular bioactive calcium con-

centration (Ref. 31 and our own unpublished
results) is increased in swollen cells, changing
different biochemical pathways (32,33). Addi-
tional experiments need to be done to determine
if cell swelling could lead to a modulation of the
specific sensitivity of different viruses for certain
antiviral drugs.

In conclusion, our experiments show a novel
molecular mechanism by which antiviral drugs
of the nucleoside analog family could lead to
impairments of the kidney, bone marrow, gas-
trointestinal, and neuronal functions, and how
these side effects could possibly be restricted by
the presence of TDP or uridine as competitive
inhibitors for ICI blockage.
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