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Summary. We used fluorescence microscopy of Madin-Darby
Canine Kidney (MDCK) cells grown on polycarbonate filters
to study a possible link between plasma membrane electrical
potential (AW¥,,) and infectivity of vesicular stomatitis virus
(VSV). Complete substitution of K* for extracellular Na*blocks
VSV infection of MDCK cells as well as baby hamster kidney
(BHK) cells. When we independently perfused the apical and
basal-lateral surfaces of high resistance monolayers, high K*
inhibited VSV infection of MDCK cells only when applied to the
basal-lateral side; high K* applied apically had no effect on VSV
infection. This morphological specificity correlates with a large
decrease in AW, of MDCK cells when high K* buffer is perfused
across the basal-lateral surface. Depolarization of the plasma
membrane by 130 mM basal K* causes a sustained increase of
cytosol pH in MDCK cells from 7.3 to 7.5 as reported by the
fluorescent dye BCECF. Depolarization also causes a transient
increase of cytosol Ca?* from 70 to 300 nM as reported by the
dye Fura-2. Neither increase could explain the block of VSV
infectivity by plasma membrane depolarization. One alternative
hypothesis is that AV, facilitates membrane translocation of
viral macromolecules as previously described for colicins, mito-
chondrial import proteins, and proteins secreted by Escherichia
coli.
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Introduction

Acid-processed enveloped viruses infect cells via
endocytic pathways. It is generally observed that
raising the pH of the endosomal lumen by addition
of ammonia or monensin prevents pH-dependent
fusion between membranes of these viruses and
endosomal membranes (Marsh & Helenius, 1989).
This acid dependence is best understood for influ-
enza virus, where low pH is known to trigger a
conformational shift in a membrane glycoprotein
that mediates membrane fusion (Wiley & Skehel,
1987).

Helenius and coworkers (1985) discovered an-
other mechanism that blocks infection by one mem-
ber of this class of viruses, Semliki Forest virus
(SFV). Using BHK cells grown on glass, they found
that infection was prevented in low Na™ media. The
effect was not ion specific, but instead correlated
with an apparent decrease in plasma membrane elec-
trical potential (A\Ppm). The exact step in the viral
infection process requiring AV, was not identified
but it appeared to be an early event. Viral mem-
brane-endosomal membrane fusion was proposed as
a possibility {Helenius et al., 1985).

The most plausible cause of the depolarization
observed by Helenius and co-workers (1985) was
the isosmotic substitution of KCl for NaCl. Concen-
tration-driven K* efflux from cytosol through K*-
selective channels contributes significantly to
plasma membrane potential in a variety of cells,
including epithelial cells (Paulmichl, Gstraunthaler
& Lang, 1985). Thus, substitution of K*for Na* in
the external buffer would be expected to decrease
the concentration gradient responsible for generat-
ing plasma membrane potential and might thereby
inhibit infection. One objective of this study was to
examine this link between extracellular K+, AN
and infectivity of another acid-processed enveloped
virus, VSV. Another objective was to determine if
plasma membrane depolarization can induce shifts
of cytosol Ca’" or pH, and if so, whether or not
either shift could explain inhibition of infection. We
are particularly interested in this question because
one long-range goal of our laboratory is to determine
if depolarization blocks infection through a cytosolic
second messenger—e.g., Ca’'—or whether the
block occurs at the plasma membrane per se. For
example, one hypothesis is that AY_ is used to
insert a component of the viral nucleocapsid into
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the plasma membrane in a manner similar to AW -
dependent insertion of a segment of the E1 colicin
channel (Merrill & Cramer, 1990; Abrams et al.,
1991).

We found that high K* media inhibit VSV infec-
tion of both BHK cells and polarized MDCK cells,
and that inhibition only occurs when high K* buffer
is applied to the basal-lateral membrane of the polar-
ized cell line. We also found that depolarization
caused increases of [Ca? "], and pH;, but neither shift
contributed to inhibition of infection.

Materials and Methods

MDCK CEeLL CULTURE AND CLONING

MDCK II cells {American Type Culture Collection stock no.
CCL34) were maintained in a modified minimum essential Eagle’s
solution (Flow Laboratories, McLean, VA) supplemented with
25 mm sodium bicarbonate, 100 units ml~! penicillin-streptomy-
cin (Advanced Biotechnologies, Columbia, MD) and 10% (vol/
vol) fetal bovine serum. The cells were passed seven times and
then cloned using the infinite dilution method. This resulted in
two types of cells distinguished by monolayer resistance mea-
sured with a World Precision Instruments EVOM ohmmeter:
MDCK-CC 101891 A-11 (Ry,, = 4200 Q cm?) and MDCK-CC
101891 G-11 (R, = 110 Q cm?). The high resistance clone was
used in this study.

Polarized monolayers were formed by seeding MDCK A-11
cells on Costar Transwell polycarbonate inserts (6.5-mm diame-
ter; 3.0-wm pore diameter) at 2 x 10* cells well ™! and growing
them to confluency in the same medium as above at 37°C in a 5%
CO, hydrated atmosphere. These cells were used up to seven
days after seeding. Monolayer resistance peaked at three days
post-seeding then declined gradually. Resistance always ex-
ceeded 500 Q cm’.

PROTEIN SYNTHESIS ASSAY

Protein synthesis of MDCK monolayers in Transwells, following
exposure to depolarizing agents, was measured relative to con-
trols by pulsing the basilar compartment with 1C-L-leucine. A
pre-addition pulse with *H-L-leucine was also performed as an
internal control and served to correct for variations in control
protein synthetic rates and cell harvesting. Cell protein was har-
vested onto filter pads using a Skatron harvester (Sterling, VA)
with a 12-channel head following a brief exposure of basal and
apical chambers to 0.1 mm EDTA at pH 7.4. Dried filters were
counted in Ecolume (ICN, Costa Mesa, CA) on a Beckman LS
2800 Scintillation Counter using narrow *H (0-280) and “C
(400-670) windows to eliminate significant spillover.

VSV INFECTION ASSAY

MDCK cells grown on 3.0-um pore size Costar polycarbonate
filters were used 3—4 days post-seeding. At the beginning of each
experiment, monolayers were rinsed three times at 37°C in buffer
‘A’ supplemented with 0.1% bovine serum albumin. Buffer A was
composed of minimum essential medium (MEM) modified with

M. Akeson et al.: Membrane Potential and VSV Infection

25 mm HEPES/NaOH (pH 7.4), MEM nonessential amino acids,
100 units ml~! penicillin, 100 ug ml~! streptomycin, and 0.2 g
liter=' (2.4 mm) NaHCO;. In the standard formulation used here,
this buffer contained 130 mM Na* and 5 mm K*. Any increase in
K* concentration of this buffer for an experiment was balanced
by an equimolar decrease in Na* to maintain constant osmolarity.
Thus the statement ‘high K*’ in this report implies low Na*. The
cells were gradually cooled to 5°C and then placed on ice for 15
min. 1 x 107 plaque forming units (PFU) well ™! of VSV (Indiana
serotype) were added to the monolayers and incubated (ice cold)
for 30 min to allow surface binding of the virus. The cells were
then warmed to 37°C in a 1% CO, incubator for 5 min to allow
endocytosis, and subsequently, transferred to experimental me-
dia containing a 1:50 dilution of anti-VSV (Lee Biomolecular
Research, San Diego, CA, cat. no. 06141) and incubated for 160
min at 37°C under 1% CO,. At 160 min, all treatments were rinsed
three times in buffer A to remove anti-VSV, and the incubation
was continued for the virus plaque assay.

The BHK infection assay was performed in essentially the
same way except that cells were grown to confluency in 24 plates
rather than in Transwell inserts, and the buffer used during the
experiment was standard MEM (pH 7.4) at 5% CO,. Experiments
with added BaCl, were performed in buffers that contained no
NaHCO, to prevent barium carbonate precipitation.

PLAQUE ASSAY

At various times up to 8 hr, aliquots were removed from the
treatments and tested for virions by a conventional plaque assay.
Briefly, BHK cells were grown to confluency in 24-well plates
(Flow Laboratories, McLean, VA) containing EMEM. One hun-
dred ul of dilute virus suspension in buffer A was added per well
and incubated for 30 min at 37°C under 1% CO,, with occasional
agitation to prevent cell dessication. Unbound virus was removed
by aspiration, and I ml EMEM (without phenol red) containing
0.9% (wt/vol) warm agarose was added. The gel was then incu-
bated for 24 hr at 37°C and 5% CO,. At 24 hr, | ml of the
same medium plus 83 mg liter~! neutral red was added, and the
incubation continued. Plaques were counted within 24 hr.

FLUORESCENCE MICROSCOPY

We used 3-um pore size Costar Transwell inserts in this study.
This 10-um thick polycarbonate filter appears translucent to the
naked eye although back scattering of light is evident. This is in
contrast to the more commonly used 0.45-um pore size filter
which appears opaque. Inserts supporting MDCK monolayers
(R > 500 O cm~?) were placed upon two 20-um thick flat glass
capillaries (Vitro Dynamics, Rockaway, NJ) that ran parallel, 5
mm apart, atop a number 0 glass coverslip (Biophysica Techno-
logies. Baltimore, MD) held in a Leiden coverslip dish (Medical
Systems, Greenvale, NY). Buffer was delivered independently
through Teflon tubing to the apical and basal-lateral surfaces from
two syringe pumps (Orion, Boston, MA) at 0.2 ml min~! each.
To ensure that buffer reached the basal-lateral surface efficiently,
a borosilicate glass pipette was attached to the basal-lateral perfu-
sion tube so that its 20-wm diameter tip nested beneath the
Transwell filter and between the glass capillaries. Unless other-
wise noted, the temperature of the perfusate delivered to the cells
was controlled at 37 £ 0.5°C by passing it through Teflon tubing
coiled in a Peltier device (PDMI1-2, Medical Systems, Greenvale,
NY). A mixture of 1% CO, and 99% air was warmed in the Peltier
device and passed continually over the surface of the bath.
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Fura-2 and BCECF (2',7'-bis-(2-carboxyethyl)-5-(and-6)car-
boxyfluorescein) (Molecular Probes, Eugene, OR) were loaded
into MDCK cells as follows. MDCK monolayers on Transwell
inserts were washed three times in buffer A, then equilibrated in
a 1% CO, atmosphere at 37°C for 2 hr. They were then incubated
under the same conditions for 30 min in buffer A supplemented
(per ml) with 2 pl of 1 mm Fura-2-AM (the membrane-permeant
acetoxymethyl ester of Fura-2) or | mm BCECF-AM (the acetox-
ymethyl! ester of BCECF) in DMSO, 4 ul of DMSO, and 250 um
sulfinpyrazone (Sigma, St. Louis, MO) to block rapid unloading
of the de-esterified dyes from cytosol (Di Virgilio, Steinberg &
Silverstein, 1990). Unless otherwise noted, all buffers contained
sulfinpyrazone for the duration of any experiment where cells had
been loaded with BCECF or Fura-2. Following dye loading, the
cells were washed twice in buffer A and then placed onto the
microscope. DiBAC(45(bis(1,3-dibutyl-barbituric acid-(5))tri-
methineoxonol) was loaded into MDCK cells by perfusing them
for 20 min at 37°C in buffer A, modified to contain 90 mm Na™*
and 45 mm K*, followed by 20 min perfusion in buffer A.

Cells were viewed with an inverted epifluorescence micro-
scope mounted on a vertical optical bench (Yona Microscope &
Instrument, Silver Spring, MD) through a Nikon 40X/1.3 NA CF
Fluor DL objective lense mounted on top of a Leitz Ploempack
fluorescence accessory. The excitation light source was a 100-W
mercury short-arc lamp with an Oriel model 68830 power supply
and model 68850 photofeedback unit. Excitation light was fil-
tered alternately at 340 and 380 nm {Fura-2) or at 495 and 440
nm (BCECF) by a computer-controiled stepping motor. For
DiBAC(4); , the excitation frequency was maintained at 495 nm.
Light emitted from the samples was passed through filter cubes
held in the Ploempack. The emission cubes (and their associated
excitation filters) were specifically designed for fluorescence mea-
surements with Fura-2 (400-nm dichroic, 510-nm long-pass filter)
or BCECF (515-nm dichroic, 535-nm long-pass filter) (Omega
Optical, Brattleboro, VT). The BCECF cube was also suitable
for DIBAC(4); measurements. The filtered intermediate image of
the objective was placed at the input of a microchannel plate
intensifier (Model KS-1380, Video Scope International, Washing-
ton, D.C.), which was coupled by 85-mm f 2.0 and 50-mm f
1.2 camera lenses (Olympus) to a CCD camera (Video Scope
International, Model CCD 200E). This configuration minimized
magnification resulting in x-axis magnification of 0.52 um per
pixel.

Images were digitized as 512 x 512 x 8 bits and averaged
(eight frames per time point) in a Trapix 55/4256 image processor
and stored in VisiStore (Recognition Concepts, Incline Village,
NV). Nonaveraged images could be acquired at 15 frames sec ™/,
and a total of 2466 images could be stored. For each time point,
BCECEF or Fura-2 fluorescence intensity ratios were calculated
pixel by pixel from intensities for the two excitation wavelengths.
The DiBAC(4); fluorescence signal could not be normalized.
Regions of interest within the visible field—either single cells or
groups of ten cells—were then selected with a box cursor and by
grey level thresholding. In this study autofluorescence from the
sample or optical components and back-scattered exciting light
were not significant. Consequently, single wavelength images
were not corrected by blank subtraction. Data in this report
represent either the mean fluorescence ratio within a region of
interest or the light intensity (grey level) for a single wavelength.
Software for image acquisition, image processing, and importa-
tion into graphics programs was designed in house with the aid
of Synergistic Research Systems, Silver Spring, MD.

The ratio of BCECF fluorescence at 495- vs, 440-nm excita-
tion frequency was calibrated against intracellular pH by treating
BCECF-loaded MDCK cells with 10 uM nigericin and 5 uM valin-
omycin in buffer A containing 130 mMm K* and 5 mMm Na™. The
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cells were then perfused with the same buffer at pH values from
6.0 to 7.8 from which a calibration curve could be generated.
Intracellular Ca’>* concentration [Ca’*]; was calculated from the
Fura-2 fluorescence ratio (R = Fi4/ Fag) using the following equa-
tion (Grynkiewicz, Poenie & Tsien, 1985)

[CaZJr]l = KLI[(R - Rmin)/(Rmax - R)]B

where K, = 135 nM (Fatatis & Russell, 1991), R, = Fay/Fag at
1071 M Ca™, Ry = Fag/Fyggat 1073 M Ca2* B = Fygat 1071
M Ca’" [Fagat 1072 M Ca’~, and Fyy and Fiyy equal fluorescence
intensities at 340- and 380-nm excitation frequencies, respec-
tively. R, and R, were measured by perfusing Fura-2-loaded
MDCK cells with 130 mm K~/5 mm Na~ buffer A containing 5

@M ionomycin and either 1.8 mm Ca*™ (R,,,) or 10 mM EGTA +
1.8 mMm Ca’* (R

min)'

Results

HicH K™ MEDIA INHIBIT VSV INFECTION
oF BHK CELLSs

The time course of a typical VSV infection assay
using BHK cells is shown in Fig. 1a. Addition of 145
mM K™ after endocytosis (5 to 180 min) dropped
virus production 560-fold compared to production in
standard EMEM (140 mm Na™*, 5 mMm K*) (Fig. 1b-
¢). By comparison, addition of high K* medium
during surface binding and endocytosis (—20 to 5
min) had no effect on VSV infection (data not
shown). Thus, substitution of K* for Na* in the
external buffer inhibits VSV infection of BHK cells
at a step following endocytosis as is true for SFV
infection (Helenius et al., 1985).

We wished to narrow the time frame when post-
endocytic inhibition of VSV synthesis occurred. Fig-
ure 1d and e shows results for cells treated as in Fig.
lc except that standard 140-mm Na’*, S mMm K*
medium was applied to the cells from 5-12 or 5-24
min. The high Na* window from 5-12 min permitted
some recovery of virus synthesis (190-fold less than
control), and the 5-24 min high Na® window gave
marked recovery (14-fold less than control). We con-
clude that the major K *-sensitive step occurs within
the first 20 min of virus synthesis following endocy-
tosis in BHK cells.

FLUORESCENCE MEASUREMENTS THROUGH
3.0-um PORE SizE POLYCARBONATE FILTERS

One tool we used in this study was fluorescence
microscopy of high resistance MDCK cells grown
on permeable supports as diagrammed in Fig. 2.
Because this set-up combined two procedures for
the first time—i.e., independent perfusion of the
apical and basal-lateral membranes and measure-
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Fig. 1. The effect of high K* media on VSV production in BHK
cells. («) Steps involved in the experiment as described in Materi-
als and Methods. () A control in which cells were incubated in
standard MEM at 37°C under 5% CO, for the duration of the
experiment. (¢)—(e) Identical to the control except that cells were
bathed in 145 mm K™ MEM for the times shown. At 180 min,
each well was rinsed three times in MEM to remove anti-VSV so
that viruses that budded from the BHK cells would remain viable.
The incubation was continued for | hr, and viruses released from
the cells were harvested at 240 min for a plaque assay (see text).
The bars at right marked ‘PFU’ represent PFUs per well.

ment of cytosol fluorophores through a polycarbo-
nate filter—it was necessary to establish that our
data accurately represent the state of cells in the
monolayer before testing hypotheses. Figure 3
shows an assay in which BCECF-loaded cells were
pulsed with 10 mm acetate at pH 6.0. Many weak
acids rapidly permeate biological membranes and
thereby acidify cytosol (Roos & Boron, 1981). In
Fig. 3, acetic acid dropped the 495/440-nm fluores-
cence ratio of BCECF to a new steady state within
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Fig. 2. The perfusion chamber used for fluorescence measure-
ments of polarized MDCK cells. A 3.0-um pore size polycarbo-
nate filter held in a 6.5-mm diameter Costar Transwell insert (a)
was placed on top of two, 20-um thick flat glass capillaries (f)
that ran parallel to one another, about 5.5 mm apart, on a number
0 coverslip (b). Buffer was perfused past the basal-lateral surface
at 0.2 ml min~! from a borosilicate glass pipette (¢) whose 20-um
diameter tip was placed between the glass capillaries and beneath
the base of the Transwell insert. Buffer was perfused over the
apical surface at the same rate from a Teflon tube (d) placed
directly over cells in the field of view. Buffer was removed from
each compartment by a sipper across the monolayer from each
perfusion source (¢). The cells were viewed through the polycar-
bonate filter by an oil immersion lense on an inverted microscope.

2 min. This is equivalent to a cytosol pH shift from
7.3 to 6.4. Removal of acetate caused a rapid rise in
pHc, including a transient alkaline spike that gradu-
ally dropped back to normal as observed previously
in mouse macrophages and chick fibroblasts
(Heuser, 19894). To establish that the dye was intra-
cellular and not occluded between the basal and
polycarbonate membranes, we first pulsed with pH
6.0 buffer followed by pH 6.0 buffer plus acetate
(Fig. 4). Acidification of the external buffer without
acetate caused some drop in the 495/440-nm ratio.
This could be explained either by BCECF trapped
outside of the cells or by a true drop in pHc which
lags 0.5-1.0 units behind external pH in many cells
(Heuser, 1989b), including MDCK cells (Oberleither
et al., 1989). By comparison, the additional abrupt
drop in the 495/440-nm ratio upon acetate addition
can only be explained by acetic acid permeation
into cytosol and titration of intracellular BCECF. A
similar experiment with ionomycin-loaded MDCK
cells gave the anticipated response of intracellular
Fura-2 to high and low extracellular Ca** (Fig. 5).
We conclude that fluorescence measurements per-
formed using the chamber in Fig. 2 accurately report
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Fig. 3. The response of MDCK cells to extracellular acetate as
measured by BCECF fluorescence. Cells in a confluent mono-
layer atop a translucent polycarbonate filter were preloaded with
BCECF-AM as described in the text. The filter was placed onto
the microscope as diagrammed in Fig. 2 and perfused, both api-
cally and basally, at 0.2 mi min~! with buffer A. The excitation
light wavelength was alternated between 495 and 440 nm; emitted
light was measured at 535-nm wavelength. At 16 min, the apical
and basal perfusates were simultancously switched to buffer A
supplemented with 10 mm acetate at pH 6.0 (‘“HAc’). They were
switched back to buffer A at 32 min. (4) Change in grey level
(light intensity) at the two excitation frequencies in response to
acetate addition. (B) The ratio of emitted light intensities at the
two excitation frequencies shown in a. The steady-state intracel-
lujar pH from 0-15 min was 7.3 based on a calibration procedure
described in the text. This value is intermediate between previous
measurements for MDCK cells at 0% CO, (pH 7.5; Selvaggio et
al., 1986) and 5% CO, (pH 7.1; Kurtz & Golchini, 1987). Addition
of acetate dropped the apparent intracellular pH to 6.4. All buffers
in this experiment and others with BCECF or Fura-2 contained
250 uM sulfinpyrazone to block unloading of entrapped dye by
organic anion pumps. Sulfinpyrazone had no effect on VSV infec-
tion of MDCK cells, whereas the more widely used blocker (pro-
benecid) markedly reduced infection measured by a plaque assay
(data not shown).

significant physiological changes in cell cytosol on
the time scale of seconds to minutes.

Because this report focuses on electrical poten-
tial across the plasma membrane of MDCK cells,
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Fig. 4. The separate effects of pH 6 buffer and pH 6 buffer plus
10 mM acetate upon BCECF fluorescence in MDCK cells. Grey
level ratio in this figure has the same meaning as in Fig. 3b. From
0-16 min, the MDCK cell monolayer was perfused apically and
basally at 0.2 ml min~' with buffer A at pH 7.4. At 16 min, the
perfusate was switched to buffer A at pH 6.0. This was followed
at 22 min by pH 6.0 buffer A plus 10 mM acetate. The sequence
of additions was reversed beginning at 26 min.

one specific requirement was to establish a reliable
fluorometric test for plasma membrane potential
shifts. Anionic bis-oxonols are relatively nontoxic
potential-sensitive dyes that slowly accumulate in
cytosol upon membrane depolarization. One of
these is DiBAC(4); . In rat mammary tumor cells and
mouse embryo cells, DiIBAC(4); binds to cytoplasm
proteins and gives a 1% change in fluorescence per
millivolt change in plasma membrane potential
(Brauner, Hiilser & Strasser, 1984). Figure 6a shows
DiBAC(4); -loaded MDCK cells viewed through a
polycarbonate filter as diagrammed in Fig. 2; Fig.
6b shows cells under the same condition viewed
from the apical side on a filter that was cutout and
inverted on the microscope. In both cases, a bright
signal was emitted from dye associated with the pe-
riphery of the cytoplasm which clearly delineated
cell boundaries, although some detail was obscured
by the filter. We found that this dye responded as
expected to depolarizing or hyperpolarizing media.
For instance, Table 1 lists conditions that evoke
known membrane potential shifts in MDCK cells
(Paulmich! et al., 1985; Jungwirth, Lang & Paul-
michl, 1989) along with changes in DiBAC(4); fluo-
rescence that we measured in the high resistance
MDCK strain. An example is shown in Fig. 7. In all
cases, the direction and size of the fluorescence shift
was consistent with the apparent change in mem-
brane potential. We conclude that DIBAC(4); is a
reliable semi-quantitative indicator of membrane po-
tential in polarized MDCK cells.
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Table 1. The correlation between changes in plasma membrane potential of MDCK cells and changes

in DIBAC(4); fluorescence induced by various solutes

Solute 8AY,n, ROI AF/F, % Change in fluorescence
(mV) (n) mean = SD (per mV)

10 um ATP —18 2 —0.20 = 0.00 -1.1

1 mm BaCl, +20 5 +0.20 = 0.03 +1.0

35 mM K +24 2 +0.21 = 0.05 +0.9

The resting plasma membrane potential (A¥,,) in MDCK cells is about —50 mV (inside negative)
(Paulmichl et al., 1985). AW, represents the shift in plasma membrane potential measured elsewhere
(Paulmichl et al., 1985; Jungwirth et al., 1989) using microelectrodes inserted into subconfluent MDCK
cells on glass coverslips. AF is the change in DiBAC(4); fluorescence of polarized high resistance
MDCK cells relative to baseline fluorescence ( Fy) measured in this study. The last column (% change
in fluorescence per mV change in plasma membrane potential) is (A F/Fy + 8AW .} - 100. Fluorescence
measurements were made on regions of interest (ROI) composed of ten cells each.
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Fig. 5. The response of Fura-2-loaded MDCK cells to high and
low levels of intracellular Ca’*. Cells were preloaded with Fura-
2-AM as described in the text. They were then incubated in 5 uM
ionomyecin for 2 min and placed onto the microscope as in Fig. 2.
Emitted light intensity (510 nm) was measured pixel by pixel at
each of two excitation frequencies (340 and 380 nm), and the grey
level ratio was calculated from Fyy/Fig. From 0 to 7 min, the
cells were perfused at 0.2 mi min~' (apical and basal) with buffer
A containing 10 mm EGTA and 1.8 mM Ca’” (zero free Ca’*),
followed by buffer A with 1.8 mM Ca’* from 7 to 11 min. (4) The
average fluorescent output (grey level) for a single cell at the two
separate excitation frequencies. (B) The average grey level ratio
( Fi40/ F3g) for the same cell. Six out of six cells gave the same
qualitative response as the cell shown here, although the maxi-
mum grey level ratio varied between 1.6 and 2.2.

Higa K* IN THE BASAL-LATERAL MEDIUM
REDUCES THE PLASMA MEMBRANE POTENTIAL
IN MDCK CEeLLS AND INHIBITS VSV
InrFeEcTION; HIGH K* IN THE APICAL MEDIUM
Has No EFFecT

Could plasma membrane depolarization in high K*
buffer explain the observed inhibition of virus infec-
tion? K* permeation of polarized MDCK cells oc-
curs primarily through the basal-lateral membrane
(Aiton et al., 1982). On this basis it is generally
inferred that K™ mediates plasma membrane poten-
tial at the basal-lateral membrane; however, the in-
ference has never been tested directly. We under-
took such an experiment using highly resistant
monolayers of MDCK cells which permitted inde-
pendent perfusion of apical and basal-lateral mem-
branes. Figure 8 shows that high K* buffer applied
to the basal-lateral membrane reversibly diminished
the electrical potential in MDCK cells (increasing
fluorescence). The same buffer applied to the apical
side had little or no effect. This outcome agrees with
the conventional model and predicts that if high K*
inhibits acid-processed virus infection through its
effect on AW, then the inhibition should only be
observed at the basal-lateral membrane.

We tested this prediction using an infection
assay. Generally, VSV virions began to bud from
control MDCK monolayers at 4-5 hr post-infection
(Fig. 9). Early, simultaneous application of high K*
buffer to the apical and basal-lateral surfaces de-
layed virion release by one or more hours with full
recovery to control rates by 8.5 hr post-infection.
Thus, high K* applied following endocytosis revers-
ibly inhibited VSV infection of polarized MDCK
cells as was true for BHK cells. This effect was
concentration dependent (Table 2,4). Application
of high K* buffer to the basal-lateral surface alone
resulted in the same level of inhibition (Table 2,4);
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Fig. 6. A monolayer of DiBAC(4); -loaded MDCK cells viewed with and without a polycarbonate filter between the monolayer and
the microscope objective. Cells were loaded with DIBAC(4); as described in the text. The bath contained buffer A plus 2 um DiIBAC(4);
at 34°C with a 1% CO, atmosphere. (A) View of a monolayer through a 3.0-um pore size polycarbonate filter as diagrammed in Fig.
2. (B) Direct view of the same monolayer without the filter in the light path which was achieved by cutting out the filter and inverting
it onto the glass coverslip. Each image is an average of eight frames taken of a field where the excitation light frequency was 495 nm
and the emission frequency was 535 nm. The bar represents 20 wm.
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Fig. 7. The response of DiBAC(4); -loaded MDCK cells to high
levels of basal-lateral K*. Fluorescent light (495-nm excitation
wavelength, 535-nm emission wavelength) was acquired and aver-
aged as described in the text. The apical surface was perfused
throughout this experiment with buffer A at 0.2 ml min~!. The
basal-lateral surface was perfused at the same rate with buffer A
containing: 45 mM K* and 90 mm Na* (0-20 min), standard buffer
A with 5 mM K* and 130 mm Na* (20-38 min), buffer A plus 76
mm K™ and 59 mm Na* (3858 min), and standard buffer A (58--70
min). In this figure, grey level represents the average 495-nm
wavelength light intensity for a group of 10 cells. A separate group
of 10 cells on the same monolayer gave essentially the same
response, as did individual cells in separate experiments. The
initial cycle in this experiment (basal-lateral perfusion with buffer
A plus 45 mMm K™ for 20 min followed by standard buffer A for
20 min) constitutes the DiBAC(4); preloading regime used in this
study. Without the high K* pulse, the baseline fluorescent light
intensity drifted upward for as much as 2 hr. DiBAC(4); concen-
tration in the medium was 2 pM throughout this and all similar
experiments.
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Fig.8. Changesin AW, of MDCK cells in response to 130 mmMK*
applied to the apical or basal-lateral surfaces of a high resis-
tance monolayer. The protocols for preioading the cells with
DiBAC(4); and acquiring fluorescent light intensities are de-
scribed in the text. From 0-10 min, both the apical and basal-
lateral surfaces were perfused with buffer A at 0.2 ml min~'. At
10-27 min, the basal-lateral perfusate was switched to buffer A
modified with 130 mM K* and 5 mM Na* and then returned to
standard buffer A (27-40 min). At 40 min, the apical perfusate
was changed to 130 mM K* buffer. Each set of data shown in this
figure represents the average 495-nm light intensity for pixels
selected within the cytoplasm of a single cell. The open circles
were typical of most cells in that high K* applied to the basal-
lateral membrane induced a large increase of light intensity (indic-
ative of plasma membrane depolarization) while the same high
K* buffer had little effect when applied apically. The filled circles
represent a less common case where apical high K+ had a small
but measurable effect on light intensity. The latter case was gener-
ally found in monolayers with resistances at the low end of the
range used (ca. 500 ) cm™?). An experiment in which 130 mm K+
buffer was added to the apical membrane first and the basal-
lateral membrane second gave the same relative response as
shown here.
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Table 2. The dependence of VSV production upon external [K*], ATP, and Ba®"*.

Treatment Incubation period PFU hr~! Control/treatment
Hours post-infection Control Treatment
[A]
135 mMm K*, apical and basal 4-5 24 0 24/0
5-6 480 6 80/1
76 mMm K*, apical and basal 3-4 72 6 12/1
4-5 4800 1200 41
45 mM K*, apical and basal 3-4 72 18 4/1
4-5 4800 900 5/1
135 mm K™, apical only 4-5 54 54 1/1
. 5-6 450 420 /1
135 mm K*, basal only 4-5 54 0 54/0
5-6 450 12 3711
[B]
1 mm BaCl,, basal only 34 240 24 10/1
4-5 3000 720 4/1
135 mm K™, basal, pH 7.1 4-5 300 n.d. n.d.
5-6 2400 30 80/1
Control + 1 mM ATP, apical 3-4 240 200 £ 6 1/1
4-5 3900 = 1230 6750 = 210 0.5/1
5-6 10,050 = 4030 9600 = 5090 1711

High resistance MDCK cells were exposed to the treatments at left for 155 min, after which virus production (PFU hr~!) was measured
(see text). The first hour shown for each treatment represents the time in which virions first appeared in the basal medium of the control,
followed by the next time point harvested. PFU = sp are for replicates within the same experiment where plaque assays were performed
on separate days. Total cell protein synthesis was relatively unaffected during a 5-hr exposure to 135 mM K * which dropped “C-leucine

incorporation to 65% of control. n.d. = not done.

24 - -
(&
w
o 3 Control _
(o]
-1
o2 a
T _
s
&
0 —
9 L | I | [ R
0 2 4 6 8
HOURS

Fig. 9. The inhibitory effect of high K* buffer on VSV infection
of MDCK cells, and recovery of infectivity over time. The experi-
mental protocol is described in the text. Following endocytosis,
the apical and basal-lateral surfaces of MDCK monolayers were
incubated for 160 min in either standard buffer A containing 5 mM
K* and 130 mM Na™ (filled circles) or buffer A modified with 135
mM K* (open circles). At 160 min, the cells were rinsed and
placed into wells containing standard buffer A. After | hr, aliquots
were taken from the basal-lateral side of each monolayer and tested
for newly synthesized virions by a plaque assay (see text). Each
monolayer was then transferred to fresh buffer A and allowed to
incubate for another hour when the plaque assay was performed
again. This series of steps was repeated up to 6 hr post-infection.
One final incubation step was performed from 6 to 8.5 hr.

by comparison, the highest K* level (135 mm) ap-
plied to the apical membrane did not inhibit infection
(Table 2,4).

1 mM BaCl, IN BASAL-LATERAL PERFUSATE
DIMINISHES THE PLASMA MEMBRANE POTENTIAL
IN MDCK CEeLLS AND INHIBITS VSV INFECTION

To this point, our experiments have demonstrated
membrane depolarization and VSV inhibition by
high K* media without determining a mechanism.
The most likely possibility is that high external K*
diminishes the K* concentration gradient responsi-
ble for generating a diffusion potential by K* efflux
through basal-lateral channels. To test this, we
added 1 mm BaCl, (in the absence of NaHCO;) to
the basal-1ateral surface of several monolayers. Ba**
is known to block K* channels and depolarize sub-
confluent MDCK cells on glass coverslips (Paul-
michl et al., 1985). Our own data (Table 1) indicate
that basal-lateral Ba’* decreases the plasma mem-
brane potential in polarized MDCK cells. Thus, we
predicted that Ba’* applied to the basal surface
would inhibit VSV infection if K* diffusion through
basal-lateral channels were required for infection.
We found that 1 mM basal-lateral Ba>* did signifi-
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Fig. 10. The effect of high extracellular K* and ATP on cytosol
free Ca?* in MDCK cells. MDCK monolayers on polycarbonate
filters were preloaded with Fura-2-AM as described in the text.
The apical and basal-lateral surfaces were initially perfused at 0.2
ml min~!. The basal-lateral perfusate was changed to buffer A
modified with 130 mM K* at 3 min, then to buffer A containing
10 uM ATP at 6 min. The data shown here represent the average
grey level ratio ( Fyy/Fyg) for pixels within a single cell (y-axis at
left) and the approximate free Ca’* concentration associated with
those ratios calculated with the equation (y-axis at right). (For a
review of the pitfalls associated with intracellular Ca** calibra-
tion, see Roe, LeMasters and Herman (1990)). In five of five cells
assayed in this experiment, high basal-lateral K* and 10 uM basal-
lateral ATP caused increases of [Ca’*]; similar to that shown here.
In a separate experiment, ATP added apically had essentially the
same effect as ATP added basally.

cantly inhibit VSV infection (Table 2,B) in support
of the postulate.

SHIFTS IN CytosoL Ca®> aAND pH CANNOT
ExpLAIN VSV INHIBITION

One possible way in which plasma membrane depo-
larization could inhibit infection is by inducing a
change in the cytosol activity of a regulatory ion
(e.g., Ca?* or H'). For instance, plasma membrane
depolarization is known to induce transient or sus-
tained increases in resting cytosol Ca’* of some
excitable (Connor, Tseng & Hockberger, 1987; Fa-
tatis & Russell, 1991) and nonexcitable cells (Haroo-
tunian, Kao & Tsien, 1988).

We, therefore, tested the effect of high extracel-
lular K* upon resting cytosol Ca’* concentration
and cytosol pH. We found that 130 mm K* medium
caused an increase in [Ca?* ], from about 50 to about
300 nMm (Fig. 10). The increase was not sustained and
returned to 50 nM within 3 min. We then asked if the
observed [Ca?*]; spike could account for inhibition
of VSV infection. To test this, we measured VSV
infection of MDCK cells in the presence of extracel-
lular ATP. ATP hyperpolarizes MDCK cells (Table
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1) and induces a rise in cytosol Ca** that is larger
than that induced by 130 mm K* whether applied
basally or apically (Fig. 10). We found that 1 mm
ATP applied apically had no effect on VSV infection
of MDCK cells (Table 2,B); therefore, a rise in rest-
ing cytosol Ca’* alone cannot account for VSV inhi-
bition.

High K* medium applied to the basal-lateral
membrane also induced a modest alkalinization of
cytosol pH in some cells from the normal value of
pH 7.3-7.4 to pH 7.5-7.6 (Fig. 11A). To determine
if this alkalinization could account for VSV inhibi-
tion by high K, we ran a plaque assay in 135 mm
K* buffer A at pH 7.1, wherein pH, remained fixed
at its normal value during depolarization (Fig. 11B).
We found that 135 mm basal K™ still dramatically
inhibited VSV production (Table 2,B); therefore, the
inhibitory step is not pH related.

Discussion

Our results demonstrate that high K* buffer inhib-
ited VSV infection of BHK and MDCK cells. In
agreement with experiments on SFV (Helenius et
al., 1985), inhibition of VSV production occurs pri-
marily at an early step following endocytosis.

Helenius et al. (1985) proposed that the cause of
inhibition is plasma membrane depolarization. This
report supports that postulate based on two tests.
First, high K" buffer applied to the basal-lateral
membrane of MDCK cells in tight monolayers
blocked infection (Table 2,4) and diminished
AW . (Fig. 8), while high K* buffer applied apically
had no effect on either VSV infection or on mem-
brane potential. This result is reasonable because
K* permeates MDCK cells mostly through the
basal-lateral membrane; therefore, its contribution
to membrane potential would only be modified at
that membrane. Our second test showed that 1 mm
Ba’* applied basally could also block VSV infection
of MDCK cells at a level similar to inhibition by 76
mM extracellular K* (Table 2.B). Ba?* is known to
block K* channels and induces an 18-mV depolar-
ization in MDCK II cells (Paulmichl et al., 1985),
Therefore, the observed inhibition of VSV is consis-
tent with the postulate.

A molecular mechanism linking plasma mem-
brane depolarization to inhibition of SFV and VSV
production has not been demonstrated to date. Pos-
sibilities can be rigorously limited to the three ways
in which cells use AW for cell function: (i) electrical
work in which charge transfer through a potential
difference is used to transport a solute against an
electrochemical gradient; (ii) as a component of total
electrochemical potential of a charged solute across
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Fig. 11. The effect of high K™ buffer on intracellular pH of MDCK
cells. Cells were preloaded with BCECF-AM as described in the
text. Emitted light was measured at 535-nm wavelength for two
excitation wavelengths (495 and 440 nm). The data presented here
represent average Fs/Fyy ratios among pixels within a single
cell. (A) The MDCK monolayer was initially perfused across the
apical and basal surfaces at 0.2 ml min~! with buffer A. The basal-
lateral perfusate was switched to buffer A containing 130 mm K*
at 14 min, then back to standard buffer A at 60 min. A short pulse
of 10 mM acetate in buffer A at pH 6.0 was delivered to the basal-
lateral surface (74-79 min), then changed back to the control
buffer for the last 4 min of the run. In this experiment, five of five
cells showed alkalinization upon high K* addition similar to the
cell shown, with an average change of + 0.2 pH units. In another
experiment, only four of six cells indicated cytosol alkalinization,
and the effect was less pronounced (+0.1 pH units). (B) In this
experiment, the monolayer was initially perfused apically and
basally with buffer A as above. The basal-lateral perfusate was
switched to 130 mMm K* buffer A at 6 min, and then to the same
buffer titrated to pH 7.1 at 22 min. Finally, this was displaced
by standard buffer A at 35 min. In six of six cells measured.
acidification of the high K* buffer to pH 7.1 reversed any intracel-
lular alkalinization induced by high K* at pH 7.4.

the plasma membrane, which renders a reaction
spontaneous; and (iii) as an electric field which aligns
or moves dipoles within the field (e.g., the positively
charged intra-membrane S4 segments of voltage-
sensitive Na* and Ca?* channels (Jan & Jan, 1989)).
Any other mechanism that may directly block virus
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infection—for example inhibition of fusion between
viral and endosomal membranes (Helenius et al.,
1985)-—must be triggered by one of these if AV,
plays a central role as our data suggest.

One possible ‘trigger’ that we considered in this
study was an increase of cytosol Ca’t caused by
plasma membrane depolarization. We found that 130
mMm K* induced a transient [Ca’*] increase in
MDCK cells that fell back to baseline within minutes
(Fig. 10). In excitable cells, the plasma membrane
contributes to regulation of [Ca?*];, by Ca ATPases
and Na*t/Ca?" exchangers (Strehler, 1990), voltage-
gated Ca’?* channels (Jan & Jan, 1989), and by hy-
drolysis of phosphatidyl inositols to second messen-
gers (Berridge & Irvine, 1989). To our knowledge,
there is no evidence in any cell type that depolariza-
tion can directly induce phosphatidyl inositol hydro-
lysis to inositol phosphates. By comparison, both
the gated channels (Jan & Jan, 1989) and Na*/Ca’™"
exchangers (Strehler, 1990) are voltage dependent
and contribute to increased cytosol Ca?™ in excitable
cells upon plasma membrane depolarization. Na*/
Ca?* exchangers are thought to be common in non-
excitable cells (Strehler, 1990), and voltage-gated
Ca’" channels have been reported in at least one
nonexcitable cell, rat embryo fibroblasts (Harootun-
ian et al., 1988). Thus, our working hypothesis is
that one or both of these proteins exist in the plasma
membrane of MDCK cells and is responsible for the
Ca* spike we observed.

A [Ca’"]; increase alone cannot account for inhi-
bition of virus production in high K* media because
a similar [Ca®"]; change induced by ATP did not
alter VSV infection (Table 2,B). This experiment
cannot exclude the possibility that depolarization
activated other second messengers which we did
not measure such as inositol 1,4,5-tris-phosphate
{Berridge & Irvine, 1989).

Cytosol pH affects numerous processes in cells,
including VSV-G-protein transport from the frans-
Golgi network to the cell surface (Cosson et al.,
1989) and microtubule-dependent movement and
shape of lysosomes (Heuser, 1989a). In MDCK
cells, Na*/H* exchange regulates against acid-load-
ing (Selvaggio et al., 1986), and CI-/HCO; ex-
change regulates against alkalosis (Kurtz & Gol-
chini, 1987). Both exchangers are located in the
apical membrane (Oberleither et al., 1989). We rea-
soned that if either of these mechanisms were sensi-
tive to electrical potential, or if cytosol pH were
influenced by the protonic Nernst potential, then
depolarization by high K* at the basal-lateral mem-
brane could induce a significant shift in cytosol pH.
We found that pH, did increase by 0.1-0.2 pH units
during the high K* treatment (Fig. 11). However,
this modest pH shift does not contribute to VSV
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inhibition because control of pH, at a normal value
does not alleviate inhibition by depolarization.

An alternative mechanism that we are currently
testing is that depolarization blocks translocation
of the viral nucleocapsid across the epithelial cell
plasma membrane. There are numerous precedents
for AW ,-dependent protein translocation across bi-
ological membranes including the trans-membrane
transfer of the voltage-gating segment of the bacteri-
cidal protein colicin E1 (Merrill & Cramer, 1990;
Abrams et al., 1991), import of protein precursors
into mitochondria using general insertion proteins
(Miller & Cumsky, 1991), and transport of proteins
from cytoplasm to periplasm in E. coli using translo-
case (Schiebel et al., 1991). For this mechanism to
operate in VSV infection, the nucleocapsid—or a
component of the nucleocapsid—would have to as-
sociate with the plasma membrane following endo-
cytosis. This could be accomplished by recycling of
the virus receptor-virus complex back to the plasma
membrane following acid processing. A similar step
has been postulated to explain AW, dependence of
diphtheria toxin intoxication (Hudson et al., 1988).

We thank Kenneth Spring for many helpful discussions concern-
ing fluorescence digitized imaging systems, James Russeli for his
collaboration in the design of our imaging system, Herbert Chase
for suggestions on dye loading into MDCK cells, and Manfred
Schubert and George Harmison for providing expertise on VSV.
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