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Addition of 105 M amphotenicin B to the tear solution of an n vitro greparation of the frog cotmea increased the
transepithehal conductance, g,, and decreased the apcal membrane fractional resistance. f(R,), in the presence or
absence of tear Na* and C1~ In the presence of tear Na* and €17, amphotenicin B increased the short-circuit current,
f...from 3.9 10 B8 pA - cm™? and changed the intracellular potental, ¥, from —485 to —17 9 mV probably due to a
higher increase In the Na* than in the K™ conductance. In the absence of tear Ma* and Cl ~, amphotericin B decreased
1. from 5.5 to about 0 A - cm™? due to K* (and possibly Na™) flux from eell to tear and changed ¥, from —354 to
--63.6 mV due to the mcrease »» conductance of both ions. Increase 1n the tear K * from 4 to 79 mM (in exchange for
choline), in the presence of amphotericin B and absence of tear Na* and 17, decreased f(R,) from 009 to 0.06,
wcreased g, from 0.23 to 0.31 mS, increased [, from 0,63 to 7.3 A - cm™?, and changed ¥, from —655t0 — 173 mV
due to the change in Ey in the presence of a ligh conductance in the tear membrane Simular effects were observed
with an increase of tear Na*. Results support the concept that the Na* conductance opened by amphotericin B in the
apical membrane is greater than the K™ conductance Previously observed transepithelial effects of the ionophore may

be explained mostly on the basis of iis effect on the apical membrane.

Introduction

Amphotencin B imcreases the permeability of the
apical membrane of the frog cornea epithelum to Ma™
and K* [1-4]. That the opened channels by the 10no-
phore are electroconductive 15 suggested by s effects
on transepithehal PD [3,4] and en short-circunt current
[1,2] Further support for the concept that the ampho-
tericin B-opened channels are conductive 1s that, n the
presence of amphotenicin B 1n tear solutson, ncrease
tear concentration of Na* or K* increases the iransepi-
thehal PD, stromal side more positive, and increascs the
transepithelial conductance, with an opposite effect
when the concentration of these cations 1s decreased [4]
There 1s evidence that adduon of amphotenicin B to the
tear solution results mm an merease m the electrogemicity
of the Na*/K"*-ATPase pump located n the baso-
lateral membrane, 1€, an increase in emf Thus, the
anomalous PD response, which s related 1o the pump

Correspondence G Carrasquer Depariment of Medicine, Drnision of
Wephrology, Unversity of Lowswille, Lowswille KY 40292 USA

0005-2736,/83 /503 50 © 1982 Elsevier Scuence Publishers BV (Bic

emf, 15 ncreased markedly with amphotencmn B mn
Cl™-free solutions when stromal K* 1s mereased from 0
to 4 mM [3] Furthermore, the basclateral KX* conduc-
tance may be affected by changing the tear K™ con-
centration n the presence of amphotenicin B [4] The
effects on the pump and on the K* conduciance are
probably due to respecuve changes in intracellular Na*
and intracellular K* concentranions

The findings described above rase questions which
could be answered with the use of intracellular micro-
electrodes (1) Which of the ewo channels, Na* and K™,
opened by amphotenicin B in the apical membrane has
the greater conductance (2) To what exteat are the
effects of amphotericin B not only on the te~r mem-
brane but also on the stromal membrane (3) To what
extent are the effects of changing tear Na™ or K*, in the
presence of amphotencin B, on the tear or on both
membranes? The results presented below support the
concept that the Na* channels opened by the 1onophore
have a preater conductance than the K* channels and
that the transepithelial effects of the 1onophore may be
explained manly on the bass of its effect on the apical
membrane
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Methods

Bullfrog corneas (Rana catesbeiana) were mounted
tear side up n a lucite chamber as previousty descnbed
[5-71 The tissue was supporied by a copper grd with a
shightly less radms of curvature than that of the m vivo
cornea An openng of 04 cm? communicated the upper
(eprthehal) chamber (02 ml) with the lower (stromal)
chamber {03 ml) Both chambers were continuousky
perfused at a rate of about 5 ml /mmn 1o msure complete
exchange m 5-10 s A shght negative hydrostatic pres-
sure was apphed 1o the lower chamber ta help secure
the comnea io the copper gnd Control solutions con-
tained (n mM) Na*, 102, K*, 4, Ca®*, 1, Mg?*, 0 8,
Cl™. 81, 50;, 08, HCO;, 25, phosphate 1, and
glucose 25 Na* was substtuted with chohne® 1n Na*-
free soluttons C1™ was substituted with gluconate or
S07~ m Cl -free solutions When sulfate was used as
the substitute amon sucrose was added 1 equimolar
amounts to mamiam a constant osmelality Increases in
K* concentration were accomphshed by substitution of
K* for choline Amphotericin B was added to the tear
solution to a final concentration of 107> M All solu-
uons were continuously gassed with 95% 0,/5% CQ;,
fhe pH of the solutions was 72-73 Two parrs of
macroelectrodes and one microelectrode were used One
pair was used to measure the transep:thehial potential
difference (calomel electrodes connected via KCl bridges
to within 05 mm of tissue surfaces), the other par
(AgCl-coated Ag wure loop electrodes, 4 mm from the
ussue on either side) was used to send current The
intracellular potential, ¥, was recorded with 3 M KCl-
filled mucroelectrodes which had an input res:stance of

15-40 Mohm Corneas were short-circuited using an
automatic clamp device (Biomed Inst, Germenng,
F R G) except for hnef periurbations that lasted about
200 ms, dunng which the transepithehal potential was
clamped at +10 mV (stroma side positive) These per-
turbations were repeated every 1-2 s and were used for
racasurement of the transepithelal conductance (g, =
ALL/AV) Also the apical membrane fractional resis-
tance ( f(Rp) = Ryo/ (Ry+ R,)) = A¥,/AV]) could be ob-
tammed V, and I, are the transepithehal voltage and
current, and R; and R, are the resistances across the
apical and basolateral membranes, respectively The
values of short-ciremit current (£,.), g,, f(R,), and ¥
were recorded together wath the microelectrode resis-
tance on a multichannel stop chart recorder (Limses,
TYP 2065) I.. 15 defmed as positive when the direction
of carrent 1s from tear to stroma via the tissue Hyper-
polatization of ¥, 15 defined as an mcrease i the
negative iniracellular potential Depolanzation is used
as the opposite of hyperpolanzation Student's r-test
with paired observations was performed to determune
the level of sigmficance when applicable

Reaults

Effect of 107 M amphotericin B n the tear soluton
Figs 1A, 1B and 1C show data from representative
experiments 1n which the wnophore was added to the
tear solution The 1onophare was added 1n the presence
of control solutons (Fig 1A), mm Na*-free, Cl -free
solutions on tear side and control solutions on stromal
side (Fig 1B), and in Na™-free, Cl~-free tear and stromal
solutions (Fig. 1C) Detailed data are presented in Tabie
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Fig 1 Effect of 2dding 10”7 M amphotencm B 10 tear solution (A) Centrol solufions on both sides, (B} Na *-free, €l -free solution on tear side,
control sofutiun on stromal side, (C) Na*-free, Cl +free solutions on both sides Zero time when amphotencin was added Apical membrane
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TABLEI
Effect of adding 10~ ° M amphatzriun B to tear sulution
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Values are mean+ S E N number of expenmeniz Control values ~btaincd hefore addition of amphotencin B The other values are the changes
obtamed, tespectively 2 $ and 10 mun after addition of the drug Uruts are f(R,) unutless g, mS/em* J, pAfcms nd ¥ mV ¢ P< 001

b peongs 7S p>00%

Control Charnges tn parameter
2 mun 5 man 10 mun

Contral solutions (N=T)
f{Rp} 029+005 005=003"° -016+2047 -019+005"
& 0784022 0035009 " 003ton0e" 0044000
I, 3% +08 19 £05° 36 £08" 39 £07*
|7 -85 £77 75 $24° 02 46 07 452

Na*-free (choline ™ subst ), C1™-frea (SO}' subsi , ¥ expts , gluconate subst 8 expis ) tear soin  control stromal soln. (¥ =14)
f(Rg) 035+002 -037+£008° —-064£G05* -073+003*
& 018+001 004+001° 0050027 0084003"
I, 55 %09 -12 xu64 —48 13° -54 +13*
[ 2 -354 £24 -139 37" =278 £33~ -2 30"

Na *-free (choline* subst ) Cl -free (S0#~ subst ) in botk soins (N =6)
J(Ry) 092+003 ~0433011" ~0652010" -072x010"
I3 016+002 004E001" 006+002" 006+£002°
1 1474044 -072£019° -103x022° —-1044022°
Va —-6370£401 -853+303° -1087£162" -63 388"

I In all cases, amphotencin B decreased markedly the
apical membrane fractional resistance, f(R,). ap-
proachung a value of about 010 m the presence of Na™
and of about 020 1n the absence of Na' m both
solutions Amphatencin B increased the transepsthehal
conductance, g,. by about 004 10 008 mS cm™? with
or without Na* or CI~ Moreover, in control solutions
(Fig 1A and Table I). addwron of amphoternicn B
increased the short-ciccunt current, [, and depolanzed
the intracellular potental, ¥, However, m the absence
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of Na™ and €17 from tear solution (Fig. 1B and Table I}
or from both solutions (Fig. 1C and Table £}, ampho-
tericin B gave opposite results m that I decreased and
V, hyperpolanzed The data from expenmunts of the
type presented 1n Figs 1A and 1B support the concept
that amphotericin B opens a conducuve pathway for
Na* n the apwal membrane, since amphatencin B
decreased the apical membrane fracuonal resistance
and increased the conductance, also there was an -
crease 1n short-circutt current and a depolarzation of
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Fig 2 Effect of changng lear Na* 1n the presence of 10~ * M amphotericin B wn the tear solution Meaning of ume and symbols as m Fig 1
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TABLE 11
Effects of changing tear Na™ 1 presence of 10~ * M amphotericin B Control 5t f solution
See legend to Table I The number of expenments 1s given in parentheses

Contral Changes i parametes
2 mun 5 mn 10 nun
Decrease teat Na™* from 102 10 6 mM (N = 6)
iRy A21£006 016=004* 024+006" 0144005°
2 1174012 -043:009° -0543010 —072£010 °
I 180 £24 —-118 +15°* -132 t16" -119% £17°*
Fo —-268 +27 —190 £31° -271 +41°* -2%1 £50°
Increase tear Na* from 6 to 102 mM (N = 5)
FLRa) 042005 -0114602° ~0144+002* —012+004°
2 062+014 0301007" 030015 "* 0471018~
1. 16 +24 119 £17° 88 +16° 69 +i3°
Vv, =514 168 266 +58° 302 +66°* 313 £64°
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Fig 3 Effect of changing tear K* mn the presencz of 10~° M amphotericin B in the tear solution Meamng of ume and symbols as i Fig §

TABLE 1[I
Effect of changing tear K * m rear sotution in presence of 10 ~° M amphoteriun B Conira! stromal solugion
See tegend to Table I The number of expenments 15 given 1n parentheses

Cuntrol Changes in parameter
2 min 5 10 nun

Increase tear b+ from 41079 mM (N = 11)
R 0091002 ~003+0007* -0031+J006" -002+£0008°
I 023+003 005+002° 007+002b 00810024
I 66 +14 54 x16" 67 £13° 67 £14*
by -656 £28 376 £57° 476 +34° 452 +32°

Drerease tear K from 79 to d mM (N =12)
f(Ry) 006+0 02 00s5t002° 00stuozt 00dE001°
& 0114005 -Q07£003"° ~008+003 " -0084003"
1. 79 +10 =71 £12° -7l %11° -63 11"

sc
Vo -163 £23 ~424 =23~ =30 £27° ~318 +d41°




the ntracellular potential when the electrochemucal
potential of Na* was hagher in the tear solution than in
the cell (presence of 102 mM Nz* m tear) and a
decrease in short-circust current and hyperpolanzation
of the intracellular potential when the electrochenmcal
potential of Na* was hugher m the ceil than in the tear
solution {Na*-free, C1™-free tear solmuon) Data from
expermments of the type presented mn Fig 1C support
the concept that amphotencin B apens a conductive
pathway for K* since this 1on shouid be more abundant
than Na™ 1n the cell under conditions of Na*-free,
Cl™-free m both solutions and the decrease m [, and
hyperpelanzation could be explained by the presence of
an apical membrane K* emf and by net K* flux from
cell 1o tear The dacrease in /. and the hyperpolanza-
tion of ¥, suggest that there 1s still a gh K in the cell
in the absence of Na™ and C1™ n the media

Effect of rhanging tear Na™* n the presence of ampho-
terecin B in tear solution

Deata presented m Fig 2 from one representative
expeniment and 1n Table il further support the concept
that amphotencin B opens conductive channels to Na*,
that 15, decrease in tear Na' from 102 t0 6 mM (Fig 2A
and Table H) in the presence of amphotenicin B m-
creased  f(R,), decreased g, and [, and hy-
perpolaried ¥ Increase 1n tear Na™ back to 102 mM
produced the opposite results {(Fig. 2B and Table 11)

Effect of changing tear K ¥ mn the presence of amphoteri-
cin B i tear in Na*~free and CI*-free solutions

Data presented 1n Fig 3 from a representative ex-
penment and n Table III support the concept that
amphotencin B opens conductive channels 1o K*, that
15, 1ncrease m tear K™ from 4 t0 79 mM (Fig 3A and
Table 1IY) decreased f(Rg), increased g, and I, and
depolanized ¥, Decrease in tear K* back to 4 mM (Fig
3B and Table 1II) produced changes opposite to those
observed when tear K* was increased from 4 to 79 mM

Discussion

Previous experiments mdicate that the permeabihity
of the apical membrane 10 Na* and K* 15 markedly
mereased by amphotericin B {1-4] The possibility that
the 1onophore-opened pathways were conductive was
considered when addition of amphotericin B ncreased
the short-circuit current and the transepithehal conduc-
tance [1,2] and when changes m tear Na® and K~
concentration resulted n transepithekal PD changes
[3:4]

A question was raised whether the changes observed
withh amphotericin B depended upon an effect on the
basolateral membsane as well as on the zpical mem-
brane For example, mcrease of Na* entrance mto the
cell could stmulate the electregenic Na* /K *-ATPase
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[7 8] with a subsequent hyperpo.anration of the baso-
lateral membrane and an merease m ¥, On the other
hand, with a low tear K" the mtracellular K™ should
decrease because of a leakage of this 1on across the
apical membrane with a subsequent decrease n the
potenttal across the basolateral membrane Simdarly, in
the presence of amphotencin B, when Ma* or K* 15
decreased or inwicased mn the tear sofution. one would
expect parallel intracellular changes 1n concentration of
these icns Hence an ncrease in tear Na ™ or K* should
resull m an increase 1n tntracellular Na* or K™ with an
increase m the cell to stromal Na* or K™ concentration
ratio, therofore, an increase i the negatvity of the cell
with respect 1o siroma, that 1s, hyperpolanzation of the
potential across the basolateral membrane With a Na*
or K™ conductive pathway in the apical membrane, the
effects on the potential between the cell and the rear
solution should be opposite 10 those 1n the basolaterat
membrane, that 1s, 4n mcrease n tear Na’ or K'Y
decreases the rano of cell o tear Na* or K* concentra-
tion with a depolanzation or even reversal of the poten-
t1al across the apical membrane
For further discussion we refer to the relationstup

Ver =Vsc = Vre 1))

where Vgr, Vio. and Voo are the potentals between
stromal and tear solutions, betwesn stroma and cell,
and between tear and cel} respectively Both, depolanza-
t1ion of the apical meinbrane potential {decrease e Vi)
and hyperpolarnizanon of the basolateral mzmbrane
potential (increase in F, ) die to an increase mn the tear
Na‘* or K* will increase the transepithelial potentia:
Vr. stromai side more positive, previously observed
under open-circmt condiions o the presence of
amphotericin B [4]

Present expenments using microelectrodes, under
short-ctrenit conditions, demonstrate that the effect of
amphotericin B 15 pnmanly on the apical membrane,
although a secondary effect of lesser magmtude n the
basolateral membrane cannot be ruled out (1% Under
all conditions studied, upon addition of amphoteniein B
or after an mncrease n the tear Na* or K* in the
presence of the ionophore, there was an increase n the
transepathelial conductance which was accompamed by
a decrease i the apical membrane fractional resistance
{2) Under conditions 1n which the tear concenteation of
Na* (102 mM) wes lugher than 1n the cell amphotencin
B ncreased the short circuit current and presumably the
open arcuit transepsthelal potennal {the calculated Fgp
— 1, /g, wmereased) and they were accompanied by a
depolanzation {decrease 1 negatvity of F), that is, the
increase 1n Vyp was prmanly due to a decrease in Fye
(see Eqn 1) (3) The effects of changing the tear Na™ 1n
the presence of amphotenicin B further corroborate the
opening of 12 Na™ conduciance in the apical membrane,
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Ex Rk

ENa RNa
Fig 4 Eguwalent circwsl for Na® and K+ pathways opened by
amphotencin B in the apical membrane of the frog comesa epithelium
T refers 1o tear znd C refers to cell See text for symbols

that 15, an increase m tear Na* mcreased the transep-
thelial conductance wiuch was accompanied by a de-
crease in the apical merrbrane fractional resistance
This mcrease mn Na* concentration enhanced the short-
ciremt current as a result of a depolanzation of the
apical membrane (decrzased negativity of Fp), there-
fore, the increase 1n calculated ¥ was due to a de-
crease of V. (sec Eqn 1) (4) The opemng of an apical
membrane K conductance was demonstrated when the
tear K* concentration was changed 1n the absence of
Na* and CI~ from the tear solution and m the presence
of amphotenicin B Increase m tear K* resulted in the
expected merease 1n transepithehial conductance, de-
crease n the apical membrane fractional resistance,
mgrease w1 short-circuat current (increase also m calcu-
lated V1) wath depolanzation of Fy, that 1s, decrease 1in
Vre

We now consider the questson whether with ampho-
terioin B present Na* or K™ has the greater conduc-
tance 1 the apical membrane The possible contribu-
tion of the two pathways to the effects of amphotericin
B may be evaluated by an analysis of the ciremt pre-
sented 1 Fig. 4 For this circuit the following equation
applies

Fre=Ex Rya/(Rya+ Ry )= By R /ARyt Ri) (2

where R's are the resistances of the opened Na* and
K* pathways by amphotericin B n the apical mem-
brane and E’s are the respecttve emf’s If we assume
that inteaceflular K* and Na* are, respectively, 106 and
14 mM, as reported by Reuss et al [9], E should be
somewhat greater than Ey, 1¢ (RT/F)n(106/4) >
(RT/F)In(102/14) Therefore, with equal resmstance
values for Na’ and K*, V. should have increased
when amphotenicin B was added to the tear solution
Since 1t decreased. that 1s, smce the cell became less

nepative to the tear solution, Ry must be greater than
R,,,. that 15, the Na* conductance opened by ampho-
terrein B must be higher than the opened K* conduc-
tance

Not considered in this work 1s the possible effect of
amphotericin B on the C1™ conductance, but, since the
tear C1~ concentration was higher than its intracellular
concentration (81 versus 22 mM [9]), an ncrease 1n the
Cl™ coaductance by amphotenicin B should have m-
creased Vrc (hyperpolanization) Therefore, the de-
polanization observed 1n the presence of Na* and Cl™
cannot be explained by an increase n the C1~ conduc-
tance by amphotericin B As 1n the case of Na™ versus
K*, one m. y safely say that if amphotericm B increased
the CI™ con Juctance, 1ts increase was of a lesser magni-
tude than the increase m the Na™ conductance

In conclus.on, the pathways opened to Na* and K+
by amphoteric n B 1n the apical membrane of the frog
cornea epithehum are conductive The Na* conduc-
lance appears 1o be greater than the K* conductance
Possibre effects of amphoterican B on the C1~ conduc-
tance need further study Transepithehal effects of the
1onophore may be eaplained mostly on the basis of ws
effect on the apical membrane
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