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Abstract. We studied the relationship between changes/olume increase are essential for the activation of CTX-
in intracellular pH (pH), intracellular C&*([Ca?*];) and  sensitive maxi-K channels required for RVD.
charybdotoxin sensitive (CTX) maxi‘Kchannels occur-

ring after modest ‘physiological’ swelling in guinea pig Key words: RVD — Calcium — pH — Charybdotoxin
jejunal villus enterocytes. Villus cell volume was as- — K* channels — Villus epithelial cells

sessed by electronic cell sizing, and;phd [C&']; by
fluorescence spectroscopy with 2,7, biscarboxyethyl-5- .
6-carboxyfluorescein and Indo-1, respectively. In alntroduction

slightly (0.93 x isotonic) hypotonic medium, villus cells - : L L
: . In jejunal villus epithelial cells, it is the extent of cell
swelled to the same size they would reach during . . ; . A
, o) swelling that determines signaling of the" kand CrI
glucose on-alanine absorption; the subsequent Regula-

channels which in turn drive the Regulatory Volume De-
tory Volume Decrease (RVD) was prevented by CT>.<'crease (RVD) response to that swelling. High conduc-
After the large volume increase in a more hypotonic

. . . :
(0.80 x isotonic) medium, RVD was unaffected by CTX. tance Cii.—actlvated (maxr!{) K™ channels Wh!Ch

i : . : " are sensitive to charybdotoxin (CTX) and essential for
After modest swelling associated with 0.93 x isotonic

o . :
dilution, the pH alkalinized but N-5-methyl-isobutyl RVD after the small, 5-7% volume increases occurring

g . during Na-solute absorption, but not for RVD after
amiloride (MIA) prevented thidpH, and the subsequent o X .
RVD. Even in the presence of MIA, alkalinization with larger (15%) volume increases (Macl.eod & Hamilton,

added NHCI pernitted complete RVD which could be (208 FRF 200k SRREens b oLl o
inhibited by CTX. The rate of°Rb efflux which also 9

. : ) o .~ sociated with these modest 5 to 7% volume increases
increased after this 0.93 x isotonic dilution was inhibited . .

) (MacLeod & Hamilton, 1996), we have studied the re-
an equivalent amount by CTX, MIA or Ndree me-

, . . . lationship between this alkalinization, altered intracellu-
dium. Modest swelling transiently increased fQJaand . S
. ) ; VR lar calcium ([C&"],) and K" channel activation after vol-
Ca*-free medium or blocking alkalinization by MIA or . }
ume increases of 5 to 7%; we compared the response of

Na™-free medium diminished this transient increase anceIIs subjected to this modest amount of swelling which

equivalent amount. RVD after modest swelling was pre-replicates the response to Naglucose absorption, with

vented in C&'-free medium but alkalinization still oc- ;
X S the response to the more substantial 12 to 15% volume
curred. After large volume increases, alkalinization of.

cells increased [C4], and volume changes became sen.ncreases routinely used in volume regulatory studies
I .
sitive to CTX. We conclude that both alkalinization of (Foskett, 1994; Lang et al., 1998).
pH; and increased [C4]; observed with ‘physiological’
Materials and Methods

* Present addressEndocrine-Hypertension Division, Brigham and VILLUS EPITHELIAL CELL |SOLATION AND
Women’s Hospital, Department of Medicine, Harvard Medical School, \/oLume DETERMINATIONS
221 Longwood Avenue, Boston, MA 02115, USA
Isolated from segments of adult male (200—300 g) guinea pig jejunum
Correspondence toR.J. MacLeod by mechanical vibration (MacLeod & Hamilton, 1990), villus cells
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were resuspended at 0.8-1.5 x®*I@lls/mL in RPMI-1640 medium  SOLUTIONS

(without HCG;) containing bovine serum albumin (type V) at 1 mg/mL

and 20 nm Na Hepes, pH 7.3 at 37°C. Viability, assessed by trypan Cell volume measurements were made using 30,000 cells/mL in Na

blue exclusion was 85% after 3 hr. Cell volume was measured using anedium which contained (in m): 140 NaCl, 3 KCI, 1 CaGl 1 MgCl,,

Coulter Counter (Zm) and an attached Channelyzer (C-256) (MacLeod 0 p-glucose, and 10 Hepes (pH 7.3, 295 mOsM/kgOH K*-rich

& Hamilton, 1991,b). Villus cell volume measured electronically medium contained NaCl, isosmotically replaced by KCI.*t@e me-

over a range of tonicities correlated positivety= 0.967) with direct  dium was prepared by isosmotically replacing NaCl with the chloride

measurements of cell water (MacLeod & Hamilton, 1891Relative salt of N-methyle-glucamine (NMDG). pH, and [C&'], measure-

cell volume was expressed as the ratio of cell volume under experiments were made in Namedium, and where indicated,"Kich me-

mental conditions to volume under basal conditions. dium. Measured electronically, the volume of guinea pig villus cells
suspended in isotonic medium (1,537 + 86 fL= 65) was in accord
with previous reports (MacLeod & Hamilton, 1990; MacLeod et al.,

pH, AND [Ca?*]; MEASUREMENTS 1992).

pH;, was determined fluorometrically using BCECF. We loaded villus
cell suspensions (1 x $@ells/mL in Hepes RPMI) with BCECF by ~REAGENTS

incubation with the parent acetoxymethyl ester (@) for 15 min at )
37°C. After washing, and resuspension, we placed 0.5 to 0.8°x 10 The acetoxymethyl ester of 27" bis (carboxyethyl)5-(6)-carboxyfluo-

cells in 2 mL of medium and determined fluorescence using a Hitachif€Scein (BCECF) and Indo-1 were obtained from Molecular Probes
F-4000 spectrofluorometer with excitation at 495 nm and emission afEugene, OR). 5-N-methyl-N-isobutyl)-amiloride (MIA) and charyb-
525 nm using 5 and 10 nm slits, respectively. Calibration was per_dotoxin (CTX) were from Research Biochemicals (Natick, MA) and
formed in K*-rich medium using nigericin and a quench correction NMDG" from Aldrich (Milwaukee, WI). Rp cAMPS was from Biolog
factor as described (Grinstein, Rothstein & Cohen, 1985). The resting-fe Sciences (La Jolla, CA).

pH; of these cells in Hepes buffered RPMI-1640 medium (nominally
HCOs;-free) was 7.39 + 0.04) = 45.

Intracellular calcium concentrations, [€%, were measured flu-
orometrically using Indo-1. We loaded villus cell suspensions (1% 10
cells/mL) in Hepes buffered RPMI supplemented with Mg@Inal
concentration 1 m) by incubation with the parent acetoxymethyl ester
(3 M) for exactly 15 min at 37°C. After washing and resuspension,
10" cells/mL were used for fluorescence determination in 1 mL of
indicated buffer. The excitation and emission wavelengths were set aﬁesults
331 nm and 410 nm using 3 nm and 10 nm slit widths, respectively.
Fmax Was determined using Triton-X (final concentration, 0.1%) and
Fmin calculated using EGTA (2 mn) after determining autofluores-
cence. A dissociation contrast of 25Q for the Indo-1-C&* complex
was used to calculate [€4§; as previously described (Powell et al.,
1993).

STATISTICS

Data were reported as meanssg of five to fourteen experiments
performed in duplicate. Differences in means were determined using
Student’st test.

ErFFeCT oF CHARYBDOTOXIN (CTX) oN RVD AND
INTRACELLULAR PH (PH;) AFTER CELL SWELLING

We suspended villus epithelial cells in hypotonic me-
dium, 0.93 x isotonic, to duplicate the 5 to 7% volume
8Rb ErFLUX MEASUREMENTS increase observed in responsentglucose on_-alanine
absorption, and determined the effect of the selective and
We measured®Rb efflux from the villus cells using a technique we potent inhibitor of maxi-K-channels, charybdotoxin
have previously described (MacLeod et al., 1§92illus cells (2 x ;
10° cells/mL) were loaded in RPMI medium wifffRb (10 wCi/mL) (CTX) on Supsequem RVD (Flg' 1) CTX (50ap pre_
for 45 min. Cell suspensions were diluted fivefold witPRb-free vented RVD in these cells (FigA); their final relative
RPMI, centrifuged, and resuspended in*Naedium, pH 7.3, at 3-5 x volume was larger than that of untreated controls (1.04 +
10° cells/mL. After one mL of this suspension was diluted isotonically 0.01 vs. 1.00 * 0.01,P < 0.001,n = 5). In contrast,
7% with Na medium, 500uL of the cell suspension were added to an Villus cells which were hypotonically diluted 0.80 x iso-
equal volume of ice-cold isotonféRb-free Nd-medium, which served tonic, to cause a greater swelling, underwent RVD which
as a ‘stop’ solution. An aliquot of this mixture was layered over 100 was not affected by 50MCTX (Fig. 1B) Thus, after a
wL of a 3:2 (vol/vol) di-n-butyl-phthalate:di-nonylphthalate oil mix- ‘physiological’ volume increase of 5 to 7%. RVD must
ture and centrifuged at 1,300 g<for 20 sec using an Eppendorf mi- I . . . .
crofuge to measure the amount of isotope in cells before hypotoni(.l'ltIIIZe a K’ Che,mna WhICh_ .ls CTX'SenSItlve. Whllle
dilution. Then, after addition of the appropriate amount of distilled 9réater volume increases utilize d Khannel which is
water to the remaining suspensions, aliquots of cell suspension werBOt CTX-sensitive.
added to an ice-cold stop solution that was 0.93 x isot8?Rb-free The resting pHof villus cells in nominally HCQ-
Na'-medium. An aliquot was layered over oil and centrifuged as de-free medium was 7.39 + 0.04,= 45. After suspension
scribed above. Sampling was done in duplicate. Supernatant and oih 0.93 x isotonic medium, the cells alkalinized (Fig.

were aspirated; the cell pellet was lyzed in 0.5 ml of 1% sodium ] . L =
dodecylsulfate. Radioactivity associated with the cell pellet was as—ZA)' this alkalinization was blocked by fum N-5

sessed with liquid scintillation counting. Results were expressed as gnethyl-5-iso_buty|-ami|0ride (MIAA_p'_h/3 min: 0.010 +
fraction of isotope remaining over time, compared with isotope in cells0.010 pH unitsP < 0.002,n = 6, Fig. 2B) but CTX (50
diluted isotonically. nv) had no effect on the alkalinizatiom\pH,/3 min:
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Fig. 1. Effect of charybdotoxin (CTX) on RVD after 0.95 x isotonic or 0.80 x isotonic diluti@y).®, 0.95 x isotonic, CTX (50 m); O, 0.95 x
isotonic,n = 4. (B) O, 0.80 x isotonic®, 0.80 x isotonic, CTX (50m), n = 4. Volume measured electronically, expressed relative to isotonic

control.
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Fig. 2. Changes in pHand volume after 0.93 x isotonic dilutionA) Alkalinization after 7% hypotonic dilution B) Effect of 1 um N-5-methyl-
isobutyl amiloride (MIA). C) Effect of CTX (50 m) on ApH, after 7% hypotonic dilution.§) Effect of MIA (1 um) on RVD after 7% hypotonic
dilution. 0, 0.93 x isotonic®, MIA (1 pm) + 0.93 x isotonicN = 6 for all experiments. pHracings of a single experiment are illustrated.

0.080 £ 0.10vs.0.070 £ 0.010 pH unitsy = 6; Fig. ). untreated controls (1.04 £ .06.1.00 £ .01,n = 6,P <
Subsequent RVD was also prevented by the amilorid®.001). Amiloride-sensitive alkalinization seen after
derivative (Fig. D); the final relative volume of cells modest volume increase seems to be required to activate
was larger in the presence ofulM MIA compared with  the K" or CI” channels necessary for RVD.
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Fig. 3. Effect of CTX on NH,CI bypass of methyl-isobutyl-amiloride inhibition of RVDAY @, 0.93 x isotonic, lum MIA; O, 0.95 x isotonic,
1 pm MIA, 1 mm NH,CI n = 6. (B) A, CTX (50 nv), MIA (1 pm), NH,CI (1 mwv), 0.93 x isotonicn = 6. (C) Representative pHracing a single
experiment showing addition of 1smNH,CI to cells after 0.93 x isotonic dilution in the presence gix MIA. * P < 0.001.

This prevention of RVD by Jum MIA was bypassed 35 . 17% Hypo
by 1 mv NH,CI which caused an alkalinization of 0.080 * !
+ 0.010 pH unitsii = 6) and resulted in complete vol- 30 |
ume recovery (Fig. B). The final relative volume of . Isotonic MIA  CTX Nafree

(1pM) (50nM) medium

cells treated with NECI and MIA was less than cells
treated with MIA alone (0.99 + .0¢s.1.04 + .01,n =

6, P < 0.001). In contrast, the addition of CTX (5&h

to cells hypotonically diluted 7% in the presence of MIA
and 1 mu NH,CI, prevented RVD (Fig. B). The final
relative volume of CTX treated cells was larger than
those treated with MIA and NI without CTX (1.03 o 10
.01vs.0.99 + .01,n = 6, P < 0.001). These findings °

Rb lost/5 min
8

suggested to us that the amiloride-sensitive alkalinization 5
after 7% cell swelling must precede the activation of the
CTX-sensitive K channel required for RVD. ot

@) (5) (5) (5) (5)
EFFeCT oFCTX, N-5-METHYL-5-1ISOBUTYL-AMILORIDE *p<.025 vs Isotonic
or Na*-FREe MEDIUM oN ®®Rb EFFLUX **p<.020 vs Hypo

When cells were suspended in a 0.93 x isotonic mediunfrig- 4. Effect of CTX, N-methyl-isobutyl-amiloride (MIA), Nafree
the rate of®®Rb loss increased compared with the logsmedium orf®Rb efflux after 7% hypotonic dilution. MIA (Jum); CTX
from control cells in an isotonic medium (fraction of (50 nv); Na‘-free medium prepared by isotonic replacement of NaCl
86 S with N-methyl-o-glucamine CI. *P < 0.02vs. 7% hypotonic, P <

Rb lost/5 min: 0.29 + 0.08s.0.17 + 0.03P < 0.025) ¢ 025ys.isotonic. Results of 4 to 5 experiments performed in duplicate.
(Fig. 4). CTX completely inhibited this increased rate
(fraction of ®®Rb lost/5 min: 0.18 + 0.02° < 0.02,n = _ _
5), as did MIA (fraction off®Rb lost/5 min: 0.17 + 0.04, free medium would have little effect dHRD loss after
P < 0.02,n = 5) and a N&free medium (fraction of the 0.93 x isotonic dilution.
8Rb lost/5 min: 0.19 + 0.01P < 0.02,n = 5). There
were no differences in rates BfRb loss when the effect Errect oF 7% HypoToNIc DILUTION, MIA AND
of CTX was compared with MIA or Nafree conditions.  Na"-FRee MEDIUM ON [c:aZ*]i
Based on these results, we suggest that it is the CTX-
sensitive K channel that responds to MIA-sensitive al- We determined the response of fClato cell swelling
kalinization, since if it were the Clchannel, MIA or Nd&  after a 7% hypotonic dilution as well as in the presence
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Fig. 5. Effect of 0.93 x isotonic dilution, MIA or Nafree medium on [C&],. (A) Control, 0.93 x isotonic dilution at break in trace. Bar represents
60 sec. B) Effect of 0.93 x isotonic dilution in medium containinguiv MIA. Bar represents 60 secC) Effect of 0.93 x isotonic dilution in
Na‘'-free medium. Traces from one experiment. Rasf each treatmenéeeResults.

of MIA (1 pm) or Na'-free medium (NMDG), two  alkalinization ApH,/3 min: 0.080 + 0.010 pH units; Fig.
treatments that attenuate the rate®#Rb efflux from  6C) which was blocked by Ium MIA (ApH/3 min:
these cells after modest swelling (Fig. 5). The resting0.010 + 0.010 pH units? < 0.002,n = 8). Thus, while
level of [C&"]; in villus cells suspended in control iso- modest volume increase in €afree medium still allows
tonic N&'-containing medium was %4+ 9 v, n = 14.  activation of amiloride-sensitive NHE, the rise in g
A 7% hypotonic dilution caused a rapid increase of 33 twas diminished and RVD prevented. Activation of
6 nv (P < 0.05) which by 3 min declined to21+ 5 nwm, CTX-sensitive K channels requires both an increase in
P < 0.05 above the resting [€§; (Fig. 5A). Inthe pres- [Ca?"]; of =27 nv and pH of =0.07 pH units for com-
ence of MIA this rapid [C&; increase was reduced to plete RVD after a modest volume increase.
18 £ 7 v (P < 0.001vs.control), but it was sustained at
15 + 6 v, n = 14, above resting [G4]; (Fig. 5B). In
Na'-free medium, the initial [CH]; increase was also ALKALINIZING pH; AcTIVATES CTX-SENSITIVE
less than control,@ + 6 nv, (P < 0.001,n = 14), and  SECONDARY CELL SWELLING
sustained at3 + 7 nv above resting levels (Fig.G).
To determine whether activation of CTX-sensitivé K
. channels required an alkaline pMe first generated vol-
EFFECT OF EXTRACELLULAR C&'" DEPLETION ON ume increases where CTX-insensitivé éhannels were
VOLUME REGULATION, [C&"]; AND pH, activated (volume increases >15% after 0.5 x isotonic
dilution), then made the pHnore alkaline and assessed
We then measured the volume, fCpand pHresponse whether subsequent volume changes were CTX-
of villus cells to a 7% hypotonic dilution in nominally sensitive. The rationale for this approach was that the
Céa*-free (150pm EGTA) medium (Fig. 6). The basal direction and extent of volume regulation of these cells
level of [C&*]; was reduced @+ 8 v, P < 0.001,n = had been shown to be driven by the extracelluldr K
12) and the RVD normally seen in response to 7% hy-gradient, so thatin 70 smK™ (final) these cells remained
potonic dilution was prevented (FigAh The final rela-  at the size they reached after hypotonic dilution, but at
tive volume of these cells was larger than that of cells inhigher K', the cells continued to swell or exhibit ‘sec-
C&" (1 mm) containing medium (1.04 + .0¢s.1.00 + ondary’ swelling (MacLeod & Hamilton, 19%j). After
0.01,P < 0.001,n = 6). The initial [C&"]; increase suspending cells in 0.5 x isotonicKich medium, the
observed with hypotonic dilution was substantially re- addition of 50 nm NH,CI (Fig. 7A) resulted in an alka-
duced compared with controls (18 +v6.33 £ 6 v, P linization of =0.39 pH units. This maneuver resulted in
< 0.001,n = 7) and [C&"]; continued to decline (Fig. a sustained secondary cell swelling (Fig) Trel. vol.:
6B); 7% hypotonic dilution in this medium caused an 1.25 + .01vs.1.16 + .01,n = 5, P < 0.05), which was
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Fig. 7. Alkalinization of pH caused CTX-sensitive secondary volume chang&sApH, after addition of 50 m NH,CI to cells suspended in
K*-rich medium, diluted 0.5 x isotonic. Tracing not corrected for dilutional artif&}t.Gell volume changes in response to these manipulations.
@, CTX (50 nm), 0.5 x isotonic, 50 m NH,CI. O, 0.5 x isotonic, 50 m NH,CI. (C) @, 0.5 x isotonic, 50 m NH,Cl in C&* free (150um EGTA)
K*-rich medium.n = 5. *P < 0.05vs. control.
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Fig. 8. Effect of NH,CI addition on [C&"]; during substantial (50%) hypotonic dilutiorA)(Villus cells suspended in Krich medium. Break in
trace is opening of compartment and hypotonic dilution 2[Gaapidly increases then falls to a sustained plateau. Bar indicated 6(Bszud C)
NH,CI (50 mv, final) added during hypotonic dilution. Decline of initial increase of{Gaslower and elevated plateau higher than untreated cells
(seeResults). D) NH,CI addition in nominally C&'-free (150um EGTA) K*-rich medium. E) Upper trace-NKCI (50 mv) addition to cells in
isotonic K*-rich medium. Lower trace-NCl addition to cells in isotonic nominally C&free (150um EGTA) K*-rich medium. Traces repre-
sentative of one experiment. Forof each treatmenteeResults.
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completely prevented by CTX (50m) (final rel. vol.  of [C&*]; (73 £ 8 nw, P < 0.001,n = 12) which was
1.19 £ 0.02,n = 5, P < 0.05). In nominally C&-free  lower than in C&'-containing medium. Addition of
medium, containing 15@¢m EGTA, there was no sec- NH,CI (50 mv) during the 0.5 x isotonic dilution of
ondary swelling response to alkalinization (FigC){rel.  these cells caused an initial transient rise @f+19 nv,
vol. 1.17 £ .02vs.1.17 + .02) suggesting that an increase (P < 0.001,n = 12), which was substantially lower than
in [Ca?*]; from an extracellular source was required, in in C&*-containing medium (Fig.B). There was no sus-
addition to the alkalinization, to activate CTX-sensitive tained plateau; withii3 min [C&*]; had returned to
secondary swelling. basal levels. Clearly, extracellular €avas required for
the NH,Cl induced increase in [G4;. In isotonic K'-
rich medium addition of NECI (50 mm) rapidly in-
EFFECT OFINTRACELLULAR ALKALINIZATION ON [Ca?*]; creased [CH], 21 + 4 nv, whereas in C&-free (150pm

EGTA) isotonic K'-rich medium this increase was pre-
The addition of NHCI to cells swollen in K-rich me-  vented L+1nv,n=6,P<0.05, Fig. &).

dium caused a transient alkalinization but a persistent  Because this rapid increase in fCh caused by

secondary cell swelling (Fig. 7). To assess whether thisNH,CI addition required extracellular €5 we used an
persistent swelling in spite of a transiexjtH; was due to  alternative mechanism to increase the pHvillus cells

a sustained increase in [€%, we measured [Cd], i suspended in isotonic N&140 mv) medium to assess its
response to a substantial (0.5 x isotonic) challenge iffect on villus cell [C"];.. Monensin (10um), a N&/
K*-rich medium, in response to 50MnNH,Cl added H* exchanger, when added to the cells in suspension
simultaneously with the hypotonic challenge, and then incaused a rapid alkalinization of the cells which reached a
comparable conditions but in €afree K'-rich medium  steady stat€B.5 min after addition (Fig.A). Within 30
(Fig. 8). Basal [C&7; of cells in isotonic K-rich me-  sec of addition, the pHvas 0.05 + 0.01 pH unitsP(<
dium containing 1 m C&™* (final) was 1® +9mv,n = 0.05) higher and at three minutes, it was 0.23 + 0.03 pH
32. A 0.5 x isotonic dilution caused a rapid increase tounits higher P < 0.001,n = 8) than resting pH Intra-

220 £ 12 m, n = 14, which over the next®+ 8 sec  cellular [C&"]; (Fig. %) at 30 sec was 7 + 2w (P <
relaxed to a plateau that averaged %79 v (Fig. 8A). 0.05,n = 8), greater and at 3 min it wa2l+ 1 nv
This elevated plateau was maintained for 5 min. Addi-(P < 0.05,n = 8), higher than basal levels. In nominally
tion of 50 mv NH,CI with the 0.5 x isotonic dilution Cg*-free (150 um EGTA) medium, the increase in
caused a higher initial increase which took longer to[Ca?*], within 3 min of monensin addition was blocked
relax to a sustained plateau (Fig 8ndc). The initial (0 + 1 nv, P < 0.05,n = 8). This finding added further
increase, 143 +21nvs.81 £ 16 m, (P<0.05,n = 14),  support to the concept that alkalinization of,phtreases

was higher than for controls not treated with . [Ca®"]; by rapidly mobilizing extracellular C4.
The decline of this peak to the sustained plateau took 120

+ 32 sec, P < .05), longer than untreated controls and

[Ca®"]; was maintained 133 + 17wy P < 0.05, above EFFECT OFPKA INHIBITION ON 0.93 x soTONICRVD

basal levels which was higher than cells not treated with

NH,CI. Suspended in nominally Chfree (150 um Since some CTX-sensitive maxi‘Kchannels may be
EGTA) K*™-rich medium, the villus cells had a basal level activated by phosphorylation via protein kinase A (Rein-
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hart et al., 1991) we determined whether an inhibitor ofmaxi-K* channel activation during RVD (Christensen,
PKA might alter CTX-sensitive RVD. The addition of 1987; Hazama & Okada, 1990; Suzuki et al., 1990;
8-Br-cAMP (0.5 mv) to the villus cells in isotonic me- Foskett, 1994; Park et al., 1994). There are three mech-
dium resulted in a slight volume reduction (final relative anisms by which maxi-K channel activity can be
vol. 0.95 +.01,P <0.05,n = 6). Inthe presence of the modulated: pH C&* (Christensen & Zeuthen, 1987)
PKA antagonist, Rp-cAMPS (1@m), the 8-Br-cAMP  and protein phosphorylation (Reinhart et al., 1991).
stimulated volume reduction was prevented (final rela-Acidification at a fixed C&" concentration can decrease
tive vol. 1.00 + .01vs.0.95 + .01,P < 0.05,n = 6).  maxi-K* channel activity (Cook, Ikeuchi & Fujimoto,
This PKA antagonist had no effect on RVD after a 7% 1984; Christensen & Zeuthen, 1987; Cornejo et al., 1989;
hypotonic dilution. The extent of the volume decreasecopello, Segal & Reuss, 1991; Laurido et al., 1991;
(6 + 1%) was no different in the presence of Rp-CAMPSk|aerke et al., 1993). Alkalinization in a physiological
(6 = 1%). range will increase maxi-Kchannel activity (Copello et
al., 1991; Andersen et al., 1995). Our data indicate that
alkalinization caused by the activated NHE-1 (MacLeod
& Hamilton, 1996) precedes activation of the CTX-

. . ... sensitive K channel after 5-7% swelling in enterocytes.
The current studies further _charactenze the dlstmctlve]-he increased rates 8fRb efflux associated with RVD
volume regulat_ory mechanlsms activated by rT?Odesﬁvere inhibited by either the amiloride derivative or by
5-7% cell swelling occurring after exposure to a slightly Na'-free medium, both conditions which blocked intra-

h%/ﬂ]otgnlct (S\}Qﬁi?]o'a? * |rsott0r:j|c3[) rgedlliurr][. ;ths )r(?orc]itel ellular alkalinization. RVD did proceed when sufficient
of modest sweting was created fo duplicate the extent of, o yas added to override this inhibition but it was

swelling when these cells absorbglucose on-alanine ., 7 . R
. ) inhibited still by CTX. We conclude that alkalinization
(MacLeod & Hamilton, 1991; Macl.eod et al., 199). is required for the activation of CTX-sensitive" ikhan-

The charybdotoxin (CTX) sensitive'kchannel activated . S .

by this modest presumably ‘physiological’ volume in- nels utilized fog RVD |nJeJunaI villus enterocytes after a

crease requires intracellular alkalinization as shown bymOdeSt 510 7% VO'UF“e Increase. .

the inhibitory responses to a N-5-alkyl amiloride deriva-, 'I"he.current studies support'the conclugon that al-
kalinization increases [C4); of villus epithelial cells.

tive and to Na-free medium, and by the volume re- - L ! ;
sponses to NECl-induced alkalinization after such inhi- 1 n€ addition of NHCI to cells in isotonic or hypotonic
medium significantly raised [G4];; activating alkalin-

bition. This alkalinization, which we have previously '"™* ; - )
characterized as due to the hypotonic activation of thdZation by adding the N@H" exchanger, monensin, also

NHE-1 isoform of N&/H* exchange (MacLeod & Ham- _cau_sed a rapid increase in [{:]_4, and blocking alkalin-
ilton, 1996), increases the initial transient fCg in- |zat|on_a.ft.eramodgstvolume mcrease.reduced the extent
crease which occurs with a modest swelling. The extenf the initial [C&"]; increase. Irespective of the source
of the initial [C&*], increase was diminished by an of alkalinization, the increases in [E% were attenuated
amiloride derivative or by Nafree medium, and both in nominally C&"-free media suggesting to us that alka-
maneuvers prevent Regu|atory Volume Decrease (RVD)llnlzatlon activates a C?é influx pathway in villus cells.
Furthermore, dep|eti0n of extracellular %',‘aj|m|n|shed In other nonepithelial cell types, intracellular alkaliniza-
the initial [C&"]; increase after a modest swelling and tion has been shown to increase’Caurrent or open
blocked RVD but had no effect on the alkalinization. channel probability of ‘L’ type C& channels. Acidifi-
We conclude that both an increase in;@fd in [C&"];,  cation has the opposite effect (Kkner & Isenberg,
are required after modest ‘physiological’ swelling of vil- 1994; Yamakage et al., 1995; Shmigol et al., 1995). In-
lus epithelial cells for the activation of the CTX-sensitive deed, angiotensin ll-induced increase efype C&"
K™ channels utilized for this pathway of volume regula- channels required alkalinization and was attenuated by
tion. amiloride or removal of extracellular N¢Kaibara et al.,
High conductance Céa-activated K (maxi-K*) 1994). In the current experiments, volume increases of
channels have single-channel conductances >100 pS (L&z12% after 0.5 x isotonic dilution were insensitive to
torre et al., 1989) which CTX, a peptidyl toxin, blocks CTX, yet directly stimulating a transient alkalinization of
with high affinity in several epithelia (Cornejo, Guggino villus cells resulted in continued cell swelling which was
& Guggino, 1984; Tanc et al., 1993; Lu, Markakis & CTX-sensitive and dependent on the presence of extra-
Guggino, 1993; Garcia et al., 1995). Other maxi-K cellular C&*. Maxi-K* channels require an increase in
channels are insensitive to the toxin (Reinhart et al.[Ca?*]; for activation (Latorre et al., 1989) so the ob-
1991). Single-channel analyses of maxi-khannels served, continued swelling of cells after transient alka-
(MacKinnon & Miller, 1988; Klaerke et al., 1993) have linization was consistent with the view that increased
suggested that CTX physically plugs the channels’ ex{Ca?*]; of the alkalinized cells had activated CTX-
ternally facing pore and several reports have suggestesensitive K channels. The absence of CTX-sensitive

Discussion
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swelling in C&*-free medium of alkalinized cells was cells with the intracellular calcium chelator BAPTA pre-
consistent with a lower [G4]; level being insufficient vented RVD after a modest 5% volume increase
for the activation of these channels. (MacLeod et al., 1992 In the current studies, we report
In the current experiments, hypotonic activation of that when extracellular calcium is depleted using EGTA
NHE-1 caused sufficient alkalinization to increaseand C&*-free medium or the activation of NHE-1 is
[Ca®"]; and to activate CTX-sensitive'Kchannels lead- blocked, the initial rise in [CH]; that accompanies this
ing to complete RVD. Both modest (7%) and substantialmodest volume increase is diminished an equivalent
(15—-20%) volume increases caused a pattern of changesnount. Both maneuvers prevent RVD but irfGaee
in [Ca®"]; similar to those reported in other epithelia medium, alkalinization still occurs. Therefore, we con-
(Hazama & Okada, 1990; McCarty & O’Neil, 1991, clude that the CH increase is necessary for RVD and
1992; Foskett, 1994). Hypotonic dilution generates amot an epiphenomenon. Indeed, our current studies not
increase in [C&7; which is proportionate to the amount only suggest a causal relationship for calcium increases
of hypotonicity. The initial transient increase of [€p  and RVD in this model of cell swelling but define a
may be due to Cd influx (Ross & Cahalen, 1995) or critical threshold of [C&]; and pH increases required
C&" release from nonmitochondrial stores (Missiaen effor CTX-sensitive K channel activation leading to suc-
al., 1996). We observed that blocking the hypotonic ac-cessful RVD.
tivation of NHE-1 by MIA or N&-free medium reduced The cell permeant inhibitor of cAMP-dependent
the initial [C&"]; increase an equivalent amount. In protein kinase A, Rp-cAMPS (Rothermel, Botelho &
nominally C&*-free medium, this initial [C&]; increase  Parker, 1988) had no effect on RVD after the modest
was also diminished but the hypotonic activation of swelling observed with 0.93 x isotonic dilution. This
NHE-1 still occurred. The comparability of inhibiting finding suggested to us that the CTX-sensitive dhan-
NHE-1 and C&'-free conditions on the extent of initial nel required for this RVD is not activated by protein
[C&a®"]; increase suggested to us that alkalinization fromkinase A. Previously we have reported that different in-
NHE-1 was mobilizing C&" influx from an extracellular  hibitors of protein kinase C have no effect on RVD under
source. We conclude that the activation of CTX- similar conditions (MacLeod et al., 1982 Together
sensitive K channels for RVD requires both an increasethese results suggest neither PKA nor PKC activate the
of [Ca®"]; of =27 nv and an alkalinization of pHof ~ CTX-sensitive K channel responsible for RVD after
=0.07 pH units above basal levels. This increase in pHmModest volume increases in the villus cells.

from the hypotonically activated NHE-1 serves to in- Our results indicate that the relationship between the
crease [C&]; by mobilizing C&* from an extracellular extent of villus cell swelling and class of ‘Kchannel
source. activated for subsequent RVD is attributable to very dif-

Our current experiments suggest that for activationferent pH responses to volume increases of differing
of the CTX-sensitive K channel for RVD after modest magnitude. Studies using mammalian lymphocytes first
swelling there is a critical [C4]; threshold as well as an speculated that the pH sensitivity of thé Eonductance
absolute requirement for NHE-1 activation. ThisfJa activated for RVD made pHa putative regulator of
requirement is exquisitely sensitive, since an increase t&®VD, without identifying whether pHchanged with vol-
(1157 rm (in the presence of MIA or Nafree medium) ume increases (Deutsch & Lee, 1988; 1989). While not
did not activate CTX-sensitivE°Rb efflux while (1177  reporting hypotonicity-induced pHchanges, elegant
nv did. This level is in agreement with the 2001n studies using tight epithelia have shown that, péfu-
[Ca®"]; threshold required to activate CTX-sensitivé K lates basolateral Kchannels (Harvey, Thomas & Ehren-
channels in human leukemic T cells and resting lympho{eld; Harvey & Ehrenfeld, 1988b). Our current results
cytes (Grissmer, Lewis & Cahalan, 1992; Grissmer,are in accord with studies using HIV-gp120 in astrocytes
Nguyen & Cahalan, 1993). Because acidification will which demonstrated that addition of gp120 stimulated
inhibit the CTX-sensitive K channel and volume in- amiloride-sensitive N&H™ exchange (Benos et al.,
creases >7% result in an intracellular acidification1994) and then Nadependent alkalinization; a large
(MacLeod & Hamilton, 1996), the CTX-insensitivity of conductance apamin-sensitivé khannel was activated
RVD after substantial volume increases may be due ton these studies (Bubien, Benveniste & Benos, 1995).
this acidification. The role of [Cd], changes and intra- We conclude that there is a causal relationship be-
cellular acidification in activating Kchannels after vol- tween the alkalinization of pfimobilization of C&* and
ume increases of >7% are addressed in a separate stuthe activation of CTX-sensitive Kchannels required for
(MacLeod & Hamilton, 1999). volume regulation in jejunal villus cells exposed to 0.93

Our current experiments which support an essentiak isotonic medium. Because the resulting modest vol-
role for C&* in RVD of villus epithelial cells are in  ume increase mimics the size these cells swell during
contrast with studies using other cell types (Altamirano,Na"-solute absorption, which in turn triggers a distinct
Brodwick & Alvarez-Leefmans, 1998). Loading villus CTX-sensitive RVD response, we suggest there is a
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physiological size increase which is distinctive to*Na cell membrane Naand K" conductances and transport in frog skin
absorbing villus epithelial cells. The magnitude of epi-  epithelium.J. Gen. Physiol92:767-791

thelial cell swelling is a key determinant of the signal @y B.J., Ehrenfeld, J. 1988. Role of Wd" in the control of
transduction responsible for activating thé khannels intracellular pH and cell membrane conductances in frog skin epi-
P 9 thelium. J. Gen. Physiol92:793-810

required for subsequent volume regulation. Hazama, A., Okada, Y. 1990. Involvement ofGinduced C3&" re-
lease in the volume regulation of human epithelial cells exposed to
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