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Abstract. It has previously been shown that osmotic cell Patch clamp — Nonselective cation channels — Cyto-
shrinkage activates a nonselective cation (NSC) channedkeleton
in M-1 mouse cortical collecting duct cells [54] and in a
variety of other cell types [20]. In the present study we
further characterized the shrinkage-activated NSC charintroduction
nel in M-1 cells and its mechanism of activation using
whole-cell current recordings. Osmotic cell shrinkageCalcium-activated NSC channels have been described in
induced by addition of 100 mn sucrose to the bath so- a large variety of cell types [45]. They are usually silent
lution caused a 20-fold increase in whole-cell inwardin cell-attached patches and in the whole-cell configura-
currents from -10.8 + 1.5 pAto -211 £ 10.2 pA & tion, but can be activated in excised inside-out patches by
103). A similar response was observed when cell shrink€alcium concentrations in the micro- to millimolar range
age was elicited using a hypo-osmotic pipette solutionat the cytosolic surface. Since the other characteristic
This indicates that cell shrinkage and not extracellularfeature of the NSC channels is their sensitivity to inhi-
osmolarity per seis the signal for current activation. bition by millimolar concentrations of ATP in the cyto-
Cation substitution experiments revealed that the actisol, it has been questioned whether these channels can be
vated channels discriminate poorly between monovalenactivated in normal living cells which typically maintain
cations with a selectivity sequence NH.2)= Na" (1)  high intracellular ATP levels and submicromolar intra-
= K" (0.9)= Li* (0.9). In contrast there was no measur- cellular calcium concentrations.
able permeability for Cd or B&* and the cation-to- We could recently demonstrate that cell shrinkage is
anion permeability ratio was about 14. The DPC-an alternative way to activate this channel. Indeed, ex-
derivatives flufenamic acid, 4-methyl-DPC and DCDPC posure to extracellular hyperosmolarity activates NSC
were the most effective blockers followed by LOE 908, channels in various cell types [6, 20, 54]. We identified
while amiloride and bumetanide were ineffective. Thethe single channel properties of the shrinkage-activated
putative channel activator maitotoxin had no effect. Cur-nonselective cation (NSC) channel in several epithelial
rent activation was dependent upon the presence of inrand nonepithelial cell lines including the M-1 mouse
tracellular ATP and M§" and was inhibited by stauro- renal cortical collecting duct (CCD) cell line [20, 54].
sporine (1um) and calphostin C (Jum). Moreover, cy-  Its single-channel conductance, ion selectivity, and inhi-
tochalasin D (10pMm) and taxol (2um) reduced the bition by flufenamic acid suggest that the shrinkage-
current response to cell shrinkage. These findings sugactivated NSC channel is identical to the NSC channel
gest that the activation mechanism of the shrinkagefound in inside-out patches of M-1 cells [25]. This chan-
activated NSC channel involves protein kinase mediatediel belongs to the emerging family of calcium-activated
phosphorylation steps and cytoskeletal elements. NSC channels [45] consistent with the expected ubiqui-
tous nature of the shrinkage-activated NSC channel.
Indeed, the shrinkage-activated NSC channels may
be as widely distributed as the ubiquitously expressed
- swelling-activated Cl channel [39, 49] and they may
Correspondence toC. Korbmacher also play a role in cell volume regulation. Several mem-
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brane transport processes including ion channels hawv@likon GmbH, Disseldorf, Germany) equipped with Hoffman modu-
been Shown to be actlvated |n response to Osmo“c Cehitlon OptiCS (Modulation OptiCS, Greenvale, NY) and cell diameter
swelling or cell shrinkageer review: [28]) However was estimated using a micrometer grid. Patch pipettes were pulled

the mechanisms of their activation are not full nd r_from Clark glass capillaries (Clark Electromedical Instruments, Pang-
€ mechanisms o eir activation are not fully unde bourne, UK) and had a resistance of 3.57 + OM@3 (n = 404) in

stood and are believed to involve a large number Of\aci/Ringer when filled with NaC/EGTA pipette solutiosee beloy
signaling pathways [16, 40]. The reference electrode was an Ag/AgCl pellet bathed in the same
There have been numerous studies to investigate theolution as that used in the pipette, and connected to the bath via an
activation mechanism of swelling-activated €hannels agar/pipette-solution bridge in the outflow path of the chamber. Liquid
and it has been Suggested that ATP-dependent mechHDCtiO” potentials qccurring at the bridge/bath junction were measured
nisms, phosphorylation and dephosphorylation steps, adj_smg a & KCI flowing boundary electrode and were 5, -3, 2, -4, 5,

diti | | . d keletal el or 4 mV when bath Nawas replaced by NMDG, K Li*, NH,", C&",
iional regulatory proteins, and cytoskeletal e ememst)r B&*, respectively. For data analysis the measwgdalues were

may all be involved. However, it is probably fair to say corrected accordingly and in the whole-cell current recordings the pi-
that many questions regarding the molecular details opette holding potential was corrected for liquid junction potentials as
the activation mechanism of the swelling-activated Cl appropriate. Upward (positive) current deflections correspond to cell
channel remain unknown and that the molecular identitynembrane outward currents. The membrane capacitahgea(d se-
of the underlying channels is still elusive [39, 48, 49]. ries resistanceR) were estimated by pulllqg capacitive transients us-
Even less is known about the activation mechanism and e automated EPC-9 compensation circG, averaged 8.4 + 0.2

. . F (n = 387). The correspondirig, values averaged 12.1 + V) (n
molecular nature of the Sh”nkage'acuvated NSC channel 387); R, was not compensated. For data analysis the current data

[20]. were filtered at 200 Hz and were read into the computer via the ITC-16
The aim of the present study was to further charac-nterface of the EPC-9 patch-clamp amplifier at a sample rate of 1 kHz.
terize the shrinkage-activated NSC channel in M-1Single channel current amplitudes were estimated from amplitude his-
mouse CCD cells and to investigate its mechanism Ofograms. Data were analyzed using the pr.ogram ‘Patch for Windows’
activation. In particular we wanted to investigate wheth-"//'ten by Dr. Bernd Letz (HEKA Elektronik, Lambrecht/Pfalz, Ger-
. . many). Data are given as mean valuesety, significances were evalu-
er extracel]ular hyperosmolarityer seor c<_a|| shrinkage .4 by the appropriate version of Studertitest.
was the trigger of NSC channel activation. Moreover,
we further investigated its ion selectivity, inhibitor sen-
sitivity, and the role of intracellular calcium and intra- SoLuTioNs AND CHEMICALS
cellular ATP in its activation. Finally, we looked for the
possible involvement of a phosphorylation step and therhe standard bath solution was NaCl-solution (im)m140 NaCl, 5
cytoskeleton in its activation by shrinkage. KCI, 1 CaCl, 1 MgCl,, and 10 Hepes (adjusted to pH 7.5 with NaOH;
the osmolarity waga. 300 mosmol/l). Extracellular hyperosmolarity
(ca.400 mosmol/l) was achieved by adding 100 sucrose to the bath
Materials and Methods solution without changing its ionic composition. When using hypo-
osmolar pipette solutionsée beloy NaCl in the bath solution was
reduced to 90 m (ca. 200 mosmol/l) and addition of 100nmsucrose
CeLL CULTURE was used to achieve the same osmolarity as the standard bath solution
(ca.300 mosmol/l). For testing monovalent cation selectivity Mas
The M-1 mouse cortical collecting duct cell line (ATCC 2038-CRL, replaced by an equal amount of KLi*, NH," or NMDG (N-methyl-
American Type Culture Collection, Rockville, MD) was originally ob- D-glucamine). For testing divalent cation selectivity NaCl was re-
tained from Dr. Fejes-Tih [47]. Cells were used from passage 10 to placed by 75 m CaCl, or BaCl, and the osmolarity was corrected by
36 and were handled as described previously [24, 29]. Cells wereadding 75 nw p-mannitol. To all bath solutions 5 mglucose was
maintained in a 5% CQatmosphere at 37°C in PC1 culture medium added before usage.
(BioWhittaker, Walkersville, MD) supplemented with 2wmL- Pipettes were filled with NaCI/EGTA-solution (innm 145 NaCl,
glutamine, 100 U/ml penicillin, and 10Qg/ml streptomycin. For 1 EGTA, 1 MgCl, 10 Hepes adjusted to pH 7.5 with NaOH; the
patch-clamp experiments 5% fetal calf serum (FCS, Seromedosmolarity waga.300 mosmol/l). Hypo-osmolar pipette solutiaza(
Biochrom KG, Berlin, Germany) was added to the medium in which 200 mosmol/l) contained 95mNacCl. Stronger calcium buffering was
cells were seeded onto small pieces of glass cover slips. Cells wergchieved by using pipette solutions containing 10 BEGTA or 10 mv
used one day after seeding. BAPTA. In these pipette solutions 2urMgCl, was added to prevent
a critical fall of the free M@* concentration and NaCl was reduced to
115 nm to adjust osmolarity and to account for the additional NaOH
PATCH-CLAMP TECHNIQUE necessary for pH adjustment. The freeW¥goncentration in the vari-
ous pipette solutions was calculated using the program ‘Chelator’
The ruptured-patch whole-cell configuration of the patch-clamp tech-(Theo J.M. Schoenmakers, Department of Animal Physiology, Univer-
nigue was used [13] and experimental procedures were essentially asty of Nijmegen, Toernooiveld, NL-6525 ED Nijmegen, Netherlands)
described previously [29]. Experiments were performed at room tem-and was 0.94 m with 1 mv EGTA, 0.60 nm with 10 mv EGTA, and
perature. An EPC-9 patch-clamp amplifier (HEKA Elektronik, Lam- 1.52 nm with 10 mv BAPTA. To obtain a Mg*-free pipette solution
brecht, Germany) was used to measure whole-cell currents or memMg?* was omitted from the pipette solution and 1M rEDTA were
brane voltage\(,). An ATARI computer system was used to operate added. In one set of experiments, cells were ATP-depleted by a 62 +
the EPC-9 amplifier and for data acquisition and analysis. Cells werel0 min preincubation in NaCl-bath solution containing 100 note-
viewed through a 40x objective of a Nikon TMS inverted microscope none and 5 m 2-deoxyglucose instead of glucose as previously de-
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scribed [17, 34]. Alternatively, 2.5wm of carbonyl-cyanide-p- A | [pA] 2 min Vpip='40 mV
(trifluoromethoxy)phenylhydrazone (FCCP) was used instead of rote- 50- i
none to achieve ATP depletion. In these ATP-depletion experiments

M-1 cells were kept in the continuous presence of rotenone (or FCCP) o4 _

and 2-deoxyglucose in the bath and pipette solution.
All chemical agents were purchased from Sigma (Deisenhofen, 50- /\
Germany), except for Maitotoxin (Calbiochem, Bad Soden, Germany),

and LOEQ08 (Boehringer Ingelheim, Germany). Water-insoluble sub-
stances were dissolved in DMSO (final concentration not exceeding -100 |4 pA

0.25%). 150d 1O
Pip: NaCl (300 mosmol/l)
Results 200~ ™300 [ 400 mosmoll_] 300 .:1
NaCl
NMDG-CI
EXTRACELLULAR HYPEROSMOLARITY AND
INTRACELLULAR HYPO-OSMOLARITY STIMULATE M-1 B I[pA] 2 min Vipip =-40 mV
WHOLE-CELL CURRENTS 50+
As shown in Fig. A extracellular hyperosmolarity 01
stimulated M-1 whole-cell currents consistent with our
previous findings [54]. Under iso-osmolar control con- -50-
ditions at a holding potential of —40 mV inward currents 1004
were small (-10.8 £ 1.5 pAy = 103), and replacement
of Na* in the bath by the impermeable cation NMDG had 150-

only a minor effect on the inward current reducing it to
-4.3 £ 1 pA ( = 103). However, the inward current -200-
markedly increased 2.7 + 0.1 min & 103) after chang- 300 mosmol/l| 200 - | 300 .:|

Pip: NaClI (200 mosmol/l)

ing to a hyperosmolar bath solution containing 10@ m NaCl NVDGCI

sucrose. Osmotic cell shrinkage always preceded current i

activation. On average cell diameter decreased fron€ « [pA]  Shrinkage by Shrinkage by hypotonic
16.4 + 0.2pum under control conditions to 12.2 + G2 300~  Nypertonic bath pipette solution

in the presence of 100 msucrose1f = 100). As de-
scribed previously [20, 54] and as shown in the inset of 250
Fig. 1A it was possible to resolve single-channel current 5, |
transitions during the initial period of whole-cell current

stimulation. The single-channel conductance averaged 150+
25.9£0.9 pSif = 11) which is in good agreement with

O isoosmotic
anisoosmotic

values previously reported for the NSC channel in M-1 100

cells [25, 54]. After 6.7 + 0.3 min( = 103) the inward 50+

current reached a maximum value of 211 + 10 pA= B
103). Replacement of Nawith NMDG completely gath' 300 400 300 300 200 300
abolished the stimulated inward current and resulted ina  pipette: 300 — [ MOSMOM "7 500 2o

small outward current (Fig.A). Under the given experi-

mental conditions these findings indicate that the stimu-ig. 1. Cell shrinkage by extracellular hyperosmolarity or intracellular
lated current was carried by NaAfter washout of su- hypo-osmolarity activates a whole-cell current in M-1 cells. Continu-
crose the cell diameter returned to 14.9 + s (n = ous whole-cell current recordings were performe®/gf = —40 mV.

Bath NaCl was periodically replaced by NMDG-CI (lower bars) to
- -29 +
4_0)4%r;d whole-cell currents recovered to —29 + 15 pA ( monitor the NMDG-sensitive portion of the whole-cell currei{<Q.

/ . . . (A) Bath osmolarity was increased from 300 to 400 mosmol/l by ad-
F|gurg B ShOWS_an experiment in which a hypo- gition of 100 mu sucrose as indicated (upper bar). The NaCl pipette
osmolar pipette solution (200 mosmol/l) was used. Thesolution had an osmolarity of 300 mosmol/l. A portion of the current
initial bath solution had the same ionic composition astrace is expanded to demonstrate the presence of single cham)els. (
the pipette solution but contained in addition 106 m Bath osmolarity was reduced from 300 mosmol/l to 200 mosmol/l by
sucrose to give an osmolarity of 300 mosmol/l. The im_removing 100 mn sucrose (upper bar) while maintaining the ionic

osed osmotic aradient resulted in cell shrinkage fro composition of the bath solution constant. The osmolarity of the NaCl
p g g rTbipette solution was 200 mosmol/CY Summary of data from experi-

123 + 1-3ij t.O 10.7 + 12}”“ (n = 3) and a _Sim“ar ments as shown iA (left group of barsn = 103) andB (right group;
current activation as previously observed with a 300n = 3). The averagé,s.values are given for the various conditions.

mosmol/l pipette solution and a 400 mosmol/l bath so-Vertical bars indicatesem values.
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lution (Fig. 1A). A second current activation could be A 590, 400 ms M
elicited following re-exposure to a bath solution with an .
osmolarity of 300 mosmol/l. FigureClsummarizes the T
effects of extracellular hyperosmolarity and intracellular IS—
hypo-osmolarity. On average, extracellular hyperosmo-

larity (bath 400 mosmol/l, pipette 300 mosmol/l) revers- —
ibly increased the NMDG-sensitive current component é 0 { == —=
from 6.7 + 1.2 pA to 235 + 12 pAr( = 103). Similarly, -

intracellular hypo-osmolarity (bath 300 mosmol/l, pi- """
yp y ( P ﬁ

i

pette 200 mosmol/l) resulted in NMDG sensitive whole-
cell currents that averaged 175 £ 53 pA and returned to

2.3+ 1.5 pA (0 = 3) upon exposure to a 200 mosmol/l 500! NacI  NMDG-CI NaCl NMDG-CI
bath solution. Taken together, the experiments shown in + 100 mM Sucrose
Fig. 1 demonstrate that current activation was not deperB | [pA]

dent on the presence of high extracellular osmolgréy Pip: NaCl 1200-
sebut that the osmotic gradient across the cell membrangs ..

and the resulting osmotic cell shrinkage are essential fo nNacl
current activation. o NMDG-CI

{
m NaCl + Sucrose I/T
e NMDG-Cl + r 600 1

| Ciinrnea
& ivivio-wil v Oulitse

SELECTIVITY OF THE STIMULATED WHOLE
CELL CURRENT 300

Figure 2 shows individual current traces and correspond-
ing average current/voltag#\) plots from voltage-step  -120

protocols applied during similar experiments as shown in _ T _-T -3007 mv
Fig. 1A. The stimulated currents did not exhibit pro- T /T/ 600

nounced voltage-dependent activation or inactivation T/
when voltage pulses of 400 msec duration were applied |
between —120 and 120 mV (FigAR However, the av- -900-

eragel/V relationship of the stimulated current (Fig)2 5 5 (a) individual whole-cell current traces obtained in M-1 cells
was slightly outwardly rectifying. This suggests that the fom voltage-step protocols in the presence and absence of extracellular
underlying channels have a slightly higher open prob-Nacl (replaced by NMDG-CI) before and after changing to a hyper-
ability at depolarizing voltages which is a characteristicosmolar bath solution (+100 msucrose). From a holding potential
feature of nonselective cation channels [25]. Under(Vup) of 0 mV voltage pulses of 400 msec duration were applied
stimulated conditions replacement of extraE:eII]uIar+ Na Detween —120 and +120 mV (in 30 mV increments). The pipette was

. . . . filled with NaCl pipette solution.E) Corresponding averadé/ plots
with NMDG shifted th.e reversal pOtentlal to the left (Flg. re shown from five similar experiments as depictedirDpen sym-
2B). Measurements In zero current clqmp mode reVealeaols represent currents under iso-osmotic conditions, whereas filled
an average shift of the reversal potential from —4.2 + 0.3symbols depict currents in hyperosmotic bath solution (+1605u-
mV to -63 + 1.3 mV ( = 103). This is consistent with crose). Squares and circles indicate NaCl and NMDG-CI containing
the observation of a small outward current in the pres-bath solutions, respectively. Vertical bars indicai values.
ence of NMDG at a holding potential of —40 mV (Fig. 1)
and indicates that the stimulated channels are highly se- d liahtly | han in th f
lective for cations over anions with a cation-to-anion "Ward currentwas slightly larger than in the presence o

Y - .
permeability ratio of about 14. The cation selectivity of Na (F|g. ?’A) Rgsults f“".“ §|m|lar experiments are
the stimulated whole-cell current was further investi- summarized 'T Fig. Eiand+|ndlgat(a+a perTeﬂblllty S€-
gated in experiments as shown in Fig\. 3During maxi- quence of NH_ (1.2) = Na’ (1) = K (Q'g)~ Li" (0.9).

mal stimulation of whole-cell currents in hyperosmolar Hence, the stlmulated_ channel discriminates poorly be-
solution (bath solution with 100 msucrose) bath Na tween monovalent cations.

was replaced by the monovalent cations Ki* or NH,".

As shown before, Nareplacement by NMDG com- PeRMEABILITY FOR DIVALENT CATIONS

pletely abolished the inward current under these condi-

tions whereas replacement by Kr Li* only slightly  Nonselective cation channels may be permeable for di-
reduced the inward currents. Inthe presence ofNHe  valent cations. Therefore we performed experiments in
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A [ [pA] V,p = -40 mV A I[pA] 30s Voip = -40 mV
509 2 min 501
O- *
O-
-504 \
-100 507
-150- -100+
22004 Pip: - . - Pip: 135 NaCl + 10 BAPTA
Pip: NaCl KCl LiCl NH,CI 150d P
100 mM Sucrose
o D —n NeCT W U7
NaCl
NMDG.CI NMDG-CI CaCl,
B 1.6, BIpA] 30s V., = 40 mV
1.4 100- . )
€ 1.2
Q
S 14 0-
o 0.8
o}
N 0.6 -100-
£ 0.4
2 0.2-
' Fkk -200‘
0 .
-0.2- NaCl NMDG-CI KCI LiCl NH,CI -~
+ 100 mM Sucrose '300‘ Plp 145 NaCl
100 mM Sucrose
Fig. 3. Monovalent cation selectivity of shrinkage-activated whole-cell NaCl
current in M-1 cells. &) Experimental conditions were the same as in NMDG-CI BaCl,

Fig. 1A. During maximal current activation after addition of 10@&m

sucrose extracellular NaCl was replaced by NMDG-CI, KClI, LiCl, or

NH,CI. (B) Bar diagram summarizing results from five similar experi-

ments as shown iA (LiCl and NH,CI: four experiments). In each 0.8-
experiment currents were normalized to the hyperosmolarity-activatedyg
current in the presence of NaGlem values (vertical error bars) and g 0.6+

significance levels (P < 0.05, **P < 0.01, ***P < 0.001) are indicated. 8
5 041
N
: : 5027
which extracellular NaCl was replaced with 75vm g ok whx o
CaCl, or BaCl, during maximal hyperosmolar stimula- 2 0 - 77
tion. Calcium-activated Clchannels are known to be g5

present in M-1 cells [34] and preliminary experiments
indicated that with a standard pipette solution containing -04- NaCl ~ NMDG-CI ~ CaCl, BaCl,

1 mv EGTA a change of the bath solution to 75m + 100 mM Sucrose

CaCl, raised the subplasmalemmal calcium sufficiently rig 4. pivalent cation selectivity of shrinkage-activated whole-cell
to activate these channels & 4, data not showh To  current in M-1 cells. Continuous whole-cell current recordings were
prevent interference from calcium-activated €hannels  performed atV,,, = -40 mV. Asterisks indicate correction of the
we used pipette solutions containing either 10 EGTA holding potential to compensate liquid junction potentials. During
or 10 mv BAPTA. A typical experiment with 10 m maximal current activation after addition of 10Qunsucrose the ex-

- - P P, _ tracellular NaCl was replaced by NMDG-CI (for comparison) and sub-
BAPTA in the pipette solution is shown in Figad Dur sequently by CaGl(A) or BaCl, (B). In the experiment shown iA the

. : : +
|n_g hypelrosmOIar. SFlmUIatlon replacement of bath”Na pipette contained 10 mBAPTA. (C) Summary of results from several
with C&* had a similar effect on the whole cell current experiments as depicted AandB. The shrinkage-activated whole-cell

as Nd replacement with the impermeant cation NMDG. currents in the presence of NMDG-Gi (= 7), CaCh (n = 4), and
At a holding potential of —40 mV no inward current was BaCl, (n = 3) are normalized to the current in the presence of NaCl.
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detectable in the presence of 75/nC&" in the bath 1.2
solution. This is consistent with a change of the reversal
potential from -0.3 £ 0.6 mV to —63.8 £ 3.5 m\h (=
9) indicating a Na to C&* permeability ratio >100. As
shown in Fig. 8, replacement of bath Nawith 75 mv
Ba®" had a similar effect. Again there were no Ba
inward currents detectable and the reversal potential
changed from -4.2 + 1.9 to —-80.9 = 9.8 & 3) indi-
cating a N& to B&®" permeability ratio of >100. Results
from similar experiments are summarized in Fig.4

lized Current
o
(o]
1 1
|

o
(e}
1

nmat

Nor
o
N

L
*
*
*
*
*
*

o
° ®
-

rEY kel [ce] (] ()
ROLE OF INTRACELLULAR C&* Q S ? Q Q =3 =3 = =
Z =5 28 28 ow 68 &5
L. . . = > T ~ ~
The NSC channel in inside-out patches of M-1 cells is é % +0 2 s ¢t Q % E 3 g
activated by cytosolic G4 at a threshold of about fLm + 8 *E + @
[25]. However, as previously shown, shrinkage-induced = ~

activation of the NSC channel is largely independent of
intracellular and extracellular calcium [54]. This is con- Fig. 5. Effect of inhibitors on the shrinkage-activated whole-cell con-
sistent with the findings of the present study in which duct_a_nce of M-1 cells. During maximal Whol_e—cel_l cu_rr_ent activation by
activation of NSC currents by cell shrinkage was pre_addltlon of 100 w sucrose the effect of various inhibitors was tested.
served in M-1 cells dialyzed with Chiree pipette so- Currents are normalized to the |nwar.d currents me_a_lsured in the pres-
. - . . ) ence of NaCl and 100 m sucrose prior to the addition of the drug
lutions containing high concentrations of calcium chela-ipcppc:n = 5; amiloride:n = 4; flufenamic acid, 4-methyl-DPC,
tors (Fig. 44). With 10 mv EGTA or 10 nm BAPTA in LOE 908, and bumetanide: = 3). Experimental conditions were the
the pipette solution and holding at a potential of —-40 mV,same as in Fig. A.
cell shrinkage stimulated NMDG-sensitive NSC currents
which averaged 160 £ 23.6 pA(= 7) and 94.4 £ 42.1
pPA (n = 6), respectively. Interestingly, in the presence
of 10 mm BAPTA, but not 10 nw EGTA, the stimulated
current was significantly smaller than under control con-

ditions with 1 ma EGTA in the pipette solution (235 + o transport known to be activated during cell

12 pA,n = 103, Fig. IC; P < 0.05). This may indicate . o g

e . shrinkage [40]. However, application of amiloride (1
that BAPTA in high concentrations may have a nonspe- : : . 30
cific inhibitory effect or that chelating intracellular cal- mw) had only a minor effect while bumetanide (A1)

cium below a critical level may ultimately interfere with was ineffective (Fig. 5). Taken together our findings

o . suggest that ENaC and the M&*/2CI” transporter are
the activation mechanism of the NSC channel. not involved in the current activation observed upon cell

shrinkage. At present flufenamic acid is probably the
EFFecT oFDRUGS most useful inhibitor of the shrinkage-activated NSC
channel. However, its usefulness is compromised by the
The effects of a number of putative inhibitory drugs onfact that relatively high concentrations (1Q®) of flu-
the shrinkage-activated whole-cell current during maxi-fenamic acid are needed. Moreover, flufenamic acid has
mal stimulation are summarized in Fig. 5. €a been reported to cause Laelease from intracellular
activated, ATP-sensitive NSC channels in many tissuestores [44], may act as a mitochondrial uncoupler [33],
are typically inhibited by derivatives of diphenylamine- and also inhibits various chloride channels, e.g. swell-
2-carboxylic acid (DPC) [7, 10, 11, 18, 22, 43, 46]. Flu- ing-activated CI channels in M-1 cells [34].
fenamic acid (10Qum) reduced the shrinkage-activated We also investigated the effect of maitotoxin (MTX)
inward currents by approximately 83% (Fig. 5) which is on whole-cell currents of M-1 cells. Maitotoxin is a po-
consistent with our previous findings [20, 54]. Two tent marine toxin which has been shown to activate non-
other DPC-derivatives, DCDPC and 4-methyl-DPC, selective cation channels in a variety of cell types. A
were similarly effective with an average inhibitory effect 1-min application of 1 m MTX has been shown to ac-
of 75 and 79%, respectively. The isoquinoline derivativetivate a nonselective cation conductanc&emnopus lae-
LOE 908, which inhibits nonselective cation channels invis oocytes increasing the NMDG-sensitive currents
A7r5 vascular smooth muscle cells with an IC50 of 560more than 100-fold [2]. Despite this, application ofs n
nm [26], inhibited the shrinkage-activated NSC inward MTX failed to elicit a significant whole-cell current re-
current by 49% when applied at a concentration of 10sponse in M-1 cells whereas subsequent exposure to ex-
wM. Amiloride is a potent blocker of the epithelial so- tracellular hyperosmolarity had the usual stimulatory ef-

dium channel (ENaC) and has also been shown to inhibit
nonselective cation channels in rat medullary collecting
duct cells [30], while bumetanide specifically inhibits the
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Insc [PA] V,p = -40 mV A lysc [PA] V,, = -40 mV
300+ 4501
O Control 400- O Control
2501 100 mM Sucrose 350 100 mM Sucrose
2004 300+
150 2504
2004
100 150+ ATP-depleted with
100- rotenone + 2-deoxyglucose
504 [ |
50+
P NaGl  +04ATP  +1ATP  +10ATP TR T oimw wimu 8
b- T ' 5 ATP  ATP 5
Fig. 6. Intracellular ATP reduces the whole-cell current response to g §
cell shrinkage in a concentration-dependent manner. Whole-cell cur- x
rents were activated by addition of 100vnsucrose as shown in Fig. B |, . [pA] Vyip = -40 mV
1A. In the bar diagram the NMDG-sensitive whole-cell curreii{gd 300+
are shown before and after current activation by 1@0sucrose using O Control
pipette solutions which contained either no ATP (Na€l= 103) or 250 100 mM Sucrose
ATP in the concentrations indicated (0.Mmm = 6; 1 mm: n = 5; 10
mMm: n = 6). 200+
150+
= 5). rdingly, the shrinkage-activated N ATP-depleted with
fect (h = 5). Accordingly, the s age-activated NSC 1004 FCCP + 2.deoxyglucose
does not seem to be affected by MTX.
504
ATP DepeNDENCE OF THEWHOLE-CELL CURRENT 0- T M
ACTIVATION BY CELL SHRINKAGE ATP

el
Q
)
©
(5]
—
=]
c
)

Recovered

In excised inside-out patches the NSC channel of M-1
cells is largely inhibited by millimolar concentrations of
ATP or ADP [25]. As shown in Fig. 6, in the presence of Fig. 7. ATP-depletion inhibits activation of whole-cell currents by cell
1 or 10 nm ATP in the pipette solution the magnitude of shrinkage. ATP-d_epIetion was achieved in the presence afi 2+de-
the shrinkage-activated NSC currents was significantly?XY9!ucose by using 10Qnrotenone 4 or 2.5um FCCP §). Whole-

N . “cell currents were stimulated by addition of 10 msucrose using the
reduced by 39 or 65%, reSpeCtlvely' However’ the quall_experimental conditions as in FigA1NMDG-sensitive whole-cell
tative response was preserved even in the presence of l:grrents (\so were measured before and after current activation by
mm ATP which is consistent with previous findings [54]. 100 mu sucrose in untreated control cells (same set of data as shown
Therefore, intracellular ATP concentrations within the in Fig. 6;n = 103), in ATP-depleted cell$X n = 12;B: n = 9), and
physiological range do not prevent shrinkage-activationn cells that were allowed to recover from ATP-depletién i = 6; B:
of NSC channels. n = 4). In some experiments the pipette solution was supplemented

On the other hand, an ATP dependence of the acti¥!th 0-1 ™ (A:n = 4)or 1mu ATP (A:n = 8,B:n = 9) to test the

. . . . acute reversibility of ATP-depletion.
vation mechanism of swelling-activated €hannels has
been demonstrated in a variety of cell types including
M-1 cells [34]. Therefore, in the present study the ATPing the pipette solution with 0.1 or 1 MATP did not
dependence of the whole-cell current response to hyperestore the whole-cell current response in ATP-depleted
osmolar cell shrinkage was investigated. To this enccells. This indicates that ATP-depletion had a prolonged
ATP-depleted cells were kept in the continuous presencenhibitory effect on the shrinkage activation of the NSC
of 100 v rotenone (or 2.59m FCCP) and 5 m 2-de-  channel which could not be overcome by the acute re-
oxyglucose. These drugs were added to the pipette analddition of ATP. To test whether a prolonged recovery
bath solutions which contained no glucoseédMaterials  period would restore the current response to cell shrink-
and Methods). In ATP-depleted cells dialyzed with anage, ATP-depleted cells were rinsed with rotenone-free
ATP-free pipette solution, the usual increase of the(FCCP-free) NaCl bath solution and subsequently main-
NMDG-sensitive whole-cell current in response to os-tained in PC-1 tissue culture medium at 37°C/5%,CO
motic cell shrinkage was almost completely absentfor 1-3 hours. After this recovery period the current
Results of rotenone-treated cells (Figy) Were similarto  response to osmotic cell shrinkage was fully restored
those of cells treated with FCCP (FigB)f Supplement-  (Fig. 7).
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A lysc [PA] Vyip = -40 mV for about an hour and the kinase inhibitors were also
300+ included in the pipette solution. As shown in FidA the
= ?0”"0' current stimulation by cell shrinkage was largely inhib-
2501 00 mMSucrose 404 by both staurosporine and calphostin C. These ex-
2004 periments suggest the involvement of a protein kinase in
the activation mechanism.
150 To investigate the possible role of an intact cyto-
skeleton for the shrinkage-activated current response ex-
100+ periments were performed using cytochalasin D, a sub-
504 stance known to prevent both association and dissocia-
tion of F-actin subunits from filaments [8], or taxol,
0 : o which supports polymerization of microtubules [38]. A
Pip: NaCl Mg?* free 1 uM 1 uM 45-60 min preincubation in 1Qm cytochalasin D or 2
10 EDTA  Staurosp.  Calph.C uM taxol significantly reduced the magnitude of the cur-
B I [PA] Vi = -40 mV rent response to cell shrinl_<age (Fi@)&:(_)nsistent wit_h
300- a role of the cytoskeleton in the activation mechanism.
O Control
250 100 mM Sucrose
Discussion
200
1504 In the present study we confirmed that the shrinkage-
activated channels discriminate poorly between monova-
100+ lent cations. In contrast, we found that they have no
504 measurable conductance forCar B&* which distin-
guishes them from calcium-permeable nonselective cat-
0—acl 10 uM pM ipn chan_nels descr_ibed in other_preparations. Deriva-
Cytochalasin D Taxol tives of diphenylamine-2-carboxylic acid (DPC) such as

flufenamic acid were the most effective channel blocking
Fig. 8. (A) Shrinkage activation is dependent on intracellula?Vand ~ agents among various drugs tested, while maitotoxin, a
is inhibited by protein kinase inhibitors. Mgfree pipette solution putative NSC channel opener, had no effect.
contained 10 m EDTA to minimize intracellular free Mg concen- This study also provides new insight regarding the
g? tionM(ncZ ?égt?r:lscvll(]ere g;eftg?;ﬁgglﬁlié%mmi?ﬁﬁiﬁgg%;E;)ISO mechanism of channel activation. Using pipette solu-
addel(; to thpe standard NaCl pipette solutids) (nhibitory effect of tions with reduced osmolarity to shrink the cells, we
cytochalasin D and taxol. Cells were pretreated for 45-60 min usingwe.re able to_ demonStra_'te that exnace”u'ar. hyperosmo-
cytochalasin Dif = 10) and taxol§ = 9) in concentrations of 10 and larity per seis not required for channel activation and
2 uMm. The inhibitors were also included in the pipette. NMDG- that cell shrinkage is the activating trigger. This indi-
sensitive whole-cell currentdsg were measured before and after cates that no specific sensor for extracellular osmolarity
current activation by 100 mn sucrose. Values obtained in untreated s jnvolved in the activation mechanism. Furthermore, in
control cells (NaCl) are given for comparison (same set of data agja \yhole-cell configuration a major rise in intracellular
shown in Fig. 6;n = 103). . .

calcium concentration ([G4];) does not seem to be nec-

essary for shrinkage-induced channel activation, which is

s in contrast to the calcium-dependence of channel activa-

Mg“" DEPENDENCE AND EFFECTS OFKINASE INHIBITORS tion in inside-out patches. However, buffering fCa
AND DRUGS INTERFERING WITH THECYTOSKELETON with high concentrations of EGTA or BAPTA (10 w)

slightly reduced the magnitude of the shrinkage-induced
The ATP-dependence of the current activation in re-response. This suggests that reducing’[G4o very low
sponse to cell shrinkage suggested that a protein kinadevels eventually interferes with components of the sig-
reaction may be involved in the activation mechanism.nal transduction mechanism involved.
Kinase reactions are usually Mgdependent. As shown Possibly the most intriguing finding of the present
in Fig. 8A shrinkage-activated NSC currents were notstudy is the dual effect of ATP where high concentra-
observed in cells dialyzed with Méfree pipette solu- tions of intracellular ATP reduced the magnitude of
tion containing 10 ma EDTA. This indicates that an shrinkage-activation consistent with ATP’s inhibitory ef-
enzymatic reaction requiring magnesium as a cofactofect in inside-out patches, while ATP depletion of the
may be involved. We also tested the effects of the kinaseells completely abolished shrinkage-activation. This in-
inhibitors staurosporine and calphostin C. Cells weredicates that in addition to its inhibitory effect ATP is
pretreated with Jum staurosporine or fum calphostin C  essential for channel activation. Interestingly, the ab-
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sence of intracellular M which is required for many likely to be reached under physiological conditions. In
kinase-mediated reactions, or pretreatment with the kiour whole-cell experiments a major role of Cas signal
nase inhibitors staurosporine and calphostin C largelyfor shrinkage-activation was essentially ruled out, since
suppressed the stimulatory response to cell shrinkagehannel activation was preserved in experiments with
In addition it was shown that modifying the cytoskeleton nominally calcium-free pipette solution containing 10
with cytochalasin D and taxol also had an inhibitory mm EGTA which is consistent with our previous find-
effect. Taken together, these findings suggest that phosnags [54]. As demonstrated in the present study, shrink-
phorylation steps and ATP-dependent cytoskeletal eleage-activation of the NSC channel was observed even in
ments are involved in NSC channel activation by cellthe presence of the strong €a@helator BAPTA (10 mu)
shrinkage. in the pipette solution. This is in good agreement with
the view that [C4'"]; signaling plays an important role for
volume regulation during hypo-osmolar cell swelling,
but is less important during hyperosmolar shrinkage [32].
However, it was noticed that the stimulatory responses

The shrinkage-activated conductance discriminated'€"® somewhat attenuated with 10anEGTA and 10

poorly between monovalent cations with a SeleCtiVityrsn’\gnBséPv-\l;i’tA\hIgt;hn%g;setﬁeei?elusglﬂt?(;)nmf;r:fa?nti?] th;znlre-l
sequence Nii(1.2) = Na* (1) = K* (0.9) = Li* (0.9). P PP g only

On the other hand the channel is highly selective forgm %ai%ﬁle?&g?’fraeemgégal ;j::l tgfb'gtrrzciilfégr ng
cations over anions with a permeability ratio of about 14.the pactivation mechanism ppossibl invol\?in Ta
Calcium-permeable nonselective cation channels P y g

may constitute important entry pathways for extracellu-sensmve regulatory or struct_ural proteins. _It is likely t_hat
lar C&*, for examplel cracchannels [41] or members of a complex regulatory machinery responsible for shrink-

thetrp/trpl family of ion channels originally cloned from age—a}ct|vat|on includes a ngmber of Ch?””e"?‘ssoc'ated
Drosophila [53] and also found in mammalian tissues proteins and soluble cytosolic factors. Disruption of the

[59]. However, our study shows that the Shrinkage_cytoskeleton by patch excision and loss of some o_f the
activated NSC channels in M-1 cells have no measurabkraegu.l"?‘tpry fc%mpﬁnentsb Cogl? chag_ge the callc_lum-
macroscopic conductance for divalent cations which issensmwty ofthe c anne (9? € O.W T. IS may expiain
consistent with previous single-channel data from ex—Why fuII channellactlvat]on in excised ”."S'de."’“t patch(_as
cised inside-out patches [25]. Nevertheless, a very smaneqluwes cytosolic calcium concentrations in the mill-

C&* permeability with a single channel €aconduc- Mmolar range. In any case, the fmdmgg of the present
tance in the sub-pS range cannot be ruled out at preseﬁEUdy suggest that In an Intact cell th_e m_tracellular cal-
and may be responsible for the occasional activation oflum levels required for shrlnkage-actlva_tlon 9f the NSC
putative C&*-activated CI channels during hyperosmo- channel are not above the normal physiological range.

lar shrinkage in the presence of high extracellular cal-
cium using a pipette solution containing only IMM pyal Efrect oFATP
EGTA (data not shown This may be due to a minimal

calcium permeability of the activated NSC channels butlvIost car

may also be the res_ult of a shrinkage indut_:ed deterio_rabe inhibited by high cytosolic ATP concentrations in
tion of the ‘seal’ resistance favoring a calcium leak via . " inside-out patches [45]. In M-1 cells Mroy-

the ‘seal’. In any case, the absence of measurable dlV%solic ATP caused a reduction of approximately 70% of

lent membrane whole-cell currents demonstrates that thﬁ] P L .

. . C . e open probability of NSC channels studied in excised
shnnkage-actwated NSC Is d|fferent from highly cgl- insidé)—outppatchesy[ZS]. In whole-cell recordings 11 m
cium-permeable nonselective cation channels descnbegTP in the pipette solution appeared to be slightly less

in various preparations. Thus, the 2%?”nkage'acnvate%fﬁcient inhibiting the shrinkage-activation of the NSC
NSC channel is unlikely to serve as a“Cantry pathway channel on average by about 40% (Fig. 6). This may be

under physiological conditions including cell shrinkage. due to partial intracellular ATP breakdown resulting in a

less than 1 m subplasmalemmal ATP concentration.

SELECTIVITY OF THE
SHRINKAGE-ACTIVATED CONDUCTANCE

-activated NSC channels have been found to

PHYSIOLOGICAL INTRACELLULAR CALCIUM LEVELS ARE Indeed, the inhibitory effect was more pronounced with
SUFFICIENT FOR SHRINKAGE-ACTIVATION OF 10 mv ATP in the pipette solution averaging approxi-
NSC GHANNELS mately 70% which is in good agreement with the degree

of inhibition reported previously [54]. The inhibitory ef-
In excised inside-out patches of M-1 cells the NSC chanfect of ATP on the shrinkage-activation was concentra-
nel is known to be activated by cytoplasmic calcium at ation-dependent and consistent with the inhibitory effect
threshold of 10° m with near maximal activation at I&  of ATP on NSC channel activity in excised inside-out
M [25]. Such high intracellular calcium levels are un- patches. However, even with 10MyATP in the pipette
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solution a substantial shrinkage-activation of the NSCinterestingly, cell shrinkage and not an increase in the
channel was preserved. Thus, physiological cytosoliextracellular osmolarity or intracellular ion composition
ATP levels are unlikely to prevent a shrinkage-activationwas shown to be the signal that elicited protein tyrosine
of the NSC channel. phosphorylation [27, 51]. These findings imply that
On the other hand, the ATP-depletion experimentscells detect alterations in cell size rather than changes in
demonstrated that the presence of cytosolic ATP wa®smolarity or ionic strength. This is consistent with our
essential for channel action. When formation of intra-finding that the NSC channels did not respond to extra-
cellular ATP was inhibited, cell shrinkage no longer elic- cellular osmolarityper sebut to cell shrinkage.
ited a stimulatory response. Interestingly, in ATP- Staurosporine is a rather nonspecific protein kinase
depleted cells acute ATP repletion by including ATP in inhibitor while calphostin C is believed to have a rela-
the pipette solution did not restore the shrinkage-tively high specificity for protein kinase C [52]. How-
activated response. In contrast, in similar experiment&ver, the concentrations used in the present study were
ATP repletion of M-1 cells via the pipette solution im- rather high (M) and inhibition of the protein kinase C
mediately restored Clchannel activation in response to pathway may have downstream effects on the MAP ki-
hypo-osmolar cell swelling [34]. When cells were al- nase pathway. Thus, additional studies are necessary to
lowed to recover from ATP-depletion in tissue culture identify the protein kinases involved in the shrinkage-
medium for an extended period of time, shrinkage-induced activation of the NSC channel. Highly specific
activation of the NSC channel was again observed. The@rotein kinase inhibitors would be needed but are not
delayed recovery from ATP-depletion suggests that theeadily available at present. However, the present study
role of ATP for channel activation is complex and prob- strongly suggests that M&dependent protein phosphor-
ably involves more than a direct interaction of ATP with ylation is involved in the activation of the NSC channel
a putative ATP-binding site of the channel. by cell shrinkage.
Our finding of a dual effect of ATP, which inhibits
but is also essential for channel activation, is reminiscent
of the dual effect of ATP on the apical small conductancepgssisi e RoLE OF THE CYTOSKELETON
K™ channel of rat cortical collecting duct where low con-
centrations of ATP are required as a substrate for protein
kinase A to activate the channel whereas millimolar con-Cytoskeletal elements are obvious candidates to be in-
centrations of ATP reduce channel open probability [57].volved in shrinkage-activation of ion channels and may
The physiological role of the ATP regulation of this renal serve as sensors in the signal transduction pathway [16].
K™ secretory channel, which is believed to correspond tdndeed, the inhibitory effect of cytochalasin D observed
the cloned ROMK channel, is not completely under-in the present study suggests that an intact actin system
stood. However, there is recent evidence that the comis essential for shrinkage-activated NSC channel activa-
plex effects of ATP on channel activity may be mediatedtion. Since ATP depletion has been shown to destabilize
by additional associated proteins [56]. This further sup-the actin filament network and to cause a cellular redis-
ports our interpretation that the activation mechanism ottribution of the cortical F-actin cytoskeleton [12, 36] the
the shrinkage-activated NSC channel is complex andnhibitory effect of ATP depletion is consistent with an
probably involves more than a phosphorylation of theinvolvement of actin in NSC channel activation. Inter-
channel itself. estingly, it has been reported that cell shrinkage itself
also triggers changes in the actin filament network lead-
ing to an increase in cellular F-actin content [42]. There
POSSIBLE INVOLVEMENT OF PROTEIN KINASES are several examples of ion channels that are modulated
in their function by actin filaments [4, 5, 50]. The in-
The Mg?* dependence of the shrinkage-activation andhibitory effect of ATP-depletion observed in the present
the inhibitory effect of kinase inhibitors suggest that in- study is compatible with an involvement of actin fila-
tracellular ATP is essential for phosphorylation steps in-ments or other ATP-dependent cytoskeletal components
volved in the activation mechanism of the NSC channelin the shrinkage-activation of the NSC channel. Inter-
Mitogen-activated protein (MAP) kinases [9, 14], and aestingly, disruption of the microtubule turnover with
serine/threonine protein kinase [55] have been clonedaxol also decreased shrinkage-induced activation of
that are activated by extracellular hyperosmolarity.NSC channel currents. The ATP-dependent ‘microtu-
Moreover, protein-tyrosine kinases may play a role in thebule motors’ may play a role for ion channel trafficking
signaling of hyperosmotic shock [27, 51]. Recently, celland insertion into the plasma membrane [16] and an
shrinkage has been shown to specifically activatefyhe intact microtubule system may be necessary for shrink-
kinase, a member of therc family, and to induce tyro- age-activation of NSC channels. The involvement of ac-
sine phosphorylation of cortactin thought to be involvedtin and the cytoskeleton is consistent with the finding
in the organization of the cortical actin skeleton [19]. that the inhibitory effect of ATP-depletion was not im-
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mediately reversible. It may also explain the differentfrom the Deutsche Forschungsgemeinschaft (DFG grant Fr 233/9-1 and
sensitivities for C&" and ATP in the whole cell and Ko 1057/7-1) and the Wellcome Trust. The authors thank Prof. Dr. E.
inside out-configuration, since patch excision is likely to Fromter for helpiul discussions.

disrupt the intimate connections between the plasma

membrane and cytoskeletal elements [35]. References
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