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Abstract. Fluid and electrolyte secretion from secretory by Na/K*/2CI” cotransporters located in the basolateral
epithelia is a highly regulated process. Chloride channeinembrane. In most nonepithelial cells, the intracellular
activity at the apical membrane determines the rate an€l™ concentration is near its electrochemical equilibrium.
direction of salt and water secretion. Multiple classes ofHowever, the N¥K*/2CI” cotransporter concentrates in-
CI” channels with distinct gating mechanisms are in-tracellular CI' above its electrochemical gradient as
volved in moving ions and water. Secretory agonists thatnuch as 5-fold in secretory epithelia [24].

induce intracellular increases in two second messenger Thus, CT is poised to exit across the lumenal mem-
systems, cAMP and [G3];, are generally associated brane of the cell once an apical Glhannel is activated.
with secretion. However, changes in cell volume and theThe apical Cl conductance pathway consequently plays
membrane potential may also play a role in regulatinga key role in determining the rate at which fluid and
fluid and electrolyte secretion in some tissues. In thiselectrolyte secretion occurs. An electrically uncompen-
review we discuss the regulation of the different types ofsated CI efflux would depolarize the cell membrane
CI” channels found in secretory epithelia. potential and so inhibit further Clefflux. This does not
occur in epithelial fluid secretion since there is a simul-
taneous opening of Kchannels and an associated flux of
K" ions into the interstitial fluid. The transepithelial
electrical potential difference created by the oppositely
directed movements of Cl and K ions tends to be neu-
tralized by paracellular transport of cations (mostly’Na
across tight junctions. The net result, then, is the cre-
ation of a transepithelial osmotic gradient which drives
the movement of water creating a plasmalike primary
The primary function of Clchannels in secretory cells is secretion. Transcellular Cmovement is a very efficient
transepithelial ion transport. Figure 1 shows a fluid se-mechanism for driving fluid and electrolyte secretion,
cretion model first described by Silva et al. [78] that requiring the hydrolysis of only one ATP for every six CI
generally applies to Clsecreting epithelia. According ions transported across the cell [86].

to this model transepithelial Cimovement is dependent

upon secondary active transport mechanisms. The en- - )

ergy for CI uptake is provided by the inward-directed Classifications of CI" Channels in

Na" chemical gradient created by the Neump. Intra-  Secretory Epithelial

cellular accumulation of Clis predominantly mediated
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Introduction

The molecular identity is known for two types of TClI

channels present in secretory epithelia, i.e., CFTR and
S CIC-2 (see beloyw However, because several other im-
Correspondence tal.E. Melvin portant structural classes of Gthannels have not been
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Fig. 1. Fluid secretion model-Right cell:lon transport pathways in secretory epithelia. This cell shows the four essential ion transport mechanisr
involved in fluid and electrolyte movement in Gecreting epithelia: basolateral Nie* ATPase with a stoichiometry of 3 N2 K™, the
electroneutral NaK™/2CI” cotransporter located in the basolateral membrane, and basolateeaidapical Cl channels. Transepithelial Tl
movement drives the fluid and electrolyte secretion procgss. text for details. Left celActivation mechanisms for Clchannels in secretory
epithelial cells. The cell on the left demonstrates the various activation mechanisms for the different classeshahi@ls found in secretory
epithelia. Binding of an agonist to its receptor activates G proteins which in turn stimulate either adenylate cyclase (AC) or phospholipase C (F
to increase the intracellular concentrations of CAMP and fre&,Gaspectively. Phosphorylation of channel proteins by protein kinase A (PKA)
or Ca&*/calmodulin—dependent protein kinase 1l (CaMKII) results in the opening of cCAMP- &f-&aivated CI channels, respectively. In some
types of epithelial cells G4 may directly activate Clchannels. Agonist induced changes in cell volume and membrane potential have been shov
to activate additional classes of @hannels (volume-sensitive and voltage-gated channels) independent of the intracellular concentrations of cAl

and free C&".

cloned, the most logical way to classify Gthannels in  (inset). Recorded with longer pulses, the currents at
secretory epithelia is according to their mechanism ofrather positive potentials are seen to decline over a sev-
activation. At least 4 general classes of Channels are eral second time course [3]. Cthannels gated by volt-
expressed in secretory epithelia including those activatedge (lower left) exhibit a strongly inward rectifying
by: (i) intracellular cAMP, (ii) cell swelling, (iii) hyper- steady-state current-voltage relation. The kinetics of ac-
polarization, and (iv) intracellular G& It must be kept tivation at negative potentials is in the range of a few
in mind, however, that this classification is an oversim-hundred msec (inset). €adependent Cl channels
plification as many CI channels are regulated by more have a strongly outward rectifying steady-state current-
than one mechanism. voltage relation (lower right). The activation kinetics are
Figure 2 shows examples of currents from these 4oth C&*- and voltage-dependent and, for the example
general classes of Chs expressed in secretory epithelia. shown, occur over a 1-2-sec time course at rather posi-
Currents activated by cAMP (upper left) exhibit no time- tive potentials (inset). In addition to differences in the
or voltage-dependent properties as seen by the timegating mechanisms and kinetics, the anion and inhibitor
independent currents (inset) and linear steady-state cusensitivity of the different classes of channels are typi-
rent-voltage relation. Volume-sensitive @hannel cur-  cally unique as well. However, each class of €hannel
rents display a weakly rectifying steady-state current-almost certainly includes several different channels
voltage relation (Fig. 2, upper right) and, at least on thewhich may differ as to anion and inhibitor specificity.
time scale of this example, little or no time-dependence It is not entirely clear whether the apical Gthan-
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Fig. 2. Properties of Cl currents in secretory epithelia recorded with whole-cell patch clamp techniques. Examplegoifréhts (insets) and the
corresponding steady-state current-voltage relations are given for the different typéscha@hels in secretory epithelial celldpper-left panel:
Channels activated by cAMP (CFTR) have no voltage- or time-dependent activation and exhibit linear steady-state current-voltage relations
example given is a rat submandibular gland acinar cell in symmetrical internal and exterredl@ions (140 mi) activated by including a
nonhydrolyzable ATP analogue (AMP-PMP) in the patch pipette. Inset: Currents (in nA) recorded during 0.6 sec pulses to voltages of —-80,
0, +40, and +80 mV (bottom to top) fnwa 0 mV holding potential. Figure: Currents measured at the end of the pulses to the voltages indicate
Data from W. Zengsee[95] for more examples and detailed methddpper-right panel:Volume-sensitive channels in a rat parotid gland acinar
cell activated by a 36 mosm hypotonic gradient recorded with symmetrical internal and extermsalions (approximately 140 wm). Inset:
Currents (in nA) recorded during 100 msec pulses to —80, —40, 0, +40, and +80 mV from a =50 mV holding potential. Figure: Currents recor
at the end of the pulse at the voltages indicated. Data from J. Arree&d3] for additional examples and detailed methodswer-left panel:
Voltage-gated channels in a mouse parotid gland acinar cell recorded in a bath solution of C35with an internal CI of 70 mwv. Inset: Currents

(in nA) recorded during 1.25 sec pulses to =120, -60, 0, and +60 ¥ &® mV holding potential. The voltage following the pulses was +50
mV. Figure: Currents measured at the end of the pulses to the voltages indidapedlished data from /Rich. Lower-right panel:Caf*-dependent

CI” channels recorded from a rat parotid acinar cell activated by a bufferedvL0@& concentration in the patch pipette. Currents recorded with
135 mm external and 47 m internal CI. Inset: Currents (in nA) recorded during 2.5 sec pulses to —=80, —40, 0, +40, and +80 mV from a =50 m\
holding potential. Figure: Currents measured at the end of the pulses to the indicated voltages. Data from Jséef4ldie; additional examples

and details.

nels involved in fluid and electrolyte secretion are the94], all four types of channels are evidently expressed
same as those that regulate intracellular pH, cell volume&oncomitantly.

and membrane potential. It seems likely that the differ-

ent classes of Clchannels expressed in secretory cells

have unique functions not only because gating is requ¢AMP-ACTIVATED CI™ CHANNELS

lated by different types of stimuli but also because the

biophysical properties are distinct. There may be someé\ cAMP-activated channel is encoded by the CFTR gene
overlap in function, however, as apical Glhannels in- (Cystic Fibrosis Transmembrane Conductance Regula-
volved in fluid and electrolyte secretion are primarily tor), a member of the ABC (ATP-binding cassette) trans-
activated by cAMP in some epithelia [9,16,29], whereasporter superfamily. CFTR was the first of the epithelial
activation is C&" dependent in others [4, 17, 23, 56, 58]. CI” channels to be cloned [72]. Mutational inactivation
Indeed, in several types of secretory epithelia such asf the CFTR gene causes the lethal, autosomal recessive
colonic T84 cells [16, 26, 91] and salivary acinar cells [5, disease cystic fibrosis. Immunohistochemical analysis
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has localized CFTR to the apical membrane of severafional properties of VSOAC are very similar in all cell
Cl™-secreting epithelia [20, 54, 94]. The apical locationtypes suggesting that these channels may belong to ¢
of this channel as well as the functional consequences dfingle gene family; however, because no members have
cystic fibrosis, e.g., airway and pancreatic insufficiencybeen cloned to date this may be an over-simplification.
due to obstruction, and reduced electrolyte absorption byolume-sensitive channels are outwardly rectifying, as
sweat glands, clearly demonstrate that this channel ithe example in Fig. 2 (upper right) illustrates, and at
involved in transepithelial ion transport. positive membrane potentials the swelling-activated
Of the putative Cl channel genes described to datewhole-cell current inactivates. Other properties include
in secretory epithelia, CFTR is the only channel proteinan anion selectivity of 1> NO5;~ > Br™ > CI” and sen-
to have been purified and functionally analyzed in lipid sitivity to inhibitors such as NPPB (5-nitro-2-(3-phenyl-
bilayers, thus proving that CFTR is a cAMP-activated propyl-amino)-benzoic acid), DDF (1,9-dideoxyforsko-
CI” channel [7]. It appears however that CFTR may alsdin) and stilbene derivatives as well as extracellular
modulate the function of other transport proteins. Fornucleotides like cAMP and ATP. Single channel current
example, CFTR expression has been shown to inhibit theneasurements predict that the volume-sensitive anion
activity of expressed epithelial Nahannels (ENaC) in channel has a conductance of 15-50 pS depending on the
a cAMP-dependent fashion [83]. In bronchial epithelial membrane potential [37].
cells, an outward rectifying Clcurrent distinct from Several putative volume-activated Cthannel
CFTR is activated by cAMP when CFTR is present.clones have been reported in the literature, including
Regulation of this channel by cAMP disappears in cellsplg,, [69], MDR1 [32, 88], phospholemmen [59], and
lacking functional CFTR indicating that CFTR regulates CIC-2 [33, 84]. It appears upon further scrutiny, how-
more than one conductance pathway in airway cells [22]ever, that many of these proteins may act asdblannel
Some of the basic properties of the CFTR channekegulatory proteins and not as volume-sensitive Cl
include linear current-voltage relationship, anion selecchannels [50,71,85]. When the voltage-gated CIC-2 ClI
tivity sequence of Br > CI” > |I” and insensitivity to  channel is expressed in oocytes, it also acts as a cell
DIDS (4,4-diisothiocyanatostilbene-2;@8isulfonic  swelling-activated Clchannel [33,42,84]. However, the
acid). Many of these properties apply to cAMP- functional properties of CIC-2 currents are distinctly dif-
activated CI currents in secretory epithelia some of ferent from VSOAC ¢ee below
which are apparent in the example in Fig. 2 (upper left).
Single channel data indicate that the channel CondUWOLTAGE_ACTNATED CICHANNELS
tance of CFTR is about 8 pS [77]. Channel opening
requires phosphorylation by protein kinase A as well asSince Jentsch and coworkers [41] first cloned a voltage-
hydrolyzable ATP. The roles of phosphorylation and gated CT channel from electroplax, CIC-0, nine distinct
ATP have been extensively reviewed elsewhere [31, 90]mammalian members of the CIC gene family have been
Many CI-secreting epithelia rely on cAMP to acti- described ee[38, 39, 40]). Schmidt-Rose and Jentsch
vate fluid secretion via CFTR, although other @han-  [75] suggest that the topology of CIC chloride channels
nels distinct from CFTR are also gated by cAMP. Forincludes 10 (possibly 12) transmembrane spans with the
example, the functional properties of the cAMP- N- and C-terminals facing the cytoplasm.
activated channel in rat choroid plexus include strong It has proved difficult to demonstrate that all of CIC
inward rectification and a selectivity sequence ofICI~  family gene products are Clchannel proteins. Of the
Br~, clearly different from CFTR [45]. Consistent with mammalian isoforms, CIC-1, CIC-2 and CIC-5 are the
the functional properties of this channa,situ hybrid-  only members of the CIC family unequivocally ex-
ization studies failed to detect CFTR transcripts in ratpressed as functional Cthannels. Multiple members of
choroid plexus [46]. Furthermore, there was no signifi-this family are expressed in epithelial cells including
cant change in the magnitude of cAMP-activated cur-several isoforms primarily found in the kidney (CIC-K1,
rents in choroid plexus cells isolated from transgenicCIC-K2, and CIC-5).

mice with a disrupted CFTR gene [47]. Of the knownfunctional CIC channels, only CIC-2
is expressed in secretory epithelia. This ubiquitously ex-
\ OLUME-SENSITIVE CI~ CHANNELS pressed Cl channel is inward rectifying with an anion

selectivity of CI' > Br™ > 1™ and is sensitive to inhibitors

Volume-sensitive Cl channels, the so-called volume like Zn?* [81], 9-AC (anthracene-9-carboxylate) and
sensitive organic osmolyte and anion channel (VSOAC)DPC (diphenylamine carboxylate), but is evidently not
are expressed in virtually all animal cells (for a recentblocked by DIDS [84]. The voltage-gated Cturrents
review of volume-sensitive anion channels see Strange éh secretory epithelia are similar to expressed CIC-2 cur-
al. [82]). As the name implies, these anion channelgents, showing inward rectification and time-dependent
have a broad specificity for anions as well as organicactivation at voltages more negative than —20 mV (Fig.
solutes such as sorbitol, taurine and betaine. The func2, lower left panel). The single channel conductance of
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CIC-2 is predicted from noise analysis to be 3-5 pS [40].REGULATION OF C&*-DEPENDENT Cl~ CHANNELS
Expression of the CIC-2 Clchannel in oocytes suggests
that cell swelling can activate this channel [33, 42], al- ] ] . .
though this has not been definitively established for na/Although CFTR is clearly involved in fluid and electro-
tive mammalian cellsseediscussion below). The apical yte secretion in many secretory epithelia [28], in some
location of this channel in rat small intestine, renal andtissues such as salivary and lacrimal glands?"Ca
airway epithelia suggests that, at least in these tissue§ependent Clchannels are apparently the primary Cl
CIC-2 may play a role in regulating fluid and electrolyte channel activated in the apical membrane during stimu-
movement [61]. lated secretion [17, 23, 58]. Indeed, even in tissues that
are thought to rely on CFTR, Ghactivated secretion
can be elicited from cells isolated from patients with CF
[2, 29] and in micealeacking CFTR gene expression [15].
+ o i Activation of C& *-dependent Clchannels in secre-
Ca*-dependent Cl currents exhibit a characteristic VOIt'_ory epithelia is both voltage and &adependent; how-

age- and time-dependent kinetic behavior. The stead ever, membrane voltage alone is unable to activate these
state current-voltage relation shows strong outward rec=, ~’ g

tification (Fig. 2, lower right panel); however, the open phannels [4]. .Thls is clearly dlfffzgrent from C"?"C.C which
channel current-voltage relation is near linear [4]. Sey-> Oben evenin the absence of CHL8]. The kinetics of
eral factors influence the activation kinetics of theGa the tlmgz;dependent activation Is sensitive to the mt_racel-
activated CT channel including the type of anion being lular %* concentration, the time constant decreasing as
transported as well as the internal@nd C&* concen- the g a2+c doncen(;rat|onh|ncre:|;1sgs [4]. ith
trations [4, 23, 35, 66]. High internal &aconcentra- lia [11 6-0 e%(lens(gantgg ange Sh'n ma|r|1y secreé%ry72plt e
tions and anions with greater permeability than @F ia [11, 60, 74, 89, 92] and other cell types [63, 76] are

crease the rate of activation at positive potentials [4, 23actlvated by CaMKII. Peptides that block binding of cal-

66]. C&*-dependent currents in secretory epithelia aref'nodulln and peptides that occlude the catalytic site of

inhibited by blockers such as DIDS, nifiumic acid, NPPB 72Kl Prevent channel acuvarion In these fissues.
and have an anion selectivity sequence 0fINO;™ > wever, activatl y IS app y uni

Br~ > CI". The single-channel conductance typically versal property of all Cd-dependent Clchannels. We

measured for C?a*-dependent Clchannels in secretory fom:_nd tt_hat sfeireftlvi |nh|b||t_0rs Otf CaMt%II fa_|led to ﬁlocg
epithelial cells is 1-15 pS [3, 55, 56, 60, 74]. activation of this channel in rat parotid acinar cells [6].

A CI~ channel activated by Excalmodulin protein This result is consistent with earlier results demonstrat-

kinase Il (CaMKIl), Ca-CC, was recently cloned from a ing that C&" activation of the acinar cell Clchannel is
bovine tracheal cI:SNA exp’ression library using an anti_voItage-dependent and suggests the possibility that intra-

: . : - llular C&* may bind directly to the channel to open the
body to a 38 kDa protein [18]. This antibody precipitates °© ; : . T
a p%)tein that ath)s as a[ C;M kinase II-nXoF():Iulatped c| pore [4]. Consistent with this interpretation, Gthan-

channel when reconstituted in a lipid bilayer [30, 70]. nels can be activated by €aapplied to the intracellular

. : . surface in cell free patches from salivary [55] and airway
It is not presently clear whether this gene product ISepithelia [29]. In contrast, Clchannels from canine air-

structurally related to all Ga-dependent Clchannels or -~ .
is a unique protein only expressed in bovine trachea’ Y cells appear to be indirectly activated by°Cae-

The latter seems likely because RT-PCR failed to detec?ﬁuse cha_mgehs n [el’ai atr_e ten;gorsﬂly d'ssoc'atﬁd frfhm
transcript for Ca-CC in any bovine tissue tested besidegeﬁggfz ('jr; (:Ie?gc;]ec)f %?I’g]gé[*argd C(e)\évz\;]e.g’nvéﬁ?n _Sese
trachea [18]. Moreover, the protein against which the P » oatindl ! uxi

antibody was generated is considerably smaller than th80t perturbed suggesting that Calependent activation

product translated from Ca-CC (38 kDva. 100 kDa). _c;fhthef cha{mel doestr?ottéeqwre pthgspho;ylatlon t[hl4l
The functional relationship between these two different eretore It appears that L.amay act depending on the

. S . L cell type, either directly, indirectly, or through phosphor-
molecular weight proteins is uncertain at this time. ylation-dependent mechanisms to activaté @epen-

dent CI' channels.
Regulation of CI~ Channels in Secretory Epithelia There is also growing evidence that some types of

Ca*-dependent Cl channels are regulated by inositol
Fluid and electrolyte movement by secretory epithelia istetrakisphosphate and annexin IV. The agonist-induced
highly regulated [28]. Recent reviews have describecelevation in 3,4,5,6-1Pcorrelates with the inhibition of
the regulation of cAMP-dependent CFTR [31, 90] andC&*-dependent Clchannels in secretory cells [43,87].
volume-sensitive [82] Cl channels and these channels The concentrations of 3,4,5,6-JRequired to inhibit
will not be further discussed here. The remainder of thishese channels are comparable to the increases seen i
article will focus on the regulation of G&dependent vivo. Other inositol tetrakisphosphates such as 1,4,5,6-
and voltage-activated Cthannels in secretory epithelia. 1P, and 1,3,4,6-IRfail to inhibit these channels [36,93].

Ca&*-ACTIVATED Cl™ CHANNELS
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The C&*-binding protein, Annexin IV, is concen- channel current may provide an additional mechanism
trated along the apical membrane of many secretory epito prevent an excessive acidification of the cytoplasm.
thelia and also appears to inhibit €aactivated CI ~ When N&/H* exchangers are blocked by amiloride de-
channels [10,44]. Annexin IV blocked €adependent rivatives, the intracellular pH decreases to approximately
CI™ channels when introduced into T84 cells through the6.9 [57,95]. If protons were to equilibrate according to
patch clamp pipette. In agreement with annexin IV act-the electrochemical gradient the pH would be expected
ing as an inhibitor of these channels, both a neutralizingo drop nearly another 0.5 pH unit. Therefore, HCO
antibody and antisense oligonucleotide to annexin IVefflux and the resulting intracellular pH drop is somehow
enhanced activity of these channels [44]. prevented, most likely by inhibition of the €aactivated

The regulation of C&-dependent Cl channels is CI™ channel.
further complicated by complex interactions between ~ On the other hand, the most important property of
CaMKIl, 3,4,5,6-IR, and annexin IV. For example, an- the pH-sensitivity of C&*activated CI channels may be
nexin IV acts synergistically with 3,4,5,6-JRo inhibit ~ iN Sustaining fIl_Jld secretion during prolonged stimula-
Cé*-activated CT channels. At concentrations of an- tion. Upregulation of N&H" exchangers not only re-
nexin IV that produce no inhibition of this channel, the duce; the magnitude of the i_nitial gcidificat_ion, but in the
potency of 3,4,5,6-Pis approximately doubled [94]. continued presence qf agonist, raises thg mtracel_lularpH
Ismailov et al. [36] showed that 3,4,5,6;Ran both at least 0.15 units higher thgn the 02r|g|nalir'e§t|ng pH
activate and inhibit this Ca-activated CI channel. The [27,73,80]. Thus, as the pH rises the“Caensitivity of
biphasic nature of this phenomenon is dependent on thg1e CI' channel increases, evoking contmued fluid and
intracellular C&* concentration as well as on the eleptrolyte movement even as.the cytosoli¢ Gzoncen-
CaMKIl-induced phosphorylation state of the channeltration decreases to near resting levels.

[36].

Physiological changes in intracellular pH modulate Reg i aTiON OF VOLTAGE-ACTIVATED Cl~ CHANNELS
stimulus-secretion coupling by regulating the activation
of Ca&*-dependent Cl channels in secretory epithelia.
The pH sensitivity is such that as the pH decreases, i
hibition of C&*-dependent Cl channels occurs

Evidence is accumulating that the inward rectifying,
n\'/oltage—gated Clcurrents present in secretory epithelia

Ilul lati . correlate with CIC-2 expression. In native cells the ac-
[3,51,67]. Intracellular pH modulation may be a UNIqUeivity of the CIC-2-like currents is in the physiological

property of C&'-dependent Cl channels. Indeed, low voltage range, activation generally occurring at mem-
intracellular pH appears to increase, not inhibit, the acy,;3ne potentials more negative than —20 to 40 mV [5, 8,
tivity of CFTR due to an increase in channel conductancelz' 48, 64, 68, 79]. This voltage-sensitivity is similar to
[34]. The mechanism whereby low intracellular pH in- 5t c|c-2 expressed in HEK 293 cells [68] and DRG
hibits C&*-activated CT channels may differ depending neurons [81], but is less negative than rat CIC-2 ex-
on whether or not the channel requires CaMKIlI for ac-pressed in oocytes [84].
tivation. In T84 Ce”S, low intracellular pH inhibits The ab|||ty of Secretory cells to concentrate @lell
CaMKil-dependent Cl currents due to changes in open ghove the Cl electrochemical gradient suggests that
probability of the channels, as the single channel currenghese voltage-gated channels are not very active relative
amplitude is insensitive to intracellular pH [3]. In the to CI” influx mechanisms in “resting” cells. However,
case of these CaMKIl-dependent™Gthannels, acidic it is possible that the Clchannels are “active” but
conditions may inhibit channel gating by decreasingoverwhelmed by Cluptake pathways. In any case, hy-
CaMKIlI activity or by protons competing with calcium perpolarization-activated Cturrents grow with time af-
ions for binding sites on calmodulin. For parotid and ter obtaining the whole-cell patch clamp mode in T84
lacrimal acinar cells, where €amay directly activate cells [26], rat parotid acinar cells and in HEK 293 cells
the channel, competition is predicted to occur betweerexpressing rat CIC-2 [68]. This suggests that the resting
H* and C&" at binding sites on the channel protein itself. activity of this channel may be minimal but certainly
In addition protons may block single channels. increases as regulatory factor(s) are removed by intracel-
Modulation of C&*-dependent Clchannel activity lular perfusion using the whole-cell patch clamp method.
by intracellular pH may play an important role in regu- Activation of this channel may therefore require an ad-
lating the rate of fluid and electrolyte secretion. Typi- ditional signal such as a change in cell volume, internal
cally, following the addition of a fluid secretion-inducing CI~ concentration, pH, or the state of phosphorylation.
agonist, the intracellular pH initially drops due to HEO One potential mechanism to modulate gating is the
efflux, apparently via these same Cactivated CI  ability of CIC-2 to sense cell volume. Cell volume regu-
channels [57,73,95]. The magnitude of this pH drop islation is a critical response for epithelia that move large
partially buffered by upregulation of N&H™ exchangers quantities of fluid and electrolytes. Over the course of
[57,73,95]; however, reduction of €adependent CI  stimulated secretion, secretory cells initially shrink and
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then routinely swell once stimulation ceases [25,62].the CIC-2-like currents in rat submandibular duct cells
Using the oocyte expression system Jentsch and coworf21] and T84 cells [26,27] are very sensitive to the in-
ers have observed that CIC-2 is activated by cell swellingracellular CT' concentration, activity increasing as the
[33, 42, 84]. Swelling not only increased the magnitudeCIl~ content increases. Thus, cell swelling induced by
of the currents but also produced a shift of the voltagesalt accumulation may activate CIC-2 channels due to an
dependence from voltages more negative than —-80 téncrease in Cl content and not via the change in cell
about -60 mV [84]. The CIC-2-like currents in a human volume per se.

colon carcinoma T84 cell line [27], rat Leydig cells [64] Extracellular pH also modulates CIC-2 gating. The
and pig pancreatic acinar cells [8] increase following cellactivity of rat CIC-2 expressed in oocytes increases at
swelling. Inspection of the currents in T84 cells beforelow external pH [42]. This was also found to be true for
and after swelling show that not only does the magnitudet CI" channel isolated from rabbit gastric mucosa and
increase with swelling but the time constant becomestudied in a lipid bilayer [19]. Studies in lipid bilayers of
more than an order of magnitude faster [27]. It is noteXpressed rabbit CIC-2, which is 93% similar to rat CIC-
clear if this change in the time constant reflects two?2: Suggest that the CIC-2 channel protein is responsible
distinct channels with different time constants, or wheth-for the CI" currents expressed in rabbit gastric mucosa
er swelling modulates this activation property of Cic-2 [53]- Interestingly, the channel activity of a rat CIC-2

in T84 cells. In contrast, cell swelling does not appear tomutation that lacks the N-terminal occluding domain is

alter the time constant for CIC-2 current expressed ii© 1onger modulated by external pH [42]. This suggests
occytes [42]. an interaction between external H ions and the cytoplas-

Mutagenesis studies have located the domain remMic occluding domain or its receptor.

sponsible for volume-sensitive gating in the N—terminusucén. a?k:muo::al T]ecr}atr_nsm tthtat T"’t‘z alsotrggu_lra;e
region of CIC-2. This region is also involved in activa- ~< 15 The phosphorylation state of the protein. the

tion by the membrane potential [33]. More recently, number and position of consensus sites for PKC-, cAMP-

Jordt and Jentsch [42] have shown that mutations in th and C& /calmodu_lln Kinase _II-dependent ph_osphoryla_—
cytoplasmic loop between transmembrane domains Dﬁon (.Jf CIC-2 varies according to the SPECIes. Rabbit
and D8 prevent activation by cell swelling and remove 325t7C CIC-2 [53] and the CIC-2-like currents in rat Ley-
the voltage sensitivity of CIC-2. Taken together, it ap-d'g cells [64,65] are activated by cAMP. In contrast, the

X . CIC-2-like currents expressed in human T84 cells appear
pears that the gating of CIC-2 can be described by 20 pe inhibited bypa cAMP-dependent procpepss

model where the N-terminal domain occludes the chaniog) ~ voreover, there was no effect of raising cAMP on
nel by binding to a “receptor” formed by the cytoplas- ,man cic-2 when expressed in oocytes [42]. PKC ac-
mic loop between transmembrane domains D7 and D8y ation plocked channel activity in DRG neurons ex-
Two observations support this model: first, the f“”‘?t!ona'pressing rat CIC-2 [81] as well as the CIC-2-like currents
behavior of the occluding domain was position- i, rat pyramidal cells [52] and T84 colonic cells [26].
independent [33]; and second, mutations in the putativerne complicated nature of the phosphorylation-depend-
receptor domain produced a channel phenotype identicgnt regulation suggests that functional channels may con-

to deletion of the N-terminal occluding domain [42].  tain an as yet unidentified regulatory subunit along with
It must be stressed that the endogenous CIC-2-likghe CIC-2 gene product.

CI” currents in mammalian cells do not entirely resemble
the expressed CIC-2 currents activated by cell swelling
in oocytes. Indeed, in rat osteoblasts [12] and rat subConclusion
mandibular duct cells [49], cell swelling appears to in-
hibit CIC-2-like currents. The specific contributions of the various classes of Cl
One problem with studying volume regulation of channels to the fluid secretion process in secretory epi-
CIC-2 is the large outward rectifying Cturrent stimu-  thelia is unclear at this time. In addition the details of the
lated by swelling that is present in many cell expressiornregulation of the contributions of these various channels
systems [1, 68]. It may be possible to isolate the CIC-2are lacking. The sensitivity of G&dependent Clchan-
current by using an appropriate form of stimulation. nels to modulators such as intracellular pH, CaMKII,
Cells can apparently differentiate the mechanism by3,4,5,6-1R, and annexin IV, and of voltage-activated Cl
which the cell volume increases, that is, swelling pro-channels to cell volume and its phosphorylation state,
duced by a hypotonic shock verses swelling induced bynay provide tissue specific mechanisms for regulating
the accumulation of electrolytes may selectively activatethe activity of the different classes of Cthannels.
distinct signaling mechanisms and therefore different A molecular physiology approach will be required to
channels [82]. In the case of an increase in cytosoligyain insight into these types of questions. In particular,
electrolytes, an increase in internal €bncentration can  the structural identities of G&dependent and volume-
apparently activate CIC-2-like channels. For examplesensitive channels are yet to be determined. Functional
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expression of these channels will aid in defining the21.
regulatory properties of the different classes of €Han-
nels. Determination of their structure-function relation-
ship by site-directed mutation analysis will play a Iarge2
role in advancing our knowledge of the regulatory and,,
kinetic properties of these important channels. Molecu-s
lar physiology in genetically engineered animals will 26.
provide models to dissect the functions of the various27.
classes of Cl channels expressed in @ecreting epi- 28.
thelia. Knock out of the CFTR gene has already pro-
vided in vivo verification for the function of this cAMP-
activated channel in numerous tissues [15,90,94].
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