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lC voltage-gated anion channels have been identified
in bacteria, yeast, plants, and animals. The biophysical
and structural properties of ClCs have been studied

extensively, but relatively little is known about their precise
physiological functions. Furthermore, virtually nothing is
known about the signaling pathways and molecular
mechanisms that regulate channel activity. The nematode

 

Caenorhabditis elegans

 

 provides significant experimental
advantages for characterizing ion channel function and
regulation. We have shown previously that the ClC Cl

 

�

 

channel homologue CLH-3 is expressed in 

 

C. elegans

 

 oo-
cytes, and that it is activated during meiotic maturation and
by cell swelling. We demonstrate here that depletion of in-
tracellular ATP or removal of Mg

 

2

 

�

 

, experimental maneu-
vers that inhibit kinase function, constitutively activate CLH-3.

C

 

Maturation- and swelling-induced channel activation are in-
hibited by type 1 serine/threonine phosphatase inhibitors.
RNA interference studies demonstrated that the type 1
protein phosphatases CeGLC-7

 

�

 

 and 

 

�

 

, both of which
play essential regulatory roles in mitotic and meiotic cell
cycle events, mediate CLH-3 activation. We have suggested
previously that CLH-3 and mammalian ClC-2 are orthologues
that play important roles in heterologous cell–cell inter-
actions, intercellular communication, and regulation of
cell cycle–dependent physiological processes. Consistent
with this hypothesis, we show that heterologously expressed
rat ClC-2 is also activated by serine/threonine dephos-
phorylation, suggesting that the two channels have common
regulatory mechanisms.

 

Introduction

 

Anion channels play central roles in diverse physiological
processes, such as intracellular vesicle acidification, cell cycle
progression, control of cell excitability, cell volume regulation,
epithelial salt and water transport, and programmed cell
death (Frings et al., 2000; Gulbins et al., 2000; Wondergem
et al., 2001; Jentsch et al., 2002). To date, four anion channel–
encoding gene families have been identified unequivocally.
These families include ligand-gated, ClC, CFTR, and
VDAC anion channels. ClC channel–encoding genes have
been found in plants, yeast, bacteria, and invertebrate and
vertebrate animals. Knockout studies and identification of
disease-causing mutations indicate that some ClC channels
play roles in transepithelial Cl

 

�

 

 transport, Cl

 

�

 

 transport in
intracellular vesicles, and regulation of membrane potential
(George et al., 2001; Jentsch et al., 2002).

The biophysical and structural properties of ClC channels
have been studied extensively (Maduke et al., 2000; Dutzler
et al., 2002; Jentsch et al., 2002). However, detailed under-
standing of the precise physiological functions of most ClC
channels is lacking. In addition, virtually nothing is known
about the signaling pathways and molecular mechanisms
that regulate channel activity. The nematode 

 

Caenorhabditis
elegans

 

 provides significant experimental advantages for
characterizing ion channel integrative physiology and for
defining the molecular bases of channel regulation. These
advantages include a fully sequenced genome, a short life cycle,
genetic tractability, and the relative ease and economy of
manipulating gene function. Six ClC genes termed Cl

 

�

 

channel homologue (

 

clh

 

)*

 

-1-6

 

 (Petalcorin et al., 1999; Nehrke
et al., 2000) or 

 

CeClC-1-6

 

 (Schriever et al., 1999) are
present in the nematode genome.
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We demonstrated recently that 

 

C. elegans

 

 oocytes ex-
press a ClC channel encoded by 

 

clh-3

 

 (Rutledge et al.,
2001). CLH-3 is activated during oocyte meiotic cell cycle
progression, a process termed meiotic maturation, and in
response to oocyte swelling. Knockdown of 

 

clh-3

 

 expres-
sion by RNA-mediated gene interference (RNA

 

i

 

) disrupts
the timing of ovulatory contractions of smooth muscle-
like gonadal sheath cells (Rutledge et al., 2001). Ovula-
tory sheath cell contractions are initiated during meiotic
maturation of oocytes (McCarter et al., 1999). Sheath
cells surround oocytes and are coupled to them via gap
junctions (Hall et al., 1999). We have suggested that acti-
vation of CLH-3 during meiotic maturation depolarizes
the oocyte and electrically coupled sheath cells and that
depolarization in turn modulates Ca

 

2

 

�

 

 signaling pathways
that control sheath contractility (Rutledge et al., 2001;
Strange, 2002).

Patch clamp studies on nematode oocytes demonstrated
that the volume sensitivity, voltage-dependent gating, anion
selectivity, pharmacology, and extracellular pH sensitivity of
CLH-3 are virtually identical to those of heterologously ex-
pressed mammalian ClC-2, as well as native ClC-2–like an-
ion currents (Rutledge et al., 2001; Strange, 2002). Mam-
malian ClC-2 is expressed widely and is activated by
membrane hyperpolarization and cell swelling. The func-
tions of this channel are unknown, but it has been proposed
to play roles in transepithelial Cl

 

�

 

 transport, intracellular
Cl

 

�

 

 regulation, and cell volume homeostasis (George et al.,
2001; Jentsch et al., 2002).

Bösl et al. (2001) reported recently that knockout of ClC-2
in mice causes progressive degeneration of the testes and ret-
ina. The mammalian seminiferous tubule is comprised of
Sertoli cells and developing sperm cells that interact physi-
cally and functionally with each other. Similarly, photore-

ceptor cells in the retina are in intimate contact with and
functionally dependent on the retinal pigment epithelium
(RPE) (for review see Strange, 2002). The degeneration of
the testes and retina in ClC-2 knockout mice suggested to
Bösl et al. (2001) that the channel may regulate local ionic
environments in tissues comprised of heterologous cell types
that interact functionally with one another. Interestingly,
nematode gonadal sheath cells and oocytes are coupled via
gap junctions and functional interactions and signaling be-
tween the two cell types is essential for regulating oocyte de-
velopment, meiotic cell cycle events, and ovulation (Green-
stein et al., 1994; Rose et al., 1997; Hall et al., 1999;
McCarter et al., 1999).

We have proposed that CLH-3 and ClC-2 are ortho-
logues that carry out analogous physiological functions
(Rutledge et al., 2001; Strange, 2002). Here we report that
CLH-3 activation during oocyte meiotic cell cycle progres-
sion and in response to oocyte swelling is regulated by
serine/threonine dephosphorylation. RNA

 

i

 

 studies demon-
strate that dephosphorylation is mediated by the type 1
protein phosphatases CeGLC-7

 

�

 

 and 

 

�

 

. These two phos-
phatases have recently been shown to play important roles
in controlling 

 

C. elegans

 

 meiotic and mitotic cell cycle
events (Hsu et al., 2000; Kaitna et al., 2002; Rogers et al.,
2002). We also demonstrate that heterologously expressed
rat ClC-2 is activated by serine/threonine dephosphoryla-
tion, suggesting that CLH-3 and ClC-2 have common reg-
ulatory mechanisms. These results as well as recent studies
on phosphorylation-dependent regulation of rabbit ClC-2
(Furukawa et al., 2002) further support the hypothesis that
the two channels are orthologues that may play important
roles in heterologous cell–cell interactions, intercellular
communication, and regulation of cell cycle–dependent
physiological processes.

Figure 1. Incubation of oocytes with 
metabolic inhibitors activates CLH-3. 
(A) Whole-cell Cl� currents observed 
immediately after membrane rupture in 
a nonmetabolically poisoned (Control) 
and an ATP-depleted oocyte incubated 
for 20–30 min with 5 mM 2-deoxyglucose 
and 1 �M rotenone. Currents were 
elicited by stepping membrane voltage 
from �120 mV to �80 mV in 20 mV 
steps from a holding potential of 0 mV. 
Under control conditions, strong 
(��100 mV) hyperpolarization activates 
a small inwardly rectifying current. This 
current is inhibited �80% by clh-3 
dsRNA (Rutledge et al., 2001) and 
70 � 5% (�120 mV; n 	 3) by 10 mM 
Zn2� indicating that it is due to a small 
basal activity of CLH-3. (B) Current-to-
voltage relationships of whole-cell Cl� 
currents observed immediately after 
membrane rupture in ATP-depleted and 
control oocytes. Control oocytes were 
incubated in egg buffer containing 5 mM 
glucose and 0.01% DMSO for 20–30 
min before they were patch clamped. 
Currents were elicited by ramping membrane potential from –80 mV to �80 mV at 80 mV/s. (C) Mean � SE initial whole-cell Cl� current 
densities in control (n 	 3) and ATP-depleted (n 	 7) oocytes. *P 
 0.002 compared with control oocytes. (D) Time course of whole-cell current 
change in ATP-depleted oocytes. Time zero is defined as the time at which whole-cell access was obtained. Values are means � SE (n 	 5–7).
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The strong inward rectification, voltage dependence, and
degree of inhibition by Zn

 

2

 

�

 

 of the current are virtually
identical to the characteristics of CLH-3 current activated by
oocyte swelling and oocyte cell cycle progression described
by us previously (Rutledge et al., 2001). To determine di-
rectly whether the current observed in metabolically poi-
soned oocytes was due to the activity of CLH-3, we per-
formed RNA

 

i

 

 experiments. Worms were injected with either
buffer, 

 

clh-3

 

 double-stranded RNA (dsRNA) or dsRNA for
another ClC channel, CLH-5. Oocytes were patch clamped

Figure 2. Dialysis of oocytes with ATP- or Mg2�-free pipette 
solutions transiently activates CLH-3. (A) Time course of change in 
whole-cell Cl� current in three oocytes dialyzed with metabolic 
inhibitors and 2 mM ATP, 2 mM AMP-PNP, or an ATP-free pipette 
solution. (B) Maximum whole-cell Cl� current densities observed in 
metabolically poisoned oocytes dialyzed with ATP-free or ATP-
containing pipette solutions. Values are means � SE (n 	 4–6). 
*P 
 0.001 compared with oocytes dialyzed with 2 mM ATP. The 
mean � SE time after obtaining whole-cell access at which peak 
currents were measured are shown. Whole-cell current was recorded 
at 6 min after obtaining whole-cell access in oocytes dialyzed with 2 
mM ATP. (C) Time course of current activation in cells dialyzed with 
Mg2�-free pipette solution. Time zero is the time whole-cell access was 
obtained. Values are means � SE (n 	 4–7). One oocyte examined 
showed no current activation during dialysis with Mg2�-free pipette 
solution and was excluded from the dataset shown here.

 

Results

 

Kinase inhibition activates CLH-3

 

Meiotic and mitotic cell cycle progression are regulated criti-
cally by cycles of protein phosphorylation and dephosphory-
lation (Morgan, 1997; Berndt, 1999; Ferrell, 1999). Activa-
tion of CLH-3 at the beginning of meiotic maturation in the

 

C. elegans

 

 oocyte (Rutledge et al., 2001) suggested that the
channel might be regulated by phosphorylation/dephosphor-
ylation events. To begin testing this hypothesis, we depleted
oocytes of ATP by exposing them to 5 mM 2-deoxyglucose
(2-DG) and 1 

 

�

 

M rotenone in egg buffer. After incubating
for 20–30 min, oocytes were transferred to NMDG-Cl bath
solution containing 2-DG and rotenone and patch clamped
in the whole-cell configuration using an ATP-free pipette so-
lution containing 40 

 

�

 

M oligomycin, 20 

 

�

 

M rotenone, and
5 

 

�

 

M iodoacetate. As shown in Fig. 1, A and B, a strongly
inwardly rectifying Cl

 

�

 

 current was constitutively active in
metabolically poisoned oocytes. Mean 

 

�

 

 SE initial whole-
cell Cl

 

�

 

 current densities observed immediately after obtain-
ing whole-cell access in control and ATP-depleted oocytes
were –3.2 

 

� 

 

1.4 and –49 

 

� 

 

8 pA/pF (

 

n 

 

	 

 

5–7) at –70 mV,
respectively (Fig. 1 C). Whole-cell Cl

 

�

 

 current was signifi-
cantly (P 

 


 

 

0.002) higher in metabolically poisoned oocytes.
Chloride currents in oocytes metabolically poisoned for

20–30 min were not stable and inactivated slowly after
whole-cell access was obtained (Fig. 1 D). To determine if
this rundown was due to prolonged metabolic inhibition, we
exposed oocytes to 2-DG and rotenone for 60–70 min before
performing patch clamp measurements. Under these condi-
tions, the mean 

 

�

 

 SE initial current density at –70 mV was
–78 

 

�

 

 24 pA/pF (

 

n

 

 

 

	 

 

3), a value that is not significantly (P 

 

�

 

0.2) different from that observed with shorter periods of met-
abolic inhibition. A pattern of current inactivation similar to
that shown in Fig. 1 D was observed within 1 to 2 min of ob-
taining whole-cell access on these oocytes (unpublished data).
Preliminary cell-attached patch clamp studies have suggested
that channel activity is stable in metabolically poisoned oo-
cytes (unpublished data). Taken together, these results sug-
gest that current inactivation during metabolic inhibition is
likely a consequence of whole-cell patch clamping rather than
prolonged periods of ATP depletion. It is possible that dialy-
sis of ATP-depleted oocytes with patch pipette solutions
washes out factors required for maintaining channel activity.

Metabolic inhibition leads to swelling in many cell types
(e.g., Kimelberg, 1995; Wright and Rees, 1998). We moni-
tored oocyte volume during incubation with metabolic in-
hibitors by differential interference contrast (DIC) micros-
copy. Mean 

 

�

 

 SE relative cell volume in oocytes exposed to
2-DG and rotenone was 1.01 

 

�

 

 0.01 (

 

n 

 

	 

 

4) just prior to
obtaining whole-cell access. The absence of significant cell
volume change indicates that channel activation is due to
ATP depletion per se rather than secondary oocyte swelling.

The inward current in ATP-depleted oocytes was activated
further by strong hyperpolarization (Fig. 1 A). Time-depen-
dent activation of the current by hyperpolarization was fit by
a biexponential function describing fast and slow compo-
nents. The mean 

 

�

 

 SE time constants for hyperpolarization-
induced current activation at –120 mV were 255 

 

�

 

 16 and
28 

 

�

 

 3 ms (Table I). Addition of 10 mM Zn

 

2

 

�

 

 to the bath
medium inhibited the current by 86 

 

�

 

 1% (Table I).
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20–24 h after injections. Mean 

 

�

 

 SE initial whole-cell cur-
rent densities in metabolically poisoned oocytes from buffer-
and 

 

clh-3

 

 dsRNA-injected worms were –26 

 

�

 

 8 pA/pF and
–2.9 

 

�

 

 1.0 pA/pF (

 

n

 

 	 4; P 
 0.02) at –70 mV, respec-
tively (Table I). The initial current in metabolically poisoned
oocytes from dsRNA-injected worms was not significantly
(P � 0.9) different from that of nonmetabolically poisoned
control oocytes. Mean � SE initial current in metabolically
poisoned oocytes from clh-5 dsRNA-injected worms was
–36 � 5 pA/pF (n 	 3). This value was not significantly
(P � 0.4) different from that of buffer-injected worms, dem-
onstrating that the inhibitory effect of clh-3 dsRNA is specific.
Taken together, the results in Fig. 1 and Table I demonstrate
clearly that metabolic inhibition activates CLH-3.

To further examine the effect of ATP depletion on CLH-3
activation, we patch clamped oocytes with a pipette solu-
tion containing 40 �M oligomycin, 20 �M rotenone, and 5
�M iodoacetate with or without hydrolysable ATP. In the
presence of 2 mM ATP, whole-cell Cl� current remained
stable. However, when ATP was removed from the pipette
solution or replaced with the nonhydrolyzable ATP ana-
logue, AMP-PNP, whole-cell current activated slowly. The
current typically reached a stable level 6 to 7 min after ob-
taining whole-cell access and then inactivated (Fig. 2 A).
Mean � SE peak current densities in cells dialyzed with 2
mM AMP-PNP or an ATP-free pipette solution were �33 �
4 and –35 � 6 pA/pF (n 	 4 to 5) at –70 mV, respec-
tively (Fig. 2 B). In oocytes dialyzed with 2 mM ATP, mean �
SE whole-cell current density measured 6 min after mem-
brane rupture was –2.5 � 0.9 pA/pF (n 	 6) at –70 mV
(Fig. 2 B). Whole-cell currents in oocytes dialyzed with

AMP-PNP or an ATP-free solution were significantly higher
(P 
 0.001) than those in oocytes dialyzed with ATP.

During dialysis with pipette solutions containing meta-
bolic inhibitors, oocytes shrank slightly. The mean � SE rel-
ative volumes measured 5 min after whole-cell access was
obtained on oocytes dialyzed with 2 mM ATP, 2 mM AMP-
PNP, or an ATP-free pipette solution were 0.94 � 0.02,
0.94 � 0.01, and 0.93 � 0.03 (n 	 4 to 5), respectively.
These results indicate that current activation in oocytes dia-
lyzed with ATP-free solutions is due to ATP depletion
rather than cell swelling.

ATP depletion is expected to decrease net protein phos-
phorylation by reducing or eliminating kinase activity. To
further examine the dependence of CLH-3 activity on ki-
nase function, we dialyzed cells with an Mg2�-free pipette
solution containing 10 mM EDTA. Magnesium is an essen-
tial cofactor required for kinase activity (Saris et al., 2000).
As shown in Fig. 2 C, removal of intracellular Mg2� induced
a rapid transient activation of current. The mean � SE peak
current density observed under Mg2�-free conditions was
–43 � 11 pA/pF at –70 mV (n 	 7). No swelling was ob-
served during dialysis of oocytes with a Mg2�-free pipette so-
lution. Mean � SE relative cell volume was 0.94 � 0.01 (n 	
4) 5 min after obtaining whole-cell access.

Inhibition of serine/threonine phosphatases blocks 
swelling- and meiotic maturation–induced activation 
of CLH-3
Protein phosphorylation depends not only on the activity of
kinases, but also on protein phosphatase (PP) function.
Therefore, we examined the effect of phosphatase inhibitors

Figure 3. Serine/threonine phosphatase 
inhibitors inhibit swelling-induced 
activation of CLH-3. (A) Effect of CA and 
OA on swelling-induced activation of 
CLH-3. Oocytes were incubated with 
100 nM CA in egg buffer for 15–20 min 
before they were patch clamped and 
swollen by exposure to hypotonic 
medium. OA was included in the patch 
pipette solution. Oocytes were dialyzed 
with 1 �M OA for 10–13 min or 10 �M 
OA for 1 min before induction of swelling. 
Swelling-induced currents were 
recorded when they had stabilized 
(8–28 min after exposure of oocytes to 
hypotonicity). Values are means � SE 
(n 	 3–7). *P 
 0.001 compared with 
oocytes exposed to DMSO alone.

Table I. Characteristics of whole-cell current in metabolically poisoned oocytes isolated from worms injected with buffer or clh-3 dsRNA

Buffer inject control clh-3 dsRNA inject

Initial whole-cell current density at –70 mV �26 � 8 pA/pF �2.9 � 1.0 pA/pFa

Voltage sensitivity
�1 @�120 mV 255 � 16 ms ND
�2 @�120 mV 28 � 3 ms ND

% inhibition by 10 mM Zn2+ 86 � 1% ND

aCurrent is significantly (P 
 0.02) different compared to that in oocytes isolated from buffer-injected worms.
Oocytes were incubated in egg buffer containing 5 mM DG and 1 mM rotenone for 15–40 min and then patch clamped in NMDG-Cl bath solution
containing the same metabolic inhibitors.  Values are means � SE (n = 4). 
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on swelling-induced activation of CLH-3 current. Calyculin
A (CA) inhibits the serine/threonine phosphatases PP1 and
PP2A at nanomolar concentrations (Ishihara et al., 1989).
Pretreatment of oocytes with 100 nM CA in the bathing
medium for 10–20 min inhibited swelling-induced current
activation by �90% (P 
 0.001; Fig. 3 A). Low concentra-
tions of okadaic acid (OA) inhibit PP2A preferentially,
whereas higher concentrations also inhibit PP1 (Cohen et
al., 1989; Ishihara et al., 1989). OA had little effect on cur-
rent activation at concentrations of 100 and 500 nM (un-
published data). However, when oocytes were dialyzed be-
fore swelling with patch pipette solutions containing 1 or 10
�M OA, current activation was inhibited �50 and 90% (P 

0.001), respectively (Fig. 3 A).

Addition of CA to the bathing medium also caused rapid
inhibition of activated channels. As shown in Fig. 3 B, CLH-3
current was activated to approximately half-maximal levels by
swelling, and then 100 nM CA or 0.01% DMSO (control)
was added to the bathing medium. In the presence of DMSO,
CLH-3 continued to activate and current density reached a
mean � SE steady-state level of 110 � 15 pA/pF (n 	 3).
Addition of CA to the bath induced an immediate inactiva-
tion of the current. Taken together, the results in Figs. 1–3
demonstrate that serine/threonine dephosphorylation events
are responsible for activating CLH-3 during cell swelling.

An important physiological signal for activation of CLH-3
in the C. elegans oocyte is resumption of the meiotic cell cy-
cle, a process termed meiotic maturation (Rutledge et al.,
2001). To determine whether maturation-induced current
activation is regulated by protein dephosphorylation, we al-
lowed oocytes to undergo meiotic maturation in vitro.
Shortly before maturation begins, the oocyte nucleus in-
creases in size and migrates to the cell periphery (McCarter
et al., 1999). Oocytes with centrally located nuclei do not
mature after isolation from the gonad. However, when oo-
cytes with off-center nuclei are isolated and placed in a bath
chamber, they undergo meiotic maturation (Rutledge et al.,
2001). A universal hallmark of maturation is nuclear en-
velope breakdown (NEBD; also termed germinal vesicle
breakdown) (Nebreda and Ferby, 2000).

Fig. 4 A shows maturing oocytes incubated in egg buffer
containing 0.01% DMSO or 0.01% DMSO with 100 nM
CA. The mean � SE time after isolation at which NEBD was
observed in control and CA-treated oocytes was 6.0 � 1.5 min
(n 	 4) and 11.3 � 2.4 min (n 	 3), respectively. These times
are not significantly (P � 0.1) different suggesting that CA
does not disrupt events associated with initiation of NEBD.

Oocytes were patch clamped after NEBD had begun.
CLH-3 in oocytes treated with DMSO alone was constitu-
tively active upon obtaining whole-cell access. Current con-
tinued to activate slowly reaching a mean � SE maximum
value of –40 � 7 pA/pF (n 	 8) at –70 mV 7-10 min after
obtaining whole-cell access. The peak current was stable for
1-3 min and then underwent slow inactivation (Fig. 4 B).
No current activation was detected in maturing oocytes
treated with 100 nM CA (Fig. 4, B and C). The mean �
SE current density observed 20–22 min after recordings
were initiated was –3.0 � 1.0 pA/pF (n 	 4). This value
was not significantly (P � 0.2) different from that observed
in nonmaturing oocytes.

The type 1 protein phosphatases CeGLC-7� and � 
mediate swelling- and maturation-induced activation 
of CLH-3
The lower sensitivity of CLH-3 activation to OA versus CA
(Fig. 3) suggests that PP1-type phosphatases function in

Figure 4. Meitoic maturation-induced activation of CLH-3 is 
blocked by the serine/threonine phosphatase inhibitor CA. (A) DIC 
micrographs showing in vitro maturation of oocytes incubated in 
control egg buffer containing 0.01% DMSO and in egg buffer 
containing 0.01% DMSO and 100 nM CA. (B) Examples of meiotic 
maturation-induced activation of CLH-3 current in a control oocyte 
and an oocyte incubated with 100 nM CA. (B) Maximum whole-cell 
Cl� current densities observed in oocytes undergoing meiotic 
maturation in the presence of DMSO or 100 nM CA. Values are 
means � SE (n 	 4–8). *P 
 0.005 compared with oocytes exposed 
to DMSO alone.
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channel regulation (Cohen et al., 1989; Ishihara et al.,
1989). The Proteome BioKnowledge® Library (https://
www.incyte.com/proteome/mainmenu.jsp) identifies the
presence of 38 predicted genes in the C. elegans genome
that encode PP1-related proteins. Transcripts for four of
these genes, Ceglc-7� (F29F11.6), Ceglc-7� (F56C9.1),
C24H11.1, and R13A5.11, have been detected in C. ele-
gans oocytes by microarray analyses (Hill et al., 2000).
CeGLC7�/� are 85 and 91% identical, respectively, to hu-
man PP1�, and have been shown recently to play important
roles in C. elegans meiotic and mitotic cell cycle events (Hsu
et al., 2000; Kaitna et al., 2002; Rogers et al., 2002).
C24H11.1 shares 49% identity with human PP1�, and
R13A5.11 shares 43% identity with human PP1�. We
tested the effect of knockdown of these four PP1-encoding
genes on CLH-3 activation using RNAi. We also examined
the effect of RNAi of F38H4.9, which encodes the single
predicted PP2A catalytic subunit in the C. elegans genome.

Fig. 5 A shows the rates of swelling-induced CLH-3
activation and maximum currents observed in oocytes
from buffer- or dsRNA-injected worms. Knockdown of
C24H11.1, R13A5.11, or F38H4.9 had no significant (P �
0.05) effect on channel activation. However, disruption of
Ceglc-7� and Ceglc-7� expression reduced significantly (P 

0.05) the rate of CLH-3 activation by 40–50%.

The partial inhibitory effect of Ceglc-7� and � suggests
that the two phosphatases may have complementary roles
and dephosphorylate common substrates as proposed re-
cently for the regulation of C. elegans histone H3 phosphor-
ylation (Hsu et al., 2000). Therefore, we examined the
effect of coinjection of Ceglc-7�/� dsRNAs on CLH-3
activity. As shown in Fig. 5 A, the rate of swelling-induced
current activation and maximum current were inhibited
by �90 and 75% (P 
 0.01), respectively, in oocytes iso-
lated from coinjected worms. In contrast, coinjection of
C24H11.1 and R13A5.11 dsRNAs did not alter current ac-
tivation. This result indicates that inhibition of CLH-3 by
Ceglc-7�/� RNAi is not due to nonspecific effects of coinjec-
tion of multiple dsRNA species.

As discussed earlier, an important signal for activation of
CLH-3 in vivo is meiotic cell cycle progression. To determine

whether CeGLC-7� and � regulate maturation-induced
channel activation, we isolated oocytes with off-center nu-
clei from buffer-injected and Ceglc-7�/� dsRNA-coinjected
worms and allowed them to undergo meiotic maturation
in vitro. Mean � SE initial whole-cell current density was
–45 � 14 pA/pF in maturing oocytes from buffer-injected
worms. The current continued to activate during patch clamp
recording and reached a maximum level of –75 � 8 pA/pF
5 � 1 min (n 	 4) after obtaining whole-cell access.

NEBD appeared to progress normally in vitro when oo-
cytes with off-center nuclei were isolated from Ceglc-7�/�
dsRNA coinjected worms. However, activation of CLH-3
was suppressed dramatically by knockdown of the two phos-
phatases (Fig. 5 B). The initial whole-cell current density
and current density measured 5 min after obtaining whole-
cell access in oocytes from dsRNA coinjected worms were
not significantly (P � 0.9) different from that measured in
nonmaturing oocytes (compare Figs. 1 C and 5 B). Mean �
SE whole-cell current density measured 14–36 min after ob-
taining whole-cell access was –12 � 4 pA/pF (n 	 4).

Taken together, the results in Fig. 5 demonstrate that
CeGLC-7� and � function in the signaling pathways that
activate CLH-3 during cell swelling and meiotic cell cycle
progression. The simplest interpretation of the data is that
the two phosphatases are capable of dephosphorylating one
or more common substrates that regulate channel activation.
Alternatively, CLH-3 may be regulated by parallel signaling
pathways in which CeGLC-7� and � function indepen-
dently from one another.

ClC-2 activity is regulated by serine/threonine 
phosphorylation and dephosphorylation
Human T84 intestinal cells express a volume-sensitive ClC-
2-like current that is activated by ATP depletion. In addi-
tion, swelling-induced activation of the current is inhibited
by CA and also by higher concentrations of OA (Fritsch and
Edelman, 1997). Given the similarity of these results to our
findings with CLH-3, we wanted to determine directly if
ClC-2 is regulated by phosphorylation and dephosphoryla-
tion events. HEK293 cells were transiently transfected with

Figure 5. CLH-3 is regulated by the 
PP1-type phosphatases CeGLC-7� and 
CeGLC-7�. (A) Effects of buffer injections 
or injection of various dsRNAs on the 
rate of CLH-3 activation and maximum 
steady-state current triggered by oocyte 
swelling. Rates of oocyte swelling were 
unaffected by dsRNA injections 
(unpublished data). Values are means 
� SE Numbers of oocytes recorded 
from are shown in each bar. *P 
 0.05, 
**P 
 0.01, ***P 
 0.001 compared 
with oocytes from buffer-injected 
worms. (B) Effects of buffer injection or 
coinjection of Ceglc-7� and Ceglc-7� 
dsRNAs on CLH-3 current activated 
during oocyte meiotic maturation. Values 
are means � SE (n 	 4). All injections were performed at least two separate times. Buffer injections were performed in parallel with all dsRNA 
injections. *P 
 0.02, **P 
 0.0001 compared with oocytes from buffer-injected worms. Injection of Ceglc-7�, Ceglc-7�, F38H4.9 dsRNAs, 
or coinjection of Ceglc-7�/� dsRNAs caused embryonic lethality as described (Sieburth et al., 1999; Hsu et al., 2000; Piano et al., 2000).
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GFP cDNA alone or with a combination of GFP and rat
ClC-2 cDNAs. GFP-expressing cells showed no ClC-2 ac-
tivity under basal conditions or after cell swelling (unpub-
lished data). However, cells expressing ClC-2 exhibited ro-
bust inwardly rectifying Cl� currents that were activated
by strong hyperpolarization (Fig. 6 A). Mean steady-state
whole-cell Cl� current density at –140 mV was –158 � 31
pA/pF (n 	 9) in ClC-2–transfected cells.

HEK293 cells were ATP depleted by exposure to 5 mM
2-DG and 1 �M rotenone for 15–25 min and then patch
clamped with an ATP-free pipette solution containing 40
�M oligomycin, 20 �M rotenone, and 5 �M iodoacetate.
Mean � SE steady-state current density observed imme-
diately after obtaining the whole-cell configuration was
–373 � 29 pA/pF (n 	 6) at –140 mV. This value is ap-
proximately 2.5-fold higher than that observed in control
cells (Fig. 6 B).

When ClC-2–transfected HEK293 cells were swollen, we
observed a rapid increase in ClC-2 current. However, with
long periods of cell swelling, the ubiquitous, outwardly recti-
fying chloride current (ICl,swell) (Strange et al., 1996; Nilius et
al., 1997; Okada, 1997) was activated (unpublished data).
To avoid contamination of current traces with ICl,swell, we
quantified ClC-2 current 1 min after exposure of cells to hy-
potonic bath medium. This brief period of cell swelling in-
creased whole-cell current density at –140 mV from a mean
initial value of –191 � 46 pA/pF to –409 � 61 pA/pF (n 	
3). When cells were exposed to a bath solution containing
100 nM CA for 6–15 min and then patch clamped with a
pipette solution also containing 100 nM CA, swelling-
induced current was inhibited �85% (Fig. 6 C). Taken to-
gether, the data in Fig. 6 demonstrate that activation of
ClC-2 is regulated by serine/threonine dephosphorylation.

Discussion
ClC channels function in organisms as diverse as bacteria,
plants, and vertebrate animals. In humans, mutations in

four ClC genes give rise to muscle, kidney, and bone disor-
ders (George et al., 2001; Jentsch et al., 2002). Despite their
obvious physiological importance, relatively little is known
about how ClC channels are regulated. The studies pre-
sented here demonstrate clearly that the C. elegans ClC
channel, CLH-3, is activated by serine/threonine dephos-
phorylation events during oocyte meiotic maturation and in
response to oocyte swelling. Dephosphorylation is mediated
by the PP1 orthologues CeGLC-7� and �. The target of
these phosphatases is unknown, but may include the chan-
nel itself and/or associated regulatory proteins.

Regulation of ClC channels by phosphorylation events
Phosphorylation events have been shown previously to regu-
late various ClC channel types, but the signaling pathways
involved and the physiological context under which this reg-
ulation might occur are unknown. For example, human
ClC-1 heterologously expressed in HEK293 cells is inhib-
ited by protein kinase C activation (Rosenbohm et al.,
1999). Similarly, ClC-1–like Cl� currents in mouse muscle
fibers are activated by staurosporine, a broadly selective pro-
tein kinase inhibitor (Chen and Jockusch, 1999). Dialysis of
cells patch clamped in the whole-cell mode with autono-
mously active calcium/calmodulin-dependent protein kinase
II activates heterologously expressed human ClC-3 (Huang
et al., 2001). Guinea pig ClC-3 is inhibited by protein ki-
nase C– or A-dependent phosphorylation of the channel
protein (Duan et al., 1999; Nagasaki et al., 2000).

Phosphorylation events also play a role in regulation of
ClC-2. For example, a native ClC-2–like current in T84
cells is activated by intracellular ATP depletion (Fritsch and
Edelman, 1996). Swelling-induced activation of the current
is inhibited by CA and higher concentrations of okadiac acid
suggesting that a PP1 functions in channel regulation
(Fritsch and Edelman, 1997). These results are strikingly
similar to our findings on CLH-3 (Figs. 1–3) as well as het-
erologously expressed rat ClC-2 (Fig. 6).

Figure 6. ClC-2 is activated by protein 
dephosphorylation events. (A) Examples of whole-
cell currents observed a cell exposed to metabolic 
inhibitors and dialyzed with an ATP-free pipette 
solution (ATP-depleted) and in a separate cell under 
isotonic conditions (Control) and 1 min after cell 
swelling (Hypotonic). Membrane potential was held 
at –50 mV. Step changes in whole-cell currents were 
elicited by stepping membrane voltage from �140 
mV to �80 mV in 20 mV steps from a starting 
potential of 0 mV. Currents were normalized to cell 
capacitance for comparison. (B) Chloride current 
densities observed immediately after obtaining the 
whole-cell configuration in control HEK293 cells or 
cells exposed to metabolic inhibitors and an ATP-free 
pipette solution. Values are means � SE (n 	 6–9). 
*P 
 0.0003 compared with control cells treated 
with DMSO alone. (C) Percent swelling-induced 
increase in whole-cell Cl� current density in control 
cells and cells exposed to 100 nM CA. Steady-state 
currents were measured at –140 mV. Values are 
means � SE (n 	 6–7). *P 
 0.0001 compared with 
control cells treated with DMSO alone.
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Ascidian embryos express a swelling- and hyperpolariza-
tion-activated inwardly rectifying Cl� current with biophysi-
cal properties similar to those of CLH-3 and ClC-2. The
physiological functions and molecular identity of the ascid-
ian channel are unknown, but current levels increase nearly
tenfold during entry into M-phase of the mitotic cell cycle
(Block and Moody, 1990; Coombs, et al., 1992). An inhibi-
tor of cell cycle–dependent kinases, 6-dimethylaminopurine,
increases current amplitude suggesting that, like CLH-3, the
channel is activated by protein dephosphorylation events
(Villaz et al., 1995).

Recently, Furukawa et al. (2002) demonstrated that rabbit
ClC-2 is phosphorylated at serine 632 by the M-phase spe-
cific cyclin-dependent kinase (CDK) p34cdc2/cyclin B.
Serine 632 is located within a CDK phosphorylation con-
sensus site on the COOH terminus of the channel. Phos-
phorylation of serine 632 dramatically inhibits ClC-2 activ-
ity. CDK phosphorylation consensus sites are present on the
COOH terminus of the CLH-3 cDNA cloned by Nehrke
and coworkers (Nehrke et al., 2000) suggesting that CDKs
may regulate channel activity.

Regulation of CLH-3 and ClC-2 by type 1 
protein phosphatases
Type 1 protein phosphatases have been shown to play criti-
cal roles in regulating mitotic and meiotic cell cycle events
in a variety of organisms (Berndt, 1999; Varmuza et al.,
1999; Bollen and Beullens, 2002). Our RNAi studies demon-
strate clearly that dephosphorylation-dependent activation
of CLH-3 during oocyte meiotic maturation and in response
to oocyte swelling are mediated by the PP1-type phos-
phatases CeGlC-7� and � (Fig. 5). These phosphatases have
been shown previously to play important roles in mitotic
and meiotic cell cycle progression in C. elegans. Hsu et al.
(2000) demonstrated that CeGLC-7� and � function to-
gether with the aurora kinase AIR-2 to regulate histone H3
phosphorylation. Regulation of histone phosphorylation in
turn plays a critical role in controlling chromosome dynam-
ics during meiotic and mitotic divisions. CeGLC-7� and �
have also been shown to directly or indirectly antagonize
AIR-2–dependent phosphorylation of the meiotic cohesin
REC-8 (Rogers et al., 2002). Alterations in REC-8 function
disrupt meiotic chromosome segregation. For example, early
separation of sister chromatids at the onset of anaphase I
is observed when Ceglc-7�/� expression are disrupted by
RNAi. Kaitna et al. (2002) have also observed premature
chromatid separation after disruption of Ceglc-7�/� expres-
sion and have suggested that this effect is dependent on the
activity of the SEP-1 separase.

It is interesting to note that Furukawa et al. (2002) dem-
onstrated recently by yeast two-hybrid analyses that rat
PP1� and PP1� interact with the COOH terminus of rab-
bit ClC-2. These two phosphatases share 85–93% amino
acid identity with CeGLC-7� and �. Given the critical roles
of CeGLC-7� and � in dephosphorylation-dependent acti-
vation of CLH-3 and the regulation of ClC-2 function by
serine/threonine phosphorylation (Fig. 6; Furukawa et al.,
2002), it seems likely that mammalian PP1� and PP1� acti-
vate ClC-2 by dephosphorylating the channel and/or associ-
ated regulatory proteins.

Are CLH-3 and ClC-2 orthologues?
Orthologues are genes in different species that arose from a
common ancestor and that carry out similar physiological
roles (Remm et al., 2001). We have suggested previously
that CLH-3 and ClC-2 are orthologues (Rutledge et al.,
2001; Strange, 2002). The studies described here as well as
recent findings on ClC-2 further strengthen this hypothesis.
CLH-3 and ClC-2 share 40% amino acid identity, are acti-
vated by cell swelling, and have biophysical and pharmaco-
logical properties that are strikingly similar (for review by
Strange, 2002). ClC-2 is expressed widely in mammalian
cells and tissues and mRNA levels are particularly high
in the brain, kidney, and intestine (Jentsch et al., 2002).
CLH-3 is expressed in the excretory cell (the worm kidney),
intestine, hermaphrodite-specific neurons, enteric muscles,
uterus (Schriever et al., 1999; Nehrke et al., 2000), and oo-
cytes (Rutledge et al., 2001).

Like CLH-3, ClC-2 is activated by serine/threonine de-
phosphorylation events that are possibly mediated by type 1
protein phosphatases (Figs. 1–6; Furukawa et al., 2002). Ac-
tivation of CLH-3 in the C. elegans oocyte occurs during
meiotic maturation (Fig. 4; Rutledge et al., 2001). In ascid-
ian embryos, a ClC-2–like current is activated during
M-phase of mitosis (Block and Moody, 1990; Coombs et al.,
1992; Villaz et al., 1995). Heterologously expressed rabbit
ClC-2 is inhibited by M-phase–specific CDK-mediated
phosphorylation (Furukawa et al., 2002).

ClC-2 has been postulated to carry out a number of physi-
ological functions, including transepithelial transport, cell
volume regulation, and regulation of intracellular Cl� in neu-
rons (George et al., 2001; Jentsch et al., 2002). However,
knockout of ClC-2 in mice has no readily apparent gross ef-
fect on these physiological processes. Instead, ClC-2 knock-
out causes the retina and testes to degenerate progressively re-
sulting in blindness and male sterility (Bösl et al., 2001).

C. elegans oocytes are surrounded by and coupled via gap
junctions to smooth muscle-like sheath cells (Hall et al.,
1999). During meiotic maturation, sheath cells contract
forcefully driving the oocyte into the spermatheca where it is
fertilized. Ovulatory contractions are triggered by the matur-
ing oocyte (McCarter et al., 1999). Meiotic maturation also
triggers activation of CLH-3 via CeGLC-7�/�-mediated
protein dephosphorylation (Figs. 4 and 5). We have shown
previously that knockdown of CLH-3 expression by RNAi

disrupts the timing of sheath cell ovulatory contractions
(Rutledge et al., 2001). We have suggested that channel acti-
vation depolarizes the oocyte and gap junction–coupled
sheath cells and that depolarization may modulate Ca2� sig-
naling pathways that control sheath contractility (Rutledge
et al., 2001; Strange, 2002). Additional studies using a vari-
ety of approaches including phosphatase knockdown by
RNAi combined with in vivo measurements of channel ac-
tivity, membrane potentials, sheath contractility and sheath
cell Ca2� signaling are warranted and may shed further light
on CLH-3 regulation and its precise physiological function.

What do the C. elegans hermaphrodite gonad and mam-
malian testis and retina have in common? All three organs
contain cell types that interact closely with and are function-
ally dependent upon one another. The worm gonad and se-
miniferous tubule are reproductive tissues that contain germ
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cells critically dependent on the precise timing and function-
ing of developmental pathways and the meiotic cell cycle. Se-
miniferous tubules are comprised of Sertoli cells and devel-
oping sperm cells. Sertoli cells control development of
spermatogonia into spermatozoa by direct, cell–cell physical
interaction, by secretion of growth factors and nutrients, and
by controlling the ionic environment within the seminifer-
ous tubule lumen (Grandjean et al., 1997; Griswold, 1998). In
an analogous fashion, oocytes are coupled to sheath cells via
gap junctions and functional interactions between the two
cell types is essential for regulating oocyte development, mei-
otic cell cycle events, and ovulation (Greenstein et al., 1994;
Rose et al., 1997; Hall et al., 1999; McCarter et al., 1999).

The vertebrate retina is composed of four main cellular
layers that interact closely and communicate with each
other. Outer segments of rod and cone photoreceptor cells
are in direct contact with and surrounded by the apical
membrane of the RPE. This close interaction is essential for
photoreceptor function and survival. RPE cells provide nu-
tritional support to photoreceptors and they phagocytose
and degrade rhodopsin-containing membrane-bound discs
that are shed continually from the tips of these cells
(Nguyen-Legros and Hicks, 2000). Bösl et al. (2001) have
suggested that ClC-2 may regulate local ionic environments
essential for cell survival and function in the seminiferous
tubule and retina. However, it is also conceivable that ClC-2
may play a signaling role in these tissues analogous to what
we have proposed for CLH-3 in the C. elegans gonad
(Strange, 2002).

Nematodes are estimated to have diverged from other
metazoans 600–1,200 million years ago (Blaxter, 1998).
The conservation of the functional properties and primary
structure of CLH-3 and ClC-2 over such vast evolutionary
distances suggests that the channels may play important
roles in conserved cell cycle–dependent physiological pro-
cesses and heterologous cell–cell interactions and communi-
cation. Detailed molecular characterization of CLH-3 func-
tion and regulation in nematodes will likely continue to
provide unique insights into ClC-2 specifically, and ClC an-
ion channels in general.

Materials and methods
C. elegans strains
The N2 (Bristol) C. elegans strain was cultured at 20�C using standard
methods (Brenner, 1974).

Isolation of oocytes
Gonads were isolated by placing single nematodes in egg buffer (118 mM
NaCl, 48 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 25 mM Hepes, pH 7.3, 340
mOsm) and cutting them behind the pharyngeal bulb and in front of the
spermatheca using a 26-gauge needle. Isolated gonads were transferred to
a patch clamp bath chamber. Late stage oocytes were spontaneously re-
leased from the cut end of the gonad.

Patch clamp recordings and oocyte volume measurements
Oocytes were allowed to attach to the cover slip bottom of a bath chamber
mounted onto the stage of an inverted microscope. Patch electrodes were
pulled from 1.5-mm outer diameter silanized borosilicate microhematocrit
tubes. Currents were measured with an Axopatch 200B (Axon Instruments)
patch clamp amplifier using a bath solution containing 116 mM NMDG-
Cl, 2 mM CaCl2, 2 mM MgCl2, 25 mM Hepes, and 71 mM sucrose (pH
7.3, 340 mOsm) and a pipette solution containing 116 mM NMDG-Cl, 2
mM MgSO4, 20 mM Hepes, 6 mM CsOH, 1 mM EGTA, 48 mM sucrose, 2

mM ATP, and 0.5 mM GTP (pH 7.2, 315 mOsm). Oocytes were swollen
by exposure to a hypotonic (260 mOsm) bath solution that contained no
added sucrose. Metabolic and phosphatase inhibitors were dissolved as
stock solution in DMSO and then added to pipette or bath solutions at a fi-
nal DMSO concentration of 
0.01%.

Electrical connections to the patch clamp amplifier were made using
Ag/AgCl wires and 3 M KCl/agar bridges. Data acquisition and analysis
were performed using pClamp 8 software (Axon Instruments). Changes in
whole-cell current were monitored by ramping membrane potential from
�80 to �80 mV at 80 mV/s every 5 s. Whole-cell currents and volume
changes were measured simultaneously in single oocytes. Patch-clamped
oocytes were visualized by video-enhanced DIC microscopy. Oocytes
have a spherical morphology and relative cell volume change was deter-
mined as (experimental CSA/control CSA)3/2, where CSA is the cell cross-
sectional area measured at a single focal plane located at the point of max-
imum oocyte diameter. DIC images were recorded by CCD camera on
video tape and CSA measured offline by image processing.

RNA interference
dsRNA was synthesized using established methods (Fire et al., 1998).
Briefly, DNA templates were obtained by PCR and sense and antisense
RNA synthesized by T7 polymerase (MEGAscript; Ambion). Template
DNA was digested with DNaseI and RNA was precipitated with 3 M so-
dium acetate and ethanol. Precipitated RNA was washed with 70% etha-
nol, air-dried, and dissolved in water. RNA size, purity, and integrity were
assayed on agarose gels. dsRNA was formed by annealing sense and anti-
sense RNA at 65 �C for 30 min. Annealed dsRNA was diluted into potas-
sium citrate buffer for injection. Worms were injected in one gonad arm
with �1,000,000 molecules of dsRNA or with a similar volume of potas-
sium citrate buffer. For coinjection studies, worms were injected with
�500,000 molecules of two different dsRNA species. The open reading
frame locations of each dsRNA used were as follows: clh-3, bp 1-847;
Ceglc-7�, bp 60-949; Ceglc-7�, bp 136-935; R13A5.11, bp 51-745;
C24H11.1, bp 417-1118; and F38H4.9, bp 149-850.

Transient expression and patch clamp recording of rat ClC-2
HEK293 (human embryonic kidney) cells were cultured in Eagle’s minimal
essential medium (MEM; GIBCO BRL) containing 10% heat-inactivated
horse serum (GIBCO BRL), 50 U/ml penicillin, and 50 �g/ml streptomycin.
Cells grown in 35-mm dishes to �50% confluency were transfected using
LipofectAMINE 2000 (Invitrogen) with either 2 �g GFP cDNA ligated into
pcDNA3 or 1 �g GFP cDNA and 1 �g rat ClC-2 cDNA ligated into
pFROG. After overnight incubation, the transfection medium was replaced
with MEM. Patch clamp experiments were performed 24–48 h after trans-
fection using a bath solution containing 90 mM NMDG-Cl, 5 mM MgSO4,
1 mM CaCl2, 12 mM Hepes, 8 mM Tris, 5 mM glucose, and 2 mM
glutamine (pH 7.4, 295 mOsm), and a pipette solution containing 116 mM
NMDG-Cl, 2 mM MgSO4, 20 mM Hepes, 6 mM CsOH, 1 mM EGTA, 2
mM ATP, 0.5 mM GTP, and 10 mM sucrose (pH 7.2, 275 mOsm). Cells
were swollen by exposure to a hypotonic (225 mOsm) bath solution that
contained no added sucrose.

Statistical analyses
Data are presented as means � SE. Statistical significance was determined
using Student’s two-tailed t test for unpaired means or analysis of variance
with a Tukey post test. P values of 
0.05 were taken to indicate statistical
significance.
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