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the mandibles on the basis of tooth structure. They show that
the skull was flat-snouted, as in panderichthyids and early
tetrapods; unlike the skull of Panderichthys (my unpublished
observation), they carry a tetrapod-like ornament of radially
arranged, irregular pits and ridges.

The Scat Craig tibia represents the earliest known tetrapod-
type hindlimb, the jaws belong to an animal apparently more
closely related to tetrapods than Panderichthys or any other
known fish, and the humerus possesses a suite of tetrapod
characters. It is tempting to assume that they are parts of the
same organism; their sizes are compatible, and the number of
jaw fragments is large enough to suggest that the apparent
absence of more than one tetrapod-like form is not due to
sampling error. But although the tibia clearly belongs to a leg,
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SKELETAL muscle is unusual in that 70-85% of resting membrane
conductance is carried by chloride ions'. This conductance is
essential for membrane-potential stability, as its block by 9-
anthracene-carboxylic acid and other drugs causes myotonia®>.
Fish electric organs are developmentally derived from skeletal
muscle, suggesting that mammalian muscle may express a
homologue of the Torpedo mamorata electroplax chloride
channel**. We have now cloned the complementary DNA encoding
a rat skeletal muscle chloride channel by homology screening to
the C1~ channel from Torpedo® (Fig. 1a). It encodes a 994-amino-
acid protein which is about 54% identical to the Torpedo channel
and is predominantly expressed in skeletal muscle. Messenger
RNA amounts in that tissue increase steeply in the first 3-4 weeks
after birth, in parallel with the increase in muscle CI~ conduct-
ance®. Expression from cRNA in Xenopus oocytes leads to 9-
anthracene-carboxylic acid-sensitive currents with time and voltage
dependence typical for macroscopic muscle C1™ conductance. This
and the functional destruction of this channel in mouse myotonia’
suggests that we have cloned the major skeletal muscle chloride
channel.

We have called the cloned channel CIC —1 to distinguish it

* To whom correspondence should be addressed.
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from the Torpedo channel (CIC-0)* and a recently cloned
different mammalian C1~ channel, CIC-2 (A. Thiemann, S.
Griinder, M. Pusch and T.J.J., manuscript in preparation). The
predicted protein (994 amino acids, relative molecular mass
110,000 (M., 110K)) is larger than the Torpedo Cl~ channel
(~89K)*. This is due to amino- and carboxy-terminal extensions
and to an insertion between domains D12 and D13. Hydropathy
analysis® (Fig. 1b) suggests a topology similar to the Torpedo
C17 channel. The greatest homology with the Torpedo protein
is in putative membrane spans and adjacent regions. There is
also considerable conservation of D13, which, by hydropathy,
is a poor candidate for a transmembrane segment. This suggests
that D13 is functionally important. Indeed, truncating the Tor-
pedo channel between D12 and D13 renders it nonfunctional
in the oocyte (K.S., C. Schmekal and T.J.J., unpublished
observation).

The tissue distribution of CIC-1 was examined by northern
analysis (Fig. 2a). A prominent band of about 4.5 kilobases (kb)
was present in skeletal muscle. Faint bands of identical size
were detected in kidney, liver, heart and in the smooth muscle
cell line A10 (ref. 9). Thus, CIC-1is predominantly, but probably
not exclusively, expressed in skeletal muscle.

In rats, muscle C1~ conductance increases steeply during the
first few weeks after birth®. CIC-1 mRNA amounts in muscle
increase rapidly between days 1 and 30 after birth (Fig. 2b),
suggesting a rise in channel density as the primary mechanism
of postnatal conductance increase. Developmental changes in
expression are also known for other muscle channels'®™'*| poss-
ibly suggesting similar mechanisms of regulation.

Injection of CIC-1 ¢cRNA into oocytes leads to functional
expression of Cl~ channels open under resting conditions,
thereby clamping the oocyte membrane to the chloride equili-
brium potential (=20 to —30 mV). Conductance is nearly linear
between —80 and —20 mV, but decreases at more positive values
(Fig. 3). At voltages more negative than about —80 mV, currents
become progessively time-dependent. Hyperpolarizing voltage
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FIG.1 Sequence and structural prediction for the rat skeletal muscle chloride
channel (CiIC-1). a Nucleotide sequence of CIC-1 and alignment of its
deduced amino-acid sequence (single-letter code) with that of the CI™ channel
from T. marmorata electroplax (CIC-0). The initiator methionine was assig-
ned to the first ATG downstream of a stop codon in the frame. It is surrounded
by sequences suitable for eukaryotic initiation of translation®2. The first
nucleotide and amino acid of the translation start are designated as position
1. Putative transmembrane domains D1 to D13 are underlined. Identical
residues are boxed. Gaps are introduced to maximize alignment. *, Potential
N-linked glycosylation sites. Compared with CIC-0, the site after D8 is
conserved, though it was thought to be cytoplasmic. As in Torpedo, another
site is found after D13 (but at a different position). An additional site exists
between D12 and D13. A consensus phosphorylation site for kinase A (Ser
682) is present somewhat downstream compared with Torpedo. A striking
feature of the segment between D12 and D13 is a highly negatively charged
stretch (beginning at residue 709) of seven alternate Asp and Glu residues
followed by a cluster of Pro residues. b, Hydrophobicity analysis of the rat
skeletal muscle chloride channel protein. The mean hydrophobic index of a
nonadecapeptide was calculated® and plotted as a function of amino-acid
number. Putative membrane-spanning domains are indicated by boxes and
numbered from 1-13.

METHODS. An oligo (dT)-primed Agt10 cDNA library from rat skeletal muscle
(Clontech) was screened with radiolabelied 7. marmorata Cl”-channel clone
7134 (ref. 4) under reduced stringency (25% formamide, 5xSSC, 5x Den-
hardt’s and 0.1% SDS at 42 °C). Additional clones were obtained by rescreen-
ing under high-stringency conditions. The complete sequence of CIC-1 was
obtained from four overlapping partial cDNA clones (clones Am59, Am49,
Am13 and Am26). Both strands were completely sequenced with T7 DNA
polymerase (Pharmacia). Partial sequence was also obtained from other
independent clones. it is identical to the one shown, with the following
exceptions: clone Am30 has a T instead of a C at position 1,724, changing
the amino acid from P to L; and Am14 has a T instead of a C at position
1,055, changing an A to a V. The sequence has been deposited in the
EMBL/Genbank database (accession number X62894).
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FIG. 2 Tissue distribution and developmental induction of chloride channel
CIC-1. a Expression of CIC-1 mRNA in different adult rat tissues as
determined by northern analysis. Fragment lengths of a denatured 2P-
labelled DNA size standard (BRL) are shown on the left. b, Changes in CIC~-1
mRNA amounts during skeletal muscle development. Northern analysis of
mRNA isolated from rat skeletal muscle taken 1, 5, 10, 15, 20 and 30 days
after birth (labelled P1 to P30) is shown. Lower part shows hybridization
with y-actin of the same blot to control for equal loading and absence of
degradation.

METHODS. RNA was isolated from different rat tissues and A10 cells (a rat
aorta smooth muscle cell line (ATCC CRL 1476)° and enriched for poly(A)
tracts. Poly(A)" RNA (10 ug per lane) was electrophoresed on 1% agarose
gels containing formaldehyde, blotted and analysed using a full-length CIC-1
probe and standard techniques. Absence of degradation and equal amount
of loading was tested by staining with ethidium bromide and control hybridiz-
ation with y-actin.

a b
I {nA) (nA)
+2 1 +2 —— =
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FIG. 3 Functional expression of CIC-1 chloride channel in Xenopus oocytes.
a, b, Standard two-electrode voltage clamp traces from oocytes previously
injected with CIC-1 cRNA. a, Qocyte measured in normal saline (ND96)2°.
b, The same oocyte measured about 15 min after bath application of 0.1 mM
9-AC. Inhibition by 9-AC needed several minutes to fully develop and was
faster at higher concentrations. Inset (above b), voltage-clamp programme.
From a holding potential of —30 mV, voltage was clamped for intervals of
4 s each to values between +80 and —140 mV. Superimposed traces in a
and b represent currents injected into oocytes. ¢, Quasi-steady-state cur-
rent-voltage relationship taken from experiment in a after a ciamp time of
4 s, d Current-voltage relationships of a different oocyte in normal saline
ND96 (containing 103 mM Cl 7} (<), about 15 min after application of 0.1 mM
9-AC (OJ) and in low-chloride ND96 (7 mM ClI~, 96 mM cyclamate ™) (O).
METHODS. A full-length CIC-1 cDNA clone (F3) was assembled by ligating
the 5’ clone Am59 at a Sspl site (at base pair (bp) 205) to clone Am49,
followed by ligation to clone Am13 at a BspEl site (bp 1,010), and then to
AM26 (which extends beyond the stop codon at position 2,983) at the Sall
site (2,099 bp). As cRNA from that construct could not be expressed in
occytes, we used recombinant polymerase chain reaction (PCR)?* to replace
the muscle 5’ untranslated sequence by 5’ untranslated sequence derived
from CIC-0 clone 7134 (ref. 4). This does not change any amino acid. The
sequence of the fragment generated by PCR (ligated to F3 at the bp 205
Sspl site) was fully verified. Capped cRNA was synthesized from this
construct using T3 RNA polymerase after linearization of the construct.
Xenopus laevis oocytes were prepared and injected®® with 5-10 ng cRNA
and measured 2 days later by two-electrode voltage clamp using pClamp
software. The holding potential of —30 mV (chosen to be close to the resting
voltage and chioride equilibrium potential) was constantly applied during the
intervals (20 s) between individual voltage pulses.
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steps initially elicit large currents, which then decay rapidly.
The rate of deactivation increases with hyperpolarization. In
this voltage range, steady-state currents actually decrease with
hyperpolarization after passing through a maximum near
—100 mV (Fig. 3¢). Both observations agree remarkably well
with studies on macroscopic skeletal muscle CI™
conductance’-'®. Currents are predominantly carried by Cl°, as
partial replacement of extracellular CI~ by impermeant cycla-
mate” reduces overall current and shifts the reversal potential
(I =0) towards the new Cl -equilibrium potential (Fig. 3d).
Further, conductance is >80% inhibited by 0.1 mM 9-
anthracene-carboxylic acid (9-AC) (Fig. 3¢, d), a Cl™-channel
inhibitor. Similar observations were made with macrosopic
muscle CI~ conductance, where application of 9-AC elicits
myotonia®>.

There are several functional differences between this and the
Torpedo channel, one being the sensitivity of 9-AC (CIC-0 is
inhibited <50% by 2 mM 9-AC (T.J.J. and G. Schwarz, unpub-
lished results). Although a decrease in open-probability at nega-

tive voltages, as observed with CIC-0, may also explain the
current decrease with hyperpolarization for CIC-1, probably
the most conspicuous difference is the lack of slow channel
activation by hyperpolarization observed with CIC-0 (ref. 4).
For CIC-0, this reflects a slow opening of a gate operating on
both protochannels of the double-barrelled channel®!’~'°,
Whether this implies that CIC-1 has no double-barrelled struc-
ture remains to be elucidated in single-channel studies. This is
especially important as most patch-clamp studies on muscle C1~
channels were done on undifferentiated myotubes®®*! whereas
there are no single-channel data on the major C1~ channel from
intact differentiated muscle cells.

Thus the muscle C1™ channel CIC-1, although in some regions
highly homologous to the Torpedo channel CIC-0, has distinct
electrophysiological properties. This channel 1is rather
specifically expressed in skeletal muscle and probably provides
the major Cl~ conductance in that tissue. Its importance for
muscle function is best illustrated by the fact that its destruction
in mouse mutants leads to myotonia’. O
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MYOTONIA (stiffness and impaired relaxation of skeletal muscle)
is a symptom of several diseases caused by repetitive firing of
action potentials in muscle membranes’. Purely myotonic human
diseases are dominant myotonia congenita (Thomsen) and recessive
generalized myotonia (Becker), whereas myotonic dystrophy is a
systemic diszase. Muscle hyperexcitability was attributed to
defects in sodium channels®® and/or to a decrease in chloride
conductance (in Becker’s myotonia® and in genetic animal
models®'?). Experimental blockage of Cl~ conductance (normally
70-85% of resting conductance in muscle'’) in fact elicits
myotonia’®. ADR (ref. 12) mice are a realistic animal
model>7'>"'® for recessive autosomal myotonia. In addition to
CI™ conductance’, many other parameters®'>'® are changed in
muscles of homozygous animals. We have now cloned the major
mammalian skeletal muscle chloride channel (CIC-1)'°. Here we
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report that in ADR mice a transposon of the ETn family’>>* has
inserted into the corresponding gene, destroying its coding potential
for several membrane-spanning domains. Together with the lack
of recombination between the Clc-1 gene and the adr locus, this
strongly suggests a lack of functional chloride channels as the
primary cause of mouse myotonia.

We first investigated whether in myotonic mice changes in
the muscle chloride channel gene can be detected by genomic
Southern analysis (Fig. 1). Using a rat muscle Cl™ channel
(CIC-1)" probe, aberrant fragments were indeed found in ADR
(adr/ adr) mice with several restriction nucleases, and with one
enzyme in myotonic mice carrying the allelic mutation adr™°
(ref. 24). No rearrangement was found with the adr® (ref. 25)
allele. With ADR, aberrant fragments were always larger than
the wild-type fragment, suggesting an insertional mutation. A
total of 55 ADR mice were tested. In each of these the 6.6-
kilobase (kb) EcoRI fragment was replaced by the 10.5-kb
fragment, which was never found in any homozygous wild-type
laboratory mouse. In proven heterozygous A2G mice, both the
6.6- and the 10.5-kb fragments were present.

Northern analysis was used to examine CI~ channel messenger
RNAs in various myotonic mouse strains. A probe from the 5
end of CIC-1 detected a roughly 4.5-kb message in skeletal
muscle of both normal mice and myotonic mice homozygous
for adr™° and adr®, whereas several bands were apparent with
adr/adr mice (a roughly 7-8-kb doublet, and another doublet
at about 1.6-2.0 kb) (Fig. 2a, d). Heterozygous (phenotypically
normal) mice (adr/+) additionally had normal transcripts
(about 4.5 kb), which were missing in homozygous (adr/ adr)
muscle. The sizes of the small mRNAs (1.6-2.0kb) are
insufficient to encode a functional C1~ channel'®*. To examine
the adr mutation in detail, a complementary DNA library from
(adr/adr) skeletal muscle was screened with CIC-1 cDNAs'®.
All 11 clones isolated were homologous to the rat muscle CI™-
channel cDNA 5’ to the sequence encoding the ninth putative
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