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Inner Ear Defects Induced by Null Mutation
of the isk Gene

Douglas E. Vetter,* Jeffrey R. Mann,†# acting alone, but coassembles with the protein encoded
by the KvLQT1 gene (Barhanin et al., 1996; SanguinettiPhiline Wangemann,‡# Jianzhong Liu,‡
et al., 1996), a structurally more classical K1 channelK. John McLaughlin,† Florian Lesage,§
subunit. It is unknown at this time whether IsK can coas-Daniel C. Marcus,‖ Michel Lazdunski,§
semble with other K1 channel subunits (for simplicity,Stephen F. Heinemann,* and Jacques Barhanin§

the channel(s) that coassemble with IsK are referred to*The Salk Institute for Biological Studies
herein as the IsK channel). The IsK protein is small (129La Jolla, California
amino acids in mouse), contains a single putative trans-†Beckman Research Institute of the City of Hope
membrane domain, and has nosequence homology withDuarte, California
other cloned channels. The physiology of the IsK chan-‡Cell Physiology Laboratory
nel is also distinct from that of the other cloned K1

Boystown National Research Hospital
channels (for review, see Swanson et al., 1993). IsK cur-Omaha, Nebraska
rents are small and slowly activating and deactivating.§CNRS Institut de Pharmacologie Moleculaire
Activation develops following a delay once the cells areet Cellulaire
depolarized positive to 250 mV. The time course of theValbonne
IsK current is voltage dependent, and deactivation canFrance
typically require seconds to complete. Single channel‖Biophysics Laboratory
conductance is unusually small and has been estimatedBoystown National Research Hospital
to be on the order of 1–6 pS in native inner ear and heartOmaha, Nebraska
cells (Freeman and Kass, 1993; Shen et al., 1996; Tohse,
1990).

The IsK channel is also pharmacologically unique with
Summary respect to the other cloned K1 channels. Thus, while

some compounds that typically block other K1 channels
The isk gene is expressed in many tissues. Pharmaco- can also block the IsK channel at high concentrations
logical evidence from the inner ear suggests that Isk (for review, see Swanson et al., 1993), many blockers
mediates potassium secretion into the endolymph. To of other K1 channels have no effect (Honore et al., 1991).
examine the consequences of IsK null mutation on The IsK channel is blockedby some class III anti-arrhyth-
inner ear function, and to produce a system useful for mic drugs (Folander et al., 1990; Honore et al., 1991;
examining the role(s) IsK plays elsewhere, we have Busch et al., 1994, 1996; Shen et al., 1996), and this,
produced a mouse strain that carries a disrupted isk in combination with its coassembly with KvLQT1, has
locus. Knockout mice exhibit classic shaker/waltzer fueled speculation of a role for IsK in heart arrhythmia.
behavior. Hair cells degenerate, but those of different IsK is expressed in many mammalian tissues, includ-
inner ear organs degenerate at different times. Func- ing the kidney (Takumi et al., 1988), duodenum (Takumi
tionally, we show that in mice lacking isk, the strial et al., 1988), T-lymphocytes (Attali et al., 1992), uterus

(Felipe et al., 1994; Folander et al., 1990), submandibularmarginal cells and the vestibular dark cells of the inner
salivary glands (Sugimoto et al., 1990), heart (Folanderear are unable to generate an equivalent short circuit
et al., 1990; Honore et al., 1991), retinal large ganglioncurrent in vitro, indicating a lack of transepithelial po-
neurons (Tsukahara et al., 1995), corneal epithelial cellstassium secretion.
(Tsukahara et al., 1995), and inner ear (Sakagami et al.,
1991). In epithelial cells that express IsK, the protein isIntroduction
compartmentalized to the apical membrane (Sugimoto
et al., 1990). Thus far, a functional role for IsK has onlyPotassium (K1) channels are found in most excitable
been suggested in the heart and the inner ear. In theand nonexcitable mammalian cells, and can be divided
heart, the extensive similarities between IsK currentsinto a number of distinct families based on structural
expressed in Xenopus oocytes and IKs currents mea-features. All cloned K1 channels have in common multi-
sured in ventricular cells hint at the possibility that IsK

ple transmembrane domains as well as a P-domain,
underlies the very slow component of the cardiac de-

shown to be an essential element of the K1 selective
layed rectifier IK current (for review, see Swanson et al.,

pore and considered to be the signature of a K1 channel 1993). In the inner ear, IsK is located in the marginal
structure (Doupnik et al., 1995; Heginbotham et al.,1994; cells of the stria vascularis in the cochlear duct and in
Jan and Jan, 1994; Lesage et al., 1996; Li et al., 1994; the vestibular dark cells, and seems to be responsible
MacKinnon, 1995; Pascual et al., 1995; Pongs, 1992, for transporting high concentrations of K1 into the fluid
1993). In addition to, but distinct from, these K1 channel bathing the hair cell hair bundles (Marcus and Shen,
families is the IsK protein, which induces a slowly acti- 1994; Shen et al., 1996; Wangemann et al., 1995a), thus
vating voltage-dependent K1 current when expressed in effectively creating a specialized extracellular fluid, the
Xenopus oocytes (Takumi et al., 1988). Recent evidence endolymph, and establishing the ionic environment nec-
has been obtained showing that IsK is not capable of essary for normal hair cell transduction.

To investigate further and more directly the role of the
IsK protein in different tissues in vivo, we used a gene-#These authors contributed equally to the project reported in this

paper. targeting strategy to generate a mouse strain that has
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Figure 1. Targeted Disruption of the isk Gene

(A) Gene structures and restriction maps for
the isk targeting construct, wild-type, and re-
combinant alleles are shown. The black box
represents the region of exon 2 containing the
entire coding sequence included in the
BamH1–Sph1 fragment that is replaced by
the neomycin resistance gene (pGKneo). The
herpes virus thymidine kinase gene (MC1 TK)
is attached to the 59 end of the targeting vector
for negative selection. Restriction sites are:
BamHI (B), EcoRI (E), HindIII (H), SalI (Sa), SphI
(S), and XhoI (X). The locations of the 59- and
39-flanking probes and of the neo probe are
shown as thick lines, and arrows indicate the
SalI–EcoRI and HindIII restriction fragment
sizes for wild-type and rcombinant DNA.
(B) Southern blot analysis of genomic DNA of
wild-type (1/1), heterozygous (1/2), and ho-
mozygous (2/2) mutant mice. SalI–EcoRI-
digested DNA was hybridized with the 59 probe
to reveal the 7.3 kb (wild type) and 4.2 kb (re-
combinant) bands; HindIII-digested DNA was
hybrized with the 39 probe to reveal the 7.6 kb
(wild type) and 7.2 kb (recombinant) bands and

with the neo probe to confirm the presence of only one band of the expected 7.2 kb size in 1/2 and 2/2 animals.
(C) Absence of PCR amplified isk transcript in heart, kidney, and submandibular gland mRNA from mutant mice. After PCR, reaction products were
prepared for Southern blot and probed with a specific radiolabeled isk cDNA.

a highly specific and complete loss of the isk gene prod- predicted 7.1 kb band. Finally, when a Southern analysis
employing the 39 specific probe was performed on theuct. In this paper, we describe the generation of the isk

null mutant mice and document the resultant morpho- results of a Hind3 digest, the correctly targeted locus
yielded the predicted 7.2 kb band product, while thelogical and physiological consequences in the inner ear.
wild-type locus yielded a 7.6 kb band. A PCR analysis
using primers specific for the isk mRNA confirmed itsResults
total absence in mRNA from the tissues known to be
the richest sources for this message, including subman-Generation and Analysis of isk Mutant Mice

The gene encodingmouse IsK was cloned from a mouse dibular salivary glands, heart, and kidney (Honore et
al., 1991; Sugimoto et al., 1990) (Figure 1C). Thus, the129/Sv DNA genomic library. An 8.1 kb fragment, which

contained the entire exon 2, which itself contains the effectiveness of the isk gene knockout was demon-
strated at both the DNA and mRNA levels.full uninterrupted coding sequence for IsK (Lesage et

al., 1992), was used for constructing the targetingvector.
The entire coding sequence, included in a 1.2 kb Gross Behavioral Characterization of isk

Null Mutant (isk 2/2) MiceBamH1–Sph1 fragment, was deleted in the targeting
vector and replaced by the neomycin resistance gene Mouse pups carrying one or two null allele mutations

of the isk gene (isk 1/2 and isk 2/2, respectively) were(Figure 1A). Following electroporation and selection (see
Experimental Procedures), clones were screened by normal in appearence. However, isk 2/2 pups had diffi-

culty righting themselves, but this disappeared as theSouthern blot hybridization using three probes, one spe-
cific to a region 59 to the site of recombination, one animals matured. Additional locomotor deficits became

evident with age. At an age when wild-type and isk 1/2specific to the neo cassette itself, and one specific to
a region 39 to the site of recombination (data not shown). mice began to walk steadily, isk 2/2 mice exhibited an

awkward uncoordinated movement. The isk 2/2 miceTwo of the correctly targeted clones were injected into
C57Bl/6J blastocysts toproduce chimeras, one of which exhibited hyperactivity, and usually showed rapid head

bobbing and occassionally a head tilt. More mature iskwas then mated with 129/Sv wild-type females. Resul-
tant heterozygotes (identified by PCR analysis) were 2/2 mice displayed an intermittant bidirectional circling

behavior, which became the overt behavioral phenotypebred to obtain homozygotes. Southern blotting on liver
DNA from wild type, heterozygous, and homozygous displayed throughout life. The bidirectional circling, hy-

peractivity, head bobbing, and head tilt behaviors aremutants confirmed that there were no gross rearrange-
ments, deletions, or secondary integrations of the tar- characteristic of mouse mutants with inner ear defects,

and is commonly referred to as a Shaker/waltzer pheno-geting sequence (Figure 1B). Digestion with Sal1 and
Xho1 yielded a 7.3 kb band product from the wild-type type (Deol, 1968). Upon examination for a Preyer’s reflex,

isk 2/2 mice failed to show any pinnea reflex or evenlocus when hybridized with the 59 probe, while the cor-
rectly targeted locus yielded the predicted 4.2 kb band signs of startle. Both wild-type and isk 1/2 mice exhib-

ited a normal Preyer’s reflex and startle response.product. Following restriction enzyme digestion with
Hind3 and hybridization with the neo-specific probe, The mutant mice and their littermate controls were

also tested for their swimming ability. When placed intoonly targeted loci yielded a hybridization product, the
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Figure 2. Position of Reissner’s Membrane

(A) Reissner’s membrane (RM) is distended
normally over the scala media in P0 isk 2/2
mice. Similar observations weremade in wild-
type and isk 1/2 mice (data not shown).
(B) RM is normally situated over the spiral
limbus in P3 isk 1/2 mice.
(C) RM has collapsed onto the top of the tec-
torial membrane and can be observed along
the reticular laminar and lateral wall of the
cochlear duct in P3 isk 2/2 mice
(D) RM is normally positioned in adult isk 1/2
mice (approximately 1 month old). The organ
of Corti (OC) is normal, and the stria vascu-
laris exhibits three cell layers.
(E) RM remains collapsed in adult isk 2/2
mice. The organ of Corti (*) is also degener-
ated. However, the stria vascularis is still
composed of three cell layers, and thus
seems to not be undergoing degenerative
changes. MC, marginal cell; IC, intermediate
cell; BC, basal cell. Scale bar, 200 mm.

a deep tank filled with ambient temperature water, isk as well as in isk 1/2 and wild-type littermate controls
(data not shown). At P3, however, the position of Reiss-2/2 mice immediately began rotating along their long

axis, and sank underwater. While underwater, the mice ner’s membrane changed in isk 2/2 mice. While in the
wild type (data not shown) and isk 1/2 littermate con-also began somersaulting, while still rotating along their

body length. The mice seldom resurfaced, and after trols (Figure 2B) the position of Reissner’s membrane
was normal, in isk 2/2 mice, Reissner’s membrane was30 s were rescued. Both wild-type and isk 1/2 mice

exhibited normal swimming behavior for the 30 s test. collapsed onto the surface of the spiral limbus, along
the tectorial membrane and reticular lamina, and alongThe gross behavioral phenotype exhibited by isk 2/2

mice suggested that the inner ear was in some way the lateral wall of the cochlea in close apposition to the
stria vascularis (Figure 2C). The collapse of Reissner’scompromised by knocking out the isk gene. Therefore,

this paper details the anatomical structure and physio- membrane was irreversible, as all other ages examined
(P7, 10, 20, 42 [Figures 2D and 2E], 3 months old, 5logical functioning of the inner ear in isk 2/2 mice.
months old, and 7 months old) exhibited the same pa-
thology.Cochlea

Reissner’s Membrane Collapse Hair Cell Death
The hair cells of the cochlear duct differentiated nor-The scala media (also referred to as the endolymphatic

space) contains the high K1 low Na1 endolymphatic mally, but then degenerated postnatally in isk 2/2 mice.
Both isk 1/2 and wild-type littermates exhibited normalfluid, and is enclosed and separated from scala vestibuli

and scala tympani by an epithelial lining contributed by embryonic and postnatal development. The normal de-
velopment of the inner ear has already been describedReissner’s membrane, the reticular lamina, and various

supporting epithelial cells. The position of Reissner’s in detail (Sher, 1971).
The cochlea of isk 1/2 and isk 2/2 mice are illus-membrane has been used as an indication of intracoch-

lear fluid pressure (Belal and Ylikoski, 1980). Pharmaco- trated in Figure 3. At E17.5, both outer and inner hair
cells were clearly discernible among the various otherlogical evidence suggests that K1 diffuses passively into

the endolymphatic space from the marginal cells of the cells present. Cochleas from both isk 1/2 (Figure 3A)
and isk 2/2 (Figure 3B) mice contained a normallydiffer-stria vascularis via IsK channels (Shen et al., 1996;

Wangemann et al., 1995a). Therefore, if IsK would be entiated sensory epithelium. Similarly, at P0 the outer
and inner hair cells were still present and viable in bothessential and sufficient for K1 secretion, one would pre-

dict that by knocking out the isk gene, and hence the isk 1/2 and isk 2/2 mice. However, at P3, the time
when Reissner’s membrane was first observed to haveexpression of the IsK channel, endolymph would not be

produced, as K1 and its associated water would not collapsed (Figure 2C), a change in the structure of the
sensory epithelium was observed between the isk 1/2diffuse into scala media. Since there is an active reab-

sorption process in the inner ear, any fluid in the endo- and isk 2/2 mice. While the P3 heterozygous mice ex-
hibited continued normal development of the organ oflymphatic space would slowly shrink in volume, and

Reissner’s membrane would finally “collapse” under the Corti, which includes the sensory hair cells and their
associated supporting cells (Figure 3E), isk 2/2 miceinfluence of the fluid pressure in the scala vestibuli.

The developmental time course of the generation and exhibited degeneration of the organ of Corti in all turns
of the cochlea (Figure 3F). Cellular debris was evident inmaintenance of the scala media and the position of

Reissner’s membrane was examined (Figure 2). At P0 regions of degeneration. Interestingly, the degeneration
seemed not to include the supporting cells outside the(defined as the first 24 hr after birth), Reissner’s mem-

brane appeared morphologically normal and its position organ of Corti at this early stage, nor did the degenera-
tion spread to include cells within the developing spiralin the cochlea was normal in isk 2/2 mice (Figure 2A),
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spiral ganglion cells in isk 2/2 mice degenerated. To
assess the degree to which the spiral ganglion cells
degenerated, ganglion cell profiles were counted in all
turns of the cochlea at ages P7 and P42. There was no
significant difference in the number of spiral ganglion
cell profiles from age- and level-matched regions of
cochleas between wild-type mice and isk 1/2 mice
(data not shown). No signs of spiral ganglion cell death
were evident in level-matched regions of cochleas be-
tween isk 1/2 and isk 2/2 mice at P7 (Figure 4C).
The first signs of spiral ganglion cell degeneration were
observed at P20 as occasional vacuoles present in the
ganglion (data not shown). However, the variability was
high between groups at this age and, thus, no statisti-
cally significant changes could be found (data not
shown). At the next age examined, P42, the great major-
ity of spiral ganglion cells in the base and middle turns
of the cochlea had degenerated (compare Figures 4A
and 4B). The greatest loss of cells occurred in the basal
turn of the cochlea, while there was less loss in the
middle turns and there was no significant loss of gan-
glion cells in the apex (Figure 4D), despite the fact that
the degeneration of hair cells within the cochlea was
complete throughout all turns of the cochlea. No loss
of apical ganglion cells was observed even in 7-month-
old isk 2/2 mice (data not shown).
Stria Vascularis
At the light microscopic level, three layers of cell nuclei
in the SV were identifiable in wild-type, isk 1/2 (Figure
2D), and isk 2/2mice (Figure 2E). However, while basal

Figure 3. Hair Cell Death in the Cochlea cells could be identified, it was difficult to discern mar-
(A) Newly differentiated inner and outer hair cells (IHC and OHC) ginal and intermediate cells. While no consistent
are apparent above a single cell layer adjacent to the greater epithe- changes in the SV were observed in isk 2/2 mice, an
lial ridge (GER) of E17.5 isk 1/2 mice. electron microscopic examination of the adult SV from
(B) Differentiated IHCs and OHCs can be observed in their correct

an isk 1/2 and an isk 2/2 mouse was performed tolocation in E17.5 isk 2/2 mice.
rule out any possible changes undetectable at the light(C) IHCs and OHCs are readily apparent at P0 in isk 1/2 mice.
microscopic level.(D) IHCs and OHCs are still evident in isk 2/2 mice at P0.

(E) At P3 in isk 1/2 mice, the organ of Corti continues to develop, At the EM level, all three SV cell types (Hinojosa and
and the spiral limbus (SL) begins to take on a more mature profile. Rodriguez-Echandia, 1966) were identified in both isk
(F) Hair cells in the organ of Corti of P3 isk 2/2 mice have begun 1/2 and isk 2/2 mice (Figures 5A and 5B). In addition,
to degenerate and Reissner’s membrane has collapsed onto the

there was no observable difference in the structure ortectorial membrane and reticular lamina. Note, however, that the
gross number of SV blood vessels between these ani-spiral limbus seems to be unaffected.
mals. However, isk 2/2 mouse exhibited an expansion(G) Both IHCs and OHCs of P20 isk 1/2 mice appear normal.

(H) By P20 in isk 2/2 mice, the vast majority of cellular debris left of the intercellular space between marginal and interme-
behind in the organ of Corti has been cleared. The spiral limbus diate cell processes, and between marginal cell pro-
seems to be normally developed, while the tectorial membrane ap- cesses and blood vessels (Figures 5B and 5D). The
pears somewhat shrunken and Reissner’s membrane remains col-

expansion of the intercellular space surrounding mar-lapsed. GER, greater epithelial ridge; IHC, inner hair cell; OHC, outer
ginal cell extensions was evident throughout the entirehair cell; RM, Reissner’s membrane; SL, spiral limbus; TM, tectorial
intermediate cell layer. In addition, intermediate cellsmembrane. Scale bar, 100 mm.
often appeared vacuolated, but no cellular debris was
observed, suggesting that while the intermediate cells

sulcus or spiral limbus. At P20, hair cells and supporting were compromised morphologically, no massive cell
cells were readily evident in isk 1/2 mice (Figure 3G). death had occurred.
The cochleas of P20 isk 2/2 mice, however, did not
contain an organ of Corti (Figure 3H). No cellular debris
was observed. Many supporting cells normally located Vestibular Labyrinth

Vestibular Wall Collapselaterally also degenerated, although the extentof degen-
eration was somewhat variable between animals. How- Given that isk 2/2 mice exhibited behavior consistent

with vestibular dysfunction, the vestibular labyrinth ofever, other regions of the cochlea continued to develop
normally. Thus, the spiral sulcus and spiral limbus took isk 2/2 mice, as well as their isk 1/2 and wild-type

littermates, were examined. At P3, the age at whichon a more mature profile (Figure 3H).
Spiral Ganglion Cell Death Reissner’s membrane collapsed in the cochlea, wild-

type and isk 1/2 mice exhibited a normal vestibularNeither wild-type nor isk 1/2 littermate controls showed
an observable loss of spiral ganglion cells. By contrast, wall in the utricle, sacculus, and crista ampullaris (Figure
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Figure 4. Spiral Ganglion Cell Death

(A) Spiral ganglion from the basal turn of the
cochlea of a P42 isk 1/2 mouse. The normal
complement of cells is found.
(B) Spiral ganglion from the basal turn of the
cochlea of a P42 isk 2/2 mouse. Massive cell
death has occurred, and only a few scattered
cells remain. Scale bar, 100 mm.
(C) Spiral ganglion cell profiles were counted
in the base and the apex of P7 isk 1/2 and
isk 2/2 mice (see Experimental Procedures
for details). No statistical differences exist
between the numbers of profiles counted at
this age.
(D) Spiral ganglion cell profiles were counted
in the base and the apex of P7 isk 1/2 and
isk 2/2 mice (see Experimental Procedures
for details). There were significantly less spiral
ganglion cell profiles in the basal (P 5 0.0009)
and middle (P 5 0.0032) turns of the cochleas
of isk 2/2 mice compared with their littermate
controls. No statistically relevant differences
were observed between the animal groups in
the apical regions of the cochlea.

6A), while isk 2/2 mice exhibited a crenation or collapse undergoing massive degeneration. In addition to hair
cells, the transitional epithelium and the inner core ofof the wall (Figure 6B), indicating a decrease in endo-

lymph volume. Mirroring the condition in the cochlear the cristae were degenerating. Usually, the melanocyte
and dark cell layer was twisted and displaced towardduct, the collapse of the vestibular wall was irreversible

throughout the vestibule, as illustrated in the sacculus the epithelial surface of the cristae. There was also a
loss of connective tissue that normally underlies theat different ages (Figures 6C and 6D). The position of

the vestibular wall was normal in both wild-type and isk entire vestibular structure. Finally, after more than two
months of age, the cristae appeared as an empty shell1/2 mice throughout adulthood.

Hair Cell Death (Figure 7D), with only scattered cells along the basal,
lateral, and apical surfaces. By 7 months of age, noThe vestibular labyrinths of wild-type, isk 1/2, and isk

2/2 mice at various ages (P0, 3,7, 10, 20, 42, 3 months, 5 structure could be discerned within the ampullae (data
not shown). All three cristae were equally involved inmonths, and 7 months) were examined for degenerating

hair cells. Hair cell degeneration was not observed in this process.
Vestibular Dark Cell Degenerationisk 1/2 or wild-type mice. In the utricle (data not shown)

and the saccule (Figure 6D) of isk 2/2 mice, hair cell The vestibular dark cellsare homologous to the marginal
cells of the stria vascularis (Wangemann, 1995), and asdegeneration was not observed during early adulthood

(up to 3 months of age). However, at 5 months of age, such, provide and maintain the high K1 ionic environ-
ment within the vestibular labyrinth. It has previouslythe macula of the sacculus showed signs of slight de-

generation, and by 7 months of age, the macula had been shown that the dark cells possess functional IsK
channels at their apical membrane (Marcus and Shen,undergone complete degeneration of both Types I and

II hair cells and contained only support cells (data not 1994). Thus, an examination was made of the dark cells
at early postnatal ages, before extensive degenerationshown). However, hair cell death did occur relatively

early in the cristae, although the time course of degener- occurred in this region, in order to ascertain whether
they undergo any degeneration in isk 2/2 mice. Theation was different from that observed in the cochlea.

At P0, the cristae of isk 2/2 mice appeared normal best examples of dark cell degeneration were observed
at P3 (Figures 8A and 8B). At this age, the cristae were(Figure 7A). At P3, a time when hair cells in the cochlea

had degenerated, both Type I and Type II hair cells of still intact, but dark cells appeared to have undergone
slight degeneration in isk 2/2 mice. Thus, while the darkthe cristae still appeared normal (Figure 6B). The first

signs of hair cell degeneration in the cristae began at cells in isk 1/2 mice (Figure 8A) had a crisp nuclear
profile, presenting both hetero- and euchromatin, andapproximately P10 (Figure 7B). At this age, vacuoles

were observed within the sensory epithelium and in the cytoplasm apical to the nucleus, the dark cells of isk
2/2 mice contained a less well defined nuclear struc-supporting cell layer, but little change was observed in

the region containing the afferent and efferent nerves. ture, and very little cytoplasm near the apical surface
(Figure 8B). In addition, connective tissue was lessabun-No differential susceptibility was observed between hair

cell types. By P42 (Figure 7C), the cristae were observed dant below the dark cell epithelium of isk 2/2 mice
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Figure 5. Electron Microscopy of the Stria
Vascularis of isk 1/2 and isk 2/2 Mice

(A) The stria vascularisof isk 1/2mice displays
a smooth profile with no unusual characteris-
tics. The marginal cell layer, intermediate cell
layer, and basal cell layer can be discerned.
(B) The stria vascularis of isk 2/2 mice exhibits
vacuoles within the intermediate cell layer
(arrows). Additionally, some intermediate cells
also appear vacuolated (lower right arrow).
Basal and marginal cellsappear grossly normal
(original magnification for [A] and [B] 1.4 K).
(C) At high magnification, the interdigitation of
cellular processes are smooth and orderly.
Light processesoriginate fromthe intermediate
cells, while the dark processescontainingmito-
chondria eminate from the marginal cells.
(D) The same magnification of the intermediate
cell layer of isk2/2 mice illustrates the swollen
intercellular spaces (asterisk). (Original magnifi-
cation for [C] and [D] 10 K).

compared with either wild-type or isk 1/2 littermate we measured the K1 current in these cells in wild-type,
isk 1/2, and isk 2/2 mice. Strial marginal cells andcontrols. Finally, in terms of the dark cell epithelial sheet

as a whole, isk 2/2 mice did not exhibit the typically vestibular dark cells were placed into a micro-Ussing
chamber and both sides of the epithelium were perfusedsmooth orderly apical membrane surface, but rather ap-

peared jagged or scalloped (Figure 8B). However, no with a perilymph-like solution (NaCl solution, see Ex-
perimental Procedures). All samples of strial marginalcell death was observed in the dark cell epithelial layer

of the vestibular labyrinth. cells and vestibular dark cells from wild-type mice or isk
1/2 mice developed a transepithelial voltage and thus
a significant equivalent short circuit current (Figure 9).Constitutive K1 Secretion in Marginal Cells

and Dark Cells In contrast, none of the tissue samples from isk 2/2
mice was found to develop a transepithelial voltage ex-To demonstrate that the IsK channel is responsible for

the K1 current in strial marginal and vestibular dark cells, ceeding the lower detection limit of 60.5 mV. Transepi-

Figure 6. Position of the Vestibular Wall

(A) The vestibular wall surrounding the cristae
in P3 isk1/2 mice is fully and evenly distended
(arrows).
(B) The vestibular wall surrounding the cristae
in P3 isk 2/2 animals appears crenated and
slightly collapsed in general (arrows).
(C) Similar to the situation in the cochlea, the
vestibular wall (arrows) in isk 1/2 mice of all
ages remained in its normal position, as shown
here above the hair cells (HC) of the sacculus.
Arrowheads point to otoconia.
(D) The collapse of the vestibular wall (arrows)
was permanent in the isk 2/2 mice, as illus-
trated here above the macula sacculus (HC).
Arrowheads point to otoconia. Note that the
hair cells of the macula appear normal at this
age (approximately 1 month old). Scale bar,
300 mm for (A) and (B); 100 mm for (C) and (D).
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Figure 7. Hair Cell Death in the isk 2/2
Mouse Cristae

(A) At birth (P0), the cristae are already well
developed. Hair cells are clearly identifiable
(arrows) and the transitional epithelium (TE)
is readily apparent. Below the TE is a row of
melanocytes (arrowheads), above which lie
the vestibular dark cells.
(B) The first signs of hair cell death in the
cristae are seen at P10. Vacuoles have
formed in the hair cell layer of the cristae
(asterisk). However, many of the other struc-
tural components of the cristae can still be
identified.
(C) By P42, the cristae have undergone mas-
sive degeneration. The core of the cristae,
containing the nerve fibers coursing into the
cristae to make contact with hair cells is se-
verely vacuolated (asterisk). In addition, hair
cells are difficult to identify.
(D) By 3 months of age, the cristae are only

recognizable by the outline of dead or dying cells. The vestibular wall has collapsed completely down on what is left of the cristae (arrows)
and the core is completely vacant of supporting cells and nerve fibers. Additionally, the dark cell epithelium and accompanying melanocytes
are twisted and displaced under the cristae (arrowheads). Scale bar, 100 mm (A–C); 200 mm (D).

thelial resistances were significantly lower in tissues in wild-type mice. There was, however, no significant
difference between JK across vestibular dark cells fromfrom mice lacking isk compared with the wild-type and

isk 1/2 littermate controls. This lower transepithelial isk 1/2 mice (9 nmol 3 cm22 3 s21) and from wild-type
mice. JK was close to zero in both strial marginal cellsresistance was most likely due to altered mechanical

properties of the tissue (see above and Figures 7 and and vestibular dark cells of isk 2/2 mice, demonstrating
that the JK is mediated by the IsK channel.8), which limit the ability of the tissue to seal completely

to the aperture of the micro-Ussing chamber. It is un-
likely, however, that this lower resistance obscured a Regulation of K1 Secretion in Dark Cells

and Marginal Cellstransepithelial voltage, since transepithelial voltages as
high as 5 mV (>10-fold over noise) were measured in Elevation of the basolateral K1 concentration and apical

perfusion of the IsK agonist DIDS (Shen et al., 1995)strial marginal cells at transepithelial resistances as
small as 1 V-cm2. stimulate the rate of transepithelialK1 secretion via stim-

ulation of the IsK current. If the IsK current is necessaryThe rate of electrogenic K1 secretion (JK) was esti-
mated from the equivalent short circuit current. JK across and sufficient for these increases in K1 secretion, it

would be expected that no stimulation of K1 secretionstrial marginal cellsand vestibular dark cells of wild-type
mice was 30 and 13 nmol 3 cm22 3 s21, respectively. JK would occur in epithelia from isk 2/2 mice.
across strial marginal cells from isk 1/2 mice was 20
nmol 3 cm22 3 s21, which is significantly lower than

Figure 8. Vestibular Dark Cell Degeneration

(A) The vestibular dark cells, identified by their position above the
melanocytes, appear normal in P3 isk 1/2 mice. Note the presence
of connective tissue below the dark cell/melanocyte cell layer (aster-
isk). The vestibular dark cell epithelium appears smooth, and the
nuclei of the cells are sharp and well differentiated with easily identi-
fiable euchromatin and heterochromatin.
(B) The vestibular dark cells of P3 isk 2/2 mice do not appear
normal. While the dark cells can still be identified by the association

Figure 9. The Equivalent Short Circuit Current (Isc ) and the Transepi-with the melanocytes, there is little connective tissue lying under
thelial Resistance (Rt ) of Strial Marginal Cells and Vestibular Darkthe dark cell region. Additionally, the vestibular dark cell epithelium
Cells from Wild-Type Mice (1/1), isk 1/2 Mice, and isk 2/2 Miceappears rough on the apical surface, and the morphology of the

dark cell nuclei is not easily discerned. DC, vestibular dark cells; Significant differences toward data from control mice are marked
(asterisk). The number of experiments is given in parentheses.TE, transitional epithelium. Scale bar, 100 mm.
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Figure 10. K1-Induced Stimulation of the Equivalent Short Circuit
Current (Isc ) across Strial Marginal Cells and Vestibular Dark Cells
from isk 1/2 and isk 2/2 Mice

(A) Strial marginal cells.
(B) Vestibular dark cells.
The K1 concentration in the basolateral perfusate was elevated
from 3.6 to 25 mM (K3.6 and K25, respectively) in the absence and
presence of 2 3 1025 M bumetanide (BUM). Significant K1-induced
changes in Isc are marked (asterisk). The number of experiments is
given in parentheses.

An elevation of the basolateral K1 concentration from
3.6 to 25 mM caused stimulation of K1 secretion across
strial marginal cells and vestibular dark cells from isk Figure 11. DIDS-Induced Stimulation and ATP- and Bumetanide-

Induced Inhibition of the Equivalent Short Circuit Current (Isc) across1/2 mice (Figure 10). K1-induced stimulation of K1 se-
Strial Marginal Cells (SMC) and Vestibular Dark Cells (VDC) fromcretion was absent in the presence of 2 3 1025 M bumet-
Wild-Type (1/1), isk 1/2, and isk 2/2 Miceanide in the basolateral perfusate (Figures 10 and 11).
(A) Strial marginal cells.Thus, K1 stimulation of K1 secretion depends on the
(B) Vestibular dark cells.bumetanide-sensitive Na1/Cl2/K1 cotransporter in the
(A)–(B) DIDS (1 mM) and 1026 M ATP were applied to the apical

basolateral membrane of both epithelia (Wangemann perfusate. Bumetanide (2 3 1025 M) was applied to the basolateral
and Marcus, 1990). However, K1-stimulated K1 secre- perfusate. Given is the average 6 SEM, although for clarity not
tion was absent in strial marginal cells and vestibular all error bars are shown. The number of experiments is given in

parentheses.dark cells from isk 2/2 mice. These observations sup-
(C) Comparison of the relative effects of DIDS and ATP in strialport the conclusion that the IsK current is essential not
marginal cells (SMC) and vestibular dark cells (SMC). There wereonly for constitutive K1 secretion, but also for K1 stimu-
no significant differences among the responses to DIDS and to ATP.

lated K1 secretion.
Addition of 1 mM DIDS to the apical perfusate of strial

marginal cells and vestibular dark cells from wild-type
across strial marginal cellsand vestibular dark cells frommice and isk 1/2 mice caused an increase in the equiva-
wild-type mice and isk 1/2 mice (Figure 11). This inhibi-lent short circuit current consistent with an increase
tion is thought to occur via second messenger cascadesin the rate of K1 secretion (Figure 11). DIDS-induced
generated by activation of P2U receptors located in thestimulation of K1 secretion, however, was absent instrial
apical membranes of strial marginal cells and vestibularmarginal cells and vestibular dark cells from isk 2/2
dark cells (Liu et al., 1995). There was no significantmice, as expected if the IsK channel was not expressed.
difference in the relative decrease of either the equiva-There was no significant difference in the relative in-
lent short circuit current across both epithelia betweencrease of the equivalent short circuit current between
wild-type mice and isk 1/2 mice or between strial mar-epithelia from wild-type and isk 1/2 mice, or between
ginal cells and vestibular dark cells. Additionally, thestrial marginal cells and vestibular dark cells. These ob-
equivalent short circuit current was also reversibly inhib-servations suggest that IsK is essential for DIDS-stimu-
ited by 2 3 1025 M bumetanide applied to the basolaterallated K1 secretion across both epithelia.
perfusate of strial marginal cells and vestibular dark cellsApplication of 1026 M ATP to the apical perfusate

reversibly inhibited the equivalent short circuit current from wild-type mice and isk 1/2 mice (Figure 11). It is
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known that the bumetanide-sensitive Na1/Cl2/K1 co-
transporter is essential for the uptake of K1 across the
basolateral membrane of strial marginal cells and vestib-
ular dark cells (Wangemann, 1995). Thus, K1 secretion
across both epithelia is sensitive to inhibition of the Na1/
Cl2/K1 cotransporter with bumetanide (Marcus et al.,
1994; Marcus and Shipley, 1994; Wangemann et al.,
1995a). Because there is no short circuit current observ-
able in isk 2/2 mice, it was not possible to demonstrate
its inhibition in the presence of either ATP or bumet-
anide.

Cell Volume Regulation in Dark Cells
Shrinking of vestibular dark cells following K1-induced
and osmotically induced cell swelling has been shown
to involve activation of the IsK current in gerbils
(Wangemann et al., 1995b; Wangemann et al., 1996).
Thus, we hypothesized that vestibular dark cells from
mice lacking isk would be unable to shrink if IsK would
be essential for K1 release during volume regulation.
Vestibular dark cells were placed into a bath chamber
on the stage of an inverted microscope equipped for
the measurement of cell height. Cell swelling was either

Figure 12. K1-Induced Cell Swelling and Regulatory Volume De-induced by an elevation in the K1 concentration or by
crease of Vestibular Dark Cells from Wild-Type Mice (1/1), isklowering the osmolarity in the basolateral perfusate.
1/2 Mice, and isk 2/2 MiceElevation of the extracellular K1 concentration from
(A) Wild-type mice (1/1).3.6 to 25 mM caused rapid cell swelling of vestibular
(B) isk 1/2 mice.

dark cells from wild-type, isk 1/2, and isk 2/2 mice (C) isk 2/2 mice.
(Figure 12). Cell height rose to a peak within 39–45 s, The extracellular K1 concentration was raised from 3.6 to 25 mM
with no significant difference in the relative changes in (filled bars) in the absence and presence of 2 3 1025 M bumetanide

(BUM). Regulatory volume decrease was observed in response tocell height between the three different mouse geno-
a hypo-osmotic challenge (HYPO), which was applied after the NaCltypes. This K1-induced cell swelling was completely
concentration had been reduced to 75 mM (75 NaCl). Average 6blocked by 2 3 1025 M bumetanide, a blocker of K1

SEM of data expressed relative to the cell height before the first K1

uptake via the Na1/Cl2/K1 cotransporter. These obser- step, which was 6.0 6 0.7 mm in wild-type mice, similar in isk 1/2
vations suggest that the Na1/Cl2/K1 cotransporter is mice (6.9 6 0.4 mm), and significantly larger (10.8 6 1.3 mm) in isk
present and functional in vestibular dark cells of all three 2/2 mice. For clarity, not all error bars are shown. The number of

experiments is given in parentheses.mouse genotypes. Further, cell shrinking uponreduction
of the K1 concentration from 25 to 3.6 mM occurred in
all three mouse genotypes within 2–3 min, suggesting behavior has therefore been referred to as a shaker/
that IsK, at least in mice, is not essential for volume waltzer phenotype. The shaker/waltzer behavior has
regulation during K1-induced cell swelling. long been recognized as being indicative of inner ear

Lowering the osmolarity from 290 to 150 mosM dysfunction (Deol, 1956, 1954). However, such behavior
caused rapid cell swelling of vestibular dark cells and can occur with wide ranging severity of inner ear abnor-
subsequent regulatory volume decrease (Figure 12). No malities (Lyon et al., 1996).
significant difference was observed in the initial osmoti- Swimming behavior can be used to diagnose the se-
cally induced cell volume increase or in the subsequent verity of inner ear dysfunction (Sawada et al., 1994).
regulatory volume decrease between vestibular dark Indeed, a number of different swimming postures have
cells from isk 1/2 and isk 2/2 mice, suggesting that been described for mice with various states of inner ear
IsK, at least in mice, is also not essential for volume abnormalities (Lim et al., 1978), and generally have been
regulation after osmotically induced cell swelling. linked to the anatomical and functional state of the oto-

lith organs. While anatomically the otolith organs of isk
1/2 and isk 2/2 mice did not appear to be undergoingDiscussion
any degenerative changes at the ages the animals were
tested, isk 2/2 mice nonetheless could not swim. TheThe generation of mice carrying a null mutation on in the

isk gene is described in thispaper, along with behavioral, most likely explanation for this is that the vestibular
labyrinth does not contain its normalendolymph compo-anatomical, and physiological analyses of these mice.

Null mutation of the isk gene involved a complete dele- sition and volume, and thus, even though cells of the
otolith organs appeared structurally normal (as as-tion of the coding region for IsK. Behaviorally, isk 2/2

mice exhibited hyperactivity, bidirectional circling, head sessed by light microscopy) at the time of the swim test,
normal transduction could not occur. In addition, thetilt, and head bobbing. Such behavior has been classi-

cally described inmutant mice of the Shaker and Waltzer collapse of the vestibular wall onto the otoconia proba-
bly hindered their movement. The final result would befamilies (Deol, 1956, 1954; Lyon et al., 1996), and the
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to cause the animals to lose orientation with respect to The actual time of hair cell degeneration depended
on the particular inner ear organ containing the hairgravity when tactile cues (such as feet touching the
cells, but different hair cell types within each organ de-bottom of the cage) are removed.
generated at the same time. For example, both innerThe timing of the collapse of Reissner’s membrane in
and outer hair cells of the organ of Corti degeneratedisk 2/2 mice correlates well with what is known about
approximately at P3, while the Type I and Type II hairthe maturation of strial cells and the generation of the
cells of the cristae degenerated at about P10. It hasK1 concentration within scala media of neonatal mice.
been shown that 1) different receptor organs in the sameThe collapse occurred at P3, paralleling the time when
animal, 2) different hair cell types within the same recep-the great majority of strial cells have become post-
tor organ, and 3) the same receptors in different speciesmitotic (Ruben, 1967). X-ray energy dispersive tech-
express different hair cell active and passive membraneniques (Anniko and Nordemar, 1980; Anniko and Wro-
properties, collectively known as filtering propertiesblewski, 1981) have shown that the rise toward a mature
(Correia, 1992). Each hair cell requires a specific reper-endolymphatic K1 concentration begins between P2
toire of ion channels to facilitate filtering of the transduc-and P4, indicating that IsK channels are normally func-
tion event in their particular frequency range in order totioning at this time, and further that the tight junctions
augment any response at a critical frequency or overbetween strial marginal cells have sufficiently matured
a range of frequencies (Correia, 1992). With differentto allow an isolated ionic environment to develop and
filtering properties, each hair cell type is likely to bebe maintained in scala media. Thus, it can be assumed
differentially susceptible to the above mentioned mech-that little, if any, volume can be added to the endolym-
anisms of cell death.phatic space without K1 going through the IsK channels

An explanation can also be proposed for understand-once the apical membranes of the strial marginal cells
ing why the otolith organ hair cells survive so muchexpress their tight junctions. Without functioning IsK
longer than other hair cell types. The saccule and utriclechannels, the volume of endolymph would not increase
are different from other inner ear structures in that theysignificantly. Assuming that the normal ion reabsorptive
possess otoconia, calcium-rich crystals that lie over thepathways within the organ of Corti remain functional, the
hair cell regions (the maculae) in each of these areas.endolymphatic space might actually be under negative
It has been shown previously that the maculae in eachpressure. The end result would be that the endolym-
of theotolith organs produce and exudethe largequanti-phatic space would lose volume and pressure, allowing
ties of calcium needed for the formation of otoconiathe normal perilymphatic pressure from scala vestibuli
(Anniko, 1980). Therefore, these structures, which in-to distort Reissner’s membrane and push it toward the
clude the hair cells, have faced locally high calciumlateral wall of the cochlea. While not illustrated in the
concentrations, and may express unusual bufferingresults, it should be noted that the endolymphatic duct
mechanisms that help the cells survive through changes

and sac did not show signs of a change in volume in
in endolymphatic ion composition. Thus, these cells may

isk 2/2 mice.
have a wider homeostatic range within which they can

The isk 2/2 mice exhibited degeneration of hair cells
survive and function.

in the inner ear. The timing of when any specific hair Spiral ganglion cell death occurs in isk 2/2 mice, and
cell degenerated seemed closely correlated with the presumbly represents a secondary degenerative effect
organ to which that hair cell belonged. Thus, hair cells to the lack of isk gene expression, since IsK is not ex-
of the organ of Corti died very early, while hair cells of pressed by these cells. Ganglion cells in older animals
the cristae ampullaris died approximately 1 week later, survive relatively well without support from their targets,
and, finally, hair cells of the saccular maculae died many as exemplified by ototoxically deafened animals, and
months later. Therefore, two questions are raised: why the relatively rare occurences of cell death can be at
do hair cells die and why do hair cells of different organs least partially blocked by delivering electrical stimula-
die at different times? tion to an ear devoid of hair cells (Leake and Hradek,

Plausible explanations for hair cell death are certain 1988; Leake et al., 1991, 1992). Thus, ganglion cell death
to be complex, and probably involve the transduction in these cases may be explained by a lack of activity
channels and/or other apically located transporters in rather than an absence of targets. A mechanistic expla-
hair cells, the populations of different channels and ion nation for why there is decreased cell death at the apical
exchangers in the basolateral membrane of these cells, regions of the cochlea compared with the base and
and the presumably abnormal composition of the endo- middle turns remains elusive.
lymph in the isk 2/2 mice. In brief, hair cell death may Previous studies in gerbils suggested that IsK is es-
be attributable to calcium toxicity. Given that the perme- sential for constitutive and stimulated K1 secretion
ability of the transduction channels for calcium is four across strial marginal cells and vestibular dark cells
times higher than that for K1 in isolated chick hair cells (Marcus and Shen, 1994; Shen et al., 1996; Wangemann
(Ohmori, 1985), the predominant ion fluxed through the et al., 1995a). The present study definitively demon-
transduction channel in the absence of potassium is strates this function in mouse from a genetic perspec-
likely to be calcium. A higher cytosolic calcium level tive. Short circuit current measurements indicated a high
has been suggested to lead to a slowing of its further rate of K1 secretion in wild-type and isk 1/2 mice, while
diffusion within the cell, thereby also slowing the termi- no significant current could be detected in isk 2/2 mice
nation of K1 channel activity (Hudspeth and Lewis, 1988) even under conditions shown to stimulate IsK channel
following spontaneous activity, allowing internal K1 con- activity. In contrast, cell volume regulation was pre-
centrations to decline and voltage gated calcium chan- served in vestibular dark cells from isk 2/2 mice, indi-
nels to remain open longer, thus further increasing the cating that IsK is not essential for this function. More-

over, the fact that cell swelling is sensitive to bumetanideinternal calcium concentrations.
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Experimental Proceduresin isk 2/2 mice indicates that the Na1/Cl2/K1 cotrans-
porter is not down-regulated. Given that the Na1/Cl2/K1

Targeting Vector Construction and Generationcotransporter is functional in isk 2/2 mice, and that
of isk-Deficient Micevolume regulation is not compromised, one must rule
The mouse isk gene was isolated from a mouse genomic library

out the possibility of a lack of K1 flux across the apical prepared from 129/Sv mice DNA (kindly provided by Dr. Bernhard
membrane owing to impairment of K1 entry into the cell. Bettler, Ciba [Novartis]). A clone with an insert of 18 kb was charac-

The isk knockout–induced deafness syndrome in mice terized as containing the entire exon 2, flanked by 9 kb 59 and 7 kb
39 intronic sequences. The targeting vector consisted of an 8.1 kbshares some similarity with other known mouse and
EcoR1 restriction fragment that was subcloned into pBluescripthuman models of deafness, but when details are consid-
(Stratagene) and in which the 1.2 kb BamHI–SphI fragment con-ered, seems to represent a new model of deafness. All
taining the entire coding region was replaced by the 1.6 kb neomycin

known human classes of deafness have been described resistance gene under the control of the PGK promoter. The herpes
in mutant mice (Deol, 1968; Steel and Bock, 1983). The simplex thymidine kinase gene placed under the control of the MC1
most frequently encountered class of deafness ob- promoter was added to the 59 end of the mouse DNA and the vector

was linearized on the opposite edge before electroporation into ESserved in humans is the Scheibe type deafness (Deol,
cells.1968), the cochlear pathology of which resembles that

Methods for cell culture and transfection were essentially as de-exhibited by isk 2/2 mice, with a collapse of Reissner’s
scribed previously (Köntgen and Stewart, 1993; Stewart, 1993). Inmembrane and a degeneration of the organ of Corti.
brief, 129/Sv ES cells of the W9.5 line (Szabo and Mann, 1994) were

The Scheibe type deafness is also known as a cochleo- electroporated in the presence of the targeting vector (1 3 107 cells
saccular deafness, since both the cochlea and saccular and 25 mcg DNA) four times, and plated onto mitomycin C–inac-
macula degenerate. However, there is no involvement tivated STO mouse transformed fibroblast cells transfected with the

bacterial neomycin and human LIF genes (kindly supplied by Frankof either the utricle or cristae in Scheibe type deafness
Conlon and Liz Robertson). Cells were subjected to Geneticin(Deol, 1968). Additionally, upon closer examination,
(GIBCO/BRL, 175 mcg/ml active weight) and Cytovene (ganciclovir,Scheibe type deafness was determined to be of a mor-
Syntex Laboratories Inc., 2 mcM) selection. Of 145 clones, 5 werephogenetic variety, with indications of a poorly devel-
homologous recombinants. These clones were expanded without

oped stria vascularis and faulty final stages of differenti- selection and two were injected into C57BL/6J blastocysts. Chime-
ation of the cochlea and saccule (Deol, 1963). However, ras from one clone were mated with 129/Sv females, and germ line
for a numberof reasons, isk knockout–induced deafness transmission confirmed first by glucose phosphate isomerase-1 iso-

zyme analysis (Hogan et al., 1994), then by analysis for the mutation.may represent a new class of deafness. While thedegen-
The mutation has been maintained on the 129/Sv background byerative end point of isk gene ablation results in a similar
breeding isk 2/1 females (no overt phenotype) with isk 2/2 males.cochleosaccular pathology to Scheibe type deafness,
Primers to isk (59CCAGGATGAGCCTGCCCAAT39 and 59AGGAAGGdegeneration is not limited to this region. Also, the isk
TGTGTG GCAG39) were used to amplify a 373 bp isk cDNA by

knockout–induced deafness cannot be classified as RT–PCR in mRNA isolated from heart, kidney, and submandibular
morphogenetic given that initially the inner ear develops glands from wild-type and isk 2/2 animals. The PCR products were
normally. resolved on agarose gel, blotted onto nylon, and revealed by hybrid-

ization with an isk 32P-labeled cDNA fragment.A pathology strikingly similar to that observed in isk
2/2 mice was reported upon post-mortem inspection

Swimming Behavior Analysisof the inner ears of patients clinically diagnosed with a
Mice, approximately 3 weeks old, were tested for their swimming“cardioauditory” syndrome (Friedmann et al., 1968,
ability. In all, three groups (wild type, isk 1/2, and isk 2/2) of1966) known as Jervell and Lange-Nielsen syndrome
five mice each were tested. A small tank was filled to a depth of

(Cusimano et al., 1991; Fraser et al., 1964; Friedmann approximately 9 inches with ambient temperature water. Mice were
et al., 1966; Jervell and Lange-Nielsen, 1957). Patients carefully lowered into the water by hand only after all apparent
suffering from Jervell and Lange-Nielsen syndrome ex- agitation (as judged visually) had subsided. Mice were allowed to

swim continuously for 30 s per trial, and each mouse was subjectedhibit a prolonged Q-T wave interval and profound deaf-
to a swimming trial once. The swimming posture of each animalness from birth. However, genes thus far described as
was observed and grossly scored according to the degree to whichinvolved in long Q-T wave syndromes (Curran et al.,
the animal deviated from the horizontal plane while swimming (data1995; Sanguinetti et al., 1995) seem not to be involved
not shown).

in auditory function or development. Preliminary experi-
ments (Tesson et al., 1996) did not find evidence to Histology
support the hypothesis that Jervell and Lange-Nielsen Animals used for this study were aged E17.5, P0, P3, P7, P10, P20,

P42, 3 months, 5 months, and 7 months old (E0.5 being defined assyndrome is caused by a defect in the isk gene, although
the day a vaginal plug was discovered, and P0 being defined asfurther work must be done to definitively rule out isk
the day of birth). All animals were transcardially perfused with 4%as being causally involved in this particular disease.
paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.2–7.4),Candidate genes for this and other probable cardioaudi-
the temporal bones were isolated and postfixed overnight and then

tory syndromes (Koroxenidis et al., 1966; Lewis et al., decalcified in 8% EDTA and 4% paraformaldehyde in phosphate
1958) have yet to be described. buffered saline. Finally, the temporal bones were dehydrated and

Finally, in light of the recent reports (Barhanin et al., embedded either in paraffin following routine procedures, or in LR
White resin following instructions included with the product. Paraffin1996; Sanguinetti et al., 1996) showing that IsK coas-
sections were cut between 5 and 12 mm thick, while plastic sectionssembles with KvLQT1 and that IsK expressed in the
were cut at 4 mm thick. All sections were saved and mounted ontoabsence of KvLQT1 in CHO cells does not yield a func-
glass slides and counterstained with either hematoxylin and eosintional K1 channel, it will be of interest to examine
(paraffin sections) or toluidine blue (plastic sections).

whether the marginal cells of the stria vascularis and/
or the vestibular dark cells express KvLQT1. In the ab- Electron Microscopy
sence of KvLQT1 expression in the inner ear, it would One isk 1/2 and one isk 2/2 animal approximately 1 month old
then be necessary to postulate that IsK can coassemble were selected for EM analysis of the stria vascularis. Animals were

transcardially perfused first with warm phosphate buffered salinewith other, as yet uncharacterized, K1 channel subunits.
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vascular rinse (pH 7.2), followed by a fixative comprised of 2.5% elevated from 3.6 to 25 mM by isosmotic replacement of 21.4 mM
NaCl from KCl. Prior to a hypo-osmotic challenge, the 75 mM NaClglutaraldehyde and 2% paraformaldehyde in 0.13 M sodium phos-

phate buffer (ph 7.3). Following the perfusion, the temporal bones was replaced with 150 mM mannitol. The hypo-osmotic challenge
consisted of removal of 150 mM mannitol, which reduced the osmo-were isolated and post-fixed overnight at 48C. Decalcification was

done in a solution containing 2.5% glutaraldehyde, 2% paraformal- larity from about 290 to about 150 mosM. All solutions were titrated
to pH 7.4.dehyde, 0.12 M sodium phosphate buffer, and 6.4% EDTA for 1

week, after which the tissues were stained en bloc with uranyl ace-
tate, osmicated, and routinely processed for electron microscopy. Animal Handling
Grey to silver sections were cut and examined in a JEOL 100CX All animals used in experiments reported here were housed and
electron microscope. handled under protocols approved by the Institutional Animal Care

and Use Committees at the respective institutions involved.
Cell Profile Counting and Statistical Analysis
Spiral ganglion cell profiles from P7, P20, P42, and 7-month-old Acknowledgments
animals were counted in plastic embedded sections. Three 4 mm
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that counts between age groups may not be reliably compared, as the payment of page charges. This article must therefore be hereby
no control was exercised in matching these sections with others of marked “advertisement” in accordance with 18 USC Section 1734
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