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LRRC52 regulates BK channel function and localization
in mouse cochlear inner hair cells
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The perception of sound relies on sensory hair cells in the cochlea
that convert the mechanical energy of sound into release of
glutamate onto postsynaptic auditory nerve fibers. The hair cell
receptor potential regulates the strength of synaptic transmission
and is shaped by a variety of voltage-dependent conductances.
Among these conductances, the Ca?*- and voltage-activated large
conductance Ca?*-activated K* channel (BK) current is prominent,
and in mammalian inner hair cells (IHCs) displays unusual proper-
ties. First, BK currents activate at unprecedentedly negative mem-
brane potentials (—60 mV) even in the absence of intracellular Ca%*
elevations. Second, BK channels are positioned in clusters away
from the voltage-dependent Ca?* channels that mediate gluta-
mate release from IHCs. Here, we test the contributions of two
recently identified leucine-rich-repeat-containing (LRRC) regula-
tory y subunits, LRRC26 and LRRC52, to BK channel function and
localization in mouse IHCs. Whereas BK currents and channel lo-
calization were unaltered in IHCs from Lrrc26 knockout (KO) mice,
BK current activation was shifted more than +200 mV in IHCs from
Lrrc52 KO mice. Furthermore, the absence of LRRC52 disrupted BK
channel localization in the IHCs. Given that heterologous coexpres-
sion of LRRC52 with BK o« subunits shifts BK current gating about
—90 mV, to account for the profound change in BK activation
range caused by removal of LRRC52, we suggest that additional
factors may help define the IHC BK gating range. LRRC52, through
stabilization of a macromolecular complex, may help retain some
other components essential both for activation of BK currents at
negative membrane potentials and for appropriate BK channel
positioning.
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ensory hair cells in the cochlea form the cellular gateway that

mediates the initial detection of sound. The mechanical en-
ergy of sound bends stereocilia positioned at the apical end of
the hair cells leading to depolarizing current through mecha-
noelectrical transduction channels (MET) channels. This MET
current generates a receptor potential that depolarizes the hair
cells and subsequently activates voltage-dependent Ca** chan-
nels (Cav) at the basolateral end of the hair cell, evoking release
of glutamate onto postsynaptic auditory nerve fibers. The hair
cell receptor potential and the strength of evoked synaptic
transmission elicited by a sound stimulus are also influenced by
voltage-dependent conductances intrinsic to hair cells (1, 2). Of
these, the Ca**- and voltage-activated BK current has been of
long-standing interest (3-5) because its large amplitude and
rapid activation make it well suited to rapidly and robustly shape
the receptor potential. Two features of BK currents in mam-
malian inner hair cells (IHCs) have been of particular interest
and remain poorly understood. First, BK currents activate at
unprecedentedly negative membrane potentials (—60 mV) even
in the absence of intracellular Ca** elevations (5). Second, BK
channels are positioned in clusters away from voltage-dependent
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Ca®* channels that mediate neurotransmitter release from THCs,
suggesting that voltage-dependent Ca*" influx per se does not
participate in BK activation. The molecular determinants that
contribute to the unusual activation range of BK channels in IHCs
and to clustering and localization remain unknown. Here, we test
the contributions of two recently identified leucine-rich-repeat—
containing (LRRC) regulatory y subunits, LRRC26 (y1) and
LRRC52 (y2) (6), to BK function and localization in mouse IHCs.

Hair cells exhibit a polarized architecture in which the hall-
mark hair cell mechanotransduction apparatus is positioned
apically while neurotransmitter release from the hair cells occurs
at the basally positioned ribbon synapses (Fig. 14). In mamma-
lian IHCs, BK channels are clustered away from synapses above
the nucleus (7), while the Cav channels required to evoke
transmitter release from hair cells are positioned at the basal end
near the ribbon synapses. This separation renders BK channels
relatively insensitive to Ca" influx elicited by brief, physiological
depolarizations (5). The rapid and robust BK current activation
in IHC:s is thought to depend on intrinsic properties of the BK
channels (5), although contributions of cytosolic Ca** stores
have also been proposed (4). In IHCs, BK channels even at
nominally 0 cytosolic Ca®* are appreciably activated at voltages
beginning near —60 mV (5), more negative than any BK channel
yet described. A useful measure of the range of activation of a
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Fig. 1. BK channel regulation by y subunits and key role of LRRC52 in IHCs.
(A) Schematic of IHC highlighting mechanosensory transduction apparatus,
loci of BK channels, loci of voltage-dependent Ca%* (Cav) channels, and
postsynaptic auditory nerve fibers (ANF). Reprinted from ref. 3. Copyright
(2016), with permission from Elsevier. (B) Transmembrane topology of a y
subunit, based on hagfish lymphocyte receptor homolog (6, 28). Reprinted
from ref. 9. (C) G-V curves at 0 cytosolic Ca** were generated from excised
inside-out patches from oocytes expressing BK channels with and without
the LRRC26(y 1) subunit (black symbols) and with and without the LRRC52(y2)
subunit (blue symbols) (S/ Appendix, Fig. S2) along with the G-V curve pre-
viously reported for whole-cell BK currents in IHCs (red symbols) (5, 28). V},
(summarized in S/ Appendix, Fig. S1B) values were, for IHCs, —41.8 mV; for BK
without and with LRRC26, 166.0 + 1.0 mV (best fit and c.l. [90% confidence
limits]) and 38.3 + 0.6 mV, respectively; and for BK without and with LRRC52,
162.1 + 1.45 mV and 68.4 + 2.2 mV, respectively. (D) RNAscope images of
IHCs in organ of Corti whole-mount showing message for Kcnma1 (Top Left)
and Lrrc52 (Top Right), lack of message for Lrrc26 (Bottom Left), and a
negative control (Bottom Right). Red, calretinin. Green, RNA probe. (E)
Quantification of detected message from sections as in D. Red symbols
correspond to average transcripts/IHC from a single field of view of multiple
IHCs from a single ear. Adjusted P values from ANOVA followed by Tukey’s
test: Kcnmal vs. Lrrc52, P < 0.0001; KcnmaT vs. Lrrc26, P = 0.0011; Lrrc52 vs.
Lrrc26, P < 0.0001; Lrrc52 vs. negative, P < 0.0001; Lrrc26 vs. negative, P =
0.98; and Kcnmal vs. negative, P = 0.002.

voltage-dependent ion channel is its voltage-of-half activation
(Vn), the membrane potential at which the channel population
is, on average, half open and half closed. The previously reported
Vi, for rodent IHC BK current, about —40 mV (95), is shifted by
~210 mV, relative to V;, for BK channels lacking any regulatory
subunit at 0 [Ca®*]; [V}, ~ +170 mV (8)] (SI Appendix, Fig. S1).
The basis for this very hyperpolarized gating range of IHC BK
current has been a long-standing conundrum, ever since the
initial description of a fast gating voltage-dependent K™ current,
termed Ix¢ (1), now recognized as arising from BK channels
5, 7).

Particular BK regulatory subunits might underlie some of the
unusual features of IHC BK current. Of the two known families
of BK regulatory subunits, p and y (9), only y subunits produce
large shifts in BK current activation range at 0 cytosolic Ca**.
Here we focus on two members of the y subunit family, LRRC26
(y1) and LRRC52 (y2). The results show that, whereas BK
currents and channel localization were unaltered in IHCs from
Lrre26 knockout (KO) mice, BK current activation was shifted
more than +200 mV in IHCs from Lrrc52 KO mice. Further-
more, BK channel localization was disrupted in the absence of
LRRC52. The profound change in IHC BK channel gating range
caused by removal of LRRC52 is much greater than the 90 mV
shift observed from heterologous coexpression of LRRC52 with
the pore-forming BK channel o subunits. Therefore, we suggest
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that LRRCS52, through the stabilization of a macromolecular com-
plex, may help retain additional components essential for both the
activation of BK currents at negative membrane potentials and the
appropriate BK channel positioning.

Results

LRRC52 Is Required for Normal IHC BK Channel Function. Regulatory
vy subunits of BK channels consist of an extensive extracellular N-
terminal LRRC domain, a single transmembrane segment, and a
short cytosolic C terminus (Fig. 1B) (6, 10). The initial member
of this family, LRRC26, produces the largest leftward shift in BK
gating of any known BK regulatory subunit, an ~120- to 130-mV
shift in V}, at any [Ca®*]; (6, 10, 11) and appears largely confined
to secretory epithelial cells (12). In secretory epithelial cells
expressing endogenous LRRC26-containing BK channels or
when LRRC26 is heterologously expressed together with BK o
subunits, the V;, of BK activation is about +35 mV at nominally
0 [Ca®*]; (Fig. 1C and SI Appendix, Fig. S1) in contrast to the Vj,
of about +160 to +170 mV for BK channels lacking regulatory
subunits. In comparison, LRRC52 produces a somewhat smaller,
~90- to 100-mV hyperpolarizing shift in the BK current V}, (10)
(Fig. 1C) over all tested [Ca**]; (SI Appendix, Fig. S2 A-D). We
also confirmed that both human and mouse forms of LRRC52
produce similar effects (SI Appendix, Fig. S2D) and that the
gating shift produced by LRRCS52 is largely stable following
patch excision (SI Appendix, Fig. S2 E and F). Despite the known
ability of LRRCS52 to shift BK gating when coexpressed heterol-
ogously, LRRC52 has so far been identified only in mammalian
sperm where it is critical to male fertility and where it partners
with a different K channel, the Slo3 (Kcnmul) K* channel, that
underlies the KSPER sperm-specific K* conductance (13).

To test whether either LRRC26 or LRRC52 might be present
in IHCs, we utilized enhanced in situ hybridization to probe for
RNA for Kemnal, Lrre52, and Lrre26. We observed a clear signal
for Kenmal, a strong signal for Lrrc52, and no signal for Lrrc26
(Fig. 1D). Transcripts per IHC were enriched for Lrrc52 relative
to Kenmal, with Lrre26 similar to a negative control (Fig. 1E).

We recorded whole-cell currents in IHCs with physiological
Na* and K* gradients, and with pharmacological conditions to
isolate BK current (5, 14). IHCs express two major voltage-
dependent K* currents: first, a rapidly activating current origi-
nally termed Ik s and now recognized as arising from BK chan-
nels with a threshold near —60 mV and, second, a more slowly
activating Kv current, termed Ig, which with brief activation
steps begins to be activated only above ~ —20 mV (1, 5, 15).
Here, currents were activated by 5-ms voltage steps from —100 to
+40 mV, with tail currents then measured during a subsequent
step to —35 mV to determine the relative conductance activated
at each test potential (Fig. 24). The 5-ms voltage step is suffi-
ciently brief that most of the current activated arises almost
entirely from BK. For IHCs from WT (IHCs"") mice, current
begins to be activated near —65 mV with maximal activation of
conductance near 0 mV with a Vy, for individual cells typically
between —35 and —40 mV (Fig. 24). A Boltzmann fit to the
averaged conductance-voltage (G-V) curve (Fig. 2F) yielded
V,=-36.5 +£0.3mV, with k =10.3 + 0.3 mV, similar to previous
work @ Confirming this current as BK, IHCs from Kcnmal KO
(THCs®®®©) mice exhibited little outward current activation
until around —20 mV, corresponding to the onset of Ik current
(Fig. 1B). Furthermore, 200 nM iberiotoxin (IbTx) completely
abolished both the tail current relaxations and the steady-state
current at —35 mV in WT IHCs (SI Appendix, Fig. S3). We then
tested whether genetic deletion of either LRRC26 or LRRCS52
alters IHC BK current. IHCs from Lrre26 KO (IHCs**)©) mice
exhibited currents essentially indistinguishable from those in
IHCsWT (Fig. 2C), both in terms of steady-state current density
(Fig. 2E) and G-V curves (Fig. 2F). Remarkably, Lrrc52 KO
resulted in complete loss of detectable BK current (Fig. 2D) over

Lingle et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907065116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907065116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907065116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907065116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907065116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907065116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907065116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907065116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907065116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1907065116

-80 -40 O

% Voltage (mV)

Lrre26 KO

D Lrre52 KO

E WT (n=12) F WT
95— Lmc26KO (n=15) 4 _ Lrrc26 KO
L { Lrre52 KO (n=9) o 1 Lrre52 KO
< 2] KcenmatKO (n=12 & 0.8 Kenmat KO
<15 306
& 1 5 G
E 1 7 o 04 7]
O 0.5 £ 0.2
% 0 zo 0 =

-100-80-60-40-20 0
Voltage (mV)

-100-80 -60 -40 -20 0O
Voltage (mV)

Fig. 2. KO of LRRC52 removes activation of BK current at voltages up to 0 mV.
(A) Example of BK current from WT IHC and typical stimulation protocol. Red
trace, step to —35 mV. (Right) Tail currents at —35 mV (at higher gain) used for
generation of G-V curve (Top Right); Vi, = —38.9 + 0.5 mV; k = 10.4 + 0.5 mV
[0.45 MQ uncompensated Rs (Rsyn)]. (B) Currents from an IHCE<X© activated as in
A. Igs current activated during depolarization up to 0 deactivates very slowly
at —35 mV and so contributes a small persistent tail current (0.44 MQ Rs,,,). (C)
Sample currents from an IHC?®%° (0.68 MQ Rs,,,). (D) Currents from an IHC>2<©
(0.27 Rsyp). IHCs were obtained from both male (M) and (F) female mice of P18
to P35. (E) Voltage dependence of outward current from the indicated geno-
types and number of cells after normalization to cell capacitance (in pF) and
averaging (+SEM). Current densities (at 0 mV) in IHCs"'T and IHCs?®© were in-
distinguishable (ANOVA with Tukey’s test: P = 0.6952) as was that between
IHCsBKKO and IHCs®24C (P > 0.999). Current densities in both IHCs®<*© and
IHCs*?%C (at 0 mV) differed from those in IHCs"T and IHCs?®%° (WT vs. BK-KO,
P < 0.0001; WT vs. 52KO, P < 0.0001; 26KO vs. BK-KO, P < 0.0001; 26KO vs. 52KO,
P < 0.0001). Note that symbols in £ and F for WT and 26KO largely overlap, while
BK-KO and 52KO also overlap. (F) G-V curves were normalized to the fitted
peak conductance and averaged (+SEM). Parameters (mean + c.l.) for
single Boltzmann fits were, for IHCs"VT, V}, = —36.50 + 0.29 mV with k =
10.35 + 0.28 mV and, for IHCs2%%®, V,, = —=36.86 + 0.40 mV and k = 10.76 +
0.37 mV. For WT, mean values from 12 separate IHCs were (+SEM) V,, =
—35.83 + 1.04 mV with kK = 10.90 + 0.61 mV, with average Rs,, = 0.59 +
0.06 MQ. For Lrrc26, mean values from 14 cells were (+SEM) V,, =
—36.37 = 1.01 mV, with k= 10.75 + 0.51 mV and average Rs,, = 0.57 + 0.06 MQ.
Vy, and k values measured for 12 IHCs™'T and 14 IHCs?%© were indistinguishable
(ANOVA with Tukey’s test: for V}, P = 0.8691; for k, P = 0.9778).

this voltage range. Both steady-state outward current density and
G-V curves from THCs from Lrrc52 KO (IHCs***©) mice were
indistinguishable from those of THCPX®C (Fig. 2 E and F).
LRRC52 is therefore necessary for activation of BK current over the
normal physiological range of membrane potentials in mouse IHC:s.

BK Current Is Activated at Positive Voltages in IHCs***°. That
LRRCS52 is a major molecular determinant of the gating range of
BK channels in IHCs seems surprising. On one hand, LRRC52
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alone shifts BK gating by only about —95 mV when coexpressed
heterologously, whereas the G-V of THCs™" is shifted about
—210 mV relative to BK channels lacking any regulatory sub-
units. Does LRRCS52 alone account for the BK gating range in
IHCs? Furthermore, LRRC52 has been previously described as a
sperm-specific partner of the Kcnul-encoded Slo3 alkalization-
activated K* channel (13, 16). Given that many sperm ion
channels, ion exchangers, and proteins are thought to be sperm-
specific (17-20), the presence of LRRC52 in loci other than
sperm was unexpected. We therefore wondered whether any BK
current was present in IHCs*?X©, To test this, we measured BK
activation using voltage steps up through +200 (or +220) mV
with tail currents measured at +40 mV (Fig. 3). Such protocols
are not useful in IHCs"", because of large BK current densities
at voltages positive to +40 mV. The more positive tail current
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Fig. 3. IHCs from Lrcc52 KO mice express functional BK currents that acti-

vate positive to +100 mV. (A) Voltage steps to +200 mV were used to acti-
vate current in an IHC from a Kcnma1 KO mouse. (B) Tail currents following
repolarization to +40 mV (beginning 150 ps following nominal voltage step)
are shown for the cell in A with black traces corresponding to depolarizing
steps from —100 mV through +35 mV, while red corresponds to traces from
+40 to +200 mV. (C) G-V curve generated from tail current at 150 ps fol-
lowing repolarization to +40 mV with a best-fit single Boltzmann curve (blue
curve) overlaying the data points (V, =6.7 + 0.6 mV; k = 11.0 + 0.5 mV). This
corresponds to fractional activation of I, current following 5 ms at indicated
voltages. (D) Activation of outward current as in A, but for Lrrc52 KO. (E) Tail
currents at +40 mV for the cell in D. (F) G-V curve (red symbols) generated
from tail current from the cells in D and E, with an overlaid best fit of a two-
component Boltzmann (A; =13.2+0.5nS, V1 =27+ 1.6 mV, k; =119+ 1.2
mV, A, =58.6 + 1.5 ns, Vi, = 153.0 + 1.2 mV, k, = 29.1 + 1.2 mV). Green
symbols are the two components of conductance, isolated via subtraction of
each fit component (overlaid blue lines) from the original G-V curve. (G)
Averaged G-Vs for individual normalized (to Gyax of Boltzmann fit) G-Vs for
each IHCs>2%© are shown along with best fit (red line: V},, = 154.2 + 0.7 mV,
k = 25.2 + 0.3 mV). (H) Comparison of IHC"T BK G-V (Fig. 2F), BK « G-V at
0 Ca®* (from Fig. 1C), high-voltage-activated conductance in IHCs*2%° (G),
and the IHCs"™ BK G-V shifted by +95 mV (dashed line).
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potential is required because rapid deactivation of BK current
lacking regulatory subunits precludes meaningful estimation of
relative conductances (SI Appendix, F]lg( S4 A4 and B). We rea-
soned that comparisons between THCs®< ° and THCs***© using
very positive depolarizations might reveal the onset of BK current
activation in THCs**©, but not in THCsPX®O, In THCsBKKO,
steps up to +200 mV activated voltage-dependent outward cur-
rent, which exhibited little increase in amplitude from +40 up to
+200 mV (Fig. 34). Activation steps from +40 to +200 mV result
in essentially identical tail currents measured at +40 mV (Fig. 3 4
and B, red traces). For steps up to +40 mV, the tails reflect the
partial activation of Ix, during the 5-ms voltage step (black traces),
and there is no additional activation of Ik above +40 mV (red
traces). Measurement of tail currents at +40 mV following steps
from —100 to +220 mV resulted in a G-V curve well described by
a single Boltzmann function reflecting the voltage dependence of
activation of a single component of conductance, presumably Ik
(Fig. 3C). Thus, in IHCs®* X, there is no additional activation of
any voltage-dependent conductance above +40 mV.

When the same protocol is applied to IHCs**¥©, the outward
current increases appreciably up through +200 mV (Fig. 3D),
with tail currents exhibiting an additional component of current
deactivation following voltage steps above +100 mV (Fig. 3E and
SI Appendix, Fig. S4 D-F). The tail current G-V contains both a
component of conductance similar to that observed in IHCsB¥KO
(Fig. 3C), likely arising from Ix, and a second component that
does not attain full saturating activation even at +220 mV (Fig. 3F).
Such G-V curves could be well fit by a two-component Boltzmann
with one component of conductance essentially identical to that in
IHCs®®K° and a second component with a V}, around +150 to
+155 mV (Fig. 3F). For a set of 11 IHCs"*X©, individual G-Vs share
a similar range of activation for the higher voltage component with a
fit to the averaged G-Vs yielding a maximum conductance of 59.7 +
0.7 nS with V, = 150.3 + 0.7 mV and k = 23.9 + 0.4 mV. A fit to the
averaged, normalized G-Vsyielded a Vi, = 154.1 + 0.7 mV with k =
252 + 0.2 mV (Fig. 3G). The symmetric nature of the Boltzmann
distribution provides confidence that the fit estimates are a rea-
sonable description of the conductance observed at positive voltages,
despite the absence of a saturating current level in the G-Vs.

In sum, the THCsZX© express a current activated at potentials
positive to +100 mV that is absent in THCs®*¥©, while the
properties of the Kv conductance activated negative to +100 mV
were indistinguishable between THCs®*XO (SI Appendix, Fig.
S54) and THCs *X© (SI Appendix, Fig. S5B). Current densities and
activation range of IbTx-resistant current measured in THCs™ "
treated with 200 nM IbTx were also similar (SI Appendix, Fig.
S5C) to that in the THCs®**© and THCs***°. Overlay of the
normalized G-Vs for these three conditions (SI Appendix, Fig.
S5D) hijghlights that the slowly activating Kv current present in the
THCsW", THCs®*KO, and THCs"?© was essentially identical in
each case. Thus, the absence or alteration of BK current prop-
erties in IHCs®*®© and ITHCs**© does not seem to result in any
compensatory change in current density or current properties of
the residual Kv currents observed in IHCs™ ™. It should be noted
that the absolute magnitudes of these current densities are almost
certainly reduced by inclusion of 4-AP in our solutions, but this
reduction should be similar in all three genotypes.

The extra conductance activated at higher voltages in IHCs
shares properties with that of BK current arising from Kcnmal o
subunits expressed alone in heterologous systems (Fig. 3H), in-
cluding a similar Vy, (~ +154 mV vs. ~ +160 to 165 mV) and
a characteristic reduced voltage dependence for activation at
0 Ca**. If the loss of LRRC52 was simply shifting BK gating by
the +95-mV shift observed when LRRC52 and BK «a subunits are
coexpressed, the expected V}, would be about +55 mV (dashed
line in Fig. 3H). We undertook two tests to further confirm that the
extra conductance in THCs?X© is, in fact, BK current. First, we

52KO
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compared tail currents following activation with depolarizations up
to +220 mV with tail currents at either —35 mV (SI Appendix, Fig.
S4 A-C) or +40 mV (SI Appendix, Fig. S4 D—F). This comparison
revealed that, at —35 mV, the currents activated at positive po-
tentials deactivated so rapidly as to be barely detectable at 150 ps
following repolarization (SI Appendix, Fig. S4B), in contrast to
the robust tails observed at +40 mV (SI Appendix, Fig. S4E).
Furthermore, the extra conductance in IHCs**%© was inhibited
by IbTX (SI Appendix, Fig. S4 D-H). Together, these results
indicate that BK currents are still expressed in IHCs***© and
that the absence of LRRC52 results in an ~210-mV shift in the
BK activation range, much larger than the 95-mV effect exerted
by LRRC52 acting alone on BK channels (SI Appendix, Fig. S2).
This raises the possibility that some other factor/component is
lost from the BK channels following Lrc52 KO.

Do any other known BK regulatory subunits participate in the
gating shift? Although this question is beyond the scope of the
present paper, a few comments are appropriate. The BK v3
(LRRCS5) subunit is unlikely to participate since by itself it pro-
duces only a minor effect on BK gating (10) and it obviously does
not substitute for LRRC52 following in the LRRC52 KO. Previous
work excluded both p1 and B4 subunits as participants in defining
IHC BK channel properties (21, 22), but p2 and 3 subunits have
not been evaluated. When LRRC26 and B2 subunits coassemble in
the same BK channel, their effects on gating are largely additive
(23). The P2 subunits produce no gating shift at 0 cytosolic Ca®*
(23) and so would not be expected to contribute in IHCs. However,
we measured BK current in IHCs from mice lacking the (2
(Kcnmb2) subunit (SI Appendix, Fig. S6) and found that they are
indistinguishable from currents in WT IHCs. The p3 (Kcnmb3) KO
mice are not yet available. Although deserving future attention, any
shift arising from B3 seems unlikely to participate in the 210-mV
shift observed when LRRC52 is removed. Overall, based on
properties (9, 24) of known p and y subunits, it is unlikely that the
very negative range of BK gating in IHCs arises from some com-
bination of BK f and y regulatory subunits with LRRC52 subunits.

BK Clustering and Localization Are Disrupted in IHCs°2%°, We next
examined immunofluorescent localization of BK channel distri-
bution on IHCs from WT and KO mice. In IHCs™T, BK chan-
nels are organized in ~10 to 20 clusters per IHC (Fig. 4 4 and E)
ranging in size from 0.22 to 5.1 pm with a mean long axis per
cluster of 1.58 + 0.94 um (n = 97 clusters on 7 midcochlear IHCs).
BK immunoreactivity was completely absent in IHCs®*X© (Fig,
4B), while BK channel localization in THCs***© was similar to
THCsY" (Fig. 4C). In contrast, in THCs***©, BK channels are
diffusely distributed over the entire plasma membrane extending
from the apical plate to the basolateral ribbon synapses (Fig. 4 D-F).
The tendency of BK channels to be intensely clustered on the neck
region of THCs"" (Fig. 4F) appears entirely absent in THCs’*<©
(Fig. 4F). Thus, the absence of LRRC52 causes not only a rightward
shift in the activation curve of BK currents but also a loss of BK
channel clustering and localization.

IHCs*2%C and IHCsB**C Respond Similarly to Injected Current. Given
the role of BK channels in shaping the IHC receptor potential
and, thereby, the response properties of the postsynaptic audi-
tory nerve fibers (25), we measured membrane potential re-
sponses to 100-ms steps of injected current in IHCs from mice of
different genotypes. Voltage responses to square wave current
injection exhibit an initial transient depolarization reflecting a
combination of any depolarizing conductances, the time course
of K* current activation, and cell charging time. In IHCs"T,
following a small, transient depolarization, each injected current
leads to a steady-state depolarization that increases modestly
with injected current (Fig. 54). In THCs®*XO, similar current
injection results in larger and more slowly decaying transient
depolarization that reaches a steady-state level ~9 mV more
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Fig. 4. Lrrc52 KO, but not Lrrc26 KO, disrupts localization of BK channel
immunoreactivity. (A) Organ of Corti whole-mount immunolabeling of BK
channels (KCNMAA1, green) at apical end of IHC in dense clusters below ster-
eocilia and above nuclei in a WT mouse (P30). Blue, myosin 7a, a cytoplasmic
marker. Red, CtBP2, a marker of the presynaptic ribbons and nuclei. (Scale bar
for all panels: 5 um.) (B) Image from apical cochlea in Kcnma1 KO, showing lack
of BK immunoreactivity. (C) Image from Lrrc26 KO, showing clustered locali-
zation as in WT. (D) Image from Lrrc52 KO, showing mislocalization of
KCNMAT1 subunits throughout the membrane. (A-D) Image was taken from
the 9-kHz tonotopic location. (E) Labeling for BK and CtBP2 in the absence of
Myo7a Ab to allow better visualization of BK labeling in a P30 WT mouse.
Dotted line outlines a single IHC. (F) As in E, but with P30 Lrrc52 KO mouse. (E
and F) Midcochlea (37 kHz) location. (A-F) Maximum-intensity projections.

depolarized than in THCsV" (Fig. 5B). In THCs***©, depolar-
izations in response to current iI]lJeCtiOIl are essentially indistin-
guishable from those in IHCs®*RO (Fig. 5C). The properties of
the transient depolarization in both THCs®*"¥© and THCs*?%©
are consistent with the absence of the rapidly activating BK
current, which normally serves to shunt the effects of depola-
rizing current injection. The relationship between injected cur-
rent and peak depolarization (Fig. 5D) shows no significant
difference between THCs®**© and THCs***©, with both being
clearly different from THCs"". For steady-state voltages, the
differences between WT and either of the KO strains are sig-
nificant over all current injection amplitudes (Fig. 5 legend),
although small in absolute terms compared to the differences
seen for peak depolarizations. The more negative steady-state
membrane potential in IHCs™ " presumably arises because of
the contributions of both some persistent BK along with the
slowly activating Ixs. The similarity of peak depolarization in
both THCs**° and THCs®* ¥ (Fig. 5D) indicates that, despite
the presence of BK current in the THCs**¥©, the shifted range of
activation of that current renders it unable to dampen IHC de-
polarization, which in vivo is mediated by MET currents (25).
Although auditory deficits in BK KO mice are subtle, we predict
that any auditory deficits arising from IHCs would be essentially
identical between Lrrc52 and Kcnmal KO mice.
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Discussion

Here we demonstrate that LRRC52 is a critical determinant of
the unusually negative gating range of BK channels in mouse
IHCs and that the absence of LRRC52 disrupts the localization
and clustering of BK channels in IHCs. That LRRCS52, but not
LRRC26, plays this role is somewhat surprising since LRRC52
was previously described as a sperm-specific regulatory subunit
of the Slo3 K* channel in mouse sperm (13, 16) and also because
LRRC26 shifts BK gating more than LRRCS52. The present results
establish clearly that LRRCS52 is a regulatory partner of two distinct
channel gene products, KCNMA1/Slo1 (BK) and KCNU1/Slo3,
each with distinct physiological roles, but both depending on
LRRC52 to define normal physiological functions.

An unexplained aspect of the results is that KO of LRRC52
abolishes, perhaps completely, the gating shift of BK channels in
THCsY™. Whereas LRRC52 can shift BK gating about —90 mV
when partnered in heterologous expression systems, the absence
of LRRC52 in IHGCs shifts BK gating by ~210 mV. Thus, the
effects of LRRC52 alone on BK gating seem insufficient to ac-
count for the BK gating range in IHCs" . How is this to be
explained? The observation that Lrre52 KO also disrupts BK
localization and clustering suggests the possibility that loss of
LRRCS52 results in dissolution of part or all of a BK macromo-
lecular complex, which may contain other elements that contrib-
ute to the full 210-mV gating shift. Disruption of BK localization
in the Lrre52 KO is similar to the idea that LRRC52 plays a critical
role in linking together a complex of molecular components that
define BK function and localization. Although proteomic identifi-
cation of BK-associated proteins in cochlea has failed to identify
either LRRC52 or other obvious BK regulatory components (26),
comparison of BK-associated proteins between WT and Lrrc52 KO
mice may shed light on this issue. Whatever the basis for the large
gating shift in the absence of LRRC52, any additional component
that may contribute to the shift requires the presence of LRRC52
either to be effective or to be part of the BK complex.

Given the prominence of BK current in IHCs, there has been
considerable interest in its role in auditory function (15, 25), but
many of the effects of BK absence are subtle. Neither auditory
brainstem responses (ABR) nor distortion product otoacoustic
emissions reveal clear differences in the excitability threshold for
hearing of low-level sounds (7, 22), although ABR wave 1 amplitude
may be reduced suggesting reduced spike synchrony in auditory
nerve fibers of the Kenmal KO (27). In recordings from single au-
ditory nerve fibers, latencies of action potential firing are increased
and maximum firing rates reduced in BK KO mice (25). Further-
more, BK KO mice may exhibit accelerated age-related hearing loss
(22). In noise-induced hearing loss, BK KO mice may have increased
temporary threshold shifts, but studies have reported contradictory
results on noise-induced permanent threshold shifts (21, 27). Given
the similar response to injected current in both IHCs”*© and
THCsP*®O, we would anticipate that any auditory deficits arising
from dysfunction of IHC BK currents would be common to both
Lre52 and Kenmal KO mice. This may seem somewhat surprising
given that BK channels are still present in IHCs"**©, with some
channels presumably more closely positioned to voltage-dependent
Ca* channels than in WT mice. Although future tests may reveal
conditions under which the residual BK channels in IHCs from
Lrre52 KO mice are activated under physiological conditions, here
we see no indication that influx of Ca** during 5-ms depolarizations
can activate any BK current in IHCs*?%©. Furthermore, even
during 100-ms current injections, there is no distinction between
the voltage behavior of THCsPXXO or THCs’?XO. As such, the
absence of LRRC52 in IHC:s is likely to fully mimic the effect of
complete KO of the BK a subunit. The key role of LRRC52 in
defining BK function and localization also raises the possibility
that deficits in BK function in native IHCs might arise if there are
processes that lead to down-regulation of LRR52 expression.
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Fig. 5. Voltage responses to injected current are identical in IHCs>?© and IHCs®<©, Voltage responses to injected constant current pulses (—100 to 400 pA in 50-pA
increments) for (A) 2 IHCs"", (B) 2 IHCs®<©, and (C) 2 IHCs*?%©. Red and blue traces are responses to +50 pA and +400 pA, respectively. (D) Averaged peak voltages
(+SEM) for a set of cells from each genotype (WT: n = 11; Lrrc52 KO: n = 8; KcnmaTl KO: n = 10). A two-way ANOVA with Tukey’s test (Materials and Methods) was
used to evaluate membrane potential responses among genotypes for current injection from +100 pA through +600 pA. For WT vs. Lrrc52, adjusted P < 0.001; for WT
vs. Kcnma1 KO, P < 0.001; and for Lrrc52 KO vs. Kcnma1 KO, P = 0.5262. (E) Averaged steady-state voltages (+SEM) for each genotype. From two-way ANOVA with
Tukey’s test (+100 pA through +600 pA), for WT vs. Lrrc52, P < 0.0001 and for WT vs. Kcnmal KO, P < 0.0001, while for Lrrc52 KO vs. Kcnmal KO, P = 0.0899.

The results here open up an unanticipated aspect of the role of
BK channels in IHCs. That LRRC52 KO results in essentially
complete loss of the shifted gating of IHC BK current and also
disrupts BK clustering and localization draws attention to the
idea that the clustering and localization of BK channels are an
important part of its biological function in IHCs. Furthermore,
to account for the full loss of the 210-mV gatin§ shift in
IHCs"T and the loss of BK clustering in the IHCs>**©, we have
suggested that BK channels, when aggregated together with
LRRCS52, are also assembled in large macromolecular assem-
blies with additional regulatory elements. Further work on IHCs
and, specifically, BK-containing macromolecular complexes may
help identify new regulatory elements that serve to fine-tune BK
channel function in ways not yet anticipated.

Materials and Methods

Animals. Animals (mice and Xenopus) were handled and housed according to
the National Institutes of Health Committee on Laboratory Animal Resources
guidelines. All experimental protocols were approved by the Institutional
Animal Care and Use Committees of Washington University (protocols
#20180288 and #20180125). All mice were C57BL/6, with KO alleles back-
crossed out to at least 8 generations. The Lrrc26 KO mice were as previously
described (12) with the neomycin expression cassette present in the original
Knockout Mouse Project (KOMP) Repository line deleted (12). The Lrrc52 KO

1. C. J. Kros, A. C. Crawford, Potassium currents in inner hair cells isolated from the
Guinea-pig cochlea. J. Physiol. 421, 263-291 (1990).

2. R.J. Helyer, H. J. Kennedy, D. Davies, M. C. Holley, C. J. Kros, Development of outward
potassium currents in inner and outer hair cells from the embryonic mouse cochlea.
Audiol. Neurotol. 10, 22-34 (2005).
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mice were also described in previous work (16). Lrrc26 and Lrrc52 lines of mice
are available from the KOMP Repository (https:/www.komp.org).

Cochlea Explants and Whole-Cell Recordings from IHCs. Cochlea explants (5, 14,
25) were isolated from postnatal day 18 (P18) to P35 male and female mice
in the following dissection solution (in mM) of 144 Nacl, 5.8 KCl, 0.9 MgCl,,
1.3 CaCl,, 0.7 NaH,PO,4, 10 Hepes, 5.6 D-glucose (pH 7.4 at 306 mOs). For
recordings, explants were maintained in a standard physiological solution
containing (in mM) 155 Nadcl, 5.8 KCl, 0.9 MgCl,, 1.3 CaCl,, 0.7 NaH,PO,4, 10
Hepes, 5.6 D-glucose, with 1 pM XE-991 to inhibit KCNQ current and 5 mM
4-AP to reduce Igs (pH 7.4 at 320 mOs). The pipette solution contained (in
mM) 150 KCl, 3.5 MgCly, 0.1 CaCl,, 5 EGTA, 2.5 Na,ATP, 5 Hepes, with 15 mM
4-AP to reduce I (pH 7.4 at 312 mOs). Gigaseals were formed on visually
identified IHCs with pipettes of 1.5 to 2 MQ resistance. Slight suction was
utilized to achieve the whole-cell configuration. Experiments were at nominal
room temperature (22 to 25 °C.). Additional methods are provided in S/ Appendlix.
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