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TRPML1 (transient receptor potential mucolipin 1) is a Ca*-perme-
able, nonselective cation channel that is predominantly localized to
the membranes of late endosomes and lysosomes (LELs). Intracellular
release of Ca?* through TRPML1 is thought to be pivotal for mainte-
nance of intravesicular acidic pH as well as the maturation, fusion, and
trafficking of LELs. Interestingly, genetic ablation of TRPML1 in mice
(Mcoln1~"") induces a hyperdistended/hypertrophic bladder phenotype.
Here, we investigated this phenomenon further by exploring an un-
conventional role for TRPML1 channels in the regulation of Ca®*-signal-
ing activity and contractility in bladder and urethral smooth muscle cells
(SMCs). Four-dimensional (4D) lattice light-sheet live-cell imaging
showed that the majority of LELs in freshly isolated bladder SMCs were
essentially immobile. Superresolution microscopy revealed distinct
nanoscale colocalization of LEL-expressing TRPML1 channels with rya-
nodine type 2 receptors (RyR2) in bladder SMCs. Spontaneous intracel-
lular release of Ca®* from the sarcoplasmic reticulum (SR) through RyR2
generates localized elevations of Ca®* ("Ca?* sparks”) that activate plas-
malemmal large-conductance Ca®*-activated K* (BK) channels, a critical
negative feedback mechanism that regulates smooth muscle contractil-
ity. This mechanism was impaired in Mcoln7~~ mice, which showed
diminished spontaneous Ca2* sparks and BK channel activity in bladder
and urethra SMCs. Additionally, ex vivo contractility experiments
showed that loss of Ca®* spark-BK channel signaling in Mcoln1~~ mice
rendered both bladder and urethra smooth muscle hypercontractile.
Voiding activity analyses revealed bladder overactivity in Mcoln1~"~
mice. We conclude that TRPML1 is critically important for Ca®* spark
signaling, and thus regulation of contractility and function, in lower
urinary tract SMCs.
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he transient receptor potential (TRP) channel superfamily is a

diverse group of ion channels that act through multiple signal
transduction pathways to play a crucial role in sensory responses
to light, smell, temperature, taste, and mechanical and painful
chemical stimuli (1). TRP mucolipin (TRPML) is a subfamily of
Ca®*-permeable, nonselective cation channels that consists of
three subtypes, TRPMLI1, TRPML2, and TRPML3, encoded by
the genes Mcolnl, Mcoln2, and Mcoln3, respectively (2, 3).
TRPML2 expression is primarily restricted to myeloid and lym-
phoid tissues (4, 5); TRPML3 is most plentiful in melanocytes and
the cochlea (6), whereas TRPMLI1 channels exhibit a ubiquitous
expression profile (7). The subcellular localization of TRPML is
limited to the membranes of late endosomes and lysosomes
(LELs), collectively known as endolysosomes. TRPML channel
activity is dependent on the LEL membrane-specific phosphoi-
nositide, phosphatidylinositol 3,5-bisphosphate (8), and is poten-
tiated by LEL intraluminal acidity (6, 9). It has been shown that
TRPML is functionally important in LEL maturation, trafficking,
fusion, autophagy, and H* homeostasis (3, 10-13). Genetic de-
letion of TRPML1 in mice induces several gross abnormalities,
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including dense granulomembranous storage bodies in neurons,
elevated plasma gastrin, vacuolization in the gastric mucosa, and
retinal degeneration (14). Interestingly, however, an anatomical
examination of these mice reveals dramatically distended bladders
(14), leading us to question how TRPMLI1, an intracellular Ca**-re-
lease channel important in LEL function, affects bladder physiology.

The lower urinary tract (LUT) is composed of the urinary
bladder and urethra—structures that serve the simple, reciprocal
functions of storing and voiding urine (15). Coordinated con-
traction of bladder wall smooth muscle (BSM) and relaxation of
both the proximal urethral smooth muscle (USM) and the striated
external urethral sphincter allows for the voiding of urine. During
the storage phase, BSM is in a relaxed state, whereas USM is
tonically contracted to maintain continence (15, 16). While the
bladder is filling, BSM exhibits nonvoiding contractions that have
been demonstrated to drive afferent nerve activity to relay the
feeling of bladder fullness to the central nervous system (CNS)
(17). Similar nonvoiding contractions are also present in ex vivo
BSM strip preparations, where they have been termed “sponta-
neous contractions” (18). Enhanced nonvoiding contractions, also
known as detrusor overactivity (19), can lead to LUT symptoms
such as feelings of increased urgency and greater frequency of
urination, indicative of overactive bladder (OAB) syndrome (20).

Significance

TRPML1 (transient receptor potential mucolipin 1) is a Ca®*-
permeable, nonselective cation channel that is localized to late
endosomes and lysosomes. Here, we investigated the function
of TRPML1 channels in regulating lower urinary tract (LUT)
smooth muscle cell (SMC) contractility. We found that TRPML1
forms a stable signaling complex with ryanodine receptors
(RyRs) in the sarcoplasmic reticulum (SR). We further showed
that TRPML1 channels are important for initiating an essential
Ca”*-signaling negative feedback mechanism between RyRs on
SR membranes and K* channels on the plasma membrane.
Knockout of TRPML1 channels in mice impaired this pathway,
resulting in LUT smooth muscle hypercontractility and symp-
toms of overactive bladder. Our findings demonstrate a critical
role for TRPML1 in LUT function.

Author contributions: C.S.G., K.M.S., and S.E. designed research; C.S.G., M.G.A,, E.Y.,
B.T.D., V.K, S.A,, and E.M.N. performed research; C.S.G., M.G.A,, E.Y., and S.E. analyzed
data; and C.5.G. and S.E. wrote the paper.

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

See online for related content such as Commentaries.
"To whom correspondence may be addressed. Email: searley@med.unr.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2016959117/-/DCSupplemental.

First published November 16, 2020.

PNAS | December 1,2020 | vol. 117 | no.48 | 30775-30786

>
(Y
[=]
=
=]
@w
>
-
o


https://orcid.org/0000-0002-3489-9021
https://orcid.org/0000-0001-5064-4910
https://orcid.org/0000-0002-6445-1383
https://orcid.org/0000-0001-9560-2941
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2016959117&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1073/pnas.2016959117
mailto:searley@med.unr.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016959117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016959117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2016959117

Spontaneous contractions of BSM are directly correlated with
bursts of action potentials and are reliant on voltage-dependent
Cayl.2 channel (VDCC)-mediated global increases in cytosolic
[Ca’*] in bladder smooth muscle cells (BSMCs) (21-23). In
contrast, transient subcellular increases in cytosolic [Ca®*], known
as “Ca®* sparks,” play an opposing role in regulating BSMC
contractility. Ca?* sparks are rapid, large-amplitude, highly lo-
calized, spontaneous Ca®* signals that originate from clusters of
ryanodine type 2 receptors (RyR2s) located on the sarcoplasmic
reticulum (SR) of SMCs (24). In BSMCs, RyR2s are functionally
coupled to plasmalemmal Ca*-activated large-conductance K+
(BK) channels, such that a single Ca** spark can activate up to
100 BK channels, giving rise to large-amplitude outward currents
known as spontaneous transient outward currents (STOCS) that
lead to membrane potential hyperpolarization and SMC relaxa-
tion (25-28). Inhibition of RyR2s or BK channels has a profound
hypercontractile effect on spontaneous contractions of BSM
(reviewed in ref. 29), identifying the Ca®** spark-BK channel
signaling cascade as a pivotal regulator of BSMC resting mem-
brane potential, excitability, and contractility. In BSMCs, the
steepness of the gradient between LEL intraluminal [Ca®*] (~0.5
mM) (30) and the surrounding cytosol (100 nM) prompted us to
investigate the unconventional hypothesis that opening of Ca**-
permeable TRPMLL1 channels on the membrane of LELs could
stimulate or potentiate RyR2 activity through Ca>*-induced Ca**
release, and thereby regulate Ca** spark-BK channel signaling
and BSM contractility. Urethral smooth muscle cells (USMCs)
also exhibit functional BK channel currents that are activated by
RyR-mediated Ca** release (31). Therefore, TRPMLI channels
could also influence RyR-BK channel signaling in USMCs.

In the current study, we confirmed that global TRPMLI-
knockout mice (Mcolnl™'~) display a hyperdistended/hypertrophic
bladder phenotype. We further found that, among transcripts of
TRPML subtypes, those for TRPML1 were the most abundantly
expressed in sorted BSMCs (enriched by fluorescence-activated cell
sorting [FACS]) enzymatically dispersed from the bladder. Four-
dimensional (4D) lattice light-sheet live-cell imaging, used to
track LEL mobility, and superresolution microscopy established
that LEL-localized TRPMLI channels and RyR2s formed stable
signaling complexes in native BSMCs. Ca** sparks and their asso-
ciated BK channel-mediated STOCs were virtually absent in
BSMCs and significantly impaired in USMCs isolated from
McolnI™"~ mice. Ex vivo contractility experiments showed that BSM
strip spontaneous contractions and cholinergic-induced contractions
were significantly enhanced in McolnI ™~ mice, as were aj-adren-
ergic receptor (o;-AR)-mediated contractions of proximal USM.
An analysis of in vivo voiding activity demonstrated a marked in-
crease in voiding frequency in Mcolnl™~ mice indicative of OAB.
We conclude that, under physiological conditions, TRPMLI chan-
nels regulate the Ca®* spark-BK channel signaling pathway,
thereby maintaining normal LUT smooth muscle function.

Results

TRPML Channel Expression in BSMCs. An examination of the ab-
dominal cavity of global McolnI™"~ mice following killing revealed
a grossly distended bladder compared with that of wild-type (WT)
littermates (Fig. 1 4 and B), a phenotype also noted by Venugopal
et al. (14). Examination of whole bladders emptied of urine
revealed that bladders from Mcolnl™~ mice were significantly
heavier than those from WT mice (Fig. 1C), indicative of bladder
hypertrophy in McolnI~'~ mice. TRPMLI1 knockout in Mcolnl ™'~
mice was verified using droplet digital PCR (ddPCR) and the Wes
automated capillary protein-detection system. A transcriptional
analysis of TRPML channel subtypes (Mcolnl, -2, and -3) showed
high levels of Mcolnl mRNA expression in WT whole BSM strips,
whereas Mcoln2 and -3 were expressed at much lower levels
(Fig. 1D). We further found that Mcolnl transcripts were unde-
tectable in Mcolnl™~ mice and that expression levels of Mcoln3
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were unchanged in these mice. A small, but statistically significant,
increase in Mcoln2 mRNA was observed in Mcolnl™~ mice
compared with WT mice (Fig. 1D). An analysis of TRPMLI1 ex-
pression at the protein level identified a single band at the
expected molecular weight (~60 kDa) in WT BSM strips that was
not present in muscle strips from McolnI~'~ mice (Fig. 1E). Ho-
mogeneous populations of native BSMCs were obtained from
bladders isolated from smMHC ™*“*" reporter mice and subse-
quently purified and concentrated using FACS. Using qRT-PCR,
sorted BSMCs showed undetectable levels of mRNA encoding
Pdgfra (interstitial cell marker), Pprc (leukocyte marker), and
Uchll (neuronal cell marker); however, transcripts for the SMC
marker, Myhl1, were enriched compared with samples of unsorted
cells (SI Appendix, Fig. S1). Further transcriptional analyses
showed that Mcolnl was highly expressed in sorted BSMCs,
whereas Mcoln2 and Mcoln3 were present at much lower levels in
these samples (Fig. 1F). We conclude that TRPMLL1 is highly
expressed in BSMCs relative to TRPML2 and TRPML3 subtypes,
and that genetic deletion of Mcoln! induces a hyperdistended and
hypertrophic bladder phenotype, an indication of the channel’s
functional relevance in the bladder.

Endolysosomes Are Immobile in BSMCs. It is widely reported that
TRPMLI1 channels contribute to the intracellular trafficking of
LELs (reviewed in ref. 3). In this study we investigated the mo-
bility of these intracellular organelles in freshly isolated BSMCs
using an LEL-specific fluorescent dye (LysoTracker Red) (32).
Freshly isolated BSMCs were labeled with LysoTracker (Fig. 24)
and imaged for 10 min using 4D lattice light-sheet live-cell mi-
croscopy (33). The mobility of LysoTracker-labeled structures was
analyzed using single particle tracking. Surprisingly, we found that
the majority of LELs in freshly isolated BSMCs were effectively
motionless (Movie S1). Post hoc particle analysis revealed that on
average LELs in BSMCs moved less than 0.4 pm over the entire
recording period (Fig. 2 B, C, G, and H). As a comparison, we
investigated the mobility of LELSs in primary, unpassaged, prolif-
erative BSMC:s derived from the same mice that had been used for
the freshly isolated cell studies, but cultured in the presence of
serum for 6 d. Interestingly, LyosTracker-labeled LELs were
highly mobile in proliferative BSMCs in comparison to those in
freshly isolated BSMCs (Fig. 2D and Movie S2), moving on av-
erage 2.4 pm over the recording period. LELs demonstrated slow,
Brownian-type diffusion, as well as quick, linear, long-range
movements (Fig. 2 E-H and Movie S2). Notably, we found that
proliferative BSMCs possessed a larger cell-wide density of LELs
compared to freshly isolated BSMCs (Fig. 2I). These data suggest
that in mature freshly isolated BSMCs, LELs are essentially im-
mobile, and that a return to a proliferative phenotype considerably
increases the mobility of these intracellular organelles.

Nanoscale Localization of TRPML1-Positive LELs to RyR2 Clusters in
Native BSMCs. The stark contrast in LEL mobility between freshly
isolated BSMCs and cultured proliferative BSMCs suggested the
possibility that stationary LELs could form stable signaling com-
plexes in freshly isolated BSMCs. To investigate this hypothesis, we
utilized immunofluorescence labeling in conjunction with ground
state depletion followed by individual molecule return (GSDIM)
superresolution microscopy (34-36) in native BSMCs to examine
the subcellular nanoscale colocalization of TRPMLI1 channel clus-
ters with RyR2s and the LEL membrane-bound protein, Lamp-1
(Iysosomal-associated membrane protein 1). Using DNA origami-
based nanorulers, we have previously shown that the lateral reso-
lution of our GSDIM system is 20 to 40 nm (37-39).

First, we tested the relative specificity of our anti-TRPMLI1
antibody and our detecting fluorescent secondary antibodies. In
a previous study, we used superresolution microscopy to dem-
onstrate that cerebral artery SMCs isolated from Mcolnl ™'~
mice, unlike those from WT mice, lacked immunoreactivity to
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Fig. 1. Bladder abnormalities in Mcoln1™~ mice and TRPML subtype expression in Mcoln1~"~ BSMCs. (A and B) Representative images of the typical bladder
anatomy observed in WT mice (A) and the hyperdistended/hypertrophic bladder phenotype observed in all Mcoln1~"~ mice (B). (C) Summary data illustrating
the differences in whole-bladder weight (in milligrams) between WT and Mco/n1~'~ mice (n = 8 animals/group; *P < 0.05). (D) ddPCR analysis of the expression
of McoIn1, Mcoln2, and Mcoln3 mRNA (copies/pL PCR) in BSM from WT and Mcoln1~"~ mice (n=4 animals/group; *P < 0.05). (E) Representative Wes analysis
results for TRPML1 protein in BSM. A single band (~60 kDa) was detected in lysates of BSM from WT mice, but was absent in lysates of BSM from Mcoln1~=
mice (n = 4 animals/group). -Actin was used as a loading control. (F) qRT-PCR analysis of Mcoln1, Mcoln2, and Mcoln3 mRNA expression levels (normalized to
Actb) in FACS-enriched homogeneous populations of BSMCs (n = 3 animals/group). All data are presented as means + SEM.

our anti-TRPMLI1 antibody (39). In the current study, we vali- LEL (Fig. 3H), and showed that RyR?2 clusters at a distance of 50 to
dated the specificity of our anti-TRPMLL1 antibody using the Wes 500 nm from LELs were distributed randomly. Additionally, further
protein-detection system (Fig. 1E). We also tested the specificity ~ analysis of RyR2 and TRPMLI colabeled cells revealed colocali-
of our anti-RyR?2, anti-Lamp-1, and anti-TRPML1 antibodies by  zation of a significantly greater number of TRPML1-RyR?2 clusters
comparing the immunoreactivity and labeling density of these  compared with a simulated random distribution (Fig. 3I). Colocal-
antibodies in isolated BSMCs incubated with primary and corre-  ization was determined as the geometric center of a protein cluster
sponding secondary antibodies with those in cells incubated with  occupying that same two-dimensional (2D) space as protein clusters
secondary antibodies alone (S Appendix, Fig. S2). in the opposing wavelength. Taken together, our data suggest that a
Isolated native BSMCs were colabeled for TRPML1 and Lamp-  substantial fraction of Lamp-1-localized TRPMLI1 channels are
1, RyR2 and Lamp-1, or TRPMLI1 and RyR?2 proteins. Subsequent  situated within 40 nm of RyR2 clusters in freshly isolated BSMCs,
imaging using GSDIM in epifluorescence illumination mode and  further supporting our concept that TRPMLI1 channels in native
analysis of data revealed that the targeted proteins were not ho-  BSMCs localize to stationary LELs, where they form stable sig-
mogeneously distributed throughout the cell, but instead were  naling complexes with RyR2s.
present as defined protein clusters (Fig. 3 A-C). Postacquisition
image analyses revealed that TRPML1 and RyR2 cluster sizes were ~ BSMCs from Mcoln1 ~/~ Mice Display Impaired Spontaneous Ca** Sparks
exponentially distributed (Fig. 3 D and E); however, the density of  and BK Channel Activity Leading to Smooth Muscle Hypercontractility.
RyR2 clusters (clusters/um?) was approximately twofold higher than ~ The Ca®* spark-BK channel signaling complex is a pivotal regu-
that of TRPMLI clusters (Fig. 3F). RyR2 and TRPMLI clusters  lator of BSMC resting membrane potential, excitability, and
exhibited a broader cellular distribution in comparison to Lamp-1  contractility (29). To determine the functional contribution of
(Fig. 3 A-C). Lamp-1 clusters aggregated into large ovoid-ike ~TRPMLI channels to this pathway, we next investigated Ca>*
structures resembling LELs that were between 62,000 and  spark activity in freshly isolated BSMCs from WT and Mcolnl /=
1,000,000 nm? in size (Fig. 3G)—values that are consistent with the ~ mice. Using spinning-disk confocal microscopy with a Ca**-sen-
sizes of LELs reported in a prior study (40). Using object-based sitive fluorophore (Fluo-4 AM), we observed spontaneous Ca**
analysis, we found that Lamp-1-immunolabeled LELs colocalized  sparks in nearly all BSMCs (18/20) isolated from WT mice
with a significant number of TRPMLI protein clusters, such that  (Fig. 44 and Movie S3). However, spontaneous Ca** sparks were
most of the LELs were TRPMLI1-positive (75.3%; 70 of 93). not detected in almost all of the BSMCs (2/20) isolated from
The distance between RyR2 protein clusters and Lamp-1-labeled ~ McolnI™~ mice (Fig. 4B and Movie S4). Specifically, we found
LELs could provide an indication of whether TRPMLI channels  that the number of Ca®* spark sites per cell and the frequency of
were within sufficient proximity to influence RyR2 activity. There-  Ca”* spark events (Fig. 4 C and D) was greatly diminished in
fore, using nearest-neighbor analysis of our acquired images BSMCs from Mcolnl~'~ mice compared to those of WT mice. To
(Fig. 3B), we measured the distance between individual RyR2  determine if the effects of Mcolnl™~ knockout on Ca** spark
clusters and the nearest outer edge of Lamp-1-labeled LELs. A  activity is brought about by alterations in total SR [Ca**], we
distribution plot of our data revealed that a significant number of  applied bolus applications of caffeine (10 mM) to BSMCs from
RyR2 clusters were located within 0 to 40 nm of a Lamp-1-positive ~ both WT and Mcolnl ™~ mice. Caffeine-evoked global increases in
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LELs are immobile in freshly isolated BSMCs. (A) Representative lattice light-sheet image of a freshly isolated BSMC stained with LysoTracker Red.

(Scale bars, 10 pm.) (B and C) Histogram showing the distributions of LEL total displacement (B) and average speed (C) within freshly isolated BSMCs, recorded
over a 10-min period. A total of 262 LELs (n = 12 cells) were tracked and analyzed. (D) Representative lattice light-sheet image of a cultured, proliferative
BSMC stained with LysoTracker Red. (Scale bars, 10 pm.) (E and F) Histogram showing the distributions of LEL total displacement (E) and average speed (F)
within proliferative BSMCs, recorded over a 10-min period. A total of 555 LELs (n = 11 cells) were tracked and analyzed. Summary data showing the mean
values for LEL (G) displacement and (H) average speed, and the (/) cellular density of LELs in both freshly isolated and proliferative BSMCs (freshly isolated
BSMCs, n = 12 cells from n = 4 mice; proliferative BSMCs, n = 11 cells from n = 4 mice; *P < 0.05). All data are shown as mean + SEM.

BSMC cytosolic [Ca?*] did not differ between WT and Mcolnl ™'~
mice (Fig. 4E), indicative that the lack of spontaneous Ca®* spark
activity in BSMCs from McolnI™~ mice is not due to significant
differences in SR [Ca®*].

Activation of BK channels by RyR2-mediated Ca®* sparks
generates large-amplitude STOCs in urinary bladder SMCs.
Since spontaneous Ca®* spark activity was essentially absent in
BSMCs from Mcolnl™~ mice, we next investigated and com-
pared STOC activity in freshly isolated BSMCs from WT and
Mcolnl™~ mice by patch-clamp electrophysiology using the
perforated-patch configuration. BSMCs from WT mice, voltage
clamped at physiologically realistic membrane potentials (~40
mYV), exhibited robust STOC activity, whereas STOCs in BSMCs
isolated from Mcolnl™~ mice were nearly undetectable
(Fig. 54). The frequencies and amplitudes of STOCs were sig-
nificantly reduced over a range of membrane potentials (—60
to —20 mV) in BSMCs isolated from McolnI™~ mice (Fig. 5 B
and C). Whole-cell BK currents were recorded from BSMCs
isolated from WT and Mcolnl™~ mice to determine whether
reduced plasmalemmal BK channel expression or altered BK
channel function was responsible for the observed reduction in
STOCs. The BK-sensitive component of the current was isolated
by evoking whole-cell K currents with voltage steps in the
presence of the BK channel antagonist paxilline (1 pM) (SI
Appendix, Fig. S34). These experiments revealed no difference
in BK current density (pA/pF) between BSMCs isolated from
WT and McolnI™~ mice (SI Appendix, Fig. S3B). Evaluation of
the transcriptional expression of Ryr2 (encoding RyR2), Kenmal
(encoding the BKoa pore-forming subunit), and Kcnmbl
(encoding the BKp1 regulatory subunit) using ddPCR showed no
significant differences in BSM from WT and Mcoln1™~ mice (SI
Appendix, Fig. S3C). Taken together, these data suggest that
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genetic deletion of TRPMLI impairs the generation of Ca**
sparks and their associated STOCs in BSMCs and indicate that
the reduction in Ca** spark-BK channel signaling in Mcolnl ™'~
mice is not due to altered expression of unique and vital com-
ponents of the RyR2-BK channel pathway.

To further investigate the impact of Mcolnl deletion on
STOCs, a pharmacological approach was used. Selective block-
ers of TRPMLLI activity are not available commercially. How-
ever, the selective TRPMLI1 agonist, ML-SA1 (41), increased
STOC frequency significantly in BSMCs isolated from WT mice.
Effects of ML-SA1 on STOCs were not detected in BSMCs from
Mcoln1~'~ mice (holding potential of —30 mV; Fig. 5 D and E).
Collectively, genetic and pharmacological manipulations of
STOC activity indicate that TRPML1 channel activity is essential
for the spontaneous activity of the Ca** spark-BK channel sig-
naling cascade in BSMCs.

The regulation of BSM contractility by TRPMLI1 channels was
assessed using ex vivo isometric tension experiments. These ex-
periments showed that spontaneous contractions of BSM strips
from Mcolnl™~ mice were hypercontractile relative to WT mice
(Fig. 64). Specifically, we found that the average contraction
amplitude was significantly greater in BSM strips from Mcolnl ™~
mice, but the contraction frequency was reduced (Fig. 6 B and
(). Voiding contractions of the bladder are predominantly me-
diated by cholinergic activation of postjunctional muscarinic type
3 receptors (M3;Rs) (42). We found that BSM strips from
Mcolnl ™~ mice displayed an increased contractile response and
enhanced sensitivity to stimulation with the nonselective mus-
carinic receptor agonist carbachol (CCh) (Fig. 6 D and E)
compared with strips from WT mice. No difference in M3R
(Chrm3) transcripts (SI Appendix, Fig. S3C) or proteins (SI Ap-
pendix, Fig. S4) were resolved in BSM isolated from WT and
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McolnI™~ mice, suggesting that the observed enhancement in
M;R-mediated contractions was not due to increased receptor
expression. BSM contractions induced by high extracellular K*
(60 mM) did not differ between WT mice and McolnI™'~ mice
(SI Appendix, Fig. S5A), indicating that BSM hypercontractility is
most likely unrelated to altered VDCC function or other
pathways regulating contractility.

Urethral Smooth Muscle from Mcoln1~~ Mice Is Hypercontractile.
The RyR2-BK channel axis has been shown to regulate USM
contractility (31, 43). However, spontaneous Ca>* spark activity
has never been optically detected or reported in USMCs, though
STOCs have been observed in these cells (31). Therefore, we
next sought to detect the presence of Ca** sparks in USMCs and
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investigate the role of TRPMLI channels in regulating the Ca**
spark-BK channel pathway in USM. Using spinning-disk confocal
microscopy, we detected significant spontaneous Ca®* spark ac-
tivity in freshly isolated USMCs (Fig. 74 and Movie S5). We
found that nearly all (17/19) of the USMCs isolated from WT
mice exhibited spontaneous Ca** spark activity (Fig. 74), but were
detected in only ~45% of USMCs obtained from Mcolnl™~ mice
(Fig. 7B and Movie S6). Further, the number of Ca®* spark sites
per cell and the mean frequency of Ca?* sparks were considerably
lower in USMCs from Mcolnl~'~ mice compared with controls
(Fig. 7 C and D). Using caffeine-evoked global increases in USMC
[Ca**] (Fig. 7E), we also demonstrate that the impaired sponta-
neous Ca** activity in USMCs from Mcolnl™~ mice is not due to
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differences in SR [Ca®*]. We also pharmacologically character-
ized the Ca®* spark activity in USMCs isolated from WT mice
using the RyR inhibitor ryanodine. We found that ryanodine (10
uM) essentially abolished Ca** spark activity (SI Appendix, Fig.
S6), indicating that these events are mediated by RyRs in USMCs.
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We also investigated STOC activity electrophysiologically in
freshly isolated USMCs from WT and McolnI~'~ mice using the
perforated-patch configuration of the patch-clamp technique.
USMC:s isolated from WT mice displayed STOCs at membrane
potentials as negative as —50 mV, whereas STOCs in USMCs
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from Mcoln1™~ mice were unresolved at —50 mV and reduced
significantly at more positive potentials (Fig. 7F). Significant
reductions in the frequencies and amplitudes of STOCs were
observed in USMCs isolated from Mcoln1™~ mice (Fig. 7 G and
H) over a range of membrane potentials (—60 to —20 mV).
Taken together, these data sug%est that genetic deletion of
TRPMLL1 significantly impairs Ca** sparks and their associated
STOCs in USMCs.

Sympathetic-mediated activation of proximal USM al-ARs is
the predominant contractile mechanism that prevents leakage of
urine during the filling phase (44, 45). To investigate whether the
hyperdistended/hypertrophic bladder phenotype observed in
Mcoln1~'~ mice (Fig. 1 B and C) is due to obstruction of optimal
urine flow during bladder emptying as a result of proximal USM
hypercontractility, we investigated USM «;-AR responses in
these mice. We found that the amplitudes of phenylephrine-
induced, o;-AR-mediated contractions of USM ring prepara-
tions from Mcolnl™~ mice were significantly larger than those in
USM rings from WT mice (Fig. 7 I and J). Contractions induced
by high extracellular K* (60 mM) did not differ between USM
preparations taken from WT mice and those from Mcolnl ™~
mice (SI Appendix, Fig. S5B), indicating that USM hyper-
contractility is most likely unrelated to any gross alterations in
VDCC function or other intracellular pathways regulating USM
contractility. Therefore, we demonstrate that TRPMLI1 channels
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, n =8 cells from n = 4 mice; *P < 0.05). All data are presented as means + SEM.

regulate the contractility of both bladder and urethral smooth
muscle, and that urethral smooth muscle hypercontractility may
contribute to the distended, hypertrophic bladder phenotype
observed in Mcolnl ™'~ mice.

Mcoln1~'~ Mice Have an Overactive Bladder. Using custom-built
metabolic cages, we examined the voiding activity of size- and
age-matched WT and McolnI ™~ mice. After 2 d of acclimation,
the voiding activity of mice was recorded continuously for 96 h.
Parameters used to characterize voiding activity are presented as
24-h averages. Mcolnl™~ mice displayed a significant increase in
voiding frequency and a decrease in the time intervals between
micturition events compared with WT littermates (Fig. 8 A-C).
However, the total daily urine volume voided by WT mice was
significantly greater than that in Mcolnl ™~ mice (Fig. 8 D and
E), a finding that is not likely related to increased water con-
sumption, as this did not differ between groups (Fig. 8F). These
data indicate that knockout of TRPMLI leads to LUT dys-
function and OAB in McolnI~~ mice due to excessive con-
striction of bladder and urethral smooth muscle.

Discussion

The reciprocal contractile relationship of bladder and urethra
smooth muscle is pivotal in maintaining normal LUT function.
Here, we provide evidence that the activity of LEL-localized
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Fig. 6. BSM contractility is enhanced in Mcoln1~"~ mice. (A) Representative
isometric tension recordings showing spontaneous contractions intrinsic to
WT and Mcoln1~~ BSM strips. (B and C) Summary data for mean contraction
(B) amplitude and (C) frequency (n = 11 muscle strips from n = 6 animals for
both groups; *P < 0.05). (D) Representative isometric tension traces showing
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(black) and Mcoln1~"~ (red) mice. (E) Concentration-response data plotting
the mean amplitude of CCh-induced contractions of BSM strips from WT and
Mcoln1~'~ mice, normalized to the high-K* response (WT, n = 8 muscle strips
from n = 4 mice; Mcoln1~"~, n = 9 muscle strips from n = 5 mice; *P < 0.05).
All data are presented as means + SEM.

TRPMLI channels provides negative feedback that regulates LUT
SMC excitability and contractility. Using live-cell 4D imaging and
superresolution microscopy, we found that the vast majority of
LELs were nearly immobile in native BSMCs, thereby permitting
the formation of stable signaling complexes between TRPMLI1
channels and RyR2s. Our findings also indicated that TRPML1
channels are essential for activation of the Ca®* spark-BK
channel pathway. Genetic ablation of TRPMLI1 channels led to
bladder and urethra smooth muscle hypercontractility, resulting in
the development of bladder outlet obstruction and symptoms of
OAB. Thus, we conclude that TRPMLI1 channels are critical for
the generation of RyR2-mediated Ca®* sparks in SMCs, regula-
tion of LUT smooth muscle contractility, and normal micturition.

The Ca** spark-BK channel signaling pathway regulates BSM
excitability (29). BK channels provide negative feedback that
limits and controls the amplitude and duration of spontaneous
action potentials and associated nonvoiding contractions (22, 46,
47). Mice lacking the BK channel pore-forming a-subunit (48,
49) and heterozygous RyR2-knockout mice (27) show absent or
decreased STOCs, enhanced amplitude of spontaneous con-
tractions, and increased urination frequency. Under pathophys-
iological conditions, spontaneous contractions are increased in
patients with OAB (50, 51), a finding that has been linked to
reduced bladder BKa expression (52) and highlighting the im-
portance of the Ca®* spark-BK channel signaling pathway in
regulating bladder excitability during filling. Data from the cur-
rent study show that TRPML1 channels are necessary for the
generation of Ca®* sparks and their associated STOC activity,
because these events were greatly reduced or absent from
BSMCs lacking TRPMLI1. Consistent with this observation,
knockout of TRPMLI led to enhanced BSM spontaneous con-
tractions and increased urination frequency, indicative of OAB.
Thus, our results identify TRPMLI1 channels as a component of
the Ca®* spark-BK signaling cascade in BSMCs.
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Fig. 7. USMCs from Mcoln1~'~ mice show impaired Ca®* sparks and STOC
activity, leading to USM hypercontractility. (A) Representative confocal im-
age of a Ca®* spark site (Scale bar, 10 pm.) in a Fluo-4 AM loaded USMC from
a WT mouse, and trace showing changes in fractional fluorescence (F/Fo) in a
defined region of interest (white box). (B) Representative confocal image
(Scale bar, 10 pm.) and complimentary trace recorded from a USMC isolated
from a Mcoln1™~ mouse showing reduced Ca®* spark activity. (C and D)
Summary data showing (C) the number of spontaneous Ca®* spark sites per
cell and (D) Ca®* spark frequency in USMCs isolated from WT and Mcoln1~/~
mice (WT, n = 19 cells from n = 4 mice; Mcoln1™~, n = 20 cells from n = 4
mice; *P < 0.05). (E) Total SR Ca®* store load in USMCs from WT and
Mcoln1~"~ mice, assessed by imaging changes in global intracellular [Ca®*] in
response to administration of caffeine (10 mM) (WT, n = 7 cells from n = 4
mice; Mcoln1™"~, n = 8 cells from n = 4 mice). (F) Representative traces of
STOCs recorded in the perforated-patch configuration from voltage-
clamped (—60 to —20 mV) USMCs isolated from WT and Mcoln1~"~ mice. (G
and H) Summary data for mean STOC frequency (G) and amplitude (H) over a
range of membrane potentials (—60 to —20 mV) in WT and Mcoln1™"~ mice
(n = 6 cells from n = 4 mice in both groups; *P < 0.05). (/) Representative
isometric tension traces showing USM contractions induced by the cumula-
tive addition of increasing concentrations (30 nM to 100 uM) of the a1-AR
agonist phenylephrine (PE) in WT (black) and Mcoln1™~ (red) mice. (J)
Concentration-response data plotting mean amplitudes of PE-induced con-
tractions of USM ring preparations from WT and Mco/n1~'~ mice, normalized
to the high-K* response (WT, n = 6 from n = 6 mice; Mcoln1~"~, n = 6 from
n = 6 mice; *P < 0.05). All data are presented as means + SEM.
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Fig. 8. Mcoln1~~ mice show hyperactive voiding. (A) Representative voiding micturogram displaying the micturition activity of WT (black) and Mcoln1
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(red) mice over a 24-h period. (B and C) Summary data showing the daily average void frequency (B) and intermicturition interval (C) for WT and Mcoln1~"~
mice (WT, n = 6; Mcoln1™~, n = 6; *P < 0.05). (D) Representative trace, complimentary to the micturogram in A, showing urine accumulation in WT (black) and
Mcoln1~"~ (red) mice. (E and F) Summary data showing the total daily voided urine volume (E) and water consumption (F) for WT and Mcoln1~"~ mice (WT, n=

6; Mcoln1™'~, n = 6; *P < 0.05). All data are presented as means + SEM.

Where do TRPMLI channels fit in the canonical Ca®*
spark—BK signaling pathway? We propose a model based on the
nanoscale localization of TRPML1 channels with RyR2s in
SMCs. In mammalian cells, the subcellular localization of
TRPMLI1 channels is limited to the membranes of LELs. A
significant finding in the current study is that LELs are essen-
tially immobile in native BSMCs, a result that contrasts sharply
with the high levels of LEL mobility we observed in proliferative
BSMCs and that others have reported in many other cell types
(53). Furthermore, superresolution analyses of native BSMCs
revealed that a large number of RyR2 clusters are located within
40 nm or less of TRPMLI clusters expressed on LELs. The
steepness of the gradient between LEL intraluminal [Ca®™]
(~0.5 mM) (30) and the surrounding cytosol (100 nM) leads us
to propose that the opening of Ca>*-permeable TRPML channel
clusters on the membrane of LELs activates nearby RyR2
through a Ca®*-induced Ca?* release mechanism, triggering
Ca®* sparks and downstream BK channel-mediated STOCs.
Replenishment of intraluminal LEL Ca”* is required for sus-
tained operation of this signaling complex. This process is not
fully understood, but an unidentified H*/Ca®>* exchanger has
been suggested as a plausible candidate (30).

Although it has been widely and convincingly shown that the
force of BSM spontaneous contractions is enhanced upon inhi-
bition of the Ca®* spark-BK channel signaling pathway, the ef-
fect of suppressing this pathway on spontaneous contraction
frequency appears to vary between species. For example, con-
tractility experiments have shown that pharmacological blockade
of BK channels increases contraction frequency in BSM from
guinea pigs (54) and humans (55), but reduces it in mice (46, 56).
Our data show that the amplitudes of BSM spontaneous con-
tractions are significantly increased in McolnI™'~ mice in asso-
ciation with a decrease in contraction frequency, a result
consistent with the literature on murine BSM (46, 56). Extrap-
olating from these disparities to a mechanism is difficult; how-
ever, one simple explanation could be that the decreased
contraction frequency observed in mice upon inhibition of the
Ca®* spark-BK channel signaling pathway is caused by pro-
longed membrane depolarization and increased cytosolic [Ca**]
during a single spontaneous contraction, leading to a longer than

Griffin et al.

normal quiescent period due to voltage or Ca’* inactivation
of VDCCs.

Voiding contractions of the bladder are cholinergic in origin
and are predominantly mediated by M3Rs. These responses in-
volve VDCC-mediated Ca®* influx and IP;-mediated Ca’* re-
lease from the SR of BSMCs (42). M3R-mediated contractions
of BSM are enhanced by both genetic deletion (49) and phar-
macological inhibition (56, 57) of BK channels. In the current
study, CCh-induced contractions of BSM strips from Mcolnl =™~
mice were greatly increased compared with those from WT mice.
Because application of CCh significantly inhibits STOC activity
and depletes SR Ca®* via IP;-mediated store release (58), the
contribution of Ca** spark-BK channel signaling to M3R-me-
diated responses in BSMCs is likely minimal. The Ca®* spark—
BK channel signaling pathway is essential for mediating resting
membrane potential in BSMCs. For example, the resting mem-
brane potential of BSMCs isolated from BKa-null mice (—25.8
mV) is significantly depolarized compared with that of BSMCs
from WT mice (—45.5 mV) (59). Our data show that TRPML1
channels are critical in regulating Ca®* spark-BK channel sig-
naling. Therefore, the expectation is that genetic deletion of
TRPMLL1 would depolarize BSMCs, leading to a more forceful
contraction upon M3R stimulation, providing a likely explana-
tion for the hypercontractility of BSM in response to M;R
activation in Mcoln1™'~ mice.

Bladder outlet obstruction (BOO) is a LUT disorder in which
urine outflow is restricted, most commonly by benign prostatic
hyperplasia (BPH) and/or increased a-adrenergic activity/ex-
pression in the bladder neck and prostatic urethra. BOO is ac-
companied by bladder hypertrophy and remodeling, which serves
to compensate for the increased resistance to flow (60). Both
overactive and underactive voiding activity have been observed
in rodent models of BOO (61). Schroder et al. (62) reported that
conscious mice with moderate urethral obstruction displayed two
types of micturition characteristics: 1) increased frequency, hy-
peractive nonvoiding contractions, reduced voiding volumes, and
low bladder capacity; and 2) reduced micturition frequency, a slight
increase in nonvoiding contractions, normal voiding volumes, in-
creased bladder capacity with hypertrophy, and residual urine. In
the current study, Mcolnl™~ mice displayed hyperdistended
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bladders with hypertrophy reminiscent of BOO-induced underac-
tivity (62). Because o;-AR responses were significantly enhanced in
Mcolnl™"~ mice, this phenotype is most likely brought about by the
reduction in urine outflow due to proximal USM hypercontractility.
However, Mcolnl™~ mice showed a drastic increase in voiding
frequency compared with WT mice, and BSM from Mcolnl™~
mice exhibited hyperactive spontaneous contractions indicative of
bladder overactivity. Therefore, it appears from our data that
knockout of TRPMLI renders the proximal USM hypercontractile,
giving rise to BOO-induced bladder distension and hypertrophy.
The typical signs of bladder underactivity associated with this pa-
thology are overpowered by the lack of TRPML1-mediated regu-
lation of the Ca”spark—BK channel signaling pathway in
Mcoln1™"~ mice, leading to BSM hypercontractility and symptoms
of OAB together with bladder distension and hypertrophy. De-
creased expression of BKoa has been reported in patients with
BPH-induced BOO (63) and in rodent models of BOO (64).
However, this is not likely a contributing factor to bladder hyper-
activity in the current study since expression levels of BKa and
BKp1 did not differ significantly between bladders from WT and
Mcolnl™~ mice.

During the filling phase, USM develops spontaneous tone; this
is further enhanced by sympathetic neurotransmission to pro-
duce a urethral closure pressure that exceeds intravesical bladder
pressure, thus maintaining continence (44). The role of BK
channels in regulating these USM mechanisms (65) has not been
studied as extensively as those in the bladder (66), probably
reflecting difficulties in obtaining sufficient urethral tissue from
small rodents such as mice. Patch-clamp recordings of rabbit
USMC s show that these cells possess large voltage-evoked BK
currents that are mediated by Ca?* release via RyRs (31).
Spontaneous hyperpolarizations in pig USMCs are dependent on
BK channels (23), and the amplitude and duration of pulse-
evoked action potentials, as well as urethra contractility, are
significantly increased upon BK channel inhibition (43). While
in situ imaging of USMCs in intact rabbit (67) and mouse (68)
urethral muscle preparations has demonstrated propagating in-
tracellular Ca** waves, the optical detection of Ca®* sparks has
not been reported in these cells, despite reports that STOCs are
present,and is mediated by SR Ca®" in isolated rabbit USMCs
(31). The current study demonstrates the presence of Ca’*
sparks in isolated USMCs, and that these events are mediated by
RyRs. We found that USMCs display on average three Ca®"
spark sites per cell at a mean spark frequency of ~0.4 Hz. Both
Ca®* sparks and STOC activity were significantly impaired in
USMCs isolated from Mcolnl™~ mice, and USM tissue strips
from these mice were hypercontractile. Surprisingly, the canon-
ical pathway of BK channel-mediated regulation of VDCC ac-
tivity is not as clear in USMCs, and there appears to be
significant species differences. For example, robust L-type Ca>*
currents are detected in rabbit (69) and human (70) USMCs.
Upon VDCC channel inhibition, spontaneous action potentials
in rabbit USMC:s are reduced (71), USM tone in pigs is abolished
(72), and a;-AR-mediated contractions of rat USM are greatly
impaired (73). In contrast, it has been shown that o;-AR-
mediated Ca”* responses and contractions of mouse USM are
resistant to VDCC inhibition and appear to be reliant instead on
store-operated Ca* entry (68). Our study showed that genetic
deletion of TRPMLI1 impairs Ca®* sparks and their associated
BK channel activity in isolated murine USMCs and thereby en-
hances urethral contractility. However, considerin§ the paucity
of previous investigations into the role of the Ca”" spark-BK
channel pathway and varying reports on species differences in
VDCC function, it is difficult to accurately determine the sub-
cellular mechanisms by which TRPMLI1 influences urethral
contractility.

The Ca™* spark-BK channel signaling pathway is a critical
regulator of SMC excitability (24). Our study demonstrates that
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TRPML1 channels are essential for this pathway in bladder
SMCs, showing that they act upstream of RyR2s to cause gen-
eration of Ca®* sparks and subsequent activation of plasma
membrane BK channels. In urethra SMCs, TRPMLI1 regulates
Ca?* sparks, STOC activity, and muscle contractility. Although,
the manner in which TRPML1 influences these pathways is less
obvious, our findings collectively support the conclusion that
TRPMLL is critical for the regulation of LUT smooth muscle
contractility.

Materials and Methods

See SI Appendix, S| Materials and Methods for a more detailed description of
experimental protocols.

Animals, Tissue Preparation, and Isolation of SMCs. Adult (16 to 20 wk) male
WT C57BL/6J mice, homozygous global Mcoln1~"~ mice, and smMHC¢/¢¢P
transgenic reporter mice were used in this study. The urinary tract was re-
moved from humanely killed mice and placed in ice-cold Krebs solution.
Both the proximal urethra and urinary bladder smooth muscle were dis-
sected from mice, removing any excess fat and connective tissue. SMCs were
isolated by placing small pieces (0.25 mm?3) of BSM or proximal USM into
Ca**-free physiological saline solution (PSS) containing papain, dithioery-
thritol, and bovine serum albumin (BSA) at 37 °C for 25 min, then into Ca?*-
free PSS containing type Il collagenase, BSA, and 100 pM CaCl, at 37 °C for 6
to 7 min. Single SMCs were liberated by gentle trituration.

Molecular Biology. RNA was extracted from BSM strips using homogenization
in TRIzol reagent, then subsequently purified and reversed transcribed into
cDNA using gScript cDNA Supermix. ddPCR was performed using QX200
ddPCR EvaGreen Supermix, custom-designed primers (S/ Appendix, Table S1),
and cDNA templates. Generated droplet emulsions were amplified using a
C1000 Touch Thermal Cycler and fluorescence intensity of individual droplets
was measured with the QX200 Droplet Reader. gRT-PCR was performed on a
QuantStudio 3 system using Fast SYBR Green Master Mix.

Protein Extraction and Westerns. Proteins from BSM strips were extracted by
homogenization in radioimmunoprecipitation assay buffer and protease in-
hibitor mixture. TRPML1 protein expression was detected using an anti-TRPML1
antibody, horseradish peroxidase-conjugated secondary antibodies, and
luminol-peroxide mix. Proteins were resolved and fluorescence intensity was
measured using a Wes automated capillary-based protein-detection system.

LEL Visualization and Tracking. LELs were visualized by labeling freshly isolated
and cultured BSMCs with LysoTracker Red. Four-dimensional imaging of
BSMCs was performed using a lattice light-sheet microscope (LLSM) (33).
Briefly, BSMCs were adhered to round coverslips (5 mm), mounted to a
sample holder, and placed into the LLSM bath immersed in Ca?*-containing
PSS. Imaging was conducted with dithered mode set to 20-ms exposures.
Z-steps (80 to 120) were collected with a 0.4-pm step size. Transformed re-
cordings were subsequently analyzed using the 4D particle tracking function
of IMARIS software.

GSDIM Superresolution Microscopy. Seeded BSMCs were fixed in 2% para-
formaldehyde, permeabilized with 0.1% Triton X, and blocked with 50% SEA
Block solution in phosphate-buffered saline. Immunolabeling was performed
using primary antibodies against Lamp-1, RyR2, and/or TRPML1. Detection was
performed using Alexa Fluor 568- or 647-conjugated secondary antibodies.
Coverslips were mounted to slides in a thiol-based photo-switching imaging
buffer, and superresolution images were acquired using a GSDIM imaging
system (Leica). Postacquisition image analyses of cluster size distribution were
performed using binary masks of the images in ImagelJ software.

Ca?* Sparks. SMCs were loaded with the Ca®*-sensitive fluorophore Fluo-4 AM
(1 uM) for 20 min at room temperature then washed and stored in Ca**-
containing PSS. Images were acquired using an iXon 897 electron multiply-
ing charge-coupled device camera and a 100x oil-immersion objective at 33
frames per second (fps).

Patch-Clamp Electrophysiology. All currents from SMCs were recorded at room
temperature (22 °C) in Ca®* containing PSS using an AxoPatch 200B amplifier
and pClamp software. Perforated-patch (amphotericin B; 250 pg/mL) or
conventional whole-cell configurations were used to record STOCs and
whole-cell K* currents, respectively.
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Isometric Tension Recordings. BSM strips and proximal USM ring preparations
were attached to a tissue holder, immersed in heated (37 °C) water-jacketed
organ baths containing Krebs solution, and bubbled with 95% 0,/5% CO,.
Force contraction data were acquired using AcgKnowledge software and
analyzed using pClamp 11 software.

Voiding Activity Analysis. The voiding activity of freely moving, conscious WT
and Mcoln1~'~ mice was recorded over a 96-h period, using custom-built
metabolic cages. Parameters measuring voiding activity are presented as
daily (24 h) averages.

Statistical Analysis. All data are presented as means + SEM. Values of “n"
refer to the number of individual experiments. A P value of <0.05 was
considered to be statistically significant for all analyses.

Data Availability. All data needed to evaluate the conclusions in the paper are
present in the paper and S/ Appendix.
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