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Abstract

In the central nervous system, melastatin transient receptor potential (TRPM) channels function as recep-
tors for the neurosteroid pregnenolone sulfate (PregS). The expression and function of TRPM3 has been
explored in adult retina, although its role during development is unknown. We found, during the second
postnatal week in mice, TRPM3 immunofluorescence labeled distinct subsets of inner retinal neurons, in-
cluding a subset of retinal ganglion cells (RGCs), similar to what has been reported in the adult. Labeling
for a TRPM3 promoter-driven reporter confirmed expression of the TRPM3 gene in RGCs and revealed ad-
ditional expression in nearly all Miiller glial cells. Using two-photon calcium imaging, we show that PregS
and the synthetic TRPM3 agonist CIM0216 (CIM) induced prolonged calcium transients in RGCs, which
were mostly absent in TRPM3 knock-out (KO) mice. These prolonged calcium transients were not associ-
ated with strong membrane depolarizations but induced c-Fos expression. To elucidate the impact of
PregS-activation of TRPM3 on retinal circuits we took two sets of physiological measurements. First,
PregS induced a robust increase in the frequency but not amplitude of spontaneous postsynaptic currents
(PSCs). This increase was absent in the TRPM3 KO mice. Second, PregS induced a small increase in cell
participation and duration of retinal waves, but this modulation persisted in TRPM3 KO mice, indicating
PregS was acting on wave generating circuits independent of TRPM3 channels. Though baseline fre-
quency of retinal waves was slightly reduced in the TRPM3 KO mice, other properties of waves were indis-
tinguishable from wildtype. Together, these results indicate that the presence of neurosteroids impact
spontaneous synaptic activity and retinal waves during development via both TRPM3-dependent and inde-
pendent mechanisms.

Key words: Muller glia; retinal ganglion cell; retinal wave; two-photon calcium imaging

(s )

Melastatin transient receptor potential (TRPM)3, a heat sensitive ion channel found throughout the CNS,
also functions as a receptor for the neurosteroid pregnenolone sulfate (PregS). In the hippocampus and cer-
ebellum, TRPM3 has been shown to have a functional role as a steroid receptor during development. We
show that, in the developing retina, TRPMS3 responds to PregS, producing prolonged calcium transients in a
subset of retinal ganglion cells (RGCs) and increasing the frequency of spontaneous synaptic current onto
RGCs. The PregS-mediated increase in spontaneous synaptic activity was absent in the TRPM3 knock-out
(KO) retina. In addition, the absence of TRPM3 signaling reduced wave frequency. Thus, we show that
TRPMS3 and the endogenous neurosteroid, PregS, function in modulating spontaneous activity in the retina

\during development. /
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Introduction

Melastatin transient receptor potential (TRPM) channels
are polymodal cation conductances that are found
throughout the body, including the peripheral nervous
system where they play a key role in heat and pain sensa-
tion (Vriens et al., 2011; Vriens and Voets, 2018). TRPM3
is a cation channel with a high permeability to calcium
(Grimm et al., 2003; Oberwinkler and Philipp, 2014), with
the extent of permeability dependent on which splice iso-
forms are expressed (Oberwinkler et al., 2005). In addition
to being activated by heat, TRPM3 is strongly activated
by the neurosteroid pregnenolone sulfate (PregS; Wagner
et al.,, 2008) as well as the synthetic small molecule
CIM0216 (CIM; Held et al., 2015a). Activation of TRPM3
via PregS or CIM leads to a dramatic increase in intracel-
lular calcium, which in turn strongly activates signaling
cascades that alter gene transcription (Thiel et al., 2017).

The role of TRPMS in the central nervous system is less
well explored (Thiel et al., 2017). TRPMS3 is present in the
adult mouse retina, where it is expressed by retinal ganglion
cells (RGCs) as well as cells in the inner nuclear layer (Brown
et al., 2015), including Muiller glial cells (Gilliam and Wensel,
2011; https://portals.broadinstitute.org/single_cell/study/
SCP3/retinal-bipolar-neuron-drop-seq). TRPM3 knock-out
(KO) mice have normal retinal structure and electroretino-
gram (ERG) responses but an attenuated pupillary light reflex
(Hughes et al., 2012), suggesting a role for TRPM3, either di-
rectly or indirectly, in modulating light detection by the tissues
of the eye while not distorting the ERG. Interestingly, TRPM3
may play a critical role during development. For example, in
the developing cerebellum, TRPM3 is present at glutamater-
gic synapses, and activation of TRPM3 by PregS potentiates
spontaneous synaptic transmission (Zamudio-Bulcock and
Valenzuela, 2011), suggesting a functional role in developing
circuits.

Although the endogenous ligands for TRPM3 are not yet
fully determined (Thiel et al., 2017), the neurosteroid PregS
is a strong candidate (Wagner et al., 2008). PregS is syn-
thesized within the nervous system (Kimoto et al., 2001;
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Harteneck, 2013), including the retina (Cascio et al., 2015).
Moreover, significantly lower concentrations of PregS are
needed to activate TRPM3 in elevated temperatures
(Vriens et al., 2011), indicating a synergism between ligand
and temperature sensing that has been described in other
channels such as TRPV1 (Neelands et al., 2008). In addition
to activating TRPM3, PregS has excitatory effects on neu-
ral circuits by a variety of other mechanisms (Harteneck,
2013), including as a negative allosteric modulator of
GABA-A receptors, as a positive allosteric modulator of
NMDA receptors, and through interactions with AMPA, kai-
nate (Yaghoubi et al., 1998), glycine (Wu et al., 1997), and
nicotinic acetylcholine receptors (Smith et al., 2014).
PregS-induced depolarization of isolated RGCs is absent
in the TRPM3 KO (Brown et al.,, 2015), indicating that
PregS is a specific agonist of TRPM3 in the retina.
However, the impacts of PregS on RGCs and other cell
types in the intact retina are unknown.

Here, we use the mouse retina to explore a role for
PregS and TRPMS3 signaling during development. Before
eye opening and the maturation of vision, the retina exhib-
its retinal waves, a term used to describe spontaneously
generated, correlated bursts of action potentials that
spread across the retinal ganglion and inner nuclear cell
layers (Wong, 1999; Blankenship and Feller, 2010). We
use immunohistochemistry, two photon calcium imaging,
and whole-cell voltage clamp recordings to determine the
impact of TRPM3 agonists and genetic deletion on cellu-
lar calcium dynamics, spontaneous synaptic signaling,
and retinal waves.

Materials and Methods

Mice

All experiments were performed on mice aged postnatal
day (P)8 to P15 of either sex from C57BL/6 wild-type (WT;
Harlan Laboratories) or TRPM3 KO (Vriens et al., 2011; NIH-
1697: LexKO 380). Animal procedures were approved by
the Institutional Animal Care and Use Committees and con-
formed to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals, the Public Health
Service Policy, and the Society for Neuroscience Policy on
the Use of Animals in Neuroscience Research.

Immunohistochemistry

Animals were deeply anesthetized with isoflurane and
decapitated. Eyes were dissected in freshly made ACSF
at room temperature by cutting just behind the ora serra-
ta, then removing the lens. Eyecups were fixed for 20 min
in ice-cold 4% paraformaldehyde (PFA) in 0.1 M phos-
phate buffer, pH 7.4 (PB). The eyecups were washed in
PB, then sunk in sequentially increasing concentrations of
sucrose in PB (10%, 20%, 30% w/v) and immersed in
30% sucrose solution overnight at 4°C. The tissue was
cryoembedded in OCT tissue-embedding compound
over dry ice and methanol, and then sectioned perpendic-
ular to the eye cup in 16-um sections using a Cryostat.
Sections were mounted on Super-Frost glass slides, air-
dried, and then stored at —80°C or used immediately for
staining.

eNeuro.org
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Several antibodies were used. First, rabbit antiserum
against amino acids 1543-1672 of mouse TRPMS3 (acces-
sion AEE80504) was produced as previously described
(Brown et al., 2015). For the anti-TRPM3 and anti-calreti-
nin double labeled sections, a 1:200 dilution of affinity pu-
rified anti-TRPM3 and 1:20 dilution mouse monoclonal
anti-calretinin (sc-365956; Santa Cruz Biotechnology)
were used, followed by a 1:2000 dilution of anti-mouse
Alexa Fluor 488 and anti-rabbit Alexa Fluor 594 secondary
antibodies. Second, for the EAAT1 and LacZ double la-
beled sections (Fig. 1B), rabbit anti-EAAT1 (Abcam
ab416) 1:500 dilution and chicken anti-B-galactosidase
(B-Gal; Abcam 9361) 1:300 in 5% donkey serum, 0.5%
Triton X-100, and 0.2% sodium azide in PBS were used
as primary stain overnight at 4°C. Finally, rabbit anti-
RBPMS 1:500 (Phospho Solutions, #1830) and chicken
anti-B-Gal 1:300 were used for the RBPMS and LacZ
double labeling, followed by anti-rabbit Alexa Fluor 594
and anti-chicken Alexa Fluor 488 secondary antibodies.

The TRPMS3 and calretinin double labeled sections were
imaged on a Leica TCS SP8 X confocal microscope using
a 63x/1.40NA oil immersion objective. Staining versus
distance between the outer plexiform layer (OPL) and
inner limiting membrane (ILM) was measured using the
image-processing software, FIJI. Six 10 x 70-80 um rec-
tangular regions of interest (ROIs), oriented such that the
length spanned the region of intensity between the OPL
and ILM, were placed in the field randomly. The ROI
Manager and Plot Profile functions were used to generate
average fluorescence intensity values as a function of dis-
tance. Custom scripts in Python were used to normalize
and graph the data. Sections for EAAT1/LacZ double
label and RBPMS, LacZ double label were imaged on a
Zeiss 780 AxioExaminer confocal microscope with either
a 40x/1.4 NA oil immersion or 63x/1.4 NA oil immersion
objective. Images were adjusted for brightness and con-
trast and pseudocolored using Leica software and FIJI
(NIH ImageJ).

Acutely isolated retinas

Animals were deeply anesthetized with isoflurane and
decapitated. After enucleation of the eyes, retinas were
dissected in oxygenated (95% 0,/5% CO,) ACSF (119
mM NaCl, 2.5 mM KCI, 1.3 mM MgCl,, 1 mM K;HPOy,,
26.2 mM NaHCO3;, 11 mM D-glucose, and 2.5 mM CaCl,)
at room temperature under infrared illumination. Isolated
retinas were mounted RGC side up on nitrocellulose filter
paper (Millipore), and transferred to a recording chamber
of an upright microscope for imaging and simultaneous
electrophysiological recording. The whole-mount retinas
were continuously perfused (3 ml/min) with oxygenated
ACSF at 32-34°C for the duration of the experiment.

c-Fos staining experiment

P10 retinas were dissected as described above and
maintained at 33C in an incubator in oxygenated ACSF;
50 um Preg$S or vehicle control was added to the ACSF for
30 min followed by washout 3x with oxygenated ACSF,
and then incubation in oxygenated ACSF for 1.5 h for all
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conditions. The retina pieces were then fixed for 30 min in
4% PFA in PBS, followed by wash in 0.1% PBST. To
block mouse endogenous antibodies, we incubated over-
night in F(ab) fragment anti-mouse IgG (H + L) 0.1 mg/ml
(ab6668; Abcam; 1:10 dilution) and 1:1000 rat anti-mouse
monoclonal CD16/CD32 antibody (UCSF MAB core) pre-
pared in 0.1% PBST. Retina pieces were again washed
3x in PBST followed by a 4 h incubation in blocking buffer:
5% donkey serum, 0.2% sodium azide, 0.1% Triton X-100.
Anti-c-Fos antibody [2H2] (ab208942) 1:1000 was incu-
bated overnight in blocking buffer. Retina pieces were
washed 3x and then incubated in goat anti-mouse Alexa
Fluor 488 (1:1000) overnight. Retina pieces were briefly
washed in water and then coverslipped using Fluoromount
with DAPI and imaged on a Zeiss 780 confocal microscope
with a 63 x oil immersion objective (NA 1.4).

Two-photon calcium imaging

Retinas were bolus loaded with Cal-520 AM (AAT
Bioquest) using the multicell bolus loading technique
(Stosiek et al., 2003) as previously described (Blankenship
et al., 2009). Cal-520 AM was prepared at a concentration of
906.6 um in 20% Pluronic in DMSO solution, which was
then diluted 1:10 in ACSF, pH 7.4, sonicated, and filtered at
0.45 um to remove particulates. Boroscilicate glass micro-
pipettes (Sutter Instruments) were pulled to an approximate
lumen of 1-2 um (Narishige, PC-10) and used for pressure
injection of the dye (World Precision Instruments, PV-820
Pneumatic PicoPump) at a pressure of 10-20 psi with the
pipette positioned just under the ILM. Two-photon calcium
imaging of neurons in the RGC layer was performed on a
custom-built two-photon microscope with a 60x objective
(Olympus 60x, 1 NA, LUMPIlanFLN) and an ultrafast pulsed
laser (Chameleon Ultra, Coherent) tuned to 920 nm. The mi-
croscope was controlled by Scanlmage software (version
3.8; https://www.scanimage.org). Scan parameters were:
128 x 128 (6 Hz), or 256 x 256 (3Hz), at 1 ms/line. Five- or
10-min imaging epochs were used and retinas were main-
tained at 33°C for the duration of the experiment.

Calcium imaging analysis

Image stacks (movies) were imported into FIJI
(Schindelin et al., 2012). Movies were spatially median fil-
tered (0.5 x 0.5 pixels) to remove high-frequency noise
and motion corrected using the NoRMCorre package
(Pnevmatikakis and Giovannucci, 2017). ROls were man-
ually identified by selecting RGCs from average intensity
projections. For each ROI, the baseline fluorescence (Fg)
was computed by taking the temporal median of all fluo-
rescence values from the movie. Each fluorescence value
(F) was normalized by dividing its difference from the
baseline (F-Fg) by the baseline [(F-F)/Fo] to produce a AF/
Fo trace.

Prolonged transient analysis

AF/F, traces were median filtered in time (3-s window)
to remove high-frequency noise. AF/Fq traces were Z-
scored using the mean and SD calculated during the first
90 s of the movie, before bath application of the drug.

eNeuro.org
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Figure 1. TRPM3 expression in postnatal retina. A, left, Schematic of retinal circuit at P9 and P15. Middle, Immunofluorescence for
TRPM3 and calretinin at two developmental ages. Calretinin is present in ACs, dACs, and some RGCs. White arrow, A TRPM3 im-
muno-positive putative AC. Right, Image intensity as a function of distance along the cross-section from the OPL for both TRPM3
(green) and calretinin (magenta). Bold lines are the average intensity from six ROls and the light regions represent SD. Scale bar:
20 um. B, TRPMS reporter co-localizes with Mdller glia and RGCs. P12 TRPM3+/— retinas containing a 3-Gal cassette in place of
exon 17 of the coding sequence of TRPM3 were used to identify cells that express TRPM3 by immunofluorescence. Top, B-Gal co-
localizes with EAAT1, a marker for Muller glia. Bottom, B-Gal is also present in the RGC layer, co-localizing with the RGC label,
RBPMS (white arrow). PR: photoreceptors; MC: Mudiller cell; BC: bipolar cell; AC: amacrine cell; dAC: displaced amacrine cell;
RGC: retinal ganglion cell; OPL: outerplexiform layer; INL: inner nuclear layer, IPL: inner plexiform layer.
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Prolonged transients were defined as intervals during
which Z-scored AF/Fy traces continuously exceeded 3
SD for at least 30 s. If a cell had multiple prolonged transi-
ents only the first was measured.

Retinal wave analysis

Detection of retinal waves relied on finding and select-
ing their time scale relative to optical noise and mechani-
cal drift of the tissue, along with detecting their highly
synchronous activations of populations of neighboring
neurons. AF/Fq traces were median filtered in time (3-s
window) to remove high-frequency noise. Slow (minutes-
long) fluctuations in F that arise from mechanical tissue
drifts and bleaching were removed using the msbackadj
function (Andrade and Manolakos, 2003). AF/Fy traces
were then Z-scored. Cells were considered to be active if
their Z-scored fluorescence exceeded 1.5 SD. Movie
frames during which >10% of cells in the FOV were si-
multaneously active for at least 2 s were defined to depict
a wave. Wave participation was defined as the proportion
of cells that were active at any time during the wave.
Wave frequency was defined as the number of waves di-
vided by the length of the movie. Wave amplitude was de-
fined as the mean of the distribution of cellular peak AF/Fq
values during the wave. Wave duration was defined as the
mean of the distribution of cellular full-width-at-half-maxi-
ma around their peak AF/Fq during the wave.

Electrophysiological recordings

Whole-cell voltage clamp recordings were made from
hemisectioned retinas continuously superfused in oxy-
genated ACSF (32-34°C) at a rate of 2-4 ml/min. Retinas
were visualized under infrared illumination (870 nm). The
ILM was removed using a glass recording pipette.
Borosilicate glass recording pipettes (Sutter Instruments)
were pulled (PP-830; Narishige) with tip resistance of 3-6
MQ and filled with cesium gluconate internal solution con-
taining the following: 110 mM CsMeSQ4, 2.8 mM NaCl, 20
mM HEPES, 4 mM EGTA, 5 mM TEA-CI, 4 mM ATP-Mg,
0.3 mM GTP-Naz, 10 mM phosphocreatine-Na,, and
5 mM QX-314, pH adjusted to 7.2 and with an osmolarity
of 290 mOsm/kg H,0O. The liquid junction potential cor-
rection for this solution was —13 mV. Voltage-clamp re-
cordings were obtained from somas of RGCs (holding
potential of —60 mV) as 10-min gap free recording using
pCLAMP10 recording software and a Multiclamp 700A
amplifier (Molecular Devices), sampled at 20 kHz and low-
pass filtered at 2 kHz. For current clamp experiments, in-
ternal solution contained the following: 116 mM K™ D-glu-
conate, 6 mM KCI, 2 mM NaCl, 20 mM HEPES, 0.5 mM
EGTA, 4 mM ATP-Mg®", 0.3 mM GTP-Nas, and 10 mM
phosphocreatine-Na,.

Pharmacology

For pharmacology experiments, imaging and/or elec-
trophysiology recording was conducted under baseline
conditions for at least 10 min before application of phar-
macological agents. Pharmacological agents were added
to oxygenated ACSF, maintained at 33°C, and bath
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perfused onto the retina after 1-2.5 min following the start
of imaging or recording to obtain both stable baseline and
change due to the agent in the same imaging/recording
epoch. Pharmacological agents were used in the follow-
ing concentrations: PregS 50 um (Sigma-Aldrich) and 10—
50 um CIM (Tocris). To block all fast synaptic transmission
(Fig. 2C), we used 50 um D-AP5, 20 um DNQX, 8 um
DHBE, 4 um strychnine, and 5 um gabazine. All com-
pounds were purchased from Tocris Bioscience and pre-
pared in dH,O and diluted to the final concentration in
ACSF.

Results

TRPM3 in the developing retina is localized to inner
retinal processes and RGCs

In the adult retina, TRPMS is localized to processes in
the inner plexiform layer (IPL), a subset of RGC somas,
and potentially other cells including displaced amacrine
cells (Brown et al., 2015). TRPM3 mRNA and TRPMS3 pro-
moter-driven expression of a reporter have been demon-
strated in Miller glia (Gilliam and Wensel, 2011; Hughes
et al., 2012). To characterize the localization of TRPM3
during development, we used two approaches. First, we
used a custom antibody targeted against the C terminus
of mouse TRPM3 (Brown et al., 2015). To demarcate syn-
aptic layers in the developing IPL we co-stained for calre-
tinin, a calcium binding protein localized to a subset of
amacrine and ganglion cells whose processes define IPL
sublamina after eye-opening (Fig. 1). From P9 to P15, we
observed punctate TRPM3 immunofluorescence through-
out the IPL as well as labeling of RGCs, many of which
were also positive for calretinin (Fig. 1A). Faint labeling
was also seen over some inner retinal neurons. TRPM3
immunofluorescence increased between P9 and P15,
with the labeling at P15 closely resembling that of the
adult (Brown et al., 2015).

Second, we used a TRPM3 +/— mouse, which contains
B-Gal in place of the TRPM3 coding sequence (Hughes
et al., 2012; Fig. 1B). Similar to studies in the adult retina,
we observed high levels of g-Gal in the IPL and patterns
of expression that flanked RGCs, appearing consistent
with Mdller glial end feet and lateral processes. We also
observed lower levels of B-Gal expression in the RGCs
themselves. We observed co-localization of B-Gal with
EAAT1 immunofluorescence, which labels a glial gluta-
mate transporter, consistent with strong expression in
Mdller glial cells. In addition, somatic staining for g-Gal in
the GCL co-localized with the RGC marker RBPMS.
Together, these data indicate that, during development,
TRPMS3 is expressed in developing RGCs, Mdller cells,
and potentially other inner nuclear layer (INL) neurons.

Activation of TRPMS3 induced prolonged calcium
transients and expression of the immediate early gene
c-Fos in a subset of RGCs

To determine whether TRPM3 channels are functional
in the developing retina, we bath applied TRPM3 agonists
while imaging calcium responses within the ganglion cell
layer of P8-P12 retinas loaded with the chemical calcium
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Figure 2. Activation of TRPM3 induced prolonged calcium transients in a subset of RGCs. A, Maximum intensity projection of the
RGC layer after loading with Cal-520 AM calcium indicator. Red overlay, Cells that exhibited prolonged calcium transients during
drug application. Scale bars: 50 um. B, Representative AF/F traces. Red portions, Prolonged calcium transients. C, Comparison of
proportion of cells that exhibited prolonged calcium transients. SB = synaptic blockers (50 um D-AP5, 20 um DNQX, 8 um DHBE, 4
M strychnine, and 5 um gabazine); p values are from Tukey—Kramer post hoc tests following a two-way ANOVA (there was a signifi-
cant interaction between drug and genotype: F=6, p=0.021); N =13 experiments from 7 mice (WT, PS); N=10 experiments from 6
mice (KO PS); N=8 experiments from 4 mice (WT CIM); N =3 experiments from 2 mice (KO CIM); and N = 4 experiments from 2
mice (WT, CIM+ SB). For all figures, #p < 0.05 and #*#p <0.005. D, Onset of prolonged transients are correlated with waves. Left,
Proportion of cells exhibiting a prolonged transient throughout an example movie. Note that many cells initiate prolonged transients
at the onsets of waves (blue lines). Middle, Latencies between prolonged transient initiations and the most recent wave drawn from
real initiation times compared with latencies of between randomized initiation times drawn from a uniform distribution and the most
recent wave; N =900 cells from 13 experiments on 7 mice. Right, Proportion of cells with a prolonged transient initiation <2 s after
the initiation of a wave compared, for each experiment, between real and randomized prolonged transient initiation times. Same da-
taset as E. E, left, Example simultaneous current clamp recording from RGC and two-photon calcium imaging in ganglion cell layer
during bath application of TRPM3 agonist CIM. In this cell, there was a small tonic depolarization associated with bath application
of CIM. Right, Two example voltage clamp recordings from RGCs during bath application of PregS. In example cell 1, there is a
tonic inward current associated with PregS, while in example cell 2, there was no change in holding current. Summary data provided
in main text. F, Prolonged calcium transients correlated with expression of cFOS. Left, Representative images of immunohistochem-
istry staining against the immediate early gene product c-Fos (green). Images are maximum intensity projections through the gan-
glion cell layer of TRPM3 Het or KO retinas exposed to 50 um PregS. Scale bar: 20 um. Right, Proportion of c-Fos+ cells relative to
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the total number of DAPI+ cells (n =2 retinas from 2 mice per experimental group; n =293 cells for WT Ctrl., n =322 cells for WT PS,
n =289 cells for KO Ctrl., and n =330 cells for KO PS). ANOVA with Tukey HSD, =#*p < 0.01, *p < 0.05.

indicator Cal-520 AM (Fig. 2). Addition of the neurosteroid
PregS (50 wv) induced large and prolonged calcium tran-
sients in a subset of RGCs (36.4 = 19.6% cells under-
going prolonged transients, n=13 experiments from 7
mice; Fig. 2A-C). RGCs with large transients were evenly
distributed throughout the field of view (Fig. 2A).

We repeated these experiments in TRPM3 KO retinas
and found that PregS induced prolonged calcium transi-
ents in a significantly lower percentage of RGCs (4.8 =
5.2% cells; p=0.0002; n=10 experiments from 6 mice;
Fig. 2A-C). Although the identity of the remaining cells
that exhibited prolonged calcium transients in TRPM3 KO
is not known, it is worth noting that they formed a near-
mosaic distribution and their somas had similar morphol-
ogies, suggesting they comprised a particular subtype of
retinal neuron (Fig. 2A). Note that RGCs still exhibited
wave-associated calcium transients in TRPM3 KO retinas,
as described below. Together, these data indicate that
the majority of PregS-induced prolonged transients oc-
curred via activation of TRPM3 channels, while a small
subset of prolonged transients occurred through a mech-
anism independent of TRPM3.

Bath application of the TRPM3 synthetic ligand CIM in
WT retina induced similar prolonged transients, however
in a significantly higher percentage of cells when com-
pared with PregS (62.9 = 19.2% cells in CIM; p =0.0058;
n=28 experiments from 4 mice; Fig. 2C). This effect was
absent in TRPM3 KO mice (0.4 = 0.8% of cells exhibit
prolonged transients in KO; p < 0.0001; n =3 experiments
from 2 mice). CIM is highly selective for TRPMS3, but is
thought to activate a different conductance state (Held et
al., 2015a), which could potentially explain the stronger
effect on RGCs. CIM-induced prolonged transients per-
sisted in the presence of blockers of fast neurotrans-
mitters (n =4 experiments from 2 mice), indicating it was
acting directly on RGCs.

We noted that PregS-induced prolonged transients
were not synchronized across the field of view. Rather in a
subset of cells, the prolonged transients occurred simul-
taneous with waves, indicating a synergistic interaction
(Fig. 2D). Indeed, we find that a significantly larger propor-
tion of cells exhibit prolonged transients within 2 s of a
wave than would be expected for random occurrences
(19.7 = 10.4% of cells with sub-2-s initiation latency fol-
lowing wave in experimental data; 6.7 * 4.7% of cells in
shuffled data; p=0.0004; n=13 experiments from 7
mice). Together, these data seem to indicate that the de-
polarization provided by retinal waves contributes to, but
is not required for, the induction of prolonged calcium
transients by TRPMS3 agonists.

To begin to understand the origin of these prolonged
calcium transients, in a subset of imaging experiments we
also conducted simultaneous whole-cell current clamp or
voltage clamp experiments during the application of either
PregS or CIM. In voltage clamp experiments, 5 out of 9
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cells exhibited tonic inward current ranging from 5 to
20 pA with one cell exhibiting a substantial tonic inward
current of 60 pA. In current clamp experiments, five out of
eight cells exhibited tonic depolarization ranging from 3 to
20mV that was not associated with bursts of action po-
tentials (Fig. 2E). Note that this small impact on mem-
brane depolarization indicates that the bulk of the calcium
increase is not due to direct influx via voltage-gated cal-
cium channels. Rather the data are consistent with activa-
tion of TRPM3 leading to a release from internal stores.
The various potential sources of calcium underlying the
prolonged transients are discussed below.

Large increases in intracellular calcium concentration
associated with TRPM3 channels have been observed in
several cell types and have been associated with activa-
tion of several pathways that influence gene expression
(Thiel et al., 2013; Rubil et al., 2016). To test whether
PregS-induced prolonged transients were associated
with changes in gene expression in RGCs, we stained for
c-Fos in TRPMS3 heterozygous and KO retinas exposed to
PregS or control treatment for 30min before fixation.
Consistent with our calcium imaging results, we observed
a larger proportion of c-Fos/DAPI-positive cells in the
GCL of PregS-treated heterozygous retinas than in
PregS-treated TRPM3 KO retinas (55.6 + 0.5% heterozy-
gous cells expressing c-Fos after PregS treatment, 18.0
+ 8.6% TRPM3 KO cells expressing c-Fos after PregS;
p=0.0022; n=2 retinas from 2 mice per experimental
group; Fig. 2F).

PregS increases the frequency of spontaneous
synaptic events in RGCs via a TRPM3-dependent
mechanism

Inspired by studies in the developing cerebellum where
activation of TRPMS increases the frequency of spontane-
ous synaptic events recorded in Purkinje cells (Zamudio-
Bulcock and Valenzuela, 2011), we performed whole-cell
voltage clamp recordings from RGCs wherein we compared
the frequency and amplitude of spontaneous synaptic
events. Addition of PregS increased the frequency (control:
6.04 = 2.73Hz, PregS: 15.04 *= 8.21 Hz; p=0.001), but not
the amplitude of spontaneous EPSCs (SEPSCs; control:
14.20 = 12.34 pA; PregS: 13.92 + 10.91 pA; p=0.96; n=11
cells from 8 mice; Fig. 3A-C). A similar increase in frequency
(control: 15.33 = 10.76 Hz, PregS: 32.22 + 15.09 Hz;
p =0.0039) but not amplitude (control: 20.91 = 12.35 pA,
PregS: 28.62 = 32.53pA; p=1; n=9 cells from 7 mice)
following addition of PregS was observed among spon-
taneous IPSCs (sIPSCs; Fig. 3A-C). This PregS-induced
increase in frequency of spontaneous synaptic events
was not observed in TRPM3 KO retinas (WT vs KO
change in EPSC frequency p =0.0041; n=7 cells in 3 KO
mice; WT vs KO change in IPSC frequency p =0.0625;
n=9 cells in 5 KO mice; Fig. 3D,E). Taken together, the
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Figure 3. Addition of PregS increased the frequency but not amplitude of SEPSCs and sIPSCs onto RGCs. A, Example spontaneous
PSCs recorded from a RGC in control conditions and in the presence of 50 um PregS. Left, Cell is held at —60mV to isolate
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sEPSCs. Right, Cell is held at 0 mV to isolate sIPSCs. Black = control conditions, blue = PregS. B, Cumulative probability distribu-
tion of interevent interval and amplitude of sEPSCs (left) and sIPSCs (right). Black = control conditions, blue = PregS. C, Summary
of the effects of PregS on frequency and amplitude of PSCs (n=9 RGCs in each condition from 8 mice for EPSCs and 7 mice for
IPSCs), line = average. ANOVA with Tukey HSD, ** p <0.01, * p < 0.05. Values for outliers shown in parentheses. D, Same as C for
PSCs recorded in RGCs in TRPM3 KO mice (n = 6 RGCs in each condition, 3 mice for EPSCs and 5 mice for IPSCs). E, Summary
of fold change of PregS on PSC amplitude and frequency comparing WT and TRPM3 KO mice. ANOVA with Tukey HSD,

#%p < 0.01, *p <0.05.

electrophysiology data point to a presynaptic mecha-
nism of action of TRPM3. Hence, TRPM3 alters neuro-
transmitter release properties presynaptic to RGCs.

PregS modulates retinal waves via a TRPM3-
independent mechanism

As the retina develops, retinal waves are mediated by
different retinal circuits (Blankenship and Feller, 2010).
Given the strong expression of TRPM3 during the second
postnatal week (Fig. 1) and its impact on glutamatergic
synapses (Fig. 3), we focused on retinal activity during
glutamatergic waves, which occur between P11 and P15.

We monitored the effect of PregS on several features of
retinal waves (Fig. 4). Addition of PregS did not significantly
change the frequency of retinal waves or the amplitude of
the calcium transients per wave (control frequency: 1.67 =
0.45 waves/min, PregS frequency: 1.68 = 0.60 waves/min,
p=0.9566; control amplitude: 1.24 += 1.00 AF/F, PregS
amplitude 1.15 * 0.88 AF/F, p =0.2850). PregS increased
the total percent of RGCs that participate in waves as well
as the duration of wave-associated calcium transients in
WT retinas (control participation 53.3 + 9.0%, PregS par-
ticipation 60.9 = 12.3%, p =0.0065; control duration 0.73
+ 0.20 s, PregS duration 0.79 = 0.25 s, p=0.015; n=13
experiments from 7 mice; Fig. 4B). We observed a similar
effect of PregS on retinal waves in TRPM3 KO mice (con-
trol participation 70.5 + 14.5%, PregS participation 80.3 =
14.5%, p=0.0748; control duration 0.88 = 0.31 s, PregS
duration 1.04 = 0.41 s, p=0.0272; n=10 experiments
from 5 mice; Fig. 4C,D). Interestingly, we also observed a
PregS-induced increase in wave-associated calcium tran-
sient amplitude in KO retinas that was absent in WT/Het
retinas, suggesting a modulatory role for non-TRPMS tar-
gets in retinal waves that is revealed in TRPM3 KO (WT/Het
amplitude fold change in PregS 1.0 = 0.2, KO amplitude
fold change 1.3 = 0.3, p=0.0076; n =13 experiments from
7 mice; Fig. 4D).

To test whether endogenous activation of TRPM3 modu-
lated retinal waves, we compared wave properties be-
tween WT/Het and TRPM3 KO mice. We found that the
absence of TRPM3 had minimal impact on the amplitude
(WT/Het 1.4 = 1.0 AF/F, KO 1.2 = 0.6 AF/F, p=0.4942),
duration (WT/Het 0.8 = 0.3 s, KO 0.9 + 0.3 s, p=0.1786),
and cell participation in retinal waves (WT/Het 58.4 +
14.0%, KO 62.8 + 16.3%, p =0.3777), although waves oc-
curred at a slightly lower frequency in TRPM3 KO retinas
(WT/Het frequency 1.6 = 0.5 waves/min, KO frequency 1.2
+ 0.8 waves/min, p =0.0296; n=25 experiments from 10
WT/Het mice; n =21 experiments from 7 KO mice; Fig. 4E).
Together, these data indicate that PregS is primarily exert-
ing its influence on wave generating circuits independent
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of TRPMS3 channels, and that TRPM3 is not necessary for
wave generation and propagation. However, the effect of
genotype on baseline wave frequency and on PregS-asso-
ciated change in amplitude suggest that TRPM3 plays a
modulatory role in regulating spontaneous activity during
development.

Discussion

We have demonstrated that the multimodally regulated
ion channel TRPM3 is present, is functional, and modu-
lates spontaneous synaptic activity in the developing ret-
ina. First, we showed that TRPMS3 is present in RGCs
during development and provide evidence for additional
expression in Muller glia. Second, using two-photon cal-
cium imaging, we show that application of the TRPM3 ag-
onist PregS causes a prolonged increase in intracellular
calcium concentration that is triggered by retinal waves, a
phenomenon that is nearly absent in the TRPM3 KO and
mimicked by the TRPM3 synthetic agonist, CIM. Using
whole-cell voltage clamp recordings from RGCs, we found
that application of the neurosteroid PregS increased the
frequency of sEPSCs and sIPSCs, again an effect absent
in TRPM3 KO, indicating that activation of TRPM3 alters
signaling presynaptic to RGCs. Finally, we found that
PregS modulates spontaneous retinal wave activity during
a critical time of development via both TRPM3-dependent
and -independent mechanisms. These data provide insight
into the roles of this unconventional TRPM3-dependent
and TRPMS3-independent PregS signaling and the role of
TRPMS in regulating spontaneous activity in early retinal
development.

TRPM3 impact on RGCs

In the adult retina, TRPM3 is expressed in a distinct
subset of RGCs as determined by antibody staining
(Brown et al., 2015), reporter expression (Hughes et al.,
2012), and functional assays on dissociated RGCs
(Brown et al., 2015). Interestingly, TRPM3 KO mice exhibit
an altered pupillary light reflex (Hughes et al., 2012), a
light-evoked pupil constriction mediated by intrinsically
photosensitive RGCs integrating rod and cone-originating
synaptic input with intrinsic melanopsin phototransduc-
tion. Although the pupil constriction in response to light
stimulation is rapid and maintained throughout the expo-
sure to light, the pupils did not reach a full constriction
and had a significantly attenuated post-stimulus re-
sponse, both phenotypes that are reminiscent of mice
lacking melanopsin. A TRPM3 promoter-driven reporter
was not found to co-localize with melanopsin containing
intrinsically photosensitive RGCS (ipRGCs; Hughes et al.,
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Figure 4. PregS modulates retinal waves via a TRPM3-independent mechanism. A, Representative AF/F traces. B, Comparison of
wave properties before and after bath application of 50 um PregS (PS) in WT and TRPM3 heterozygous (Het) mice (n=13 experi-
ments in 7 mice; 6 WT and 1 Het); p values in B, C are from paired t tests. C, Same as B but for TRPM3 KO mice (n=10 experi-
ments in 5 mice). D, Comparison between genotypes of the extent of modulation of wave properties by bath application of PregS.
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Same dataset as B, C. E, Comparison of wave properties between genotypes (n=25 experiments in 10 mice, 9 WT and 1 Het;

n=21 experiments in 7 KO mice).

2012), suggesting that its impact on the pupillary light re-
flex may be indirect modulation via activation of glial cells
or cells within the ciliary body. However, TRPM3 mRNA
has been shown to be expressed in ipRGCs, demonstrat-
ing a possibility that TRPM3 may be directly activated in
ipPRGCs (Rheaume et al., 2018).

We provide several lines of evidence indicating that
TRPM3 is present in RGCs during development. First, anti-
body staining indicated that a subpopulation of cells in the
ganglion cell layer express TRPMB, similar to the pattern in
the adult. Second, visualization of cells in TRPM3+/— mice,
in which a B-Gal cassette replaces the coding sequence of
TRPM3 (Hughes et al., 2012), replicated the staining pattern
in the GCL that we observed with the antibody. Third, appli-
cation of the synthetic TRPM3 agonist, CIM, caused pro-
longed calcium transients associated with retinal waves, an
effect absent in the TRPM3 KO.

What is the source of the calcium for the prolonged transi-
ents? Activation of TRPM3 by PregS and/or CIM causes
large increases in intracellular calcium in a variety of cells in-
cluding pancreatic islet cells (Wagner et al., 2008; Held et al.,
2015a), smooth muscle cells (Naylor et al., 2010), and iso-
lated RGCs (Brown et al., 2015). TRPM3 induced calcium in-
creases are likely triggered by calcium influx via the TRPM3
channel itself, although the calcium permeability of the chan-
nel depends on which splice isoform is expressed (Grimm et
al., 2003). Given the sustained nature of the calcium influx in
different cell types and what we observe in RGCs (Fig. 2A),
the bulk of the calcium is likely to be release from intracellular
stores, potentially via calcium-induced calcium release.
Indeed, TRPM3-mediated increases in intracellular calcium
are tied to specific signaling pathways, including those that
induce activation of c-Fos (Thiel et al., 2013).

We observed an interesting synergism between activation
of TRPMS3 via PregS and retinal waves. Bath application of
PregS did not cause a synchronous depolarization of all
RGCs, but rather appeared to cause a prolonged transient
when a wave co-occurred, with different cells being affected
by different waves. We speculate that this synergism may
be due to the multiple sites of activation/modulation of
TRPMS3 channels (Held et al., 2015b; Thiel et al., 2017). For
example, waves provide a strong depolarization and/or an
influx of calcium that could facilitate the opening of the
channel in the presence of PregS. Insights into the molecular
mechanisms underlying the source of this synergism would
require a deeper understanding of the channel. However,
these data indicate that the presence of neuronal hormones
can have a dramatic effect on the amplitude and duration of
calcium transients that follow depolarizations evoked by
spontaneous network activity in developing neural circuits.

TRPMS affects retinal signaling via presynaptic
mechanisms and/or glial signaling

In the adult retina, TRPMS is not confined to RGCs, in-
stead, there is also extensive immunolabeling in the inner
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nuclear layer (Brown et al., 2015), as well as expression in
Mdiller glia (Gilliam and Wensel, 2011). We found a similar
staining pattern in the developing retina. Moreover, we
demonstrated that the TRPM3 reporter, 8-Gal, is present
in the same cells as EAAT1, a marker for Muller glial cells,
indicating strong expression in Miller cells during
development.

The function of INL/glial TRPMS3 in the adult retina is not
known. TRPM3 KO mice have normal ERGs, indicating
normal function of the outer retina (Brown et al., 2015).
During development, we observed that the TRPM3 agonist
PregS increased the frequency of sIPSCs and sEPSCs re-
corded from RGCs, suggesting there was an increase in
excitability presynaptic to RGCs. A similar TRPM3-associ-
ated increase in EPSC frequency was observed in the de-
veloping cerebellum (Zamudio-Bulcock and Valenzuela,
2011) and the adult hippocampus (Mameli et al., 2005)
consistent with a presynaptic site of action. Another poten-
tial mode of action of TRPM3 agonists in Mdller glia is an
increased excitability via changes in the function of glial
transporters that could lead to elevation of excitatory sub-
stances, such as extracellular potassium (Khakh and
Sofroniew, 2015). Whether the increased IPSC/EPSC fre-
quency in retina occurs directly via activation of bipolar
cells or indirectly via Mller glia remains to be determined.

A third possibility is that the strong depolarization of
some RGCs is facilitating a retrograde influence on pre-
synaptic release by a diffuse messenger, such as NO or
reactive oxygen species. Such retrograde signaling has
been implicated in retinal development (Du et al., 2009;
Johnson and Kerschensteiner, 2014).

Implication for PregS and TRPM3 signaling in neural
circuits and development

PregS has been implicated in a variety of physiological
roles in the adult hippocampus. For example, PregS has
been shown to modulate hippocampal plasticity, increas-
ing synaptic activity in an age-dependent (Mameli et al.,
2005), and stress-dependent manner (Flood et al., 1992;
Barbaccia et al., 1996). In other studies, intracranial PregS
injection has been shown to increase the survival of new-
born neurons in the dentate gyrus (Mayo et al., 2005; Yang
et al., 2011). Although it is not yet known whether these
PregS dependent phenomena occur via TRPM3 or other
receptors, a truncation mutation of TRPM3 is associated
with autism spectrum disorder when coupled to a mutation
of the dmd gene, frequently associated with muscular dys-
trophy (Pagnamenta et al., 2011). Moreover, PregS has the
highest expression of all hormones in amniotic fluid
(Bicikova et al., 2002) and umbilical cord blood concentra-
tions spike during gestation (Adamcova et al., 2018). We
speculate that this high dose of PregS could influence ac-
tivity in developing circuits and potentially induce cellular
changes during development via altered gene expression,
which we observed happens in a TRPM3 dependent
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fashion. Interestingly, PregS has been shown to have cog-
nitive enhancing properties in clinical trials for schizophre-
nia (Marx et al., 2011) and autism spectrum disorder (Fung
et al., 2014); however, the mechanism of action was gener-
ally proposed to be as a positive allosteric modulation of
NMDA receptors. Given the TRPM3-dependent synaptic
and gene regulation activity of PregS that we report, it may
be fruitful to further investigate TRPM3 as a possible thera-
peutic target in developmental CNS disorders.
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