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Mutation of the TRPM3 cation channel underlies progressive
cataract development and lens calcification associated with pro-
fibrotic and immune cell responses
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Abstract

Transient-receptor-potential cation channel, subfamily M, member 3 (TRPM3) serves as a
polymodal calcium sensor in diverse mammalian cell-types. Mutation of the human TRPM3 gene
(7RPMS3) has been linked with inherited forms of early-onset cataract with or without other eye
abnormalities. Here we have characterized the ocular phenotypes of germline ‘knock-in’ mice that
harbor a human cataract-associated isoleucine-to-methionine mutation (p.I165M) in TRPM3
(7rpm3-mutant) compared with germline ‘knock-out” mice that functionally lack TRPM3 ( 7rpm3-
null). Despite strong expression of 77om3in lens epithelial cells, neither heterozygous ( 7rpm3*™)
nor homozygous ( 77pm3'~) Trpm3-null mice developed cataract; however, the latter exhibited a
mild impairment of lens growth. By contrast, homozygous 7rpm3-M/M mutants developed severe,
progressive, anterior pyramid-like cataract with microphthalmia, whereas, heterozygous 7rom3
I/M and hemizygous 7rom3-M/- mutants developed anterior pyramidal cataract with delayed onset
and progression - consistent with a semi-dominant lens phenotype. Histochemical staining
revealed abnormal accumulation of calcium phosphate-like deposits and collagen fibrils in 7rom3
mutant lenses and immunoblotting detected increased a.ll-spectrin cleavage products consistent
with calpain hyper-activation. Immunofluorescent confocal microscopy of 77,pm3-M/M mutant
lenses revealed fiber cell membrane degeneration that was accompanied by accumulation of alpha-
smooth muscle actin positive (a-SMA+ve) myofibroblast-like cells and macrosialin positive
(CD68+ve) macrophage-like cells. Collectively, our mouse model data support an ocular disease
association for TRPM3 in humans and suggest that (1) 7rom3 deficiency impaired lens growth but
not lens transparency and (2) 7rpm3dysfunction resulted in progressive lens degeneration and
calcification coupled with pro-fibrotic (a-SMA+ve) and immune (CD68+ve) cell responses.
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Introduction

The melastatin sub-family of transient receptor potential cation channels comprises eight
members (TRPM1-8) that share sequence homology with the founder member TRPM1
(melastatin 1) - a diagnostic and prognostic marker for primary cutaneous metastatic
melanoma and a causative gene for night-blindness [1, 2]. TRPM3 (melastatin 2), which is
the most closely related melastatin channel to TRPM1 (~57% amino acid identity), was first
isolated from human kidney and mouse brain [3-6] and has been shown to function as a
spontaneous calcium ion (Ca2*) channel with permeability to other cations influenced by
alternative splicing [5-7]. Like voltage-gated ion channels, TRPM3-channels share a
transmembrane topology of tetramers around a central pore that can be activated by several
physico-chemical stimuli including hypotonic extracellular stress, the neuro-steroid
pregnenolone sulfate, heat, and cell-membrane phosphoinositol phosphates [4, 8-11].
TRPM3-channels are widely expressed in neuronal (e.g., dorsal root ganglia) and non-
neuronal (e.g., epithelia) mammalian tissues and have been implicated in critical
physiological functions including insulin secretion [8], noxious heat detection [12, 13],
vasoconstriction [14], vasodilation [15], and inflammatory pain [16].

Genetic variants of the human TRPM3 gene ( 7RPMJ3) have been associated with several
systemic conditions or diseases. Non-coding TRPM3 variants have been tentatively
associated with longevity, elevated low-density lipoproteins and triglycerides, systemic
sclerosis, aspirin-exacerbated respiratory disease, chronic fatigue syndrome and thyroid
nodules [17-22]. Rare deletions involving coding exons of 7RPM3have been documented
in Kabuki syndrome and in autism [23, 24]. Recently, de novo coding variants in 7TRPM3
have been functionally implicated in developmental delay and intellectual disability that was
variably associated with epilepsy, hypotonia, joint dislocations, and oculomotor disorders
[25-28]. By contrast, a non-coding TRPM3 gene variant found in the whippet breed of
racing dogs has been strongly associated with increased racing speed [29].

In addition to systemic phenotypes, TRPM3 gene variants have been associated with eye
abnormalities and disease. In mice, disruption of the TRPM3 gene ( 7r0mJ3) resulted in an
attenuated pupillary response to light [30]. By contrast, in humans coding mutations in
TRPMS3 have been linked with inherited forms of early-onset or pediatric cataract with or
without glaucoma and anterior eye abnormalities [31-33]. Here, we compare and contrast
the ocular phenotype of germline knock-in mice harboring a human cataract-linked coding
mutation (p.lle65Met, p.165M) in TRPMS3 ( Trom3-mutant) with that of germline knock-out
mice functionally lacking TRPM3 ( 7rom3-null).

2. Materials and Methods

2.1. Gene-targeted mice

Trom3-mutant mice were generated by clustered regularly interspersed short palindromic
repeats and CRISPR-associated protein 9 (CRISPR/Cas9) gene-editing technology in our
Genome Engineering and iPSC Center (geic.wustl.edu). Briefly, guide RNAs (gRNAs) were
designed flanking the target-site and selected based on minimum off-target sites (/n7 silico)
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and distance from target-site. A donor single-stranded oligo-deoxynucleotide (sSODN) was
designed to introduce a missense transversion (c.195T>G) into exon-4 of 7rpm3to replicate
the disease mutation found in humans [31]. Sequences of the gRNAs and ssODN were as
follows: Trpm3.g2, 5’-tgtttcaggctcagaaatcengg; Trpm3.96, 5’ -ataaaatgctctttcaatcengg;
Trpm3.ssODN, 5’-atg ggg gtc ttt ggt gct cgg tat gat gtg aac aca ttc tct ttt ata aaa tgc tct ttc
Cat cca aga ctt ctg agc ctg aaa caa aac gag aga gag aga aaa aaa gat gaa tat aaa ttt taa atc t-3’.
The gRNASs and ssODN were validated following nucleofection of mouse Nura2a cells using
the Cel-1 endonuclease mismatch detection assay [34] to measure non-homologous end
joining frequency (% NHEJ) and then by next-generation sequencing (MiSeq, Illumina) to
measure homology directed repair frequency (% HDR), respectively. Germline-targeted
knock-in mice were generated using standard protocols in our Mouse Embryo Stem (ES)
Cell Core facility (https://mescc.wustl.edu/). Briefly, gRNAs, donor oligo, and nuclease
expression vector were injected at the blastocyst stage of B6JXCBA hybrid mice then
implanted into pseudo-pregnant foster females. Offspring were screened by PCR
amplification and Sanger sequencing to identify correctly edited founders (F0) that were
subsequently maintained on a predominantly C57BL6/J genetic background (B6J, Jackson
Laboratory, JAX, Bar Harbor, ME, USA), in part, to rescue a deletion mutation in the gene
coding for lens beaded filament structural protein-2 (BfspZ2, CP49) that is carried by certain
mouse strains (e.g., 129) [35-37].

Heterozygous 7rom3-null ( 7rom3~) mice (International Strain Designation B6;129S5-
Trpm3t™M1LeX/Ori, Common strain name LEXKO-380) were obtained from the European
Mouse Mutant Archive (EMMA; www.emmanet.org) as cryopreserved embryos (EMMA ID
- EM:02333), and re-derived using standard thawing and implantation techniques.
Pigmented founders were subsequently maintained on a predominantly B6J background as
for Trom3-mutant mice above, whereas, albino founders were maintained on a congenic
albino B6J background (B6(Cg)-Tyr¢=2%/J, JAX).

Mice were humanely killed according to American Veterinary Medical Association (AVMA)
guidelines and the eyes removed. Whole eyes or dissected lenses bathed in phosphate
buffered saline (PBS, #P4417-100TAB, MilliporeSigma, Burlington, MA, USA) were
imaged under a dissecting microscope (Stemi 2000; Zeiss, Thornwood, NY, USA) fitted
with a digital camera (Spot Insight, Sterling Heights, MI, USA). All mouse studies were
approved by the Institutional Animal Care and Use Committee (IACUC) at Washington
University in compliance with the Institute for Laboratory Animal Research (ILAR)
guidelines.

Polymerase chain reaction (PCR) amplification and sequencing

For mouse genotyping, genomic DNA was isolated from ear biopsy and PCR-amplified
using gene-specific primers (Table 1, Supplemental Fig. 1) as described [38)]. For, reverse-
transcript (RT)-PCR, total RNA was isolated from lens pairs, stored (-20°C) in RNALater
stabilizing solution (ThermoFisher Scientific, Waltham, MA, USA), using the RNeasy Plus
Micro kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions. RNA
(~1 ug) was reverse transcribed using the iScript cDNA synthesis kit then PCR-amplified in
iQ SYBR Green Supermix with allele-specific primers (Table 1) using an iQ5 Real-time
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PCR cycler running iQ5 software (Bio-Rad, Hercules, CA, USA) according to the
manufacturer’s instructions. Sanger sequencing was performed using fluorescent dideoxy-
terminator chemistry as described [39]. Briefly, genomic DNA (2.5 ng/pl, 10 pl reactions) or
cDNA (~10% of RT reaction) was PCR-amplified (35 cycles) in a GeneAmp 9700 thermal
cycler (Applied Biosystems, Grand Island, NY) using Top Tag mastermix kit (Qiagen) and
gene-specific primers (Table 1). Resulting PCR amplicons were enzyme-purified with
EXoSAP-IT (USB Corporation, Cleveland, OH, USA) and direct cycle-sequenced in both
directions with M13 forward or reverse sequencing primers and the BigDye Terminator v3.1
kit (Applied Biosystems) followed by capillary electrophoresis on a 3130xI Genetic
Analyzer running Sequence Analysis (v.6.0) software (Applied Biosystems) and Chromas
(v2.6) software (Technelysium, Tewantin, Queensland, Australia).

2.3. B-galactosidase reporter staining

[B-galactosidase (B-gal) activity of the lacZ reporter gene was detected /n situ using the X-
Gal Staining Assay Kit (Genlantis, San Diego, CA, USA). Briefly, eyes were fixed in
formaldehyde-glutaraldehyde buffer (2 x 1 hr, 20°C) then incubated with X-gal staining
solution (2 hr, 20°C).

Stained eyes were subjected to standard formaldehyde-fixed paraffin-embedding (FFPE) and
serial sectioning (4 um) with a microtome (RM2255, Leica Microsystems, Buffalo Grove,
IL, USA) then dewaxed (xylene/alcohol series), counterstained (5 min, 20°C) with Nuclear
Fast Red solution (0.1% wt/vol in 5% wt/vol aluminium sulfate in distilled water,
MilliporeSigma), mounted (Cytoseal XYL media, ThermoFisher), and imaged with an
upright BX61 microscope fitted with a digital camera (Olympus, Center Valley, PA, USA).

2.4. Histochemistry

Enucleated eyes were fixed (16—24 hr., 4°C) in 4% paraformaldehyde (#15710, Electron
Microscopy Sciences, EMS, Hatfield, PA, USA) diluted in PBS unless otherwise stated
below then subjected to standard FFPE and serial sectioning (4 um, saggital plane) with a
microtome (RM2255, Leica). Dewaxed and hydrated sections (xylene/alcohol/water series)
were stained as below, then alcohol-dehydrated, xylene-cleared, mounted (Cytoseal XYL)
and imaged with a BX61 microscope (Olympus). For hematoxylin and eosin (H&E) staining
of nuclei and cytoplasm, respectively, FFPE sections were treated with Harris hematoxylin
(pH 2.3, VWR, Radnor, PA, USA) for 5 min and then with eosin alcohol (pH 4.1, VWR) for
10 sec =1 min.

For staining of mineralization, we used the von Kossa precipitation reaction in which
calcium cations (Ca2*) in calcium salts (e.g., calcium phosphate) are replaced under acidic
conditions with silver ions that upon photochemical (UV) reduction form dark-brown or
black metallic silver deposits [40, 41]. Briefly, FFPE sections were incubated in silver nitrate
solution (1% wt/vol in distilled water, MilliporeSigma) and exposed to bright sunlight (1-2
hr), washed (5 min, 20°C) in sodium thiosulfate solution (5% wt/vol in distilled water,
MilliporeSigma) to remove un-reacted silver, then counterstained (5 min, 20°C) with
Nuclear Fast Red solution (EMS). For calcification, we stained with the anthraquinone dye
alizarin red S that reacts with calcium ions to form a bright orange or red chelate [40, 42].
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Briefly, eyes were fixed in 10% neutral buffered formalin (ThermoFisher) and FFPE sections
stained (1-5 min, 20°C) with alizarin red S solution (2% wt/vol sodium alizarin sulphonate
in distilled water, ACROS Organics/ThermoFisher) adjusted to pH 4.1~4.3 with ammonium
hydroxide solution (10% wt/vol in distilled water). Collagen staining was performed using
the Picrosirius Red Stain Kit (Polysciences Inc., Warrington, PA, USA) according to the
manufacturer’s protocol. Picrosirius red is a linear anionic dye with six acidic sulfonate
groups that can react with the basic cationic groups along collagen fibrils [43, 44]. Briefly,
FFPE sections were stained with Harris hematoxylin (8 min), rinsed (H,0), placed for 2 min
in Solution A (phosphomolybdic acid), then for 1 hr in Solution B (0.1% Sirius red F3B -
C.1. 35782 - in saturated aqueous picric acid), acid-rinsed (2 min) in Solution C (0.1 N
HCL), and ethanol-rinsed (70%, 45 sec).

Immunoblot analysis

Immunoblot analysis of all-spectrin cleavage products was performed essentially as
described [38, 45]. Briefly, dissected lenses preserved (-=20° C) in RNAlater stabilizing
solution (Invitrogen/ThermoFisher) were re-suspended in PBS (50 ul per lens pair)
containing protease inhibitor (Halt, ThermoFisher) using a Bullet Blender (Next Advance,
Troy, NY, USA) tissue homogenizer (2 min, setting 8) then centrifuged (10,000 x g, 5 min)
to pellet cell-nuclei. Post-nuclear lysate was mixed with an equal volume of Laemmli buffer
(Bio-Rad) and soluble protein concentration was measured (480 nm) with the non-
interfering assay (G-Bioscience, St. Louis, MO, USA). Lens soluble proteins (~ 25 ug/lane)
were adjusted to 5 mM DTT (100 mM stock, Sigma), denatured (95° C, 5 min), separated by
SDS-PAGE (4-12% gradient gels, 1 x 3-[N-morpholino]propanesulfonic acid/MOPS
NuPage running buffer (150 V, 2 hr, Novex/Invitrogen), then blotted (30 V, 2 hr, NuPage
transfer buffer + 10% methanol) onto nitrocellulose (Novex) using an XCell SureLock Mini-
Cell electrophoresis system and XCell 11 blot module (Novex/ThermoFisher). Air-dried blots
were blocked (30-60 min, Odyssey Block (OB) solution, Li-Cor, Lincoln, NE, USA) then
sequentially incubated (16 hr, 4° C, OB solution + 0.1% Tween 20, OBT) with primary
antibodies to a-spectrin (1:1000, MAB1622, MilliporeSigma) and p-actin (1:5000, #3700,
Cell Signaling Technology, CST, Danvers, MA, USA) followed by secondary antibody
(1:25,000, goat-anti-mouse IRD68OLT in OBT, Li-Cor), rinsed (4 x 5 min PBST, 1 x 5 min
PBS), air-dried (30—-60 min), and visualized with an Odyssey Infrared Imaging System (Li-
Cor).

Immunofluorescence confocal microscopy

Enucleated eyes were processed using standard FFPE-section or cryo-section techniques and
immuno-localization performed as described (38, 46). Primary antibodies used were, anti-
aquaporin 0 (anti-AQP0, AB3071, EMD Millipore, Billerica, MA, USA), anti-alpha smooth
muscle actin (a-SMA, ab5694, Abcam, Cambridge, MA, USA), and Alexa Fluor-488 anti-
mouse cluster of differentiation 68 antigen (anti-CD68, #137011, Biolegend, San Diego,
CA, USA). Briefly, for anti-AQPO and anti-aSMA localization, eyes were fixed (16-24 hr.,
4°C) in 4% paraformaldehyde (#15710, EMS) diluted in PBS and FFPE-sections (4 um) cut
in the sagittal plane using a microtome (RM2255, Leica). For anti-CD68 localization, eyes
were fixed as above and cryo-protected by serial incubation (16 hr) in 15% and 30%
sucrose/PBS, then embedded in Tissue-Tek O.C.T. compound (#62550-01, EMS) and
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sagittal cryo-sections (15 um) cut using a cryostat (Cryotome E, ThermoFisher). Eye
sections were permeabilized (0.1% Triton X100/PBS 10 min.), blocked (1 hr., 20°C) in
Image-iT FX Signal Enhancer (ThermoFisher) then incubated with primary antibody (16 hr,
4°C). Sections for anti-AQPO0 and anti-aSMA labeling were further incubated in Alexa Fluor
488-conjugated secondary antibody (1 hr., 20°C). Cell nuclei were stained (15 min, 20°C)
with DAPI (MilliporeSigma). Images were captured with a confocal microscope (FV1000,
Olympus) and managed in Photoshop (Adobe Systems, San Jose, CA, USA).

2.7. Statistical analysis

One-way analysis of variance (ANOVA) was used to determine statistical significance (p) £
standard deviation of lens size.

3. RESULTS

3.1. Trpm3-null mice develop transparent lenses of reduced size

To model the effects of TRPM3 deficiency on lens phenotype, we re-derived germline
Trom3-null mice that were generated previously using homologous recombination to disrupt
Trom3 by introducing a plasmid-construct containing a B-galactosidase-(lacZ)-neomycin (B-
geo) fusion cassette flanked by a 5’- internal ribosome entry site (IRES) [12] (Fig. 1A).
According to the Genome Reference Consortium Mouse Build 38 patch release 6
(GRCm38.p6) curated by the National Center for Biotechnology Information (NCBI) Gene
database - mouse (C57BL/6J) 7rpm3 (Gene ID: 226025) comprises at least 32 exons
spanning ~ 0.86 Mb on murine chromosome 19 (19:22137797-22995410) and undergoes
extensive alternative splicing to generate over 30 transcript variants and protein isoforms
(https://www.ncbi.nlm.nih.gov/gene/226025) [33]. Genomic PCR amplification and Sanger
sequencing confirmed that the B-geo cassette disrupted the boundary between exon-21 and
intron-21 of 7rpm3 (Fig. 1B). RT-PCR amplification and cDNA sequencing of lens
transcripts revealed that insertion of the B-geo cassette resulted in abnormal 770m3 mRNA
transcript(s) characterized by (1) skipping of exon-21, (2) mis-splicing of exon-20 to
exon-22 generating a reading frame-shift, and (3) introduction of a premature translation
stop-codon (TAA) at the start of exon-22 (p.R700fsX1) (Fig. 1C). Since disruption of 7rom3
occurred at the exon/intron-21 boundary, upstream from the transmembrane ion-transport
domain in exons 24-26 (Fig. 1A), all full-length channel isoforms will be disabled
consistent with a functionally null allele ( 7rom3").

While most of the re-derived founder (FO) mice were pigmented, several had a white coat
with pink eyes and genomic sequencing confirmed that they were homozygous for the
tyrosinase classic-2J ( 7y7°~24 albino mutation (c.291G>T, p.R77L) on chromosome 7 that
first arose spontaneously (in 1970) in the C57 Black 6 (C57BL/6) inbred strain [47]
(Supplemental Fig. 2). Subsequently, pigmented FO mice were bred with pigmented B6J
mice, whereas, albino FO mice were crossed with congenic B6J albino mice (B6(Cg)-
Tyrc=2J/3) to maintain the recessive B6-albino phenotype and enhance visualization of -
galactosidase reporter activity in ordinarily pigmented ocular tissues (see below). Both
heterozygous 7rom3-null ( 7rom3~) and homozygous 7rom3-null ( 7rom3~") mice
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(pigmented and albino) were viable and fertile with no obvious physical or systemic
abnormalities.

To confirm 7rom3disruption at the protein translation level, and simultaneously localize
Trpm3 expression in the lens, we undertook p-galactosidase (/ac2) reporter staining of eye
sections from albino 77pm3/~ mice at post-natal day two (P2). B-galactosidase staining
revealed strong expression of 7rpom3across the anterior epithelium of the lens (Fig. 2B). In
addition, strong 7rom3 expression extended to the normally pigmented epithelial cell
monolayers of the iris, ciliary body, and retina (Fig. 2C, D). These reporter expression data
confirm disruption of 7rpm3resulting in loss of protein function particularly in the lens
epithelium and pigmented ocular epithelia.

Enucleated eyes of 7prm3~~ mice were grossly similar to those of wild-type littermates;
however, they often appeared slightly smaller than wild-type (Fig. 3A, B). Upon dissection,
Trom3~ lenses were transparent (Fig. 3C, D); however, they were statistically smaller than
wild-type (Fig. 4). Tprm3!~ eyes and lenses were grossly indistinguishable in appearance
and size from wild-type (data not shown). Collectively, these observations suggest that
absence (but not deficiency) of 7rom3 function impaired overall lens growth without loss of
lens transparency.

3.2. Trpm3-mutant mice develop cataract

To model TRPM3 dysfunction, we used CRISPR-Cas9 gene-editing technology to generate
a knock-in mouse mutant that inherits a human cataract-associated mutation (c.195A>G,
p.lle65Met or p.I165M) found in exon-4 of TRPM3 (chromosome 9q) at codon 65
(ATA>ATG) of transcript variant-9 (NM_001007471) coding for isoform-k
(NP_001007472) [31, 33]. The equivalent mutation site in mice (c.195T>G, p.165M) was
located in exon-4 of 7rpm3at codon 65 (ATT>ATG) of transcript variant-23 (NM
~001362504) that encodes isoform-w (NP_001349433). Genomic PCR-amplification and
Sanger sequencing confirmed introduction of the ¢.195T>G transversion in 14 of 84 (16%)
founder (FO) mice. However, four of these mice had additional deleterious ‘near-target’
sequence changes (Supplemental Fig. 3) leaving 10 (12%) correctly edited FO mice (5
heterozygotes, 5 homozygotes). Subsequent sequencing of FO offspring confirmed germline
transmission of the ¢.195T>G mutation in exon-4 of 7Trom3(Fig. 1D).

According to the NCBI Gene database (https://www.ncbi.nlm.nih.gov/gene/226025) 29 of
30 7rom3 RefSeq alternative transcript splice-variants include exon-4 either as a coding
exon (20 transcripts) or a non-coding exon (9 transcripts). 77om3exons 1 and 2 are coding
exons, whereas, exon-3 is non-coding. However, exons 1-3 are mutually exclusive, with 5
transcript variants containing exon-1, 15 variants containing exon-2, 7 variants containing
exon-3, and two variants lacking exons 1-3. Translation of mutant transcripts (c.T>G in
exon-4) that also contain either exon-1 (61 codons) or exon-2 (59 codons) is predicted to
result in the relatively conservative amino-acid substitution of isoleucine (aliphatic) to
methionine (sulfur-containing) at codon 67 (p.167M) or at codon 65 (p.I165M), respectively,
at the protein level (Fig. 1A). However, mutant transcripts that include exon-3 and exon-4 as
non-coding exons, start translation 267 nucleotides downstream of the ¢.T>G mutation site
(in exon-4) placing an alternative, in-frame, translation start-codon (ATT>ATG) 89 codons
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upstream from the consensus start-site (p.M1 located at the last codon of exon-5) that
extends the amino (N)-terminal domain of at least seven TRPM3 isoforms by 89 novel
amino acids (p.M1ext-89) (Fig. 1) [31, 33]. For convenience, however, we have designated
mutant mice and lenses heterozygous and homozygous for the human cataract mutation as
Trom3-1/IM and Trom3-M/M, respectively, throughout. Further, we crossed 7rom3M/M
mice with 77pm3~~ mice to generate hemizygous 7rpm3-mutant mice and lenses ( 770m3-
M/-). Like 7rom3-null mice, 7rpm3-mutant mice (I/M, M/-, and M/M) were viable and
fertile without gross physical, systemic, or behavioral signs; however, 7rom3M/M mutants
often exhibited small eyes or microphthalmia (Fig. 5G).

Upon dissection at wean-age (P21-P28), Trom3-M/M mutant lenses were small
(microphakia) with dense anterior pyramid-shaped or pyramidal cataract that, in vivo,
protruded from the anterior of the lens through the iris aperture or pupil into the anterior
chamber of the eye, which is filled with aqueous humor (Fig. 5G-I). Often, the anterior
pyramidal surface of 7rpm3M/M mutant lenses was punctuated with spots of black/brown
pigment suggesting that they were melanin deposits derived from physical contact of the iris
pigment epithelium with the protruding lens (Fig. 5G). Similarly, 7rpm3-1/M and Trom3-
M/- mutant lenses developed an anterior polar opacification at P21-P28 (Fig. 5C-F) that
usually progressed by three months of age into an anterior pyramidal cataract resembling
that of 7rpm3-M/M mutant lenses (see Fig. 6-8, 10). Whereas 7rom3-1/M mutant lenses
were similar in size to wild-type, 7rom3-M/- and Trom3M/M mutant lenses were
significantly smaller than wild-type — consistent with impaired lens growth (Fig. 4).

Histochemical (H&E) staining of FFPE eye sections revealed progressive lens degeneration
in 7rom3-1/IM, Trom3-M/-, and Trpm3-M/M mutant mice at P30 and P45 (Fig. 6B, C, E, F,
G, H). In addition, lens degeneration was variably accompanied by abnormal multi-layering
of the anterior lens epithelium (Fig. 6B1, C1, E1, F1), accumulation of nucleated cells
within and around the lens extending from the equator to the posterior pole (Fig. 6G2, H2),
anterior displacement of the lens nucleus (Fig. 6F), and partial adhesion of the iris
pigmented epithelium (or melanin pigment) to the anterior lens surface (Fig. 6G1, H1).
While anterior cataract development was fully penetrant, 77pm3-mutant lenses of each
genotype (I/M, M/-, M/M) displayed phenotypic variability in onset, progression, and
severity. Taken overall, the 7rom3-mutant cataract was consistent with a semi-dominant lens
phenotype associated with deleterious gain-of-function effects on the TRPM3 cation
channel.

3.3. Trpm3-mutant lenses accumulate calcium deposits and hyper-activate calpain

In addition to cell nuclei, hematoxylin staining further revealed deep blue-black/purple
deposits in the 7rom3M/M mutant lens cytoplasm with sharply defined edges reminiscent
of mineralized or calcified tissue (Fig. 6G, H) [40]. To establish the presence of mineralized
or calcified tissue in the lens, we performed two classic histochemical staining methods used
to detect bone mineralization. In 7rpm3M/M mutant lenses, von Kossa staining revealed
strong, progressive, accumulation of black (silver) deposits particularly at the anterior and
posterior poles (Fig. 7D, H), whereas, such staining was weak or subtle in 7rpm3-1/M and
Trom3-M/- mutant lenses (Fig. 7B, C, F, G). Alizarin red S produced light-pink staining
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surrounding the core region or nucleus of wild-type lenses (Fig. 8A, E). In Trom31/M and
Trom3-M/- mutant lenses, alizarin red S produced variegated perinuclear and nuclear
staining that became progressively darker with age (P30-P45) extending to the whole lens
(Fig. 8B, C, F, G). By contrast, alizarin red S staining of 7rpm3-M/M mutant lenses revealed
progressive accumulation of dark-red chelate deposits again concentrated at the anterior and
posterior poles (Fig. 8D, H).

Since Ca?* accumulation was evident in the 7rpm3-mutant lenses, we sought to determine if
cytosolic calcium-activated cysteine protease, or calpain, activity was elevated. Immunoblot
analysis revealed that calpain-specific cleavage of all-spectrin to a C-terminal fragment of
145 kDa was increased in 7rpm3-1/M and 7Trpm3-MM mutant lenses compared to 7rpm3-
null and wild-type lenses (Fig. 9). Further, uncleaved all-spectrin and a calpain-cleavage
product of 150 kDa were reduced in 7rom3-M/M mutant lenses compared to 7rpm3-1/M
mutant, 7rpm3-null, and wild-type lenses. Smaller a.ll-spectrin cleavage products (< 100
kDa) were also more abundant in 7rom3M/M mutant lenses than in 7rpm3-1/M mutant,
Trom3-null and wild-type lenses (Fig. 9). Combined, histochemical staining (von Kossa,
alizarin red S) and all-spectrin proteolysis revealed progressive bone-like mineralization/
calcification along with calpain hyper-activation during cataract development in 7rom3-
mutant lenses.

3.4. Trpm3-mutant lenses accumulate collagen fibrils

Since TRP-channels and disturbance of Ca2* homeostasis have both been associated with
tissue fibrosis [48], we performed picrosirius red staining of 7rpm3-mutant lenses to
visualize changes in collagen distribution compared with wild-type. In adult wild-type
lenses, picrosirius red staining outlined the surrounding basement membrane or capsule that
is rich in collagen type IV [49]. Staining was strongest across the anterior capsule
underlying the lens epithelium compared with the posterior capsule supporting lens fiber
cells (Fig. 10A, B) — consistent with increased thickness of the anterior capsule (~10 pm)
compared with the posterior capsule (~3 um) [49]. In addition, faint picrosirius red staining
was confined to the outermost (nascent) fiber cells generated at the lens equator region (Fig.
10A). Trom3-null lenses displayed a similar picrosirius red staining pattern to that observed
in wild-type (Fig. 10B). By contrast, in 7rom3mutant lenses strong picrosirius red staining
was localized to the anterior pyramidal cataract region with weaker staining extending into
the nuclear region of 7rom3-IIM, Trpm3-M/-, and Trom3-M/M mutant lenses at P90 (Fig.
10C-H). Further, picrosirius red staining of 7rpm3-mutant lenses suggested that the capsule
was largely intact in equatorial regions. However, compared to wild-type, the capsule
appeared variably thickened and/or folded or wrinkled in the anterior pyramidal cataract
regions of 7rom3IIM, Trom3-M/-, and Trom3M/M mutant lenses (Fig. 10D, F, H) — raising
the possibility that it may have been ruptured and subsequently repaired. Overall, the excess
collagen deposition particularly within the anterior pyramidal cataract region was consistent
with a fibrotic-like response in the 7rpm3-mutant lens.

3.5. Trpm3-mutant lenses accumulate myofibroblast-like and macrophage-like cells

Since H&E histopathology revealed lens fiber cell degeneration and abnormal accumulation
of nucleated cells in the 7rom3-M/M mutant lens (Fig. 6G, H), we undertook immuno-
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localization of specific markers for cell membrane integrity, mesenchymal cells, and
immune cells. First, we imaged 7rom3M/M mutant lens fiber cell organization with
antibody to lens major intrinsic protein or aquaporin-0 (AQPO0). Anti-AQPO labeling
revealed degeneration of lens fiber cell membranes at P22 — particularly at the anterior pole
and along the optical-axis to the posterior pole (Fig. 11B). Second, we imaged 7rom3-
mutant and 7rpm3-null lenses with antibody to the mesenchymal or myofibroblast marker
alpha smooth muscle actin (a-SMA). At three months of age (P90), neither wild-type nor
Trom3-null lenses exhibited a-SMA+ve cells (Fig. 12A-C). By contrast, anti-a-SMA
labeling of 7rpm3-mutant (I/M, M/-, and M/M) lenses (P90) revealed accumulation of a-
SMA+ve cells in several sub-capsular regions including the posterior pole and the anterior
pyramidal cataract protrusion (Fig. 12D—F). Notably, the latter region was also rich in
collagen fibrils (Fig. 10D, F, H). Finally, we imaged 7rpm3M/M mutant lenses with the
macrophage-lineage marker macrosialin or cluster of differentiation 68 antigen (CD68). In
contrast to wild-type, anti-CD68 labeling of 7rpm3-M/M mutant lenses revealed
accumulation of CD68+ve cells, at first around the outside of the lens capsule at P30 (Fig.
13B-D) and then with aging (P90) inside the capsule — particularly at or near the anterior
pyramidal cataract protrusion (Fig. 13F-H). Collectively, these immuno-localization data
suggest that 7rpm3 dysfunction in the lens leads to fiber cell degeneration and abnormal
accumulation of nucleated cells including myofibroblast-like (¢ SMA+ve) and macrophage-
like (CD68+ve) cells.

4. Discussion

Mutation of 7RPM23 has been linked with rare inherited (autosomal dominant) forms of
early-onset cataract with or without other ocular abnormalities in humans [31-33]. In this
study, we have shown that homozygous introduction of a human 7/RPM3 mutation (p.165M)
into the mouse germline ( 7rom3M/M mutant) resulted in a progressive ocular phenotype
characterized by a small eye and degenerating lens with an anterior pyramidal cataract
accompanied by accumulation of Ca2* phosphate-like deposits, a.ll-spectrin cleavage
products, a-SMA+ve cells, collagen fibrils, and CD68+ve cells. Similarly, heterozygous
Trom3-1/IM and hemizygous 7rom3M/- mutant mice developed an anterior pyramidal
cataract with delayed onset and progression, consistent with a semi-dominant lens
phenotype. By contrast, germline loss of 7rpm3function in mice did not result in a cataract
phenotype. Collectively, these mouse model data, for the first time, support 7RPM3
mutation as a cause of early-onset cataract in humans and suggest that TRPM3-channel
dysfunction (but not deficiency) triggered a pathogenic mechanism in the lens involving
calcium accumulation and calpain hyper-activation associated with myofibroblast-like (a.-
SMA+ve) and macrophage-like (CD68+ve) cellular responses.

Despite strong expression of 7rom3in the lens epithelium, 7rom3-null mice merely
developed a mild impairment of lens growth without loss of transparency (Fig. 3). This
relatively benign lens phenotype, compared to that of 7rom3mutant mice (Fig. 5),
suggested that TRPM3 loss-of-function may be mitigated, in part, by other TRP-channels
expressed in the lens. Candidates for such functional compensation between lens TRP-
channels include TRPV1 and TRPV4, which have been shown to participate in maintaining
an intracellular hydrostatic pressure gradient within the lens [50]. Besides the lens
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epithelium 7rpom3was also strongly expressed in ciliary pigmented epithelium, iris
pigmented epithelium and retinal pigment epithelium (RPE) (Fig. 2). Although other TRP-
channels (e.g., TRPV4) are expressed throughout the eye including the ciliary body and RPE
[51-53], we cannot exclude the possibility of physiological deficits in ocular epithelia
lacking 7rom3function. Indeed, 7rom3null mice have been reported to exhibit an
attenuated pupillary response (iris constriction) to bright and dim light conditions [30].
Conceivably, loss of 7rom3function in the iris pigmented epithelium may contribute to an
attenuated pupillary light response (PLR). While visual function testing of 7rom3-null mice
elicits a normal electroretinogram [54], absence of 7Trpm3expression in the RPE may lead to
impaired epithelial barrier function and/or Ca2* sensing in the sub-retinal space [52].
Similarly, 7rom3 loss-of-function in the ciliary epithelium may affect aqueous humor
production. Finally, behavioral studies of 7rpm3-null mice have revealed that TRPM3 serves
as a thermo-sensitive nociceptor channel involved in the systemic detection of noxious heat
[12, 13]. Temperature distribution simulations of the human eye exposed to laser radiation
have shown that the temperature of the lens anterior epithelium is 32°C, whereas, the
temperature of the RPE at the posterior of the eye is 37°C [55]. However, the role of
temperature in regulating ocular TRPM3 is currently unclear. Further studies of 7rom3null
mice may help to elucidate the role(s) of TRPM3-channels in ocular epithelial homeostasis.

In contrast to the mild loss-of-function phenotype of the 7rom3-null lens, the 7rpm3-mutant
lens developed a progressive, semi-dominant, cataract phenotype suggesting a deleterious
gain-of-function mechanism in the lens. The p.I>M mutation in 7rom3is predicted to affect
multiple TRPM3-channel isoforms, either by acting as a missense substitution (p.165M,
p.167M) with damaging effects on at least 20 isoforms and/or as an N-terminal extension
mutation (p.M1ext-89) affecting at least 7 isoforms that initiate translation 89 codons down-
stream (Fig. 1) [31, 33]. Recently, missense mutations in 7RPM3 associated with
intellectual disability and epilepsy in humans, have been shown to over-activate Ca2* influx
and modify gating properties of TRPM3-channels - consistent with a deleterious gain-of-
function mechanism [26, 27]. While we have not directly measured channel activity of the
TRPM3 p.I>M mutant, our chromogenic histochemistry (von Kossa and alizarin red S
staining) and increased all-spectrin cleavage data (Fig. 7-9) indirectly support abnormal
Ca?* influx via the lens epithelium, accumulation of Ca2* phosphate-like deposits, and
calpain over-activation resulting in lens fiber cell membrane degeneration determined by
anti-AQPO labeling (Fig. 11). At least four active isoforms of calpain (1-3 and 7) are
abundantly expressed in the mouse lens [56] and besides their role in remodeling of the
membrane cytoskeleton during lens fiber cell differentiation, calpain-mediated proteolysis of
lens proteins, including all-spectrin (a-fodrin), has long been associated with cataract
formation in rodents [57, 58].

Besides Ca?* accumulation and calpain hyper-activation, picrosirius red staining revealed
progressive collagen deposition in 7rom3mutant lenses particularly within the anterior
pyramidal region of opacification (Fig. 10). Recently, TRP-channels have emerged as
mediators of intracellular calcium signaling dysregulation that leads to fibrotic disease of
major vital organs including the lung, heart, and gut [46, 59-61]. 7rom3-M/M mutant lenses
also accumulated a-SMA+ve cells within the anterior pyramidal cataract region co-localized
with collagen deposition (Fig. 10 and 12). a-SMA is a characteristic marker of contractile
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myofibroblasts that secrete extracellular matrix components (e.qg., fibrillar collagens 1 and 3)
and multiple sources of these pro-fibrotic cells have been associated with cataract
phenotypes in rodents and humans [62]. First, exposure of the rodent lens epithelium in
culture or in vivoto the fibrogenic cytokine transforming growth factor-p (TGFp) induced
transdifferentiation of lens epithelial cells to myofibroblasts resulting in (anterior) sub-
capsular cataract [63]. Similarly, in the human capsular bag model of posterior capsular
opacification (PCO), which forms after cataract surgery, exposure to TGFp resulted in
increased transdifferentiation of lens epithelial cells to contractile myofibroblasts that cause
capsule wrinkling further impairing post-surgical visual acuity [64, 65]. Second, in the
mouse lens capsular injury model of anterior sub-capsular cataract (ASC), a-SMA+ve
myofibroblasts are believed to be generated by epithelial-to-mesenchymal transition (EMT)
type-I1 that is associated with tissue regeneration and fibrosis [66, 67]. Third, a-SMA+
myofibroblasts associated with severe dysgenesis of mouse lenses that lack N-cadherin have
been principally sourced to CD45/p2-integrin+ve immune cells — suggesting that immune
surveillance of the lens led to a fibrotic cataract response [68]. Fourth, a-SMA+ve
myofibroblasts associated with PCO following mock cataract surgery in rabbits, were
primarily sourced from a rare population of myogenic cells that express the skeletal muscle-
specific transcription factor, MyoD and the bone morphogenetic protein inhibitor, noggin.
These Myo/Nog cells resided in the lens and ciliary body and on the ciliary zonules that
suspend the lens in the light-path of the eye [69, 70]. Further immunolocalization studies are
underway to determine the origin(s) of a-SMA+ve myofibroblast-like cells in the 7rom3-
M/M mutant lens.

Along with a-SMA+ve cells, CD68+ve cells were observed surrounding the 77,0m3-M/M
mutant lens at P30 and then within the progressively degenerating lens by three months of
age (Fig. 13). Although we found no direct signs of lens rupture and fiber cell extrusion,
macrophage-like cells may have penetrated breaches in the capsule of 770m3MM mutant
lenses particularly at the anterior pole. Alternatively, immune cells have been shown to
physically traverse (transmigrate) epithelial basement membranes /in vivo[71, 72] and
recruitment of CD68+ve cells likely via the lens capsule has been reported during severe
lens dysgenesis due to lack of N-cadherin [68]. Immune cells, known to populate the
vascularized uveal tract of the eye, which includes the iris, ciliary body, and choroid [73],
have been proposed to surveille the lens by migrating across the ciliary zonules [68, 74].
Further studies are underway to determine the ocular source and trafficking route of
macrophage-like cells found in the 7rom3MM mutant lens.

In humans segregating the p.165M mutation in 7RPM3 across 5-generations, early-onset
cataract was variably associated with a spectrum of ocular abnormalities [31]. While cataract
was diagnosed between birth (congenital) and 35 years-of-age, no clinical slit-lamp
biomicroscopy images of lens opacities were recorded prior to cataract surgery (age-range
4-40 years) and cataract morphology was not specifically documented. Of those affected
with cataract, ~ 60% were also diagnosed with atypical high-tension glaucoma (age-at-
diagnosis birth to 57 years) that likely contributed to enucleation surgery in several cases. In
addition, certain affected individuals exhibited other structural eye defects including
persistent pupillary membrane, retinal detachment, calcium deposits in the cornea, iris
abnormalities, anterior segment dysgenesis, and megalocornea. Overall, human 7TRPM3-
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related cataract was highly penetrant with variable age-at-onset, whereas, co-existing
glaucoma and other structural eye defects were moderately or weakly penetrant,
respectively, contributing to inconsistent ocular disease severity and course. These
phenotypic observations in humans suggested that 7/RPM3 dysfunction may extend beyond
the lens to exert pathogenic effects in other eye tissues (e.qg., iris, ciliary body, and RPE)
consistent with the ocular expression pattern of 7rpm3in the mouse (Fig. 2). Our modeling
of the human TRPM3-165M mutation in mice has regenerated an early-onset cataract
phenotype - associated with lens calcification — that, while fully penetrant, also displayed
variable onset, progression, and severity. Continued studies of the 7rom3mutant mice
reported here will provide new insights regarding the pan-ocular function and dysfunction of
TRPM3 cation channels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Gene-targeting strategy forTrpm3-mutant versus Trpm3-null mice.
(A) Schematic showing exon organization (boxes 1-32) of 7rpm3and the relative locations

of the p.1>M substitution in 7rpm3-mutant mice and the B-geo fusion cassette in 7rpm3-null
mice. ATG denotes alternative translation start-sites in exons 1, 2, 4, and 5. Depending on
transcript variant, the I-to-M substitution represents missense changes (p.165M, p.I167M) or a
novel translation start-site (M1ext-89M) shown in red. Exons encoding the transmembrane
cation channel domain (pfam00520) are indicated. Asterisks denote alternative translation
stop-sites. (B) Genomic DNA sequence showing the novel junction between the 3"-end of
the B-geo cassette and intron —21. (C) cDNA sequence derived from RT-PCR amplification
of lens RNA from wild-type (WT) and 7rom3-null ( 7rom3~~) mice showing that insertion
of the B-geo cassette resulted in a mis-splicing frame-shift and premature termination site
(p.R700fsX1). Bars under the single letter amino-acid code indicate the translation (codon)
reading-frame. (D) Genomic DNA sequence of exon-4 showing germline knock-in of the
p.I>M missense substitution in 7rom3mutant mice. WT - wild-type (1/1), heterozygote
(I/M), and homozygote (M/M).
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Figure 2. Ocular expression of Trpm3.
[B-galactosidase reporter staining (blue) of the albino 7rpm3-null eye (A) at P2 showing

strong Trpm3expression in the lens epithelium (LE) in high-magnification panels B and C,
the ciliary (pigmented) epithelium (CPE), ciliary non-pigmented epithelium (CNPE), and
iris (pigmented) epithelium (IPE) in panel C, and the retinal (pigmented) epithelium (RPE)
in panels C and D. ON, optic nerve (D). A-D counterstained with nuclear fast red. Scale bar,
200 um (A), 50 um (B-D).
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Figure 3. Ocular phenotype of Trpm3-null mice.
Representative dark-field images of eyes (A, B) and lenses (C, D) from wild-type (A, C) and

Trom3-null mice (B, D) at P28. Scale bar: 500 pm.
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Figure 4. Lens size in Trpm3-null and Trpm3-mutant mice.
Bar graphs comparing the equatorial diameter of lenses (P28) from wild-type (+/+), 7Trom3-

null (=/-), and 7rom3-mutant (I/M, M/-, M/M) mice. Error bars represent standard
deviation. *p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant.
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Figure 5. Ocular phenotype of Trpm3-mutant mice.
Representative dark-field images of eyes (A, C, E, G) and lenses (B, D, F, H, I) from wild-

type (A, B), Trom3IIM (C, D), Trom3M/- (E, F), and Trom3M/M (G-1) mutant mice at
P28 showing relatively mild anterior polar cataract in 77om3-1/M and 7rom3-M/- mutant
lenses (C-F) and more severe anterior pyramidal cataract in 7rom3M/M mutant lenses (G-
1). Arrows in panel G point to black-brown flecks of melanin pigment on anterior protrusion
of 7rom3-M/M mutant lens. Scale bar: 500 pm.
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Figure 6. Histology of the Trpm3-mutant lens.
Representative H&E staining of lenses from wild-type (A, D), 7rom3-1/M (B, E), Trom3-

M/- (C, F), and 7Trom3M/M (G, H) mutant mice at P30 (A-C, G) and P45 (D-F, H)
showing progressive lens degeneration and accumulation of nucleated cells (B, C, E, F, G,
H, G1, G2, H1, H2). Arrows indicate abnormal multi-layering of the lens epithelium (B1,
C1, E1, F1), anterior displacement of the lens nucleus (B, F), and iris or melanin pigment
adhesion to the anterior lens capsule (G1, H1). In addition to cell nuclei, hematoxylin
stained blue/black mineralization-like deposits (H1). Scale bar: 200 pym (A-H), 50 ym (Al-
H1, G2, H2).
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Figure 7. Mineralization of the Trpm3-mutant lens.
Representative von Kossa (silver) staining of lenses from wild-type (A, E), 7rom3-1/M (B,

F), Trom3Mi- (C, G), and 7rom3-M/M (D, H) mutant mice at P30 (A-D) and P45 (E-H)
showing progressive accumulation of calcium phosphate-like (black) deposits (D, H
arrows). A-H counterstained with nuclear fast red. Note, the iris anterior to the lens (A-H)
and the retinal pigment epithelium posterior to the lens (D, H) appear dark brown/black due
to melanin pigmentation. Scale bar: 200 um.
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Figure 8. Calcification of the Trpm3-mutant lens.
Representative alizarin red S staining of lenses from wild-type (A, E), Trom3-1/M (B, F),

Trom3-MI- (C, G), and 7rom3-M/M (D, H) mutant mice at P30 (A-D) and P45 (E-H)
showing progressive accumulation of calcium (red-orange) deposits (D, H). Scale bar: 200
pm.

FASEB J. Author manuscript; available in PMC 2022 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhou et al. Page 26

mw M/M |I/IM +/+ -/-
kDa
250- w—

——— e w—— e - UNCleaved

150- S = —— =150/145 kDa

p— * ]» ~80-95 kDa

75- - i

50- G + ~50 kDa

- amee ssss ssse — -actin
37- -

Figure 9. Calpain hyper-activation in the Trpm3-mutant lens.
Representative immunoblot analysis of all-spectrin showing increased caplain cleavage

products of 145 kDa, ~80-95 kDa, and ~50 kDa in the 7r,om3-M/M and 7rom3-1/M mutant
lenses compared with 7rpm3-null (/=) and wild-type (+/+) lenses (P21). Molecular weight
markers (mw).
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Figure 10. Collagen deposition in the Trpm3-mutant lens.
Representative picrosirius red staining of lenses (P90) from wild-type (A), 7Trom3-null (B),

Trom3-1/M mutant (C, D), 7rom3-M/- mutant (E, F), and 7rom3-M/M mutant (G, H) mice
showing accumulation of collagen-like fibrils or bundles in the anterior pyramidal protrusion
and variable thickening or folding of the anterior capsule (C-H). By contrast, picrosirius red
staining of wild-type (A) and 7rom3-null (B) lenses was confined to the surrounding capsule
and the outermost equatorial fiber cells, whereas, the lens core cytoplasm stained yellow.
Scale bar: 200 ym (A-C, E, G), 50 ym (D, F, H).
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Figure 11. Fiber cell degeneration in the Trpm3-mutant lens.
Representative immunofluorescence microscopy images of lenses (P22) from wild-type (A)

and 7rpm3-M/M mutant (B) mice labelled with anti-AQPO showing degeneration of fiber
cell membranes particularly in the anterior cataract region devoid of AQPO (B). Cell nuclei
were stained with DAPI (blue). Scale bar: 100 um.
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Figure 12. Accumulation of a-SMA+ve myofibroblast-like cells in the Trpm3-mutant lens.
Representative immunofluorescence microscopy images of lenses (P90) from wild-type (A),
Trom3t= (B), Trom3™~(C), Trpm3-\/M mutant (D), Trom3-M/- mutant (E), and 7rom3-
M/M mutant (F) mice showing accumulation of a-SMA+ve cells (green) at the anterior
pyramidal cataract region of 7rpm31/M (D1) and 7rpm3-M/- (E1, E2) mutant lenses, the
anterior sub-capsular regions of 7rom3-M/M mutant lenses (F1), and the posterior pole of
the 7rom3-1/M mutant lens (D2). The a-SMA+ve iris is indicated by arrows in panels A-F.
Cell nuclei were stained with DAPI (red). Scale bar: 200 ym (A-F), 20 um (D1, D2, E1,
E2), 50 um (F1).
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Figure 13. Accumulation of CD68+ve macrophage-like cells in the Trpm3-mutant lens.
Representative immunofluorescence microscopy images of lenses from wild-type (A, E) and

Trom3-M/M mutant (B-D, F-H) mice at P30 (A-D) and P90 (E-H) showing accumulation of
CD68+ve cells (green) around the lens periphery (B-D) then within the lens at or near the
anterior pyramidal cataract region (F-H). Cell nuclei were stained with DAPI (red). Scale
bar: 100 um (A, B, F), 200 um (E), 30 um (C, D, G, H).
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