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Abstract

Glaucoma is a group of eye diseases characterized by retinal ganglion cell (RGC) loss

and optic nerve damage. Studies, including this study, support that RGCs degenerate

and die in a type-specific manner following the disease insult. Here we specifically

examined one RGC type, the intrinsically photosensitive retinal ganglion cell (ipRGC),

and its associated functional deficits in a mouse model of experimental glaucoma. We

induced chronic ocular hypertension (OHT) by laser photocoagulation and then char-

acterized the survival of ipRGC subtypes.We found that ipRGCs suffer significant loss,

similar to the general RGC population, but ipRGC subtypes are differentially affected

following chronic OHT. M4 ipRGCs, which are involved in pattern vision, are suscep-

tible to chronic OHT. Correspondingly, mice with chronic OHT experience reduced

contrast sensitivity and visual acuity. By comparison, M1 ipRGCs, which project to the

suprachiasmatic nuclei to regulate circadian rhythmicity, exhibit almost no cell loss fol-

lowing chronic OHT. Accordingly, we observed that circadian re-entrainment and cir-

cadian rhythmicity are largely not disrupted inOHTmice. Our study demonstrates the

link between subtype-specific ipRGC survival and behavioral deficits in glaucomatous

mice. These findings provide insight into glaucoma-induced visual behavioral deficits

and their underlyingmechanisms.
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1 INTRODUCTION

Glaucoma, characterized by retinal ganglion cell (RGC) loss and optic

nerve damage, is one of the leading causes of blindness (Tham et al.,

2014). RGCs, which exhibit diverse morphologies and functions (Sanes

& Masland, 2015), convey photic information from the retina to pro-

cessing centers in the brain (Quigley, 2016). Studies, including ours,

have shown subtype-specific RGC loss in various models of glaucoma

and optic nerve injury, yet much remains to be characterized regard-

ing RGC subtype-associated visual deficits and their underlying mech-

anisms (Cui et al., 2015; Della Santina et al., 2013; Duan et al., 2015;

Feng, Zhao et al., 2013, 2017; Chen et al., 2015; Li et al., 2006; Tran

et al., 2019).

One type of RGC, the intrinsically photosensitive retinal ganglion

cell (ipRGC), plays a role in image-forming and non-image-forming

photoreception (Berson et al., 2010; Panda et al., 2002). Although all

ipRGCs express the rhabdomeric-like photopigment melanopsin, six

distinct subtypes of ipRGCs, M1 through M6, have been described

and characterized (Do, 2019; Duda et al., 2020; Tsui et al., 2020).

For example, M1 ipRGCs, having dendrites that stratify in the OFF-

sublamina of the inner plexiform layer (IPL), express the highest level of

melanopsin among the subtypes and exhibit the most robust intrinsic
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light response (Emanuel et al., 2017). M1 cells project primarily to

the hypothalamic suprachiasmatic nuclei (SCN) (Berson et al., 2010),

mediating the effects of light on circadian regulation of physiology and

behavior (Baver et al., 2008; Berson et al., 2002; Chen et al., 2011). By

contrast, the M4 ipRGCs, also known as the sustained large ON-alpha

RGCs, are weakly melanopsin positive and project to the ventromedial

sector of the dorsolateral geniculate nucleus (dLGN), a site responsible

for some aspects of pattern vision such as contrast sensitivity (Ecker

et al., 2010; Estevez et al., 2012; Schmidt et al., 2014).

How ipRGCs are affected by glaucomatous insult remains an area

of great interest. Subtype-dependent ipRGC survival has been stud-

ied in various animal models, although the results among different

studies have been equivocal. For example, in a rat ocular hyperten-

sion (OHT) model, few if anymelanopsin-positive ipRGCs degenerated

(Li et al., 2006). However, in mice following optic nerve crush injury,

most M2 ipRGCs died, but more than 70% of M1 ipRGCs survived

(Duan et al., 2015). Furthermore, physiological deficits associated with

ipRGC loss have been examined in glaucoma patients and animal mod-

els. Glaucoma patients often suffer a higher prevalence of sleep disor-

ders,whichmaybedue to the general loss of ipRGCs (Ciulla et al., 2020;

Gracitelli et al., 2015). The pupillary light reflex, regulated by ipRGCs,

was reduced in humans with glaucoma (Gracitelli et al., 2015). In a rat

model of experimental glaucoma, animals can synchronize their loco-

motor activities to the light: dark (LD) cycle, but they requiremore days

to entrain to a shifted LD cycle in comparison to control rats (Drouyer

et al., 2008). Yet much remains to be characterized regarding the func-

tional changes resulting from the subtype-specific loss of ipRGCs dur-

ing glaucoma development and progression.

In this study, the subtype-specific ipRGC loss and the attendant

functional deficits in a mouse model of experimental glaucoma were

examined. Long-termOHTwas induced by laser photocoagulation, and

the survival of ipRGC subtypes was characterized. Furthermore, the

functional consequences on circadian rhythmicity, visual acuity, and

contrast sensitivity were analyzed.

2 MATERIALS AND METHODS

2.1 Laser-photocoagulation to induce chronic
OHT in mice

Adult (3–14 months) male and female wild-type (WT) C57BL/6 mice

were used in this study. OHT was generated by laser photocoagula-

tion of the trabecular meshwork of the eyes in 2–3 months old mice

as described previously (Feng, Chen, et al., 2013; Feng et al., 2016;

Chen et al., 2015). In brief, mice were anesthetized by intraperitoneal

injection of 80mg/kg ketamine (Kataset, Zoetis; NADA #043-304) and

4 mg/kg xylazine (AnaSed, Akorn; NADA#139-236). Eyes were dilated

with topical application of 2.5% phenylephrine hydrochloride oph-

thalmic solution (Akorn, NDC #17478-201-15) and 1% tropicamide

ophthalmic solution (Akron, NDC # 17478-102-12), and the aqueous

humor was aspirated from the anterior eye by a glass micropipette

(World Precision Instruments Inc., Sarasota, FL, USA). Laser illumina-

tion was delivered unilaterally or bilaterally (Figure 1) by the PASCAL

Synthesis 532 system (Topcon, Oakland, NJ, USA). Six groups of five

200 µm (diameter) laser spots with zero spacing were applied per-

pendicular to the corneal limbus to circumscribe the trabecular mesh-

work at a laser power of 120 mW and exposure time of 20 ms. This

procedure took 10–15 min for each eye. A drop of VIGAMOX (moxi-

floxacine hydrochloride ophthalmic solution 0.5%) was applied to pre-

vent infection, and lubricants were applied (Puralube Vet ointment,

NDC # 17033-211-38) to prevent drying and formation of a cataract.

The animals thenwere kept on a heating pad until fully responsive.

2.2 Intraocular pressure measurement and the
optomotor test

Intraocular pressure (IOP) was measured in awake mice using a

Tonolab rebound tonometer (iCare, Raleigh, NC, USA) as previously

described (Feng, Chen, et al., 2013; Thomson et al., 2020). In brief, each

mouse was placed into a soft plastic cone holder and restrained on

a platform. Averages from three sets of measurements per eye were

recorded. All IOP measurements were obtained under ambient light-

ing between 10:00 a.m. and 1:30 p.m.

Both visual acuity and contrast sensitivity were assessed by the

optomotor test (Rangarajan et al., 2011; Thomson et al., 2020)

(PhenoSysqOMR, PhenoSys GmbH, Berlin, Germany). In the optomo-

tor test, the freely moving animal was placed on a stationary round

platform in the middle of four LCD monitors (Thomson et al., 2020).

After 1–3min of adaptationwith a gray screen, a sinewave gratingwas

made to move across all four monitors. The animal was presented with

moving gratings, which alternated clockwise and counterclockwise for

10 s in each direction with varied spatial frequencies from 0.05 to 0.50

cycles/degree (c/d). Themovement of the animal’s head in concert with

the drifting grating was scored as “seen"; the highest spatial frequency

“seen” was defined as the animal’s visual acuity. The two eyes of indi-

vidual mice were examined separately by reversing the drifting grating

direction (i.e., a clockwisedrifting gratingwasused to identify thevisual

function of the left eye, and a counterclockwise drifting grating for the

right eye) (Douglas et al., 2005; Feng, Chen, et al., 2013; Feng et al.,

2016; Chen et al., 2015). Contrast sensitivitywasmeasured at two pre-

selected frequencies: 0.103 and 0.192 c/d, each with contrasts from 1

to 0.1, defined as the Michelson contrast from the screen’s luminance

(maximum–minimum)/(maximum+minimum). The contrast threshold

for each eye is defined as the lowest contrast that elicits responses at

the prefixed frequency, and contrast sensitivity is the reciprocal of the

threshold (Prusky et al., 2004).

2.3 Immunohistochemistry and confocal imaging

Mice were euthanized with 600 mg/kg euthasol (Euthasol, Virbac

ANADA, # 200-071) and perfused with 4% paraformaldehyde (PFA)

(ChemCruz, sc-281692). Eye cups were dissected, postfixed in PFA for

30 min, washed with phosphate-buffered saline containing Triton-X
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F IGURE 1 Experimental design to investigate ipRGC survival and its functional consequences in laser-induced ocular hypertensive (OHT)
mice. (a) Unilaterally laseredmice were generated for cell quantification. OHTwas induced in one eye while the other eye of themouse was used
as a control. (b) Bilateral OHTwas induced in both eyes of amouse for circadian behavioral tests. Mice that had IOP consistently elevated for more
than 3months were subjected to three rounds of phase advances (red arrows) in the light period of LD cycle. Free runs under constant darkness
(DD) were performed to assess circadian periods at the end. IOP (blue arrows), visual acuity (orange arrows), and contrast sensitivity (purple
arrows) were assessed regularly. Adv: advance

F IGURE 2 Chronic IOP elevation led to decreased visual acuity. (a) For unilaterally laseredmice, the IOP of theOHT eyewas elevated for
more than 3months while that of the control eye remained constant (left).With chronic IOP elevation, the visual acuity of theOHT eye continued
to decrease while that of the control eye remained relatively stable (right). n= 4–13 in each group. (b) For bilaterally laseredmice, the IOP of both
OHT eyes (left) remained elevated for more than 3months. The IOP of control eye from unilaterally laseredmice was shown in gray (dashed line)
for purpose of comparison.With chronic IOP elevation, the visual acuity (right) of both eyes continued to decrease. The visual acuity of age
matched untreated control mice was shown (black triangle). n= 4–11 in each group. *p< .05; **p< .01; ***p< .001. in theMann–Whitney test.
Data presented asmean± SEM. If no asterisk, not significant
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detergent (PBST, 0.5% Triton X-100), and then blocked for 1 h in block-

ing buffer (1% BSA and 10% normal donkey serum, 0.5% Triton X-100

(Sigma-Aldrich, St. Louis, MO, USA)). Primary antibodies, diluted using

blocking buffer, included a rabbit polyclonal anti-melanopsin (1:2000)

(Panda et al., 2002), mouse anti-SMI-32 (Biolegend, 801702/01, 1:250,

RRID: AB_2715852), mouse anti-Brn3a (Millipore, MAB1585, 1:125,

RRID: AB_94166), and rabbit anti-rbpms (Abcam, ab194213, 1:500).

Secondary antibodies, including donkey anti-mouse immunoglobulin

G conjugated to Alexa Fluor 594 dye (Invitrogen A-21203, RRID:

AB_141633), donkey anti-mouse immunoglobulin G conjugated to

AlexaFluor 647dye (InvitrogenA-31571, RRID:AB_162542), anddon-

key anti-rabbit immunoglobulin G conjugated to Alexa Fluor 488 dye

(Invitrogen A-21206, RRID: AB_2535792), were also diluted at 1:1000

in blocking buffer and incubated overnight at 4◦C. After immunostain-

ing, retinas were flat mounted and cut into four quadrants: temporal,

nasal, inferior, and superior. For cryosection, fixed eye cups were cry-

oprotected overnight in 30% sucrose solution and embedded in opti-

mal cutting temperature compound (OCT) medium (Sakura Finetek,

Torrance, CA, USA). Blocks were sectioned by cryostat at 15–20 µm
and counterstained with DAPI (Vectashield H-1200, Vector Laborato-

ries, Inc. Burlingame, CA, USA).

Confocal images were taken using a Zeiss LSM800 confocal

microscope (Zeiss, Thornwood, NY, USA). For flat-mounted retinas,

Z-stack images covering the depth of the retina from the inner nuclear

layer (INL) to the ganglion cell layer (GCL; approximately 50–80 µm)

were acquired. Lower magnification (5×) images were captured

for each leaflet of the retina using the tiling/stitch function in Zen

(Zen 3.2; Oberkochen, Germany; http://www.zeiss.com/microscopy/

en_us/products/microscope-software/zen.html#introduction; RRID:

SCR_013672). For cell counting, individual images were captured at

20×, covering an area of 0.102 mm2. To distinguish the M1 cells in

the GCL from the displaced M1s in the INL, individual z-stack images

covering an area of 0.0255mm2 were taken using a 40×water immer-

sion objective. Three-dimensional (3D) reconstruction and vertical

view images were done and acquired by Imaris (Imaris 9.6, Bitplane

Inc. Concord, MA, USA; http://www.bitplane.com/imaris/imaris; RRID:

SCR_007370).

2.4 Antibody characterization

Primary antibodies are listed in Table 1. The primary polyclonal anti-

serum (UF006) to melanopsin was raised in rabbit against a syn-

thetic peptide consisting of the 15 N-terminal amino acids of mouse

melanopsin (Genbank accession NP_038915) conjugated to keyhole

limpet hemocyanin (KLH). Specificity of this antiserum has been con-

firmed in control studies showing a dose-dependent loss of immunore-

activity by preabsorption with the immunogen and by the lack of

immunoreactivity in the retinas of melanopsin-null mice (Panda et al.,

2002). The lack of immunoreactivity in melanopsin knockout mice

was confirmed using the immunoperoxidase method (Panda et al.,

2002). We also validated the antibody using the Opn4cre/cre mice

(Ecker et al., 2010) crossed with a Synaptophysin-tdTomato cre

reporter line, Ai34(RCL-Syp/tdT)-D (PubMed ID: J:170755).We found

some of tdTomato+ cells are strongly SMI-32 positive and weakly

melanopsin positive (data not shown), confirming their identity as

M4 cells.

The mouse anti-Brn3a antibody (Millipore, #MAB1585, RRID:

AB_94166) was generated against amino acids 186–224 of Brn3a

fused to the T7 gene 10 protein. According to the manufacturer, it

does not recognize either Brn3b or Brn3c, nor stains tissues of Brn-

3a knockoutmice. This antibody labels RGCs inmouse retina (Voinescu

et al., 2009), as seen in this study.We also colabeled Brn3awith rbpms,

another general RGC marker, and found that all Brn3a-positive cells

were rbpms-positive (Figure 3a).

The mouse anti-SMI-32 antibody (Biolegend, #801702, RRID:

AB_2715852) specifically recognizes a 200-kD nonphosphorylated

epitope in neurofilament H, tested in various mammalian species.

Specifically, in retina it labels some RGC bodies, dendrites, and axons

(Feng, Zhao, et al., 2013).

The rabbit anti-rbpms antibody (Abcam, ab194213) was generated

against a synthetic peptide within rat rbpms (N-terminal) conjugated

to KLH. In western blots, the rbpms antibody detects the expected

22 kDa band from rat heart lysate (manufacturer’s specification). In

mouse retina, it specifically labels RGCs (Thomson et al., 2020).

2.5 Cell quantification

For general RGC and ipRGC cell counting, mouse retinas were

immunostained with anti-rbpms, anti-Brn3a, or anti-melanopsin anti-

bodies. For each retina, at least 24 en face z-stack images covering the

depth from the GCL to the INL were captured (roughly 50–80 µm of

total depth). Six images were acquired for each quadrant to ensure

broad coverage of the entire retina (Figure 1a). A rectangle covering

no less than 0.025 mm2 area was randomly drawn on the images and

Brn3a-, rbpms-, or melanopsin-positive cells within the rectangle were

manually counted in Zen (Zen 3.2; Oberkochen, Germany).

To quantify M4 cells, mouse retinas were double immunos-

tained with anti-SMI-32 and antimelanopsin antibodies. Images were

acquired as described above, and cells were classified asM4when they

met the following three criteria: (1) a cell soma size larger than 200

µm2, (2) faintly positive label for melanopsin, and (3) strongly positive

label for SMI-32.

M1 in the GCL and displaced M1 cells in the INL were counted by

taking images at the focal plane of the GCL and INL, respectively. For

each retina, a total of 36 en face z-stack images were taken with six

images for each quadrant. 3D reconstruction was done using Imaris

software (Imaris 9.6, Bitplane Inc. Concord, MA,USA) and melanopsin-

positive cells with dendrites reaching only the OFF sublamina of the

IPL were counted as M1 cells. Although M6 ipRGCS also have den-

drites reaching the OFF sublamina of the IPL, they are rarely labeled

by immunofluorescence, even with amplification, and therefore are

unlikely bemisidentified asM1 (Quattrochi et al., 2019). Similarly, cells

with at least one dendrite terminating in the ON sublamina of IPL,

potentiallyM3 cells, were not included. Cell density for each retinawas

calculated using the total number of cells counted divided by the total

area.

http://www.zeiss.com/microscopy/en_us/products/microscope-software/zen.html#introduction
http://www.zeiss.com/microscopy/en_us/products/microscope-software/zen.html#introduction
http://www.bitplane.com/imaris/imaris
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TABLE 1 Primary antibodies used in this study

Antibody Immunogen Source (RRID number)

Dilution

factor

Melanopsin 15N-terminal amino acids of mouse

melanopsin

Ignacio Provencio (Panda et al., 2002), rabbit

monoclonal

1:2000

Brn3a Amino acids 186–224 of Brn-3a fused to the T7

gene 10 protein

Millipore, MAB1585, (RRID: AB_94166), mouse

monoclonal

1:125

SMI-32 Neurofilament H Biolegend, 801702, (RRID: AB_2715852),

mousemonoclonal

1:250

Rbpms Synthetic peptide within rat RBPMS (N

terminal) conjugated to keyhole limpet

hemocyanin

Abcam, ab194213, rabbit polyclonal 1:500

F IGURE 3 General RGC population and ipRGCs suffered significant loss in OHTmice. (a) Flat-mounted retinas of 8-month-oldWTmice
stained with DAPI (blue), Brn3a (purple), and rbpms (green). Almost all Brn3a-positive cells were rbpms positive and roughly 90% of
rbpms-positive cell were Brn3a-positive. (b) Flat-mounted retinas of a control and anOHT eye 6–8-months post laser surgery were
immunostained with Brn3a (b) or rbpms (d) antibodies for the general population of RGCs. Quantification of Brn3a-positive cells (c) and
rbpms-positive cells (e) were shown between control andOHT retinas. (f) Flat-mounted images of the temporal leaflet of a control (left) and an
OHT (right) retina stainedwith antimelanopsin antibody. (g) The high-magnification images of ipRGCs in the GCL (yellow rectangles in f) were used
for cell counting.White crosses denote ipRGC somas. (h) Quantification of melanopsin-positive ipRGCs. *p< .05; ***p< .001 in theMann–Whitney
test. Scale bar for (a), (b), (d), and (g) is 20 µmand for (f) is 200 µm

2.6 Circadian behavioral analysis

Animals were housed in individual cages with running wheels in light

tight boxes under a 12h:12h L:D schedule. Fluorescent lights (100

µW/cm2)were used for illumination and food andwaterwere provided

ad libitum.Wheel runningwasmonitored and analyzedwith theClock-

Lab collection and analysis software suite (Actimetrics, Wilmette, IL,

USA). After at least 14 days of entrainment to the LD cycle, the dark
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period was advanced by 6 h and wheel running was monitored for the

following 15 days. The duration of re-entrainment was defined as the

number of days required to shift activity onset by 6 h followed by two

consecutive days of activity onset or offset within this range. Activity

onsetwasdeterminedby theClockLab software andadjustedmanually

to avoid masking effects. Entrainment was scored manually by a blind

observer.

Circadian phase shifting using low intensity light was performed in

a similar manner, except during the 12-h light period, the intensity of

the fluorescent source was adjusted to 1.5 µW/cm2 by wrapping the

fluorescent light bulbs with layers of pliable, semitranslucent neutral

density filters.

Animals were also exposed to constant darkness (DD), and the free-

running period was calculated according to the onset of activity across

at least 10 days in constant darkness. The circadian period was cal-

culated by 24 h minus the slope of the least square fitted line of the

onsets.

All results were expressed as the mean±SEM. Nonparametric

Mann–Whitney tests were performed to compare two groups of sam-

ples. All animal procedures were approved by the Institutional Animal

Care and Use Committee at University of Virginia and conformed to

the guidelines on Use of Animals from the National Institute of Health

(NIH).

3 RESULTS

3.1 The general RGC population suffers a
significant loss following chronic OHT

Weperformed laser photocoagulation in adult C57BL/6mice to induce

OHTas described previously (Feng, Chen, et al., 2013; Feng et al., 2016;

Chen et al., 2015) (Figure 1). For unilaterally laseredmice, the right eye

was lasered and the left untreated eye of the samemousewas used as a

control (Figure 1a).We also generated bilaterally laseredmice in order

to induce chronic OHT in both eyes for circadian behavioral tests (Fig-

ure 1b). We tracked the IOP every 2 weeks for the first 2 months and

theneverymonthup to1year, and simultaneously tracked visual acuity

of each eye. The unilaterally laseredmice with treated eyes that exhib-

ited consistently elevated IOP for more than 3 months and showed

declining visual acuity were used for cell quantification (Figure 1a),

while bilaterally lasered mice were used for circadian behavioral tests

(Figure 1b).

The changes in IOP and visual acuity were tracked over time (Fig-

ure 2). For the first 3 months post laser photocoagulation, the IOP of

the lasered eye was elevated more than 25% than that of the control

eye (Figure 2a). Three months post laser photocoagulation, the IOP of

the lasered eye of the unilaterally lasered mice was elevated to 19.15

± 0.84 mmHg (n = 7), significantly higher than that of the nonlasered

control eyes (15.31± 0.29mmHg, n= 7, p< 0.01,Mann–Whitney test;

Figure 2a). The IOP of the lasered eye gradually dropped and was not

significantly different from the control eyes by 8 months post laser

surgery (controls: 14.6 ± 0.5 mmHg, n = 4; OHT: 18.2 ± 3.7 mmHg,

n = 6, p = .2, Mann–Whitney test). The IOP was also elevated in each

eye of the bilaterally lasered mice for more than 3 months (left panel,

Figure 2b) and eventually dropped at 8 months post laser photoco-

agulation (left eye OHT: 15.94 ± 1.18 mmHg, right eye OHT: 15.77 ±

1.54mmHg, p= .87, Mann–Whitney test; Figure 2b).

Chronic IOP elevation induced a continuous decrease in visual acu-

ity (Figure 2a). The acuity of the OHT eyes dropped from 0.35 ± 0.02

c/d (n = 11) to 0.28 ± 0.02 c/d (n = 6) at 8 months post laser photoco-

agulation. At the same time, the control eyes’ acuity remained within

normal range at 0.39 ± 0.01 c/d (n = 4) 8 months post laser surgery,

significantly higher than the OHT eyes’ (p = .01, Mann–Whitney test)

(Douglas et al., 2005; Feng, Chen, et al., 2013; Feng et al., 2016; Chen

et al., 2015; Prusky et al., 2004).

Next, RGC loss following chronic IOP elevation was quantified. The

general RGC populationwas immunolabeled using antibodies to Brn3a

(Xiang et al., 1995) and rbpms (Rodriguez et al., 2014). Previous studies

suggested that rbpms is expressed exclusively in most if not all RGCs,

while Brn3a is expressed in some RGCs (Feng, Zhao, et al., 2013; Pan

et al., 2005; Rodriguez et al., 2014). We confirmed the labeling pat-

tern in WT mice (Figure 3a). It was estimated that about 59% of the

cells in theGCL are displaced amacrines and 41% are RGCs (Jeon et al.,

1998). Indeed, we found that about 48.2% of all cells in the GCL were

rbpms-positive RGCs; in addition, all Brn3a-positive cells were rbpms-

positive, while about 87% of rbpms-positive cells were Brn3a-positive

(Figrue 3a). At 6 months post laser photocoagulation, the densities of

Brn3a-positive cells were quantified and compared between OHT and

control eyes (Figure 3b,c). We found that Brn3a-positive RGC density

(see Table 2) was significantly reduced by 25.6% in OHT eyes com-

pared to controls (controls: 3859.7±156.8 /mm2,n=5;OHT: 2871.7±

94.4 /mm2, n= 3, p= .04, Mann–Whitney test). At 8-months post laser

photocoagulation, rbpms-positive RGC density was also significantly

reduced by 32.6% in OHT eyes compared to the controls (controls:

3942.5± 100.4 /mm2, n= 3; OHT: 2658.1± 216.0 /mm2, n= 4, p= .03,

Mann–Whitney test) (Figure 3d,e). Together our results showed that

6–8 months of chronic IOP elevation induced approximately 25–33%

RGC loss, consistent with our previous findings (Feng, Zhao, et al.,

2013; Chen et al., 2015).

3.2 Significant loss of ipRGCs occurs following
chronic OHT

Previously studies, including ours, showed that the RGC degenera-

tion is cell type-specific (Duan et al., 2015; Feng, Zhao, et al., 2013).

For instance, ipRGCs have been shown to be relatively resistant to

chronic OHT or acute optic nerve damage (Duan et al., 2015; Li et al.,

2006). Therefore, we next examined whether ipRGC survival differs

from survival of the general RGC population in our chronic model of

OHT.Melanopsin antiserawasused to label themajority of ipRGCs,M1

through M4, and possibly some weakly melanopsin-positive M5 and

M6 (Figure 3f,g) (Quattrochi et al., 2019; Stabio et al., 2018). We have

included all cells immunolabeled with the anti-melanopsin antisera in

the GCL and the INL for general ipRGC quantification. Surprisingly,
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TABLE 2 Summary of RGC density in OHT and control mice

Cell density (/mm2)

mean± SEM (n)

RGC type Control

OHT (6–9m post laser

photocoagulation) Percentage change

Rbpms 3942.5± 100.4 (3) 2658.1± 216.0 (4) −32.6

Brn3a 3859.7± 156.8 (5) 2871.7± 94.4 (3) −25.6

Melanopsin 219.6± 3.0 (16) 183.4± 4.5 (11) −16.5

M1 54.4± 3.1 (3) 56.4± 1.1 (4) 3.4

DisplacedM1 7.0± 0.7 (16) 6.7± 1.0 (12) −4.2

M4 (SMI-32+melanopsin) 52.2± 2.0 (10) 38.8± 2.7 (10) −25.7

M2,M3, and someM5,M6 106.0† 81.5a -23.1

aNumbers are based on calculations, not direct cell counts.

at 8–9 months post laser surgery, we observed a 16.5% reduction

(Table 2) in the total ipRGC population in the OHT eyes compared to

the control eyes (controls: 219.6± 3.0 /mm2, n= 16; OHT: 183.4± 4.5

/mm2, n= 11, p< .001,Mann–Whitney test) (Figure 3f,h).We conclude

that, like the general RGC population, the ipRGC population also suf-

fers significant degeneration following the chronic hypertension insult,

albeit to a lesser extent. Because the ipRGCs are not a homogeneous

group and can be further classified into several subtypes, from M1

to M6, each with distinct morphology and function (Do, 2019), we

next examined how different ipRGC subtypes survive in the context of

chronic OHT.

3.3 M4 ipRGCs are susceptible to chronic IOP
elevation

Combining immunohistochemistry and 3D reconstruction of ipRGC

morphology, we characterized and quantified several ipRGC subtypes.

To identify the M4 ipRGCs, we double-stained retinas with antibod-

ies against melanopsin and the SMI-32 neurofilament epitope (Fig-

ure 4a). We compared the survival rate of M4 ipRGCs at 8–9 months

post laser photocoagulation. We found that M4 ipRGCs were signif-

icantly reduced by 25.7% (controls: 52.2 ± 2.0 /mm2, n = 10; OHT:

38.8 ± 2.7 /mm2, n = 10, p < .01, Mann–Whitney test) (Figure 4b,

Table 2 ),

Because M4 ipRGCs are thought to be involved in image-forming

vision, especially in contrast sensitivity (Schmidt et al., 2014),we tested

the contrast sensitivity of the OHT eyes at the spatial frequencies of

0.103 and 0.192 c/d.We found that the contrast sensitivities were sig-

nificantly reduced (0.192: p < .01, and 0.103: p < .001 in the Mann–

Whitney test) in OHT eyes compared to control eyes (Figure 4c). At

0.103 c/d, the average contrast sensitivity for control eyes was 6.09 ±

0.56, while for the OHT eyes it was 3.15 ± 0.20 (n = 12 in each group).

At 0.192 c/d, the average contrast sensitivity for the control eyes was

5.50 ± 0.35, while in the OHT eyes it was only 3.63 ± 0.31. This reduc-

tion in contrast sensitivity is consistent with the significant loss of gen-

eral RGCs andM4 ipRGCs.

3.4 M1 ipRGCs are resistant to chronic IOP
elevation

Based on the 3D reconstruction of confocal z-stack images of ipRGCs,

we identified common M1 ipRGCs with dendrites reaching the OFF

sublamina of the IPL (Figure 5a). A small group of M1 cells also have

perikarya located in the INL and thus are called displaced M1 ipRGCs

(Figure 5b) (Berson et al., 2010; Duda et al., 2020; Ecker et al., 2010).

We quantified the commonM1 ipRGCswith cell bodies in the GCL and

the displaced ipRGCs separately. Interestingly, we found that the den-

sity of M1 ipRGCs in the GCL did not change significantly at 8 months

post-IOP elevation compared to controls (controls: 54.4 ± 3.1 /mm2,

n = 3; OHT: 56.4 ± 1.1 /mm2, n = 4 p = .86, Mann–Whitney test) (Fig-

ure 5c). Similarly, we found no significant change in the density of dis-

placedM1 ipRGCs (OHT:6.7±1 /mm2,n=12; controls: 7.0±0.7 /mm2,

n = 16, p = .66, Mann–Whitney test) (Figure 5d). Taken together, the

M1 ipRGC population suffered little, if any, cell loss following chronic

OHT.

3.5 Circadian re-entrainment and circadian
rhythmicity remain largely intact in OHT mice

Given that M1 ipRGCs are known to innervate the master circadian

clock in the hypothalamic SCN (Baver et al., 2008; Hattar et al., 2002;

Jain et al., 2012; Chen et al., 2011), and M1 ipRGCs are preferentially

spared from damage in OHT mice, we tested the hypothesis that the

circadian behaviors may remain largely unaffected in glaucomatous

mice. We performed bilateral laser photocoagulation on both eyes of

C57BL/6 mice, and then tracked the IOP, visual acuity, and contrast

sensitivity for up to 1 year. Mice that showed sustained IOP elevation

for more than 3 months for both eyes (Figure 2b) were used for cir-

cadian studies. Out of more than 40 mice upon which we performed

bilateral laser surgeries, six met this criterion for circadian testing

(Figure 1b).

At 7months post laser photocoagulation, six bilaterally laseredmice

and six age-matched control mice were transferred to individual cages
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F IGURE 4 M4 ipRGC suffered significant loss following chronic IOP elevation. (a) Confocal images of flat-mounted retinas from a control eye
and anOHT eye 8-months postsurgery immunostained withmelanopsin and SMI-32 antibodies.White crosses denotemelanopsin-positive cells
and violet crosses denote large cells positive for bothmelanopsin and SMI-32. Scale bar is 20 µm. (b) Quantification ofM4 cell density in control
andOHT retinas. (c) Contrast sensitivity measured at 0.103 and 0.192 cycle per degree (c/d) of control andOHT group 8-months post laser
surgery. **p< .01; ***p< .001 in theMann–Whitney test. Data presented asmean± SEM.

F IGURE 5 M1 ipRGC is resistant to the IOP elevation. (a) Identification ofM1 ipRGCs by their dendritic patterning and location of somata.
Z-stack confocal images of the flat-mounted retinas were projected to two-dimensional images and shown at the bottom. The extrapolated
vertical viewwas shown on the top.White rectanglesmark the ganglion cell layer (GCL). INL: inner nuclear layer. (b) Displacedmelanopsin-positive
cells in the INL.White rectangles mark the INL. Scale bar is 20 µm. (c, d) Quantifications ofM1 density (c) and displacedM1 density (d). NS: not
significant in theMann–Whitney test. Data presented asmean± SEM

equipped with running wheels andmaintained in a 12h:12h L:D sched-

ule. The mice were allowed to adapt for 10 days in the running wheel

cages. We observed clear onsets of activity immediately after lights-

off in both control and bilaterally lasered mice (Figure 6a). We then

advanced the dark phase of the LD cycle by 6 h and monitored the

wheel running behavior for 15 days. The entrainment was scored by a

blind observer where re-entrainment was quantified as the number of

days required to achieve a stable phase of entrainment to the advanced

light cycle followed by two consecutive days of similar phase. Surpris-

ingly, we found that the bilaterally lasered mice entrained significantly

faster than control mice (controls: 8.8 ± 0.5 days, n = 6; OHT: 6.7 ±

0.7 days, n = 6, p = .049, Mann–Whitney test) (Figure 6a,b). To con-

firm this result, we performed another round of phase advance and

found similar results (controls: 7.5 ± 0.4 days, n = 6; OHT: 5.8 ± 0.5

days, n = 6, p = .04, Mann–Whitney test). To test whether sensitiv-

ity of photoentrainment was altered, we performed a shift where the

light intensitywas reduced60-fold from100 to1.5µW/cm2 (Figure6c).

We found no significant difference in the number of days required for

re-entrainment between control and the bilaterally lasered mice (con-

trols: 8.8 ± 0.5 days, n = 6; OHT: 7.8 ± 0.7 days, n = 6, p = .22, Mann–

Whitney test) (Figure 6d).

We next tested whether the difference observed in re-entrainment

rate is caused by a difference in circadian periods. The same animals

weremaintained under constant darkness for at least 2weeks, and the

stable free-running period was calculated across at least 10 days for

eachmouse (Figure 6e).We found no significant difference in circadian

period between the control and bilaterally laseredmice (controls: 23.6

± 0.02 h, n= 6; OHT: 23.6± 0.02 h, n= 6, p= .81, Mann–Whitney test)

(Figure 6f).

After the circadian experiments (about 11 months post laser

surgery), we examined the visual acuity (Figure 7a) and contrast

sensitivity (Figure 7b) of the experimental and control animals. The
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F IGURE 6 OHTmice exhibited a largely normal circadian re-entrainment behavior. (a) Examples of double plot actograms for aWT control
and a bilaterally laseredmouse (OHT) under bright light intensity (a) or low light intensity (c) during light portion of the LD cycle. Six-hour
phase-advance was performed to assess re-entrainment.White and light gray backgrounds indicate the light portions, and the dark gray
backgrounds indicate the dark portions of the LD cycle, respectively. Red arrows point to the day when re-entrainment was observed. Black
arrows point to the light shift. (b, d) Quantification of the average days it took for mice to re-entrain to the new LD cycle after phase-advance. (e)
Examples of double plot actograms of circadian free run under constant darkness (DD) after day 105. Red asterisks mark the onset of activity on
each day. (f) The average free running circadian periods for control andOHTmice. NS: not significant; *p< .05 in theMann–Whitney test. Data
presented asmean± SEM

F IGURE 7 The overall retinal morphology was largely normal by 11months post laser surgery, despite observed reduction in RGC density. (a,
b) Contrast sensitivity (a) and visual acuity (b) of control andOHTmice 11-months post laser surgery. (c) Cross sections of control and bilaterally
laseredOHT eye cups 11-months post laser surgery. Scale bar is 500 µm. Representative higher magnification images were shown below. Scale bar
is 50 µm. (d, e) Flat-mounted retinas of control andOHT retina were stainedwith rbpms antibody (d) and antibodies against SMI-32 and
melanopsin (e). Scale bar is 20 µm. ***p< .001 in theMann–Whitney test. Data presented asmean± SEM.
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OHT mice exhibited a significantly reduced contrast sensitivity: at

0.103 c/d, the contrast sensitivity of OHT mice (n = 12 eyes) was 3.06

± 0.18, and that of controls (n = 12 eyes) was 5.56 ± 0.49 (p < .001,

Mann–Whitney test), At 0.192 c/d, the contrast sensitivity ofOHTmice

(n = 12 eyes) was 3.28 ± 0.18 and that of controls (n = 12 eyes) was

5.53 ± 0.69 (p < .001, Mann–Whitney test). Similarly, the visual acu-

ity of OHTmice was significantly reduced compared to controls, which

remained high (controls: 0.36 c/d, n= 12; OHT: 0.28± 0.01 c/d, n= 12;

p< .001,Mann–Whitney test).

Finally, we analyzed the overall morphology of the retinas (Fig-

ure 7c). The laminar structure was largely normal in OHT eyes.

As expected, we observed a decrease in RGC density as deter-

mined by rbpms labeling in the OHT retina (Figure 7d). We quanti-

fied two OHT retinas, and the overall density of the rbpms-positive

cells in the OHT eyes was approximately 1674 cells/mm2 at 12

months post laser photocoagulation, a 54.8% reduction compared

to the control retina (3700 cells/mm2, n = 1). Similarly, the den-

sity of melanopsin-positive ipRGCs was also reduced (Figure 7e)

to 182.5 cells/mm2 (n = 2), 13.5% lower than the control retina

(211 cells/mm2, n= 1).

4 DISCUSSION

4.1 Characterization of general RGC population
and ipRGC subtypes

Rbpms is a general RGC marker that is expressed by most, if not all,

RGCs in mouse retina (Rodriguez et al., 2014). We found that the

anti-rbpms antibody labeled about half of all cells in the GCL as pre-

viously reported (Jeon et al., 1998). The other general RGC marker

we used in this study, Brn3a, is present in 87% of all rbpms-positive

RGCs (Figure 3a). We further assessed the general ipRGC popula-

tion identified by the melanopsin antibody, which immunolabeled M1

through M4 (and possibly some M5) (Quattrochi et al., 2019; Stabio

et al., 2018). We calculated a density of 219.6 cells/mm2, which can

be extrapolated to about 2800 cells per retina. This number agrees

with a previous report of an estimated 2600 ipRGCs (Berson et al.,

2010).

A total of six different ipRGC subtypes have been characterized,

each with distinct morphology, physiology, and functions (Do, 2019;

Duda et al., 2020). In the control retina, we calculated a density of 52.2

cells/mm2 ofM4 cells by anti-SMI32 and antimelanopsin antibodies. In

one study by Schmidt and colleagues (Schmidt et al., 2014), an average

of 571.6 totalM4cellswere found inmouse retinas,which translates to

about 45 cells/mm2. Similar results were confirmed by another study

where a total of 529M4 cells were observed (Sonoda et al., 2020). We

further classified displaced M1 cells by their specific dendritic lamina-

tion in the OFF sublamina of the IPL, similar to the M1 ipRGCs with

perikarya in the GCL. We have calculated densities of 54.4 and 6.7

cells/mm2 for M1 cells and displaced M1 cells, respectively. The total

number of M1 cells is 54.4 + 6.7 = 61.1 cells/mm2, which agrees with

the previous finding by Berson and colleagues that the density of the

totalM1cellswas63cells/mm2 (Bersonet al., 2010). Together, ourdata

show that these markers can assess accurately the general RGC popu-

lation and ipRGC subtypes, thus enabling us to further examine their

survivals in mice with chronic OHT.

4.2 Subtype-dependent ipRGC degeneration in
OHT mice

Glaucoma is characterized by progressive RGC cell degeneration and

death (Feng, Zhao, et al., 2013; Chen et al., 2015; Quigley, 2016). We

observed a 25.6% cell loss of Brn3a-positive RGCs and a 32.6% reduc-

tion in rbpms-positive RGC density 6–8 months post laser photocoag-

ulation. Many studies have shown that ipRGCs are resistant to various

disease insults (Duan et al., 2015; Feng, Zhao, et al., 2013; Chen et al.,

2014; Tran et al., 2019). For example, in a chronic OHT model in rats,

no substantial ipRGCs loss or change in dendritic arbor structure could

be found after 3 months of sustained elevation of IOP, while a signif-

icant number of superior colliculus projecting RGCs degenerated (Li

et al., 2006). In amouseoptic nerve crushmodel, ipRGCsalsohavebeen

found to preferentially survive relative to other RGC types (Duan et al.,

2015; Tran et al., 2019). Our results show that with chronic IOP eleva-

tion the general ipRGCs (all M1–M4, possibly some M5 and M6) den-

sity was reduced 16.5%, which is less than the 30% loss of the general

RGC population.

The survival of ipRGCs may not be uniform among different sub-

types. At 14 days, postoptic nerve crush injury, only a small number

of M2 cells survived, but over 70% of M1 cells and over 80% of alpha

RGCs labeled in a Kcng4-YFP transgenic line, including theM4 ipRGCs,

survived (Duan et al., 2015). At 60-days postoptic nerve transection in

rats, M1 cells comprised about 80% of all surviving RGCs (Pérez De

Sevilla Müller et al., 2014). We also found no significant loss in M1

cells and displaced M1 cells in OHT mice; however, M4 cells suffered

25.7% loss. Other ipRGC subtypes, including M2s and possibly some

M5 and M6s, also suffered about 23% cell loss (Table 2). This inconsis-

tency may be explained by the different methods applied for RGC sub-

type categorization, as well as the differential survival of each subtype

in different animal models. For example, Tran et al. (2019) quantified

RGCs from single-cell samples dissociated from whole retinas, which

provides a comprehensive profile of RGC survival but may also cause

disproportionate representation of RGC types (Tran et al., 2019). Addi-

tionally, optic nerve crush injury or transection is an acute model of

RGCdamage, analyzedwithin a couple ofweeks of crush, while chronic

OHT induces slow and progressive RGC loss over months. Therefore,

RGCsmay responddifferently todifferent typesof disease insult (McK-

innon et al., 2009). Interestingly, melanopsin overexpression in RGCs

promoted axonal regeneration by activating the mammalian target of

rapamycin (mTOR) pathway (Li et al., 2016). Taken together, we found

that ipRGCs survived well with chronic OHT and this survival is sub-

type dependent.Morework is needed to better understand the under-

lying molecular mechanisms of protection, degeneration, and regen-

eration which, in turn, will offer insights to develop neuroprotective

treatments of glaucoma.
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4.3 Behavioral consequences of chronic OHT on
circadian entrainments and visual acuity

As discussed, ipRGCs are involved in a broad range of image forming

and nonimage forming functions (Do, 2019; Duda et al., 2020; Lucas

et al., 2020). Thus, we further investigated how the subtype-specific

loss of ipRGCs affects visual behaviors in mice suffering chronic OHT

insult. It has been shown that M4 cells project to dLGN (Estevez et al.,

2012) and contribute to contrast sensitivity aspects of image forming

vision with and without rod/cone inputs (Ecker et al., 2010; Schmidt

et al., 2014; Sonoda et al., 2020).

Specifically, following ablation of several ipRGC subtypes including

the M4s, contrast sensitivity was significantly reduced at various spa-

tial frequencies (Schmidt et al., 2014). The authors also observed that

spatial frequencies at which significant deficits were found in these

mice matched the spatial frequencies (0.05 and 0.09 c/d) to whichM4s

respondmost strongly in isolated retina (Estevez et al., 2012), suggest-

ing that M4s could contribute to contrast sensitivity. In the current

study, we found a significant decrease in contrast sensitivity, which is

also correlated with the significant loss of M4 cells in OHT eyes. Sim-

ilarly, we also observed that our OHT mice exhibited greater reduc-

tion of contrast sensitivity at 0.103 c/d than 0.192 c/d (Figure 4c). Yet

we cannot exclude that degeneration of other non-M4 RGCs may con-

tribute to the change in contrast sensitivity in the OHT mice (Baden

et al., 2016; Khani & Gollisch, 2017). M1 cells, on the other hand,

project to the SCN, the master clock that regulates circadian photoen-

trainment, a nonimage forming function (Baver et al., 2008; Do, 2019;

Vadnie & McClung, 2017). With little M1 loss under chronic OHT, we

found no delay in circadian re-entrainment between nonocular hyper-

tensive controls andOHTmice.

Note that when mice were subjected to a phase advance of a rel-

atively bright LD cycle, the OHT mice established a stable phase of

entrainment significantly faster than the age-matched controls. In a

similar study using a rat OHT model, the authors found the opposite

result where it took significantly more time for the OHT rat to re-

entrain after phase advance (Drouyer et al., 2008). They also observed

a significant reduction in RGC terminals in the SCN. These differences

couldbeattributed to the intensity anddurationof IOPelevationwhich

may induce a different severity of RGCcell death. For example, IOPhad

beendoubled for over 4months in the rat glaucomamodel,which led to

a 50–70% reduction of RGC axon terminals in a majority of visual and

nonvisual centers in the brain (Drouyer et al., 2008). By contrast, our

mouse model exhibited a mild IOP elevation (about 20–30% increase)

for a longer duration (from 3months to up to a year).

The accelerated re-entrainment observed inmicewith elevated IOP

relative to normotensive controls was unexpected. We hypothesize

that even a slight reduction of the direct photic input into the hypotha-

lamus may cause an increase in the desynchrony among the cellular

oscillators of the SCN. Suchdesynchrony speeds circadian entrainment

in response to a shifted LD cycle. For example, the administration of

vasoactive intestinal peptide (VIP) inducesdesynchronyor “phase tum-

bling” among SCN oscillator cells. If VIP is given prior to a shift in the

LD cycle, the number of days required to re-entrain is halved compared

to mice receiving vehicle injections (An et al., 2013). Although we did

not observe a reduction in M1 cells in our bilaterally lasered mice, it

remains possible that the synaptic input fromM1 cells to the SCNwas

damaged under prolonged elevated IOP. In addition, the expression

level of melanopsin as well as melanopsin activity could also affect re-

entrainment rates. Melanopsin knockout mice exhibit reduced phase-

shifting responses (Panda et al., 2002). The lack of C-terminal phospho-

rylation sites of the melanopsin molecule may also lead to faster re-

entrainment (Somasundaram et al., 2017). Alternatively, we observed

a decrease inM4 cells which project to the intergeniculate leaflet (IGL)

(Ecker et al., 2010). The IGL, in turn, encodes irradiance and sends a

projection to the SCNvia the geniculohypothalamic tract (Morin, 2013;

Yuan et al., 2018). Therefore, the degeneration ofM4 cells could affect

the IGL’s modulation of the retinal input to the SCN and indirectly

impact its behavioral output (Hanna et al., 2017).

The disruption of the circadian system observed in animal glau-

coma models are also observed in patients. Primary open angle glau-

coma (POAG) and primary angle-closure glaucoma patients often

suffer mood and sleep disorders, and the severity is correlated

with visual field impairment (Ciulla et al., 2020; Wang et al., 2013).

Sleep efficiency assessed by polysomnographic recordings was sig-

nificantly lowered (Gracitelli et al., 2015), and blood melatonin

levels are higher in early morning in POAG patients (Ma et al.,

2018). It will be of great interest to further understand the ipRGC-

mediated neural circuits that account for the behavioral changes

suffered by glaucoma patients. Such an understanding will lead to

improved patient care and treatment as glaucoma develops and

progresses.
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