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Adult Expression of Tbr2 Is Required for the Maintenance but Not Survival of Intrinsically Photosensitive Retinal Ganglion Cells
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Retinal ganglion cells expressing the photopigment melanopsin are intrinsically photosensitive (ipRGCs). ipRGCs regulate subconscious non-image-forming behaviors such as circadian rhythms, pupil dilation, and light-mediated mood. Previously, we and others showed that the transcription factor Tbr2 (EOMES) is required during retinal development for the formation of ipRGCs. Tbr2 is also expressed in the adult retina leading to the hypothesis that it plays a role in adult ipRGC function. To test this, we removed Tbr2 in adult mice. We found that this results in the loss of melanopsin expression in ipRGCs but does not lead to cell death or morphological changes to their dendritic or axonal termination patterns. Additionally, we found ectopic expression of Tbr2 in conventional RGCs does not induce melanopsin expression but can increase melanopsin expression in existing ipRGCs. An interesting feature of ipRGCs is their superior survival relative to conventional RGCs after an optic nerve injury. We find that loss of Tbr2 decreases the survival rate of ipRGCs after optic nerve damage suggesting that Tbr2 plays a role in ipRGC survival after injury. Lastly, we show that the GABAergic amacrine cell marker Meis2, is expressed in the majority of Tbr2-expressing displaced amacrine cells as well as in a subset of Tbr2-expressing RGCs. These findings demonstrate that Tbr2 is necessary but not sufficient for melanopsin expression, that Tbr2 is involved in ipRGC survival after optic nerve injury, and identify a marker for Tbr2-expressing displaced amacrine cells.
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INTRODUCTION

The retina comprises six neuronal cell types, each with distinct roles in visual scene detection and processing. Among these are retinal ganglion cells (RGCs) which send axons to > 50 retinorecipient brain regions (Martersteck et al., 2017), and amacrine cells (ACs) which modulate RGC activity. RGCs and ACs can be further divided into > 30 and > 40 subtypes, respectively, based on molecular, morphological, and physiological features (MacNeil and Masland, 1998; Lin and Masland, 2006; Sanes and Masland, 2015; Baden et al., 2016; Bae et al., 2018; Rheaume et al., 2018; Yan et al., 2020). The processes of generating and maintaining this diversity largely remain elusive, but transcription factor codes have been shown to be important for neuronal subtype specification and maintenance (Guillemot, 2007; Deneris and Hobert, 2014; Peng et al., 2017; Sajgo et al., 2017; Lyu et al., 2021).

Neuron types are defined in part by the expression of the genes that contribute to their identity and function, including those that encode sensory receptors, signaling molecules, ion channels, and structural features such as dendritic arborization (Deneris and Hobert, 2014). Our lab and others have shown that the t-box transcription factor, Tbr2 (also known as EOMES), is expressed in a subset of RGCs early in development that will become ipRGCs (defined by expression of melanopsin, and axonal targeting patterns; Mao et al., 2014; Sweeney et al., 2014). Tbr2 is also expressed in a subset of displaced ACs. Removal of Tbr2 from RGCs during development leads to a loss of ipRGCs (Mao et al., 2014; Sweeney et al., 2014). Tbr2 expression is maintained in the adult and is expressed in all ipRGC subtypes (Tran et al., 2019; Chen et al., 2021).

ipRGCs are intrinsically photosensitive because they express the photopigment melanopsin which allows them to detect light and thus execute several light-induced behaviors (Provencio et al., 2000, 2002a; Berson et al., 2002; Hattar et al., 2002), including: Circadian photoentrainment, pupillary light reflex, mood regulation, and learning; ipRGCs also play a role in some aspects of image-forming vision including contrast detection (Panda et al., 2002; Ruby et al., 2002; Güler et al., 2008; Hatori et al., 2008; Legates et al., 2012; Schmidt et al., 2014; Sonoda et al., 2018; Stabio et al., 2018). ipRGCs integrate rod, cone, and melanopsin signals before transmitting this information to many subcortical areas of the brain. Loss of ipRGCs in blinding diseases in humans results in sleep disorders, depression, anxiety, defects in post-illumination pupil response, and loss of light-induced suppression of melatonin secretion (Pérez-Rico et al., 2010; Feigl et al., 2011; Agorastos et al., 2013; Wang et al., 2013; Gracitelli et al., 2016). In mice, loss of ipRGCs results in defects in circadian photoentrainment, the pupillary light reflex, light-suppression of locomotor activity, mood, and learning (Güler et al., 2008; Hatori et al., 2008; Legates et al., 2012).

It has been well-documented that ipRGCs survive after injuries to the optic nerve, however, the reason for their survival is not well understood (Robinson and Madison, 2004; Li et al., 2008; Pérez De Sevilla Müller et al., 2014; Duan et al., 2015). Single-cell RNA-sequencing of RGCs after nerve crush shows that Tbr2 is enriched in the RGCs that survive (Tran et al., 2019), suggesting a role for Tbr2 in RGC survival after injury.

Here, we set out to determine the role that Tbr2 plays in ipRGC maintenance and in ipRGC survival after injury. We employed a tamoxifen-inducible Cre recombinase system to specifically remove Tbr2 during adulthood in cells that endogenously express Tbr2 (Pimeisl et al., 2013). We find that Tbr2 loss does not alter the dendritic stratification, brain innervation, or cell survival of ipRGCs. However, we do find that Tbr2-deficient RGCs lose melanopsin expression but that ectopic expression of Tbr2 in non-Tbr2+ RGCs is not sufficient to induce melanopsin expression. We also find that removal of Tbr2 leads to reduced survival of ipRGCs in an optic nerve injury model. Finally, we show that almost all Tbr2+ displaced amacrine cells express Meis2 adding to the molecular definition of this subtype.



MATERIALS AND METHODS


Mice

The Tbr2CreER (EomesCreER) mouse line used in this study was previously described (Pimeisl et al., 2013) (Figure 1). To induce expression of Tbr2CreER, tamoxifen (Sigma t5648-1G), diluted to 25 mg/mL in corn oil (Sigma c8267), was administered intraperitoneally at a dose of 100 mg/kg of body weight for 3 consecutive days to adult mice. PCR genotyping was performed using the forward primer 5′-GAGGGAGGAAGGGGACATTA-3′ and the reverse primers 5′ CAGGTTCTTGCGAACCTCAT-3′ (to detect Cre) and 5′-AGACTGCCCGGAAACTTCTT-3′ (wildtype allele).
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FIGURE 1. Tbr2CreER recapitulates endogenous Tbr2 expression and loss of Tbr2 does not alter dendritic stratification or axon projections of Tbr2 expressing neurons. (A) Schematic of genetic strategy used to remove Tbr2 from Tbr2+ cells in adulthood while simultaneously fluorescently labeling them. Black boxes are exons, thin lines are non-coding regions. (B,C) Flatmount view, GCL side up, of a retina derived from a Tbr2CreER/+;tdT (control, B) or Tbr2CreER/flox;tdT (Tbr2KO, C) P60 mouse immunostained to reveal expression of Tomato (red), Tbr2 (green), RBPMS (blue) with the first image being a merge of all markers; solid circles represent Tbr2+ Tomato-labeled RGCs, solid arrows point to Tbr2+ Tomato-labeled amacrine cells (lack RBPMS expression), dashed circles indicate Tbr2+ RGCs that do not express Tomato, dotted circles indicate Tomato-labeled RGCs that do not express Tbr2, and dashed arrows point to Tomato-labeled amacrine cells that do not express Tbr2; scale bar = 25 μm. While 98% of wildtype Tomato+ RGCs express Tbr2 (B), only 15% express Tbr2 in the mutant (C). (D,E) Section of a control (D) and Tbr2KO (E) mouse retina immunostained to reveal expression of Tomato (magenta), RBPMS (green), DAPI (cyan); scale bar = 25 μm. There is no difference in the localization of Tomato+dendrites between these mice (arrows indicate dendrites of Tomato+ RGCs (asterisks) in the innermost and outermost sublaminae of the IPL). (F,G) Comparison of the axonal trajectories of Tomato-labeled RGCs in control (F) and Tbr2KO (G) mice. Coronal sections reveal that Tomato+ RGCs innervate the SCN, dLGN, IGL, vLGN, OPN, PPN, and deep SC in controls (F) and maintain this innervation in Tbr2KO mice (G). Scale bars = 250 μm. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; SCN, suprachiasmatic nucleus; dLGN, dorsal lateral geniculate nucleus; IGL, intergeniculate leaflet; vLGN, ventral lateral geniculate nucleus; OPN, olivary pretectal nucleus; PPN, posterior pretectal nucleus; SC, superior colliculus.


The Tbr2 floxed mouse line (Zhu et al., 2010) was acquired from The Jackson Laboratory (stock no. 017293). PCR genotyping was performed using primers 5′-AGATG GAAATTTGGGAATGAA-3′ and 5′-GGCTACTACGGCCTG AAAC-3′.

The Isl1Cre mouse line (Srinivas et al., 2001) was acquired from Dr. Eric Ullien (UCSF, Department of Ophthalmology). PCR genotyping was performed using primers 5′-ACCAGAGA CGGAAATCCATCG-3′ and 5′-TGCCACGACCAAGTGACA GCAATG-3′.

The Rosa26-loxp-stop-loxp-tdTomato (Madisen et al., 2010) mouse line was acquired from The Jackson Laboratory (stock no. 007905). PCR genotyping was performed using primers 5′AAGGGAGCTGCAGTGGAGTA-3′ and 5′CCGAAAATCTGTGGGAAGTC-3′ to detect the wildtype allele and primers 5′-CTGTTCCTGTACGGCATGG-3′ and 5′-GGCATTAAAGCAGCGTATCC-3′ to detect the Tomato allele.

C57Bl/6 “wildtype” mice were acquired from The Jackson Laboratory.

Genotyping was performed using genomic DNA extracted from tail clippings using standard techniques.

Both female and male mice were used in this study and no significant differences were observed between them. For each experiment, 3 or more adult mice (P40-P100) were used (number of mice used for each experiment is indicated in the figure legends).

All experimental procedures were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee at the University of California, Santa Cruz.



Immunohistochemistry and Tissue Processing

Eyes and brains were harvested from mice after intracardial perfusion with phosphate buffered saline (PBS; pH 7.4) followed by perfusion with 4% paraformaldehyde (PFA). For retina wholemount staining, retinas were dissected out of the eye; for retina sections, a hole was made in the cornea prior to fixation. Retinas and eyes were fixed in 4% PFA for 1 h while brains were fixed overnight. Retinas were then transferred to PBS while eyes and brains were transferred to 30% sucrose in PBS. For retina sections, eyes were frozen in Tissue Plus™ O.C.T. compound (Fisher HealthCare) and 20 μm thick sections were obtained via cryostat (Leica cm 3050s) and collected onto SuperFrost Plus slides (Fisher Scientific). For brain tissue, 100 μm thick sections were obtained via a freezing sliding microtome (ThermoFisher microm hm430). For wholemount retinas, retinas were incubated in blocking solution (5% donkey serum, 0.25% TritonX-100 in PBS) for 3 h at room temperature (RT), incubated in primary antibody for 2–3 days at 4°C, washed 3 times (2 h each wash) with 0.1% PBST (PBS with TritonX-100) at RT, incubated in secondary antibody overnight at 4°C, washed 3 times (2 h each wash) with PBS at RT. Immunostained retinas were mounted retinal ganglion cell layer (GCL) side up onto SuperFrost Plus slides where relieving cuts were made. Fluoromount-g tissue mounting medium (SouthernBiotech) was applied prior to coverslipping. For retina sections, slides were incubated in blocking solution for 1 h, incubated in primary antibody overnight at 4°C, washed 3 times (15 min each wash) in PBS at RT, incubated in secondary antibody for 1 h at RT, incubated in DAPI for 10 min, washed 3 times (15 min each wash) in PBS at RT, and lastly covered with fluoromount-g (SouthernBiotech) and coverslipped.

Primary antibodies were diluted in blocking solution at the following concentrations:

Chick anti-GFP (1:1,000; Aves Labs GFP-1020), chick anti-Tbr2 (1:500 flatmount, 1:1,000 sections; Millipore AB15894), rabbit anti-Tbr2 (1:500; Abcam AB183991), rabbit anti-melanopsin (1:1,000; Advanced Targeting Systems AB-N39), goat anti-tdTomato (1:500 flatmount, 1:750 sections; Acris/Sicgen AB8181-200), guinea pig anti-RBPMS (1:250; PhosphoSolutions 1832-RBPMS), mouse anti-meis2 (1:100; DSHB 1A11), rabbit anti-GABA (1:1,000; Sigma A2052).

All secondary antibodies used were diluted 1:1,000 in blocking solution; they are as follows:

AlexaFluor647 donkey anti-guinea pig (Jackson ImmunoResearch AB_2340476 #706-605-148), AlexaFluor594 donkey anti-rabbit (Life Technologies A21207), AlexaFluor555 donkey anti-rabbit (Invitrogen A31572), AlexaFluor555 donkey anti-goat (Invitrogen A21432), AlexaFluor488 donkey anti-mouse (Life Technologies A21202), AlexaFluor488 donkey anti-chick (Jackson ImmunoResearch AB_2340375 #703-545-155), AlexaFluor568 donkey anti-Rabbit (Invitrogen A10042).



Intravitreal Virus Injection

Mice were anesthetized with isoflurane. This procedure was performed under a dissecting microscope. A hole was created at the corneal-scleral junction with a 26 gauge needle. The vitreous humor was gently massaged out with a cotton swab in order to minimize back-pressure upon injection of virus. A pulled glass pipette preloaded with virus was inserted into the hole and a Picospritzer III (Parker) was used to administer ∼1 μl of virus. One eye in each animal was infected with Tbr2-GFP-AAV2 (Vector Biolabs) while the other was infected with GFP-AAV2 (Vector Biolabs). Retinas were harvested 2 weeks or > 4 weeks after virus injection.



Optic Nerve Crush

Mice were anesthetized using isoflurane. A ketamine/xylazine cocktail was administered intraperitoneally at a concentration of 100 mg/kg ketamine and 10 mg/kg xylazine. This procedure was performed under a dissecting microscope. Ointment containing atropine sulfate (Bausch and Lomb, NDC 24208-825-55) was applied to both eyes to prevent drying and minimize pain. An incision was made in the sclera using spring scissors (Vannas 3 mm, FST). Subsequently, layers of the eye were gently peeled back using fine forceps (Dumont #55, FST) until the optic nerve was exposed. The optic nerve was crushed ∼2 mm from the posterior pole for 5 s using fine forceps. After the procedure, buprenorphine (0.1 mg/kg of body weight) was administered intraperitoneally and Terramycin ophthalmic ointment (Zoetis) was applied to the experimental eye. Both retinas were harvested 2 weeks after the procedure.



Data Acquisition

Fluorescent images were obtained with an Olympus BX51 microscope equipped with a Qimaging Retiga EXi Fast 1394 camera or a Zeiss LSM880 confocal microscope. All images presented here were taken with the Olympus microscope.



Data Analysis and Statistics

Lamination depth of Tomato+ AC and RGC dendrites was determined using the IPLaminator plugin (Li et al., 2016) in FIJI. The 20x objective of the Olympus microscope was used to obtain images of retina sections. One or more regions (4000 μm2 or greater) from four or more retina sections were analyzed per mouse. Both the “percentile values” (percentile distance across ROI based on measurement of ChAT bands in wildtype mice) and “n Equal boundaries” (ROI divided into 20 equal layers) methods were used to calculate inner plexiform layer (IPL) boundaries.

For cell density analyses, cells were manually counted in FIJI using the multi-point tool. For Figures 2, 3C, 4, four fields of view (446.15 μm × 333.33 μm) were imaged with the 20x objective of the Olympus microscope. One image was taken per retina quadrant at approximately the same distance from the center of the retina (between ∼1.5 and 3.5 mm from center). For Figure 3D, the entire retina was analyzed as there are very few melanopsin cells in the Isl1Cre;Tbr2flox/flox mice. For Figure 3E, seven or more fields of view (446.15 μm × 333.33 μm) were imaged. For Figures 5B,C, four fields of view (425.1 × 425.1 μm) were imaged with the 20x objective of the Zeiss confocal microscope.
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FIGURE 2. Loss of Tbr2 in adulthood results in loss of melanopsin expression but not cell death of Tomato+ RGCs. (A) Flatmounted control (Tbr2CreER/+;tdT) retina (GCL side up) immunostained to reveal expression of Tomato (red), melanopsin (green), and RBPMS (blue); circled cells are Tomato+ RGCs that do not express melanopsin, arrows point to melanopsin+Tomato+ RGCs, scale bar = 25 μm. (B) Flatmounted Tbr2KO (Tbr2CreER/flox;tdT) retina immunostained to reveal expression of Tomato (red), melanopsin (green), and RBPMS (blue); circled cells are Tomato+ RGCs that do not express melanopsin, arrows point to melanopsin+Tomato+ RGCs. Tomato+ cells lose melanopsin expression. (C) Quantification of cell densities (cells/mm2) of different cell populations in control and Tbr2KO mice (n = 3 mice in each group; each dot represents the sum of four fields of view (FOVs) for 1 retina; mean ± SEM displayed; two-way ANOVA with Sidak’s multiple comparisons test; no significant differences). (D) Quantification of the percentages of Tomato+ cells that belong to cell populations of interest in control and Tbr2KO mice (n = 3 mice in each group; each dot represents the percentage for 4 summed FOVs of 1 retina; mean ± SEM displayed; two-way ANOVA with Sidak’s multiple comparisons test; *** P < 0.001).
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FIGURE 3. Ectopic expression of Tbr2 does not induce melanopsin expression in non-Tbr2 RGCs. (A) Experimental overview of intravitreal AAV2 injection. One eye of an adult mouse (∼P40) was injected with a control virus, GFP-AAV2, while the contralateral eye was injected with a Tbr2-expressing virus, Tbr2-GFP-AAV2. (B) Flatmounted retinas of eyes injected with GFP-AAV2 (left) or Tbr2-GFP-AAV2 (right) are immunostained with the antibody indicated: Tbr2 (magenta), GFP (green), and RBPMS (magenta); the left images for each virus condition are showing overlap of GFP and Tbr2 expression while the right images are showing overlap of GFP and RBPMS expression; white arrowheads indicate example virus-infected RGCs that do not express Tbr2 and yellow arrowheads indicate example virus-infected RGCs that express Tbr2; scale bar = 25 μm. In the Tbr2-GFP-AAV2-infected retina (right), all virus-infected RGCs express Tbr2. (C) Flatmounted retinas of a wildtype mouse infected with GFP-AAV2 (left) and Tbr2-GFP-AAV2 (middle) and immunostained to reveal expression of melanopsin (grayscale); magenta arrowheads point to melanopsin+ cells, scale bar = 25 μm. Right panel is showing the quantification of melanopsin+ cells in these retinas (n = 3 mice for each group; each dot represents the sum of 4 FOVs per retina; mean ± SEM displayed; Student’s t-test; **P < 0.01). There is a significant increase in melanopsin+ cells in the Tbr2-GFP-AAV2-infected retina. (D) Flatmounted retinas of an Isl1Cre;Tbr2flox/flox mouse infected with GFP-AAV2 (left) and Tbr2-GFP-AAV2 (middle) immunostained to reveal expression of melanopsin (magenta), GFP (green), RBPMS (blue); white arrowheads point to example melanopsin-negative RGCs infected with virus, yellow arrowheads point to rare melanopsin+ cells, scale bar = 25 μm. Right panel is showing the quantification of melanopsin+ cells (n = 4 mice in each group; each dot represents the total number of melanopsin+ cells in 1 retina; mean ± SEM displayed; Student’s t-test; ns = P > 0.05). There is no change in melanopsin expression in Tbr2-GFP-AAV2-infected retinas in Isl1Cre;Tbr2flox/flox mice. (E) Flatmounted retinas of control (Tbr2CreER/+;tdT, top) and Tbr2KO (Tbr2CreER/flox;tdT, bottom) mice immunostained to reveal tomato (red), GFP (green), RBPMS (blue), and melanopsin (gray) expression in GFP-AAV2-infected (left) and Tbr2-GFP-AAV2-infected (middle) retinas. The first image of each is a merge of all color channels, others are showing melanopsin in combination with the other markers indicated. Magenta arrowheads point to virus-infected Tomato+ RGCs that express melanopsin and white arrowheads point to virus-infected Tomato+ RGCs that do not express melanopsin. Scale bar = 25 μm. Right, quantification of the percentage of virus-infected Tomato+ RGCs that express melanopsin in control and Tbr2KO mice infected with GFP-AAV2 and Tbr2-GFP-AAV2 (n = 4 mice for each group, each dot represents the percentage for the sum of 7 or more FOVs in one retina; mean ± SEM displayed; two-way ANOVA with Sidak’s multiple comparisons, *P < 0.05, ns = P > 0.05). There is increased melanopsin expression in Tbr2-GFP-AAV2-infected Tomato+ RGCs.
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FIGURE 4. Tbr2-expressing RGCs preferentially survive optic nerve injury and Tbr2 influences their survival. (A) Flatmounted retinas of a wildtype mouse 2 weeks after optic nerve crush in one eye (right, “optic nerve crushed”). The optic nerve of the contralateral control eye was not crushed (left, “uncrushed”). Both retinas were stained to reveal expression of Tbr2 (magenta), melanopsin (cyan), and RBPMS (green); solid white circles represent Tbr2+ RGCs that do not express melanopsin, yellow arrows point to melanopsin+Tbr2+ RGCs, dashed white circles indicate Tbr2+ amacrine cells, scale bar = 25 μm. (B) Quantification of percent survival of cell populations of interest in ONC eyes normalized to uncrushed control eyes (n = 3 mice, each dot represents the percentage for one mouse-4 FOVs/retina; mean ± SEM displayed; one-way ANOVA with Dunnett’s multiple comparisons, comparing each group to RGCs; ***P < 0.001, ns = P > 0.05). A significantly greater percentage of melanopsin+Tbr2+ RGCs survive ONC compared to other RGCs. (C) Left, flatmounted retinas of uncrushed control (Tbr2CreER/+;tdT, top) and Tbr2KO (Tbr2CreER/flox, bottom) eyes. Right, flatmounted retinas of optic nerve crushed control (top) and Tbr2KO (bottom) eyes immunostained to reveal expression of Tomato (magenta), melanopsin (cyan), and RBPMS (green). Scale bar = 25 μm. (D) Quantification of percent survival of Tomato+ RGCs (purple, pattern) and all other RGCs (black, solid) in ONC eyes normalized to uncrushed control eyes in control and Tbr2KO mice (n = 3 mice for each group, each dot represents the percentage for one mouse-4 FOVs/retina; mean ± SEM displayed; two-way ANOVA with Sidak’s multiple comparisons, ***P < 0.001, **P < 0.01, *P < 0.05, ns P > 0.05). Tomato+ RGCs have increased survival relative to other RGCs in both control and Tbr2KO mice but show decreased survival in Tbr2KO mice.
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FIGURE 5. Meis2 is expressed in the majority of Tbr2-expressing displaced amacrine cells and in a subset of Tbr2-expressing RGCs. (A) Flatmounted retina of a control (Tbr2CreER/+;tdT) mouse immunostained to reveal expression of tomato (red), Meis2 (green), and RBPMS (blue). First image is a merge of all color channels, others are showing each channel independently; arrows point to Tomato+ ACs expressing Meis2; closed white circles represent Tomato+ RGCs expressing Meis2; dashed white circles indicate Tomato+ RGCs that do not express Meis2. All Tomato+ ACs in this image express Meis2. (B) Quantification of the density (cells/mm2) of cell populations of interest in control and Tbr2KO mice (n = 3 mice in each group, each dot represents the sum of 4 FOVs per retina, mean ± SEM displayed; two-way ANOVA with Sidak’s multiple comparisons test; no significant differences). There is a trend toward a decrease in the density of labeled amacrine cells in Tbr2KO mice. (C) Quantification of the percentage of Tomato+ cells that belong to cell populations of interest in control and Tbr2KO mice (n = 3 mice in each group; each dot represents the percentage for 4 summed FOVs of 1 retina; mean ± SEM displayed; two-way ANOVA with Sidak’s multiple comparisons test; no significant differences).


Statistical analyses and graph generation were performed using GraphPad’s Prism 9 software. Statistical tests used and number of animals used are indicated in the figure legends. In experiments where multiple cell populations were compared in more than one genotype (Tbr2CreER/+;tdT vs. Tbr2CreER/flox;tdT), two-way ANOVA was performed with Sidak’s multiple comparisons post-hoc test. In experiments where multiple cell populations were compared in a single genotype, one-way ANOVA was performed. Student’s t-test was performed for comparisons between two groups.




RESULTS


Tbr2 Is Required for Maintaining Melanopsin Expression in Intrinsically Photosensitive Retinal Ganglion Cells

To test the hypothesis that Tbr2 is required in adulthood for ipRGC survival, we removed Tbr2 from adult Tbr2-expressing RGCs using Tbr2CreER/flox;tdT mice. These mice have a tamoxifen-inducible Cre recombinase inserted into exon 1 of the Tbr2 locus (Tbr2CreER; Pimeisl et al., 2013), a Tbr2 floxed allele (Tbr2flox; Zhu et al., 2010), and a Rosa26-tdTomato reporter (tdT; Madisen et al., 2010). Tamoxifen administration to Tbr2CreER/flox;tdT mice results in coincident fluorescent labeling and Tbr2 removal in CreER-expressing cells (Figure 1A). We administered tamoxifen to adult Tbr2CreER/+;tdT (hereafter “control”)and Tbr2CreER/flox;tdT (hereafter “Tbr2KO”) animals and asked if loss of Tbr2 results in Tbr2-expressing RGC death, as happens when Tbr2 is deleted during development, and if not, whether Tbr2 is required for specifying their axonal projections or dendrite stratification patterns. First we verified that Tbr2CreER labels endogenous Tbr2-expressing RGCs by immunostaining retinas derived from control mice with antibodies directed against Tbr2 and RBPMS (a pan-RGC marker; Rodriguez et al., 2014) and determining the percent overlap of these markers with Tomato fluorescence (Figure 1B). We find that all Tomato-labeled cells are also labeled with an anti-Tbr2 antibody, illustrating that Tbr2CreER recapitulates endogenous Tbr2 expression (Figure 1B). We also find that 63% ± 3 (393 cells, n = 3 mice) of Tomato-expressing cells do not express RBPMS, corroborating the recent finding that these cells are displaced amacrine cells (ACs; Chen et al., 2021, see below). The majority of Tomato-expressing cells in the ganglion cell layer (GCL) have dendrites that laminate in the innermost ON sublamina of the inner plexiform layer (IPL) and sparsely in the outermost OFF sublamina (Figure 1D and Supplementary Figure 1), consistent with displaced AC and ipRGC lamination patterns (Provencio et al., 2002b; Viney et al., 2007; Schmidt and Kofuji, 2009; Ecker et al., 2010; Quattrochi et al., 2018; Chen et al., 2021).

Because the Tomato labels the axons of RGCs, we can also determine where Tbr2-expressing axons project in the brain. Tomato-expressing RGCs project to all brain regions known to be innervated by ipRGCs including the SCN, external vLGN, IGL, OPN, PPN, as well as sparsely to the dLGN and deep SC (Figure 1F).

We then aimed to determine if loss of Tbr2 in adulthood affects the survival or health of Tbr2+ RGCs by administering tamoxifen to Tbr2KO mice and analyzing (as above) the retina and brain targets 33–36 days later. We find that Cre activation results in the loss of expression of Tbr2 in most Tomato-expressing RGCs (85% ± 3, 162/189 Tomato+ RGCs, n = 3 mice; Figure 1C). However, removing Tbr2 does not affect the overall number of Tomato-expressing RGCs compared to controls (112 ± 22 cells/mm2 in Tbr2KO mice, 200 Tomato+ RGCs counted vs. 122.7 ± 3 cells/mm2 in control mice, 219 Tomato+ RGCs counted, n = 3 mice for each genotype, P = 0.9998; Figures 1B,C, 2C). Analysis of retina sections (n = 3 mice) shows that Tbr2-deficient RGC and AC dendrites continue to laminate within the innermost ON and sparsely in the outermost OFF sublaminae of the IPL (Figure 1E and Supplementary Figure 1). We also find that Tomato-labeled RGC axons in mutant mice maintain projections to their brain targets and innervate them to a similar extent as in control mice (Figure 1G). Taken together these results demonstrate that Tbr2 is not required for the maintenance of dendrite localization, axon projections, or RGC survival.

Melanopsin expression is a key feature of ipRGCs therefore we next asked whether Tbr2 is required for this aspect of ipRGC identity. We stained control and Tbr2KO retinas with an anti-melanopsin antibody (Figures 2A,B) and found that there is a 75% reduction in melanopsin-expressing Tomato-labeled cells in Tbr2KO retinas relative to control retinas (42/200 Tomato+ RGCs vs. 171/219 Tomato+ RGCs; Figure 2C) derived from littermates. However, as previously mentioned, there is no difference in the number of Tomato-expressing RGCs in the mutant retinas. Because there is some variation in the proportion of Cre-activated cells in each mouse, we also looked at the percentage of Tomato-labeled cells belonging to cell populations of interest (Figure 2D). We find a significant reduction in the percentage of Tomato-labeled cells that also express melanopsin (8% ± 1 vs. 29% ± 3, P < 0.001, 505 Tomato+ cells and 612 Tomato+ cells scored per genotype, respectively) and a significant increase in the percentage of Tomato-labeled cells that are non-melanopsin-expressing RGCs (33% ± 4 vs. 8% ± 1, P < 0.001) in Tbr2KO mice relative to control mice (Figure 4D). Together, these data illustrate that while melanopsin expression is lost in Tbr2-mutant RGCs, their survival is unaffected. This result conflicts with two recent studies that reported a decrease in survival of melanopsin and/or Tbr2-expressing RGCs after conditional removal of Tbr2 using different Cre systems. One study showed a ∼50% reduction in the number of ipRGCs ∼40 days after conditional Tbr2 removal (Bray et al., 2019) and the other found a near complete loss of Tbr2-expressing cells 38 days after conditional Tbr2 removal (Chen et al., 2021). We worried that one difference in these studies compared to ours is the time after Cre activation (∼40 vs. ∼30 days, respectively). To address this discrepancy, we performed a separate experiment in which we waited 45–50 days before analysis. We found that the number of Tomato-expressing RGCs in Tbr2KO mice remained similar to controls (101 ± 15 cells/mm2, 219 Tomato+ RGCs counted vs. 117 ± 11 cells/mm2, 255 Tomato+ RGCs counted, respectively, n = 3 for each genotype, P = 0.9995; Figure 5B). However, there appears to be a trending, but not statistically significant, decrease of Tomato-expressing amacrine cells (117 ± 22 cells/mm2, 254 Tomato+ ACs counted in Tbr2KO mice and 199 ± 45 cells/mm2, 432 Tomato+ ACs counted in control mice, n = 3 mice for each genotype, P = 0.39; Figure 5B).



Tbr2 Is Not Sufficient for Melanopsin Expression

To test whether ectopic expression of Tbr2 can induce expression of melanopsin, we intravitreally injected Tbr2-GFP-AAV2 or GFP-AAV2 into the eyes of wildtype adult mice and examined expression of markers 4 weeks later (Figure 3A). First, to determine if infection of RGCs with Tbr2-GFP-AAV2 results in production of Tbr2 protein, we performed intravitreal virus injection with AAV during adulthood (∼P40), waited 2 weeks, then dissected retinas and examined Tbr2 expression. We find that all Tbr2-GFP-AAV2-infected cells also express Tbr2, while 17% of cells infected with GFP-AAV2 express Tbr2 (Figure 3B). Interestingly, this is higher than the percent of Tbr2-expressing RGCs in wildtype retina (11.3% ± 0.3, 596 Tbr2+ RGCs/5,279 total RGCs, n = 3 mice, uncrushed eyes from Figure 4B; consistent with Chen et al., 2021), suggesting that Tbr2-expressing RGCs are preferentially infected with the virus. We also find that there is increased density of melanopsin-expressing RGCs in Tbr2-GFP-AAV2-infected retinas relative to GFP-AAV2-infected retinas 4 weeks after AAV injection (173 ± 6 cells/mm2, 308 melanopsin cells counted vs. 133 ± 5 cells/mm2, 237 melanopsin cells counted, n = 3 mice, P = 0.00855; Figure 3C). However, we find that many Tbr2-GFP-AAV2-infected RGCs do not express melanopsin (89%, 662 cells, Supplementary Figure 2) leading to the hypothesis that this increase in ipRGC density is the result of over-expressing Tbr2 in cells that already express Tbr2, but do not express melanopsin at levels sufficient to be detected by melanopsin antibody. To determine whether expression of Tbr2 can induce melanopsin expression in non-Tbr2-expressing RGCs, we injected Tbr2-GFP-AAV2 and GFP-AAV2 into the eyes of Isl1Cre/+;Tbr2flox/flox mice. Isl1-Cre removes Tbr2 during development and leads to cell death, thus these mice lack > 99% of ipRGCs as assayed by melanopsin expression (Supplementary Figure 3) and loss of axon projections to non-image-forming brain targets. In these mice, we do not observe an increase in melanopsin expression in the Tbr2-GFP-AAV2-infected retinas (Figure 3D), indicating that Tbr2 is not sufficient for melanopsin expression in non-Tbr2+ RGCs (13.5 ± 0.96 cells per Tbr2-GFP-AAV2-infected retina vs. 12 ± 0.82 cells per GFP-AAV2-infected retina, n = 4 mice, P = 0.2782). To determine whether melanopsin expression is only induced in endogenous Tbr2 cells, we performed the same experiment in control (Tbr2CreER/+;tdT) and Tbr2KO (Tbr2CreER/flox;tdT) mice after tamoxifen induction to label endogenous Tbr2 cells with tdTomato. We find a significant increase in the percentage of Tbr2-expressing RGCs that also express melanopsin in the Tbr2-GFP-AAV2-infected retinas relative to retinas infected with control virus (80% ± 2 vs. 70% ± 1, n = 4 mice, P = 0.0156, 259 Tbr2-GFP-AAV2-infected Tomato+ RGCs scored and 301 GFP-AAV2-infected Tomato+ RGCs scored; Figure 3E), but there is not a significant increase when Tbr2 is absent (22% ± 3 vs. 17% ± 4, n = 3 mice, P = 0.2651, 231 Tbr2-GFP-AAV2-infected Tomato+ RGCs scored and 172 GFP-AAV2-infected Tomato+ RGCs scored; Figure 3E). These data show that Tbr2 can increase melanopsin expression in a subset of Tbr2-expressing RGCs but cannot if Tbr2 is deleted.



Tbr2 Expression Influences Intrinsically Photosensitive Retinal Ganglion Cell Survival After Injury

ipRGCs preferentially survive after optic nerve injury relative to RGCs that are not intrinsically photosensitive (Robinson and Madison, 2004; Li et al., 2008; Pérez De Sevilla Müller et al., 2014; Duan et al., 2015), yet the reason for this is poorly understood. Because Tbr2 is enriched in surviving RGCs (Tran et al., 2019), we hypothesized that Tbr2 could be required for RGC survival after optic nerve crush (ONC). First we wanted to determine whether all Tbr2-expressing RGCs survive ONC or if only the melanopsin-expressing subset of Tbr2-expressing RGCs is spared. To test this, we performed ONC on one eye of an adult (∼P60) mouse, waited 2 weeks, then examined both retinas for expression of RGC markers. In the uncrushed eye, 11.3% ± 0.3 (n = 3 mice, 596 cells) of RBPMS-labeled cells express Tbr2 and 30.9% ± 2.1 (186 cells) of Tbr2-expressing RGCs express melanopsin (the melanopsin-negative Tbr2-expressing RGCs are likely M4-M6 ipRGCs that express low levels of melanopsin; Ecker et al., 2010; Quattrochi et al., 2018). In the ONC retinas, we find that 13% ± 1 (670 cells; normalized to control “uncrushed” eye) of RGCs survive (Figures 4A,B). We also find that 22% ± 2 (134 cells) of total Tbr2-expressing RGCs survive. The majority of these surviving cells express melanopsin (71% ± 1; 95 cells), suggesting that the melanopsin-expressing Tbr2-expressing RGCs preferentially survive optic nerve injury (Figure 4B). When separating Tbr2-expressing RGCs into those that express melanopsin and those that do not, we find that 52% ± 4 (95 cells, P < 0.001, significantly greater than survival of all RGCs: 13% ± 1) and 10% ± 1 (39 cells) survive, respectively (Figure 4B). There is no change in the survival of Tbr2-expressing amacrine cells (Figure 4B) indicating that they are unaffected by ONC, consistent with previous reports regarding amacrine cell survival after optic nerve injury (Nadal-Nicolás et al., 2015).

To test if Tbr2 expression is required for the preferential survival of Tbr2-expressing RGCs, we performed ONC in control (Tbr2CreER/+;tdT) and Tbr2KO (Tbr2CreER/flox;tdT) mice (Figures 4C,D). We find that in control mice, 58% ± 10 (100 cells crushed, 183 cells uncrushed) of Tomato-expressing RGCs survive nerve crush while only 13% ± 1 (711 cells crushed, 6,058 cells uncrushed) of non-Tomato-expressing RGCs survive (P < 0.001; Figures 4C,D). However, in Tbr2KO mice only 35% ± 3 (70 cells crushed, 199 cells uncrushed) of Tomato-expressing RGCs survive (P = 0.0153, compared to survival in control mice) while 9% ± 1 (508 cells crushed, 5,544 cells uncrushed) of non-Tomato-expressing RGCs survive (P < 0.01; Figures 4C,D) suggesting that Tbr2 influences, but is not essential for, ipRGC survival after injury.



Tbr2+ Cells in the GCL Include Displaced Amacrine Cells That Express the GABAergic Amacrine Cell Marker, Meis2

As noted earlier, we find that 63% of Tbr2-expressing cells in the GCL of the adult retina do not express the RGC marker RBPMS, suggesting that these are displaced amacrine cells. It has been previously reported that some Tbr2-expressing cells also express the pan-amacrine cell marker syntaxin-1 (Mao et al., 2008), and more recently that over half of the Tbr2-expressing cells in the GCL are displaced amacrine cells labeled in the slc32aiCre;Ai9 mouse strain (Chen et al., 2021). Most displaced amacrine cells are GABAergic (Pérez De Sevilla Müller et al., 2007). However, we previously looked at the degree of GABA and Tbr2 co-expression in P8 retinas and found that only 3% of Tbr2 cells in the GCL express GABA (Sweeney et al., 2014). Recently, Meis2, a GABAergic amacrine cell marker (Bumsted-O’Brien et al., 2007), was found to be expressed in Tbr2+ cells in the inner nuclear layer (INL) of mouse retina (Yan et al., 2020), therefore we revisited this question. To determine whether Meis2 is also expressed in displaced Tbr2-expressing amacrine cells, we treated retinas from adult tamoxifen-induced Tbr2CreER/+;tdT mice (45–50 days after tamoxifen administration) with an anti-Meis2 antibody and found that Meis2 is expressed in 93% ± 2 (405 cells) of Tbr2-expressing cells that do not express RBPMS in the GCL (Figures 5A,B). Meis2 is also expressed in a subset of Tbr2-expressing RGCs (18% ± 11, 48 cells). We then asked whether Tbr2 is required for Meis2 expression or maintenance of Meis2-expressing cells. In adult Tbr2KO mice, we found that Meis2 expression was unchanged; the percentage of Tbr2-expressing cells that also express Meis2 is not significantly different in Tbr2KO mice relative to control mice (67% ± 4 vs. 65% ± 3, P = 0.9978, 473 Tomato+ cells scored and 687 Tomato+ cells scored, respectively; Figure 5C). Additionally, there is no difference in the percentage of Tomato-labeled cells that are Meis2-expressing ACs (52% ± 2 in Tbr2KO mice and 57% ± 4 in control mice, P = 0.8399) or Meis2-expressing RGCs (15% ± 5 in Tbr2KO mice and 8% ± 2 in control mice, P = 0.6008). However, there does appear to be a trend toward a reduction in the number of Tomato+ amacrine cells in the mutant mice (Figures 5B,C). We immunostained wildtype retinas with anti-Meis2 antibody and the anti-GABA antibody that was used in our previous study (Sweeney et al., 2014) to determine whether Meis2 cells express GABA (Supplementary Figure 4). We find that hardly any cells in the GCL are labeled by the anti-GABA antibody (Supplementary Figure 4C), contrary to previous findings using a different anti-GABA antibody (Pérez De Sevilla Müller et al., 2007). Additionally, many Meis2-expressing cells in the INL are not labeled by the anti-GABA antibody while it has been shown that the majority of Meis2-expressing cells in the INL express GAD65/67 (Bumsted-O’Brien et al., 2007), the GABA synthesizing enzymes. We suspect that this particular anti-GABA antibody does not reliably identify GABAergic cells with our immunostaining technique and thus our previous conclusion that Tbr2 cells do not express GABA was misconceived.




DISCUSSION

Here we use a tamoxifen-inducible Cre line to examine the role of Tbr2 in the adult mouse retina. Previous work from our lab and others have shown that Tbr2 is required for the development of ipRGCs (Mao et al., 2014; Sweeney et al., 2014), but its role in the adult retina has only recently been explored (Bray et al., 2019; Chen et al., 2021). In our present study, we show that Tbr2 is required for the maintenance of melanopsin expression in ipRGCs but is dispensable for their survival. Additionally, we find that Tbr2 induces melanopsin expression in endogenous Tbr2 RGCs but is unable to do so in conventional RGCs nor can it restore melanopsin expression in Tbr2-mutant RGCs. Furthermore, we show that Tbr2-expressing ipRGCs survive after optic nerve injury and that this resilience is diminished in Tbr2-mutant RGCs. Lastly, we find a marker for Tbr2-expressing displaced amacrine cells that also labels a subset of Tbr2-expressing RGCs.


Tbr2 Is Not Required for the Survival of Mature Intrinsically Photosensitive Retinal Ganglion Cells

Our results showing that conditional deletion of Tbr2 in the adult does not affect RGC survival is contrary to what others have reported using different methods. Bray et al. (2019) concluded that Tbr2 is required for the maintenance of ipRGC viability. They used Opn4CreER to remove a conditional Tbr2 allele while labeling the mutant cells with a tdTomato fluorescent reporter (Bray et al., 2019). They reported that ∼40 days after tamoxifen administration there was a ∼50% reduction in the number tdTomato-expressing cells compared to controls, while we find no significant differences (Figures 2, 5). One possible explanation for the difference between this result and ours comes from the different methods to remove adult Tbr2 expression. Because Opn4 expression is dependent upon Tbr2 expression (Figure 2), the removal of Tbr2 in adult RGCs should result in a loss of melanopsin expression and thus Opn4CreER expression. This would lead to a decrease of tdTomato-labeled RGCs because once Tbr2 expression is removed no new cells can become activated. A second recent study by Chen et al. (2021) removed Tbr2 via intravitreal injection of AAV-Cre in Tbr2TauGFP–IRESCreER2/fx mice. They found that 12 days after injection, Tbr2 expression was lost as assayed by Tbr2 antibody staining, but the cells survived (labeled by GFP via Tbr2TauGFP–IRESCreER2; Chen et al., 2021). However, 38 days after injection, there were few GFP-expressing RGCs in Tbr2-deleted regions. In this model, GFP expression relies on the expression of Tbr2. One hypothesis for their observations is that Tbr2 regulates its own gene expression and once Tbr2 is removed it can no longer activate GFP expression. Consistent with this, Chip-seq experiments show that Tbr2 binds its own locus in E14.5 mouse cortex and has been identified as a direct activator of Tbr2 (Sessa et al., 2017; Elsen et al., 2018; Hevner, 2019).



Tbr2 Regulates Adult Melanopsin Expression

While removal of Tbr2 in adult mice leads to the loss of melanopsin expression (Figure 2), ectopic expression of Tbr2 only induces melanopsin expression in Tbr2-expressing RGCs. When Tbr2 was ectopically expressed in the retinas of wildtype mice, we observed a modest increase (30% ± 8) in the number of melanopsin-expressing cells (Figure 3C). However, when we did the same experiment in ipRGC-deficient mice (Isl1Cre;Tbr2flox/flox), we did not detect an increase of melanopsin expressing RGCs (Figure 3D). This result could be explained if only the endogenously Tbr2-expressing RGCs can change their melanopsin expression upon Tbr2 addition. Consistent with this, ectopic expression of Tbr2 in Tbr2CreER/+;tdT mice but not in Tbr2CreER/fl;tdT mice resulted in increased melanopsin expression in Tomato-labeled RGCs (Figure 3E). Lower levels of expression of Tbr2 could be one reason why M4-M6 ipRGC types express less melanopsin than M1-M3 ipRGC types (Ecker et al., 2010; Quattrochi et al., 2018).



Tbr2 Mutant Retinal Ganglion Cells Have Reduced Survival After Injury

Although ipRGCs preferentially survive after optic nerve crush, the reason for their survival is unknown. In this study we find that Tbr2 mutant RGCs (which lack melanopsin expression) do not survive as well as their wildtype counterparts after nerve crush. This result is consistent with what was reported by Bray et al. (2019) in which they reported a 30% reduction in Tomato-expressing cell survival after optic nerve crush in Tbr2 mutants (Opn4CreER/+;Tbr2flox/flox;tdT) relative to wildtype (Opn4CreER/+;Tbr2+/+;tdT). They further showed that lack of melanopsin expression alone does not account for the survival difference leading to the hypothesis that Tbr2 regulates non-melanopsin genes that are involved in ipRGC survival after injury, such as PACAP (Seki et al., 2008; Ye et al., 2019), but this remains to be determined.



Meis2 Labels the Majority of Tbr2+ Displaced ACs and a Subset of Tbr2+ RGCs

It has been previously shown that all Tbr2-expressing cells in the inner nuclear layer of the retina also express Meis2 (Yan et al., 2020) but the expression of Meis2 in cells within the GCL has not yet been explored. Here we show that Meis2 is expressed in the majority of Tbr2-expressing displaced amacrine cells and in a subset of Tbr2-expressing RGCs. Using the Broad Institute’s Single Cell Portal to explore the single cell sequencing dataset acquired in the aforementioned study (Yan et al., 2020), we find that Tbr2 is expressed in 6 out of 63 uniquely identified clusters of amacrine cells out of 63 total clusters identified (clusters # 44, 48, 54, 57, 59, 63). Of these 6 clusters, all express Gad1 and Gad2 (GABA synthesis enzymes) and all but 1 cluster (#57) express Meis2. This non-Meis2-expressing cluster accounts for the 7% of displaced Tbr2-expressing ACs that were not labeled by the Meis2 antibody in this study. Using the same tool to explore RGC RNA-sequencing datasets (Tran et al., 2019), we find that Tbr2 is expressed in 8 clusters (clusters # 7, 8, 22, 29, 31, 33, 40, 43) which include all of those that express melanopsin (7-low, 8-low, 22, 31, 33, 40, 43). Of the clusters expressing Tbr2, #s 29 and 40 express Meis2. Cluster 29 corresponds to the only cluster of Tbr2-expressing RGCs that does not express melanopsin and is a “novel” cluster, indicating that no known RGC subtypes correspond to this cluster. It would be interesting to determine whether this group is the newly identified Tbr2-expressing Pou4f1/Brn3a OFF RGC subtype (Chen et al., 2021). Cluster 40 corresponds to M1 cells which also express Gad2 according to this dataset. These Tbr2-expressing Meis2-expressing M1 cells are likely the recently identified GABAergic subset of ipRGCs (Sonoda et al., 2020).




CONCLUSION

In conclusion, these findings demonstrate several important roles of the transcription factor Tbr2 in the mature retina: its requirement for melanopsin expression in ipRGCs, and therefore for the maintenance of ipRGC identity; its ability to activate melanopsin expression in endogenous Tbr2 cells; and its involvement in ipRGC survival after optic nerve injury.
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