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Abstract

Amacrine interneurons play a critical role in the processing of visual signals within the retina.
They are highly diverse, representing 30 or more distinct subtypes. Little is known about how
amacrine subtypes acquire their unique gene expression and morphological features. We
characterized the gene expression pattern of the zinc-finger transcription factor Prdmi3in the
mouse. Consistent with a developmental role, Pradm13was expressed by Ptfla+ amacrine and
horizontal precursors. Over time, Prdm13 expression diverged from the transiently expressed Ptfla
and marked just a subset of amacrine cells in the adult retina. While heterogeneous, we show that
most of these Prdm13+ amacrine cells express the transcription factor Ebf3 and the calcium
binding protein calretinin. Loss of Prdm13did not affect the number of amacrine cells formed
during development. However, we observed a modest loss of amacrine cells and increased
apoptosis that correlated with the onset timing of Ebf3 expression. Adult Pram13 loss-of-function
mice had 25% fewer amacrine cells, altered calretinin expression, and a lack of Ebf3+ amacrines.
Forcing Prdmi3expression in retinal progenitor cells did not significantly increase amacrine cell
formation, Ebf3 or calretinin expression, and appeared detrimental to the survival of
photoreceptors. Our data show that Pram13is not required for amacrine fate as a class, but is
essential for the formation of Ebf3+ amacrine cell subtypes. Rather than driving subtype identity,
Prdm13 may act by restricting competing fate programs to maintain identity and survival.
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INTRODUCTION

The retina is a thin neural tissue that detects and relays photic information. The mammalian
retina has a highly organized structure consisting of alternating nuclear and synaptic (or
plexiform) layers. These layers are populated by seven major classes of retinal neurons and
glia, each of which are essential for normal vision. These cell types (rod and cone
photoreceptors, Miller glia, retinal ganglion cell output neurons, and bipolar, horizontal, and
amacrine cell interneurons) are all derived from a common progenitor population during
development (Cepko, 2014; Turner and Cepko, 1987; Turner et al., 1990). Adding to the
complexity of the system, most of the seven cell types can be further divided into more than
60 additional distinct subtypes (Euler et al., 2014; Masland, 2001; Sanes and Masland,
2015). While considerable progress has been made to uncover the transcription factors and
signaling molecules that control major cell class development, relatively little is known
about how subtypes acquire their identities.

Amacrine cells are primarily inhibitory interneurons. They form synapses with
glutamatergic bipolar interneurons and ganglion cell output neurons in the inner plexiform
layer (IPL). Their somas are predominantly located in the inner nuclear layer (INL), but a
small fraction are displaced and localized to the ganglion cell layer (GCL). Amacrines make
up only about 8% of retinal cells (Jeon et al., 1998), but within this population more than 30
distinct subtypes have been described (Badea and Nathans, 2004; MacNeil et al., 1999;
MacNeil and Masland, 1998; Vaney, 1990). Amacrines can be grouped into three major
categories based on whether they express GAD65/67 (GABAergic, ~43%), GlyT1
(glycinergic, ~43%), or neither of these markers (nGnG, ~15%) (Kay et al., 2011). The
transcription factor Pax6 is made by all amacrines (de Melo et al., 2003), but subpopulations
express a wide array of additional markers in a highly heterogeneous fashion. For example,
subsets of amacrines are marked by transcription factors (e.g. AP2a, Ebf3, Bhlhb5), calcium
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binding proteins (e.g. calretinin, calbindin), and proteins involved in neurotransmission (e.g.
ChAT, TH, vGlut3) (Bassett et al., 2007; Brecha et al., 1984; Feng et al., 2006; Haverkamp
and Wassle, 2000, 2004; Huang et al., 2014; Johnson et al., 2004; Kay et al., 2011; Kondo et
al., 1985). Many of these markers overlap in multiple subsets of amacrines, complicating the
identification of individual subtypes. This has made interpreting the effects of gain- and loss-
of-function experiments on amacrine cell development difficult.

In mice, progenitors that give rise to amacrine interneurons permanently exit the cell cycle
(birthdate) from approximately embryonic (E) day 12.5 to postnatal (P) 2 (Cherry et al.,
2009; Voinescu et al., 2009; Young, 1985). Progenitors that express the transcription factors
Foxn4 and Rorb are competent to express Ptfla (Fujitani et al., 2006; Li et al., 2004; Liu et
al., 2013). Ptfla is a basic-helix-loop-helix (bHLH) transcription factor that is transiently
expressed in postmitotic cells that are restricted to forming amacrines and horizontal cells
(Fujitani et al., 2006). Mice that lack Ptfladie at birth and essentially lack horizontal and
amacrine cells (Fujitani et al., 2006). Several transcription factors that are expressed by
subsets of amacrine cells perturb subtype development when they are mutated. For example,
/s/1 mutants have reduced cholinergic (ChAT+) amacrines (Elshatory et al., 2007), loss of
Bhihb5 decreases GABAergic subtypes (Feng et al., 2006), and NMeurodé6 1oss reduces nGnG
(neither GABAergic nor glycinergic) amacrines (Kay et al., 2011). Birthdating experiments
show that there is an overlapping genesis order for the major categories of amacrines, such
that GABAergic cells are born early followed by glycinergic and nGnG amacrines (Cherry et
al., 2009; Kay et al., 2011; Voinescu et al., 2009). While subtype choice is correlated with
cell cycle exit timing, how and when postmitotic Ptfla+ precursors commit to a specific
amacrine subtype identity is unclear. Some perturbations, like Neurod6 loss-of-function,
alter subtype distribution without changing the total number of amacrines (Kay et al., 2011).
This argues that fate choice is progressive, where Ptfla+ cells first adopt amacrine identity
before becoming further restricted to a particular subtype identity. To better understand the
temporal and spatial mechanisms that diversify the Ptfla+ precursor population, we looked
for factors that act downstream of Ptfla.

We have shown that the zinc finger transcription factor Pradm13is genetically downstream of
Ptflain the spinal cord and retina (Chang et al., 2013). Within the spinal cord, Ptfla directly
activates Prdm13, which acts as a transcriptional repressor to promote inhibitory interneuron
identity at the expense of excitatory fates (Chang et al., 2013). We have demonstrated that
Prdm13 is recruited to enhancers by other transcription factors where it acts as a co-
repressor (Mona et al., 2017). In particular, Prdm13 interacts with bHLH factors like Ptfla
in the developing spinal cord to convert transcriptional activators into repressors, helping to
silence competing gene expression programs in bistable precursors (Mona et al., 2017).
These data suggest that Prdm13 acts as a repressor in Ptfla+ retinal cells to control amacrine
or horizontal interneuron development.

We investigated the expression of Prdm13 during retinal development using specific
antibodies and Pram13-GFP knock-in mice. Consistent with our prediction, Prdm13 was
expressed in Ptfla+ amacrine and horizontal precursors throughout development. Prdm13
expression persisted into adulthood, primarily marking a heterogeneous subset of
glycinergic and nGnG amacrines. The majority of Prdm13+ cells co-expressed calretinin and
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Ebf3. Of note, the entire population of Ebf3+ amacrine cells co-expressed Prdm13. Mice
that lacked Prdm13died at birth, but showed no deficits in amacrine cell genesis. To bypass
lethality, Prdm13-GFP mice were bred to mice carrying a hypomorphic Prami13allele
(Prdm13-A115) (Mona et al., 2017). These compound heterozygous mice (Prdm13-GFF/
A115) were viable and had fewer amacrine cells in the adult retina compared to control
mice. In particular, these mice lacked Ebf3+ amacrines and calretinin+ cells that projected
their dendrites to the middle of the IPL. Amacrine cell numbers were normal throughout
their genesis period and declined only after the normal onset of Ebf3 expression in these
mutants. Despite early widespread expression in Ptfla+ cells, our data show that Prdmi13is
not required for amacrine cell genesis. However, Pram13is required at a later step for
amacrine subtype specification. Prdm13 overexpression did not upregulate Ebf3 or
calretinin, suggesting that Prdm13acts to suppress alternative gene regulatory networks to
maintain Ebf3+ subtype identity and survival.

Prdm13 marks developing amacrine and horizontal cells

We previously showed that Pram13is expressed by a subset of retinal cells that is similar to
those marked by the committed amacrine and horizontal precursor marker Ptfla (Chang et
al., 2013; Fujitani et al., 2006). Prdm13in situ hybridization signal was lost in PtfZ1a mutant
embryos, suggesting that Pram13is expressed by developing amacrine and horizontal cells.
To better evaluate the spatial and temporal features of Prdm13 expression during retinal
development, we immunostained retinal sections with antibodies against Prdm13 and Ptfla.
We focused on three time-points (E13.5, E15.5, and birth) when postmitotic nascent
horizontals and amacrine cells co-express Ptfla (Fujitani et al., 2006). We observed that both
Prdm13 and Ptfla immunostaining formed a mosaic pattern with oval nuclei located
between the apical photoreceptor area and the ganglion cell layer (GCL) (Fig. 1). Prdm13
co-labeled 66.5% (+ 21.3% SD) of Pftla positive cells within the central and peripheral
retina at E13.5 and all (100.0% + 0.0% SD) of the Prdm13+ cells were Pftla+ (Figs 1A-A
” D). We observed similar numbers of Prdm13+, Ptf1a+, and double labeled cells at E15.5,
but at this stage there was a statistically significant decrease in the percentage of Prdm13+
cells that co-expressed Ptfla+ (89.8% + 6.9% SD, N=7, t-test, p<0.001) (Figs 1B, D-E). PO
retinas had more Prdm13+ and Prdm13+/Ptfla+ double labeled cells (Figs 1C, E). However,
the percentage of Prdm13+ cells that co-expressed Ptfla+ decreased further to 80.0% at PO
(Fig. 1D). This decreased percentage is consistent with the postnatal loss of Ptfla expression
(Fujitani et al., 2006) and the persistence of Prdm13 in a subset of postmitotic neurons. To
determine whether Prdm13 was expressed in other cell types, we co-stained sections with
Otx2, a marker of developing photoreceptors at these time-points (Beby and Lamonerie,
2013; Brzezinski and Reh, 2015; Fossat et al., 2007; Muranishi et al., 2011; Nishida et al.,
2003). We observed modest overlap of Ptfla, Prdm13, and Otx2 at all three time-points
(Figs 1A-C, E). Since the Ptflalineage lacks photoreceptors (Fujitani et al., 2006), these
double and triple labeled Otx2+ cells are already committed to becoming horizontals and/or
amacrine cells. This plasticity in the Otx2+ lineage has been observed previously (Baas et
al., 2000; Brzezinski et al., 2013; Das et al., 2009; Mills et al., 2017). We also co-labeled
sections with antibodies against the ganglion cell marker Brn3 (Xiang et al., 1995). No
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Prdm13+/Brn3+ ganglion cells were observed (data not shown). These data suggest that
Prdm13 is expressed downstream of Ptfla, marking only committed amacrine and/or
horizontal cells.

mice exhibit no gross changes in embryonic retinal development

We created a Prdm13-GFP knock-in mouse line to accurately and persistently label
Prdm13+ cells and conduct loss-of-function analysis (Mona et al., 2017). These mice were
created by inserting a cytoplasmic GFP cassette followed by a stop codon into exon 1 of the
Pram13sequence (Fig. 2A-A") (Mona et al., 2017). We observed that homozygous
GFP/GFP null mice died at birth while Pram13 heterozygous animals showed no overt
phenotypes (Mona et al., 2017). To track Prdm13 during retinal development, we examined
Prdm13-GFP heterozygous and homozygous mice at E17.5 (Fig. 2), around the peak of
amacrine cell genesis (Moinescu et al., 2009). The pattern of GFP immunostaining in both
GFP/+and GFP/GFP mice at E17.5 mirrored that seen in wild-type (+#/#) retinas labeled
with anti-Prdm13 antibodies (Fig. 1 and data not shown). GFP labeled the cytoplasm,
revealing apical and basal processes in both heterozygous and mutant animals (Fig. 2). Little
if any staining was seen in the ganglion cell layer. There was appreciable basal clustering,
with more staining in what will become the inner nuclear layer (Figs 2B-E). GFP intensity
levels were lower in GFP/+mice compared to homozygous mutants, but the total number of
GFP+ cells did not vary between the two populations (Fig. 2F) (N=6, t-test, p=0.9366),
suggesting that Pradm13is neither required for its own expression nor to maintain cell
survival at E17.5.

Next, we stained transgenic mice with antibodies against Prdm13 (Figs 2B-C). Prdm13
immunostaining overlapped highly with GFP in Prdm13heterozygous mice (Figs 2B, G).
Some GFP+ cells in the nascent inner nuclear layer lacked Prdm13 staining. This population
likely represents neurons that recently inactivated Prdm13 expression, but remained labeled
due to the long half-life of GFP. Prdm13 immunostaining was completely absent from
Prdm13-GFP/GFP null mice (Figs 2C, F-G), demonstrating the specificity of the antibody.
The number of Prdm13+ cells was equivalent between Pram13 heterozygous and wild-type
mice (N=6, t-test, p=0.8627) (Fig. 2G and data not shown).

To determine whether changes in cell fate occurred in Prdm13 mutants, we examined E17.5
sections with antibodies against Otx2 to mark developing photoreceptors. The
immunostaining pattern and intensity of Otx2+ nuclei was unchanged between Pram13
heterozygous and homozygous mutant retinas (Figs 2B—E). Consistent with our observations
above (Fig. 1), a small number of Prdm13-GFP+ cells co-expressed Otx2 in both
heterozygous and mutant animals (Figs 2B-E). Nonetheless, the number of these double
labeled cells was unchanged between heterozygous and homozygous mice. This suggested
that there was no change in photoreceptor genesis in Prdmi3knockout animals. We then
immunostained retinas with antibodies against Ptfla to determine whether Pram13 affects
the formation of horizontal and amacrine precursor cells (Figs 2D-E). The Ptfla spatial
labeling pattern was similar between Prdm13 heterozygous and null animals (Figs 2D-E).
The total number of Ptfla+ cells was equivalent between wild-type, heterozygous, and
Prdm13homozygous mutants (N=8, ANOVA, p=0.8131) (Fig. 2H). There were no
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differences in the number of Pftla+/GFP+ cells between our lines (N=5, t-test, p=0.7193) or
the fraction of Ptfla+ cells that co-expressed GFP (N=5, t-test, p=0.3805) (Figs 21-J).
Similarly, we observed no differences in the number of cells that co-expressed Ptfla and
Otx2 between the three genotypes (N=8, ANOVA, p=0.2510) (Fig. 2K). These data argue
that Prdm13is not required for the formation of amacrine and horizontal cell precursors.
Though the number of Ptfla cells was unaltered in mutants, the Ptfla staining was typically
more intense. This suggests that Prdm13 mediates a negative feedback loop onto Ptflain the
retina, as has been observed in the spinal cord (Mona et al., 2017). Last, we examined
retinas with antibodies against Brn3 to mark ganglion cells, but saw no differences in their
numbers between genotypes (data not shown). Taken together, our data suggest that the loss
of Prdm13does not alter the balance of cell fates formed during embryonic retinal
development.

Prdm13 labels a subset of amacrine cells in the adult retina

Ptfla is an early postmitotic marker for amacrine and horizontal cell precursors that is
necessary for their development (Fujitani et al., 2006). Although Prdm13 initially overlaps
with Ptfla, as development progressed Prdm13+/Ptfla negative cells became localized to the
nascent inner nuclear layer. This suggested that Prdm13 expression remained in subsets of
amacrine or horizontal cells. To test this, we immunostained mature (P30) Prdm13 GFF/+
retinas for several amacrine and horizontal markers (Fig. 3). Nearly all of the GFP+ cell
bodies were located in the inner aspect of the INL with cell processes extending into the
inner plexiform layer (IPL). There were also a few GFP+ cell bodies within the GCL (Fig.
3). Immunostaining with Prdm13 antibodies overlapped with the GFP+ somas in
heterozygous animals (data not shown). Prdm13 immunostaining was not as robust in adult
animals, so we used GFP staining to better characterize the Prdm13+ population.
Immunostaining for the pan-amacrine marker Pax6 revealed that 100.0% (z 0.0% SD) of
GFP+ cells co-expressed Pax6+ (Fig. 3E and data not shown). However, only a subset of
Pax6+ cells in the INL were GFP positive. These GFP+ cells accounted for 38.6% (£ 2.9%
SD) of all Pax6+ cells in the INL, suggesting that Prdm13 marks a subset of amacrine cells
(Fig. 3F). No GFP+ cells co-expressed the photoreceptor and bipolar cell marker Otx2 (Fig.
3E) or the ganglion cell marker Brn3 (data not shown). We then immunostained retinas with
markers that define subsets of amacrine and other interneuron populations in the retina. The
transcription factor AP2a marks a large subpopulation of amacrine cells (Bassett et al.,
2007). We observed that AP2a co-stained 31.3% (x 3.7% SD) of GFP+ cells (Figs. 3A, E).
The transcription factor Bhlhb5 marks type 11 cone OFF bipolars and subsets of GABAergic
and other amacrine cells (Feng et al., 2006; Huang et al., 2014). Bhlhb5 marked 34.9%

(+ 8.6% SD) of GFP+ cells (Figs 3A, D-E). In both cases, only subsets of AP2a+ (23.2%

+ 3.5% SD) and Bhlhb5+ (27.1% * 6.5% SD) cells co-expressed GFP (Fig. 3F and data not
shown), reflecting the highly heterogeneous nature of amacrine cells and these markers.
Calretinin and calbindin each mark complex subsets of amacrine cells in the mouse
(Haverkamp and Wassle, 2000). Calretinin stains amacrine and ganglion cell somas in the
INL and GCL, as well as three highly stereotypical dendritic sublaminae within the IPL
(Haverkamp and Wassle, 2000; Lee et al., 2010). We observed that about half of Prdm13-
GFP+ cells co-expressed calretinin (50.3% + 9.2% SD) (Figs 3B, E). In contrast, GFP+ cells
rarely co-expressed calbindin (0.6% + 1.3% SD) and none of the intensely calbindin labeled
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horizontal cells (Peichl and Gonzalez-Soriano, 1994) made GFP (Figs 3B, E). Co-staining
with the glycinergic marker GlyT1 (Menger et al., 1998; Pow and Hendrickson, 1999) and
the GABAergic marker GAD65/67 (Haverkamp and Wassle, 2000) revealed that most of the
Prdm13-GFP+ cells were glycinergic (Figs 3C, E). GlyT+ glycinergic amacrines accounted
for 44.7% (£ 9.2% SD) of GFP+ cells, while GABAergic GAD+ cells accounted for only
2.8% ( 2.4% SD) (Fig. 3E). These percentages may be underrepresented as not all
amacrine somas were robustly labeled with these antibodies. Nonetheless, there is a clear
preference for glycinergic overlap, consistent with the paucity of GFP+ displaced amacrine
cells. We examined cholinergic amacrines by co-staining with Sox2 antibodies (Cherry et
al., 2009; Surzenko et al., 2013; Taranova et al., 2006) (data not shown). We did not observe
any overlap of GFP with Sox2 (Fig. 3E), showing that Prdm13 does not mark cholinergic
amacrine cells. Similarly, we observed no overlap with vGlut3, which marks a small
population of mostly glycinergic amacrines (Haverkamp and Wassle, 2004; Voinescu et al.,
2009), or with the dopaminergic amacrine marker TH (Brecha et al., 1984) (data not shown).
Lastly, we examined Prdm13-GFP/+ retinas with antibodies to Ebf3. Ebf3 marks glycinergic
and nGnG amacrines along with subsets of ganglion cells (Jin et al., 2010; Kay et al., 2011).
Many GFP+ cells co-expressed Ebf3 (70.4% = 7.6% SD) (Figs 3D-E). To eliminate the
possibility of counting Ebf3+ ganglion cells, we narrowed our quantification parameters to
the Ebf3+ cells within the INL and found that 100% (+ 0.0% SD) of them co-expressed GFP
(Fig. 3F). This suggests that Pram13 marks the entire cohort of Ebf3+ amacrines, while also
marking a smaller diverse set of non-Ebf3+ amacrine cells.

Ebf3+ amacrine cells are absent from Prdm13 mutants

Many amacrine subtype differentiation markers appear postnatally. For example, Ebf3
expression in amacrine cells is first seen at P4 (Kay et al., 2011). To overcome the neonatal
lethality of Prdm13-GFP/GFP null mice, we took advantage of a Prdmi3allele with a 115bp
deletion in the first exon (Fig. 4A) (Mona et al., 2017). This Prdm13-A115 modification was
predicted to result in a frame shift with early truncation of the Prdm13 protein (Fig. 4A).
However, homozygous Pradm13-A115mice express some Prdm13 protein and were viable,
suggesting that the 115bp deletion created a hypomorphic allele (Mona et al., 2017). We
crossed the Prdm13-GFP mouse line with A115to create mice that had severely reduced
Prdm13function. These GFP/A115mice were viable, and adults had a conspicuous loss of
GFP+ cells (3.97 cells/100um £ 1.07 SD) compared to Pradm13-GFP/+ heterozygotes (16.06
cells/100um + 2.66 SD) (Figs 4B—C). The GFP+ cells remaining in GFP/A115 mice were
localized to the INL and generally had larger cell bodies compared to heterozygous control
retinas (Fig. 4B). We next examined whether this loss of roughly 12 GFP+ cells/100pm was
due to a reduction in amacrine cells or GFP expression. Pax6 immunostaining revealed no
changes in the number of labeled cells in the GCL (N=6, t-test, p=0.299), but there was a
significant decrease in Pax6+ INL cells from 39.68 (SD + 3.24) cells/100um in control mice
to 31.11 (SD + 5.71) cells/100um in GFP/A115mice (N=6, t-test, p=0.028) (Fig. 4M and
data not shown). This loss of Pax6 staining in the INL was similar in magnitude to the GFP
reduction, suggesting that a subset of Prdm13+ amacrine cells were lost in GFP/A115 mice.
We then examined whether Pram13 perturbation affected specific amacrine subtypes.
Immunostaining for GABAergic and glycinergic amacrines revealed no changes in the
number of GAD+ cells, but a modest decrease in GlyT+ cells was observed in the GFP/A115
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mice (N=9, t-test, p=0.014) (Figs 4D-E, M). More conspicuous was the reduced number of
GFP+ cells that co-expressed GlyT (N=9, t-test, p=<0.001) (Figs 4D-E, N). This suggested
that the glycinergic amacrines that normally co-express Prdm13 were selectively reduced in
mutants. We observed a slight increase in the number of GFP+ cells that co-expressed
GADG5 in GFP/A115mice (N=9, t-test, p=0.014), but this modest change was not enough to
alter the overall number of GABAergic amacrines in the retina (Figs 4D-E, M-N). The total
number of AP2a and Bhlhb5+ amacrines was significantly reduced in GFP/A115mice
compared to GFP/+controls (Figs 4F-G, M). The number of GFP+ cells that co-expressed
AP2a or Bhlhb5 decreased proportionately in GFP/A115animals (Figs 4F-G, M—N). These
data suggest that the Prdm13+ subpopulations of AP2a+ and Bhlhb5+ amacrines were
specifically lost in mutants.

Prdm13 marked large fractions of calretinin and Ebf3 expressing amacrine cells in adult
retinas (Fig. 3). As expected, calretinin staining was strikingly different between
heterozygous control and GFFP/A115 mice (Figs 4H-I). There was a conspicuous loss of cell
bodies and a change in the distribution of dendritic staining in the IPL (Figs 4H-I, L).
Calretinin positive somas in the INL decreased from 13.47 (+ 3.13 SD) cells/100pm in
controls to 9.89 (x 1.52 SD) cells/100um in the GFP/A115 mice (N=9, t-test, p=0.0019)
(Fig. 4M). There was nearly a total loss of GFP+/calretinin+ cells in the GFP/A115 mice
(N=9, t-test, p<<0.001) (Figs 4H-I, N). Calretinin strongly marks three (2, 3, and 4) of the
five synaptic sublaminae of the IPL (Haverkamp and Wassle, 2000; Lee et al., 2010).
Heterozygous control mice displayed this trilaminar calretinin pattern, while the GFP/A115
mice had a thinner IPL that contained only two sublaminae (Figs 4H-I, L). The cholinergic
amacrine marker ChAT, which labels sublaminae 2 and 4 (Haverkamp and Wassle, 2000;
\Voigt, 1986), was normal in GFP/A115 mice (data not shown). There was a minor increase
in the number of GFP+ cells that co-expressed calbindin in GFP/A115 mice, but the IPL
staining of sublaminae 2 and 4 (Haverkamp and Wassle, 2000) was normal (Figs 4H-1, M-
N). These data argue that calretinin positive cells that project to sublamina 3 are lacking in
GFP/A115mice (Fig. 4L). Since essentially all Ebf3+ amacrine cells co-expressed Prdm13,
we expected this population to be the most disrupted in GFP/A115retinas. Indeed, we
observed a nearly complete loss of Ebf3+ cells from the INL of these mutants (Figs 4J-K,
M). This loss of about 10 Ebf3+ amacrine cells/100um was nearly the same as the loss of
Pax6+ INL cells in GFP/A115mice (Fig. 4M). Consistent with an amacrine cell-specific
deficit, the number of Ebf3+ cells in the GCL was unchanged (N=9, t-test, p=0.26). The loss
of both Ebf3+ and calretinin+ cells suggested that these populations overlap extensively. In
adult wild-type mice, we observed that 72.2% (+ 12.3% SD, N = 4) of calretinin+ cells in
the INL co-expressed Ebf3+ and that 64.4% (+ 7.0% SD, N = 4) of Ebf3+ cells in the INL
were calretinin+ (Fig S1). Taken together, these data argue that Prdm13is required for the
formation or survival of Ebf3+/calretinin+ cells.

Loss of the Prdm13+ amacrine population begins at P5

We did not observe a change in GFP+ cells in E17.5 Prdm13 mutant mice (Fig. 2), but P30
GFP/A115mice had considerably fewer GFP+ cells and about ~25% fewer amacrines (Fig.
4). There are three general mechanisms that account for this reduction in cell numbers.
These include: (1) a reduction in the number formed during development, (2) altered
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amacrine subtype fate choice, and (3) cell death. To distinguish between these possibilities,
we examined mice at intermediate developmental time-points (Fig. 5). We stained E17.5
GFP/+and GFP/GFP mice for Pax6 and observed no significant differences in cell number
(N=4, t-test, p=0.62) (Figs 5A-B). Next, we compared the number of intensely Pax6+ INL
cells between GFP/+and GFP/A115 etinas at P2, the end of amacrine cell genesis. We
observed no statistically significant differences (N=2, t-test, p=0.98) between the genotypes,
arguing that amacrine fate specification as a class was unaltered by the loss of Pram13 (Figs
5C-D).

Many amacrine subtype-specific markers become expressed in the first postnatal week,
including Ebf3 starting at P4 (Kay et al., 2011). We next examined P5 GFP/+ control and
GFP/A115mutant retinas for the numbers of GFP, Ebf3, and Bhlhb5 positive amacrine cells.
At P5, nascent IPL lamination was less delineated and thinner in GFP/A115retinas (Figs
5E-F). Nonetheless, we observed only a modest decrease (N=7, t-test, p=0.027) in the
number of GFP+ cells in mutant retinas compared to heterozygous controls (Figs 5E-F, I).
Ebf3 staining was strongly reduced in the INL of GFP/A115 mice, but was abundant in the
GCL of both controls and mutants (Figs 5SE-F). Both control and mutant Ebf3+ cells in the
INL co-expressed GFP, but there were far fewer Ebf3+ nuclei in GFP/A115retinas (Figs 5E-
I). The near absence of Ebf3+ amacrines in adult mice is also seen at P5, suggesting that
Ebf3+ cells are not formed in GFP/A115 mice. While the overall number of Bhlhb5+
amacrines did not change significantly, more of these cells co-expressed GFP in P5 mutants
compared to controls (Figs 5E-I). This change suggests that some of the Prdm13-GFP+ cells
that would have adopted Ebf3+ subtype identity failed to do so and instead express Bhlhb5
and perhaps other subtype markers. This is further supported by the modest loss of P5 GFP+
cells compared to adult GFP/A115 retinas. We reasoned that inappropriately specified cells
may undergo apoptosis. Staining for activated caspase 3 (AC3) at P5 revealed no appreciable
overlap with GFP in control mice, but 28.1% of dying AC3+ cells co-expressed GFP+ in
GFP/A115mutants (N=4, t-test, p=0.029) (Fig. 5J and data not shown). These data suggest
that Prdm13is required for Ebf3+ amacrine subtype formation and survival.

Prdm13 overexpression is not sufficient to drive ectopic amacrine formation

We observed that Pram13is not required for amacrine cell generation as a class.
Nonetheless, it could play a redundant role in amacrine genesis and an instructive role in
subtype formation. We hypothesized that ectopic expression of Prdm13would promote
amacrine formation, and in particular, subtypes that express Ebf3 and/or calretinin. To test
this, we created plasmid expression vectors to drive Pram13 (WT), which has been shown to
act as a transcriptional repressor (Chang et al., 2013; Mona et al., 2017). We also created a
vector to express a VP16 fusion with Pradm13 (VP16) (Chang et al., 2013) to convert it into a
transcriptional activator. Each of these vectors contains the £fZa enhancer to drive
ubiquitous expression and an /RES-Cre cassette for indirect detection. As a control, we used
an Efla driven nuclear cherry plasmid (Wilken et al., 2015). Constructs were electroporated
into newborn retinas and cultured for 2 or 7 days /n vitro (DIV) as intact explants.
Electroporation preferentially affects retinal progenitor cells, which give rise to
photoreceptors and to a lesser extent bipolars, glia, and amacrine cells at this stage (Turner
and Cepko, 1987; Young, 1985). Electroporated explants were stained for Pax6 and Otx2
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(Fig. 6) as they mark all cell types (Otx2- photoreceptors and bipolars, Pax6- horizontals,
amacrines, glia, and ganglion cells) in the mature retina. At both 2DIV and 7DIV, control
cherry cells detected with anti-red fluorescent protein (RFP) antibodies were
overwhelmingly Otx2+ photoreceptors and bipolar cells, consistent with the fate distribution
of newborn progenitors (Turner and Cepko, 1987) (Figs 6A, D). Only about 20% of
electroporated control cells made Pax6, indicative of an amacrine or glial identity (Figs 6A,
E). In contrast to cherry controls, both Prdm13 WT and VP16 electroporated cells were
localized to the nascent INL and were much more likely to co-express Pax6 (N = 26,
ANOVA, P=0.0003) than Otx2 at 2 DIV (Figs 6A-E). At 2DIV, both WT and VP16 had
significantly fewer Otx2+ cells and significantly more Pax6+ cells than cherry control. At
7DIV the overall pattern was similar, such that Prdm13 WT and VP16 transfected cells co-
expressed Pax6 more frequently than cherry controls (N=24, ANOVA, 0.0111) (Figs 6D-E).
However, it was apparent at 7DIV that many Prdm13-VVP16 transfected cells co-expressed
both Otx2 and Pax6 (Figs 6C, D—F). The co-expression of Otx2 and Pax6 was seldom
observed in cherry control or Prdm13 WT transfections (Fig. 6F). Some retinal progenitors
appear to transiently co-express Pax6 and Otx2 (Brzezinski et al., 2010; Muranishi et al.,
2011), raising the possibility that VP16 cells remain as undifferentiated progenitors.
Alternatively, the VP16 fusion may lead to the inappropriate activation of photoreceptor
genes, like Otx2. Prdm13 WT transfected cells differed from VP16 and control cells in
another way. Many Prdm13 WT transfected cells failed to express either Pax6 or Otx2 (Fig.
6B—B"”, inset). These non-Pax6 non-Otx2 cells of unknown identity accounted for nearly
30% of Prdm13 WT transfected cells at 7DIV (Figs 6B-B”, data not show). Non-Pax6,
non-Otx2 electroporated cells were absent from 7DIV Cherry control and Prdm13 VP16
transfections.

The presence of Otx2+/Pax6+ cells in VP16 electroporations and the non-Pax6 non-Otx2
cells in Prdm13 WT conditions raised the possibility that these constructs were deleterious
to cell survival. Accordingly, both Prdm13 WT and VP16 fusion transfections resulted in
sparse numbers of Cre+ electroporated cells at both 2DIV and 7DIV compared to cherry
control transfections (Figs 6B—F and data not shown). We observed this reduction at 1, 3, 4,
and 10DI1V as well (data not shown). Moreover, our initial electroporation experiments with
higher concentrations of Prdm13 WT and VP16 plasmids resulted in even fewer Cre+ cells
after only 1DIV (data not shown). These findings suggested that overexpression of Prdm13
WT and VP16 conferred an immediate survival disadvantage to transfected cells. The bias
towards Pax6 expression and INL localization suggested that both Prdm13 WT and VP16
were especially toxic to Otx2+ photoreceptors and bipolar cells. We also searched for
upregulation of Ebf3, calretinin, calbindin, and Bhlhb5 at 2, 3, 4, and 7DIV. However, we
did not observe any ectopic expression of amacrine markers at these time-points (data not
shown). Taken together, our data suggest that Pram13is not sufficient to drive ectopic
amacrine cell formation in the newborn retina. Instead, Pram13 appears to be toxic to
nascent photoreceptors.

DISCUSSION

How the developing retina allocates a set number of amacrine cells and diversifies them into
30+ subtypes is only partially understood. We investigated the transcription factor Pram13
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and found that it was expressed broadly in developing amacrine cell precursors and became
restricted to a heterogeneous subset of amacrines in mature mice. Normal numbers of
amacrine cells formed in Prdm13 mutant mice, but subtype specification was altered in the
early postnatal period. Ebf3+ amacrine cells were absent and about 25% of amacrine cells
were subsequently lost to cell death. Our data show that Pram13 does not control amacrine
cell genesis as a class, but is instead necessary for subtype fate choice and cell survival.
Future work is needed to uncover how Prdmi13regulates the formation of Ebf3+ amacrines
and how individual subtypes within this heterogeneous population function in the retina.

Prdm13is not necessary for amacrine identity

We observed that Prf1a mutant retinas lack Pradm13expression (Chang et al., 2013).
Therefore, we expected Prdm13 to function downstream of Ptfla in the developing retina.
Consistent with this model, 100% of Prdm13+ cells co-expressed Ptfla at E13.5. In the
spinal cord, Ptfla drives Prdm13expression, which then feeds back to inhibit Ptfla
expression (Hanotel et al., 2014; Mona et al., 2017). This negative feedback loop is also
present in the retina since Pram13 mutant mice had more intensely stained Ptfla+ cells.
Despite this expression increase, Pram13loss did not change the number of Ptfla+ cells in
the retina or the number of amacrine cells that were initially formed. This suggests that
feedback is important for controlling Prami13levels and in turn, amacrine subtype fate
choice and survival (see below). Despite Prdm13 being expressed at early stages in Ptfla+
cells, it was not required for the formation of amacrine or horizontal cell precursors.

Since Prdmi3acts as a repressor, we reasoned that it acts by blocking competing cell
identities in multipotent precursors (Chang et al., 2013; Mona et al., 2017). This was
reinforced by our observation that some Ptfla+ and Prdm13+ cells transiently co-expressed
Otx2. This overlap is consistent with data suggesting that Otx2+ cells can adopt amacrine
and horizontal cell identities (Baas et al., 2000; Brzezinski et al., 2013; Das et al., 2009;
Mills et al., 2017). It has been shown that the Ptfla+ lineage contains only horizontal and
amacrine cells (Fujitani et al., 2006). We hypothesized that Prdm13 represses Otx2
expression in Ptfla+ cells to restrict fate choice. However, we did not observe an increase in
Otx2+ cells in Prdm13 mutants or a fate shift to photoreceptors or bipolar cells. This shows
that Pradm13is not required to suppress photoreceptor identity in Ptfla+ cells. Interestingly,
Prdm13-VP16 activator misexpression increased the number of Pax6+ cells that co-
expressed Otx2. This raises the possibility that Prdm13 normally inhibits Otx2 expression in
the developing retina. For this to be true, other factors must compensate for or act
redundantly with Pram13to suppress Otx2expression. Since Ptfla misexpression can
promote amacrine identity at the expense of photoreceptors and bipolar cells (Jin et al.,
2015; Watanabe et al., 2015), fate restriction appears to be downstream of Ptfla. The
transcription factors AP2a ( 77ap2a) and AP2b ( 7fap2b) are both decreased in Ptfla mutants
(Jin et al., 2015). Gain-of-function analysis showed that these factors can promote amacrine
formation (Jin et al., 2015). However, deletion of both genes simultaneously resulted in only
a modest amacrine phenotype and there was no appreciable fate shift to Otx2+
photoreceptors or bipolar cells (Bassett et al., 2012). It remains unclear how Ptfla+ cells are
restricted to horizontal and amacrine cell fates and whether Pram13 plays a redundant role
in this process.
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Prdm13 marks multiple subtypes of amacrine cells

Amacrine cells are highly diverse, with estimates of 30 or more discrete subtypes in the
mouse retina. About one third of amacrine cells were marked by Prdm13 in the adult retina.
Prdm13 labeled a heterogeneous group of glycinergic and nGnG amacrines, but did not
mark cholinergic, dopaminergic, or glutamatergic amacrine subtypes. Recent reports have
also shown that Prdm13 is made by subsets of amacrine cells. In mice and frogs, most
Prdm13+ cells are glycinergic (Bessodes et al., 2017; Watanabe et al., 2015). The frog retina
has more Prdm13+ cells that are GABAergic compared to mice (Bessodes et al., 2017;
Watanabe et al., 2015). Our characterization of subtype markers is similar to those described
previously in mice (Watanabe et al., 2015), except that we observed far fewer Prdm13+ cells
that co-expressed calbindin or GADG65. The reason for these discrepancies is unclear, but
may involve differential sensitivities of antibodies used in each study. We examined
additional subtype markers, including Bhlhb5 and Ebf3, to further probe the diversity of
Prdm13+ amacrine cells. Strikingly, we found that Ebf3+ cells are the only amacrine
population that is entirely Prdm13 labeled.

Our experiments revealed that nearly 75% of Prdm13+ amacrine cells co-expressed Ebf3.
The Ebf3+ population is itself heterogeneous, representing a 3-to-1 mix of glycinergic and
Neurod6+ nGnG subtypes (Kay et al., 2011). The glycinergic subpopulation has narrow,
multistratified dendritic fields that project to sublaminae 1-4 in the IPL (Kay et al., 2011).
The nGnG Ebf3+ population has similar morphology, but projects dendrites to sublaminae
1-3 (Kay et al., 2011). We observed a small number of Ebf3+ amacrines that co-expressed
Bhlhb5, raising the possibility that Ebf3+ amacrines can be divided into additional subtype
groups. This is supported by single cell profiling experiments that identified three Ebf3+
clusters (one glycinergic and two nGnG) in the retina (Macosko et al., 2015). About one
fourth of the Prdm13+ amacrines did not co-express Ebf3. There was no conspicuous marker
that labeled all of these cells, suggesting they are a heterogeneous population. This likely
includes the small number of GABAergic amacrines, the bulk of the Bhlhb5+ subtypes, and
additional glycinergic and nGnG amacrines. Going forward, intersecting Prdm13 with other
subpopulation markers may uniquely define individual amacrine subtypes and facilitate
experiments to uncover their physiology.

Prdm13 affects amacrine subtype specification

Despite expression at early time-points in Ptfla+ cells, Prdm13 mutants had no discernable
phenotypes embryonically. In fact, there were no conspicuous changes in Prdm13loss-of-
function mice until P5. This is after the timing of amacrine cell birth, but overlaps with
subtype maturation and culling of excess generated amacrines (Cherry et al., 2009; Kay et
al., 2011; Pequignot et al., 2003; Strettoi and Volpini, 2002; Voinescu et al., 2009; Voyvodic
etal., 1995; Young, 1984, 1985). At P5, Prdm13-GFP/A115 mice showed increased
apoptosis and largely lacked Ebf3+ amacrines. GFP+ cells in these mice were more likely to
co-express Bhlhb5 than controls, suggesting that subtype specification was altered. This
supports a model where Prdm13is required for Ebf3+ amacrine subtype specification. By
the adult stage Prdm13-GFP/A115 mice have fewer amacrines and essentially lack Ebf3+
subtypes. This argues that Prdm13is also required for the survival of Ebf3+ amacrine cells.
It is difficult to determine whether Pradm13 controls amacrine subtype specification, survival,
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or both. One possibility is that Ebf3+ amacrines are still specified in mutants, but die
without Prdm13due to derepression of genes made by other subtypes. Another possibility is
that Ebf3+ amacrines fail to become specified in mutants. This is consistent with our
observations of a significant reduction of Ebf3 expression that precedes cell death. In the
absence of subtype specification, cells could die due to a lack of identity or they could adopt
a different subtype choice. Though calbindin+ amacrines increased subtly in mutants, most
amacrine types profiled (including Bhlhb5+ cells) decreased modestly. This argues against a
fate shift; however, upwards of 50% of amacrines are normally culled during the early
postnatal period (Pequignot et al., 2003; Strettoi and Volpini, 2002; Voyvodic et al., 1995;
Young, 1984). Thus, an excess of improperly specified amacrine subtypes could be masked
by apoptosis. In the frog, Pram13 morpholinos reduced glycinergic amacrines without
increasing GABAergic numbers (Bessodes et al., 2017). Similarly, Watanabe and colleagues
observed a reduction of glycinergic amacrines without an increase in other subtypes in
Prdm13 mutant mice carrying a distinct allele to those used here (Watanabe et al., 2015).
Taken together, these loss-of-function data are consistent with roles for Prdm13in both
subtype specification and survival.

Gain-of-function experiments suggest a more active role for Pradm13in fate choice.
Overexpression of Prdm13in the frog retina biased cells towards glycinergic amacrine fate
at the expense of bipolar cells and glia (Bessodes et al., 2017). Watanabe and colleagues
overexpressed Pradmi3in newborn mice and observed that most transfected cells adopted
amacrine fate (Watanabe et al., 2015). Moreover, Pram13 overexpression modestly increased
the fraction of transfected cells that expressed calretinin and/or calbindin (Watanabe et al.,
2015). These findings argue that Prdm13is sufficient to specify amacrine type and subtype
identity. Based on these findings, we expected Pram13 overexpression to drive ectopic
Ebf3+/calretinin+ amacrine cell formation. Though we observed that Pram13
overexpressing cells were more likely to make Pax6, they did not ectopically express Ebf3 or
calretinin. Thus, Pradm13is not sufficient to instruct Ebf3+ amacrine subtype formation. We
also observed a strong reduction in the number of Prdm13 transfected cells compared to
control. Many transfected cells failed to express Otx2 or Pax6, which mark progenitors and
specified retinal cells. These double negative cells are likely poised for apoptosis. Our data
suggest that Prdm13 overexpression is especially toxic to developing photoreceptors and to a
lesser extent, progenitors and other cell types. Thus, we may be observing selection instead
of fate changes in these gain-of-function experiments. Overexpressing Prdm13-VP16 also
appeared toxic in the retina. This toxicity is likely caused by a different mechanism because
Prdm13-VP16 increased the fraction of cells that co-expressed Otx2 and Pax6. This forced
activator activity may upregulate competing gene regulatory networks and cause apoptosis.
Due to the toxicity we observed, future experiments where Pram13is specifically
overexpressed in postmitotic amacrine cell precursors will reveal whether it instructs Ebf3+
subtype identity.

North Carolina Macular Dystrophy (OMIM-136550) has been attributed to dominantly
inherited mutations in PRDM13 (Small et al., 2016). This includes duplication of the coding
sequence and non-coding point mutations flanking PRDM13 (Bowne et al., 2016; Manes et
al., 2017; Small et al., 2016). This disorder is developmental in nature and affects the
structure of the macula, resulting in a highly variable loss of photoreceptors and central
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vision. It is unlikely that this represents haploinsufficiency, as Pram13 heterozygous mice
have no overt deficits in development. Instead, the pathology is consistent with a PRDM13
gain-of-function. Since Prdm13 is expressed in Ptfla+ committed amacrine and horizontal
cell precursors, it seems unlikely that increased PRDM13 dosage would negatively affect
photoreceptor formation. Instead, mutations that drive ectopic PRDM13expression in
progenitors or nascent photoreceptors could either bias their fate towards amacrine cell
identity or cause toxicity. One of these non-coding mutations (V2) (Small et al., 2016)
creates a potential Otx2binding site (Bunt et al., 2011), which may create a photoreceptor-
specific enhancer for PRDM13. Our initial attempts to examine whether the non-coding
mutations create novel retinal enhancers in developing mice were unsuccessful. Though our
experiments suggest that Pram13kills nascent photoreceptors, other experiments did not
note toxicity (Bessodes et al., 2017; Watanabe et al., 2015). Due to the heterogeneity of
mutations and the disease severity, it seems likely that more than one mechanism underlies
the pathophysiology of North Carolina Macular Dystrophy.

Function of Ebf3+ amacrine cells in the retina

We and others observed a decrease in the number of calretinin+ amacrines in Prdm13
mutants (Watanabe et al., 2015). Interestingly, calretinin staining of the IPL was altered such
that the prominent sublamina 3 band was absent. This suggests that calretinin+ dendrites that
project to sublamina 3 are absent or re-routed. We observed that many Ebf3+ amacrine cells
co-expressed calretinin (~62%). Since Ebf3+ cells are essentially absent in Prdm13 mutants,
we reasoned that Ebf3+/calretinin+ cells normally project dendrites to sublamina 3 of the
IPL. Kay and colleagues showed that Ebf3+ glycinergic amacrines (75%) projected to
sublaminae 1-4, whereas Ebf3+ nGnG amacrines (25%) have dendrites in sublaminae 1-3
(Kay et al., 2011). Overexpression of Neurod6 increased the nGnG fraction of amacrines,
creating prominent dendritic bands in sublaminae 1 and 3 of the IPL (Kay et al., 2011).
Thus, the loss of Ebf3+ nGnG amacrines in Prdm13 mutants may explain the loss of
calretinin labeling of sublamina 3. Alternatively, calretinin+ cells that do not co-express
Ebf3 and project to sublamina 3 may be lost or misrouted. Lastly, it is possible that loss of
Ebf3+ and other amacrine subtypes in Prdm13 mutants has a non-autonomous effect on the
localization of calretinin+ dendrites.

The profound loss of Ebf3+ amacrines and disruption of the IPL should alter the normal
physiology of the retina. The complex nature of the cells lost and limited knowledge of
amacrine physiology make this difficult to study. Watanabe and colleagues showed that
scotopic and photopic electroretinography was normal in Pram13 mutants (Watanabe et al.,
2015). They also examined optokinetic reflex response behaviors. Interestingly, these
behavioral tests showed that Prami3 mutant mice had greater spatial and contrast sensitivity
than control mice (Watanabe et al., 2015). Since Ebf3+ amacrines are most disrupted in
Prdm13 mutants, the loss of these amacrines likely caused the observed sensitivity increases,
ostensibly at the expense of other visual functions (Bowrey and James, 2015; Sugita et al.,
2015). A more narrow dissection of the amacrines disrupted in Pram13 mutants is needed to
determine how defined amacrine subtype(s) contribute to visual behaviors.
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Mice were used in accordance with procedures approved by the local IACUCs at the
University of Colorado Denver and the University of Texas Southwestern Medical Center
(UTSW). Wild-type mice, C57BL/6J, were obtained from The Jackson Labs (Bar Harbor,
ME). Prdm13 gene targeted mouse lines were created at UTSW (Mona et al., 2017). Briefly,
Prdm13-GFP (GFP/GFP) mice were developed using zinc-finger nuclease targeting
technology such that a GFP cassette followed by a stop codon was inserted into the first
exon of Pram13(Fig. 2A). Homozygous mutant mice died at or before birth. Mice were
genotyped by PCR at 60°C annealing with three primers: 5'-
GCTGCTCCTGGTTCTGTCA-3',5"-CCTTTTCTCTGCTGCTCGTC-3" and 5’-
GCTGGAGTACAACTACAACAGCCA-3’ to generate 313bp wild-type and 549bp mutant
bands (Mona et al., 2017). A presumed hypomorphic allele of Pram13 (A115) was the result
of creating a 115bp deletion within the first exon of Pram13 (Fig. 4A”) (Mona et al., 2017).
While this deletion was predicted to create a null allele, homozygous A4115/4115 mice live
to adulthood and express Prdm13 protein in the developing neural tube (Mona et al., 2017).
The features of the two Prdm13alleles used here and those of two additional mutant lines
are described in detail by Mona and colleagues (Mona et al., 2017). PCR genotyping was
done at 60°C annealing with two primers: 5'-GCTGCTCCTGGTTCTGTCA-3" and 5’-
CCTTTTCTCTGCTGCTCGTC-3” to yield 313bp wild-type and 198bp mutant bands
(Mona et al., 2017).

Plasmid creation

A Prdm13expression plasmid was made by inserting the wild type mouse Prdm13cDNA
sequence under the control of a ubiquitous human Efla enhancer, followed by IRES2
sequence and cDNA for Cre recombinase and a p-globin polyadenylation sequence. The
Prdm13-V/P16 construct was cloned similarly, but used a previously constructed C-terminal
VP16 fusion protein sequence (Chang et al., 2013). Both constructs were validated by
Sanger sequencing and Cre immunostaining of transfected explants (data not shown). We
used a plasmid containing an Efla enhancer driving nuclear localized cherry fluorescent
protein as an electroporation control (Wilken et al., 2015).

Dissection, electroporation, and culturing

Newborn eyes were collected immediately after animals were sacrificed. The eyes were
extracted with forceps, dissected in cold HBSS+ (HBSS, Ca2+, Mg2+, 6 mg/mL glucose,
and 0.05M HEPES), and transferred to calcium and magnesium free phosphate buffer
solution (PBS) for electroporation (Mills et al., 2017). Retinas were oriented with the
photoreceptor side up and 1uL of 2ug/uL DNA in 30% glycerol with methyl green was
pipetted onto their surface. They were then electroporated with five 50ms square-wave
pulses of 50mV at 125ms intervals from a BioRad Gene Pulser Xcell (BioRad, Hercules,
CA, USA). Retinas were cultured in Neurobasal media, with 1X N2 supplement, 1X L-
glutamine, 1X penicillin/streptomycin, and 1% FBS (Gibco/ThermoFisher Scientific,
Waltham, MA, USA) (Mills et al., 2017). For 1 DIV cultures, retinas were placed in 12 well
plates floating in 1mL of media. For all other cultures, retinas were flat mounted with their
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photoreceptor surface facing up on 0.4um Milicell CM cell culture inserts (Milipore,
Billerica, MA, USA) in 6 well plates with 1mL of media in the well, such that retinas were
maintained at the air-media interface. Half the media was changed every other day. All
cultures were kept at 37°C and 5% CO,.

Prdm13 antibodies and immunohistochemistry

Three different rabbit antibodies against PRDM13 were generated in the Johnson lab at
UTSW: PRDM13-Abl (ZF) PA6658, PRDM13-Abl (ZF) PA6659, and PRDM13-Ab2 (FL)
TX970 (Mona et al., 2017). The antigens were bacterially expressed C-terminal domain of
PRDM13 including amino acids 622 to 755 (ZF) or full length protein (FL), respectively.
PA6658, PA6659, and TX970 were validated by western blot and tested on embryonic
retinas. All three antibodies showed an equivalent expression pattern, but preparation
PA6658 was the most robust reagent. To validate the specificity of the antibody, we
immunostained (see below) E17.5 Prdm13-GFP/GFP null animals with the PA6658
antiserum and observed a total loss of signal compared to equivalently stained heterozygous
E17.5 retinas (Fig 2).

Tissues for immunohistochemistry (IHC) were fixed in 2% paraformaldehyde for 1-2 hours
at room temperature. Samples were cryoprotected at 4°C with an increasing concentration
series (10-30%) of sucrose solutions in PBS, and flash frozen in OCT (Sakura Finetech,
Torrance, CA, USA). Retinas and whole eyes were cryosectioned at 10um and transferred to
Shandon Colorfrost Plus microscope slides (ThermoFisher Scientific, Waltham, MA, USA).

All IHC procedures were conducted as previously described (Brzezinski et al., 2010;
Brzezinski et al., 2013; Mills et al., 2017; Park et al., 2017). Briefly, slides were washed in
PBS, blocked with 5% milk block (the supernatant of a solution of 5% powdered milk, 0.5%
TX100, 0.2% NaNs, in PBS) for two hours, PBS washed, and placed with primary antibody
in 5% milk block overnight at room temperature. After 18-24 hours, slides were washed in
PBS, and treated with secondary antibodies in 5% milk block for 2 hours in the dark. Slides
were given a final PBS wash, and covered with either Fluoromount-G (eBioscience Inc, San
Diego, CA, USA) or Fluoro-Gel Il with DAPI (Electron Microscopy Science, Hatfield, PA,
USA).

The following primary antibodies were used at the given concentrations: mouse anti-AP2a
(1:400; 5E4-c, DSHB lowa City, lowa USA); goat anti-Bhlhb5 (1:500; sc-6045, Santa Cruz
Biotechnology, Inc, Santa Cruz, CA, USA); mouse anti-Brn3a (1:500; sc-6026, Santa Cruz
Biotechnology, Inc); rabbit anti-Calbindin (1:400; AB1778, Millipore, Temecula, CA,
USA); mouse anti-Calretinin (1:500; MAB1568. Millipore); rabbit anti-ChAT (1:400;
AB143, Millipore); sheep anti-Chx10 (1:400; X1179P, Exalpha Biologicals Inc, Shirley,
MA, USA); mouse anti-Cre (1:250; MAB3120, Millipore); mouse anti-Ebf3 (1:400;
H00253738-M05, Abnova, Taipei, Taiwan); rabbit anti-Gad65/67 (1:400; AB1511,
Millipore); mouse anti-GFP (1:1000; ab13970, Abcam Inc, Cambridge, MA, USA); goat
anti-GIlyT (1:500; AB1770, Millipore); mouse anti-Lhx1 (1:400; 4F2-c, DSHB); goat anti-
Otx2 (1:250; AF1979, Bio-Techne Corporation, Minneapolis, MN, USA); rabbit anti-Pax6
(1:500; PRB-278P, Covance, Princeton, NJ, USA); guinea pig anti-Ptfla (Hori et al., 2008);
rabbit anti-Prdm13 (see above) (1:250); rabbit anti-recoverin (1:500; AB5585, Abcam Inc);
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mouse anti-RFP (1:1000; ab65856, Abcam Inc); goat anti-Sox2 (1:500; sc-17320, Santa
Cruz Biotechnology Inc); rabbit anti-tyrosine hydroxylase (TH) (1:100, ab152, Milipore);
rabbit anti-vGlut3 (1:100; Cat# 135 203, Synaptic Systems, Gottingen, Germany).

All images were captured using an either an Olympus F\/1000 laser scanning confocal
microscope (Waltham, MA, USA) or a Nikon C2 laser scanning confocal microscope
(Melville, NY, USA). The images were minimally processed using both ImageJ (Schneider
2012) and Adobe Photoshop CS5 (San Diego, CA, USA).

Cell Counts and Statistics

Images were taken from both eyes in male and female mice and include central and
peripheral retinal areas. Images were viewed in Adobe Photoshop and cells were quantified
manually. In about half of the cases, image quantification was repeated by a different co-
author to improve accuracy. For each particular stain, retinas were imaged in 2-4 locations
and the counts pooled to calculate the mean and standard deviation (SD). For plots, the error
bars represent the SD. In most cases, two-tailed unpaired t-tests with the assumption of
heteroscedasticity were utilized for statistical comparisons, and the degrees of freedom are
based on the number (N) of mice examined or the number (N) of retinas electroporated. For
multiple comparisons, 1 way ANOVA was used. In all cases, a p<0.05 was considered
significant. Analyses were performed using Microsoft Excel (Microsoft, USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Otgx2, Ptf1a, and Prdm13 expression within the developing mouse retina. (A-A”") Prdm13+
cells (green) in E13.5 retinas overlap with Ptfla (red, arrows). Ptf1a/Otx2 (grey, arrowheads)
and Prdm13/Ptf1a/Otx2 triple positive cells (stars) are always present in low abundance. (B—
B”) A similar pattern of Ptf1a, Prdm13 and Otx2 expression are seen at E15.5. (C-C”") At
PO, more Prdm13+ cells are evident and these overlap less frequently with Ptfla (arrows).
Ptfla/Otx2 (arrowheads) and triple labeled cells (stars) are present. (D) Plot of the
percentage of Prdm13+ cells that co-express Ptfla over time. (E) Plot of the number of
Ptfla, Prdm13, and Otx2 labeled cells at each time-point. Sample sizes at E13.5 and E15.5
are 4 mice each and 3 mice are quantified at P0. Statistical significance determined by
unpaired two-sample t-tests: * P < 0.05, ** P < 0.01, *** P < 0.001, Error bars represent
standard deviation. Scale bar 50um. Inset scale bar 10um. GCL, ganglion cell layer; ns, not

significant.
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Figure 2.

PBde.?—GFPknock-in mice reveal Prami3expression at E17.5. (A-A") Schematic of
wildtype (A) and Pram13-GFPmice (A”). The first exon of Prdm13is replaced with GFP
followed by a stop codon. Note that all homozygous Pradm13-GFF/GFP null mice die by
birth. (B-B”) All Prdm13+ (red) cells co-express GFP (green, arrows) in E17.5 GFP/+
mice. However, some GFP+ cells do not express Prdm13, likely because of the long half-life
of GFP. (C-C") Homozygous GFP/GFP mutants have a similar number of GFP+ cells
compared to heterozygous controls, but lack Prdm13+ cells. A subset of Prdm13-GFP+ cells
co-express Otx2 (grey, arrowheads). (D-E ") Heterozygous control (D) and mutant (E)
retinas stained for GFP (green), Otx2 (grey), and Ptfla (red). The Ptfla and Otx2 staining
patterns are equivalent between genotypes. Arrows mark Ptfla+/GFP+ cells, arrowheads
mark Otx2+/GFP+ cells, and stars mark triple labeled cells. (F-G) Plots showing GFP+ cells
in heterozygotes (HET) and GFP/GFP knock-outs (KO) (F), and Prdm13+ cells in WT, HET
and KO animals (G). (H-K) Plots of the number of Ptfla+ cells (H), Ptfla/GFP double
labeled cells (1), percentage of Ptfla that express GFP (J), and the number of Ptfla+/Otx2+
cells (K). Sample sizes are 3—4 mice per condition. Statistical significance determined by
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unpaired two-sample t-tests and 1-way ANOVA: * P < 0.05, ** P < 0.01, *** P < 0.001.
Error bars represent standard deviation. Scale bar 50um. Inset scale bar 10 pm.
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Figure 3.
Prdm13 marks a subset of amacrines in the adult retina. (A-D ") P30 Prdm13-GFP/+
heterozygous animals co-stained with GFP (green) and amacrine cell markers (grey/red).

"

(A-A") A small subset of Prdm13-GFP+ amacrine cells co-express AP2a (grey, arrows)
and BhiIhb5 (red, arrowheads). (B-B”) Nearly half of GFP+ cells co-express calretinin
(grey, arrows), while less than 1% of GFP+ cells co-express calbindin (red). No intensely
calretinin+ horizontal cells co-express GFP. (C-C”) A large fraction of GFP+ cells co-
express the glycinergic amacrine marker GlyT (grey, arrows), but few GFP+ cells co-express
the GABAergic marker GAD65/67 and these were sometimes GlyT+ as well. (D-D”) The
majority of GFP+ cells co-express Ebf3 (grey, arrows), but all Ebf3+ cells in the INL are
GFP+. A minority of GFP+ cells co-express Bhlhb5 (red, arrowheads) and cells that co-
express Bhlhb5, Ebf3, and GFP are rarely seen. (E) Plot of the percentage of GFP+ cells that
co-express a given marker. GFP does not overlap with Brn3, TH, or vGlut3 (not shown). (F)

Plot showing the percentage of Ebf3+ amacrines, Pax6+ INL nuclei, and AP2a+ INL cells
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that co-express Prdm13-GFP. Sample size was 3 mice per condition. Statistical significance
determined by unpaired two-sample t tests: * P < 0.05, ** P < 0.01, *** P < 0.001. Error
bars represent standard deviation. Scale bar 50um. Inset scale bar 10um. INL, inner nuclear
layer.
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Figure 4.
Ebf3+ amacrines are lost in adult Pram13 mutants. (A-A") Schematics of the two transgenic

mice, Pram13-GFP(A) and Pram13-A115(A"). The A115allele has an 115bp deletion in
the first exon of Pradm13. Unlike homozygous Prdm13-GFP mice, homozygous A115/A115
mice and compound heterozygous Pram13-GFPIA115 are viable. (B-B”) Pram13-GFP/
A115mice (B") have far fewer GFP+ cells (arrows) than Pram13-GFP/+ control mice (B).
(C) Plot showing the reduction in GFP+ cells between the two genotypes. (D-K) Pram13-
GFP/+and Prdm13-GFP/A115 retinas stained for GFP (green) and various amacrine cell
markers (red, grey). (D—E”) The number of GlyT (grey) and GAD+ (red) cells is modestly
altered in Prdm13-GFP/A115mice (E) versus controls (D). The number of GlyT+/GFP+
cells (arrows) is reduced in Prdm13-GFP/A115mice. (F-G”) Staining for AP2a. (grey) and
Bhlhb5 (red) show a small decrease in both populations in Pram13-GFP/A115 mice (E)
compared to controls (F). Cells expressing GFP, AP2a,, and Bhlhb5 are marked by stars. (H-
1”) Calbindin (red) staining is similar between genotypes and rarely overlaps with GFP, but
calretinin (grey) stains revealed a disrupted IPL in Prdm13-GFP/A115 mice. There are fewer
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calretinin+ cells in the INL and far fewer GFP+/calretinin+ cells in Prami13-GFP/A115mice
compared to Prdm13-GFP controls (arrows). (J-K”) Ebf3+ (grey) amacrine cells are almost
entirely absent from the INL in Pradm13-GFP/A115 mice. GFP+/Ebf3+ cells (arrows) are
rare in Pradm13-GFP/A115 mice (K) compared to control (J). Some Bhlhb5+/GFP+ cells are
seen in both conditions, some of which are Ebf3+/Bhlhb5+/GFP+ (stars). (L-L") Close up
views of calretinin staining in control (L) and Prami13-GFP/A115 (L) retinas. Loss of
sublamina 3 and a thinning of the IPL are evident. (M) Plot showing the number of marker
positive cells in control and Pradm13-GFP/A115 mice. (N) Plot showing the number of
marker positive cells that co-express GFP. Sample sizes are 3 mice per condition for
heterozygotes and 6 mice for mutants. Statistical significance determined by unpaired two-
sample t tests: * P < 0.05, ** P < 0.01, *** P < 0.001. Scale bar 50um, inset scale bar 10um,
scale bar for L 20pm. Error bars represent the standard deviation.
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Figure 5.
Amacrine cells are initially formed, but subsets are lost in the first postnatal week of Pram13

mutants. (A-B) At E17.5, there is no difference in Pax6 (red) numbers between Prami13-
GFP/+control (A) and Prdm13-GFP/GFPnull mice (A”). GFP (green) staining is equivalent
between these genotypes. (C-D) P2 Prdm13-GFP/+ (C) and Pram13-GFP/A115 mice (C)
have equivalent GFP staining and Pax6 numbers. (E-F”") P5 Prdm13-GFP/+ control (E) and
Prdm13- GFP/A115 (F) retinas stained for GFP (green), Bhlhb5 (red) and Ebf3 (grey). At
this age, there are fewer GFP+ cells in Prdm13-GFP/A115 retinas. Controls have many cells
that co-express GFP and Ebf3 (arrows), but Ebf3+ cells are nearly absent from the INL of
Prdm13-GFP/A115mice. A higher percentage of GFP+ cells co-express Bhlhb5 in mutants.
(G) Plot showing the percentage of marker positive cells that co-express GFP at P5. (H) Plot
showing the percentage of GFP+ cells that co express Ebf3 and Bhlhb5. (1) Plot showing the
number of cells that express GFP, Ebf3, and Bhlhb5. Sample size for E17.5 is one mouse, 3
mice per condition at P2, and 3—4 mice per condition at P5. Statistical significance
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determined by unpaired two-sample t-tests: * P < 0.05, ** P < 0.01, *** P < 0.001. Error
bars represent the standard deviation. Scale bar 50um. Inset scale bar 10um.
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Figure 6.

Overexpression of Prdm13 does not specify amacrine identity and is toxic to photoreceptors.
(A-C") Wild-type PO mouse retinas electroporated (EP”d) with control, wild-type Prdm13,
and Prdm13-VP16 expression plasmids and cultured for 7 days /in vitro (DIV).
Electroporated cells are detected with antibodies to Cre (Prdm13 and Prdm13-VVP16) or to
red fluorescent protein (RFP, control). Sections are stained for the photoreceptor and bipolar
cell marker Otx2 (grey) and for Pax6 (red), which marks amacrine cells intensely. (A-A")
Control Efla nuclear Cherry transfections have numerous RFP cells (pseudo-colored
green), primarily in the photoreceptor area after 7DIV. Most of these cells co-express Otx2

(arrows), while a minority co-express Pax6 (arrowheads). (B—B™) Overexpression of wild-
type Prdm13 (Prdm13-WT-IRES-Cre) yields few Cre+ (green) cells after 7DIV. These cells
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are localized to the INL and are typically Pax6+ (arrowheads). In about 30% of cases, Cre+
cells expressed neither Pax6 nor Otx2 (inset). (C—C") Electroporation of a Prdm13-VP16
fusion (Prdm13-VP16-IRES-Cre) construct also results in sparse numbers of Cre+ cells.
These transfected cells are seen in the INL and co-express Pax6 (arrowheads) at high
frequency. Many of these cells also co-express Otx2 (star), which is rarely seen in control or
Prdm13 WT transfections. (D-F) Plots showing the percentage of electroporated cells at
2DIV and 7DIV that co-express Otx2 (D), Pax6 (E), and Otx2/Pax6 (F). (G) Plot showing
the number of transfected cells seen after 2DIV or 7DIV. Sample sizes for 2DIV are 8-10
retinas per condition and for 7DIV are 7-9 retinas per condition. Statistical significance is
determined by unpaired two-sample t-tests (D, E, G), and ANOVA (F): * P <0.05, ** P <
0.01, *** P < 0.001. Error bars represent the standard deviation. Scale bar 50um. Inset scale
bar 10pm.
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