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Molecular signatures of retinal
ganglion cells revealed through
single cell profiling
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Retinal ganglion cells can be classified into more than 40 distinct subtypes, whether by functional
classification or transcriptomics. The examination of these subtypes in relation to their physiology,
projection patterns, and circuitry would be greatly facilitated through the identification of specific
molecular identifiers for the generation of transgenic mice. Advances in single cell transcriptomic
profiling have enabled the identification of molecular signatures for cellular subtypes that are only
rarely found. Therefore, we used single cell profiling combined with hierarchical clustering and
correlate analyses to identify genes expressed in distinct populations of Parvalbumin-expressing
cells and functionally classified RGCs. RGCs were manually isolated based either upon fluorescence

or physiological distinction through cell-attached recordings. Microarray hybridization and RNA-
Sequencing were employed for the characterization of transcriptomes and in situ hybridization was
utilized to further characterize gene candidate expression. Gene candidates were identified based
upon cluster correlation, as well as expression specificity within physiologically distinct classes of
RGCs. Further, we identified Prph, Ctxn3, and Prkcq as potential candidates for ipRGC classification in
the murine retina. The use of these genes, or one of the other newly identified subset markers, for the
generation of a transgenic mouse would enable future studies of RGC-subtype specific function, wiring,
and projection.

The vertebrate retina consists of distinct populations of cells and relies on 6 neuronal classes to work in harmony
to respond to light from the environment in a way that will allow for reflex initiation, circadian photoentrainment,
and image formation by the brain. These cell classes have distinct functions, with the retinal ganglion cells (RGCs)
serving as the sole communication between retina and brain. There are more than 40 distinct subtypes of RGCs'~?
and the precise roles played by many of these cells in image formation are not fully understood. These cells can be
classified morphologically and functionally based upon the specific information regarding visual stimuli that is
transmitted between RGC to brain'. The purposes for varying classes of RGCs as well as the projection targets in
the brain are unknown for many of these subtypes, and new RGC subtypes continue to be discovered. Attempting
to uncover these functions would require knowledge regarding the transcriptome of a particular subtype for the
generation of a vertebrate model possessing labeled or ablated cells of that subtype. Furthermore, the retina is an
integral part of the central nervous system (CNS), which is comprised of thousands of different types of neurons®.
The identification of markers for the classification of RGCs will likely extend beyond the retina and this tool may
be useful for further characterization and identification of neurons in the entire CNS or may shed light on factors
that label distinct classes of neurons throughout the CNS*®.

Recent efforts to identify molecular signatures of rare and distinct cell types have relied heavily on single cell
transcriptomics, particularly single cell RNA-Sequencing (scRNA-Seq). Many of these studies have employed

!Present address: Department of Molecular Genetics and Microbiology 2033 Mowry Road, University of Florida,
Gainesville, FL, 32610, USA. ?Departments of Ophthalmology and Physiology, Feinberg School of Medicine
Northwestern University, Chicago, IL, 60611, USA. 3Present address: Oregon Health and Science University,
Portland, OR, 97239, USA. “Department of Statistics, 2117 Snedecor Hall, lowa State University, Ames, IA, 50011,
USA. *Department of Genetics, Development and Cell Biology 2437 Pammel Drive, 2114 Molecular Biology, lowa
State University, Ames, IA, 50011, USA. ®Present address: Emmune, Inc, 14155 U.S Highway 1, Juno Beach, FL,
33408, USA. *email: jtrimarc@iastate.edu

SCIENTIFIC REPORTS |

(2019) 9:15778 | https://doi.org/10.1038/s41598-019-52215-4


https://doi.org/10.1038/s41598-019-52215-4
http://orcid.org/0000-0002-7977-1427
mailto:jtrimarc@iastate.edu

www.nature.com/scientificreports/

this technique in the vertebrate retina, where cell populations and general wiring is well-studied and used as a
model for the CNS in general. For example, the evaluation of murine bipolar cell markers has evolved from the
use of microarray hybridization to RNA-Seq, allowing for a more in-depth examination of larger numbers of cells
at a decreased cost”®. More recently, scRNA-Seq has been combined with other techniques such as FAC-Sorting,
imaging analyses, and electrophysiology to increase our knowledge base about the cells being examined, as well
as to facilitate analysis and clustering. The application of scRNA-Seq extends beyond the retina and into various
model organisms®!°, and has quickly become the favored technique for the discovery of novel cell type-specific
molecular markers, especially for cells that are rare in a population. For this reason, we employed single cell tran-
scriptomics to identify molecular markers of RGC subtypes in the mouse retina.

The identification of a molecular marker for each RGC subtype has been elusive to date, although groups have
described genetic identifiers for some subsets of RGCs, including cocaine and amphetamine regulated transcript
(Cartpt) for the four types of On-Off direction selective RGCs (00DSGCs), homeobox D10 (Hoxd10) for the three
types of On DSGCs and one type of 00DSGC, and melanopsin (Opn4) for the six types of intrinsically photosen-
sitive RGCs, to name a few™!!~1>, While these molecules have been useful in studies regarding limited populations
of cells with similar functions, the specific function of each RGC subtype cannot be further studied without the
ability to label these groups individually.

To identify markers of RGC subtypes, we employed three different approaches. First, we examined the tran-
scriptomes of Parvalbumin (Pvalb) positive cells'*!*. Pvalb has been observed in at least 8 subtypes of RGCs!®7,
all of which project to the superior colliculus (SC) of the midbrain, the center of visual motor integration'”.
Much of the research involving the visual system has centered around lateral geniculate nucleus (LGN)-projecting
RGCs, for their roles in image formation, though the SC is a major target of RGC axons'®. Furthermore, 40 or so
RGC subtypes have been characterized?®, but more are estimated to exist’® and all of these subtypes lack distinct
molecular markers?. We successfully identified many RGC subset markers and used hierarchical clustering anal-
ysis of the transcriptomes of these cells to reveal distinct populations of RGCs within the Pvalb + subset. Next,
we employed electrophysiology to classify RGCs into their respective functional categories prior to examination
of transcriptomes. Both approaches relied on hybridization to microarrays, thus enabling direct comparison of
the resulting transcriptomes. Our final approach involved electrophysiological classification of RGCs prior to
RNA-Sequencing in a similar manner to Patch-Seq?*?!. Using in situ hybridization, several markers were vali-
dated due to their expression in various populations of cells among the mature mouse retina. These techniques
allowed the identification of multiple genetic markers for distinct RGC subtypes which we expect will facilitate
future in-depth studies of RGC subtype functionality, cortical projection, and intra-retinal wiring.

Results

RGC subset markers identified through transcriptomic analysis of tdTomato+ cells. Pvalb
marks a subset of RGCs which remain largely uncharacterized at the transcriptomic level, so we set out to iden-
tify markers of these RGC subtypes by isolating Pvalb+ cells. We utilized offspring from a cross between the
PV-Cre mouse line and Ai9 reporter mouse line, whereby tdTomato fluorescence was visible within those cells
expressing Pvalb. Fourteen individual tdTomato+ cells were isolated and cDNA libraries were generated®?. As an
initial assessment of cDNA quality, samples were screened for the presence of a pan-RGC gene, synuclein gamma
(Sncg)® by PCR, as well as the absence of markers of possible contaminating cell types such as rod photoreceptors
(Rhodopsin) and Miiller glia (Glutamine synthetase). This assay, combined with agarose gel assessment of the
cDNA smears, was used to determine the quality of our single cell cDNA libraries. Libraries with robust smears
and favorable marker signatures were hybridized to Affymetrix Mouse 430 2.0 microarrays. Because Pvalb has
also been observed in a minor population of ACs in addition to RGCs*, we began our full-transcriptome analysis
by confirming the expression of a larger set of RGC-enriched genes. All 14 cells were found to express the RGC
marker genes Sncg, neurofilament light (Nefl), and neurofilament medium (Nefm) (Supplementary Fig. 1). We
compared the 14 tdTomato+ cells to several non-RGCs from previous publications to strengthen the identifica-
tion of RGC-enriched genes”?>* and observed a greater amount of RGC-enriched genes among our isolated cells
when contrasted by the non-RGCs (data not shown). Genes such as Gap43, Ebf3, and Brn3b*” were noticeably
present among the tdTomato+ cells isolated (Supplementary Fig. 1).

To assess the specificity of gene candidates among the total population of RGCs, we used the microarray data
to identify potential marker genes and characterized expression patterns using in situ hybridization (ISH). First,
we identified genes that were expressed among the broad class of RGCs based upon their expression within 7 or
more cells. These genes were visually identified due to their expression among the majority of the 14 tdTomato+
cells (Fig. 1A), so we employed section ISH to investigate the expression patterns of eight of these genes and to
assess their expression in the broad population of retinal neurons. In the adult retina, we detected expression
within the GCL for all eight of these genes (Fig. 1B-I). Nefh was detected robustly in a subset of cells in the GCL
and faintly in the INL (Fig. 1B), while Pnkd, Pcp4, and Rcan2 were detected in a larger subset of cells in the GCL
(Fig. 1C-E). Furthermore, Pcp4 and Rcan2 were also detected in the INL, expressed among a subset of ACs and
HCs, respectively (Fig. 1D,E). Scn2b, Tusc5, Fgfl, and Chrnb2 were all detected in a subset of cells in the GCL,
with Fgfl and Chrnb2 detected less robustly (Fig. 1F-I).

To assess the ability of our data to uncover factors expressed by subsets of RGCs, we initially performed a
simple visual inspection of the transcriptomes of the tdTomato+ cells in an attempt to identify genes expressed
by some, but not all, of our isolated cells. These factors were included in the study despite their lack of detection in
the majority of isolated cells as we were interested to understand if the detection could reliably be correlated with
expression in a subset of RGCs (Fig. 1A). We turned to ISH to investigate the expression pattern of some of these
genes in more detail to determine if these subset candidates are expressed among smaller populations of RGCs by
ISH and may therefore be valuable candidates for subtype markers. Through this examination, we uncovered four
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Figure 1. Retinal ganglion cell subset markers revealed through transcriptome profiling of tdTomato+ cells.
Fourteen tdTomato+- cells were hybridized to Affymetrix microarrays and the resulting data was extracted and
normalized by MAS5 software. The genes expressed in these cells were visualized on a heatmap created with
Genesis software”®, where red signal indicates high expression of the gene in a particular cell, and black signal
indicates the absence of expression. Subset genes were identified based on their expression in the majority of the
tdTomato+ cells (A) and were examined through in situ hybridization (B-M). Those examined include: Nefh

(B), Pnkd (C), Pcp4 (D), Rean2 (E), Scn2b (F), Tusc5 (G), Fgfl (H), Chrn2b (1), Mtap1b (J), Lypd6 (K), Kitl (L),
and Chrm1 (M). Scale bars represent 100 um.

candidates for markers of limited RGC populations. Mtap1b was robustly detected in a subset of RGCs, which the
other three genes, Lypd6, Kitl, and Chrm1, were all faintly detected in the GCL (Fig. 1J-M).

To identify markers of distinct RGC subsets, we examined clusters of the Pvalb+ cells using the entire dataset,
rather than by tracking genes which correlated with one another. Through agglomerative hierarchical clustering,
we identified 4 distinct clusters of cells, three of which contained the tdTomato-+ isolates and one that con-
tained bipolar cells (BCs), amacrine cells (ACs), and a cone photoreceptor that were included for comparison”?>%
(Fig. 2A). Cluster 1 consisted of 9 different tdTomato cells, while cluster 2 contained 4 tdTomato cells (Fig. 2A).
Cluster 3 consisted solely of tdTomato cell #1, which did not appear to be closely related to either of the two
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Figure 2. tdTomato cells cluster into distinct groups. The tdTomato+- cells were clustered using Pearson
correlation with average linkage and 3 separate clusters of RGCs were identified (A). A heatmap showing the
genes expressed highly by cells in those clusters (B), with red signal indicating high expression of the gene in a
particular cell, and black signal indicating the absence of expression.

large RGC clusters (Fig. 2A), though it demonstrated some similarities in expression to cells in both clusters
1 and 2. Finally, cluster 4 contained the non-RGCs from previous studies, all of which clustered most closely
together to cells of the same type (Fig. 2A). With this information in mind, we sought to identify molecular
markers of the two main populations of tdTomato cells: clusters 1 and 2. The first cluster examined, cluster 1, was
found to contain one gene previously identified as a subset marker: kriippel like factor 9 (KIf9), as well as KIf10
(Fig. 2B). This cluster was also marked by the expression of Brn3a and Rbpms, two well-studied RGC markers.
RGCs expressing the various BRN3 transcription factors have been examined for their distinct morphologies?
and associated transcripts have been identified through knock-out studies®. These factors have been shown to
play crucial roles in development of the retina, as well as sustained presence in mature RGCs. Further, Rbpms
has previously been observed in the retina as subset-specific among a class of RGCs* and through correlation
analysis, has been found to correlate highly with the BRN3 factors during development®, as we have observed
here. The other factors observed in cluster 1 have not been investigated for their role in mature RGCs. However,
NptxI has been demonstrated to play a crucial role in synaptic development of the retina, where neuronal pen-
traxin proteins have been demonstrated to recruit AMPA receptors to synapses’!. A recent study demonstrated
the regulation of expression of NptxI by Brn3a*?, likely explaining our observation of the overlap between these
two factors among RGC cluster 1. Next, cluster 2 was marked by the expression of factors including two Riken
c¢DNAs, FXYD domain containing ion transport regulator 2 (Fxyd2), which has been observed in the human
retina®, and approximately 8 other factors with high signal preferentially among cells in cluster 2 (Fig. 2B). We
observed greater heterogeneity among cells of this cluster, suggesting to us that it likely is comprised of more than
one subtype of RGC. Further, cluster 3 contained one tdTomato+- cell, which demonstrated expression of several
factors detected by RGCs in both clusters 1 and 2. These results point to the uniformity of cells in cluster 1 and
highlight the difficulty in relying upon clustering algorithms for small numbers of cells. Cluster 4 contained our
non-RGCs, which successfully clustered together as we had expected: with the ACs forming a distinct tree from
the BCs and the single cone photoreceptor.

During our observation of the 14 tdTomato+ cells we found that they did not easily fall into 8 separate catego-
ries as characterized by previous studies'®. We were able to successfully identify one robust cluster of tdTomato+
RGCs and one smaller cluster which may be further refined with the addition of more cells. However, during
these experiments we observed uneven fluorescence in this mouse line which likely led to greater selection of cells
belonging to Cluster 1, rather than an even distribution of Pvalb+ RGCs. Specifically, since we could not use an
antibody to amplify the reporter signal, it appeared that some RGCs expressed the reporter at higher levels and
were therefore brighter and more easily isolated. Further, relying upon a reporter line to identify cells specific to
a subset of the RGC population may result in the oversight of some cells which express the identifying factor at a
low level, or those which fail to be labeled due to the nature of the transgenic model. An additional caveat for this
approach exists within the nature of the transgenic model that was used, as the background of the PV mice is
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Figure 3. Spike trains of alpha RGCs following whole cell patch clamping. The spike trains of representative
alpha RGCs were examined over a 2-second interval during which light was shone upon the cells’ receptive
fields. On Alpha, Off Sustained Alpha, and Off Transient Alpha cells are shown.

a segregating one. It is therefore possible that a retinal degeneration allele (rd8) is present in the background of
these animals. However, in all of our experiments, we have never observed any perturbation to the ONL. Thus,
characterizing a greater number of tdTomato+ cells may not allow us to achieve our goal and we felt it was best
to adopt an alternative approach to classifying RGCs. We posited that the identification of genetic markers for
RGC subtypes would be greatly facilitated by initially characterizing the cells into one of the many physiologically
distinct subtypes.

Electrophysiological classification of RGCs prior to transcriptomic analysis. In our second
approach, cell-attached spike recordings were used to categorize mature RGCs into one of the 40 + previously
identified functional subtypes. After this characterization, we isolated 29 cells, prepared cDNA libraries, and
performed microarray hybridization to investigate their transcriptomes. RGC subtypes isolated included ON
alpha®**®, OFF transient and sustained alpha®-3%, ON direction-selective (DS)'>**%°, ON-OFF DS**!, ON
orientation-selective (OS)*2, ON and OFF transient medium/small receptive field (RF), Pixoy*, J-RGCs', local
edge detectors (LED)*°, and suppressed by contrast (SbC)*. The spike trains were plotted and used to classify
each cell into its appropriate category, which included the distinct separation between ON and OFF responding
RGCs, as well as those which maintain transient or sustained responses (Fig. 3).

To gain a general assessment of our second method, we sought to identify any common markers between the
tdTomato+ cells and the categorized RGCs. We employed Pearson correlation to identify genes whose expression
patterns were most closely correlated with the expression of Pvalb in both datasets (Supplementary Fig. 2A,B)
and used these lists to identify factors commonly expressed in the categorized RGCs. These genes are enriched
in our RGCs as compared to the non-RGCs and may be useful markers of this subset of cells. To demonstrate the
approximate proportion of Pvalb+ cells in the retina, we used ISH to view the expression of Pvalb and pan-RGC
gene Sncg (Supplementary Fig. 2C,D). Among both lists of Pvalb-correlated genes were known RGC markers,
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Figure 4. Markers of physiologically distinct RGCs identified. Three major groups of RGCs were classified: DS-
RGCs, OS, and Alpha RGCs. The genes expressed by the cells belonging to these three major classifications are
displayed on the heatmap. Clear distinctions were observed between cells with a preference for light during On-
Off transitions, On alone, and Off alone.

including stathmin 2 (Stmn2), Brn3a/Pou4fl, Thy-1 cell surface antigen (7Thyl), and neurofilament medium
(Nefm) (Supplementary Fig. 2). Using this data, we searched for novel RGC-specific genes among the Pvalb cor-
relates. Two genes showed a high correlation with Pvalb in both datasets, annexin A6 (Anxa6) and cholinergic
receptor nicotinic alpha 6 subunit (Chrna6) (Supplementary Fig. 2A,B). By ISH, Anxa6 was expressed among
a large population of RGCs, and Chrna6 was expressed in a smaller subset of cells (Supplementary Fig. 2E,F).
While Chrna6 has been previously demonstrated as an RGC subset marker*’, we demonstrate here the presence
of Anxa6 among a subset of these Pvalb+ cells, where it has not been characterized before. We also investigated
the expression of four genes which were correlated with Pvalb in one dataset, but not the other. Among the
tdTomato+ correlate list, we found potassium voltage-gated channel subfamily A member 6 (Kcna6) and pro-
tocadherin 7 (Pcdh?7) expressed in a subset of RGCs by ISH (Supplementary Fig. 2G,H). From the characterized
RGC correlate list, we investigated the expression of solute carrier family 6 member 17 (Slc6al7) and C-type
lectin domain family 2 member L (Clec2l), both of which were detected in the GCL by ISH, though Slc6a17 was
also detected in the INL (Supplementary Fig. 2L]). Slc6a17 was more robustly and more broadly expressed, while
Clec2] was detected in a subset of cells in the GCL, more akin to the expression pattern of Pvalb (Supplementary
Fig. 2D,L)).

Identification of molecular markers for characterized RGC subtypes. Among these 29 isolated
cells, 19 belonged to the DS (ON, ON-OFF), OS (ON), and alpha (ON, OFF) categorizations and therefore, were
useful in the identification of genes expressed selectively among these broader subsets. We examined the enrich-
ment of genes among these three subsets, and also characterized the expression of genes specifically within ON,
OFF, and ON-OFF RGCs (Fig. 4) through visual examination of the transcriptomic data by identifying genes
selectively expressed by members of the subsets and identifying highly correlated genes through Pearson cor-
relation. Particularly, we observed the expression of genes such as family with sequence similarity 163 member
A (Fam163a) and protocadherin 8 (Pcdh8) selectively among DS cells (Fig. 4). Markers of the alpha RGC sub-
set included phosphatidylinositol glycan anchor biosynthesis class O (Pigo) and pantothenate kinase 1 (Pank1)
(Fig. 4). In the distinction between cells which preferred ON, OFFE, or ON-OFF stimuli, we observed a greater
overlap between genes expressed by ON and ON-OFF preferring cells, while the OFF preferring cells appeared to
have more distinct molecular signatures (Fig. 4).

The evaluation of transcription factor (TF) expression among RGC clusters has led to the identification
of select combinations of TFs that allow for the differentiation of particular RGC subtypes®. One such com-
bination was the co-expression of the MAF BZIP transcription factor B (Mfab) and potassium voltage-gated
channel interacting protein 2 (Kcnip2) among a distinct set of RGCs. During segregation of the broad classes of
functionally-classified RGCs, we observed the expression of Kcnip2 by 6 of our 7 Off alpha RGCs (Fig. 4). We
therefore decided to explore the overlap in expression of this TF and Mfab. Among the entire set of 29 isolated
RGCs, we observed expression of Kcnip2 and Mfab within 3 of the same cells (data not shown). Those cells
belonged to one distinct subtype: transient Off alpha RGCs, and were not co-expressed in any of the other 26
cells, though expression of these two factors existed in varying proportions of these cells absent from the other
factor. Thus, we suggest that cluster 39 from Rheaume et al.? is likely enriched with a population of transient Off
alpha RGCs.
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Figure 5. Potential genetic markers of ipRGCs. The expression of Opn4-correlated genes in the categorized
RGCs was determined by Pearson correlation and visualized by heatmap (A). Opn4+ cell candidate markers
were investigated by in situ hybridization (B-E). Genes examined included Irx6 (B), Prph (C), Ctxn3 (D), and
Prkcq (E). Scale bars represent 100 pm.

We next decided to explore the expression of previously identified RGC subtype markers in our functionally
distinct RGCs. The expression patterns of 00DSGC genes matrix metalloproteinase 17 (Mmp17), Cartpt, and Jam2,
expressed by J-RGCs!#%, were observed. These genes were detected in overlapping expression patterns among
our mature RGCs (Supplementary Fig. 3), though one would expect them to be expressed in separate populations,
as the literature has demonstrated they should mark distinct subtypes of RGCs. Similarly, a separate analysis of
known RGC markers and their expressions in clustered RGCs found very few of the published subtype-specific
factors were restricted to a single subpopulation, though Jam2 proved specific to J-RGCs in this study’. This find-
ing suggests the expression of some previously characterized factors may not be as specific to the sole functional
subtype to which they had previously been defined. Even though these previously identified markers did not track
with a single subtype, we wished to identify genes that were strongly correlated with each marker, as these are still
differentially expressed among RGCs even if they fail to track with a single subtype. We focused on correlated
marker genes for Mmp17, Cartpt, and Jam2 (Supplementary Fig. 3) and found approximately 10-15 correlated
genes with comparable expression profiles for each factor, though none appeared to be confined to a functional
subtype of RGC. Mmp17 and ~5 of its correlates were detected in cells belonging to 5 distinct subtypes of RGCs
(Supplementary Fig. 3). Within the Cartpt correlate list we observed protein phosphatase 3 catalytic subunit alpha
(Ppp3ca), whose expression has been previously identified among a large population of RGCs in the chick retina by
our group® (Supplementary Fig. 3). The genes with most similar expression to Cartpt included Mull, BC023882,
Col6a2, Sorll, Mybph, and Syt16, though none of these genes has been demonstrated to track with an individual
RGC type. Finally, we observed Jam2 expression in several of our isolated RGCs, and found genes such as Scg2,
Crbn, Mak10, and Jam3 highly correlating with the expression of this factor (Supplementary Fig. 3).

Opn4-correlated genes among electrophysiologically distinct subtypes of RGCs.  We then exam-
ined genes correlated with Opn4, which codes for the melanopsin protein® and is present only within intrinsically
photosensitive RGCs (ipRGCs). The ipRGCs consist of 6 distinct subtypes of RGCs based upon their morphology,
circuitry, and projection locations within the brain®>*. The functional profiles of these cells remain to be fully
characterized, although the ON alpha RGCs have been identified as the M4 subtype®*™°. In an attempt to identify
markers of the ipRGC subtypes, we examined genes with high correlate scores (>0.53) in comparison to Opn4
(Fig. 5A). Through this correlate analysis we detected a previously identified ipRGC gene, T-box brain 2 (Eomes/
Tbr2°%%7) within three of our Opn4+ cells, demonstrating the success of this analysis. We next explored some of
these potential ipRGC candidates by ISH and found that Iroquois homeobox 6 (Irx6) was faintly detected in a
subset of cells in the GCL (Fig. 5B). Three additional genes were promising candidates for ipRGC subset markers,
as identified through this correlate analysis. Peripherin (Prph), cortexin 3 (Ctxn3), and protein kinase ¢ theta
(Prkcq) were all detected among a minute population of RGCs in the adult mouse retina by ISH, confirming their
identification in less than 25% of our isolated cells by microarray hybridization (Fig. 5C-E). Prkcq was detected by
microarray specifically within the our Opn4+ cells, suggesting this gene holds potential as a marker of ipRGCs, or
even more selectively among one of the six ipRGC subtypes. Further, a recent publication which used clustering
algorithms to evaluate the transcriptomes of over 6000 RGCs identified a cluster (#33 in Rheaume et al.) which
was characterized by the presence of both Prph and Ctxn3, providing further evidence of our ability to detect
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subset-specific markers®. This cluster also contained $100 calcium binding protein B (S100b)?, which was detected
among our Pvalb-correlate list (Fig. 5A). In looking more closely at the RGC subtypes gene browser, we observed
the localization of Opn4 expression in 4 clusters of Rheaume et al.: 6, 25, 26, and 33, with lesser detection of this
ipRGC-specific factor among cells in clusters 37 and 21°. We next looked for the localization of our suggested
subset factors in the RGC subtypes gene browser and were pleased to see a distinct overlap in clusters expressing
Opn4 and the three factors presented here. First, Prkcq was localized to clusters 6, 25, 26, and 33 - the same four
clusters which demonstrated robust Opn4 expression®. Next, Prph was detected in clusters 32, 33, and 39, while
Ctxn3 was found in clusters 6, 21, 25, and 26°. The data presented from this clustering analysis directly correlate
with the findings observed in our study as Prkcq is expressed exclusively among our Opn4+- cells, while Prph and
Ctxn3 demonstrate a robust overlap among the cells which co-express these factors and Opn4, though both Prph
and Ctxn3 were detected in few Opn4- cells (Fig. 5A). We suggest that the data presented here, in conjunction
with Rheaume et al.?, demonstrates the specificity of these noted factors and provides further evidence for their
potential use as subset-specific markers.

lon channel subunits as candidate markers of subsets of RGCs. Finally, during our search for
potential subset markers of RGCs, we routinely observed voltage-gated ion channel genes within our correlate
lists. Based upon previous studies which found Kcng4 expression within both ON and OFF alpha RGCs*®, we
hypothesized that these channel genes might be good candidates for subtype markers. Therefore, we explored the
expression of sodium channel and potassium channel subunit genes in both the tdTomato+ cells (Fig. 6A) and
electrophysiologically classified RGCs (Fig. 6B). These subunit genes were highly enriched in our categorized
RGCs, as compared to the non-RGC population, and their detection ranged from expression in all of the exam-
ined cells, such as Scn1b in tdTomato+ cells to expression in just one cell, as seen for Scn5a in the tdTomato+
cells and Scnla in the classified RGCs (Fig. 6A,B). Due to this heterogeneous expression among the categorized
cells, we employed ISH for eight of these genes, which we felt might be good RGC subset markers. Two potas-
sium channel genes were examined: Kcnc2 and Kcnab2 as well as two sodium channel genes: Scn2al and Scnla
(Fig. 6C-F). Both Kcnc2 and Kcnab2 were detected among RGC subsets, with detection of Kene2 also in the INL
(Fig. 6C,D). The sodium channel subunits were both confined to a subset of RGCs, with no detected expression
outside of the GCL (Fig. 6E,F).

As part of a single cell RNA-Seq pilot experiment, we also isolated 8 functionally classified RGCs from the
adult mouse and prepared these samples for RNA-Sequencing. These cells belonged to four broad RGCs classes:
alpha, SbC, DS, and size selectors. We detected the expression of 4 potassium- and 4 sodium-channel genes within
these 8 cells (Fig. 6G). One of these genes, sodium voltage-gated channel beta subunit 4 (Scn4b) was detected in
very few RGCs by ISH (Fig. 6H). We therefore examined Scn4b by flat-mount ISH and detected expression among
cells of the GCL in what appears to be a mosaic pattern (Fig. 6I). This subunit gene was among the most promis-
ing RGC subset candidate genes based upon its expression in so few cells of the adult retina. Future studies can
utilize the genes discussed herein to generate transgenic mice for further characterization of RGC subtypes and
to gain a better understanding of the roles these genes play in those distinct populations.

Discussion

In the current study, we examined the transcriptomes of individual RGCs, with the ultimate goal of identifying
genes expressed exclusively by different RGC subtypes. We employed the PV-Cre mouse due to the localization
of tdTomato in eight RGC subtypes, therefore allowing for the sampling of distinct subtype transcriptomes on a
lesser scale. The pursuit of subtype markers in a population containing eight subtypes seemed more straightfor-
ward than attempting to identify unique markers of each of the 40 + functionally characterized RGC subtypes.
Further, previous attempts at classifying the eight subtypes of Pvalb+ RGCs based on their functional responses
resulted in the observation that two of the eight types are direction selective, and three of the subtypes correspond
to alpha RGCs in the mouse™'”. Therefore, single tdTomato+ cells were isolated and cDNA libraries were gen-
erated and hybridized to Affymetrix microarrays. We identified the expression of RGC-enriched genes in these
cells, confirming their RGC character. We then explored the data for genes which were more broadly expressed
throughout the isolated cells and employed ISH to characterize our candidate genes expression patterns in the
sectioned tissue. While several factors were successfully identified in the GCL, others were also detected in the
INL, possibly among displaced RGCs, though this may also suggest some of these factors were not RGC specific,
but rather expressed by both RGCs and amacrine cells (ACs)-a characteristic of RGCs that has previously been
described in the developing retina?” and appears to continue into adulthood.

While it was encouraging to identify previously characterized RGC markers among our tdTomato+- cells, we
also uncovered several new markers of this subset that warranted further examination. Pnkd, Pcp4, Rcan2, Scn2b,
and Tusc5 were all detected among a subset of tdTomato+ cells and through ISH, the expression patterns of these
genes were confirmed within a subset of cells in the GCL. We were intrigued to note the overlap in expression
of Pnkd and Tusc5 among the tdTomato+ cells as a recent study has suggested these two factors are regulated
by Brn3b and Brn3a, respectively®. Our observation of their co-expression in the majority of our isolated cells
demonstrates a potential regulation of these genes by other transcription factors. Fgfl has been previously exam-
ined for its importance in initiating the onset of RGC genesis in the chick retina®, and was found among a subset
of tdTomato+ cells in our adult mouse retinas suggesting this growth factor plays a role in maintaining a subset
of the RGC population. Chrnb2 was detected in the GCL and among 10 of our tdTomato+ cells, indicating its
potential as an RGC subset marker. Interestingly, previous examinations of knock out models for this gene found
abnormal projection patterns of a subset of RGCs to the dLGN®, where these cells synapse with interneurons to
relay information for image formation. While this study demonstrated the importance of this receptor during
development, our studies indicate the continued expression of this gene within the adult retina. We detected the
expression of Mtaplb among RGCs and observed its expression among a subset of tdTomato+ cells, showing a
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Figure 6. Voltage-gated channel genes detected in subsets of RGCs. The expression of potassium and sodium
channel subunits were queried in our tdTomato+ (A) and physiologically characterized RGCs (B) and
displayed by heatmap. Four of these ion channel genes were detected by ISH: Kcne2 (C), Kcnab2 (D), Scn2al
(E), and Scnla (F). Voltage-gated channel genes were then explored for expression among scRNA-seq data of 8
physiologically characterized cells and visualized on a heatmap (G). Scn4b expression was further examined by
section ISH (H) and flat-mount ISH (I). Scale bars represent 100 um.

similar retention of this microtubule associated gene in the mature retina, where previous studies have identi-
fied its expression as crucial for the development of this tissue®'. Finally, three factors were examined for their
expression among a minor population of tdTomato+ cells: Lypd6, Kitl, and Chrm1. None of these genes had been
characterized among RGCs in the adult retina prior to this study and were detected here in a subset of cells for
the first time. Further, one of the factors identified as a potential subset marker, Tusc5, was identified in a separate
study among a cluster of cells containing several uncharacterized factors, and was detected in approximately 10
of the 40 total clusters characterized®. Based upon the expression characterized here and by other groups, Tusc5
demonstrates value as a RGC subset marker. We expect that this gene and its correlate may identify a distinct
subset of cells in the murine retina, which have not been previously identified.

SCIENTIFIC REPORTS |

(2019) 9:15778 | https://doi.org/10.1038/s41598-019-52215-4


https://doi.org/10.1038/s41598-019-52215-4

www.nature.com/scientificreports/

In an attempt to identify RGC subtype markers among the tdTomato+ cells, we employed Pearson correlation
analysis with average linkage for the 14 RGC isolates and 7 non-RGCs. This analysis resulted in 3 distinct RGC
clusters and 1 cluster containing the BCs, ACs, and cone photoreceptor. Only cluster 1 demonstrated clear pat-
terns of expression distinction among tdTomato+ cells, suggesting more data is necessary to perform this type of
analysis. Therefore, to use this post hoc clustering method to identify Pvalb + RGC subtypes, we would likely need
many more isolated cells. We expect that an increased number of cells would allow for easier clustering and more
distinct separation between the clusters of isolated cells. Further, a larger population of Pvalb+ cells would likely
result in the identification of more clusters, assuming the tdTomato expression is equally represented among all
Pvalb+ cells. However, we observed variation in the brightness of the tdTomato signal, so we expect the isolation
of more Pvalb+ cells would likely lead to the isolation of more cluster 1 and 2 cells. Therefore, we hypothesized it
would be useful to obtain more information about these cells prior to their isolation for facilitation of the identi-
fication of subtype markers and to utilize a non-transgenic strain to avoid any caveats regarding segregating the
genetic backgrounds.

We employed cell-attached recordings of RGCs in the live retina prior to isolation and transcriptomic analysis
for the procurement of subtype specific information for these cells. All of the 29 cells were classified function-
ally in a method similar to Patch-Seq.?**! before the cells were isolated and hybridized to microarrays. Within
this population of cells, eight belonged to the direction-selective subset, two to orientation-selective, and nine
belonged to the alpha subset. We explored potential subset markers in this dataset and identified genes expressed
by all three of these groups. At the same time, we were pleased to see clear genetic distinctions between cells
classified as ON, OFF, and ON-OFF, where there was a noticeable overlap in expression between cells preferring
ON and ON-OFF stimuli. We hypothesize this occurrence demonstrates a clear separation between OFF RGCs
and all other RGCs, possibly occurring during development where these two populations may diverge early in
retinogenesis.

We were intrigued by the similarities between the analysis of our tdTomato+ cells and the 29
functionally-characterized RGCs. For example, Kcng4 and Chrml were both detected in a single tdTomato + cell
during our first analysis. Later, we observed an overlap in expression of Kcng4 and Kenip2 among alpha cells dur-
ing the observation of broad classes of RGCs. We feel even more confident in our detection of subset- and likely
subtype-specific factors, as external groups have demonstrated similarities in clustering and expression analysis.
For example, both Chrm1 and Kcnip2 were detected in a common cluster of RGCs by Rheaume ef al.?, providing
external validation of our ability to visually inspect and report accurately on the factors discussed herein. Further,
as Kcnip2 was detected within 6 of our 7 Off alpha RGCs, we propose the cluster identified is enriched with Off
alpha cells. We expect that as more physiologically classified RGCs are profiled and paired with these two studies,
more distinct markers of specific RGC subtypes will be identified.

One of the most intriguing findings observed in this study involved the exploration of a subset of RGCs.
The ipRGC opsin gene, Opn4, was detected within four of our categorized cells, some of which are not previ-
ously characterized ipRGC subtypes. The detection of this gene within a potentially novel ipRGC subtype was
intriguing. Four of the six ipRGC subtypes have been characterized morphologically; however, their specific light
responses are not yet understood, though we have evidence that two of the remaining ipRGC subtypes are, in fact,
previously characterized RGC subtypes. The ability to connect the dots between the functional and morphologi-
cal RGC subtypes leads to a better overall picture of subtype diversity and also contributes to the convergence of
information known about the current subtypes. We demonstrate here that ON DS RGCs and ON OS RGCs may
be two of these previously unidentified ipRGC subtypes. While some of our ON DS and ON OS RGC:s did not
appear to express Opn4, it should be noted that the cardinal direction preferred by cells belonging to these classes
serves as distinguishing traits and may be the reason why we see transcriptomic discrepancies between similarly
subtyped RGCs.

Four genes were investigated by ISH, based upon their correlation with Opn4 in our cells. Both Irx6 and Irx2
were highly correlated with Opn4, and Irx6 was detected in a subset of RGCs by ISH, where it has been character-
ized previously®. The other three factors identified in this correlate analysis were of interest based on their expres-
sion in very few RGCs. Prph and Ctxn3 were both detected in a subset of RGCs through ISH, neither of which
have been previously identified as specific to a subset of mouse RGCs. However, a recent cluster-driven evaluation
of a large population of RGCs identified a distinct cluster of cells expressing both Prph and Ctxn3?. Cluster #33
in this citation demonstrated increased expression of these genes as well as secreted phosphoprotein-1 (Spp1)°,
a previously characterized marker of alpha RGCs**%. On alpha RGCs are among the ipRGC population, known
as M4, and thus may be the cluster identified in Rheaume et al., due to the expression of SppI in this cluster
paired with our observation of the correlation between Prph and Ctxn3 with Opn4. Though not investigated by
ISH, we also detected the presence of S100b as highly correlated with Opn4, and the presence of this gene was
detected in cluster #33 of Rheaume et al.’. Furthermore, the identification of a cluster marked by both Prph and
Ctxn3 in this study of more than 6000 RGCs serves as external validation to our ability to successfully identify
subset-specific markers. Finally, Prkcq expression was also investigated as this gene was highly correlated with
Opn4 and we detected expression of this factor in a subset of RGCs, which has been suggested previously®.
Their detection within a distinct subset of RGCs demonstrates the potential for Prph, Ctxn3, and Prkcq to serve
as molecular identifiers of distinct populations of RGCs, including the potential for these markers to selectively
label the ipRGCs.

Our final effort to identify RGC subset markers arose from the detection of ion channel subunit genes in
our datasets, including Scnla among tdTomato -+ RGCs. Therefore, we decided to more thoroughly examine the
presence of detected sodium- and potassium-channel subunit genes in our tdTomato + RGCs and electrophysio-
logically characterized RGCs. While other ion channels subunits were detected more broadly in our categorized
RGCs, such as Clen5 in the Jam2 correlate list, sodium and potassium channels were much more abundant across
our cells and many of these channel subunits were detected in subsets of RGCs. Through ISH, we identified ion
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channel subunit genes which were expressed among a subset of RGCs: Kcnc2, Kenab2, Scn2al and Scnla. Kene2,
also referred to as K 3.2, has been demonstrated to play a crucial role in the regulation of fast-spiking RGCs in the
rat retina®; we provide the first evidence for the expression of this gene among a subset of RGCs in the mouse.
Na,1.2, the channel coded for by Scn2al, was previously detected in several cell populations in the vertebrate
retina of a later study®’; however, our studies detected Scn2al selectively among a population of cells in the GCL
alone. The final gene in our voltage-gated subunit marker group was Scnla. Though this sodium channel subunit
gene has not been characterized among RGCs, its localization and function was deemed necessary for the normal
function of parvalbumin-expressing interneurons of the mouse brain®. We hypothesize a similar mechanism
among Pvalb+ cells of the retina, whereby Scnla may add in the normal function of these cells. Interestingly,
Scnla was not present in all of our tdTomato+ cells, suggesting the possibility of a separate sodium channel sub-
unit molecule among the remaining tdTomato+- cells.

Finally, we completed a pilot study of eight physiologically-classified RGCs from the mature mouse. The tran-
scriptomes of these cells were examined via RNA-Sequencing for the presence of voltage-gated potassium and
sodium channel genes, and 8 were found: Kcna6, Kenj9, Kcnul, Kenab2, Scnla, Scndb, Scn2al, and Scn2b. These
genes were detected in varying amounts within our categorized cells and were detected through our microarray
studies of RGCs, as well. One channel gene was detected in our pilot scRNA-seq study and evaluated for expres-
sion via ISH: Scn4b. We examined the expression of this gene in sectioned retinas, where it was detected in a
minor population of cells in the GCL; therefore, we considered the potential for this gene to be present among
a physiologically distinct subtype. To test this hypothesis, we utilized flat-mount ISH for the examination of
Scn4b + mosaicism in the GCL. The presence of RGC subtypes in the GCL has been characterized in a mosaic
arrangement, where the cells of a single subtype are expected to evenly “tile” the surface of the retina. With this
in mind, we set out to examine whether Scn4b would be detected in a mosaic pattern among RGCs, which it was.
This finding points to the potential for Scn4b to be a genetic marker of a functionally distinct subtype of RGCs
in the mouse and warrants further investigation. Comparing this study with others that have utilized clustering
algorithms to segregate large quantities of RGCs, we can begin to glean information about the distinct genetic
profiles of functionally characterized RGCs. The analyses discussed here lay the groundwork for future studies of
single cell molecular identifiers, particularly of RGCs and demonstrate the effectiveness of electrophysiological
characterization of cells married with transcriptomic profiling.

Methods

Ethics statement. All procedures for the care and housing of mice conform to the U.S. Public Health Service
Policy on the Humane Care and Use of Laboratory Animals and were approved by the Institutional Animal Care
and Use Committee at Iowa State University and Northwestern University School of Medicine.

Single cell isolation. Manual isolation from PV;Td-Tomato mouse. To generate the Pvalb-Tomato line,
the PVC** mouse was obtained from the Jackson Laboratory (Jax) (Pvalb"1(Arr Tax 008069'*) and crossed
with the Ai9 Cre reporter line (G{(ROSA)26Sorm*(CAG-tdTomato)Hze Tax 007909'%). The PVC™ line originated on a
C57BL/6;129P20laHsd segregating genetic background, while the Ai9 reporter exists on a congenic C57BL/6]
background. Since the PV line originated on a segregating background, we cannot 100% rule out the presence of
aretinal degeneration allele. However, mice from these crosses did not exhibit retinal degeneration in our lab and
that was consistent with results observed by other research groups®-7. Specifically, eyes from mice derived from
this cross were routinely cryosectioned and observed via ISH and immunohistochemistry between 4 weeks and 6
months of age. In all of these experiments, we never observed any photoreceptor degeneration phenotype as the
ONL was intact. These two strains were interbred within our facility and were maintained and used only as double
heterozygotes for both alleles. The mice resulting from this breeding scheme had visible Td-Tomato within those
cells that expressed parvalbumin. Tissue dissociation and cell isolation was carried out as described®*.

Manual isolation following electrophysiological categorization. Retinas from C57BL/6] mice were dissected
under IR light (940 nm) and cuts were made along cardinal directions before the retina was mounted, GCL up,
on a 12mm coated glass coverslip (BioCoat Cellware, Corning). The coverslip was secured to the recording dish
and placed on the electrophysiology rig (SliceScope Pro 6000, Scientifica, UK) and the retina was superfused
with 32°C pre-warmed carbogenated Ames medium (US Biological Life Sciences). Tissue was illuminated
at 950 nm for visualization and cell attached recordings were completed using pipettes filled with Ames solu-
tion via 2-channel patch-clamp amplifier (MultiClamp 700B, Molecular Devices). To display visual stimuli, a
custom-designed light projection device (DLP LightCrafter, Texas Instruments) was employed and experiments
relied on blue LED illumination with a peak spectral output at 450 nm. Various visual stimuli were projected upon
the retina and the response of each RGC was monitored as previously described”.

Once a given RGC was classified, a newly fire-polished glass electrode was used to aspirate the soma and trans-
fer it to a nuclease-free PCR tube for molecular processing. Isolated cells to be hybridized to microarray chips
were placed in lysis buffer and immediately processed, while cells to be used for RNA-Sequencing were expelled
into TCL Buffer (Qiagen) containing 1% 3-mercaptoethanol (Sigma), briefly spun on a tabletop microcentrifuge,
and immediately frozen at —80 °C for up to two weeks before processing.

Microarray hybridization sample preparation. Cells in lysis buffer were processed as previously
described for hybridization to Affymetrix microarrays®>. cDNA libraries were analyzed by agarose gel electro-
phoresis to assess the quality of the library. Those samples with a smear from 300bp-1Kb were then prepared
for microarray hybridization by biotinylation*»?’. Hybridization of samples to Affymetrix 430 2.0 Mouse
Genome Arrays was carried out at the Iowa State and University of lowa DNA Facilities, and normalization and
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Gene Primer 1 Primer 2

Anxa6 ctgtgcacccgtagctatce agtcaggcagggttatgtgg
Chrm1 tggacagcccagagagactt gtgggaccgaggtcacttta
Chrna6 cgaagctcctgcetggttatt ctcccatttgggttgctcta
Chrnb2 agcaccagtgttggttttcc agggtcctgtgtcctgtttg
Clec2l tatctcgggtatgggggaat gataggacagcaccacagca
Ctxn3 tctggattcectggacgat cctaccactgcttcctggag
Fgf1 cccccacatatggacaagac gcectggatggatactcagga
Irx6 ggaagacctggaggaagagg gtgtgtgtcatctggectgt
Kcna6 ccaatctgggatgtcatggt tecgtctcagteactgettg
Kcnab2 caccctagctttgecttctg ctggccttacaccctttgag
Kcne2 ttttgggtatgagaaggaag tctgatgtctgtggegtctc
Kitl gagcccttatgccacacaat ggatcactcctaageccaca
Lypd6 gctgtcatttccagectage tgtggttgtggaaggagaca
Mtaplb gtcccagtectgaggagaag gacacgtcatctgtggttgg
Nefh gccaccaagggagagaagta cagaagcacttggttttattgc
Pcdh7 ttctctggtgggtcttttgg tttctgtgtcatgecagete
Pcp4 ggtgaatgcctctcattggt tcgcteatcttacctecttttt
Pnkd cccacacttcaccatectct ctgaggcagaccacagttca
Prkcq tcctggaatctctcacagea caaatagcatgcatgggttg
Prph acatccgtgcacagtacgag aggctgagatcagggtcaga
Pvalb ggatgtcgatgacagacgtg tgcagagattgaacgaggtg
Rcan2 ggactgttccggacctatga cacaggactgaactggagca
Scnla caatgtccacagcagcttgt gacaaacccagctcagcaaa
Scn2al gaggcttctgttttcgcaac agtcatgctgcctggactct
Scn2b tgctaattaagggccactgce gctgggtcacagaagaccat
Scndb agtgggctacagcacctctc gccagaggactaaaccatge
Slc6al7 attcggaagctgacctgaga gcatgtggagaggaggagag
Sncg cagtccatagcttgcageag cacagcagcatctgattggt
Tusc5 tectegttttctgtgggaag gagtcactagtgcgtgtggtg

Table 1. Primer sequences for generation of ISH riboprobes. The sequences of primers used in the generation
of gene-specific RNA riboprobes for ISH are included here.

transformation of the resulting data was performed using the MAS5 algorithm. The files for the tdTomato+ cells
have been deposited in the Gene Expression Omnibus (GEO) (GSE115332) and for the electrophysiologically
defined cells (GSE115379).

RNA-Sequencing sample preparation. Single cells were stored at —80 °C for no more than 2 weeks
before samples were processed. Cells were thawed to room temperature (RT) for 1 minute, then incubated with
Agencourt RNAClean XP beads (Beckman Coulter). After a brief incubation on a magnetic separator device,
the supernatant was removed and RNA was washed thrice with 70% ethanol. RNA was briefly air dried before
rehydration in water. Reverse transcription was carried out using the Smart-Seq v4 Ultra Low Input RNA Kit
(Clontech), with minor modifications to manufacturer’s instructions. Briefly, reaction buffer and 3 SMART-Seq
CDS Primer IT A were added to samples and incubated at 72 °C for 3 minutes. Reverse transcription was then
carried out through the use of Ultra Low First-Strand Buffer, SMART-Seq v4 Oligonucleotide, RNase inhibi-
tor, and SMARTscribe Reverse Transcriptase. The reaction took place as follows: 42 °C for 90 minutes, 70 °C for
10 minutes. Immediately following reverse transcription, cDNA was amplified using a cocktail of SeqAmp PCR
Buffer, PCR Primer II A, and SeqAmp DNA Polymerase. The PCR program was used as per manufacturer’s
instructions, though the number of cycles was increased to 34. cDNA libraries were purified through the addition
of Agencourt AMPure XP Beads. Following incubation on a magnetic separator device, supernatant was removed
and DNA was washed twice with 70% ethanol. DNA was resuspended in elution buffer and quality was assessed
on the 2100 Bioanalyzer (Agilent Technologies). Samples were then tagmented using the Nextera XT Low Input
kit (Clontech). 0.5 ng of cDNA was combined with TD buffer and TDEI, then incubated at 55 °C for 5 minutes.
Following the addition of buffers NT1 and N'T3, supernatant was discarded and NT3 was added a second time.
Supernatant was again discarded and resuspension buffer was added to DNA. Purified DNA was isolated and
moved to a new tube before indexes were added. Unique combinations of indexes were added to samples with
NPM and PPC and briefly amplified using the following program: 72 °C for 3 minutes, 96 °C for 30 seconds, 8
cycles of: 98 °C for 10 seconds, 63 °C for 30 seconds, and 72 °C for 3 minutes. DNA beads were again employed for
purification of DNA samples, which were ultimately rehydrated in resuspension buffer. Samples were pooled and
sequenced on the Illumina 2500, with an average read length of 100 bp at the Iowa State University DNA Facility.
Files for the RNA-Sequencing data have been deposited in the Sequence Read Archive (SRA) at NCBI and the
SRA accession number is PRJNA548506.
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Cluster analysis. The 14 tdTomato+ cells were clustered using agglomerative hierarchical clustering”
wherein each cell begins as a cluster onto itself. To cluster cells most effectively, many genes were filtered out of
the data set to reduce the background noise and facilitate clustering of the 14 tdTomato+ cells and 7 non-RGCs.
First, the standard deviations for all 45,101 microarray probesets within RGCs or non-RGCs were examined
using histograms (Supplementary Fig. 4). A mixture of two normal distributions fit the distribution of standard
deviations well. Genes belonging to the normal distribution with a smaller mean were considered not to be dif-
ferentially expressed, but rather were likely to contribute to the noise of cluster analysis. Therefore, we retained
genes if their standard deviations were above 2.5 for both the RGCs and non-RGC:s. This resulted in a final dataset
consisting of 8,037 probesets for the clustering analysis. Clustering was carried out with Pearson correlation and
average linkage. Cutting the tree into 4 groups resulted in three tdTomato + clusters and one non-RGC cluster.

In situ hybridization. Probe sequences between the sizes of 650-850 bp were amplified from mouse retina
cDNA using the primers listed in Table 1 and cloned into pGEM-T (Promega).

Probes were synthesized and in situ hybridization was carried out on adult mouse retinal cryosections as pre-
viously described™. Images were acquired on a Nikon Eclipse 551 microscope. Adobe Photoshop was used to crop
and lighten photos so as to minimize background signal; no other manipulations were performed.

Tissue preparation and probe hybridization in whole-mount. Whole-mount in situ hybridization was performed
on adult mouse retinas as previously described with some modifications’. Briefly, eyes were removed from adult
mice, immediately fixed with 2% PFA in 1X PBS for 15 minutes and transferred to 2X PBS for 5 minutes. Retinas
were dissected in 2X PBS and flattened in an empty Petri dish, GCL up, before ice-cold methanol was slowly
dripped on the retinas until they were white and rigid. Retinas could be stored at —20°C for up to 2 months at
this stage. For in situ hybridization, retinas were incubated in 4% PFA for 5 minutes before two 5-minute washes
in PBS +0.1% Tween-20 (PBT). The tissue was partially digested for 15 minutes in digestion solution (proteinase
K [1pg/ml], 6% SDS, 0.25% Tween-20) and post-fixed in 4% PFA for 4 minutes. Retinas were then washed twice
for 10 minutes in PBT and transferred to a six-well plate containing PBT. Formamide wash buffer (20X SSC, 0.1%
Tween-20, 50% formamide) was added between the wells of the six-well plate, as well as within the empty wells.
The PBT surrounding the retinas was removed, hybridization buffer was added, and retinas were incubated at
65°C for 10 minutes, or until the retinas had adhered to the plate. Before hybridization, the digoxigenin-labeled
probe (~700-800 bases) was incubated at 95 °C for 5 minutes in hybridization solution. Following adhesion of the
retinas to the plate, the probe solution was then added, and the plate was tightly sealed before incubation at 65°C
overnight. The next morning, retinas were washed at 65°C in formamide buffer once for 10 minutes, then twice
for 20 minutes. They were washed twice for 20 minutes with TNT at RT and then blocked in 5% HISS/TNT for
20 minutes. The a-DIG-AP antibody was subsequently added in blocking buffer and incubated at 4 °C overnight.

On the final day, retinas were washed in TNT once for 5 minutes, twice for 25 minutes, and 3 times for 45 min-
utes at RT. Retinas were incubated in alkaline tris buffer (1 M Tris pH9.5, 1 M MgCl,, 5M NaCl, 0.1 Tween-20) for
10 minutes at RT and staining was performed in alkaline tris buffer containing NBT and BCIP for up to 3hours
at 37 °C. Once the desired staining was achieved, retinas were washed twice for 1 hour in alkaline tris buffer, then
mounted in glycerol between two cover slips. Retinas were imaged on a Nikon Eclipse 55i microscope. Adobe
Photoshop was used to crop and lighten photos and minimize background signal; no other manipulations were
performed.

Received: 17 January 2019; Accepted: 11 October 2019;
Published online: 31 October 2019

References
1. Sanes, J. R. & Masland, R. H. The Types of Retinal Ganglion Cells: Current Status and Implications for Neuronal Classification.
Annu. Rev. Neurosci. 38, 221-246 (2015).
2. Baden, T. et al. The functional diversity of retinal ganglion cells in the mouse. Nature 529, 345-350 (2016).
3. Rheaume, B. A. et al. Single cell transcriptome profiling of retinal ganglion cells identifies cellular subtypes. Nat. Commun. 9, 2759
(2018).
4. Stevens, C. F. Neuronal diversity: Too many cell types for comfort? Curr. Biol. 8, 708-710 (1998).
5. London, A., Benhar, I. & Schwartz, M. The retina as a window to the brain-from eye research to CNS disorders. Nat. Rev. Neurol. 9,
44-53 (2013).
6. Stein-O’Brien, G. L. et al. Decomposing Cell Identity for Transfer Learning across Cellular Measurements, Platforms, Tissues, and
Species. Cell Syst. 8,395-411.e8 (2019).
7. Kim, D. S. et al. Identification of molecular markers of bipolar cells in the murine retina. . Comp. Neurol. 507, 1795-1810 (2008).
8. Shekhar, K. et al. Comprehensive classification of retinal bipolar neurons by single-cell transcriptomics. Cell 166, 1308-1323 (2016).
9. Saunders, A. et al. Molecular Diversity and Specializations among the Cells of the Adult Mouse Brain. Cell 174, 1015-1030.e16
(2018).
10. Pandey, S., Shekhar, K., Regev, A. & Schier, A. E Comprehensive Identification and Spatial Mapping of Habenular Neuronal Types
Using Single-cell RNA-seq. Curr. Biol. 28, 1052-1065 (2019).
11. Kay, J. N. et al. Retinal Ganglion Cells with Distinct Directional Preferences Differ in Molecular Identity, Structure, and Central
Projections. J. Neurosci. 31, 7753-7762 (2011).
12. Dhande, O. S. et al. Genetic Dissection of Retinal Inputs to Brainstem Nuclei Controlling Image Stabilization. J. Neurosci. 33,
17797-17813 (2013).
13. Hattar, S., Liao, H. W., Takao, M., Berson, D. M. & Yau, K.-W. Melanopsin-Containing Retinal Ganglion Cells: Architecture,
Projections, and Intrinsic Photosensitivity. Science (80-.). 295, 1065-1070 (2002).
14. Hippenmeyer, S. et al. A Developmental Switch in the Response of DRG Neurons to ETS Transcription Factor Signaling. PLoS Biol.
3,0878-0890 (2005).
15. Madisen, L. et al. A robust and high-throughput Cre reporting and characterization system for the whole mouse brain. Nat. Neurosci.
13, 133-140 (2010).

SCIENTIFIC REPORTS |

(2019) 9:15778 | https://doi.org/10.1038/s41598-019-52215-4


https://doi.org/10.1038/s41598-019-52215-4

www.nature.com/scientificreports/

16.
17.
18.

19.
. Cadwell, C. R. et al. Electrophysiological, transcriptomic and morphologic profiling of single neurons using Patch-seq. Nat.

21.
22.
23.
24.

25.
. Cherry, T. J., Trimarchi, J. M., Stadler, M. B. & Cepko, C. L. Development and diversification of retinal amacrine interneurons at

27.
28.
29.
30.
31.
32.
33.

34.
35.

36.
37.
38.
39.
40.
41.
42.

43.

44,
45.

46.

52.
53.
54.

55.
56.

57.
58.

59.

Kim, T.-J. & Jeon, C.-J. Morphological Classification of Parvalbumin-Containing Retinal Ganglion Cells in Mouse: Single-Cell
Injection after Inmunocytochemistry. Invest. Ophthalmol. Vis. Sci. 47, 2757-2764 (2006).

Yi, C.-W,, Yu, S.-H., Lee, E.-S,, Lee, J.-G. & Jeon, C.-J. Types of Parvalbumin-Containing Retinotectal Ganglion Cells in Mouse. Acta
Histochem. Cytochem. 45,201-210 (2012).

Lee, E., Lee, J., Kim, G. & Jeon, C. Identification of calretinin-expressing retinal ganglion cells projecting to the mouse superior
colliculus. Cell Tissue Res., https://doi.org/10.1007/s00441-018-2964-1 (2018).

Bae, J. A. et al. Digital museum of retinal ganglion cells with dense anatomy and physiology. Cell 173, 1293-1306 (2018).

Biotechnol. 34,199-203 (2016).

Fuzik, J., Zeisel, A., Maté, Z., Calvigioni, D. & Yanagawa, Y. Integration of electrophysiological recordings with single-cell RNA-seq
data identifies novel neuronal subtypes. Nat. Biotechnol. 34, 175-183 (2016).

Goetz, J. J. & Trimarchi, J. M. Single-cell Profiling of Developing and Mature Retinal Neurons. J. Vis. Exp. 1-6, https://doi.
org/10.3791/3824 (2012).

Soto, I et al. Retinal Ganglion Cells Downregulate Gene Expression and Lose Their Axons within the Optic Nerve Head in a Mouse
Glaucoma Model. J. Neurosci. 28, 548-561 (2008).

Sanna, P. P, Keyser, K. T., Battenberg, E. & Bloom, F. E. Parvalbumin immunoreactivity in the rat retina. Neurosci. Lett. 18, 136-139
(1990).

Roesch, K. et al. The transcriptome of retinal Miiller glial cells. . Comp. Neurol. 509, 225-238 (2008).

single cell resolution. Proc. Natl. Acad. Sci. 106, 9495-9500 (2009).

Trimarchi, J. M. et al. Molecular Heterogeneity of Developing Retinal Ganglion and Amacrine Cells Revealed through Single Cell
Gene Expression Profiling. J. Comp. Neurol. 502, 1047-1065 (2007).

Badea, T. C. & Nathans, ]. Morphologies of mouse retinal ganglion cells expressing transcription factors Brn3a, Brn3b, and Brn3c:
analysis of wild type and mutant cells using genetically-directed sparse labeling. Vision Res. 51, 269-279 (2011).

Sajgo, S. et al. Molecular codes for cell type specification in Brn3 retinal ganglion cells. Proc. Natl. Acad. Sci. 114, E3974-E3983
(2017).

Rodriguez, A. R., Perez de Sevilla Miiller, L. & Brecha, N. C. The RNA binding protein RBPMS is a selective marker of ganglion cells
in the mammalian retina. J. Comp. Neurol. 522, 1411-1443 (2014).

Koch, S. & Ullian, E. M. Neuronal pentraxins mediate silent synapse conversion in the developing visual system. J. Neurosci. 30,
5404-5414 (2010).

Muzyka, V. V., Brooks, M. & Badea, T. C. Postnatal developmental dynamics of cell type specification genes in Brn3a/Pou4f1 Retinal
Ganglion Cells. Neural Dev. 13, 15 (2018).

Whitmore, S. S. et al. Transcriptomic analysis across nasal, temporal, and macular regions of human neural retina and RPE/choroid
by RNA-Seq. Exp. Eye Res. 129, 93-106 (2014).

Schwartz, G. W. et al. The spatial structure of a nonlinear receptive field. Nat. Neurosci. 15, 1572-1580 (2012).

Krieger, B., Qiao, M., Rousso, D. L., Sanes, J. R. & Meister, M. Four alpha ganglion cell types in mouse retina: Function, structure,
and molecular signatures. PLoS One 12, 1-21 (2017).

Murphy, G. J. & Rieke, F. Electrical synaptic input to ganglion cells underlies differences in the output and absolute sensitivity of
parallel retinal circuits. J. Neurosci. 31, 12218-12228 (2011).

Miinch, T. A. et al. Approach sensitivity in the retina processed by a multifunctional neural circuit. Nat. Neurosci. 12, 1308-1316
(2009).

Warwick, R. A., Kaushansky, N, Sarid, N., Golan, A. & Rivlin-Etzion, M. Inhomogeneous Encoding of the Visual Field in the Mouse
Retina. Curr. Biol. 28, 655-665.e3 (2018).

Sabbah, S. et al. A retinal code for motion along the gravitational and body axes. Nature 546, 492-497 (2017).

Gauvain, G. & Murphy, G. J. Projection-Specific Characteristics of Retinal Input to the Brain. J. Neurosci. 35, 6575-6583 (2015).
Wei, W. Neural Mechanisms of Motion Processing in the Mammalian Retina. Annu. Rev. Vis. Sci. 4,165-192 (2018).

Nath, A. & Schwartz, G. W. Cardinal Orientation Selectivity Is Represented by Two Distinct Ganglion Cell Types in Mouse Retina.
J. Neurosci. 36, 3208-3221 (2016).

Johnson, K. P, Zhao, L., Johnson, K. P., Zhao, L. & Kerschensteiner, D. A Pixel-Encoder Retinal Ganglion Cell with Spatially Article
A Pixel-Encoder Retinal Ganglion Cell with Spatially Offset Excitatory and Inhibitory Receptive Fields. Cell Rep. 22, 1462-1472
(2018).

Jacoby, J. & Schwartz, G. W. Three Small-Receptive-Field Ganglion Cells in the Mouse Retina Are Distinctly Tuned to Size, Speed,
and Object Motion. J. Neurosci. 37, 610-625 (2017).

Zhang, Y., Kim, I.-]., Sanes, J. R. & Meister, M. The most numerous ganglion cell type of the mouse retina is a selective feature
detector. Proc. Natl. Acad. Sci. USA 109, E2391-E2398 (2012).

Jacoby, J., Zhu, Y., DeVries, S. H. & Schwartz, G. W. An Amacrine Cell Circuit for Signaling Steady Illumination in the Retina. Cell
Rep. 13,2663-2670 (2015).

. Munguba, G. C. et al. Effects of glaucoma on Chrna6 expression in the retina. Curr. Eye Res. 38, 150-157 (2013).
. Huberman, A. D. et al. Genetic Identification of an On-Off Direction-Selective Retinal Ganglion Cell Subtype Reveals a Layer-

Specific Subcortical Map of Posterior Motion. Neuron 62, 327-334 (2009).

. Kim, I.-]., Zhang, Y., Yamagata, M., Meister, M. & Sanes, J. R. Molecular identification of a retinal cell type that responds to upward

motion. Nature 452, 478-482 (2008).

. Laboissonniere, L. A. et al. Single cell transcriptome profiling of developing chick retinal cells. J. Comp. Neurol. 525 (2017).
. Provencio, I, Jiang, G., de Grip, W. ]., Hayes, W. P. & Rollag, M. D. Melanopsin: An opsin in melanophores, brain, and eye. Proc. Natl.

Acad. Sci. USA 95, 340-345 (1998).

Schmidt, T. M. et al. Melanopsin-Positive Intrinsically Photosensitive Retinal Ganglion Cells: From Form to Function. J. Neurosci.
31, 16094-16101 (2011).

Quattrochi, L. E. et al. The M6 cell: A small-field bistratified photosensitive retinal ganglion cell. J. Comp. Neurol. 527, 297-311
(2019).

Estevez, M. et al. Form and function of the M4 cell, an intrinsically photosensitive retinal ganglion cell type contributing to
geniculocortical vision. J. Neurosci. 32, 13608-13620 (2012).

Schmidt, T. M. et al. A Role for Melanopsin in Alpha Retinal Ganglion Cells and Contrast Detection. Neuron 82, 781-788 (2014).
Mao, C.-A. et al. T-box Transcription Regulator Tbr2 Is Essential for the Formation and Maintenance of Opn4/Melanopsin-
Expressing Intrinsically Photosensitive Retinal Ganglion Cells. J. Neurosci. 34, 13083-13095 (2014).

Sweeney, N. T, Tierney, H. & Feldheim, D. A. Tbr2 Is Required to Generate a Neural Circuit Mediating the Pupillary Light Reflex. J.
Neurosci. 34, 5447-5453 (2014).

Duan, X. et al. Subtype-Specific Regeneration of Retinal Ganglion Cells Following Axotomy: Effects of Osteopontin and mTor
Signaling. Neuron 85, 1244-1256 (2015).

McCabe, K. L., Gunther, E. C. & Reh, T. A. The development of the pattern of retinal ganglion cells in the chick retina: mechanisms
that control differentiation. Development 126, 5713-5724 (1999).

SCIENTIFIC REPORTS |

(2019) 9:15778 | https://doi.org/10.1038/s41598-019-52215-4


https://doi.org/10.1038/s41598-019-52215-4
https://doi.org/10.1007/s00441-018-2964-1
https://doi.org/10.3791/3824
https://doi.org/10.3791/3824

www.nature.com/scientificreports/

60. Rubin, C. M. et al. Mouse mutants for the nicotinic acetylcholine receptor 82 subunit display changes in cell adhesion and
neurodegeneration response genes. PLoS One 6, 18626 (2011).

61. Pacal, M. & Bremner, R. Induction of the ganglion cell differentiation program in human retinal progenitors before cell cycle exit.
Dev. Dyn. 243, 712-729 (2014).

62. Star, E. N. et al. Regulation of retinal interneuron subtype identity by the Iroquois homeobox gene Irx6. Development 139,
4644-4655 (2012).

63. Pang, J.-J., Gao, E. & Wu, S. M. Light-Evoked Excitatory and Inhibitory Synaptic Inputs to ON and OFF alpha Ganglion Cells in the
Mouse Retina. J. Neurosci. 23, 6063-6073 (2003).

64. Siegert, S. et al. Transcriptional code and disease map for adult retinal cell types. Nat. Neurosci. 15, 487-495 (2012).

65. Kuznetsov, K. I, Grygorov, O. O., Maslov, V. Y., Veselovsky, N. S. & Fedulova, S. A. Kv3 channels modulate calcium signals induced
by fast firing patterns in the rat retinal ganglion cells. Cell Calcium 52, 405-411 (2012).

66. Mojumder, D. K., Frishman, L. J., Otteson, D. C. & Sherry, D. M. Voltage-gated sodium channel alpha-subunits Na(v)1.1, Na(v)1.2,
and Na(v)1.6 in the distal mammalian retina. Mol. Vis. 13, 2163-2182 (2007).

67. Ogiwara, I. et al. Nav1.1 Localizes to Axons of Parvalbumin-Positive Inhibitory Interneurons: A Circuit Basis for Epileptic Seizures
in Mice Carrying an Scnla Gene Mutation. J. Neurosci. 27, 5903-5914 (2007).

68. Devries, S. H. & Baylor, D. A. Mosaic Arrangement of Ganglion Cell Receptive Fields in Rabbit Retina. . Neurophysiol. 78,
2048-2060 (1997).

69. Duan, J., Fu, H. & Zhang, J. Activation of Parvalbumin-Positive Neurons in Both Retina and Primary Visual Cortex Improves the
Feature-Selectivity of Primary Visual Cortex Neurons. Neurosci. Bull. 33, 255-263 (2017).

70. Mattapallil, M. J. et al. The Rd8 Mutation of the Crb1 Gene Is Present in Vendor Lines of C57BL/6N Mice and Embryonic Stem Cells,
and Confounds Ocular Induced Mutant Phenotypes. Invest. Ophthalmol. Vis. Sci. 53,2921-2927 (2012).

71. Gabriel, R., Erdelyi, E, Lawrence, . J. & Wilhelm, M. Ectopic transgene expression in the retina of four transgenic mouse lines. Brain
Struct. Funct. 221, 3729-3741 (2016).

72. Nath, A. & Schwartz, G. W. Electrical synapses convey orientation selectivity in the mouse retina. Nat. Commun. 8, 2025 (2017).

73. Rokach, L. & Maimon, O. Clustering Methods. In Data Mining and Knowledge Discovery Handbook 321-352, https://doi.
org/10.1007/0-387-25465-X_15 (Springer, 2005).

74. Powner, M. B. et al. Visualization of gene expression in whole mouse retina by in situ hybridization. Nat. Protoc. 7, 1086-1096
(2012).

75. Sturn, A., Quackenbush, J. & Trajanoski, Z. Genesis: cluster analysis of microarray data. Bioinformatics 18, 207-208 (2002).

Acknowledgements

We would like to thank the University of Iowa Institute of Human Genetics, specifically Mary Boes and Garry
Hauser for the hybridization of our cDNA libraries to microarray chips, and the Iowa State University DNA
Facility for the completion of RNA-Sequencing.

Author contributions

J.M.T. and G.W.S. conceived and designed the study. L.A.L., J.J.G., G.M.M. and G.W.S. isolated and processed
the single cells. L.A.L., T.J.S.L., L.E., M.R.L., B.M. and H.W. performed the in situ hybridization experiments.
L.A.L,JJ.G,R.B. PL., GW.S. and ].M.T. analyzed the data. L.A.L., ].J.G., G.W.S. and ].M.T. wrote and edited the
manuscript. All of the authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-52215-4.

Correspondence and requests for materials should be addressed to J.M.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:15778 | https://doi.org/10.1038/s41598-019-52215-4


https://doi.org/10.1038/s41598-019-52215-4
https://doi.org/10.1007/0-387-25465-X_15
https://doi.org/10.1007/0-387-25465-X_15
https://doi.org/10.1038/s41598-019-52215-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Molecular signatures of retinal ganglion cells revealed through single cell profiling

	Results

	RGC subset markers identified through transcriptomic analysis of tdTomato+ cells. 
	Electrophysiological classification of RGCs prior to transcriptomic analysis. 
	Identification of molecular markers for characterized RGC subtypes. 
	Opn4-correlated genes among electrophysiologically distinct subtypes of RGCs. 
	Ion channel subunits as candidate markers of subsets of RGCs. 

	Discussion

	Methods

	Ethics statement. 
	Single cell isolation. 
	Manual isolation from PVTd-Tomato mouse. 
	Manual isolation following electrophysiological categorization. 

	Microarray hybridization sample preparation. 
	RNA-Sequencing sample preparation. 
	Cluster analysis. 
	In situ hybridization. 
	Tissue preparation and probe hybridization in whole-mount. 


	Acknowledgements

	Figure 1 Retinal ganglion cell subset markers revealed through transcriptome profiling of tdTomato+ cells.
	Figure 2 tdTomato cells cluster into distinct groups.
	Figure 3 Spike trains of alpha RGCs following whole cell patch clamping.
	﻿Figure 4 Markers of physiologically distinct RGCs identified.
	Figure 5 Potential genetic markers of ipRGCs.
	Figure 6 Voltage-gated channel genes detected in subsets of RGCs.
	Table 1 Primer sequences for generation of ISH riboprobes.




