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Abstract of “More Than Meets the Eye: Molecular Diversity of the Intrinsically Photosensitive 

Ganglion Cells Regulating Circadian Photoentrainment,” by Daniel Joseph Berg, Ph.D., Brown 

University, June 2017 

 

The retina as a model system has helped to understand the genetic programs responsible 

for generating the cellular diversity in the nervous system. Intrinsically photosensitive retinal 

ganglion cells (ipRGCs) are rare mammalian photoreceptors essential for non-image-forming 

vision functions, such as circadian entrainment and the pupillary light reflex. The ipRGCs 

comprise multiple subtypes distinguishable by morphology, physiology, projections, and levels of 

expressed Opn4, the ipRGC photopigment.  

Although substantial progress has been achieved over the years, comprehensive 

classification of ipRGCs on a molecular basis has yet to be realized. Examination of ipRGC gene 

expression profiles could provide insights into the function adult ipRGCs. In Chapter 2, I discuss 

how I developed a comprehensive, sensitive, and accurate means to test for genes differentially 

expressed in ipRGCs compared to generic RGCs. The purity of the isolated ipRGCs was 

demonstrated by the very low abundance of mRNAs unique to retinal cell types other than ipRGCs 

(e.g., rhodopsin in rods) and highly significant enrichment for transcripts unique to ipRGCs (e.g. 

melanopsin, PACAP, Trpc7 and Eomes/Tbr2). Our data revealed dozens of genes not previously 

known to be highly enriched in ipRGCs including phototransduction machinery, transcription 

factors, and beneficial tools for ipRGC survival. 

The next frontier in understanding the diversity and classification of subtypes is through 

the integration of molecular, anatomical, and physiological criteria. As I discuss in Chapter 3, my 

initial goal after the completion of my transcriptomics studies was to test whether the differentially 
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expressed genes truly were restricted to ipRGCs, and if so, integrate this new molecular 

information with the wealth of knowledge that is already known about the ipRGC family members. 

One of the genes that caught our eye was Rasgrp1, a Ras GEF (guanine nucleotide exchange 

factor). Rasgrp1-expressing ganglion cells were demonstrated to be overwhelmingly ipRGCs, but 

broke the mold of what we have been traditionally calling distinct ipRGC subtypes. Rasgrp1 was 

determined to be expressed in most M1 ipRGCs, but a portion of M2 and M5/6 cells also appear 

to express the protein. The phototransduction cascade in ipRGCs is known to elevate 

diacylglycerol and intracellular calcium, both known to activate Rasgrp1. Preliminary evidence 

suggests that Rasgrp1 is well-positioned to provide a unique form of Ras signaling to a subset of 

ipRGCs. The transcription factor Tbx20 also stood out to us from our gene expression analysis for 

its potential to be a driving force in maintaining the adult identity of ipRGCs. Surprisingly, Tbx20 

was also determined to be expressed in a subpopulation of ipRGCs that was not restricted to a 

single, established type. The integration of the two new ipRGC markers, Rasgrp1 and Tbx20, 

paints an even more complex picture. Finally, I tested how this expression pattern correlates with 

known brain circuitry to the region in the brain responsible for circadian time-keeping. These 

findings continue to support the notion that ipRGCs are incredibly specialized and diverse, a 

characteristic that is expected to exist across the nervous system. 

 For my fourth chapter, I discuss a fortuitous transgenic reporter mouse line that we pursued 

because it allowed us to study not only an amacrine cell type that is electrically coupled to ipRGCs, 

but it has also allowed us to characterize a new subtype of RGC, the R-type. The Rbp4-cre 

transgenic reporter line revealed a sparse labeling of RGCs, as well as labeling of amacrine cells 

across the retina. Closer inspection of Rbp4-labeled RGCs revealed bistratified dendrites with ON 

dendritic arbors in close proximity to processes of starburst amacrine cells and OFF arbors that 
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costratified with M1-ipRGCs. This “R-type” was determined to have intriguing physiology. The 

bistratified R-type was solely ON-responsive despite having OFF-arbors, a feature that is similar 

to known ipRGC types with OFF-arbors receiving ectopic ON cone bipolar input. We have 

leveraged this Cre-based reporter to also test a distinct type of amacrine cell that is gap junction 

coupled to ipRGCs.  
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CHAPTER 1: Theory and practice of classification: from organism to retinal ganglion cell 

The potential of an animal to achieve its versatile behavioral repertoires critically depends 

on the specialization of cells making up the central nervous system and the establishment of 

distinct neuronal connections. Millions of years of evolution have generated a vast array of 

innovative sensory systems that connect organisms with their surroundings, instructs their 

behavior, and has the potential to provide a survival edge to a species for generations. The retina 

is an ideal model system for neuroscientists to study neuron diversification and function 

specialization. A necessary first step has required the conceptual and experimental challenges 

involved with classifying cell types in a way that fosters scientific communication and 

understanding of natural visual processing. Neuroscientists have looked to taxonomists for 

guidance considering their accumulated wisdom gained while attempting to classify the immense 

diversity of living things. The classification of organisms has a long history dating back to the 

Ancient Greeks and continues to improve to this day. In this introductory chapter, I first provided 

an overview of this history to provide context to the foundation that has been laid down for the 

classification of retinal neurons. Looking back on this history has provided important lessons for 

neuroscientists, but has also promoted some assumptions that evolutionary biologists are only 

recently beginning to provide innovative, albeit preliminary, solutions. I identify the source of 

these assumptions, when possible, during my introduction of taxonomy’s history in the hopes that 

this will lead to a more comprehensive understanding of the best practices for modern-day retinal 

neuron classification. I close this portion of the introduction with an overview of devo-evo, a 

modern-day revolution that is occurring in evolutionary biology that is already impacting cell type 

classification (inspired primarily by works of (Wagner, 2014)and (Arendt et al., 2016).  
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PART 1: CLASSIFICATION OF ORGANISMS 

1.1 Aristotle’s observation-based science and classification 

Aristotle, the Father of Science, was the first to attempt a classification of all kinds of living 

organisms according to their natural relationships, a process now called taxonomy (Moore, 1999). 

Aristotle recognized that animals had striking biological similarities among them, denoting the 

ones seemingly of the same kind as species. He grouped the types of creatures according to their 

similarities: those that live on land and those that live in the water; those with red blood and those 

without. His main contribution to classification is the realization that there are natural groups of 

living things based on mode of reproduction, properties and function of structure, physiology, and 

behavior. Aristotle considered species to be fixed and eternal. Further, he considered organisms to 

be objects that have two kinds of “Being”: Potential (their matter) and Actual (their form) (Wagner, 

2014). For example, an acorn has the potential to grow into a living oak tree, with its universal 

“oakness” not being affected if it loses a tree branch. 

 

Observation-based science, as exemplified by Aristotle’s studies of living things, was 

considered by him to be the best way to discover the fundamental principles in the natural world. 

Aristotle was the first to recognize the importance of empiricism, careful observation and 

measurements, being the starting point to successful scientific inquiry. This view dissented 

altogether from Plato, his tutor, who did not see the benefits of measuring anything since all 

knowledge could be obtained through reflection and reason. Aristotle, in contrast, promoted the 

revolutionary idea that knowledge could only be gathered by acquired experience, which is 

grounded by what was already known to be true by observed facts. Aristotle also put forth a system 

of reasoning called induction, which inferred beyond what is known strictly by observation. This 
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cognitive process of progressing from particular cases to their generalities was explained by 

Aristotle:  

The way of reasoning, is the same in philosophy, and in any art or science: we must collect 

the facts, and the things to which the facts happen, and must have as large a supply of these 

as possible, and then we must examine them according to the terms of our 

syllogisms…Induction, and Syllogism from Induction, is when we attribute one extreme 

term to the middle by means of the other. (cited in(Whewell, 1847) 

This line of reasoning is illustrated by one of Aristotle’s examples, “We find that several animals 

which are deficient in bile are long-lived, as man, the horse, the mule; hence we infer that all 

animals which are deficient in bile are long-lived” (cited in(Whewell, 1847). However, Aristotle’s 

method of induction became tarnished by his refusal to limit assumptions and subjectivity from 

his interpretations. As William Whewell described, “his opinions rested, not upon sound 

inductions, gathered in each case from the phenomena by means of appropriate Ideas; but upon 

the loose and vague generalizations which are implied in the common use of speech” (Whewell, 

1847). 

 

1.2 Francis Bacon and objectivity in classification 

A growing number of scientists and philosophers began questioning the subjectivity of 

perception during the seventeenth century. In the many centuries since Aristotle, a vibrant 

scientific exchange was fostered across Europe due to the accumulation of scientific collections 

and the invention of printing press promoted efficient scientific publications (Vogt, 2008). In 1620, 

Francis Bacon believed that Aristotle’s approach needed to be modified to better reflect the 

realities and growing needs in scientific investigation (Alban, 1620). Bacon agreed that all 
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knowledge must begin with observation. His major methodological improvement came from his 

requirement that the description of observation should be represented as empirical facts, 

disconnected from preconceived ideas, conclusions, or explanations (MOORE, 1986). Further, he 

redesigned the induction-based philosophy of the scientific method to promote continuous 

advancement by incremental steps through successive gradations of generality, in contrast to 

leaping from special facts to loose and vague universals that was common with Aristotle (Whewell, 

1847). Inspired by Bacon’s work, taxonomists began excluding subjectivity related to individual 

observations and focused more heavily on traits that are able to provide reliable biological 

classification (Vogt, 2008). 

 

1.3 The taxonomy system of Linnaeus 

Classification methods became formalized by Linnaeus during the eighteenth century. For 

Linnaeus, like most biologists of that time, there was no philosophical problem with the incredible 

diversity of organisms or occurrences of common characteristics. He believed, “There are as many 

species as the Infinite Being produced diverse forms in the beginning” (Linné, 2010); quoted in 

(Wilkins, 2009). Linnaeus thought that it was his duty to discover God’s handiwork in nature. 

Classifying the stream of new types of plants, animals, and minerals entering Europe from around 

the world was becoming an escalating problem for taxonomists, fueled by miscommunication and 

confusion. Linnaeus made the pragmatic decision to limit the required observations to a few 

identifiable criteria, making classification a less subjective process for taxonomists (Linné, 1751; 

Hacking, 2007). Further, he provided standardization for the construction of hierarchical 

classifications (lower classes nested within higher classes), including a clear and simple 

nomenclature system. This greatly facilitated information storage and retrieval, as well as opened 
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up communication among taxonomists. The system was flexible enough to allow rearrangements 

in classification organization. However, many inconsistent and contradicting classifications 

amassed over time and began making the classification criteria seem arbitrary (Vogt, 2008). 

Interest was surging for a greater understanding of dynamics underlying nature’s great diversity. 

 

1.4 Whewell philosophy of natural classification 

The question of what made a classification natural or artificial was on the minds of 

botanists, zoologists and mineralogists in the first half of the nineteenth century. The philosopher 

and historian of science William Whewell recognized that the issue wasn’t as straightforward as 

artificial systems simply being entirely arbitrary(Whewell, 1847; Winsor, 2003). Instead, natural 

systems needed to be able to identify and eliminate arbitrary characters from all groupings. He was 

generally impressed by the progress that naturalists were making in the “classificatory sciences” 

and their attempts to identify groups that were not artificial. He summarizes these attempts into 

three types: blind trial, general comparison, and subordination of characters: 

The attempts at Natural Classification are of three sorts; according as they are made by the 

process of blind trial, of general comparison, or of subordination of characters. The 

process of Blind Trial professes to make its classes by attention to all the characters, but 

without proceeding methodically. The process of General Comparison professes to 

enumerate all the characters, and forms its classes by the majority. Neither of these methods 

can really be carried into effect. The method of Subordination of Characters considers some 

characters as more important than others; and this method gives more consistent results 

than the others. This method, however, does not depend upon the Idea of Likeness only, 

but introduces the Idea of Organization or Function. (Whewell, 1847) 
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The Blind Trial method stems from the taxonomist pursuing a vague feeling of likeness 

between things as a whole and a general affinity among classes. For Linnaeus, his “natural 

taxonomy” system does not use traits to distinguish one plant or animal from another, but is meant 

to portray their “nature” defined in terms of the “symmetry of all parts.” (cited in Whewell, 1847). 

What emerges is a unique whole represented as a general picture of interrelated parts and 

properties, whose differences and similarities are then compared to other such wholes. The logic 

of restricting his definitions to the sexual organs for plants was that, to him, these were not simply 

parts of the plant, but rather a representation of the final form of the plant in its entirety (Whewell, 

1847). However, although Linnaeus successfully develops a very good and useful artificial 

taxonomy, he never reached the point of obtaining a natural classification system (Whewell, 1847). 

On the one hand, taking his process seriously to the fullest extent leads to an extreme splitting of 

species divisions considering that all characteristics of the organism are considered and that each 

of these become necessary and sufficient to be grouped as a species. However, the system quickly 

becomes arbitrary if only a subset of characteristics are used to define a species. Whewell 

concludes that Linnaeus does not provide justification for his classification being natural—failing 

in the end to provide a method that would determine the system of characters that delineates groups 

(Whewell, 1847). Whewell goes on to infer that these limitations come from his fixation on 

morphological similarities on the surface of organisms and refusal to consider the underlying 

causal relationships that they depend on:  

This persuasion was the result of his having refused to admit into his mind any idea more 

profound than that notion of resemblance of which he had made so much and such 

successful use; he would not attempt to unravel the ideas of symmetry and of function on 



	 7	

which the clear establishment of natural relations must depend. He even despised the study 

of the inner organization of plants. (Whewell, 1847) 

 

The General Comparison method is portrayed by Whewell (1847) as being a means to 

provide a more systematic, structured system of classification to overcome the obscure practices 

arising from general feelings of resemblance. Along these lines, Michel Adanson decided that 

basing classification studies on a few characters like sex organs is arbitrary and leads to artificial 

classifications (cited in Whewell, 1847). In contrast, Adanson thought that using as many 

characters as possible to distinguish resemblance would directly result in more natural groupings. 

Therefore, he examined all distinguishable parts of the plant (65 different characters), constructed 

a comprehensive description of each trait, and then differentiated his natural families by comparing 

all differences and similarities with all of the other plants. Adanson approach is innovative and he 

is valiant for going down such a labor-intensive route, but it suffers greatly from its epic 

proportions and aimless process. The work alone is prohibitive. Whewell notes that just one of the 

sixty-five artificial systems comprised ten classes that are further split into ninety-three sections 

(Whewell, 1847). By the end, there are two enduring flaws that prove fatal for this system: 1) the 

taxonomist can never know that all possible relevant properties of the plant are considered in the 

classification and 2) an incorrect assumption is made that all possible artificial systems are equally 

important for natural classification (Whewell, 1847). Similar to Linnaeus and the blind trial 

method, general comparison suffered in this case because of its reliance on “mere external and 

detached resemblance” and failure to take into account the relative importance of organs and their 

characters (Whewell, 1847). Whewell attributes whatever success Adanson’s classification has to 



	 8	

the “dim feeling of affinity, by which he was unconsciously guided, than to the help he derived 

from his numerical processes” (Whewell, 1847).  

 

Whewell (1847) recognized that general comparisons become more attainable if some 

resemblances are able to be considered more important than others, a logical leap he calls 

subordination of characters. However, this presents challenges when trying to dissociate each 

organ and living component in a way that their relative values can be assessed without having 

preconceived notions that could lead to artificial classifications: 

It is easy to see that some organs are more essential than others to the existence of an 

organized being; the organs of nutrition, for example, more essential than those of 

locomotion. But at the same time it is clear that any arbitrary assumption of a certain scale 

of relative values of different kinds of characters will lead only to an Artificial System...It 

is clear that this relation of importance of organs and functions must be collected by the 

study of the organized beings; and cannot be determined a priori, without depriving us of 

all right to expect a general accordance between our system and the arrangment of nature. 

We see, therefore, that our notion of Natural Affinity involves in it this consequence;--that 

it is not to be made out by an arbitrary subordination of characters (Whewell, 1847). 

Alexander Pope expressed this dilemma another way, “Like following life through creatures you 

dissect, you lose it in the moment you detect.” (cited in (WAGNER, 2000). In the case of 

Whewell’s method subordination of characters, this problem is conceptual. The initial step of 

identifying the “natural” suture lines to dissect and subsequently assess the different components 

has the potential to create arbitrary divisions that would obfuscate the phenomena that is trying to 

be understood (Wagner, 2014). 
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The classifications discussed so far have been based on resemblances, but to get a natural 

classification you have to go beyond similarity of morphological traits to what Whewell calls 

Natural Affinity: 

The assumption that there is a Natural System, an assumption made by all philosophical 

botanists, implies a belief in the existence of Natural Affinity, and is carried into effect by 

means of principles which are involved in that Idea. (Whewell, 1847) 

To find Natural Affinity, Whewell urges taxonomists to recognize the integration of living things. 

An organism is a multi-part system with the organs and different components having a function 

that works in unison with the rest. The concept of function is able to relate individual 

morphological traits to the whole organism, allowing further correspondence to other traits as well.  

 

Even before Darwin, this interdependence and function-structure relationship was often 

attributed to fine-tuned adaptation (Wilkins, 2010), but Whewell strongly argues that it also 

suggests a natural affinity: 

It has sometimes been asserted that if we were to classify any of the departments of 

organized nature by means of one function, and then by means of another, the two 

classifications, if each strictly consistent with itself, would be consistent with each other. 

Such an assertion is perhaps more than we are entitled to make with confidence; but it 

shows very well what is meant by Affinity. The disposition to believe such a general 

identity of all partial natural classifications, shows how readily we fix upon the notion of 

Affinity, as a general result of the causes which determine the forms of living things. When 

these causes or principles, of whatever nature they are conceived to be, vary so as to modify 

one part of the organization of being, they also modify another: and thus the groups which 
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exhibit this variation of the fundamental principles of form, are the same, whether the 

manifestation of the change be sought in one part or in another of the organized structure. 

The groups thus formed are related by Affinity; and in proportion as we find the evidence 

of more functions and more organs to the propriety of our groups, we are more and more 

satisfied that they are Natural Classes. It appears, then, that our Idea of Affinity involves 

the conviction of the coincidence of natural arrangements formed on different functions; 

and this, rather than the principle of the subordination of some characters to others, is the 

true ground of the natural method of Classification (Whewell, 1847). 

Whewell’s suggestion to determine natural classes by demonstrating a similarity of gradation 

between multiple different characters effectively disposes of assumptions that one resemblance is 

more important in the classification than another. Whewell creates a Maxim for testing whether 

the classification system is natural: “that the arrangement obtained from one set of characters 

coincides with the arrangement obtained from another set” (Whewell, 1847). Whewell provides 

the following example of Natural Affinity as applied to minerology. Minerals were classified 

according to external properties (such as hardness, lustre, and color) in parallel to other researchers 

classifying those minerals based on chemical constitution. Whewell finds that “each of these 

arrangements is true and natural, then, and then only, when it coincides with the other.” (Whewell, 

1847). In contrast, every classification of minerals that disagrees is considered to be “merely 

arbitrary.”  

 

For Whewell, this Maxim fulfills a valuable confirmation criteria that he calls “jumping 

together” or “consilience” of inductions. Whewell explains:  
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“the evidence in favour of our induction is of a much higher and more forcible character 

when it enables us to explain and determine cases of a kind different from those which were 

contemplated in the formation of our hypothesis. The instances in which this have occurred, 

indeed, impress us with a conviction that the truth of our hypothesis is certain” (Whewell, 

1858). 

For Whewell, natural classes are formed inductively considering their Natural Affinity. Further, 

he thought that these natural classes are not bound by definitions, but are instead organized around 

an exemplary type or specimen:  

“[A natural class] is determined, not by a boundary line without, but by a central point 

within; not by what it strictly excludes, but by what it eminently includes; by an example, 

not by a precept; in short, instead of a Definition, we have a Type for our director” 

(Whewell, 1847).  

 

This can also be termed the “method of exemplars” rather than adopting Whewell’s label 

of “type method” to avoid the current improper condemnation of “typological thinking” as 

essentialism (Mayr, 1968; Winsor, 2003; Levit and Meister, 2006; Winsor, 2006; Wilkins, 2013). 

Although species were considered simple objects comparable to minerals, Whewell allowed for 

variation among his natural classes (Whewell, 1847). Additionally, he accommodated loose 

clustering of properties and allowed for the presence of individuals intermediate between groups. 

Whewell illustrates that “[intermediates] would not destroy the reality of the generic groups, any 

more than the scattered trees of the intervening plain prevent our speaking intelligibly of the 

distinct forests of two separate hills (Whewell, 1847).” These concepts prevent natural classes 
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from being associated with necessary and sufficient conditions and vindicates Whewell from his 

posthumous ties with essentialism. 

 

1.5 Darwin’s theory of evolution 

Two conflicting ways of thinking have been battling for superiority since the dawn of 

evolutionary biology (Amundson, 2005; Wagner, 2014). On the one side are “functionalists,” who 

explains traits of organisms by their functional and adaptive values. This view has come to be 

called adaptationism due to the belief that the functions of a trait is precisely adapted to their 

environment by natural selection. On the other side, “structuralists” are interested in the 

manifestations of “unity of type” exemplified by organisms with disparate ways of life having 

similarities in their morphology. Modern day structuralists attack adaptionists’ belief that each 

character of an organism is directly selected for its adaptive value (Gould and Lewontin, 1979).  

In the late eighteenth century, Charles Darwin was joining the ranks of naturalists that were 

aiming to “develop an all-encompassing theory of life’s diversity in all its forms” (Thomson, 2009; 

Wagner, 2014). In parallel to Darwin’s pursuits, Richard Owen was impressed by the incredible 

progress that chemists and mineralists were making devising the periodic table of elements and 

classifying minerals based on symmetry properties of their crystals, respectively (Rupke, 1994; 

Wagner, 2014). Wishing to describe the organization of body parts in a more formulaic way, he 

considered an animal’s homologs to be likened to the anatomical “atoms” of the body (Wagner, 

2014). His comparison of mammalian limbs revealed what he called “unity of type,” in which the 

form and structure of the bat’s wing and mole’s shovel were found to have similarities despite 

being responsible for very different functions (flying versus digging) (Owen, 1849). These results 

were in conflict with the perception that function is inextricably linked to structure. Further, Owen 
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defined homologous characters as, “the same organ in different animals under every variety of 

form or function”(Owen, 1843). However, Owen’s definition was poorly equipped to explain the 

common occurrence of homologous characters being distributed as nested sets (hierarchies). 

Darwin was able to seamlessly incorporate Owen’s “structuralist” claims into his own theory of 

evolution by descent with modification and lineage splitting (Darwin, 1859). A bifurcating tree of 

descent was able to explain the hierarchical organization of homologous characters. After Darwin 

published the Origin of Species (1859), comparative anatomy became a popular topic and 

homologies (especially morphological) became prized for their potential to provide evidence for 

triangulating phylogenetic relationships. Homology and the unity of type were repurposed as 

means to trace the evolutionary history of organisms. Homologies were no longer considered for 

their potential to explain the causal mechanisms underlying morphological resemblances and the 

structuralist arguments became dormant for almost a century (Wagner, 2014). 

The revelation of common descent helped naturalists understand what makes biological 

classification different from classification taking place in other sciences(Ghiselin et al., 2007). In 

the physical and chemical sciences, the natural classes are grounded on similarity of properties 

that do not change. Elements of the periodic table, such as gold, relates to atomic structure that is 

grounded by the laws of nature. All and only gold atoms will eternally contain an established 

number of protons that discriminate them from all of the other elements on the periodic table. Until 

Darwin’s theory of evolution, taxonomists and philosophers considered species to be similarly 

fixed and timeless, as John Ray stated, "the Works created by God at the first, and conserved to 

this Day in the Same State and Condition in which they were first made." (Ray, 1691; Moore et 

al., 2010)  This was in stark contrast to Darwin’s theory of evolution, which argued that life on 

earth has had a much more complex history (Darwin, 1859). In an evolving world of living things, 
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“There is no holding nature still and looking at it” (Whitehead, 1920; Rieppel, 2009). The causal 

basis of biological classification is understood as “history and process” (Ghiselin et al., 2007). 

Although taxonomists continued to use morphological similarities between organisms as tools for 

their classifications schemes, the grounds of classification ultimately became common descent. 

Further, concepts such as Natural Affinity could still provide an indication of “naturalness,” but 

the underlying reason for this association was common descent. 

Darwin’s theory of Natural Selection was less well received due to a lack of explanatory 

mechanism. Genetics was a newborn field of study while Darwin was writing Origin of the 

Species. More than 40 years passed before Mendel’s work on the mode of inheritance was 

rediscovered. In the first half of the 20th century, genetics began providing workable models of 

chromosomes and genes as fundamental hereditary units and provided the theory of natural 

selection with much needed explanatory mechanisms. This new knowledge fostered the general 

sense that Darwin’s original theories needed some modifications and updates. Beginning in the 

1930s, multiple high-impact books and articles were published by Fisher, Dobzhansky, Mayr, 

Simpson, and many others, that aimed to integrate evidence for evolution from multiple fields, 

including genetics, paleontology, systematics, and cytology. The result was a theory of evolution 

that came to be known as the “Modern Synthesis”. The Modern Synthesis proposed that evolution 

is a gradual process explained by the accumulation of small genetic changes in populations, which 

is regulated by natural selection on phenotypic variation over long periods of time (Mayr 1982; 

Futuyama 1986). 
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1.6 The Modern Synthesis 

The packaging of the Modern Synthesis was unfortunately done using incomplete 

knowledge, in part because important aspects of life such as the molecular biology and 

biochemistry of the gene were not yet known (Rose and Oakley, 2007). This allowed population 

geneticists to freely extrapolate from simple models of genomes, adopting the notion that 

hereditary information was malleable and easily shaped by natural selection (Rose and Oakley, 

2007). Further, strong natural selection was assumed to erase the evolutionary history of traits 

below the level of the organism. In other words, “species were the durable units of evolution while 

organs, genes, and cells evolved to match the functional demands placed on those species”(Rose 

and Oakley, 2007). The conceptualization of organisms became that of “vehicles” transporting and 

replicating genes (Dawkins, 1978; Wagner, 2014). The definition of homologies also became 

modified by Mayr, “Attributes of two organisms are homologous when they are derived from an 

equivalent characteristic of the common ancestor” (Mayr, 1982; Wagner, 2014). In contrast to 

Owen’s definition (“the same organ in different animals under every variety of form and 

function”), the newly adopted homology definition no longer considers organs or other biological 

parts and “[homologous similarities] are merely the ancestral characters that happened by 

coincidence to survive” (Williams, 1992; Amundson, 2005; Wagner, 2014). The view that genes 

are exquisitely tuned to the organism’s current functional requirements also manifested as the 

incorrect assumption that species mostly contain different sets of genes (Rose and Oakley, 2007; 

Wagner, 2014). 

The Modern Synthesis of evolution also became limited in scope due to entire branches of 

biology being condemned as “typological,” which Mayr wrongly treated as synonymous with 

essentialism (Mayr, 1968). The Modern Synthesis considered concepts like body plans to be 



	 16	

considered as “types,” leading to their associated developmental and variational commonalities 

dismissed as “relevant causal factors” (Wagner, 2014). In effect, only differences revealing at the 

organism level were considered, excluding any tendencies for underlying different forms of genes 

and phenotypes. Consequently, this had the effect of excluding fields such as embryology and 

developmental biology from being incorporated into the Modern Synthesis. Mayr and others also 

propagated an ‘essentialism story’ that attacked opposing taxonomic methods and philosophies 

(Winsor, 2003; Levit and Meister, 2006; Winsor, 2006; Wilkins, 2013). As explained by Marc 

Ereshefsky, “Prior to the acceptance of evolutionary theory, essentialism was the standard mode 

of classification in biological taxonomy” (Ereshefsky, 2000; Winsor, 2003). According to the 

essentialism story, Linnaeus was an earnest follower of neo-Platonic and Aristolian ideals, which 

is a gross oversimplification of his classification system: 

Essential characters are merely diagnostic aids, and no more are thought by pre-Darwinians 

or post-Darwinians to be the causes of particular species than a cross-vein on a wing used 

to identify a Tetriphid fruit fly is the cause of it being the sort of animal it is. (Wilkins, 

2010).  

By association, taxonomists and philosophers after Linnaeus were also portrayed as propagating 

the ideas of Platonic types. In regards to Whewell, Mayr and Bock state,  

“The use of this pre-evolutionary concept of affinity/homology is difficult for present-day 

biologists to understand as it was part of the then widespread acceptance of 

essentialism…But prior to the acceptance of evolution no one could explain this natural 

affinity or knew how to determine it” (Mayr and Bock, 2002) 
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As discussed earlier, Whewell does not promote essentialism, but instead arrives at types through 

a “consilience” of inductions and in turn treats types as the anchor points for taxonomic 

descriptions, explicitly not being defined by a list of essential characters: 

“…the object of our study is kinds of things, not one of which kinds can be rigorously 

defined, yet all of them are sufficiently definite. In these cases we may indeed give a 

specific description of one of the kinds, and may call it a definition; but it is clear that such 

a definition does not contain the essence of the thing. …But no one would say that [the 

description of the Rose Tribe] was our essential conception of a rose, to be substituted for 

it in all cases of doubt or obscurity, by way of making our reasonings perfectly clear” 

(Whewell, 1840). 

As Mary Winsor (2003) put it, “Whewell congratulated pre-Darwinian taxonomists for not 

adhering to the rigid ideal of definition used in the mathematical sciences.” Owen is given a similar 

treatment by the designers of the Modern Synthesis and his notion of homology is summarily 

dismissed until more recent reappraisal has been made possible (Wagner, 2014). The causal basis 

for organismal similarity underlying both cases of Whewell’s affinity and Owen’s homology, as 

well as the fields of development and embryology, were all open questions prior to Darwin’s 

publication of Origin of the Species (1859). Afterwards, the answer was provided indisputably and 

forcefully by common descent and the tenets of the Modern Synthesis, but that proved to only be 

part of the story as will be discussed later.  
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PART 2: CLASSIFICATION OF RETINAL GANGLION CELLS 

2.1 The fundamental organization of the retina 

Vision is the conduit through which we perceive the outside world. The mammalian retina 

extracts features from the visual world, encodes them in spike trains of specific retinal ganglion 

cell types (RGCs), and conveys them along the axons to visual brain centers (Figure 1). The thin 

size, accessibility, transparency, stereotyped organization, and origins from the brain made the 

vertebrate retina an ideal model system for neuroanatomical studies by the great Santiago Ramon 

y Cajal and generations of researchers since. The retina contains five basic neuronal classes 

(photoreceptors, horizontal, bipolar, amacrine, and ganglion cells) and two types of glial cell 

(Muller glia and astrocytes) (Figure 1B). The retina neuron cell bodies are organized in three 

layers. The photoreceptors exist in the outermost nuclear layer (ONL); horizontal cells, bipolar 

cells, and amacrine cells are distributed throughout the inner nuclear layer (INL); while the 

ganglion cell layer (GCL) contains nuclei of retinal ganglion cells. Light entering the eye counter-

intuitively passes through the extent of the retinal tissue to reach the light-sensitive photoreceptors 

at the back of the retina, where it creates a photochemical reaction and hyperpolarization of the 

photoreceptors (Figure 1). The activation of these cells is communicated to bipolar cells in the 

outer plexiform layer (OPL). Bipolar cells and photoreceptors transmit light information over a 

wide dynamic range of intensity using graded potentials, rather than the action potentials used by 

most neurons (Figure 1B). These graded synaptic output signals are transferred via the release of 

the neurotransmitter glutamate at a special type of chemical synapse, called the ribbon synapse. 

Depolarization of bipolar cells leads to transfer of the light signal to retinal ganglion cell dendrites 

in the inner plexiform layer (IPL). Activated retinal ganglion cells will then conduct action 
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potentials along their axons to the brain (Figure 1B). Synaptic input with bipolar cells from the 

horizontal cells and amacrine cells provide further processing and filtering of the light signal 

through lateral inhibition in the OPL and INL, respectively. A tremendous amount of visual 

processing occurs between the absorption of light by photoreceptors to the ganglion cell axons that 

transmit the multiple channels of visual information from the retina to the brain. 

 

2.2 The initial studies of retinal ganglion cell diversity 

Cajal (1893) recognized the morphological diversity of retinal ganglion cells in the process 

of carefully characterizing his Golgi stained vertebrate retinas (Cajal, 1892)(Figure 2A). He was 

able to classify many varieties of RGCs by their overall size as well as the morphology and level 

of branching of their dendrites. He understood that the composition of retinal ganglion cells were 

similar across vertebrate retinas. These initial classification studies were extended by Polyak 

(1941) who provided an more extensive classification of primate RGCs (Polyak, 1941). Hartline 

(1938) realized that RGCs do not have a homogeneous physiological response to light and was the 

first to classify them based on their receptive field properties (Hartline, 1938). He presented 

ganglion cells with flashing spots within the center of their receptive fields and was able to 

categorize them as responding only to the onset of light (ON cells), offset of light (OFF cells), or 

to both (ON-OFF cells). In 1953, Kuffler and Barlow described the concentric receptive field 

organization of ON- and OFF-center RGCs such that illuminating the surround zone antagonized 

the response of the center zone (BARLOW, 1953; KUFFLER, 1953). All RGCs were anticipated 

to share a similar center-surround antagonism and operate as the lowest level of a hierarchical 

signal processing pathway (Hubel and Wiesel, 1962). 
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Fundamental differences were soon observed among retinal ganglion cells’ response 

properties and evidence quickly accumulated for additional retinal ganglion cell diversity. Barlow 

determined that a type of ON-OFF retinal ganglion cell in frogs are especially sensitive to moving 

stimuli across its receptive field, but not at all to stationary objects. Considering that these ON-

OFF cells seemed to represent a type of cell having a specific functional role, Barlow started 

calling these cells “fly-detectors” (BARLOW, 1953). Thus began the practice of naming a cell 

type by its “trigger feature,” the type of stimulus that was determined to most effectively activate 

the cell (BARLOW, 1953; MATURANA et al., 1960; BARLOW et al., 1964). The discovery of 

ON-OFF ganglion cells that respond to light spots moving in certain directions across their 

receptive fields led Barlow to name them “directionally selective” retinal ganglion cells 

(BARLOW et al., 1964). Additional studies of receptive fields of rabbit ganglion cells by Barlow 

and Levick in the 1960s lead to the classification of many more cell types, including ON-direction 

selective, ON-center, OFF-center, orientation-selective, and local edge detectors (BARLOW et al., 

1964; LEVICK, 1967). In parallel, Enroth-Cugell and Robson classified ON-center and OFF-

center cells from cat retinas into two types based on their contrast sensitivity and response 

properties to sine wave gratings (Enroth-Cugell and Robson, 1966). They decided to designate 

them with the open-ended names X and Y (Enroth-Cugell and Robson, 1966). The other ganglion 

cells were found to have receptive field properties similar to those found in rabbit ganglion cells 

such as on-off direction selective and local edge detectors (Stone and Fabian, 1966; Stone and 

Hoffman, 1972; Cleland and LEVICK, 1974). These cells in the cat retina were controversially 

grouped together as W-cells (Stone and Fukuda, 1974). Further confusion arose when the  X, Y, 

and W types classified primarily by their physiological responses became correlated with the 

morphological types that went by the name of alpha, beta, and gamma (Enroth-Cugell and Robson, 
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1966; Boycott and Wässle, 1974; Cleland and LEVICK, 1974; LEVICK and Thibos, 1983). 

Understanding this newfound retinal diversity had the potential to dramatically rework the 

hierarchical scheme of visual processing (Rowe, 2012). The lack of an agreed on classification 

methodology for studying ganglion cell diversity and the disagreement on naming strategy lead to 

an energetic discourse among multiple research groups (Rowe and Stone, 1977; Hughes, 1979; 

Rowe and Stone, 1979; Rodieck and Brening, 1983). 

 

2.3 Application of taxonomy systems to ganglion cell classification 

Tyner (1975) introduced neuroscientists to the idea that classifying neuronal populations 

should consider implementing the methods and concepts that have been developed by taxonomists 

in their classification of plants and animals (Tyner, 1975). In particular, Tyner highlighted the 

following best-practices: 1) classification of neuron types should be arranged hierarchically; 2) 

any type should be recognized based on a large number of features (not a single feature); 3) each 

type is not rigidly defined (may have fuzzy boundaries) with members having many, but not 

necessarily all features describing the type; 4) the arrangement of neuron types within the hierarchy 

should only be defined in operational terms, separate from descriptive features; 5) diversity and 

adaptive value of characters are generally beneficial to classification; and 6) classification schemes 

should be open to revision as new information become available. More pragmatic benefits include 

more efficient storage, retrieval, and communication among neuroscientists. 

Rowe and Stone (1977) adapted Tyner’s guiding principles to the study of retinal ganglion 

cells. Accordingly, they considered cell type classifications to be modifiable hypothesis of 

relationships between cell types that accomplish particular functions, instead of being explicit 

definitions. Further, the functional roles of neuron types suggested by the classification should be 
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defined in terms independent of the description of the neuron type. In general, Rowe and Stone 

first attempted to identify the signal processing operations underlying visual perception and then 

tried to identify cell types whose properties are well-suited for these operations. Their discussion 

also helped set guidelines for distinguishing between two different kinds of phenotypic variation 

(Rowe and Stone, 1977; 1980). The sort of variation that separates a rod cell from a ganglion cell 

or blue-sensitive cone from a red-sensitive cone was described as ‘between-type’ variation. In 

contrast, ‘within-type’ variation includes different morphology of the same cell type that 

correspond to a change of retina location or situations that individual neuron cell bodies reside in 

different layer than the others from the same type. They provided “local-edge detectors” and 

“sustained” as examples of classifiers improperly concentrating too much attention to a single 

physiology-based trait, which may introduce bias and compromise hypothesis-testing in future 

studies. Using the W/X/Y classification system as an example, they effectively argued that the 

neutral nomenclature and multi-parametric description was key to a beneficial classification that 

promoted open elaboration and modification in the future. 

 

Along with the good practices promoted by taxonomists of the Modern Synthesis era, 

Rowe and Stone also adopted the incorrect assumption that organisms are exquisitely adapted to 

the needs of their environment:  

Each species plays a particular role in the ecosystem, and can be said to occupy an 

ecological niche within it. Analogously, groups of neurons within a neuronal system also 

interact with each other in order to perform certain operations. Each group of neurons 

contributes a particular component to the overall function of the system and can be 

tentatively said to occupy a functional niche within it. We would suggest that the functional 
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roles played by various neurons do provide a basis for their classification into groups; and 

that the classification should be regarded as an hypothesis that particular groups of neurons 

fill particular functional niches. (Rowe and Stone, 1977) 

In other words, evolution generates specialized cell types when needed, followed by selection of 

features that improve fitness and efficient cleansing of those that do not. The result is a notion of 

cell types that has morphological, physiological, and molecular properties aligned and integrated 

together to allow for a tight form to function correlation. The assumption that ganglion cells are 

fit for visual functions in a way that is perceivable by neuroscientists plays an important role in 

Rowe and Stone’s classification system:  

Our view was that the starting point for any study of ganglion cell diversity should be the 

study of visual perception itself…Armed with that information, one could then identify cell 

groups whose descriptive features made them suitable candidates for performing particular 

operations. Furthermore, our view was that the labeling of such groups should be neutral 

(X, Y, W instead of brisk-sustained, brisk-transient, sluggish) in order to assure that the 

hypothesized relationships between cell groups and visual operations could accommodate 

new results and new ideas. (Rowe and Stone, 1977) 

These presuppositions seem to be based on incomplete information adopted during the generation 

of the Modern Synthesis. As I will be exploring further later in this chapter, the resurgence of 

interest in “deep homology” in the 1980s revitalized support for Owen’s earlier notion of “unity 

of type,” in which similarity of form and structure in spite of differences in function (Wagner, 

2014). The experimental evidence that has accumulated over the last thirty years suggests a much 

more complex, nonlinear system of ganglion cell types, with RGC types increasing from three to 

thirty ‘functional’ types over the last thirty years (see Sanes and Masland, 2015 for review). On a 
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more pragmatic note, despite the neutral nomenclature, the reliance on a conceptual subdivision 

of functional visual pathways may be dramatically different between neuroscientists and lead to 

irreconcilable differences of opinion towards ganglion cell classification. 

 

Rowe and Stone (1977) also adopted Mayr’s maligned interpretation of pre-Darwinian 

history and attacked opposing viewpoints as being “essentialistic.”   

The method of classifying animals according to their 'essences', which stems from the 

Aristotelian and Platonic traditions, and which dominated all classificatory schemes until 

the 19th century, has been largely abandoned by modem taxonomists. Thus, the choice 

between the X/Y and sustained/transient terminologies is not simply a matter of which 

label to apply. Issues such as the use or avoidance of the Aristotelian concept of the 

'essential nature' of a cell group are involved, as well as the ability of a scheme of 

classification to assimilate and adapt to new data. 

They relentlessly point to Cleland and Levick (1972, 1974) as being “essentialistic” due to their 

contrasting views on nomenclature and classification strategy of the W/X/Y cells. I found it 

challenging to disentangle the incorrect presuppositions surrounding the “essentialistic” label from 

valid concerns about preconceived bias entering into the process of classifying ganglion cells. John 

Wilkins (2010) sees the essentialism label as a straw-man argument that should be disregarded: 

I consider, therefore, that essentialism is a straw-man target in biology… The requirement 

that classification be “theory-free” represents a now-defunct philosophy of science. It 

suffices that one does not use theory to support a classification that in turn is used to support 

the theory in a vicious circle. 



	 25	

Simpson (1961) suggests a more pragmatic approach, “The stablest classification is the most 

useful” (Simpson, 1961); cited by Mayr and Bock, 2002). Contrary to expectations, types 

classically named by Levick to be “local edge detectors” (LEDs) and “orientation-sensitive” 

continues to be used to this day (LEVICK, 1967; Cleland and LEVICK, 1974; He et al., 1998; 

Sanes and Masland, 2015). However, making homology statements between species remains a 

challenge. The W-, X-, Y-cells in the rabbit named primarily based on physiological criteria have 

been correlated, for the most part, with K, P, and M-cells in primate, respectively, which were 

named based on brain targets (Shapley and Hugh Perry, 1986; Casagrande, 1994). Controversy 

has occurred whether monkey midget ganglion cells are in fact homologous with cat beta ganglion 

cells (Kolb et al., 2001; Masland, 2004). A standardized way of naming neurons has not been 

agreed on, and is outside the scope of this document. 

 

2.4 Unsupervised cluster analysis based on Whewell Maxim  

Rodieck and Brening (1983) classification system for ganglion cells also prioritized being 

objective and strived to distinguish the ‘natural cell types’. Their aim was to develop a 

classification system that is completely empirical. Mapping cell properties within parametric space 

were pursued by them to determine covariance of properties between cells that can provide 

empirical evidence for ganglion cell types. A ‘natural cell type’ was represented as a discrete 

cluster of individual cell measurements, with an objective reality and being distinct without 

intermediates in at least one dimension from every other cluster. Like Rowe and Stone (1977), 

they argued that neuron types are “discovered and demonstrated; they cannot be locked up by 

means of a definition.” Any set of variables, with few exceptions, were eligible to build the multi-

dimensional parametric space (Rodieck and Brening, 1983). They also did not set a limit to the 
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number of parameters used for clustering or have some parameters weighted more heavilty than 

others. They stated, “No error would occur if all of these parameters were included. This would 

increase the dimensionality of the parametric space, but would not create any more clusters than 

had only one been included” (Rodieck and Brening, 1983). They then proceeded to establish a 

method to distinguish whether a neuron type is ‘natural.’ Their method distinguished whether 

clusters form “Whewell affinities,’ which was based on Whewell’s Maxim, 'The arrangement 

obtained from one set of characters coincides with the arrangement obtained from another set' 

(Whewell, 1847). They tested this approach with ‘On-Center X’ and Off-Center X’ cells and found 

a ‘natural’ X type. However, classification of other groupings such as ‘W/X/Y’ was out of reach 

of their method. 

The use of Whewell’s Maxim by Rodieck and Brening (1983) differed significantly from 

the process suggested in Whewell’s original descriptions. Their association of types with 

collections of empirically derived properties seems to align with Whewell’s suggested approach. 

However, they described a classification system that does not support individual intermediates and 

uses potentially limitless properties with no consideration of relative value or kinds of properties. 

These discrepancies make their method similar to the ‘general comparison’ attempt at natural 

classification as described by Whewell (1847) above. Therefore, Rodieck and Brening’s approach 

in practice likely suffers from similar issues as Adanson’s classification study, which was 

incredibly laborious, assumed incorrectly that all properties are equally valuable to natural 

classification, and can never be certain if all relevant cell properties are considered (Whewell, 

1847). This approach has only been successfully applied once (Kock et al., 1989) and has not been 

adopted widely due to issues mentioned above: labor-intensive, open-ended implementation, and 
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immense amount of multidisciplinary data that is required from the same set of cells (Carcieri et 

al., 2003).  

 

2.5 The immense parallel processing capabilities of diverse retinal cell types 

The mature vertebrate retina encompasses morphologically and functionally distinct 

circuits that provide parallel processing of specific features from the complex visual scene (Figure 

2B). The simplified visual pathway from photoreceptor to bipolar to ganglion cell to brain was an 

oversimplification. As Richard Masland (2001) stated, “The retina of 1980, containing only X and 

Y cells, now seems a stick figure” (Masland, 2001). Currently, there is considered to be at least 80 

physiological and anatomically distinct neural cell types in the retina and more than 30 separate 

visual circuits sent along parallel pathways to the brain for further processing (Sanes and Masland, 

2015; Baden et al., 2016). The characterization of the ganglion cells that make up these distinct 

circuits has been intensely studied for decades and the criteria for classifying their cell-type identity 

has become increasingly advanced. According to Sanes and Masland (2015), there are four main 

criteria that are used to classify RGCs: uniform morphology, uniform physiology, regular spacing, 

and similar gene expression. These criteria will be explored further below. 

 

2.6 Comprehensive studies of physiological and anatomical criteria for ganglion cell 

classification 

Over the last two decades, there has been multiple attempts at a complete catalogue of RGC 

types considering morphological and physiological criteria (Kong et al., 2005; Coombs et al., 

2006; Völgyi et al., 2009; Baden et al., 2016; see Masland, 2012 for review). Kong et al., (2005) 

were able to describe morphological clusters that represent eleven cell types of mouse ganglion 
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cells. They found that deciding what constitutes an effective parameter space for cluster analysis 

is not a trivial decision. Some kind of parameter selection is required in order to make the cluster 

analysis viable because each additional parameter has the potential to generate additional 

variability, introduces potential error to the cluster analysis. They focused their 42 calculated 

parameters down to a selected three that they determined “were most likely to be effective ways 

to discriminate among the cells”(Kong et al., 2005). They note that:  

“Most meet Rodieck and Brening's (1983) criterion of coherent clusters. It is worth noting 

that this coherence would not have been true in a two-parameter sort. It is only with the 

addition of a third dimension that spaces between all the clusters become evident.”  

However, they also make explicit their finding that “excess parameters add little power but much 

variability and potential error to the analysis.” Therefore, the limitless number of parameters for 

cluster analysis proposed by Rodieck and Brening (1983) does have its real-world drawbacks. 

More recently, at least fifteen morphological types were distinguished using unsupervised 

clustering together with genetic markers (Sümbül et al., 2014). In a large survey of mouse ganglion 

cell physiological properties, Farrow and Masland (2011) clustered ganglion cells by their light 

responses into twelve types. They limited their set of parameters to five for effective clustering 

analysis, reiterating the importance to reduce the number of parameters because the amount of 

required data was found to increase exponentially with each parameter added and “the concept of 

distance becomes less precise as the number of dimensions grows” (Beyer et al., 1999; Verleysen 

and François, 2005; Farrow and Masland, 2011). Unsupervised clustering considering both 

morphological and physiological properties has recently expanded the number of ‘functional’ RGC 

types to more than thirty in the mouse (Baden et al., 2016). How these types based on physiological 
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and morphological criteria correlate to the more than forty known visual brain targets of mouse 

RGCs remains unclear (Morin and Studholme, 2014; Dhande et al., 2015; Baden et al., 2016).  

 

2.7 Mosaicism as an organizing principle of ganglion cell types 

The organization of the retina is such that every part of an image is locally processed by 

parallel circuits to discriminate different properties such as color, movement, contrast, and 

brightness (Masland, 2001; Cook, 2003; Wässle, 2004; Baden et al., 2016). The receptive fields 

of particular RGC types independently ‘tile’ the entire retina to allow for uniform sampling of the 

visual scene (Wässle et al., 1981; Devries and Baylor, 1997; Rockhill et al., 2000; Ford and Feller, 

2012). The tiling property of RGC types are also related to the formation of their cell bodies into 

‘neuronal mosaics,’ repelling each other cell type so as to uniformly disperse across the retina. 

Mosaicism generally correlates well with other criteria such as morphology and physiology that 

have traditionally been used for the classification of RGCs: 

"A 'type' has come to be defined by the regular association of particular morphological, 

cytological, connectional, chemical, and physiological features, ...Each type, so defined, 

turns out to have a characteristic stoichiometry and distribution in the retinal mosaic, thus 

further supporting the idea that the type is fundamental." (Sterling, 1983) 

These principles have helped to clarify some concepts of neuronal type classification. Similar to 

suggestions by Rodieck and Brening (1983), absolute soma size and the layer that the soma is 

residing (i.e., ‘displaced’ ganglion cell bodies in inner nuclear layer) is not well correlated with 

mosaics of ganglion cell types (Cook and Noden, 1998; Cook, 2003). Multiple RGC types have 

been validated by metrics associated with mosaicism, but a full inventory remains incomplete 

(Huberman et al., 2008b; Kim et al., 2008b; Huberman et al., 2009; Rivlin-Etzion et al., 2011). 
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2.8 Molecular criteria for ganglion cell classification 

Distinguishing ganglion cell types by their molecular signatures has made great strides over 

the last two decades, but is still largely incomplete and exploratory (Dhande et al., 2015; Sanes 

and Masland, 2015). Only a few RGC types have been able to be distinguished based on a single 

gene, including the photopigment Opn4 expression in intrinsically photosensitive retinal ganglion 

cells (ipRGCs), the cell adhesion molecules JamB in J-RGCs, and CART (cocaine- and 

amphetamine-regulated transcript) distinguishes ON-OFF direction-selective RGCs (Hattar et al., 

2002; Kim et al., 2008b; 2010; Kay et al., 2011). However, these are not simply single types, but 

have been determined to have heterogeneity. Multiple ipRGC subtypes have been revealed, with 

differing levels of Opn4 and no molecular signature that aligns with morphological or 

physiological differences (Berson et al., 2010; Ecker et al., 2010; Estevez et al., 2012; Hu et al., 

2013). In the case of J-RGCs, their morphology and physiology is different depending on what 

region of the retina is under study (Kim et al., 2008b; Sanes and Masland, 2015).  Additionally, 

JamB is also expressed in the outer retina and discrimination of J-RGCs would require including 

an additional RGC-specific marker, such as Rbpms (Daniele et al., 2007; Rodriguez et al., 2014; 

Sanes and Masland, 2015). Evidence is accumulating that multiple genes will generally be 

important for distinguishing RGC types. For example, a recent screen of transcription factor 

expression in the mouse retina revealed that Foxp2-expressing RGCs (F-RGCs) are further 

subdivided into a set of four types by the combinatorial expression of Foxp1 and members of the 

Pou4f1 family (Rousso et al., 2016). Morphological and physiological analysis determined that F-

RGCs are two discrete pairs of ON and OFF ganglion cells—F-mini types are small-field 

direction-selective RGCs while F-midi types have a larger dendritic field and are not direction-
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selective(Rousso et al., 2016). By current estimates, RGCs consist of more than 30 types with the 

majority still lacking any kind of molecular signature attributed to them (Sanes and Masland, 2015; 

Baden et al., 2016). Recent attempts at single-cell profiling, although successful at identifying an 

extensive molecular marker set for bipolar cells, has failed to account for the heterogeneity of RGC 

types (Macosko et al., 2015; Shekhar et al., 2016). 

Transgenic mice have become valuable and widely used tools for studying neuronal cell 

types. In particular, “reporter mice” have been designed to express exogenous genes that encode 

fluorescent proteins, such as green fluorescent protein (GFP). This was first established with the 

“Green mouse,” which expressed GFP ubiquitously in all cells by placing it under control of a 

constitutively active promoter (Okabe et al., 1997). Another reporter method uses the Cre/Lox 

system, which uses the ability of Cre recombinase to specifically recognize and delete specific 

DNA regions between sequences called Loxp sites (Sternberg, 1981; LAKSO et al., 1992; Kühn 

and Torres, 2002). The combination of Cre-expressing mice with Cre-dependent fluorescent 

reporters have allowed spatial and temporal control of genetic labeling subsets of neuron 

populations (Smith, 2011; Abe and Fujimori, 2013). Labeling by the reporter mouse is restricted 

to specific cell populations by inserting the cDNA of GFP, or Cre in the case of Cre/lox system, 

downstream of genetic regulatory elements (promoters and enhancers) that are only expressed in 

specific cell types. Reporter mice are generated by introducing exogeneous transgenes into the 

mouse genome generally by one of two methods: 1) random transgenesis into an unpredictable 

genomic integration site or 2) targeted transgenesis to a specific genomic locus by homologous 

recombination (Vacaru et al., 2014). Both methods have benefits and caveats. The latter, ‘knock-

in’ approach, is generally faithful to anticipated gene expression pattern, but is technically more 

challenging and expensive. In contrast, the main limitation of random integration is that reporter 
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labeling may be incomplete, less restrictive, or entirely different from endogenous pattern of 

activity of the promoters. However, sometimes the random integration can produce a labeling 

pattern that does not recapitulate expected expression, but has a labeling pattern restricted in a way 

that still proves beneficial to the study cell subpopulations.  

Reporter mice have proven invaluable for systematically linking physiological, anatomical, 

and molecular criteria for specific RGC types (Yonehara et al., 2008; Huberman et al., 2008b; Kim 

et al., 2008b; Huberman et al., 2009; Ecker et al., 2010; Kay et al., 2011; Osterhout et al., 2011; 

Trenholm et al., 2011; Dhande et al., 2013; Trenholm et al., 2013; Dhande et al., 2015; Sanes and 

Masland, 2015). In the case of ON-OFF dsRGCs, they are morphologically indistinguishable, but 

they can be subdivided further into four mosaics that are physiologically distinguishable as 

responding to stimuli motion in one of four directions: nasal, ventral, dorsal, and temporal (Oyster 

and BARLOW, 1967; Devries and Baylor, 1997; Borst and Euler, 2011; Vaney et al., 2012). 

Transgenic mouse reporters have helped resolve these four different subtypes, with reporters that 

have selective labeling correlating with ON-OFF dsRGCs that prefer nasal, ventral, or dorsal 

motion (Huberman et al., 2009; Kay et al., 2011; Rivlin-Etzion et al., 2011; Trenholm et al., 2011). 

Further, these reporters allowed researchers to decipher differences in the brain targets, including 

subtler lamination segregation, of On-Off dsRGCs (Huberman et al., 2009; Kay et al., 2011; 

Trenholme et al., 2011; Dhande, Estevez et al., 2013). Although reporter mice are experimentally 

useful as markers, some of these reporters were generated by random integration and determined 

to not reliably recapitulate endogenous gene expression (Haverkamp et al., 2009; Kay et al., 2011; 

Visser et al., 2015). Other reporters, such as PV-Cre and Pcp2-Cre, label multiple types, but still 

facilitates physiological and anatomical studies to narrow focus to particular RGC types  (Münch 

et al., 2009; Farrow et al., 2013; Ivanova et al., 2013). The expression of GFP in specific RGC 
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types also facilitates targeted and efficient purification of labeled cells by fluorescence activated 

cell sorting (FACS) for system-wide gene expression profiling (Kay et al., 2011; Siegert et al., 

2012).  

 

PART 3: DEVO-EVO AND RETINAL CELL TYPE DIVERSIFICATION 

3.1 Reintroduction of structuralism thinking into evolutionary biology 

The Modern Synthesis portrayed different species of animals as being genetically 

constructed in entirely different ways over vast amounts of evolutionary time. Further, this view 

usually assumed that species formation prompted genes to diverge in a way that would match cells 

and organs to the specific functional demands of the species. Therefore, strong selective pressure 

was thought to essentially erase the evolutionary history of homologous genes in all but the most 

recent relatives. The possibility of widely shared characteristics being explained by the presence 

of homologous genes was rejected vigorously by Ernst Mayr in the 1960s: 

Much that has been learned about gene physiology makes it evident that the search for 

homologous genes is quite futile except in very close relatives. If there is only one efficient 

solution for a certain functional demand, very different gene complexes will come up with 

the same solution, no matter how different the pathway by which it is achieved. The saying, 

“Many roads lead to Rome” is as true in evolution as in daily affairs. (Mayr, 1963) 

This fostered the view that “organisms are balls of wax in the hand of natural selection” with “no 

causally important structures remaining over longer periods of time” (Gould, 2002; Wagner, 

2014). 

The devo-evo revolution (also called Evo-Devo) in evolutionary biology was initiated by 

the discovery of conserved developmental genes controlling the formation and pattern of body 
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parts with similar function, but very different forms, in distantly related species (Wagner, 2014). 

It wasn’t until the 1980s that some of the mysteries surrounding how dramatically disparate body 

forms develop among the diversity of species were solved (Gehring, 1998). Genes were presumed 

to play a fundamental role in evolution and development, but the actual process was left to a wide 

range of speculations. A key breakthrough was the discovery of homeobox (Hox) genes in the 

model organism, Drosophila melanogaster, that was determined to be important for controlling 

body organization during fly embryonic development (McGinnis et al., 1984; Scott and Weiner, 

1984). Unexpectedly, most of these genes were discovered to have equivalent gene sequences in 

widely different vertebrate species as well, including frogs, birds, and mammals(Carrasco et al., 

1984). These studies reawakened the possibility of homologous genes being conserved among 

different species for tens or hundreds of millions of years (Wagner, 2014). The concept of deep 

homology, dissimilar organs unexpectedly determined to be controlled by similar genes, also 

applied to specific complex organs such as the eye. Eyes were considered by biologists, including 

Ernst Mayr, to have evolved at least 40 times, correlating with the incredible diversity of light 

sensing organs across the animal species (Salvini-Plawen and Mayr, 1977). Surprisingly, the Pax-

6 gene was determined to be important for not only development and formation of the fruit fly’s 

compound eye, but also the “camera” eye of vertebrates, and the eyes of many other animals such 

as squid (Gehring, 2012).  

 

3.2 Biological types are individuals, not classes  

An important distinction between classes and individuals in evolutionary biology was made 

by Michael Ghiselin (Ghiselin, 1966; 1974; 1997; 2005; Ghiselin et al., 2007; Wagner, 2014). The 

inherent variation in biological species is now understood to be a fact of nature and the basis for 
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their being evolvable. No longer are species considered to operate in the realm of chemistry, in 

which elements such as oxygen have defining chemical properties. Ghiselin (1997) distinguishes 

biological species as “individuals,” not classes that are considered to have defining properties. 

Further, individuals have parts that are spatiotemporally restricted, unlike classes that can occur 

anywhere and anytime. Since individuals are spatiotemporally restricted, they have definite 

historic beginnings and endings, continuity and change over time. Species, organisms, and cells 

can all be considered to have a birth, continuity over time, have a specific location in space, and a 

death (extinction, in the case of species; apoptosis in the case of cells). An individual is also 

considered to be concrete and able to engage in a process and have causal roles. In contrast, classes 

are abstract, their designation applying to anything with the defining properties, regardless of when 

and where the entity occurs in time and space. A mouse is one example of an individual, not a 

class: 1) it does not have a defining property; 2) it was born from another member of its species 

and will change dramatically over its lifetime; 3) losing its tail will not disqualify it from being the 

same mouse; and 4) eventually its existence will end through death. Similar concepts can be 

applied to organs (i.e. eyes) and cells (i.e. neurons) as individuals. Ghiselin (2005) extended this 

idea a step further, pointing out that homologs should also be considered as individuals instead of 

classes (Wagner, 2014). Ghistelin (2005) stated, “Homology is a relationship of correspondence 

between parts (individual homologues) of individual organisms, which are in turn parts of 

individual genealogical wholes.” Further, homology applies to concrete parts (i.e., organs), have a 

beginning as a novelty, have continuity through inheritance along lineages, do not have defining 

properties, and come to an end when the lineages having the homologous part goes extinct.  

How do biological individuals such as species or homologous organs become 

individualized? In the case of species, sexually reproducing organisms become individualized 
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species once they become reproductively isolated from other populations and therefore, form 

distinct lineage of descent: 

Members of a species have to have properties that are essential for these organisms and 

their descendants to be members of this species. Now that is not the same as forming a 

class, i.e. having defining properties. (Wagner, 2014)  

Like species, homologous body parts exist in a lineage of descent that is distinct from other parts 

of the body. Further, the body part must become developmentally individualized in regards to other 

parts of the body for it to become a homolog (Wagner, 2014). Wagner (2014) makes an important 

distinction between “character identity” and “character state” to better understand the notion of 

homology as the “same organ in different species in every variety of shape and function.”  

Character identity refers to that part of the organism that forms a lineage of descent with 

modifications (i.e., the thing that corresponds among different species like the forewing of 

a bee and that of a dragonfly). Character states are the different shapes and forms that a 

character can assume. 

In other words, character identity and character states has a similar relationship as that found in 

genetics with gene identity and alleles, respectively (Wagner, 2014). Homology is regarded in 

terms of character identities, instead of character states. Character identity is a hypothesis, not a 

definition, that a body part has become individualized and was accordingly derived from the 

equivalent individualized body part in the most recent common ancestor. This does not, however, 

mean that the character identity is bound by phenotypic or genetic similarity. A body part is a beak, 

whether it is pouched beak of a pelican or the elongated beak of a hummingbird. Accordingly, a 

homolog is a body part that adopts form and/or functions that are shaped by natural selection 

(Wagner, 2014).  
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“Homology is a reflection of the highly non-trivial manner in which developmental and 

genetic information is organized. Physical, descriptive distinctness is not sufficient to infer 

the kind of biological individuality that is necessary to recognize a part of the body as a 

homolog. Empirically, it is often difficult to recognize and decide upon whether two parts 

of the same body are individualized and, thus, should be treated as two different characters 

and merit distinct names.” 

Wagner (2014) makes sure to clarify that not every component of an animal is individualized and 

open to a homology statement. For example, red blood cells do not have biological individuality 

that would allow for comparisons even among close relatives, despite each individual cell being 

spatially segregated by a cell membrane. The reason is that individual red blood cells do not have 

a consistent difference from all other instances of red blood cells of the same type, having been 

generated using the same genetic program. In contrast, the individuality of hands depends on 

specific genetic programs throughout development and the life of the organism that leads to hands 

being distinct from feet and all other parts of the body. 

 

3.3 The sister cell model and the origin of cell types 

The sister cell type model proposes that the origin of cell types occurs by the splitting of 

multifunctional cell types into two more specialized descendent cells by the process of 

individuation (Arendt, 2008; Arendt et al., 2016). Initially, cells such as the epithelial muscle cells 

of some invertebrates play multiple functional roles of epidermal cell in combination with 

contracting like a muscle cell. Specialized sister cell types may arise through the gradual 

segregation of functions already present in the ancestral cell. In the case of epithelial muscle cells, 

the multifunction cell type split with some cells adopting the contractile function, while other cells 
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adopt epithelial functions (Mackie, 1970; Seipel et al., 2004; Arendt, 2008). Over time, the two 

sister cell types will form independent lineages of descent and modifications (Arendt, 2008). In 

contrast, divergence of function occurs when both sister cell types basically maintain their original 

functions initially, but the structure and functions of these cell types diverge over time. The 

diversification of sister cell types from an initially homogeneous ancestral cell type requires 

genetic individuation (Arendt et al., 2016). Genetic individuation signifies a cell type gaining 

evolutionary independence by having differential access to genomic information that expresses 

and maintains its distinct gene expression programs. This ability for an emergent cell type to 

express its set of genes independent from its evolutionary sister cell type requires a ‘core regulatory 

complex’ (CoRC) comprised of a unique combination of transcription factors (Arendt et al., 2016). 

The evolution of a new CoRC (i.e., transcription factor duplication and modifying protein-protein 

interactions of CoRC members) is important for ensuring regulatory independence and a stable 

cell type identity. 

The above model of cell type identity proposed by Arendt and colleagues (2016) 

significantly impacts our comprehension of cell type homology. The structure of the core gene 

regulatory networks for individuating cell type identity may be disconnected from a particular cell 

phenotype: 

“There is little, if any, integration among the large number of target genes that are regulated 

by the core gene regulatory network. Target genes can be removed or added simply by 

adding or losing a cis-regulatory element that is responsive to the core transcription factor 

complex. This explains the fact that most morphological changes are due to mutations in 

cis-regulatory elements…” (Arendt et al., 2016) 
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Accordingly, variation in the phenotype should be allowed for a given cell type, given that cell 

identity is linked to its CoRC. Further, functional phenotypes can be deceptive for distinguishing 

cell identity:  

One has to look at more characters than just the functional phenotype to reliably recognize 

the identity of a cell. These other characters should preferably be gene products that are 

not directly related to cell function, but indicative of cell types regardless of cell function, 

such as the intermediate filaments and transcription factors. (Arendt et al., 2016) 

Therefore, their model provides a mechanistic explanation of cell identity that emboldens Owen’s 

(1848) original notion of homology: “[character identity] under every variety of form and 

function.” Wagner (2014) concludes, “thinking about cell types as potential homologs forces us to 

look beyond or underneath the phenotypic characteristics that usually are associated with the 

notion of cell types.” 

There are multiple challenges obscuring a full understanding of how core gene regulatory 

networks impact cell identity (Wagner, 2014). Establishing cell identity may not be as simple as 

being controlled by a single core gene regulatory network. Instead, there is accumulating evidence 

that “the gene regulatory network state of a cell is governed not by one core network, but by a 

mosaic of densely interconnected network modules each of which, in isolation, might look like a 

core network” (Wagner, 2014). For example, gene expression studies of the hematopoetic lineage 

have revealed a more complex gene regulatory network than expected (Novershtern et al.2011; 

reference from Wagner, 2014). Hematopoiesis is a stepwise process that generates all lineages of 

the blood cell types (Orkin and Zon, 2008). Earlier studies suggested that hematopoiesis is 

controlled by a core of a small number of transcription factors that are lineage-specific and 

determine terminal differentiation (Iwasaki and Akashi, 2007). However, a large number of 
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transcription factors were recently determined to be differentially expressed across multiple 

lineages and controlling a dense, interconnected network of gene expression (Novershtern et al., 

2011). Additionally, the evolutionary history of cell type individuation may not be strictly 

correlated with developmental lineage (Arendt et al., 2016; Wagner, 2014). The sister cell type 

model implies that emergent sister cell types arise from regulatory network changes promoting the 

functional specialization of terminally differentiated cells during evolution. Therefore, the sister 

cell type model is only meant to be applied to the study of terminally differentiated cell types 

(Wagner, 2014).  

 

3.4 Origin and diversification of retinal cell types 

The sister cell type model is well illustrated by the evolutionary diversification pattern of 

photoreceptor cell types in the retina. For more than a century, photoreceptors have been classified 

into two types primarily based on the morphology of membrane that incorporates photosensitive 

pigment molecules (Schultze, 1866). The ciliary photoreceptors are most commonly shown as the 

vertebrate rods and cones, with outer segments that contain discs of folded membranes. In contrast, 

rhabdomeric types are commonly found in invertebrates, like Drosophila melanogaster, and have 

membranous microvilli. Based on morphology, photoreceptors were assumed to evolve 

independently more than 40 times (Salvini-Plawen and Mayr, 1977). Recently, photoreceptors 

have been determined to be broadly homologous and are not independently derived photoreceptors 

(Arendt, 2003; 2008; Arendt et al., 2016). All photoreceptors similarly use opsins which are all 

demonstrated to be homologous by phylogenetic analysis. Further, they have also converged on 

using homologous molecular machinery upon activation of the opsin to initiate signal transduction 

as well as for the quenching of activated opsin. Additionally, molecular program involved in 
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photoreceptors differentiation share a core set of transcription factors including Pax6 (ortholog of 

Drosophila eyeless) (Arendt, 2003; 2008; Arendt et al., 2016). 

Evolutionary biologists have only recently been able to determine whether ciliary and 

rhabdomeric photoreceptors are individualized types arising from duplications of an ancestral 

photoreceptor type (sister cell types), or whether they are true homologs (also called orthomorphs) 

that are two different character states of a strictly homologous cell type (Wagner, 2014). In-depth 

molecular comparisons of ciliary and rhabdomeric photoreceptors suggest that they are sister cell 

types (Arendt, 2003; 2008; Arendt et al., 2016). The visual pigments expressed in ciliary (c-opsins) 

and rhabdomeric (r-opsins) are paralogs, forming by duplication of ancient opsin and then evolving 

new functions (Arendt, 2003). Further, they have two different downstream phototransduction 

cascades—ciliary photoreceptors use a Gq-phospholipase C signalling that induces a depolarizing 

response to light while rhabdomeric photoreceptors use a Gt-cyclic GMP signaling that induces a 

hyperpolarizing response to light (Lamb, 2013). Additionally, rhabdomeric photoreceptors 

continue expressing Pax6, while ciliary photoreceptor differentiation requires the rx (retinal 

homeobox) transcription factor (Arendt, 2003). Finding animals with both cell types coexisting is 

an important means to distinguish whether rhabdomeric and ciliary photoreceptors are sister cell 

types (Wagner, 2014; Arendt et al., 2016). Indeed, the chordate amphioxus and the marine worm 

Platynereis are examples that have both photoreceptor types (WHITTLE and GOLDING, 1974; 

Arendt et al., 2004; Lacalli, 2004; Hobert, 2011). Therefore, rhabdomeric and ciliary 

photoreceptors are considered sister cell types by a divergence of functions—they retain the 

majority of cellular functions and structure, but diverge over time. 

Rods and cones have been proposed to have a sister cell type relationship with bipolar cells, 

having derived from an ancient ciliary photoreceptor type that had photosensitive cilium combined 
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with axonal terminals on ganglion cells (Arendt, 2008). Through a function segregation process 

akin to ‘division of labor,’ bipolar cells retained the interneuron connection to ganglion cells 

(losing light-sensing capabilities), while rods and cones kept the ability to respond to light but lost 

synaptic connection to ganglion cells (Arendt et al., 2009). In the vertebrate retina, bipolar cells 

have inherited many properties similar to rods and cones including their synaptic ribbon structures, 

G-protein signaling cascade, and the fact that some bipolar cells have a structure (Landolt’s club) 

like the photoreceptor inner segment (Lamb et al., 2007; Arendt, 2008). They also share similar 

terminal selectors (Otx2, Crx, and Rx) as well as molecular machinery of ribbon synapses. The 

diversification of bipolar lineage from rods and cones has been proposed to involve the selective 

retention of two homeobox genes, Chx10 and Vsx, in bipolar cells, that were lost in photoreceptors. 

The functional segregation of bipolar cells may also explain the evolution of fundamental neuronal 

circuits in the retina. In this scenario, the emergent bipolar cell type becomes an interneuron due 

to it retaining synaptic connections with retinal ganglion cells and their sister cell types rods and 

cones (Arendt, 2008). 

The vertebrate retinal ganglion cells, amacrine cells, and horizontal cells are all derived 

sister cells of rhabdomeric photoreceptor precursors, despite their disparate appearances (Arendt 

et al., 2016). Surprisingly, a subset of retinal ganglion cells have been determined to be intrinsically 

photosensitive (ipRGCs) (Berson et al., 2002). Further, ipRGCs respond to light using the 

photopigment melanopsin, a homolog of r-opsin, and a photoransduction cascade involving Gq-

PLC that is also reminiscent of rhabdomeric photoreceptors (Arendt, 2003; Isoldi et al., 2005; 

Koyanagi et al., 2005; Plachetzki et al., 2010). Further, they express the transcription factor Pax6, 

which is also distinctive of rhabdomeric cells (Arendt et al., 2003). Therefore, vertebrate ipRGCs 

are likely descendants and true homologs of rhabdomeric photoreceptors, which have since 
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evolved a specialized role in non-visual functions, such as circadian photoentrainment and 

pupillary light reflex (Arendt et al., 2008; Arendt et al., 2016). Amacrine and ganglion cells 

inherited expression of atonal homologs, Math1 and Math3, and are considered more closely 

related to eachother than to horizontal cells (Arendt et al., 2003). In summary, vertebrate rods, 

cone, and bipolar cells originated from an ancient ciliary photoreceptor cell, while the ganglion 

cells, amacrine cells, and horizontal cells are ancestors of rhabdomeric photorepector cells. 

Molecular fingerprinting combined with anatomical and functional properties have been used to 

disentangle sister cell type relationships in the evolution of the vertebrate retina cell diversification. 

  

 

PART 4: SUMMARY 

1. Incorporating taxonomy best practices helped to provide a framework for careful, unbiased, 

multiparametric, and useful classification system of ganglion cell types. Contaminating 

negative aspects such as unproductive accusations of “essentialism” and considerations for 

neurons being ideally fit for visual functions has become dispensed with over time with 

dramatic increase in multi-disciplinary knowledge of RGC types. 

2. There are four main criteria that are used to classify RGCs: uniform morphology, uniform 

physiology, regular spacing, and similar gene expression (Sanes and Masland, 2015). 

3. Morphological and physiological criteria continue to provide the most complete 

characterization of retinal ganglion cell types. Mosaicism revealed by morphological 

studies is a powerful test to validate natural subdivision of RGC types. 

4. Brain targets have become loosely associated with RGC types, but remain a challenge to 

conclusively correlate with a given type or set of types.  
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5. Molecular information remains to be the most incomplete criteria for distinguishing RGC 

types and is poorly understood in relation to the other criteria. Further, gene and protein 

expression are primarily used as means to “mark” or provide a “reporter system” for 

enabling further study of other criteria such as morphology or physiology. 

6. The comparison of multiple, different types of criteria is proving to be the most informative 

for retinal neuron classification (allows for Whewell’s ‘consilience of inductions’). 

7. The devo-evo revolution reinstated Owen’s homology definition of “[character identity] 

under every variety of form and function.” Evolutionary biology notions such as common 

descent and natural selection still remain critically important, but it is in a more balanced 

perspective of underlying structure and causal mechanisms that may not allow for a precise 

fit of form to function. This has important clarifications for cell type studies.  

8. Biological species and cell types should be considered as “individuals,” not classes that are 

considered to have defining properties. 

9. Character identity refers to that part of the organism that forms a lineage of descent with 

modifications (i.e., the thing that corresponds among different species like the forewing of 

a bee and that of a dragonfly). Character states are the different shapes and forms that a 

character can assume. 

10. Cell types are the lowest level of biological organization that character identity can be 

considered. A ‘core regulatory complex’ (CoRC) is considered important for ensuring 

regulatory independence (individuation) and a stable cell type identity. Target genes of 

CoRC are more easily changed (by altering regulatory sequence) and accounts for relative 

disconnect between cell identity and other phenotypic characteristics like morphology.  
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11. The origin and diversification of retinal cell types occurs at least in part by the sister cell 

type model.  

12. Many challenges remain for distinguishing cell identity of ganglion cell types. Of particular 

interest is strong possibility that mammalian neuron identity is controlled by not a single 

CoRC, but multiple that are overlapping. For example, certain properties of retinal neurons 

such as mosaicism may be controlled by one CoRC, while another property such as visual 

brain targets may be controlled by another. More challenging will be the anticipated cases 

that not all properties are strictly individualized of a given cell type, therefore allowing 

broad variation in one or a number of properties. This will be especially confounding if 

there is incredible variation in properties normally used for designating cell type 

classification such as morphology.  

13. The next frontier in understanding the diversity and classification of RGC types continues 

to be the integration of terminal differentiation program (requiring CoRCs) with the cell 

type phenotype distinguishable by anatomical, circuitry, and physiological criteria. 



	 46	



	 47	

 



	 48	

 

 

 

 

 

 

 

Chapter 2: 

 

Assembling a molecular parts list for intrinsically photosensitive 

retinal ganglion cells (ipRGCs) 

 

 

Research was designed by DJ Berg and DM Berson.  

Experiments were conducted, analyzed, and reported by DJ Berg. 
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Vision is the primary sense that most mammals, including humans and mice, use to 

evaluate the external environment and prompt behavior that is important for their survival. 

Mammalian eyes provides two functionally distinct visual pathways: image forming and non-

image forming vision. Image-forming vision mediates conscious vision, involving the formation 

of detailed images (includes color and spatial light-dependent information) and the tracking of 

moving objects. In contrast, non-image forming (NIF) vision detects the ambient light intensity 

(irradiance) for the regulation of behavioral and physiological functions, including the entrainment 

of an animal’s internal body clock to the environmental light-dark cycle (circadian 

photoentrainment) and the pupillary light reflex. Circadian rhythms are biological rhythms in 

physiology and behavior that are synchronized to the 24-hour light-dark cycle linked to the rotation 

of Earth around its axis. Most animals have adapted their circadian rhythms to best account for 

predictable environmental factors (i.e., gather food and avoid predators) and confine their activities 

to certain times during the day and night. Diurnal animals, such as humans, are most active during 

the day, while nocturnal animals such as mice, are most active at night. In mammals, circadian 

rhythms are coordinated by an internal ‘clock’ located in the hypothalamus called the 

suprachiasmatic nucleus (SCN). Light ‘photoentrains’ the circadian clock in the SCN, keeping an 

animal’s biological rhythms synchronized to environmental time. A direct connection between the 

retina and SCN via the retinohypothalamic tract enables circadian photoentrainment. Photic input 

from the eye is essential for circadian photoentrainment, as demonstrated by the failure of mice to 

synchronize their sleep-wake cycle to a 24-hour pattern of light-dark after eye removal. The 

pupillary light reflex (PLR), another component of the NIF visual system, is a reflex that regulates 

the pupil’s diameter in relation to the intensity of light reaching the retina, thereby adjusting the 

intensity of light that enters the eye. 
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Our third type of photoreceptor proves to be a needle in a haystack 

The classical photoreceptors, rods and cones, transform light energy into an electrical 

signal and convey information for both image- and non-image-forming visual functions through 

RGCs. Rods and cones were thought for decades to be the only photoreceptors in the retina. In the 

1920s, Clyde Keeler fortuitously stumbled on a genetic mutation in mice that manifested as a 

dramatic loss of rod and cone photoreceptors in the outer retina(Keeler, 1927). Without these light 

sensing cells, the mice were essentially blind. Being a careful scientist, Keeler followed up these 

initial studies with further behavioral testing and surprisingly found that the blind mice’s pupil’s 

shrank in response to light! This was completely paradoxical considering that the only known 

photoreceptors in the eye were ultimately destroyed by this genetic mutation. There remained 

many questions about how the brain was receiving this mysterious light signal or whether it was 

due to incomplete loss of photoreceptors, but no clear answers were revealed for decades. Keeler’s 

original “blind” mice were not maintained and were lost to history. However, more than 50 years 

later, Ebihara and Tsuji (1980) rediscovered the phenomenon of persistent behavioral light 

responses in retinal degeneration mouse model (rd, now called rd1)with an extensive loss of 

classical photoreceptors (Ebihara and Tsuji, 1980). In particular, they determined that rd1 mice 

were still able to entrain their circadian locomotor activity to the day-night cycle. In the 1990s, 

Russell Foster and colleagues expanded upon the work with retinal degeneration mouse models 

by, in part, genetically ablating photoreceptors using transgenic mice lacking cone cells crossed 

with rd1 mice that had degenerative rods (Foster et al., 1991; Freedman et al., 1999; Lucas et al., 

1999). These ‘rodless/coneless’ mice still maintained normal circadian photoentrainment 

(Freedman et al., 1999; Lucas et al., 1999). Importantly, eye removal completely eliminated 
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photoentrainment, demonstrating that a photoreceptive cell remained intact within the eyes of 

animals having complete degeneration of the classic photoreceptors in the outer retina (Nelson and 

Zucker, 1981; Laemle and Ottenweller, 1998; Sexton et al., 2012). Foster and colleagues also 

replicated Keeler’s earlier work; demonstrating that retinal degeneration models of classic 

photoreceptors still retained normal pupillary light reflex (Lucas et al., 2001). The mounting pile 

of evidence for a third photoreceptor lead to an intense hunt to try to identify this alternate means 

of light sensing.  

  

Discovery of the specialized intrinsically photosensitive retinal ganglion cell (ipRGCs) 

A combination of studies finally established the presence of an inner retina photoreceptor 

(Figure 1a). Ignacio Provencio (2000) revealed the sparse expression of a novel light-sensitive 

protein melanopsin (also known as Opn4) in the ganglion cell layer of mammalian retina 

(Provencio et al., 2000). In 2002, my PhD advisor David Berson and his group here at Brown 

University joined the hunt by using a retrograde axonal tracing technique to fluorescently label the 

RGCs that make specific, direct connections to the brain’s circadian pacemaker, the 

suprachiasmatic nucleus (SCN) of the hypothalamus(Berson et al., 2002). Follow-up 

electrophysiological recording made the important discovery that these SCN-projecting RGCs 

generated strong, prolonged electrical responses to light, even when pharmacologically blocking 

all synaptic input from classic rod and cone photoreceptors and physically isolated from the retina 

circuit. The unique capacity of these RGCs to respond to light independent of rods and cones lead 

Berson to name them intrinsically photosensitive retinal ganglion cells (ipRGCs). In parallel, 

Samer Hattar and colleagues engineered transgenic mice to label the axons of ipRGCs for studying 

central brain targets (Hattar et al., 2002). They determined that ipRGCs project their axons to 
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multiple non-visual centers of the brain beyond the SCN; including the olivary pretectal nucleus 

essential for regulating the reflexive pupillary light response and the intergeniculate leaflet (IGL) 

of the geniculate nucleus that has modulatory roles in circadian rhythm behavior. Furthermore, 

they clarified that the Opn4-expressing ipRGCs are exceedingly rare (2.5% of rat RGCs; 1% of 

mouse RGCs). The Opn4-expressing ipRGCs have since been identified to play important roles in 

non-image forming behavior in many mammalian species including mice, rats, ‘blind’ naked mole 

rats, cats, and primates (Hannibal et al., 2002b). 

Intensive studies of the originally described “M1 type” of ipRGCs over the last 15 years 

has revealed many special attributes that distinguishes them from traditional RGCs. M1 ipRGCs 

express high levels of the blue-light sensitive photopigment melanopsin (Opn4) and, as their name 

suggests, can directly respond to light without the need for rod or cone input. Although ipRGCs 

have Opn4-mediated light responses, they also receive synaptic input from rod- and cone-driven 

circuits like other RGCs (Dacey et al., 2005; Perez-Leon et al., 2006; Wong et al., 2007a; Wong, 

2012; Weng et al., 2013; Zhao et al., 2014). A defining feature of the M1-type is their stereotypical, 

sparse dendrites stratifying in the outermost margin of the canonical “OFF-sublamina” of the inner 

plexiform layer (IPL) (Baver et al., 2008; Berson et al., 2010). Defying expectations, M1 ipRGCs 

paradoxically receive sustained ON physiological input via en passant synapses with the ON 

bipolar pathway(Dumitrescu et al., 2009). The repertoire of specialized M1 ipRGCs retinal 

circuitry also includes reciprocal intraretinal interactions with dopaminergic amacrine cells (Zhang 

et al., 2008; Xue et al., 2011). Both the intrinsic and the extrinsic photoresponses of M1 ipRGCs 

are remarkably tonic, consistent with their role in long-term irradiance coding (Wong, 2012). This 

behaviorally-relevant light information is sent along the axons of M1 ipRGCs to the hypothalamic 

circadian clock for the photoentrainment of circadian rhythms, to a midbrain nucleus that drives 
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pupillary constriction, and to many other NIF brain regions. Additionally, M1 ipRGCs also have 

demonstrated a remarkable survival ability in experimental models such as intraocular 

hypertension, optic nerve injury, glutamate-induced excitotoxicity, and glaucoma(Cui et al., 2015).  

 

Phototransduction capabilities of ipRGCs 

The expression of Opn4 photopigment in ipRGCs endows them with their defining 

properties as a light-sensing projection neuron (Figure 1b). The Opn4 phototransduction cascade 

is mediated by members of the Gq/11 family of G proteins and the signalling enzyme 

phospholipase C-β4 (PLCβ4) (Graham et al., 2008; Xue et al., 2011). Furthermore, light leads to 

depolarization and action potentials in ipRGCs through a Gq-mediated signaling cascade via 

opening of the heteromeric transient receptor potential (TRP) channels TRPC6 and TRPC7 

(Melyan et al., 2005; Panda et al., 2005; Qiu et al., 2005; Peirson and Foster, 2006; Graham et al., 

2008; Perez Leighton et al., 2011). The relatively low levels of melanopsin expression in ipRGCs 

(1/10,000 of rhodopsin density in rods) leads to light responses that have slower onset, are less 

sensitive, and more sustained than that found in rods and cones (Tu et al., 2005; Do et al., 2009).  

The Opn4 photopigment and phototransduction machinery of ipRGCs more closely 

resembles that found in invertebrate rhabdomeric photoreceptors than ciliary photoreceptors such 

as mammalian rods and cones (Panda et al., 2003; Baver et al., 2008; Hankins et al., 2008). The 

mechanism of chromophore regeneration is another major difference between ciliary and 

rhapdomeric opsins. Rods and cones require regeneration of chromophore in a second cell type, 

the retinal pigment epithelium (RPE), which supplies retinal and vitamin A required for their 

photoreceptors’ response to light photons. The RPE also contains the enzymatic machinery 

required to recycle used all-trans retinal to the operational 11-cis-retinal(Palczewski, 2006). In 
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contrast, ipRGCs are physically remote from the RPE and use a different mechanism similar to 

Drosophila opsins for photopigment formation and regeneration(Tu et al., 2005; Sexton et al., 

2012). The melanopsin photopigment has been demonstrated to be bistable in ipRGCs and 

chromophore regeneration is an intrinsic capability(Melyan et al., 2005; Panda et al., 2005). 

However, there has been additional evidence that contacting Muller glial cells may provide parallel 

chromophore regeneration cycles, but we have yet to identify the molecular enzymatic machinery 

which is involved (Walker et al., 2008; Sexton et al., 2012).  

 

Multiple ipRGC types beyond original M1 type 

Until recently, the majority of research on ipRGCs has focused on the initially identified 

subtype (M1) and thought to comprise a relatively uniform population of RGCs that detect light 

levels and simply act as irradiance detectors (Berson et al., 2002; Hattar et al., 2002; Panda et al., 

2002; Hannibal et al., 2002a; Hatori et al., 2008). Sophisticated morphological studies using a 

highly sensitive melanopsin antibody and mouse transgenics have recently uncovered a diverse 

assortment of five ipRGCs subtypes that differ in morphology, physiology and projections (Figure 

2)(Berson et al., 2010; Ecker et al., 2010). The majority of retinal ganglion cells send their 

dendrites to stratify in either the outer sublamina of the inner plexiform layer (IPL) or the inner 

sublamina. The initially discovered ipRGC subtype M1 stratifies within the outer OFF sublamina, 

but predominately receives ON-input due to extraordinary “en passant” synaptic input from ON 

bipolar cell axons(Dumitrescu et al., 2009; Pickard et al., 2009; Schmidt and Kofuji, 2010; 

GRÜNERT et al., 2011). Additional morphological diversity in the ipRGC population was 

revealed using enhanced melanopsin immunohistochemistry and a Cre-based melanopsin reporter 

mouse system, which revealed at least five subtypes of ipRGCs (M1-M5) (Berson et al., 2010; 
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Ecker et al., 2010) (Figure 2). 

The ipRGCs are now considered to consist of at least six anatomically distinct retinal 

subtypes, termed M1-M6 ipRGCs (Figure 2). The ipRGC family members are classified primarily 

by the differing levels of melanopsin expression and the morphology of their dendrites. The M2-

type ipRGCs have complex dendritic fields that stratify exclusively in the ON sublamina of the 

IPL, while M3-types have a bistratified morphology with dendrites present in both the ON and 

OFF layers (Viney et al., 2007; Schmidt and Kofuji, 2009; Berson et al., 2010). Both M2 and M3 

express significantly lower levels of melanopsin compared with M1-type ipRGCs (Berson et al., 

2010; Schmidt and Kofuji, 2010). The M4 and M5 cells are monostratified with the ON layer of 

the IPL and are distinguished from M2 by their unique morphology (Ecker et al., 2010; Estevez et 

al., 2012). M4 cells have much larger somas and dendritic fields while M5 cells have small, highly 

branched dendritic arbors and small somas (Ecker et al., 2010; Estevez et al., 2012). The M6-type 

of ipRGCs have recently been differentiated from other ipRGC subtypes on the basis of its 

unusually highly branched bistratified arbor (Quattrochi et al., in preparation). 

The physiological properties of the distinct ipRGC morphological subtypes were first 

tested when researchers recombineered a bacterial artificial chromosome (BAC) to label ipRGCs 

with enhanced GFP (eGFP) (Schmidt and Kofuji, 2010). The endogenous nature of the BAC 

derived melanopsin promoter representatively labels the M1, M2, and M3 ipRGC subtypes, with 

the remaining subtypes being undetectable (Hattar et al., 2006; Viney et al., 2007; Baver et al., 

2008; Schmidt et al., 2008; Schmidt and Kofuji, 2009). The more recently discovered M2–M6 

cells are capable of weaker intrinsic photoresponses than M1 cells, correlating with lower level of 

melanopsin (Schmidt and Kofuji, 2009). Synaptic input is more important for shaping the activity 

of M2-M6 ipRGCs than it is for M1 cells. The entire ipRGC family receive predominantly 
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sustained ON-input. The ON pathway influences to the bistratified M3 and M6 cells are 

presumably due to the OFF-stratifying dendrites receiving en passant synapses from ON bipolar 

cells, similar to that observed with M1 cells. Therefore, the entire ipRGC family is able to integrate 

their extrinsic and intrinsic light responses to provide long-term irradiance coding, despite their 

morphological and physiological diversity.  

The M1-M6 ipRGC subtypes innervate multiple central brain targets, and participate in 

diverse visual functions (Figure 2c). The SCN receives projections primarily from M1 ipRGCs, 

but also a minor input from the M2 subtype(Viney et al., 2007; Baver et al., 2008). The ipRGCs 

project to distinct regions of the OPN; with M1 innervating the OPN shell, the critical relay station 

controlling the pupilary light response, and M2 axons arriving to the core of the OPN (Prichard et 

al., 2002; Baver et al., 2008; Güler et al., 2008); personal communication L. Quattrochi). The OPN 

also receives significant input from the recently described M6 ipRGCs (Figure 2) (Osterhout et al., 

2011; 2014); Quattrochi et al., manuscript in preparation). Unexpectedly, M2-M4 ipRGCs have 

recently been shown to send projections to image-forming brain regions and to mediate coarse 

pattern vision (Ecker et al., 2010). Although it may be tempting to infer that different ipRGC 

subtypes mediate specialized visual functions on the basis of their anatomical projections, the roles 

performed by specific types of ipRGC remain largely undetermined. 

 

The establishment of diversity within the retina 

The immense diversity of neural cell types and connections arises from a layer of stem 

cells residing in the neural plate of the early embryo (Chow and Lang, 2003; Andreazzoli, 2009) 

(Figure 3). These stem cells create complex patterns of transcription to give rise to the panoply of 

newborn neurons and glial cells which progress through precise stepwise differentiation programs 
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to eventually generate the tremendous cellular diversity of the mature mammalian central nervous 

system. The vertebrate retina and spinal cord have proven to be invaluable model systems for 

defining the fate determination genes and transcription factors that mediate neurogenesis and 

neural circuit development (Cepko, 1999; Jessell, 2000; Dasen, 2009). A variety of transcription 

factors contribute to the specification and maturation of the early eye-field (Figure 3a) 

(Matsushima et al., 2011; Bassett and Wallace, 2012). Progenitor cells differentiate to express 

complex and distinct patterns of transcription factors(Reese, 2011). These cells continue to 

progress through precise stepwise differentiation programs to generate the tremendous cellular 

diversity of the mature central nervous system(Livesey and Cepko, 2001; Reese, 2011).  

The main cell types that make up highly specialized retinal tissue are generated in an 

invariant order during embryonic neurogenesis; beginning with retinal ganglion cells, followed by 

cone photoreceptors, horizontal cells, and amacrine cells, and finishing with bipolar neurons, rod 

photoreceptors, and Muller glia (Young, 1985; Cepko et al., 1996). Transcription factors that drive 

the gene expression underlying cell differentiation also feed back negatively on genes that support 

pluripotency, thereby stabilizing the newly acquired state of differentiation (Mao et al., 2011). As 

the sole output neurons and the first neuronal lineage to differentiate from pluripotent progenitors 

in the developing retina and migrate to their target layer, it is no surprise that RGCs possess unique 

developmental features. Post-mitotic mouse RGCs can first be seen migrating to the appropriate 

position in the future ganglion cell layer (GCL) by embryonic day 11.5 (E11.5)(Young, 1985). A 

hierarchical cascade of a variety of transcription factors, including those of the basic helix-loop-

helix and T-box families, is essential for proper RGC fate specification and terminal differentiation 

(Figure 1b) (Mu and Klein, 2004; Cayouette et al., 2006; Trimarchi et al., 2008). The sequential 

expression of the transcription factors Math5 (also called Atoh7), Brn3b (Pou4f2), and Tbr2 
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(Eomes) are essential for the majority of RGC differentiation, cell survival, neurite outgrowth, and 

axon pathfinding (Figure 3a) (Gan et al., 1996; Wang et al., 2001). Brn3b is one of the earliest 

markers of RGC differentiation and is expressed by E13.5 in newborn RGCs populating the GCL 

(Gan et al., 1996). Subsequent to Brn3b expression, Math5 becomes downregulated in those cells 

fated to become ganglion cells. At E14.5, Brn3b in turn drives expression of Tbr2 in differentiating 

RGCs and Tbr2 protein expression increases thereafter as they migrate to the GCL and undergo 

terminal differentiation, with a subset of cells coexpressing Brn3b. Tbr2 is necessary for 

orchestrating the general molecular program controlling axon outgrowth and myelination, which 

is important for proper optic nerve development (Mao et al., 2008). By the time the mouse is born, 

the projections from the majority of ganglion cells have already reached their central brain targets 

(McNeill et al., 2011). Further development of the retinal circuits and refinement of the retinofugal 

synapses occur to the extent that the visual system is essentially complete by the time the animal 

opens its eyes two weeks after birth (Huberman et al., 2008a; Ford and Feller, 2012).  

Little is known for how the general embryonic developmental program leading to the 

terminal differentiation and stable maintenance of the more than 30 types of retinal ganglion cells 

in adulthood. Complex and yet poorly characterized combinations of transcription factors are 

certainly critical for co-regulating the different cell-specific gene expression underlying the 

specialized function of ipRGC types. Most melanopsin-containing ipRGCs are born between E11 

and E15, similar to other RGCs (Drager, 1985; Rachel et al., 2002; Farah and Easter, 2005). 

However, some ipRGCs have recently been shown to follow a relatively delayed developmental 

time course, with ipRGC neurogenesis continuing beyond that of other RGCs (McNeill et al., 

2011). These cells are born after Math5 is downregulated at E16, which suggests that some ipRGCs 

are specified independently of Math5 (Brown et al., 1998). Further, the innervation of the SCN 
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and OPN by M1 ipRGCs begins postnatally, unlike most RGCs, which innervate their image-

forming targets during embryogenesis (Fox and Guido, 2011; McNeill et al., 2011) (Figure 3b). 

Additionally, although the Tbr2 transcription factor is required in early cell fate specification of 

embryonic RGCs, Tbr2 expression later becomes restricted and selectively expressed in adult 

ipRGCs (Mao et al., 2014; Sweeney et al., 2014).  

Until recently, the majority of research on ipRGCs has focused on the initially identified 

subtype (M1), which is thought to comprise a relatively uniform population of RGCs that act as 

irradiance detectors (Berson et al., 2002; Hattar et al., 2002; Panda et al., 2002; Hannibal et al., 

2002b; Hatori et al., 2008). Molecularly distinct developmental programs have discriminated 

between two distinct subpopulations of M1 ipRGCs, which are otherwise morphologically and 

physiologically homogeneous (Chen et al., 2011). The Brn3b transcription factor is not expressed 

in M1 ipRGCs that innervate the SCN, but it is expressed in M1 ipRGCs projecting to other non-

image forming brain targets such as the OPN (Chen et al., 2011). Consistent with this innervation 

pattern, mice in which Brn3b-positive ipRGCs have been ablated demonstrate a severely impaired 

PLR, but have intact circadian photoentrainment (Chen et al., 2011). The case of Brn3b suggests 

further diversity of ipRGC types at the molecular level, but there are certainly additional molecular 

features important for the unique circuitry, physiology, and visual functions of ipRGCs. To date, 

there still remains an intellectual chasm between the well-described hierarchies of events that 

initially generate ganglion cells and how they become diversified into the more than 30 

functionally distinct types distinguishable in adulthood (Figure 1). 

The molecular adhesion code important for M1 ipRGC circuit development has started to 

become deciphered. The repertoire of specialized M1 ipRGCs retinal circuitry includes reciprocal 

intraretinal interactions with dopaminergic amacrine cells (DACs) in the uppermost sublaminas of 
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the IPL (Van Hook et al., 2012; Vuong et al., 2015; Prigge et al., 2016). DACs express the Sema6a 

receptor PlxnA4 (Matsuoka et al., 2011). Expression of Sema6a in the On layers of the IPL 

repulses Plxna4-expressing DAC dendrites and restricts their dendrites to the S1 sublamina of the 

IPL (Matsuoka et al., 2011). M1 ipRGCs were unexpectedly determined to not express either 

Sema6a or PlexinA4, but their dendritic architecture still becomes mislocalized when either gene 

is knocked out (Matsuoka et al., 2011). Therefore, these two cues are important for M1 ipRGCs 

synapse specificity, but are suggested to play important non-autonomous roles in ipRGC dendritic 

development (Figure 3c). 

We lack essential knowledge of what gene regulatory programs are required throughout 

the lifespan of ipRGCs to maintain the specialized molecular identity, circuitry, and physiology 

required for a lifetime of normal neural function. Despite realizing melanopsin’s vital role as a 

regulator of physiology and behavior in animals, effectively nothing is known about the molecular 

program regulating the dynamic melanopsin expression through embryonic birth to adult life of an 

ipRGC, but may require Pax6 (Panda et al., 2002; Ruby et al., 2002; Sakamoto et al., 2004; Mathes 

et al., 2007; Chen et al., 2010). Attempts to decipher transcription factor binding motifs along the 

melanopsin promoter have failed to identify important regulatory elements (Sheely, 2011). Besides 

melanopsin, ipRGCs exclusively express pituitary adenylate cyclase–activating polypeptide 

(PACAP), which acts as a neurotransmitter to SCN target neurons (Hannibal et al., 2002a; 

Bergström et al., 2003; Fahrenkrug et al., 2004). There are undoubtedly many more synaptic 

proteins expressed by ipRGC subtypes that underlie their specialized communication between their 

set of pre- and post-synaptic circuit partners. A full understanding of the transcriptional program 

and specific genes connected to ipRGC subtype-specific neuronal function, morphology, and 

connectivity has remained out of reach. 
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ipRGCs are the first-born photoreceptors 

The ipRGCs are photosensitive at birth in mice, making them the first functional retinal 

photoreceptors(Johnson et al., 2010). In newborn mice, even before eye opening, they drive light 

avoidance and play a role in patterning retinal blood vessels (Sekaran et al., 2005; Johnson et al., 

2010; McNeill et al., 2011). The functioning of adult neural networks requires the creation of 

precise patterns of network formation during development. Spontaneous waves of depolarization 

sweep across the early postnatal mouse retina triggering correlated firing of neighboring RGCs. 

By the first postnatal week, RGC axons are already establishing and refining projections to the 

visual centers of the brain and depolarizing waves play a critical role in this process. This activity-

dependent developmental program does not require light, since it takes place well before eye 

opening at P12 and before rod and cone photoreceptors are mature enough to drive light 

responses(Ford, 2011). Retinal waves are driven by a network of cholinergic starburst amacrine 

cells (SACs), which generate and propagate retinal waves through the release of acetylcholine onto 

both ganglion cells and other SACs (Ford, 2011). Light input through ipRGCs phototransduction 

has recently been shown to modulate retinal waves and enhances the segregation of 

retinogeniculate afferents (Renna et al., 2011). This is potentially due to unusual ipRGC 

intraretinal connections, known to exist in adulthood, which feed back onto dopaminergic 

amacrine cells (Zhang et al., 2008). Interestingly, the cholinergic starburst connections mediating 

retinal waves are eliminated by P9(Ford, 2011). This transition may partly reflect the maturation 

of GABAergic synapses, which switch polarity from excitatory to inhibitory. However, starburst 

cells also become insensitive to acetylcholine, thus reducing the mutual excitation among SACs 

that support the waves(Zhou, 1998). Changes in SAC-to-RGC signaling may contribute to the 
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fading of the waves. Retinal waves activate most, if not all ganglion cells, including 

ipRGCs(Renna et al., 2011). Currently, the evidence that the excitation of ganglion cells is 

mediated by ACh released from the starburst network and acting directly on nicotinic receptors on 

RGCs is relatively weak. This question thus needs to be examined more carefully, especially in 

ipRGCs because, at least in adulthood, ipRGCs appears to lack functional nAChRs and their 

dendrites no longer costratify with SACs (Wong et al., 2007b). These results demonstrate that 

ipRGCs play multiple developmental roles, including patterning of retinal blood vessels, neonatal 

bright light avoidance, and modulating early retinal activity that promotes RGC axonal refinements 

within the brain. 

 

Filling the void: Identification of a molecular parts list for ipRGCs 

Investigating which genes are selectively expressed in ipRGCs could dramatically enhance 

our understanding of their diversity. The basic molecular framework of the Opn4 

phototransduction cascade, a major defining feature of ipRGCs, has begun to be identified (Hughes 

et al., 2012), for review). However, the precise cellular mechanisms of phototransduction in 

ipRGCs remains poorly characterized, especially compared to the depth of knowledge of 

neuroanatomical features of ipRGCs. Further, much of the molecular details remain unknown. It 

remains unclear at the molecular level how the important cellular differences between M1 ipRGCs, 

non-M1 ipRGCs, and the retinal ganglion cell population as a whole are developmentally 

differentiated and maintained through adulthood. 

The tremendously diverse morphology, physiology and anatomy seen throughout the 

nervous system is due at least in part to profound variations in the type and amounts of RNA which 

drive the underlying molecular program. Initial studies used Northern blot analysis or quantitative 
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reverse transcriptase-PCR to study the messenger RNA (mRNA) expression transcribed from a 

limited number of genes. Currently, gene expression microarrays and RNA-seq are two popular 

ways of generating transcriptome data. The transcriptome ideally represents the relative 

abundances of the entire set of coding and non-coding transcripts from the corresponding genes of 

a cell. Gene expression profiling studies using microarrays have generated a considerable amount 

of information regarding the genes potentially involved in the development and differentiation of 

the vertebrate retina (Livesey et al., 2004; Mu et al., 2004). Microarrays are relatively cost-

effective and quick means to obtain a general view of gene expression changes across development 

and cell type (Marioni et al., 2008; Malone and Oliver, 2011). However, microarrays suffer from 

false positives due to background hybridization, inability to detect splice variants or unknown 

genes, and limited accuracy of expression for transcripts in low abundance. Although microarrays 

are useful tools for transcriptomics, RNA-seq complements and extends microarray 

transcriptomics capabilities. In particular, high throughput sequencing provides direct 

measurement of transcript abundances, allows identification of alternative splicing events which 

may be of biological importance, and has much greater dynamic range. The caveats include a 

relatively high cost and a much more intensive data analysis requirement, both of which are 

increasingly becoming more accessible over time. 

 Transcriptome profiling is commonly used to identify statistically differentially expressed 

genes (DEGs). DEGs are determined by analyzing the relative amounts of mRNA expressed in 

two or more groups, usually a test case and a control group. Oftentimes, acquiring transcriptomics 

data is done prior to having a hypothesis about which genes will be differentially expressed given 

the particular experimental conditions. Instead, the thousands of genes that are analyzed 

simultaneously during RNA-seq or microarray experiments help to identify potential hypothesis 
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for future experiments and discoveries. This is in contrast to RT-PCR, which is a more targeted 

approach that depends on picking a few genes to be analyzed at a time. However, the large number 

of genes tested for differential gene expression profile using RNA-seq requires correcting for 

multiple comparisons (Noble, 2009). Traditional means to calculate statistical significance using 

p-values were only intended for single tests. The massive number of statistical tests required for 

differential expression analysis of thousands of genes in transcriptomics studies quickly escalates 

the likelihood of creating many erroneous “discoveries.” The False Discovery Rate (FDR) is 

commonly used to compensate for multiple comparisons in large-scale gene expression profile 

data  (Benjamini and Hochberg, 1995; Anders and Huber, 2010). 

 The extreme heterogeneity and disproportionate distribution of cell types in the mammalian 

nervous system imposes many challenges to the identification of DEGs. Until recently, most gene 

expression studies were done using populations of cells homogenized from tissue or homogeneous 

cell culture systems (Dougherty and Geschwind, 2005), for review). The cell types making up the 

brain are especially diverse and intermingled, limiting the detection of gene expression changes. 

Many cell types have been found that are exceptionally rare, but nonetheless have functionally 

important roles. Measurements of pooled cells only detect the averaged gene expression pattern, 

which is dominated by the most prevalent cell types. The small amount of genetic material 

provided by relatively rare cells means that most DEGs and gene expression changes will be below 

the levels of detection. Further, differences in gene expression of one cell type may be masked by 

an opposing change in expression of the same gene by different cell types. Another issue with 

using pooled cells for identifying DEGs is due to RNA-seq being a method that randomly samples 

transcripts in proportion to their abundances. Recurrent sampling of highly abundant transcripts 

uses a considerable portion of the available sequencing resources and decreases the capability to 
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detect relatively rare transcripts (Bloom et al., 2009; Robinson and Oshlack, 2010; Roberts and 

Pachter, 2011).  

Numerous methods have been developed to simplify the cellular composition of neural 

samples and characterize the transcriptome of defined cell populations in live nervous system 

tissue (Kamme et al., 2003; Lobo et al., 2006; Nelson et al., 2006; Doyle et al., 2008; Heiman et 

al., 2008). A large number of GFP and Cre-transgenic reporter mice have been generated to label 

specific neuronal and glial cell populations in the nervous system (i.e., (Gavériaux-Ruff and 

Kieffer, 2007; Gong et al., 2007; Siegert et al., 2009; Ecker et al., 2010). The first task for directly 

measuring the transcriptomes of labeled cell types is the enzymatic dissociation of dissected tissue 

into its constituent individual cells for further selection. Second, labeled cells are selected from 

surrounding cells by methods including the low-throughput manual cell sorting or by high-

throughput fluorescence activated cell sorting (FACS) (Lobo et al., 2006; Sugino et al., 2006). 

Third, the cell is lysed, RNA is extracted, and consequently processed for microarray or 

sequencing. In contrast to fluorescence based methods, immunopanning relies on antibodies 

against cell-type specific surface proteins to purify target cell subpopulations (Barres et al., 1988; 

1992; Cahoy et al., 2008). A major challenge of dissociation-based isolation methods has been the 

inherent necessity to remove cells from their cellular-context that has the potential to decrease 

viability and initiate stress-induced gene expression changes due to mechanical shear forces 

throughout the process of preparation. This is especially the case for mature neurons, but 

procedural optimizations over the last decade has continued improve survivability (Arlotta et al., 

2005; Lobo et al., 2006; Heiman et al., 2008). 

The retina as a model system has helped to define the genetic programs generating the 

cellular diversity in the nervous system (Sanes and Masland, 2015), for review). A molecular 
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description of the distinct neural cell types has been hindered by the highly heterogeneous and 

intermixed circuitry. Previous studies have found some success in analyzing the whole retina as 

the source of identifying important molecular components and disease elements (Blackshaw et al., 

2001; 2004; Livesey et al., 2004; Mu et al., 2004; Gamsiz et al., 2012). However, it remains 

difficult to assess the unique molecular characteristics of defined cell populations from these tissue 

homogenates due to the indistinguishable gene expression changes of relatively rare cell types and 

the averaging of gene expression levels throughout the system.  

Previous attempts of resolving a “molecular parts list” using gene expression profiling of 

adult ipRGC types have been severely limited by the extreme heterogeneity of retinal tissue, rarity 

of ipRGCs, minuscule amount of accessible genetic material, and fragility of mature retinal 

neurons. However, the isolation of ipRGCs from the entire dissociated retina using either the Opn4 

antibody-mediated isolation or direct isolation of reporter labeled ipRGCs with FACS has been 

plagued by low yield, inability to distinguish above background autofluorescence, and inclusion 

of contaminating cell populations such as rods (Hartwick et al., 2007; Siegert et al., 2012). For the 

transcriptome analysis of defined ipRGC subtypes, I have used the BAC transgenic Opn4::GFP 

reporter (fluorescently labels M1-M3 ipRGCs) and Opn4::Cre reporter system labeling M1-M5 

ipRGC subtypes(Schmidt et al., 2008; Ecker et al., 2010). My process is a novel, unbiased gene 

expression profiling approach and has successfully identified more than 75 new genes that are 

candidates for selective expression in adult ipRGCs. The utility of this data is exemplified by the 

presence of all known molecular markers of the ipRGC family and absence of potential 

contaminating cell populations. 
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METHODS 

For our transcriptomics studies, we used two ipRGC reporters available in the lab to 

identify selective gene expression in ipRGCs compared to RGCs as a whole: 1) BAC transgenic 

Opn4-EGFP Gensat mice from MMRRC (#033064-UCD) and 2) knock-in Opn4-Cre mice 

(obtained from S. Hattar; Ecker et al., 2010) with Cre-dependent GFP reporter (Z/EG obtained 

from Jackson labs; (Novak et al., 2000). The Opn4-GFP mice were maintained as heterozygotes 

on C57/BL6 background while Opn4Cre/+;Z/EG mice were generated by breeding homozygous 

Opn4-Cre mice with heterozygous Z/EG mice and maintained on mixed background. Although 

Opn4-GFP reporter labeling in ipRGCs has not been reported previously, a similar BAC 

transgenic strategy has been demonstrated to label M1-M3 ipRGCs (Schmidt et al., 2008). We 

tested the correlation of the Opn4-GFP reporter expression and endogenous melanopsin in RGCs. 

We used anti-melanopsin immunoreactivity label M1-M3 ipRGCs (Berson et al., 2010) and anti-

EGFP antibodies in a whole-mount retina from an adult Opn4-EGFP mouse. Importantly, all 

Opn4-GFP+ RGCs were Opn4-immunopositive (n=60 GFP+ cells across seven regions of one 

retina, Figure 4a). Unexpectedly, more than half of the Opn4-immunopositive M1-M3 ipRGCs 

were not labeled by the reporter (55%, n=133). Therefore, the coexpression of EGFP expression 

by the Opn4-GFP reporter is strongly correlated with M1-M3 ipRGCs, but only accounts for about 

half of the population. The other reporter system used in this study, Opn4Cre/+ ; Z/EG mice, has 

been previously demonstrated to label with EGFP all six known morphological types of ipRGCs), 

named M1–M6 (Ecker et al., 2010; Quattrochi et al., in preparation).  

Two ages were chosen for retina tissue collection for purification of ipRGC neurons: 

Postnatal day 5 (+/- 1day) and young adult (P30 +/- 3 days). Three or more biological replicates 

were used for each dataset (three for postnatal day 4-6 (P4-6) Gensat Opn4::GFP, six replicates 
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for Gensat Opn4::GFP, four replicates for Opn4::Cre/GFP reporter). Each adult replicate required 

the pooled retinas from 15-20 transgenic mice to acquire suitable numbers of cells for the 

transcriptomics. These steps are outlined in much more depth and detail in the following sections. 

The choice of transcriptomics preparation strategies and final readout of processed samples 

are interrelated and subject to a number of technical concerns vital to the success of transcriptomics 

analysis. Seven steps in the development and completion of the cell type-specific transcriptomics 

procedure of cells isolated from early postnatal and adult mouse retinas (Figure 4b). First, 

dissociation of retinal tissue to a cell suspension; Second, purification of RGCs; Third, FACS 

analysis and sorting; Fourth, extraction of RNA; Fifth, cDNA amplification because the resulting 

RNA is typically low in abundance; Sixth, shear cDNA into sequenceable fragments that are then 

sequenced with Illumina deep-sequencing; and Finally, the raw reads must be analyzed to identify 

differential expression of genes in ipRGCs.  

 

Dissociation  

The intertwined nature and tight cell–cell adhesions of neural cells make it difficult to 

separate cells without causing cellular damage and activating stress or cell death pathways. 

Therefore, vigorous dissociation of tissues can lead to activation of stress or cell death pathways 

and distort the resulting expression profile. However, poor dissociation can lead to a severe 

decrease in isolated cells and make downstream expression studies an impossibility. As a first step, 

we dissected retinal tissue, which we then digested in a protease solution to loosen and disrupt the 

intertwined neural cells into single cell suspensions for subsequent cell-type isolation.  The 

essential components for proper dissociation included: the proteolytic enzyme papain L-cysteine 

to promote enzymatic activity, DNase for destroying the extremely sticky free DNA strands 
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released by damaged cells, and an absence of calcium from solutions to promote disruption of cell-

cell adhesions (Barres et al., 1988). We further optimized cell viability and recovery by replacing 

dPBS with HibernateA and including B27 throughout the cell-isolation procedure (Brewer et al., 

1993; Brewer, 1997; Brewer and Torricelli, 2007). The use of survival-promoting media such as 

Hibernate-A and supplements such as B27 was particularly relevant for adult neural dissociation 

since adult neurons have been demonstrated to be especially prone to cell death (Eide et al., 2005; 

Brewer and Torricelli, 2007). We incubated the dissected retinas in pre-activated protease solution 

and completed the cell dissociation by triturating the cells with a 1mL pipette tip.  

 

RGC Pre-Enrichment  

Pre-enrichment of ganglion cells prior to isolation of ipRGCs is necessary due to their 

extraordinary rarity in the retina. Ganglion cells only make up 1% of mouse retinal cells and only 

1-5% of ganglion cells are ipRGCs (0.01-0.05% of retina cells) (Hattar et al., 2002; Ecker et al., 

2010; Berson et al., 2010). In contrast, the classic photoreceptors rods and cones account for 75-

80% of all mouse retinal cells (Jeon et al., 1998). Therefore, we pre-enriched for ganglion cells 

prior to positively selecting fluorescently labeled ipRGCs using fluorescence activated cell sorting. 

We incorporated an immunopanning system that has proven effective at isolating a homogeneous 

population of RGCs (Barres et al., 1988; Cahoy et al., 2008). Immunopanning takes advantage of 

the cell surface protein Thy1 which is shared among retinal ganglion cells (Barres et al., 1988). 

The classic immunopanning process uses antibodies raised against Thy1 to select the RGCs from 

the heterogeneous retinal cell suspension. We improved upon viability and reproducibility of the 

immunopanning procedure by adapting it to use a magnetic-activated cell sorting procedure 

(MACS, Miltenyi Biotec), eliminating the need for using harsh lysis treatment (data not shown). 
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We incubated the dissociated retinal cell solution with Thy1.2-conjugated magnetic nanoparticles 

which are retained in a magnetized column and the isolated RGCs can then be acquired (Haeryfar 

and Hoskin, 2004). In preparation for FACS, the DNA intercalating dye, 7-AAD, was added to the 

solution to discriminate dying cells that consequently had compromised cell membranes.  

 

Fluoresence-Activated Cell Sorting (FACS)  

We used a FACS Aria (BD Biosciences) electrostatic sorter to isolate a homogeneous GFP-

labeled cell population from the dissociated RGC-enriched cell suspension of the transgenic 

melanopsin reporter mice (Figure 4). FACS has been successfully used previously to profile gene 

expression in cell subtypes of the nervous system (Lobo et al., 2006; Cahoy et al., 2008; Siegert et 

al., 2012). Live cell gating was achieved by excluding 7-AAD labeled cells (high fluorescence 

signal in far red emission). Fluorescently labeled ipRGCs were positively selected from the 

solution of enriched ganglion cells by their relatively high level of GFP fluorescence (FITC 

gating). In parallel, cells with relatively low GFP-fluorescence (low FITC) were also isolated and 

designated as a “generic RGC” control population for direct comparison with correlated ipRGC 

samples. The parallel isolation of generic RGCs was designed as an internal negative control for 

comparison with isolated ipRGCs. Accordingly, the generic RGC populations were treated with 

the same reagents, cytometer settings, centrifugation forces, and temperatures throughout the 

procedure. This is especially important for isolating adult RGC populations, since they are 

particularly susceptible to the stresses of FACS sorting(Lobo et al., 2006; Cahoy et al., 2008; 

Heiman et al., 2008). The large amount of small cellular debris generated during the dissociation 

process made it a challenge to keep the number of collected generic RGCs consistent with the rare 

ipRGCs. Cellular debris registers as being essentially non-fluorescent, is smaller and less complex 
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than the generic RGC population that is of the same relative size and complexity as the isolated 

GFP-positive cells. Therefore, we limited cell debris by acquiring the ipRGC (GFP+) and generic 

RGC (GFP-negative) populations with the same relative cell complexity (indicator of cell health) 

and cell size selection to exclude the relatively small cellular debris or doublets.  

 

RNA Extraction  

The small volumes allowed by the electrostatic FACSAria sorter allowed us to lyse sorted 

cells directly into Qiagen RLT buffer and directly proceed to RNA extraction using Minelute 

columns (Qiagen). The enriched RNA was treated on-column with DNase to remove any residual 

genomic DNA from the sample. RNA-processing was done in an enclosed RNase-free 

environment to limit degradation of RNA throughout the extraction process. Additionally, RNA 

integrity was analyzed using the Agilent 2100 Bioanalyzer and the PicoChip, which is able to 

qualitatively test the low RNA recovery samples (Figure 6a). Initially, we proceeded immediately 

with cDNA processing after RNA extraction. However, freezing at -80 degrees did not seem to 

effect RNA integrity since the frozen RNA samples still received RIN score of 9.0 or greater. 

Therefore, most of the cDNA libraries were prepared after storage of extracted RNA at -80 degrees 

Celsius.  

 

cDNA Preparation   

RNA-seq transcriptome analysis requires large amounts of RNA material using TruSeq, 

ranging on the order of 100-1000ng of total RNA. However, our improved method for isolating 

ipRGCs was able to isolate 12,000 GFP+ ipRGCs from nine postnatal day 5 (P5) transgenic 

reporter mice. This was only expected to provide about 12ng of extracted total RNA by qualitative 
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estimates considering that a single cell holds 5-10pg of total RNA. Further, twice as many adult 

mice of the same genotype were required to provide only 1,000 cells due the the relative fragility 

of adult retinal ganglion cells described above. Therefore, we decided that some form of 

amplification was necessary to study the molecular programs used by adult ipRGCs. The Nugen 

Ovation RNA amplification system was successfully used in microarray studies with as little as 

500pg of total RNA input (Caretti et al., 2008; Clément-Ziza et al., 2009; Morse et al., 2010) 

(Figure 6b). In most cells, rRNA and tRNA is known to make up the majority of RNA species and 

mRNA is only a small fraction of the total RNA. Therefore, we figured that our sequencing data 

would largely be dominated by the uninformative results without somehow enriching for mRNA. 

Sequencing analysis using the Ovation system was reported to generate cDNA containing 

negligible rRNA reads (<4%), while providing a representative transcriptome with sufficient 

biological replicates(Tariq et al., 2011).  

 

RNA-SEQ Library Preparation  

We determined that the Truseq system was the necessary platform for my cDNA samples 

to produce the 10nM sequencing library concentration required at the on-site Genomics Core 

facility in preparation for 50bp single-end Illumina sequencing. Before preparing the library, we 

first sheared cDNA to the appropriate size, (200-300bp median) using the Covaris system (Figure 

6c). Each sample was subsequently processed using a unique barcode adapter to allow for 

multiplexing multiple samples on the HiSeq (commonly 200million 50bp reads divided among 

sequencing samples). Excess adapter sequences was removed using Ampure bead isolation, which 

removes all DNA fragments less than 200bp. Finally, the Genomics Core completed the final 

quality control of the DNA library prior to sequencing: testing the library fragment size distribution 
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(High Sensitivity Bioanalyzer) and qPCR analysis using primers that match the library adapters 

(Quail et al., 2008) (Figure 6d).  

Initially, we processed a large number of samples at once with multiplexed sequencing 

using HiSeq (8 samples per lane) to minimize high costs of sequencing at the expense of 

sequencing depth. We later reran many of the sequencing libraries with less multiplexing, enabling 

increased sequencing depth. The corresponding technical replicates were merged together for 

differential expression analysis (Figure 6E). The final read counts of each sample is shown in 

Figure 7a. 

 

Differential gene and transcript expression analysis.  

The completion of sequencing generated tens of millions of reads that are used to compare 

gene expression levels between isolated ipRGCs (GFP+) and generic RGCs (GFP-) (Figure 7a). 

Well-established, powerful RNA-seq differential expression analysis pipelines have been 

developed such as Cuffdiff, EdgeR, and DESeq (Anders and Huber, 2010; Trapnell et al., 2012; 

Anders et al., 2013). The Cuffdiff pipeline prioritizes isoform quantification and diversity 

(Trapnell et al., 2012). However, the short 50bp single-end reads that are generated in our study 

are not well-suited for prioritizing isoform discovery and analysis. Further, Cuffdiff does not fully 

take advantage of our purposeful pairwise-comparison between groups. In contrast, the EdgeR 

package is better suited for our purpose; it is designed to count the number of reads that align to 

an annotated gene (mouse reference genome, in our case) and subsequently performs statistical 

analysis on a generated table of counts to identify quantitative changes in expression levels 

between the two experimental samples (Figure 7b). EdgeR compares and retains the relationship 

between all pairs of experimental samples when calculating differential expression likelihood 
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(Anders et al., 2013). Of note, our analysis filtered out genes with very low counts, less than 1 

count per million (cpm), in more than half of the samples used in the differential expression 

analysis. This is a common cutoff and considers 1) that a gene must be expressed at a minimum 

threshold in order to become biologically important and 2) that the inclusion of genes with very 

low counts may negatively affect the statistical approximations used by the EdgeR pipeline.  

 

 

 

RESULTS 

To better understand the molecular diversity within adult ipRGC populations, we 

developed methods to assess the transcriptional profile of these exceptionally rare, specialized 

retinal cells (see Methods, Figure 4). Intrinsically photosensitive retinal ganglion cells (ipRGCs), 

once considered an homogeneous population, are now known to be comprised of six subtypes 

distinguished by their distinct morphology, physiology, projections and level of Opn4 expression. 

We optimized a protocol to obtain different complements of ipRGC subtypes using two reporter 

systems (see Methods). We isolated populations of P5 and adult M1-M3 ipRGCs using the BAC 

transgenic Opn4::GFP reporter (see Methods). Additionally, we isolated the M1-M6 ipRGC 

population based on labeling by the Opn4::Cre/GFP reporter system (Ecker et al., 2010). We used 

fluorescently activated cell sorting (FACS) to positively-select the fluorescently labeled ipRGCs. 

We also isolated and processed generic RGCs in parallel with ipRGCs as an internal control and a 

means to distinguish relative transcript abundance. RNA-seq was used to generate gene expression 

profiles for ipRGCs and generic RGCs and enabled differential gene expression analysis. We used 
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EdgeR differential expression analysis to determine genes that had enriched expression in ipRGCs 

(see Methods). 

 

Cell composition and purity of isolated ipRGCs and generic RGCs 

To visualize general trends or biases in our gene expression profile datasets, we produced 

multidimensional scaling (MDS) 2D plots that show the relationship between all pairs of samples 

based on a count-specific pairwise distance measure (Anders et al., 2013) (Figure 8). MDS plots 

represent similar samples as being in closer proximity, while dissimilar samples are separated. The 

first dimension (x-axis) accounts for the greatest amount of the variance in the data and it generally, 

but not necessarily, distinguishes test from control samples. The second dimension (y-axis) is 

uncorrelated with the first and accounts for the next best variance possible. We observed that the 

ipRGCs and generic RGC samples were clearly separated along the first dimension, except for the 

40 and 41 pair of samples that were distinct outliers along the second dimension. The second 

dimension loosely correlated with samples that were processed in parallel (i.e., 24 with 25; 40 with 

41), confirming the paired nature of our experimental design. The generic RGC group of samples 

were less clustered together, suggesting they are more heterogeneous than the ipRGC group. 

The data coming from our differential expression analysis suggested that our isolated 

ipRGCs were of high-purity and that the genetic material generated high-quality sequencing 

(Figures 9 and 10). As expected, the Opn4/Melanopsin gene was found to be differentially 

expressed and was one of the most highly enriched genes in ipRGCs across all studies. For 

example, Opn4 was enriched 40-fold in the ipRGC (GFP+) population of the adult Opn4-GFP 

reporter (FDR 1x10-55). There was also a relatively very low, yet present, level of expression of 

Opn4 in the generic RGC samples (GFP-negative) as well, suggesting that some ipRGCs were 
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unable to be purified during our selection procedure. Possible explanations include the incomplete 

labeling of M1-M3 ipRGCs by the reporter system (see Methods), presence of low-expressing 

ipRGC types M4-M6 that are unlabeled by the Opn4-GFP reporter (Ecker et al., 2010). In addition 

to Opn4, other known ipRGC-expressing genes were also determined to be differentially expressed 

(FDR < 0.05, significantly expressed ipRGC samples, and absent or low expression in generic 

RGC samples) including Adcyap1, Tbr2, Trpc7, and to a lesser extent, Trpc6 (Hannibal et al., 

2004; Xue et al., 2011; Mao et al., 2014; Sweeney et al., 2014; Sand et al., 2012). There appears a 

discrepancy between the residual low expression of the ipRGC molecular marker Opn4 and the 

seemingly absent expression of other known ipRGC markers in generic RGC samples. This may 

be due, in part, to Opn4 being especially abundant in ipRGCs to the extent that even a small 

minority within the pooled generic RGC population is sufficient to provide levels of overall Opn4 

expression detectable by RNA-sequencing pipeline. In contrast, genes with relatively lower 

expression than Opn4 or restricted expression to a subset of ipRGCs may become thoroughly 

diluted by the vast amount of transcripts from the other cells in the generic RGC population. 

Indeed, Opn4 expression in the Opn4-GFP reporter is 88-, 37-, and 12-fold higher than Trpc7, 

Adcyap1, and Tbr2, respectively. These trends were observed across both reporter systems (Opn4-

GFP and Opn4-Cre/GFP) as well as both ages (P5 and adult).  

We found little or no evidence of contamination in ipRGCs (GFP+) samples. A major 

potential source of contamination are the abundant rod photoreceptors (Figure 9). They are the 

most abundant cell in the retina (>70% of all cells) and their photopigment, Rhodopsin, is 

expressed at extremely high levels. Therefore, the presence or absence of transcripts towards 

Rhodopsin is an important indicator of sample purity. Importantly, Rhodopsin expression was 

largely or completely absent in the positively isolated ipRGC (GFP+) populations. Specifically, 
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the Rhodopsin expression in adult ipRGC samples from Opn4-GFP and Opn4-Cre/GFP reporter 

mice were more than 150-fold less than that in generic RGCs (FDR<6x10-9). Muller glia seems to 

be a major contaminant in the generic RGC population, with high expression of all known Muller 

markers including Glul, Apoe, Aqp4, and Vim. In contrast, the additional positive selection by 

fluorescence during the ipRGC isolation process seemed to significantly reduced the impact of 

Muller contamination (more than 50-fold decrease in most Muller cell marker expression 

compared to generic RGCs). The expression of several molecular markers for amacrine cells are 

present in ipRGC population, including Calb1, Gad1, Gfd2, and Slc6a9. However, none of these 

genes are known to be exclusively expressed in amacrine cells. Therefore, the impact of amacrine 

cell-derived transcripts existing in the ipRGC gene expression profile remains a challenge to 

determine (Cherry et al., 2009). The absence of horizontal cells in our ipRGC samples was 

confirmed by undetected expression of the horizontal cell marker Lhx1, but was confounded by 

the presence of another horizontal cell marker, Prox1 (Liu et al., 2000; Dyer et al., 2003). In 

general, the presence of non-RGCs in generic RGC populations is suggested by the more than five-

fold reduction of ganglion cell markers (i.e., Rbpms and Sncg) in adult generic RGC samples 

compared to isolated ipRGCs (Soto et al., 2008; Rodriguez et al., 2014). In other words, whereas 

a pure population of ipRGCs will homogeneously express RGC markers, their relative abundance 

becomes less prevalent in generic RGC population due to the presence of rod and Muller glia 

contamination. In contrast, contaminating populations were significantly decreased or abolished 

in the samples from P5 Opn4-GFP mice. This may be due, at least in part, to the fact that the major 

contaminants rod photoreceptors and Muller glia are mostly generated postnatally, and therefore 

may not be as prevalent during the P5 time point (Young, 1985; Morrow et al., 1998; Matsushima 

et al., 2011). The discrepancy of samples 40 and 41 as observed in our MDS plots (Figure 8) were 
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unable to be correlated with any obvious differences in cell composition that would distinguish 

them from other samples. Overall, differential expression analysis comparing ipRGCs (GFP+) 

against generic RGCs (GFP-negative) suggests that the transcripts obtained were derived largely 

from ipRGCs. 

 

Identification of differentially expressed genes in ipRGCs 

To identify the set of differentially expressed genes in the ipRGC populations, we used the 

following strict criteria. First, we identified genes with low false discovery rate (FDR < 0.05) and 

high fold-change (greater than 2-fold) suggesting differential expression between GFP+ ipRGCs 

and GFP-negative generic RGCs. Second, we considered whether the differentially gene 

expression was corroborated across both reporters (Opn4::GFP labeling M1-M3 cells and  the 

Opn4::Cre/GFP system that labels M1-M6 ipRGCs) and both ages (P5 and adult). Lack of 

expression in one case may suggest further refinement as age-dependent gene expression or ipRGC 

subtype expression. Third, we identified whether the differentially expressed genes have nearly 

absent gene expression in generic RGC samples to distinguish potential for selective gene 

expression in ipRGCs. This was distinguished both at the level of count-values and manual 

inspection of aligned raw reads using the Integrated Genome Viewer (IGV) (Thorvaldsdóttir and 

Robinson, 2013). Using IGV, we verified that the reads align with reference gene model for full-

length coverage across multiple ipRGC replicates and that there were absent or partial reads 

aligned across the generic RGC replicates. Our gene expression data of the two Opn4 reporter 

systems has suggested more than 75 genes to be differentially expressed genes in ipRGCs, many 

of which have not been previously recognized (Figure 11).  

 



	 79	

ipRGC phototransduction machinery  

Distinct from rod and cone photoreceptors, the light-activated Opn4 phototransduction 

cascade triggers a membrane bound signalling cascade including Gq/11 type G-proteins, the 

generation of 1,2-diacylglycerol (DAG) by PLCβ4, the opening of downstream TRPC6 and 

TRPC7 channels, and ultimately leads to the influx of calcium through L-type voltage-gated 

calcium channels (Hughes et al., 2012). As mentioned above, Opn4 and its key downstream light 

gated ion channel Trpc7 were determined to be differentially expressed in ipRGCs, with relatively 

low or absent levels of expression in GFP-negative RGCs (Figures 11a and 12). However, other 

phototransduction machinery components such as Trpc6 and PLCβ4 were found to be more 

ubiquitously expressed across RGCs, fitting with previously described expression patterns 

(Graham et al., 2008; Xue et al., 2011). Multiple genes were determined to be differentially 

expressed in ipRGCs that have known roles in connection with DAG and calcium signaling, 

including Rasgrp1 and Dgkg (Bivona et al., 2003b; Shulga et al., 2011) (Figure 11a and 12).  

Only recently has the precise identity of the Gα subunits combination in ipRGCs been 

identified as redundantly expressing and signaling through the Gnaq, Gna11, or Gna14 subunits 

(Hughes et al., 2015). Our studies suggest a similar expression pattern, including a lack of Gna15 

expression (Figure 12). Further, Gna14 was revealed to be differentially expressed in our P5 

ipRGC samples, but it did not reach a statistical significant difference in adult Opn4-GFP ipRGCs.  

Desensitization and adaptation mechanisms of Opn4 phototransduction process has also 

begun to be revealed. Beta-arrestin is the main player known for the phosphorylation-dependent 

deactivation of Opn4(Cameron and Robinson, 2014). Our gene expression profiles suggested that 

the beta-arrestins Arrb1 and Arrb2 are ubiquitously expressed across ipRGCs and generic RGCs 

(Figure 12). The Regulator of G-protein signaling (RGS) proteins negatively regulate GPCR 



	 80	

signaling by binding to activated G-alpha subunits and terminating the signaling cascade. Rgs17 

and Rgs4 were both determined to be differentially expressed in ipRGCs (Figure 11a). 

Many of the known classic phototransduction machinery were found to have absent 

expression (scarce or no read alignment) or were expressed solely in generic RGC control 

populations (for example, Rho, Gnat1 and Sag) (Figure 10 and 13). The majority of transducin 

genes known to be expressed in rods and cones did not have detectable levels of expression. 

However, Gnb1 was a notable exception and was found to be the highest expressing Gβ subunit 

in ipRGCs, with similar expression levels relative to generic RGCs. Additionally, Kcnh1, also 

known as ether-a-go-go (Eag1), was differentially expressed in ipRGCs (Figure 11B). Kcnh1 is a 

voltage-gated K+ channel that has been shown to be important for the dark current in the inner 

segment of rods(Frings et al., 1998). Our studies also suggested that the cyclic nucleotide gated 

channel subunit Cngb1 is differentially expressed in ipRGCs. However, we used IGV to visualize 

the raw reads aligning to Cngb1 and identified sparse, incomplete alignment of reads across the 

gene model and a pile-up of reads to a very limited region of the gene. Therefore, Cngb1 may be 

a false-positive due to an overamplification artifact. Additionally, Cngb1 function requires 

functional alpha subunits, which were not detected (Weitz et al., 2002; Zheng et al., 2002; Zhong 

et al., 2002). 

Despite their distance from the outer retina, ipRGCs have been suggested to receive at least 

some support to their visual cycle from the outer retina (Díaz et al., 2016). One suggestion was 

that ipRGCs use the closely coupled Muller glia for chromophore regeneration support similarly 

to cones in the outer retina. In our studies, the Muller glia isomerase Degs1 was found to be 

expressed in ipRGCs, although at similar levels across ipRGC and generic ipRGC populations 

(Figure 13b). In addition to Muller glia, Des1 has been shown to be expressed in RGCs(Kaylor et 
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al., 2013). However, the prevalence of Muller glia contamination in generic RGC samples made 

the assessment of Degs1 differential expression in ipRGCs impossible (Figure 9). Other enzymes 

responsible for further processing of a functional chromophore were not significantly expressed in 

ipRGCs (Figure 13b).  

 

Molecular programs of ipRGCSs 

Complex genetic programs control the binary fate decisions giving rise to the specialized 

adult retina require the simultaneous activation and repression of genes by transcription factors. 

Little is known for how the general embryonic developmental program leads to the terminal 

differentiation of the more than 30 types of retinal ganglion cells in adulthood. The identification 

of transcription factors has the potential to identify parts of the molecular program important for 

maintenance of adult ipRGC neuronal identity, as well as potential identification of cell-type 

specific expression and function programs (100s of genes potentially regulated). Tbr2 was recently 

shown to continue expression in the majority of adult ipRGCs(Sweeney et al., 2014). Our studies 

suggest that Tbr2 as well as another T-box transcription factor, Tbx20, are selectively expressed 

in our gene expression profiling of adult ipRGCs (Figure 11a). Additionally, Irx6, Dmrtb1, Nr4a3, 

and Pou6f2 differential expression pattern suggested that they may play a role in adult ipRGCs. 

Most of these genes have well-described roles as broad lineage determinants in early retinal 

development(Zhou et al., 1996; Star et al., 2012). The neuron-derived orphan receptor 1 (Nor1, 

also called Nr4a3) is a nuclear receptor that was also found to be differentially expressed in 

ipRGCs. The RNA-binding protein Elavl2 was differentially expressed and has been shown to 

play important roles in neuron differentiation and survival by effecting mRNA metabolism through 

binding to RNA stability elements (Fornaro et al., 2007; Hinman and Lou, 2008). Pathway analysis 
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(DAVID) of differentially expressed genes in ipRGCs suggested specialization in heparan sulfate 

biosynthesis, including Hs3st4, Hs3st2, Hs6st2, Ndst4, and Gpc5 (Figure 11B). Heparan sulfate is 

functionally diverse, mainly due to the precise arrangement of sulfate group motifs that selectively 

bind to other effector proteins (Poulain and Yost, 2015). 

Determining differentially repressed genes in adult ipRGCs was confounded by the high 

amount of contaminants in generic RGC populations. We could not decipher whether a gene with 

relatively low expression in ipRGCs was the result of non-RGC populations contaminating the 

generic RGC control population. In contrast, the P5 generic RGC samples from the Opn4-GFP 

reporter seemed to have greatly reduced levels of contamination and similar levels of RGC marker 

expression (Figure 10). This made it possible to identify genes more weakly expressed in ipRGCs 

than in generic RGCs in early postnatal development (Figure 14). Our studies suggest that the 

transcription factor JUN (Jun Proto-Oncogene) may be differentially repressed in ipRGCs. 

Differentially low gene expression of Satb1, Satb2, and Foxp2 in ipRGCs may reflect known 

restricted expression in the abundant F-RGCs that are likely present in generic RGC populations 

(Rousso et al., 2016). The Pou4f1 (Brn3a) and Pou4f3 (Brn3c) transcription factors were both 

differentially low in P5 ipRGCs, correlating with the known lack of expression in ipRGCs (Jain et 

al., 2012) (Figure 14). The transcriptional repressors Bcl11b (CTIP2), Irx4, and Tbr1 were all 

found to have significantly lower expression compared to generic RGCs. Further, Bcl11b has 

previously been shown to transcriptionally repress the expression of Cdkn1c (p57KIP2), a cyclin-

dependent kinase inhibitor that was shown to be significantly higher expressing in P5 ipRGCs 

(Figure 11c) (Topark-Ngarm et al., 2006). The differentially repressed Irx4 transcription factor has 

been associated with controlling axon guidance through the negative regulation of Slit1 (Jin et al., 

2003). 
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Additional differentially expressed genes in ipRGCs 

We also identified a set of genes differentially expressed in ipRGCs having known roles in 

synaptic transmission, ion transport and cell communication, cell adhesion, survival, as well as 

numerous novel unclassified genes (Figure 11).  

 We explored the set of receptors that are expressed in ipRGCs. The ionotropic nicotinic 

acetylcholine receptors in ipRGCs were determined to consist of the α3, α4, and α6 subunits in 

combination with the β2 and β3 subunits (Figure 15a). The α3 and α4 were statistically borderline 

for being differentially expressed in ipRGCs. In agreement with previous studies, ipRGCs 

expressed the Drd1 (D1a) dopamine receptor, but had low or absent level of Drd2 expression (Van 

Hook et al., 2012) (Figure 15a). The serotonin receptors Htr1b, Htr1d, and Htr5a were modestly 

expressed in ipRGCs. The main glycine receptor subunits were determined to be the α1β 

heteromer (Figure 15b). The ipRGCs were also found to express a complex set of glutamate 

receptors (Figure 15b). In particular, the glutamate ionotropic receptor NMDA 3A (GRIN3A) was 

differentially expressed in ipRGCs. We did not detect expression of melatonin receptors in 

ipRGCs, in contrast to previous studies in rodent retina suggesting expression of Mtnr1a and 

Mtnr1b in M1- and M4-type ipRGCs (Sengupta et al., 2011; Pack et al., 2015; Sheng et al., 2015). 

 Differentially expressed genes with known roles regulating information processing at 

presynaptic active zones include Sh3gl3, Entpd1, Rab3b, Baiap3, Chl1, Sh3gl3, and Adra2a 

(Figure 11b). Multiple growth factors and neuropeptides were determined to be differentially 

expressed in adult ipRGCs (Bmp7, Fgf1, Gal, Gdf6, Grem1, Nmb and Nppb) (Figure 11b).  

There is increasing evidence that ipRGCs are resistant to stress and able to survive under 

circumstances that are fatal for other retinal neurons (de Sevilla Müller et al., 2014; Cui et al., 
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2015; Duan et al., 2015). We controlled for general stress-induced gene expression that is 

anticipated in the adult neurons in response to the harsh dissociation and FACS processing by 

processing the isolated ipRGCs in parallel with generic RGCs. This allowed us to identify survival 

induced molecular programs that are specific to ipRGCs compared to normal RGCs (Figure 11c). 

The genes Adcyap1/PACAP, Igf1, and Spp1/osteopontin were determined to be differentially 

expressed, all of which have previously described roles in promoting survivability in ipRGCs 

(Atlasz et al., 2010; Duan et al., 2015). We also identified an intriguing glial-neuronal relationship 

suggested by differential expression of Gldn, Cntn2, Lama4, and Astn2, and Thbs1 (Figure 11c). 

Many of these genes have been studied in the context of axon regeneration and could prove useful 

for identifying axon repair therapies in the future(Catherine Faivre-Sarrailh, 2013). 

 

Comparison of the genes differentially expressed in Opn4-GFP versus Opn4-Cre/ZEG 

In general, the two Opn4-based reporters were both supportive and cross-correlated for 

differentially expressed genes in ipRGCs. Our studies also allowed us to take advantage of the 

possibility to compare between the two reporters to ipRGC to further decipher subtype-specific 

expression (Figure 16). This comparison lead to the identification of 24 genes that were 

differentially expressed in the adult Opn4-Cre/ZEG reporter and had low or no apparent expression 

in the Opn4-GFP reporter, suggestive of selective expression in one or more of the M4-M6 ipRGC 

types. The neurexophilins Nxph1 and Nxph3 were found to be differentially expressed in the 

Opn4-GFP and Opn4-Cre/ZEG reporter, respectively (Figure 16). These proteins are known to 

bind α-neurexins in mice and have restricted expression patterns (Missler et al., 1998; Beglopoulos 

et al., 2005; Craig and Kang, 2007). Nxph3 has been suggested to play a functional role in specific 

neuronal circuits such as the startle response in mice. Several genes found to be expressed in Opn4-
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Cre/ZEG specific genes have been shown to become up-regulated in diseased mammalian brains 

and murine models of vision loss, including Anxa2 and Gem (Eberhard et al., 1994; Wang et al., 

2013; Wen et al., 2013; Yang et al., 2013; Xu et al., 2014). Anxa2 is a multifunctional protein that 

is a member of the annexin family and is important for mediating many calcium-dependent 

intracellular functions (Gerke and Moss, 2002; Moss and Morgan, 2004; Beglopoulos et al., 2005; 

Gerke et al., 2005; Singh, 2007; Bharadwaj et al., 2013; Madureira and Waisman, 2013). Gem is 

a small GTP-binding protein that is an atypical member of the Ras superfamily (Maguire et al., 

1994; Fischer et al., 1996). The two main neuronal functions of Gem involves the regulation of 

voltage-gated Ca2+ channel activity and reorganization of the cytoskeleton (Béguin et al., 2001; 

Ward et al., 2002; Scamps et al., 2015). The differentially expressed genes Rbp4 (Serum Retinol 

binding protein 4) and retinoic acid receptor Rxrg have well-described roles in signaling by 

retinoids (Lane and Bailey, 2005; Maden, 2007; Li et al., 2014). Rbp4 binds retinol in the blood 

and assists in its transport to the retinal epithelial cells via the Stra6 receptor for the retinol/Rbp4 

complex (Ruiz et al., 2012). Stra6 is known to be highly expressed in the outer retina, but there is 

no immunocytochemical evidence for Stra6 expression in the inner retinal neurons of the mouse 

(Ruiz et al., 2012; Dean Bok, personal communication). Rbp4 is known to be expressed in several 

brain regions, including the hippocampus (Komatsu et al., 2005; Goodman et al., 2012). In 

response to retinoid binding, heterodimers of retinoid A receptors (RAR) and retinoid X receptors 

(RXR) bind to specific retinoic acid-response elements (RARE) (Bastien and Rochette-Egly, 

2004). In the mouse retina, Rxrg is known to suppress S opsin expression in immature cone 

photoreceptors and dorsal cones in the mature retina (Roberts et al., 2005). Rxrg has also been 

suggested to be an integral part of a retinoid pathway that controls the dopaminergic signaling that 

modulates affective behaviors in mice (Krzyzosiak et al., 2010). The Kcnk4/TRAAK gene encodes 
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a two-pore potassium channel subunit that was determined to be differentially expressed in the 

Opn4-Cre/ZEG reporter (Fink et al., 1998). Kcnk4 has been previously shown to be activated by 

polyunsaturated fatty acids-activated, mechanogated, and have expression in the retina, as well as 

other brain regions and the spinal cord (Fink et al., 1998; Maingret et al., 1999; Reyes et al., 2000). 

Additionally, our studies suggested that the Kcns3 potassium channel subunit has its expression 

restricted to the ipRGCs labeled by Opn4-Cre/ZEG, but this difference did not reach statistical 

significance (FDR 0.13). However, close inspection of reads aligning to Kcns3 using the integrated 

genome viewer (IGV) confirmed weak expression in ipRGCs and absent expression in generic 

RGCs for Opn4-Cre/ZEG samples (data not shown). Kcns3 is a member of the electrically silent 

voltage-gated potassium channels, which does not form functional channels by itself but instead 

modulates the biophysical properties of Kv2, a crucially important and ubiquitously expressed 

voltage-gated potassium channel (Shepard and Rae, 1999; Bocksteins and Snyders, 2012; 

Bocksteins, 2016). Lastly, the Sema3d gene encodes a member of the semaphoring family and was 

found to be differentially expressed in Opn4-Cre/ZEG. Sema3d is involved in axon guidance 

during neuronal development and has been found to be important for guiding retinal ganglion cell 

axons in developing zebrafish (Sakai and Halloran, 2006; Dell et al., 2013; Erskine and Herrera, 

2014). 

 

ipRGC retinal circuitry development 

As suggested previously, the repulsive ligand Sema6a was determined to be significantly 

low expressing in ipRGCs compared to RGCs in postnatal development (Matsuoka et al., 2011) 

(Figure 17). However, we found that its receptor PlxnA4 was also differentially expressed in P5 

ipRGCs (Figure 17). This is contrary to earlier findings suggesting that neither Sema6a or Plxna4 
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are expressed in ipRGCs, despite Plxna4 expression in DACs from (Matsushima et al., 2011). 

Another semaphorin, Sema5a, is also significantly enriched in developing ipRGCs. The cell 

adhesion molecule DscamL1 seems to be relatively low in ipRGCs during development, but the 

closely related immunoglobulin superfamily (IgSF) adhesion molecules Sidekick-1 and Sidekick-

2 are enriched in developing ipRGCs. Unc5a and Unc5d were significantly expressed across 

development, and continue to be enriched into adulthood in ipRGCs as well. Both Unc5d and 

Unc5a are known to have distinct laminar expression patterns that coincide with stereotyped S1 

OFF-region dendrites of M1 and S5 ON-region dendrites of M2 ipRGCs (Visser et al., 2015). As 

expected, Unc5b was very low expressing, while Unc5C expression was insignificant in ipRGCs 

when compared against generic RGCs. Differentially expressed Salm5/Lrfn5, Clstn2, Thbs1, 

Lrrtm2, Pcdh19, Ptprm, and Lrrc4c/Ngl1 cell-adhesion molecules are additional candidates for 

being important for ipRGC excitatory synapse formation. The cell surface glycoprotein Mdga1 is 

also differentially expressed in developing ipRGCs and is known to influence the formation and 

maintenance of inhibitory synapses (Pettem et al., 2013). 

 

 

DISCUSSION 

 The extraordinary complexity and heterogeneity of the mature retina has created an 

obstruction for clarifying the genes important for the specialized function of ipRGCs. Our 

investigation into the gene expression profile of ipRGCs had two primary aims. First, we 

developed and validated an expression profiling method that characterized the differential 

expression of a purified population of ipRGCs compared to enriched generic RGCs. Second, we 

evaluated the differentially expressed genes that may be functionally relevant to the specialized 
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Opn4-mediated phototransduction cascade, the molecular programs key to differentiation and 

maintenance of ipRGCs into adulthood, neuronal excitability, enhanced survivability, and circuit 

development. 

In our study, we demonstrated a robust method that combined enrichment of RGCs by 

magnetic-activated cell sorting and FACS for positively selecting the rare fluorescently labeled 

ipRGCs in parallel with generic RGCs for comparison of relative gene expression. First, we 

demonstrated that our ipRGC populations differentially express all markers known to be expressed 

in ipRGCs. Further, the lack of marker expression from potential contaminating populations, 

including abundant rod photoreceptors, validated that we were able to obtain a highly pure 

population of ipRGCs. We successfully adapted our isolation processing procedures from 

developmental age P5 to young adults, despite increasing challenge to obtain viable mature 

neurons (Lobo et al., 2006). Representative of the increasingly fragility involved with isolating 

adult neurons, our biological replicates from young adult mice required ten-fold more retinal tissue 

compared to young P5 mice to obtain a similar number of ipRGCs. This striking decrease in 

acquiring efficiency in adulthood is largely due to the inability of adult retinal ganglion cells to 

compensate for dissociation of dendrites and axons and removal from retinal environment. 

Optimizations such as magnetic-activated cell sorting proved vital to promoting survivability since 

our original attempts using the two-step immunopanning process (Barres et al., 1988) to enrich 

RGCs proved ineffective at isolating sufficient numbers of healthy adult ipRGCs (data not shown). 

Our isolation method and differential expression analysis allowed us to identify more than 75 

differentially expressed genes in ipRGCs compared to generic RGCs. These genes belong to 

diverse functional classes, including transcription factors, RNA binding proteins, signaling 

molecules, secreted proteins, neurotransmitter receptors, vesicle trafficking, protein modification, 
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survival, and more that remain unknown. 

 

Clarification of the ipRGC phototransduction cascade 

Despite there being incredible progress deciphering the molecular components of the 

ipRGC phototransduction cascade over the last decade, many questions remain unanswered or 

uncertain. Contrasting with other studies, the gene expression profiling studies of Siegert and 

colleagues (2012) did not detect Gnaq expression in ipRGCs while it appears to be among the 

highest expressing Gq/11 subunits in our study. To date, the Gβγ complex remains unknown, despite 

it providing an essential element in GPCR signaling cascades and additional possibilities for signal 

specificity. The beta subunit Gnb1 is by far the highest expressing, having 15-fold higher 

expression than the other subunits Gnb2, Gnb4, or Gnb5; while Gnb3 shows no expression (Figure 

10). The gamma subunit Gng4 is differentially expressed in ipRGCs, potentially providing 

additional complexity to the Opn4 phototransduction cascade (Figure 9). If Gng4 acts similar to 

other members of its class, it could potentially enhance the Gq/11 subunit binding with GPCRs 

such as Opn4. In Drosophila photoreceptors (physiologically similar to ipRGCs), disrupting DAG 

kinase activity by mutating rdga leads to the accumulation of DAG and subsequently alters 

downstream PKC and TRPC activity(Raghu et al., 2000; Delgado et al., 2014). Rasgrp1 has both 

a calcium and a diacylglycerol binding domain and has well-described role in lymphocytes as a 

Ras GEF, a nucleotide exchange factor activating Ras through the exchange of bound GDP for 

GTP activating Erk/MAP kinase cascades(Bivona et al., 2003b). Additionally, Dgkg is a 

diacylglycerol kinase that enzymatically phosphorylates diacylglycerol to produce phosphatidic 

acid (PA)(Shulga et al., 2011). Notably, both Rasgrp1 and Dgkg have been shown to be expressed 

and play as yet unknown roles in subpopulations of neurons throughout multiple brain regions 
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including the hippocampus and striatum but their function in the retina remain largely 

unknown(Pierret et al., 2000a; Adachi et al., 2005; Bungers, 2010). Diacylglycerol and calcium 

are also known to activate the protein kinase C family members Prkcd and Prkcq, which are serine- 

and threonine-specific protein kinases. PKC activity has been suggested to be important for 

deactivating TRPC activity in the invertebrate photoreceptors and potentially also for the Opn4 

phototransduction cascade. Interestingly, another Prkcz disruption has been correlated with being 

important for ipRGC-mediated photoentrainment of circadian rhythms(Peirson et al., 2007). 

However, Prkcz is only moderately expressed and similar to control samples in our study. 

Additionally, Prkcz is functionally perplexing due to lack DAG and calcium binding domains 

traditional on PKC members and Prkcz has not been physiologically for a direct, specific role in 

ipRGC phototransduction(MELLOR and PARKER, 1998). The differentially expressed gene Pirt 

has been shown to Pirt regulates PIP2-dependent activation of TRP channels (TrpV1 and Trpm8), 

but has not been directly tested with TrpC6/7 channels relevant for ipRGC phototransduction(Kim 

et al., 2008a). As negative regulators of GPCR signaling, the differentially expressed genes Rgs4 

and Rgs17 could fine-tune Opn4 signaling(Mao et al., 2004; Ji et al., 2011). Both Rgs17 and Rgs4 

have also been shown to regulate opioid signaling in the brain via the GPCR, Oprm1(Georgoussi 

et al., 2006; Rodríguez-Muñoz et al., 2008). Oprm1, another differentially expressed gene in 

ipRGCs, is responsible for a variety of cellular responses, of particular interest is the inactivation 

of L-type calcium channels (main calcium influx mechanism in ipRGCs) and activation of inward 

rectifying potassium channels that could lead to current inhibition and modulated physiology of 

ipRGCs (Moises et al., 1994; Diaz et al., 1995; Doğrul et al., 2001; Alvarez et al., 2002; Dang and 

Williams, 2005). The lack of rod contamination in our ipRGC samples allowed us to closely 

investigate the phototransduction cascade components that may be shared with the classic rod and 
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cone photoreceptors (Beech and Barnes, 1989; Frings et al., 1998). The visual cycle of ipRGCs 

has also been remained a challenge to clarify. The location of ipRGCs within the inner retina, far 

removed from the RPE-process of the chromophore regeneration in the outer retina, makes it 

challenging to think that ipRGCs are using a similar mechanism as rods and cones. Further, the 

ipRGCs are similar to their drosophila counterparts in that Opn4 is bistable, plausibly even 

tristable(Emanuel and Do, 2015). This ability allows Opn4 to photoisomerase the all-trans-retinal 

independent of additional enzymes by capturing a photon with a second wavelength. Even with 

this exceptional capability, ipRGCs are considered to require some kind of additional mode of 

chromophore regeneration(Díaz et al., 2016). The expression of the isomerase Degs1 by ipRGCs 

in our studies suggests that they may share some of the same chromophore regeneration machinery 

used by Muller glia. However, we were unable to find expression of additional enzymes that would 

be required to complete the visual cycle in ipRGCs.  

 

Specialized heparin sulfate modifications 

The biosynthesis of heparin sulfate is a complex, multi-step process that requires the 

coordination of multiple pieces of enzymatic machinery. The first modification that occurs is 

catalyzed by N-deacetylase/N-sulfotransferase (NDST) and replaces N-acetyl groups on GlcNAc 

residues with N-sulfate groups, a prerequisite for later modifications in heparin sulfate biosynthesis 

(Zhang et al., 2016). The differentially expressed gene Ndst4 has restricted expression in adult 

brain tissue and may have a more specific role in adulthood than the other NDST members 

(Aikawa et al., 2001). The heparin sulfate D-glucosaminyl 3-Osulfotransferase 2 and 4 (Hs3st2 

and Hs3st4) enzymes generate 3-O sulfated glucosaminyl residues on heparin sulfate. The main 

known role for this modification is that it is used as a receptor by herpes simplex virus type 1 and 
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therefore promotes pathogenesis in expressing cells(O'Donnell et al., 2006). Although not fully 

explored in the retina, Hs3st2 and Hs3st4 are the major neural benefactor of 3-O-sulfated residues 

in neuron subpopulations and may therefore provide specific HS-dependent functions(Lawrence 

et al., 2007). 

 

Developmental control of ipRGC circuit formation 

The molecular adhesion code important for M1 ipRGC circuit development has started to 

become deciphered. The repertoire of specialized M1 ipRGCs retinal circuitry includes reciprocal 

intraretinal interactions with dopaminergic amacrine cells (DACs) in the uppermost sublaminas of 

the IPL. DACs express the Sema6a receptor PlxnA4. Expression of Sema6a in the On layers of 

the IPL repulses Plxna4-expressing DAC dendrites and restricts their dendrites to the S1 sublamina 

of the IPL (Matsuoka et al., 2011). However, M1 ipRGCs were determined to not express either 

Sema6a or PlexinA4 in their studies, despite the fact that the dendritic architecture became 

mislocalized if either gene was knocked out. Therefore, these two cues were found to be important 

for M1 ipRGCs synapse specificity, but Mastuoka et al., (2011) suggested that they play non-

autonomous roles in ipRGC dendritic development. In contrast, our studies suggested that Plxna4 

is differentially expressed in P5 ipRGCs, which aligns with the Plxna4-knockout mislocalization 

phenotype and suggests that ipRGCs share a similar adhesion protein code as DACs. Visualization 

limitations of Plxna4 immunofluorescence labeling may mean that its endogeneous expression 

level is too low to be detected in ipRGCs. In our case, it is hard to know what the endogenous level 

of Plxna4 mRNA is in developing M1 ipRGCs and whether it is translated to a level of protein 

expression that could make a biological impact. Our results agree with their finding that Sema6a 

is repressed in ipRGCs, relative to other ganglion cells (Matsuoka et al., 2011).  
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Our studies also suggest the differentially high expression of Mdga1 in developing 

ipRGCs. The role of Mdga1 in regulatng inhibitory synapse formation may establish key 

connections between ipRGCs and specific GABAergic amacrine populations (Lee et al., 2013; 

Pettem et al., 2013). Our studies suggest that adhesion molecules such as Unc5a and Unc5d 

continue to be enriched in ipRGCs into adulthood. Both Unc5d and Unc5a have been shown to 

have distinct laminar expression patterns that coincide with stereotyped S1 OFF-region dendrites 

of M1 and S5 ON-region dendrites of M2 ipRGCs. As expected, Unc5b is very low expressing, 

while Unc5C expression is insignificant in ipRGCs when compared against generic RGCs (Visser 

et al., 2015). 

The highly specialized, yet morphologically and physiologically homogeneous, M1 

ipRGCs seem to have parallel pathways for controlling non-image forming functions. How the 

shared molecular adhesion code in retinal development of M1 ipRGCs coordinates with the 

differential axon targeting in the brain remains unknown. Our gene expression profiling studies of 

P5 ipRGCs may reveal molecular mechanisms important for M1 axon development including 1) 

stalling of the growth cone prior to innervation, 2) leaving the optic nerve towards the SCN, and 

3) innervation and refinement in functionally compartmentalized suprachiasmatic nucleus 

(reviewed by Fox and Guido, 2011). The same general process may also be similar, yet specialized, 

to M1 targeting to the OPN shell. Multiple genes identified by our studies to be differentially 

expressed in P5 ipRGCs may be relevant for ipRGC-specific axon targeting (Figure 16). Wnt4 is 

differentially expressed in postnatal ipRGC samples, but its expression is strikingly absent in adult 

ipRGCs and other RGCs. Wnt4 is known to be a secreted signaling protein that plays a 

chemoattractant role for regulating axon guidance during neuron development (Lyuksyutova et al., 

2003; Mulligan and Cheyette, 2012). Tenm1 is significantly enriched during ipRGC postnatal 
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development and adulthood (Figure 16). Teneurins family members (Tenm2 and Tenm3) have 

well-characterized roles for promoting precise patterns of connectivity in the visual 

pathway(Leamey et al., 2007; 2008; Tran et al., 2015). They have homophilic adhesion properties, 

but there are also examples of heterophilic binding partners(Leamey and Sawatari, 2014). The 

metalloprotease Adam10 is differentially expressed in postnatal ipRGCs and has well-described 

roles in regulating axon growth cone pathfinding and retinal development (Mu et al., 2005; 

Brennaman et al., 2014; Toonen et al., 2016). The neural adhesion molecule CHL1 is differentially 

expressed in postnatal and adult ipRGCs and may mediate axon guidance and maintenance of 

neural circuits(Wright et al., 2007; Schlatter et al., 2008). This semaphorin Sema5a has been 

demonstrated to be important for the development of connections between neurons and inhibiting 

the growth of RGC axons, but was suggested glia-specific expression (Goldberg et al., 2004). The 

relatively low expression of the Irx4 transcriptional repressor found in our studies may also be 

relevant to molecular program controlling ipRGC axon pathfinding of in the developing retina (Jin 

et al., 2003). 

The ipRGCs are known to have the capacity to shape the development of visual neural 

circuits (Renna et al., 2011). In mice, within a week of birth, RGC axons are already establishing 

and refining projections to visual brain centers, and retinal waves play a crucial role in this process. 

The starburst amacrine cells generate and propagate retinal waves through the release of 

acetylcholine (ACh), leading to the coordinated excitation of most, if not all RGCs, including 

ipRGCs (Renna et al., 2011). It is widely assumed that such excitation is also mediated by ACh 

released from the starburst network acting directly on nAChRs on the RGCs (Ford and Feller, 

2012). However, it has remained unclear which subunits of nAChRs are expressed on ipRGCs 

during developmental retinal waves and whether they persist into adulthood despite their lack of 
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dendritic stratification in the appropriate layer to receive synaptic input from SACs and apparently 

lack functional nAChRs (Wong et al., 2007a; Ecker et al., 2010). Our studies suggest that multiple 

alpha subunits (α3, α4, and α6) are expressed in combination with the β2 and β3. In contrast, the 

gene expression profiling studies of Siegert et al., (2012) only deciphered α6 and β3 subunits, 

which were broadly expressed across all transgenic reporters that labeled RGC types. We did not 

distinguish any clear up- or down-regulation of cholinergic subunit expression between P5 and 

adult ipRGCs.  

 

Enhancement of ipRGC survival 

 Our results have important implications for studying the increased survivability of ipRGCs 

in rodent models of retinal degeneration (Cui et al., 2015). The neuropeptide Adcyap1/PACAP 

was differentially expressed in our studies and has been previously shown to be specifically 

expressed in ipRGCs and play a neuroprotective role in animal models of RGC death in response 

to monosodium glutamate toxicity, mitochondrial dysfunction, and axotomy(Li et al., 2008; de 

Sevilla Müller et al., 2014; Cui et al., 2015). A major component of glaucoma is pro-death 

signaling pathways that are activated soon after axonal injury. In mouse glaucoma models, JUN-

dependent pathways have been determined to be important for promoting axonal injury-induced 

death(Levkovitch-Verbin et al., 2005). In another study, decreasing JUN activation provides at 

least some protection to axotomied RGCs. Our studies suggest that the transcription factor JUN 

(Jun Proto-Oncogene) may be differentially repressed in ipRGCs. Therefore, reduced JUN 

signaling may provide beneficial to the survivability in ipRGCs. Increased glutamate release in the 

retina can lead to a deleterious rise in intracellular calcium that leads to degeneration in RGCs 

(Sucher et al., 1997). This process seems to be mediated by ionotropic NMDA receptors (Sucher 
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et al., 1997; Shen et al., 2006). NMDA-induced excitotoxicity is often used to study the 

mechanisms leading to RGC death and neuroprotection potential (Goldblum and Mittag, 2002; 

Niwa et al., 2016). M1 ipRGCs are especially resistant to glutamate-induced toxicity (DeParis et 

al., 2012). Our studies show that the modulatory subunit Grin3a is differentially expressed in 

ipRGCs and Grin3a has been shown to dramatically decrease calcium flow through NMDA 

channels and provide resistance against NMDA-mediated excitotoxicity(Henson et al., 2010; Cui 

et al., 2015). Expression localization studies have suggested that Grin3a is not selectively 

expressed in ipRGCs. However, it is possible that the combination of Grin3a with intrinsic 

photosensitivity capabilities allow ipRGCs to survive, while other Grin3a expressing RGC types 

may not survive our experimental processing prior to sequencing and gene expression analysis. In 

other words, the control samples enriching for generic RGCs may be biased against RGCs that are 

sensitive to stressful environments such as glutamate toxicity. This experimental caveat is 

especially relevant when looking for survival relevant genes in our differential expression analysis 

of ipRGCs. Finally, the differentially expressed transcription factor Nr4a3 is known to be induced 

as early immediate genes by stressors and play important role in maintaining cellular homeostasis 

(Safe et al., 2016). 

  

Comparison with other ipRGC gene expression profiles 

We also sought to compare our gene expression results with previous studies that have 

identified differential gene expression in ipRGCs (Figure 18). Siegert and colleagues (2012) used 

many different mouse reporters (including the Opn4-Cre system) to isolate different subsets of 

retinal cells for microarray gene expression profiling. Their study is similar in that it relied on 

harsh dissociation processing from FACS isolation of adult fluorescently labeled cells. Many of 
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the genes highlighted in their study were also determined to be differentially expressed in our 

study. However, the dozens of additional genes that we determined to have a high likelihood of 

differential expression in ipRGCs were were either undetected or indistinguishable across their 

gene expression profiles. This discrepancy of differentially expressed genes may be due, at least 

in part, to the following reasons. First, their study did not include a pre-enrichment step for retinal 

ganglion cells and, from our studies, makes it that much more challenging to isolate the rare labeled 

cells of interest (estimated 0.05% in the case of Opn4-Cre labeled ipRGCs) compared to the 

photoreceptors that account for 70-80% of retinal cells (Jeon et al., 1998). Indeed, their results 

were compromised from rod contamination across samples and they needed to compensate by the 

post hoc application of a strict differential expression threshold. Second, they did not include a 

control population to be processed in parallel to their isolated sample. We have found that 

providing an internal control by purifying generic RGCs in parallel to ipRGC samples was vital 

for controlling for stress-induced expression changes and the day-to-day variation across the many 

processing steps of the experiment and laboratory environment. Our ability to compare to generic 

RGCs allowed for broad correlations such as presence or lack of expression, despite the caveat 

that contaminating cell populations are present in the generic RGC population. Third, Siegert et 

al. used the microarray platform, which has limited coverage of probes along a target gene and has 

a smaller dynamic range compared to RNA-seq. 

The other study that we compared against used the recently developed Drop-seq 

technology to process single cell suspensions from mouse retina for single-cell transcriptomic 

analysis at a massive scale(Macosko et al., 2015). Single cell technology is ideal, in principle, for 

the precise identification of an individual neurons molecular identity despite the extreme 

heterogeneity of the nervous system. The main challenge for this type of analysis stems from the 
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physical limits of capturing and sequencing a complete representation of the minuscule level of 

genetic material in a single neuron. Therefore, this technology operates best when multiple 

instances of a cell type transcriptional landscape can be compared and averaged. This is especially 

problematic for the retina tissue, which is not only extremely heterogeneous, but the odds of 

capturing the highly diverse subpopulations of neurons are especially low. Whereas there are 

roughly 30 distinguishable types of RGCs that total about 1% of retinal cells, there are less than a 

handful of photoreceptors that are far more common (75%). Indeed, their studies could definitively 

distinguish the main broad class of RGCs, but they required post hoc supervised analysis to 

distinguish a limited number of genes attributed to Opn4-positive cell clusters. They identified 

nine genes with a two-fold increase in expression compared to Opn4-negative cells. Three genes 

(Tbr2, Igf1, and Tbx20) were also found to be enriched in our ipRGC samples (Figure 18). In 

contrast, Tbx20 did not reach above threshold for Siegert et al., (2012), but it is among the highest 

expressing ipRGC-enriched genes in our study. Single-cell gene expression profiling methods such 

as Drop-Seq holds great promise and will certainly continue to be pursued more in future studies 

of neuron subtype gene expression. Recently, single-cell studies of pre-enriched bipolar cells were 

able to distinguish molecular markers for all previously recognized bipolar cell types (Shekhar et 

al., 2016). Future experiments with a pre-enrichment step for RGCs should help provide sufficient 

numbers to decipher subtype-specific programs of ipRGCs. 

 

Further considerations 

 Our identification of differentially expressed genes in ipRGCs can not be assumed to be 

specific to ipRGCs or reflect the expression of functional proteins. Instead, DEGs should be treated 

as hypothesis for genes that are functionally relevant for ipRGC function. Although our selection 
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criteria dramatically decreased the potential heterogeneity obscuring differential gene expression 

in ipRGC, the transgenic reporters used in our studies are known to label multiple morphologically 

and physiologically distinct ipRGC types. For example, genes determined to be differentially 

expressed using the Opn4-GFP reporter can, at best, be inferred to have restricted expression 

within the M1-M3 ipRGC types. However, it would be impossible to know whether this gene is 

expressed in all M1-M3 types or a subset. Further, we can not assume that differentially expressed 

genes in our studies are uniquely expressed in ipRGCs and absent in non-ipRGCs. Our studies are 

based on relative abundance of ipRGCs compared to our generic RGC populations. We can not 

rule out scenarios that differentially expressed genes are enriched in ipRGCs, but are also 

expressed in additional subsets of other RGCs. Therefore, follow-up localization studies using in 

situ hybridization or immunofluorescence will be required to test the validity and cell type-specific 

expression of our proposed differentially expressed genes. Additionally, the study of 

transcriptomes and differential gene expression has certainly proven important for revealing 

otherwise unknown molecular underpinnings to specialized cell function. However, the 

transcription of genomic DNA to mRNA is only one of many intermediate steps to the synthesis 

of functional proteins(de Sousa Abreu et al., 2009; Maier et al., 2009; Koussounadis et al., 2015). 

Translational control, post-translational modifications, and subcellular localizations are examples 

of ways that the level and function of proteins can be decoupled from the relative abundance of 

mRNA expression. Additional immunofluorescence studies using protein peptide-specific 

antibodies is one way to test whether candidate differentially expressed genes are correlated at the 

protein level.  
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Conclusion 

In conclusion, our results demonstrate a method to purify ipRGCs and identify an extensive 

list of more than 75 genes that are differentially expressed compared to generic RGCs. Of course, 

our identified DEGs in ipRGCs should not be considered a complete account of all genes relevant 

to ipRGC function. Instead, we hope that it will provide a beneficial resource that will generate 

hypothesis that lead to key insights into ipRGC function in non-image forming vision. 
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CHAPTER 3:  

 

Molecular Diversity of the Intrinsically Photosensitive Ganglion Cells 

Regulating Circadian Photoentrainment 

 

Research was designed by DJ Berg and DM Berson.  

Experiments were conducted, analyzed, and reported by DJ Berg except for the following: 

• Brain injections of retrograde tracer into SCN was conducted by M. Leyrer. 

Immunofluorescence study of retrograde labeling in the retina was conducted and analyzed 

by DJ Berg. 

• Rasgrp1 expression was quantified in relation to ipRGC subtypes by Katie Kartheiser. 

• Tbx20 expression was quantified in relation to ipRGC subtypes by Alexandra Saali.  
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INTRODUCTION 

Rasgrp1 provides specialized Ras signaling at the Golgi 

Rasgrp1 is one of four members of the RasGRP family, which are membrane-bound 

guanine nucleotide-exchange factors (GEFs) capable of converting membrane-bound Ras-GDP to 

Ras-GTP (Johnson et al., 2007). Rasgrp1 expression is known to have limited expression across 

multiple tissues, with selective expression in lymphocytes and subpopulations of neurons in 

multiple brain regions that include the hippocampus, olfactory system, and the striatum (Ebinu et 

al., 1998; 2000; Pierret et al., 2000b; Toki et al., 2001). 

The structure of Rasgrp1 contains EF hands that bind calcium, a diacylglycerol-binding C1 

domain, and a catalytic region that has a REM (Ras exchange motif) and a CDC25 (cell division 

cycle 25) domain (Ebinu et al., 1998; Tognon et al., 1998; Lorenzo et al., 2000). This structure 

suggested that the Ras GEF activity of Rasgrp1 is mediated by the second messengers, calcium 

and diacylglycerol (DAG). Indeed, the generation of DAG by phospholipase C (PLC), following 

receptor stimulation, was demonstrated to be important for recruiting Rasgrp1 to the membrane 

for subsequent activation of Ras (Ebinu et al., 1998; Tognon et al., 1998). This Rasgrp1 signaling 

pathway might be engaged during Opn4-mediated phototransduction in ipRGCs. Light stimulation 

of Opn4 leads to the activation of PLCβ and generation of DAG, as well as inositol triphosphate 

(IP3) from the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) (Hubbard and Hepler, 

2006; Mizuno and Itoh, 2009). IP3 is a second messenger that is known to trigger the intracellular 

release of calcium that is stored within the endoplasmic reticulum. It is possible that the effect of 

the increase of DAG and Ca2+ is to activate several TRPC cation channels present on the plasma 

membrane and important for the generation of action potentials (Panda et al. 2005; Qiu et al. 2005; 

Graham et al. 2008; Xue et al. 2011). However, applying analogues of DAG or IP3 were not found 
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to alter the photoresponses of ipRGCs (Graham et al., 2008). Therefore, the role of DAG and 

phosphoinositol signaling in Opn4-mediated phototransduction remains a mystery (Hankins et al., 

2008; Do and Yau, 2010; Hughes et al., 2012; Díaz et al., 2016). We hypothesize that Rasgrp1 

links Opn4-mediated phototransduction to specialized Ras signaling in at least a subset of ipRGCs. 

The discovery that Rasgrp1 activates Ras signaling on the Golgi apparatus by Bivona and 

colleagues (2003) made the cell signaling field feel like they found, “Life on Mars” (Di Fiore, 

2003). Their findings broke the established paradigm that Ras proteins signal solely at the plasma 

membrane and primarily function to regulate transcription (Willingham et al., 1980; Willumsen et 

al., 1984; Vieira et al., 1996; Di Fiore and Gill, 1999; Rajalingam et al., 2007). Translocation of 

Rasgrp1 to the Golgi requires DAG and PLC activity (Bivona et al., 2003a; Zhang et al., 2010). 

The Golgi complex is now considered to be a relay station for cellular signaling (Cancino and 

Luini, 2013). Signaling cascades initiated at the plasma membrane, such as classical ligand-

receptor systems, may become modulated by passing through the Golgi and lead to different 

signaling outcomes (Inder et al., 2008). Studies of T-cells in the immune system has determined 

that activation of Rasgrp1 stimulates the mitogen-activated protein (MAP) kinase pathway (Ras–

Raf–MEK–ERK) (Ebinu et al. 2000; Dower et al. 2000; Stone 2011; Shen et al. 2011; Golec et al. 

2013; Kortum et al. 2013). The physiological difference between Golgi and plasma membrane 

activation of Ras is still unclear (Farhan and Rabouille, 2011; Wilson et al., 2011). Several groups 

have found that the kinetics of Ras activation of the Raf–MEK–ERK pathway is more sustained, 

graded, and delayed when compared to activation at the plasma membrane, which is generally 

more rapid and transient (Chiu et al., 2002; Rocks et al., 2005; Yasuda and Kurosaki, 2008). In 

neurons, Ras signaling has been linked to specific types of memory formation and synaptic 

plasticity (Adams and Sweatt 2002; Ye and Carew 2010; Sharma et al. 2003; Kelleher 3rd et al., 
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2004; Yasuda 2012; Knafo and Esteban 2012). However, little is known about the role of 

specialized Ras signaling in RGCs or, more specifically, in ipRGCs. 

 

Tbx20 has a dual role as both a transcriptional activator and repressor 

The family of T-box genes encodes transcription factors play critical roles in development, 

cellular specification and differentiation in the nervous system and other diverse tissues (Naiche 

et al., 2005). T-box transcription factors recognize a highly conserved DNA binding region, the T-

half site, which can vary in number as well as orientation in promoters of target genes (Sinha et 

al., 2000; Conlon et al., 2001; Stennard et al., 2003; Sakabe et al., 2012). To date, at least 18 T-

box genes are identified in vertebrates with Tbx20 and Tbr2 being members of the Tbx1 and Tbr1 

subfamilies, respectively (Sebé-Pedrós and Ruiz-Trillo, 2017). T-box family members are 

evolutionarily ancient, with Tbx20 having highly conserved roles in motor neuron axon targeting 

and cardiogenesis (Naiche et al., 2005). Many T-box proteins have either an activator or a repressor 

domain in their C-terminal regions, while some such as Tbx2 and Tbx20 are capable of both 

influences depending on promoter context (Paxton et al., 2002; Sakabe et al., 2012). Indeed, T-

box factors often control target genes in combination with other transcription factors to contribute 

to promoter specificity (Garg et al., 2003; Stennard et al., 2003; Ghosh et al., 2009; Sakabe et al., 

2012). This cooperativity may account for the tendency for T-box factors to be exquisitely 

sensitive to gene dosage (Naiche et al., 2005). 

Tbx20 is an example of a transcription factor that possesses well-established roles in 

embryonic development, but are continuously required in mature cells to maintain their identities 

or carry out additional functional requirements during adulthood. The T-box genes Tbx20 and 

Tbx5 are important regulators of the molecular program driving myocardial proliferation and 
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patterning in heart development in vertebrates, as well as in Drosophila (Brown et al., 1998; 

Plageman and Yutzey, 2004; Chakraborty and Yutzey, 2012). In addition to its key developmental 

roles, Tbx20 has recently been demonstrated to be vital for maintaining the structure and function 

of cardiac muscle cells in the adult mouse heart (Stennard et al., 2003; Shen et al., 2011). 

Interestingly, Tbx20 has a dual role as a transcriptional activator in parallel to repressor activity, 

with each of these functions regulating distinct biological processes (Sakabe et al., 2012). In adult 

cardiomyocytes, Tbx20 is responsible for directly activating genes critical to normal adult cardiac 

function such as those required for ion transport and heart contraction (Shen et al., 2011; Sakabe 

et al., 2012). In contrast, genes directly repressed by Tbx20 have known roles in non-heart 

developmental programs, cell cycle, proliferation, and immune response (Sakabe et al., 2012). This 

signifies a dramatic reversal in transcriptional output since the main developmental function of 

Tbx20 is as a mediator of cardiac progenitor cell proliferation, whereas Tbx20 regulates an active 

anti-proliferative program in the adult heart (Cai et al., 2005; Takeuchi et al., 2005). Tbx20 

cooperates with distinct cohorts of transcription factors to either promote or repress distinct 

molecular programs in a context-dependent manner (Sakabe et al., 2012). The co-binding of Tbx20 

with factors known to have a role during heart embryogenesis (such as GATA4, GATA5, TBX5, 

or NKX2-5) plays a continuing role in the activation gene expression in the adult heart (Stennard 

et al., 2003; Sakabe et al., 2012). Additional factors seem to cooperate with Tbx20 to fine-tune 

active expression in response to intracellular or external factors. The cofactors responsible for 

promoting Tbx20 repressive transcriptional programs are less clear, but may include the 

transcription factor REST/NRSF which is known to repress pro-neural programs within non-

neuronal tissues (Sakabe et al., 2012). The realization that Tbx20 has multiple motifs with different 

binding affinities adds an additional layer of gene target specificity that may in part explain the 
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dosage sensitivity of Tbox protein function. Therefore, Tbx20 may prove to have a similar reversal 

in its transcriptional activity when transitioning from embryonic to adulthood. Tbx20 has a known 

role as a repressor in early embryonic development of the eye (Carson et al., 2000; Pocock et al., 

2008). Tbx20 is required for the expansion of the small pool of precursor cells in the optic 

vesicle(Carson et al., 2004). However, little is known about the function of Tbx20 in the adult 

retina. 

 When thinking about Tbx20 function, it would be useful to consider what is known about 

Tbr2, another Tbox family member that is known to have a critical role in the development of 

retinal ganglion cells (Mao et al., 2008), which later becomes essential to a restricted set of ipRGCs 

that participate in NIF visual circuits (Mao et al., 2014; Sweeney et al., 2014). Throughout the 

brain, as in the retina, binary cell fate specification is driven by complex genetic programs that 

require the simultaneous activation and repression of genes by transcription factors. For example, 

Tbr2 is integral to the neurogenesis and differentiation of multiple types of glutamatergic 

excitatory neurons not only in the retina, but also in the olfactory bulb, hippocampus, cerebellum, 

and neocortex (Englund et al., 2005; Fink et al., 2006; Hevner et al., 2006; Hodge et al., 2012; 

Kovach et al., 2013). In the neocortex, cortical progenitor cells progress through a series of stable 

identity transitions from symmetrically proliferating radial glial cells to become intermediate 

neuronal progenitor cells (INPs) capable of producing neurons (Noctor et al., 2004; Farkas and 

Huttner, 2008; Kowalczyk et al., 2009). Cortical progenitor cell transitions depend on the 

coordinated expression of a network of transcription factors. Radial glial cells initially express 

Pax6, a homeodomain transcription factor, which is required to maintain their radial glial identity 

as well as instigate the transition to INPs (Quinn et al., 2007). The proneural bHLH transcription 

factor Neurog2 promotes the radial glial cell to INP transition by activating Tbr2 transcription 
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(Arnold et al., 2008; Sessa et al., 2008; 2010). Tbr2 in turn directly represses Pax6 transcription, 

therefore blocking alternative cell fates  (Kovach et al., 2012). Additionally, activation of Tbr2 by 

Ngn2 also specifies a dorsal glutamatergic projection neuron identity by direct repression of Ebf1, 

which specifies ventral GABAergic neuronal identity (Kovach et al., 2013). Therefore, Tbr2 is 

vital for neuronal identity in the developing neocortex primarily by eliminating alternative cell 

fates. 

Tbr2 is also crucial for regulating synapse formation and maintaining precise neural 

connectivity, as exemplified by development of the olfactory bulb. The mitral and tufted cells of 

the bulb receive inputs from interrelated olfactory sensory neurons, project their dendrites into 

single glomeruli, and also convey odor information to higher olfactory centers (Ressler et al., 1994; 

Vassar et al., 1994). The local neuronal circuits constructed from the dendrodendritic synapses 

between the excitatory mitral/tufted cells and inhibitory GABAergic interneurons are important 

for refinement of odor-tuning specificity and discrimination (Gao and Strowbridge, 2009; 

Abraham et al., 2010; Dhawale et al., 2010). Tbr2 is required for the formation and maintenance 

of dendrodendritic synapses, with loss of Tbr2 leading to deficient lateral inhibition to mitral/tufted 

cells from local interneurons and a concurrent susceptibility to be activated by odorant stimuli 

(Mizughuchi et al., 2012). Additionally, the combinatorial expression of Tbr2 and the two Tbr1 

subfamily members, Tbr1 and Tbx21, specify distinct subtypes of mitral/tufted cells by regulating 

the distinct expression of two vesicular glutamate transporters (Mizuguchi et al., 2012). Therefore, 

Tbr2 is required both for the differentiation of mitral/tufted cell subtypes and for the establishment 

and maintenance of the excitatory-inhibitory balance necessary for refined detection of odorants. 
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RESULTS 

In Chapter 2, we identified more than 75 genes that were differentially expressed in adult 

ipRGCs. To begin this study, we sought to test our transcript-level differential expression analysis 

at the protein level and to determine whether their expression is selective for particular adult 

ipRGC subtypes. Ragrp1 and Tbx20 were two differentially expressed genes that we chose for 

particular focus, and we will consider results for each in turn. 

 

Rasgrp1 is selectively expressed in ipRGCs 

Transcriptional profiling suggested that Rasgrp1 is expressed differentially, possibly even 

selectively, in ipRGCs. However, differential mRNA expression does not guarantee a 

correspondence with protein product (Koussounadis et al., 2015). Therefore, we used the mouse 

monoclonal antibody m199, which was raised to recombinant Rasgrp1 (Puente et al., 2000), for 

immunofluorescence labeling and confocal imaging of Rasgrp1 protein in whole mount retinas 

from adult wild type mice. Rasgrp1-immunopositive cell bodies were present in the ganglion cell 

layer (GCL) as well as in the inner nuclear layer, which were likely amacrine cells and displaced 

ganglion cells considering their close proximity to the inner plexiform layer (IPL) (Figure 1). 

Robust Rasgrp1 immunostaining was observed in the cytoplasm and along the plasma membrane. 

Occasionally, particularly strongly Rasgrp1-labeled cells had additional labeling across the courser 

primary dendrites as well patchy labeling along the dendrites.  

To test whether Rasgrp1 is expressed in RGCs, mouse retinas were immunostained for 

both Rasgrp1 and the RNA-binding protein Rbpms, which selectively labels all and only RGCs 

(Rodriguez et al., 2014). The majority of Rasgrp1-immunopositive cells in the GCL were found to 

be RGCs, as determined by co-labeling with Rbpms (56%, n=708 across three retinas, Figure 1). 
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Rasgrp1-expressing cells in the INL were rarely found to be displaced RGCs (Figures 1; data not 

shown). Together, these findings suggested that a subpopulation of RGCs express Rasgrp1. 

Rasgrp1 immunostaining was also observed in a subpopulation of photoreceptors in the outer 

retina (data not shown). Together, these results suggested that the antibody m199 labels a rare 

subpopulation of RGCs, along with many cells in the INL, plus vasculature and a subset of 

photoreceptors. 

We used triple immunofluorescence for Rasgrp1, Opn4, and Rbpms to test the hypothesis 

that at least some of the Rasgrp1-expressing RGCs were ipRGCs (Figure 1). We quantified 

expression from confocal images of 49 regions that were topographically dispersed across three 

whole-mount adult mouse retinas. Nearly all Rasgrp1-expressing RGCs (Rasgrp1+;Rbpms+) were 

also Opn4-immunopositive (96%, n=412, Figure 1). In contrast, only a fraction of Opn4-

immunopositive ipRGCs were Rasgrp1 immunopositive (34%, n=1169, Figure 1). Together, these 

findings support the idea that Rasgrp1 expression is confined to a subpopulation of ipRGCs.  

We next tested whether the m199 antibody labeling of ganglion cells represented 

endogenous Rasgrp1 protein expression. The m199 antibody has been previously shown to 

specifically label Rasgrp1 protein expression in hippocampal neurons (Pierret et al., 2000b). As a 

further test for the specificity of the m199 antibody, we compared immunofluorescence labelling 

of whole mount retinas from normal and Rasgrp1-knockout mice generated by inserting LacZ and 

a Neo cassette into the Rasgrp1 gene to disrupt its expression (Dower et al., 2000). Our control 

experiments showed that the GCL and INL cellular labeling by the m199 antibody is absent in the 

Rasgrp1 knockout (Figure 1c). However, vasculature and photoreceptor cell labeling persisted in 

Rasgrp1-deficient mouse retinas, suggesting crossreactivity of m199 with other proteins. 

Vasculature labeling may be attributable to the anti-mouse-IgG secondary recognizing not only 
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the exogenous m199 monoclonal, but also other endogenous mouse IgGs in plasma that were fixed 

in the blood vessels.  

 

Rasgrp1 expression is restricted to a diverse subpopulation of multiple ipRGC types 

We next determined which of the established morphological subtypes of ipRGCs express 

Rasgrp1 into adulthood (Figure 2a). For this purpose, we used the established characteristics such 

as relative Opn4 expression, soma size, and detailed analysis of dendritic morphology to 

distinguish between the M1-M4 ipRGCs types(see Methods). We found that the majority of M1 

cells expressed Rasgrp1 (72%, n=300 across three retinas), whereas only a fraction of M2 cells co-

expressed Rasgrp1 (23%, n=389, Figure 2a). We determined that Rasgrp1-expressing M1 and M2 

ipRGCs were uniformly distributed across the retina (Figure 2b). Additionally, Rasgrp1 was also 

observed to be co-expressed in a population of M5/6 ipRGCs in the GCL (31%, n=138, Figure 

2a). In the INL, displaced M1 ipRGCs were found to express Rasgrp1 at a similar percentage as 

M1 cells in the GCL (72%, n=68). We found no examples of Rasgrp1 immunoreactivity in M4 

cells (0%, n=172, Figure 2a). Of the Rasgrp1-expressing ipRGCs, two-thirds were M1 cells (67%), 

nearly a quarter were M2 (22%) and a small percent (11%) were M5/6 ipRGCs (n=396 

Rasgrp1+/Opn4+ cells). Therefore, Rasgrp1 is selectively expressed in a diverse set of 

morphological ipRGC subtypes. 

 

 

Spatial Distribution of ipRGCs and Rasgrp1-expressing ipRGCs 

To observe how Rasgrp1 expressing ipRGCs fit into the known spatial distribution of ipRGCs, we 

placed a deep cut at the dorsal pole of the retina which allowed us to track the location of Rasgrp1 
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expressing ipRGCs and detect the presence of any distribution pattern trends. Our data did not 

suggest either a ventral-dorsal gradient or a naso-temporal gradient of M1-M3 ipRGC distribution 

across the retina (Figure 4—figure supplement 1C).  We additionally observed the spatial 

distribution of M1 cells, both displaced and non-displaced, across the retina.  We distinguished a 

minor difference between the number of M1s found in the nasal and temporal areas of the retina 

(Figure 4—figure supplement 1D). Next, we observed the spatial distribution of Rasgrp1-

expressing RGCs, which we can infer are mostly ipRGCs (96%) from our previous results.  We 

found that there was a minor ventral-dorsal gradient for Rasgrp1-expressing RGCs with a higher 

concentration in the ventral region of the retina as compared to the dorsal region (65% and 35%, 

respectively) (Figure 4—figure supplement 1E). Additionally, we identified a major center-

peripheral gradient of Rasgrp1-expressing non-ganglion cells (Rbpmsneg., presumptive displaced 

amacrine cells). We found that there was a much higher concentration of Rasgrp1-positive 

amacrine cells in the center of the retina (78%) as compared to the periphery (22%) (Figure 4—

figure supplement 1F). While this analysis provides preliminary data about the spatial distribution 

of specific Rasgrp1-expressing cell types across the retina, more rigorous statistical analysis is 

needed to determine if the differences in cell populations are significant. 

 

 

Tbx20 is expressed in a diverse subset of ipRGCs 

The Tbx20 transcription factor was suggested from our gene expression analysis to be 

differentially expressed in ipRGCs. Tbx20 is functionally well-positioned to regulate the 

molecular program(s) important for maintaining adult ipRGC neuronal identity. To determine 

whether Tbx20 is expressed in adult ipRGCs, we studied Tbx20 expression using an antibody 
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specific to Tbx20 protein (see Methods for antibody information and validation, Figure 3). 

Immunofluorescence analysis of Tbx20 expression in 57 regions across four whole-mount retinas 

confirmed its enriched expression in a subset of Opn4-immunopositive ipRGCs (Figure 3). In-

depth quantification of Tbx20 expression in ipRGC subtypes revealed that Tbx20 is expressed in 

most M1 cells (81%, n=514), but only a minority of M2 (25%, n=1305) and m5/6 ipRGCs (13%, 

n=603) (Figure 3). Half of displaced M1 (dM1) ipRGCs express Tbx20 (52%, n=153). Strikingly, 

Tbx20 was not expressed in M4 cells (0%, n=283, Figure 3). Therefore, Tbx20 is expressed in a 

diverse subset of ipRGCs. 

 

Tbx20 is expressed in M5/6 ipRGCs 

Many Tbx20 cells were not detectably immunopositive for Opn4. Only 41% of Tbx20 

immunopositive were also Opn4-immunoreactive (23% were M1 ipRGCs; 15% were M2; and 

only 4% were M5/6 ipRGCs; n=2184; four retinas). The remaining Tbx20-immunopositive cells 

were RGCs, as confirmed by Rbpms-immunoreactivity (data not shown). Additionally, we 

observed that Tbx20-immunopositive RGCs that were Opn4-immunonegative were 

topographically enriched in the ventral region of the retina, with most Tbx20-positive cells in the 

dorsal retina being accounted for by Opn4-immunoreactivity (data not shown). 

To investigate whether some or all of the Tbx20-immunopositive RGCs that were Opn4-

immunonegative might be ipRGCs of the subtypes that exhibit little immunostaining, we used 

triple labeling: Tbx20-immunofluorescence; Opn4-immunofluorescence, to identify the "mystery" 

Tbx20 cells (Opn4-immunonegative); and all cells labeled in the Opn4-Cre;Z/EG mouse reporter 

that marks M5 and M6 cells, which have little if any melanopsin immunoreactivity. We observed 

examples of Tbx20-immunopositive cells that were GFP-positive (M1-M6 ipRGCs), but not 
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Opn4-immunopositive (M1-M4), which provided preliminary evidence that Tbx20 is expressed in 

at least a subset of M5/6 ipRGCs (data not shown).  

The Cdh3-GFP mice permitted further analysis of the Tbx20-expression in M5/6 ipRGCs. 

Previous morphological studies of the Cdh3-GFP reporter have suggested that the GFP+ cells can 

be divided into one abundant group consisting of bistratified M6 ipRGCs and two sparse groups 

of M5 and M2 ipRGCs (Quattrochi et al., in preparation; (Osterhout et al., 2011; 2014). The Cdh3-

GFP reporter also labels a sparse population of brightly labeled amacrine cells that primarily reside 

in the INL. For the study of M5/6 cells in the Cdh3-GFP, we focused on GFP cells in the ganglion 

cell layer that are Opn4-immunonegative (to distinguish from M2 types). We proceeded to test 

Tbx20 immunoreactivity in the context of Opn4 immunofluorescence and Cdh3-GFP labeling 

(Figure 5B,C). At three weeks after birth, most Cdh3-GFP M5/6 cells express Tbx20 protein (78%, 

n=439 Figure 5C). Many, but not all, of the Opn4-immunonegative Tbx20-positive cells were 

GFP+ in these experiments (27%, n=1277 Tbx20+;Opn4- cells; four retinas). The dorsal-ventral 

pattern of Tbx20-positive cells that were Opn4-immunonegative was broadly similar to the retinal 

labeling of the Cdh3-GFP reporter. A large portion of Tbx20-immunopositive cells remained 

unclassified (43%; n=2184; Figure 5—figure supplement 1D). Finally, we determined whether 

Tbx20 expression correlates with the related T-box transcription factor Tbr2, a gene previously 

described to be enriched in adult ipRGCs (Mao et al., 2014; Sweeney et al., 2014). All Tbx20-

expressing cells were strongly Tbr2-immunopositive, including M5/6 ipRGCs (n=328; four 

regions distributed across a single adult Opn4-Cre/ZEG retina; Figure 5—figure supplement 1C). 

Therefore, whereas Tbr2 is expressed in a broad range of types that includes the entire family of 

ipRGCs, Tbx20 expression is confined to a diverse subset of ipRGC types. In summary, we 
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determined Tbx20 to be expressed in a diverse subset of M1-M3 ipRGCs types, a subpopulation 

of the recently described M5/6 types, and an additional unidentified group of RGCs. 

 

Molecular diversity of Rasgrp1 and Tbx20 expression in ipRGCs 

Our expression studies revealed that Rasgrp1 and Tbx20 had a strikingly similar pattern of 

expression among ipRGC subtypes. Both genes were expressed in the majority of M1 cells, a 

minority of M2 cells, and a population of M5/6, but not in M4 ipRGCs. To directly test for co-

expression, we compared and contrasted the expression patterns of Tbx20- and Rasgrp1-

immunoreactivity in the context of M1-M4 subtypes revealed by Opn4-immunoreactivity (Figure 

4). Confocal images for quantification of co-labeled cells were collected from 23 regions across 

three whole mount wild type mouse retina. Rasgrp1 co-expression with Tbx20 was only observed 

in a major fraction of M1 cells (29%; n=341 M1 cells; Figure 4). Further, M1 cells expressing 

either Rasgrp1 or Tbx20 alone account for similar fractions of M1 cells (25% and 39%, 

respectively; n=341 M1 cells). Only a small fraction of M1 cells were immunonegative for both 

Rasgrp1 and Tbx20 (7%; n=341 M1 cells). In contrast, half of M2 cells lacked Rasgrp1 and Tbx20 

immunoreactivity (58%; n=388 M2 cells). Approximately a third of the M2 ipRGCs expressed 

Tbx20 (30%), while only 11% expressed Rasgrp1 (n=388 M2 cells). We did not observe an 

example of a M2 cell expressing both Rasgrp1 and Tbx20. Additionally, we did not observe any 

occurances of Rasgrp1 and Tbx20 co-expression outside of the M1-M3 ipRGC types, suggesting 

that their expression may diverge in the grouping we designated as M5/6 ipRGCs (see Methods). 

Together, these results provide further evidence for previously unrecognized molecular diversity 

in adult ipRGCs.  
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Molecular diversity of SCN-projecting ipRGCs 

We further examined the Rasgrp1- and Tbx20-expressing ipRGC subtypes to seek 

intersectional expression patterns that would divide ipRGCs by their downstream visual pathways. 

Earlier studies showed that M1 cells could be subdivided based on their level of expression of 

Brn3b (Chen et al., 2011).  We used quadruple immunolabeling to simultaneously test Brn3b 

expression with Rasgrp1- and Tbx20-immunoreactivity in the context of Opn4-immunolabeled 

ipRGCs (Figure 4). Co-expression was quantified from 23 regions across three wild type retinas. 

The minority of M1 ipRGCs that express Brn3b were also immunopositive for Tbx20 (8%; n=241 

M1 cells (including displaced M1 and M3 ipRGCs); Figure 4a,b,e). However, the majority of 

Tbx20-immunopositive M1 ipRGCs were Brn3b-immunonegative (86%; n=183 Tbx20+ M1 cells; 

Figure 4). We only found a single example of Brn3b and Rasgrp1 co-expressing in M1 cells(<1%; 

n=218 Rasgrp1+ M1 cells), but a minority of M2 cells expressed Brn3b and Rasgrp1 (7%; 388 M2 

cells; Figure 5e). Notably, every combination of single- and double-labeling of Brn3b, Tbx20, and 

Rasgrp1 was identified to varying degrees (Figure 5e). However, we found no examples of 

Brn3b+;Tbx20+;Rasgrp1+ co-expression among all three genes (n=729 M1-M3 cells). 

Our quadruple labeling study suggested that most SCN-projecting M1 cells (Brn3b-

negative) might be molecularly diverse populations of cells (Figure 5). We correlated gene 

expression of Rasgrp1 and Tbx20 in the retina with retrograde labeling from the SCN (Figure 5a). 

We injected rhodamine-conjugated retrobeads in the SCN, followed by immunofluorescence 

labeling for Opn4, Rasgrp1, and Tbx20 (Figure 5b). All injection sites clearly involved the SCN, 

as revealed by DAPI labeling, but did not spread to the optic chiasm or tract (Figure 5a). 

Quantitative coexpression analysis was done using 18 confocal images collected across the 

contralateral and ipsilateral retinas. Nearly all retrolabeled cells were Opn4-immunopositive 



	 138	

(Rhodamine+/Opn4+ cells; 95%; n=250 retrolabeled cells), and these exhibited variable patterns of 

staining for the other proteins. Most expressed both Rasgrp1 and Tbx20 (Rasgrp1+/Tbx20+; 76%), 

but equal minorities expressed only Rasgrp1 (Rasgrp1+/Tbx20-; 12%) or only Tbx20 (Rasgrp1-

/Tbx20+; 12%; n=235 Opn4+;Retrobead+). The pattern of expression seemed to be consistent 

between ipsilateral and contralateral retina (Figure 5d), as has been suggested previously by studies 

of bilateral input to the SCN (Hattar et al., 2006; Fernandez et al., 2016). Therefore, SCN-

projecting ipRGCs are confirmed to have a complex pattern of Rasgrp1 and Tbx20 gene 

expression. Together, these results provide further evidence for previously unrecognized 

molecular diversity in adult ipRGCs. 

To examine further the axonal projections of the Rasgrp1-positive RGCs, we obtained the 

BAC transgenic mouse, Rasgrp1-Cre (MMRRC P01). Though we recognize the potential for 

misleading expression in BAC systems, we considered that this may be a faithful reporter based 

on public databases brain labeling patterns for Rasgrp1-Cre (P01) mice crossed with Cre-

dependent GFP reporter that matched the endogenous Rasgrp1 expression in the hippocampus and 

striatum (Pierret et al., 2000b; Gong et al., 2007; Gerfen et al., 2013). Additionally, significant 

labeling of RGC axons was visible in the optic nerve. Therefore, I injected a Cre-dependent virus 

with membrane-bound fluorescent protein into the Rasgrp1-Cre reporter to visualize brain targets 

of labeled RGCs (Figure 6a). As expected from the Rasgrp1 immunostaining, sparse RGCs were 

labeled in this line, and their axons could be traced into the optic nerve (data not shown). The brain 

targets of Rasgrp1-Cre expressing RGCs consisted of the complete set of the major known targets 

of ipRGCS including the SCN, OPN, lower quadrant of the dLGN (known M4 ipRGC brain 

target), IGL, and vLGN (Figure 6b). This was surprising since Rasgrp1 protein expression seemed 

to be limited to a partial subset of ipRGC types, with no observed expression in M4. Even more 
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surprising was the additional strong labeling of brain regions associated with the accessory optic 

system: the medial terminal nucleus (MTN), dorsal terminal nucleus (DTN), and nucleus of the 

optic tract (NOT). The accessory optic system (AOS) is responsible for mediating the optokinetic 

reflexes, which involve compensatory eye movements that stabilize images on the retina during 

perceived motion of the surrounding visual field. Crossing the Rasgrp1-Cre with a Cre-dependent 

reporter expressing membrane-bound GFP revealed extensive labeling in the major areas with 

known Rasgrp1-expression including the striatum and hippocampus (data not shown). However, 

the brain fibers across the brain limited our ability to accurately assess which axon terminals were 

of retina origin. 

  

Functional testing of Rasgrp1 

The signaling protein Rasgrp1, a Ras GEF, was selected for further study due to its 

potential role as a specialized Ras signaling regulator downstream of the Opn4-induced 

phototransduction cascade. To determine if some of the Rasgrp1 immunolabeling we had observed 

might be localized to the Golgi apparatus, we used an antibody towards Giantin,  a specific marker 

for the perinuclear region of the neuronal Golgi complex(Linstedt and Hauri, 1993; Hughes and 

Stephens, 2008). There was a qualitatively good colocalization between the Giantin staining and 

intracellular localization of Rasgrp1 protein (Figure 7a). There was additional labeling of Rasgrp1 

at the plasma membrane, which has been described in other studies using different cell systems 

such as lymphocytes (i.e., Bivona et al., 2003).  

Rasgrp1 localization is dynamically regulated: upon activation by DAG at the membrane, 

Rasgrp1 will translocate to the Golgi apparatus and can be present in either location (Bivona et al., 

2003a; Prior and Hancock, 2012). Rasgrp1 activity requires binding of DAG, a factor known to be 
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generated by Opn4-mediated phototransduction in ipRGCs (see Hughes et al., 2012, for review). 

Therefore, I tested the subcellular localization of Rasgrp1 in an Opn4-/- knockout mouse with that 

in littermate heterozygous littermate controls. Our preliminary data suggested that there was not a 

noticeable change in the subcellular localization in the absence of Opn4 (Figure 7b). 

To assess other possible roles for Rasgrp1 in ipRGCs, we examined Opn4 immunostaining 

patterns and retinofugal projections in Rasgrp1 knockout (KO) mice, but we could find no 

consistent differences. In the retina, we did not observe any obvious phenotypes related to 

morphology or survival of Opn4-immunolabeled ipRGCs in the Rasgrp1 knockout (Figure 8a). 

We also used axonal tracing from the eye to examine retinofugal projections in the Rasgrp1-KO 

mouse. We saw no obvious difference in the visual brain targeting of RGCs as demonstrated by 

proper RGC axon terminations in the SCN, LGN, OPN, and the MTN (one of three brain regions 

of the accessory optic system) (Figure 8b). 

 

DISCUSSION 

There is limited knowledge of specific gene expression in ipRGCs and its subtypes, 

especially non-M1 ipRGCs. Our data demonstrate heterogeneity among ostensibly uniform ipRGC 

subtypes based on the expression of two interesting proteins: Tbx20, a transcription factor 

implicated in visual development; and Rasgrp1, a G-protein exchange factor that may interact with 

the melanopsin phototransduction cascade. Additionally, we determined that the combined 

expression pattern of Rasgrp1 and Tbx20 across ipRGCs is even more complex. Finally, through 

retrograde labeling, we demonstrate that M1 cells projecting to the SCN are more molecularly 

diverse than previously realized. Altogether, our identification of two novel molecular markers has 

already revealed further diversity than previous classifications of ipRGCs, and demonstrate the 
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importance of integrating molecular information with morphological and functional 

characteristics. Our contribution of additional endogenous markers of ipRGCs could provide a 

greater foundation for future gene expression studies and designing sophisticated, multi-locus 

mouse transgenic reporters. 

 

What type(s) of adult ipRGCs express Rasgrp1? 

Rasgrp1 expression has previously been described in hippocampal, olfactory, and striatal 

regions of the brain (Ebinu et al., 1998; Toki et al., 2001). To our knowledge, our study is the first 

to explore Rasgrp1 expression in the eye. Our immunofluorescence studies revealed the expression 

of Rasgrp1 a diverse subpopulation of ipRGC types, including the classic M1-M3 ipRGC types. 

A defining aspect of Opn4-immunolabeling of M1-M3 is the ability to identify dendritic 

morphology from the high expression of membrane-bound Opn4 along the dendrites. In our hands, 

we were able to optimize the immunofluorescence labeling procedure to reveal low levels of Opn4-

immunoreactivity in large-soma ipRGCs, a reliable means of identifying the M4-type. We did not 

find any evidence for Rasgrp1 expression in M4-type cells. Additionally, we observed an unknown 

ipRGC type expressing Rasgrp1 that we characterized as having low Opn4-immunoreactivity in 

small somas and lack of decipherable dendritic labeling, distinct from M1-M3 ipRGCs. The lack 

of dendritic labeling made further classification a challenge, but the recently described M5 and M6 

type exhibiting a weak intrinsic light response are currently the best candidates (Estevez et al., in 

preparation; Quattrochi et al., in preparation; Ecker et al., 2010). The M5 and M6 ipRGCs are more 

diverse than previously realized (Estevez et al., in preparation; Quattrochi et al., in preparation; 

Ecker et al., 2010). Although M5 ipRGCs currently do not have a specific molecular reporter, the 

M6 is suggested to be enriched in the Cdh3-GFP reporter line (Quattrochi et al., in preparation). 
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Our studies suggest that Tbx20 may prove to be a good additional marker for M6-type of ipRGCs 

(~80% coexpression Cdh3-GFP). We tested Rasgrp1 coexpression with Tbx20 and determined 

that there is a complex coexpression pattern among M1-M3 ipRGCs, but they are otherwise anti-

correlated in M5/6 ipRGCs. Therefore, further testing could reveal Rasgrp1 as a novel marker for 

the M5 type, or the identification of another novel type of ipRGC. The level of Rasgrp1-

immunoreactivity was variable across ipRGCs. Qualitatively, the level of Rasgrp1 protein 

expression did not coincide with Opn4-expression, but further quantification is required in relation 

to the expression levels of Opn4 and other ipRGC markers. 

 

What is the function of Rasgrp1 in adult ipRGCs? 

 The function of Rasgrp1 in ipRGCs remains unknown, but our preliminary results should 

help inform and narrow the focus of future studies. At the cellular level, we suggest that the main 

ipRGC phototransduction cascade is independent of Rasgrp1 signaling. Although Rasgrp1-

expressing RGCs were determined to be Opn4-immunopositive and therefore selective for 

ipRGCs, Rasgrp1 was not found to be expressed in some of the highest expressing ipRGC types 

(Rasgrp1-immunonegative in 28% of M1s and 77% of M2). Further, Rasgrp1 activation may be 

independent of Opn4 phototransduction. The known mechanism of Rasgrp1 activation and 

subsequent translocation to the Golgi is through binding to DAG and calcium, both of which are 

generated by light-activated Opn4 phototransduction cascade. Our preliminary subcellular 

localization studies suggest that Rasgrp1 may indeed be enriched on the Golgi and in position to 

activate specialized Ras signaling cascades in ipRGCs. However, our initial studies suggest that 

Rasgrp1 translocation to the Golgi may be independent of Opn4-mediated phototransduction 

cascade. Rasgrp1 subcellular localization anecdotally seemed to be unchanged on the Golgi despite 
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elimination of Opn4 by an Opn4-knockout. Further quantification of this localization correlation 

would be necessary to rule out more subtle changes that were missed such as altered concentration 

comparing plasma membrane signal to the Golgi compartment localization. However, the 

expression of Rasgrp1 in low expressing ipRGC type(s) further supports that Rasgrp1 biological 

function does not tie directly to Opn4-expression. Finally, testing Opn4-expression in Rasgrp1-

knockout mice did not reveal an obvious cellular phenotype in ipRGCs, but this does not rule out 

subtle defects or a phenotype of physiological origin. We did not adequately explore many of the 

potential cell physiological effects such as circadian photoperiod, neuronal excitability, ligand 

activation of non-Opn4 GPCR signaling, or stress-induced signaling in disease models of vision 

loss. 

 An important survival mechanism in M1 ipRGCs is the maintainence of mTOR expression 

that is dependent on Opn4-phototransduction (Duan et al., 2015; Li et al., 2016). The DAG-

mediated Rasgrp1-Ras-Mek1/2-Erk1/2 pathway has been demonstrated to be important for mTOR 

activation in thymocytes (Gorentla et al., 2011). Further, the percentage of M1 cells determined to 

express Rasgrp1 (72%) in our studies is strikingly similar to the survival rate of M1 cells after 

damaging the optic nerve (~70%, Li et al., 2016). Testing whether Rasgrp1 is required for the 

maintained mTOR levels in surviving M1 ipRGCs would be interesting to pursue in the future. 

Recent studies have also clarified different mechanisms being responsible for M1 survival and the 

regeneration potential of alpha-RGCs such as M4 ipRGCs (Duan et al., 2015; Li et al., 2016). 

Despite surviving well, M1 ipRGCs were not capable of regenerate their axons(Li et al., 2016). In 

contrast, alpha-RGCs had a unique capability to regenerate their axons that was promoted by their 

high levels of mTOR expression as well as osteopontin/Spp1 expression coupled with the growth 

factor IGF-1(Duan et al., 2015). Whereas M1 ipRGCs were found to maintain mTOR expression 



	 144	

after axon injury, M4 ipRGCs and other alpha RGC types were demonstrated to have diminished 

mTOR expression levels (Li et al., 2016). Our studies suggest that the M4 ipRGCs do not seem to 

express Rasgrp1, which may explain the lack of maintained mTOR expression after injury. 

Therefore, a previously recognized link between Rasgrp1 and mTOR in lymphocytes may 

potentially promote the survival of a subset of M1 ipRGCs, but testing this association was beyond 

the scope of our current research program. 

 Of course, Rasgrp1 has the potential to affect any number of neuronal signaling pathways. 

Ras signaling pathways are enormously complex and the cross talk between pathways makes it 

even harder to identify specific effects. One basic mechanism for specificity in Ras signaling is 

the distinct subcellular targeting of downstream components of the signaling pathway. As 

mentioned, localized Ras signaling of Rasgrp1 occurs preferentially on the Golgi apparatus, which 

is a rare form of compartmentalized Ras signaling. The Golgi apparatus in neurons provides the 

posttranslational protein modifications required for organizing protein and organelle trafficking 

throughout the cell. Rasgrp1 could play a crucial role in orchestrating a specific set of post-

translational modifications at the Golgi. Whatever the role of Rasgpr1 may be in ipRGCs, it is 

possible that research in ipRGCs may inform the function that Rasgrp1 plays in other parts of the 

nervous system. Rasgrp1 is also known to be expressed in the hippocampus, striatum and olfactory 

structures but its function remains unknown in these areas as well (Ebinu et al., 1998; Toki et al., 

2001). 

 

Central brain targets of Rasgrp1-expressing ipRGCs 

At the circuit level, Rasgrp1 is not anticipated to be an essential regulator of circadian 

photoentrainment. The majority of M1 ipRGCs are known to provide the primary retinal input to 
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the SCN, while a subset of M1 ipRGCs send input to the OPN to regulate the pupillary reflex. Our 

results that Rasgrp1 was expressed in the majority of M1 ipRGCs suggested to us that it might 

correlate directly and completely with the SCN-projecting M1s. However, retrograde tracing 

experiments from the SCN revealed that some SCN-projecting M1 cells were Rasgrp1-

immunonegative. Accumulating research suggests that the SCN is more compartmentalized than 

previously recognized (Bedont and Blackshaw, 2015). The question of whether Rasgrp1 is 

expressed in a subset of M1 ipRGCs that targets a specific compartment of the SCN remains to be 

determined. 

Rasgrp1 is almost certainly expressed not only in SCN-projecting ipRGCs, but also in 

additional ipRGC types with different visual targets. In addition to M1 ipRGCs, Rasgrp1 were 

determined to be expressed in a subset of M2-ipRGCs as well as an as yet unidentified low-

expressing ipRGC type. These types remain less well annotated and correlated to brain targets than 

the M1-type. We conducted additional experiments to test which visual brain areas receive input 

from Rasgrp1-RGCs. Unfortunately, testing with a randomly integrated BAC transgenic reporter 

mouse, Rasgrp1-Cre, remains inconclusive due to suspected off-target RGC labeling by the 

reporter. Notably, the seemingly complete labeling of all brain targets from both the ipRGC and 

accessory optic system suggests that this mouse line could be useful for other purposes, perhaps 

in combination with a non-Cre based reporter system.   

 

What type of amacrine cells express Rasgrp1? 

Rasgrp1 is expressed in an extensive subpopulation of amacrine cells but remains 

uncharacterized. There are at least 42 distinct types of amacrine cells, making them the most 

diverse cell class in the retina but most of the class remains poorly understood (Masland, 2012). 
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They can be classified with a similar type of criteria as retinal ganglion cells: circuitry with their 

pre- and postsynaptic partners; morphology in the way of dendrititic field size and stratification; 

physiological and molecular markers such as the type of neurotransmitter expression. The soma 

labeling of the Rasgrp1 unfortunately does not provide much in the way of morphological 

assessment, but coexpression studies with known markers (i.e. GABA or Glycine) may help to 

begin narrowing the candidate list of amacrine types expressing Rasgrp1. Interestingly, amacrine 

cells make specific contacts with post-synaptic RGC partners and generally seem to be responsible 

for the correlated firing between RGCs that share a given amacrine cell type’s input (Vaney, 1994; 

Masland, 2012). One recent example of this is the gap-junction coupling of ipRGCs with AII 

amacrine cells (Müller et al., 2010; Reifler et al., 2015). In addition, identifying the amacrine cell 

types expressing Rasgrp1 may also help inform the functional role performed by Rasgrp1. 

 

Future directions of Rasgrp1 studies 

 The generation of a faithful, sensitive reporter for Rasgrp1 expression in the retina and 

brain targets of Rasgrp1-ipRGCs would serve many purposes. Our attempts at using a Rasgrp1-

Cre reporter was unsuccessful most likely due to integration of the reporter cassette in a genomic 

region that altered reporter expression. What the Rasgrp1-Cre RGCs brain targets have in common 

is their involvement in subconscious, reflexive visual functions. Unfortunately, it is common that 

BAC transgenics, which rely on random integration of reporter cassette into the genome, adopt 

unintended expression patterns that are not in correspondence to endogenous gene expression of 

intended genetic locus. Therefore, we could not confidently decipher the Rasgrp1-expressing 

ipRGC brain targets using the Rasgrp1-Cre reporter system. A targeted knock-in of Cre-

recombinase directly into the start codon of Rasgrp1 gene locus would likely provide a more 
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specific labeling pattern. The Cre-based system is useful because it enables identification of eye-

specific brain terminations by intraocular viral reporter eye injections that would be potentially 

masked by a more general reporter labeling of all Rasgrp1-expressing cells. Using a Cre-dependent 

membrane bound fluorescent protein reporter packaged in the virus would also allow 

morphological reconstruction of the Rasgrp1-RGCs and –amacrine cells. Genetically crossing a 

transgenic ChR2-mCherry reporter would allow for labeling of the entire Rasgrp1-expressing 

population. 

The translocation of Rasgrp1 to the Golgi and subsequent Ras activation is another area for 

future study. Further quantification of cellular localization would need to be done to decipher the 

relative abundance of Rasgrp1 protein across these two compartments in ipRGCs. Of course, there 

are other means that the translocation of Rasgrp1 to the Golgi could be effected since Opn4 

phototransduction is undoubtedly not the only mode that the ubiquitous DAG and calcium 

signaling molecules are generated inside the Rasgrp1-expressing cells. Anecdotally, the amacrine 

cells may also have spatially organized Rasgrp1 localization in the Golgi despite not expressing 

Opn4, further suggesting that Opn4 is not required for dynamic localization of Rasgrp1. Exquisite 

fluorescent probes have been developed in cell culture systems for the in vivo visualization of Ras 

activation on the Golgi (Bivona et al., 2003b; Philips, 2005). Although possible in mammalian 

systems, this would prove to be a challenging undertaking due to the complexity of the multi-part 

genetic system that would be required. An easier method is to use antibodies specifically generated 

to detect activated Ras and test for enrichment on the Golgi. The ubiquitous nature of Ras may 

make this approach challenging. If the dynamic localization of Rasgrp1 in ipRGCs can be tested, 

then this should prove a useful tool to decipher subtler Rasgrp1 cell localization phenotypes. 
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In summary, our interest in Rasgrp1 was originally inspired by our differential gene 

expression studies of ipRGCs. Our follow-up studies demonstrate that Rasgrp1 protein is 

expressed in a subpopulation of multiple established subtypes of ipRGCs, suggesting a complex 

expression pattern and further molecular diversity across ipRGC subtypes than was previously 

appreciated. Studies of Rasgrp1 subcellular localization suggests that it may be preferentially 

translocating to the Golgi, where it is known to activate Ras through a pathway distinct from 

canonical mode that leads to activation of Ras on the plasma membrane. The biological function 

and specific visual pathway of Rasgrp1-expressing ipRGCs remains unclear. 

 

Tbx20 is expressed in a diverse set of ipRGC subtypes 

 Tbx20 was another gene, like Rasgrp1, that was differentially expressed according to our 

gene expression studies of adult ipRGCs. Testing of Tbx20 protein expression revealed that many 

of the labeled cells were also Opn4-immunoreactive. Similar to Rasgrp1, Tbx20 was determined 

to be expressed in most M1 ipRGCs (75%) and a minority of M2 cells (40%) and an additional 

population of RGCs whose identity was not immediately obvious. We decided to then compare 

Tbx20 against other known molecular patterns in ipRGCs. Whereas most RGCs follow a Brn3b-

dependent developmental program, the M1 ipRGCs that project to the SCN do not express Brn3b 

while OPN-projecting M1 ipRGCs express Brn3b. We found that Brn3b-expressing M1 cells are 

also Tbx20-immunopositive. The Brn3b-negative M1 cells are split between cells that express 

Tbx20 and those that do not. This finding already suggested to us that ipRGCs are more 

molecularly diverse than anticipated: Tbx20 is expressed in ipRGCs with differing brain targets, 

Tbx20 is expressed across multiple morphologically defined subtypes, and Tbx20 is not expressed 

in all of any one type. The exploration of Tbx20 coexpression with Rasgrp1 introduced further 
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diversification in the ipRGC family. Therefore, Tbx20 was found to be expressed across ipRGCs 

that belong to multiple morphological types, have diverse molecular expression, differing 

physiology, and is involved with multiple visual brain circuits.  

 Further studies are required to fully clarify Tbx20 expression in M6 ipRGCs. The Cdh3-

GFP reporter is currently the best means to identify M6 ipRGCs, but it is randomly integrated 

BAC transgenic that has not been confirmed to endogenously express Cdh3 gene product. The 

lack of fluorescent reporting in adult M6 ipRGCs by Cdh3-GFP limits the research capabilities to 

study M6 ipRGCs into adulthood. Importantly, continued expression of Tbx20 in adult M6 cells 

suggests that Tbx20 reporter systems could prove to be a more complete, biologically relevant 

genetic reporter than Cdh3-GFP for further study in the future. However, there were additional 

Tbx20-expressing RGCs not accounted for by either the Cdh3-GFP or Opn4 labeling, which may 

be due to the incomplete labeling by the Cdh3-GFP reporter or other RGC types that express 

Tbx20. 

 

What is the function of Tbx20 in adult ipRGCs?  

Tbx20 may play fundamental roles in instructing ipRGC type identity by regulating cell-

specific transcriptional programs and repressing alternate fates. Although outside the scope of this 

research program, characterizing the function of Tbx20 in late development and adulthood could 

be important for understanding the specification and maintenance of adult ipRGC subtype identity. 

Due to the vital role of Tbx20 during early development, constitutive knockout results in lethality 

during embryogenesis (Cai et al., 2005). Additionally, Tbx20 plays well-established global roles 

in the retina during embryogenesis (Carson et al., 2004). Therefore, a conditional allele of Tbx20 

is required to study its function in the mature retina. A ‘floxed’ allele of Tbx20 (Tbx20fl/fl) has been 
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generated by flanking exon 2 with loxp sites and has been demonstrated to be an effective 

conditional null of Tbx20 (Cai et al., 2005; Shen et al., 2011). In principle, the Opn4-Cre mice 

would be an ideal means to conditionally knockout gene expression in ipRGCs. However, the 

embryonic expression of Opn4 would not allow temporal control of Tbx20 gene disruption. 

Additionally, our laboratory has realized that the Opn4-Cre suffers from incomplete 

recombination, especially in the low Opn4 expressing M4-M6 ipRGC subtypes (our studies, 

personal communication with R. Maloney and L. Quattrochi). Another option for temporal and 

controlled knockdown in ganglion cells would be the “SLICK” mouse transgenics (Single-neuron 

Labeling with Inducible Cre-mediated Knockout), which uses the Thy1 promoter to drive CreER, 

a tamoxifeninducible form of the Cre recombinase, along with yellow fluorescent protein 

(Deisseroth et al., 2006; Young et al., 2008; Heimer-McGinn and Young, 2011). Importantly, 

different available founder lines of SLICK were determined to have variable expression patterns 

throughout the nervous system, but founder line H (SLICK-H, Jax 012708) has particularly strong 

labeling in retinal ganglion cells (Young et al., 2008). Conditional knockout of Tbx20 in adult 

RGCs would be possible by injecting young adult Tbx20fl/fl/SLICK mice with tamoxifen (Shen et 

al., 2011). If Tbx20 is continuously required for the maintenance of ipRGC identity into adulthood, 

then the knocking out in differentiated ipRGCs may result in dramatic loss of viability or 

acquisition of alternative fates. Whereas Tbx20 promotes proliferation early during formation of 

the eye cup, those same genes may become repressed with altered cofactor binding that are 

presently unknown. Loss of Tbx20 function as repressor of alternate fates and proliferation 

capacity may lead to dedifferentiation and reentry into the cell cycle. These striking phenotypes 

would clearly demonstrate that Tbx20 is crucial not only for promoting retinal development but 

also for maintaining the identity of terminally differentiated ipRGCs. If this is the case, then this 
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loss of cell identity can be tested further for a behavioral phenotype. For example, if 

Tbx20fl/fl/SLICK mice lost their retinal axon projections to the OPN, then a pupilary light reflex 

behavioral defect could be tested. 

 

Classification of ipRGC subtypes 

The retina has become an excellent model system for conceptualizing what constitutes a 

neuronal subtype. The current strategy to identify neuronal subtypes is by using a combination of 

four criteria: morphology, gene expression, mosaicism, and physiology(Sanes and Masland, 

2015). In the beginning, there was one type of intrinsically photosensitive retinal ganglion cell that 

fit the criteria of cell type classification very well. The M1 morphology was stereotyped and 

distinct in the uppermost OFF layer; they uniquely responded to light independent of rods and 

cones; they were dispersed across the retina; they expressed a special protein related to their 

physiology; and they send irradiance information to regions in the brain such as the SCN that 

makes sense for behavior. Over the last 15 years, the sole M1 has grown to a family of six members 

(Figure 9). The central tenet that holds the family together is intrinsic photosensitivity. The trend 

of highest expressing M1 ipRGCs being discovered first and scaling down to the M6 type having 

a very weak response to light is not an accident. The special capability to autonomously respond 

to light is directly relatable to the level of Opn4 expressed. Further, the way that most of the new 

types of ipRGCs were discovered was due to increasing the sensitivity to visualize expression (i.e., 

transgenic reporters and immunofluorescence) and link it to a given type with follow-up 

experiments (such as dye-filling and physiology). The physiological response to light under normal 

circumstances is surprisingly similar from M1 to M6 type ipRGCs, having an ON-sustained light 

response whether they have an OFF arbor or not (Figure 9). Currently Opn4 continues to be the 
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defining molecule of the family. However, the introduction of molecularly distinct M1 types 

deciphered by absent Brn3b expression has provided hints that there might be more than meets the 

eye. We pursued our studies to try to relate molecular programs with the many known 

distinguishing characteristics of ipRGCs (i.e., Opn4 related to phototransduction). Additionally, 

we hoped to further refine the classification of ipRGC types. Our integration of the differentially-

expressed genes Rasgrp1 and Tbx20 focused primarily on the initially described M1-M3 ipRGC 

subtypes because there is the most knowledge and tools available (Figure 9). Our studies suggest 

that there is even further molecular specialization in the SCN-projecting ipRGC types than 

previously considered (Figure 9).  

In addition to Tbx20 expression in a subset of SCN-projecting M1s, Tbx20 may also 

regulate the molecular program of ipRGCs projecting to the OPN and control the pupillary light 

reflex (Figure 9). The Brn3b-expressing M1 ipRGCs, a subset of M2 ipRGCs and Cdh3-GFP 

labeled M6 ipRGCs are all known to project to the OPN, and all express Tbx20. However, this is 

not a direct association and further retrograde or Tbx20 conditional knockout studies are required, 

especially to determine the function of Tbx20-expressing M2s.  

Our studies will allow future mosaic analysis of ipRGCs expressing Rasgrp1 and Tbx20, 

including counts of total cells, analysis of dendritic overlap, and the regularity of the array of somas 

and dendritic fields (i.e., Berson et al., 2010). Previous studies determined that the dendritic fields 

of both M1 and M2 cells appear to have exuberant overlap with those of other cells of the same 

type; the dendrites of three to four cells typically overlap any retinal point (Berson et al., 2010). 

This may be a characteristic feature of these RGC subtypes, but it may also signal that there are 

subtypes of M1 or M2 cells, each with its own orderly spatial arrangement yielding complete 

retinal coverage. 
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Identification of genes differentially expressed in adult ipRGCs 

We are encouraged that our gene expression profiling data of ipRGCs lead us to the 

identification of Tbx20 and Rasgrp1 as novel, selectively expressed genes in ipRGCs. These 

results serve as a good proof of principal for the validity of our gene expression profiling results. 

In addition, the stable, specific expression in adult ipRGCs suggests that the differential gene 

expression of Rasgrp1 and Tbx20 were not simply due to transient, stress-induced molecular 

program resulting from the harsh processing steps prior to sequencing. The more than 75 genes 

suggested to be differentially expressed in ipRGCs will be useful for the identification of marker 

genes for ipRGC types, comparison of gene expression across types, understanding the 

intracellular gene networks underlying ipRGC phenotypes, and the testing for conservation of 

ipRGC molecular programs across mammalian species. 

 

 

 

 

 

 

 

 

 

 

 



	 154	

METHODS 

Animals:  

All experiments were conducted in accordance with NIH guidelines under protocols approved by 

the Brown University (Providence, RI) Animal Care and Use Committee. Both male and female 

adult mice (P30 to P90) were used unless otherwise stated. Opn4cre/cre mice (Ecker et al. 2010) 

crossed with floxed-stop reporter mice: “Z/EG” (Jax#003920); the offspring express GFP in cre-

expressing cells (M1-M6), as described by Ecker et al., 2010. Opn4-GFP(ND100Gsat) is a BAC 

transgenic originated from the GENSAT project at Rockefeller University. Rasgrp1-KO 

(Rasgrp1tm1Jstn, Dower et al., 2000) was initially provided generously by Robert Barrington, U. of 

Alabama for initial testing. A colony was created inhouse from stock at Jackson labs (Jax 022353). 

Rasgrp1-Cre(PO1 founder line) was rederived from Jackson Labs (#34811-UCD). Cdh3-GFP 

reporter is a BAC transgenic originally generated by the Gensat project (MMRRC, 

BK102Gsat/MMNC) and has been used previously (Osterhout et al., 2011, 2014; Sümbül et al., 

2014). This mouse line has been backcrossed in wild type background for at least 10 generations. 

Cdh3-GFP mice were three weeks old or younger unless otherwise stated. 

 

Antibodies for immunohistochemistry:  

For these studies, the following primary antibodies were used: rabbit anti-melanopsin (Advanced 

Targeting Systems; 1:10,000), guinea pig anti-RBPMS (PhosphoSolutions 1832-RBPMS), rabbit 

anti-green fluorescent protein (GFP; Invitrogen); Goat anti-Brn3b antibody (Santa Cruz #sc-6026); 

mouse anti-Rasgrp1 (Santa Cruz sc-8430); guinea pig anti-Tbx20[1:8500] (Song et al., 

2006)Rabbit anti-Giantin  (Abcam ab24586). Secondary antibodies consisted of Alexa Fluor 350, 
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488, 594 or 647 donkey anti-goat, Alexa Fluor 594 donkey anti-rabbit and Alexa Fluor 594 goat 

anti-guinea pig.  

 

Retina Tissue Preparations and Solutions  

Mice were euthanized by inhalation of CO2. Prior to removing the eye, the dorsal margin of the 

cornea was marked with a cautery and this was used to guide the placement of a large relieving 

cut in the dorsal retina as a subsequent guide to retinal orientation. Eyes were removed immediately 

after death and placed in Hibernate-A solution preheated to 37 °C.  To keep track of retinal 

orientation, the right and left eye were identified and processed separately.   

 

Immunohistochemistry 

After the retina was removed from the eye, it was placed on Millipore nitrocellulose paper. The 

retinas were fixed for 30 minutes at room temperature using 4% paraformaldehyde freshly 

prepared in 0.1M phosphate buffered saline (PBS; pH 7.4).  The tissue was then washed for 15 

minutes in PBS three times. The tissue was then incubated in a blocking solution of 0.5% Triton-

X and 5% Goat Serum in PBS for two hours at room temperature.  The tissue was incubated for 

two nights at 4 °C while on a shaker in the primary antibodies diluted in this same blocking 

solution. The following day, the samples were washed six times for 20 minutes in 0.1% Tween-20 

in PBS.  The tissue was then incubated for two hours in the appropriate Invitrogen or Jackson labs 

secondary antibodies diluted 1:1000 in the blocking solution at room temperature.  The tissue was 

then washed six times for 10 minutes in 0.1% Tween-20 in PBS.  The retinas were then mounted 

in Aquamount, coverslipped, and sealed with fingernail polish. 
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For Rasgrp1 immunofluorescence studies, an additional antigen retrieval step was included. 

antigen retrieval the tissue was then placed in Tris-EDTA ( pH 8.0) for 30 minutes at 80 °C.  The 

samples were then allowed to return to room temperatures (about 15-30 minutes) before they were 

removed from the Tris-EDTA solution and washed three times for 15 minutes in PBS. 

 

Image Acquisition 

Immunofluorescent images  were captured  on a Zeiss Confocal (LSM 510) and Nikon Eclipse 

microscope (Micro Video Instruments, Inc. E614, Avon, MA) with a built in Spot Camera 

(Diagnostic Instruments, Inc. HRD 100-NIK Sterling Heights, MI).  Confocal images were taken 

with a 20x objective (Plan Apochromat, WD 0.55 mm) at a resolution of 2048 pixels.  To enhance 

clarity, image files were pseudocolored and the brightness and contrast was adjusted using ImageJ 

1.47 (National Insistute of Heath, Bethesda, MD).  All final images were constructed using ImageJ 

and Powerpoint (Microsoft Corporation, Redmond, WA).  

 

Analysis of Rasgrp1 expression in ipRGC subtypes. 

Because M1 and M2 cells have the highest levels of melanopsin expression of the ipRGC 

population, their dendrites were clearly visible and decipherable with immunostaining.  M1 cells 

were identified by their dendritic projections to the OFF layer of the inner plexiform layer (IPL). 

M2 cells were identified by their dendrites which monostratify the ON sublamina of the IPL 

(Berson et al. 2010; Schmidt and Kofuji 2009). M3 cells bistratify the ON and OFF sublamina of 

the IPL (Schmidt and Kofuji 2011) and because these cells have similar levels of melanopsin 

expression and soma size as M2 cells, it is likely that M3 cells were included in the M2 population 

quantified in this study. 
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M4-M6 cells have the lowest levels of melanopsin-expression of the ipRGC population and their 

dendrites were not visible or decipherable with immunostaining.  However, at least some members 

of the M4/M5/M6 population had lightly immunoreactive somas.  M4 cells were identified by their 

large soma size, low melanopsin immunodetectability and the lack of dendritic labeling.  The M5 

and M6 cells we observed were identified by their low levels of melanopsin labeling and M2-sized 

somas (Schmidt et al. 2011).  

 

 

Analysis of Tbx20 expression in Cdh3-GFP mice. 

ipRGC subtypes were identified using a combination of morphological clues and process of 

elimination.  In the case of M1 and M2 cells, which express the highest levels of melanopsin, 

confocal images of their immunofluorescence reveal dendritic information. As a result, unique 

dendritic features distinguish M1 and M2 cells.  Cells with dendrites stratifying in the OFF layer 

of the IPL were identified as M1 cells, whereas cells stratifying in the ON layer were identified as 

M2 cells (Berson et al. 2010; Schmidt and Kofuji 2009).  Using this method, M3 cells, which 

stratify in the ON and OFF sublamina of the IPL, were included in the M1 cell population unless 

otherwise noted (Schmidt and Kofuji 2011). As a result of their low levels of melanopsin, M4 and 

M5/6 cells are weakly labeled using anti-melanopsin immunohistochemistry with only some of 

their somata, but no dendrites, visible.  Therefore, the method employed for deciphering M1 and 

M2 cells cannot be used to identify M4 and M5/6 cells.  Instead, M4 cells were categorized by 

their lack of dendritic labeling, and their large soma size.  M5/6 cells were characterized by their 

lack of dendritic labeling, M2-sized somata, and process of elimination (Schmidt et al. 2011).  In 
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other words, cells that were not stained by the melanopsin antibody (which would detect M1-M3), 

but were labeled by GFP (labeling M1-M6), and had small somata, fell into the M5/6 category. 

 

Viral vectors 

To express ChR2 in optic axons for brain studies, AAV1-ChR2-mCherry (Penn vector core) was 

injected into the right eyes of young adult mice. Two weeks later, the brain was sectioned and 

labeling was enhanced by anti-mcherry immunofluorescence. 

 

Ocular injections 

Mice were anesthetized with isoflurane (3% in O2), and eyes were protruded and stabilized using 

forceps. A glass pipette tip was then inserted at the corneal-scleral margin, and 1-2μl of tracer or 

virus was injected using gentle pressure over 1 minutes. After a 1-minute waiting period, the 

pipette was removed. Eyes were then coated with ophthalmic ointment and animals were recovered 

on a heating pad.  

 

Brain injection of retrobeads into suprachiasmatic nucleus 

Adult wild type mice (P30-P60) were anaesthetized with isofluorance and fluorescently labelled 

rhodamine latex microspheres (RetroBeads, Lumafluor) were injected into the ipsilateral 

suprachiasmatic nucleus to retrogradely label RGCs with axon terminals at the injections site. 

Three to five days later, the brain was removed and immediately fixed overnight. The following 

day, the brain was rinsed in 0.1M PBS and sectioned at 50um in the coronal plane. The slices were 

incubated with DAPI staining for 10 minutes was done in order to provide a reference for SCN 

location as indicated by concentrated cellular staining at the SCN. The slices were imaged for 
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DAPI in UV channel and overlayed with rhodamine channel to identify the injection site in relation 

to SCN location. Special attention was paid to ensure that the injection did not extend into optic 

nerve and confound results by introducing off-target RGC labeling of fibers of passage. 

 

Brain histology 

Animals were sacrificed via transcardial perfusion, and brains were removed and incubated in 4% 

paraformaldehyde overnight. Brains were sectioned at 50μm in the coronal plane. To reveal 

individual processes in viral tracing experiments, virallyexpressed EYFP was enhanced using 

rabbit-anti-gfp (1:1000) and goat-anti-rabbit alexa 488 (1:500). To observe parvalbumin 

expression in OPN neurons, parvalbumin immunohistochemistry was performed using mouse-

anti-parvalbumin (1:1000) followed by goat-anti-mouse alexa 488. 

Stained and sliced brain slices were mounted on glass cover slides and imaged using a SPOT RT 

Slider digital microscope camera mounted to a Nikon (Diagnostic Instruments) as described 

previously (Berson et al., 2010; Estevez et al., 2012). Images were assembled in Adobe Photoshop 

CS3. 
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Summary 

Cell-type-specific Cre driver lines have revolutionized the analysis of retinal cell types and 

circuits. We show that the transgenic mouse Rbp4-Cre selectively labels several retinal neuronal 

types relevant to the encoding of absolute light intensity (irradiance) and visual motion. In the 

ganglion cell layer, most marked cells are wide-field spiking polyaxonal amacrine cells (ACs) with 

sustained irradiance-encoding ON responses that persist during chemical synaptic blockade.  Their 

arbors spread about a millimeter across the retina and are restricted to the inner half of the ON 

sublamina of the inner plexiform layer. There, they costratify with dendrites of M2 intrinsically 

photosensitive retinal ganglion cells (ipRGCs), to which they are tracer-coupled. We propose that 

synaptically-driven and intrinsic photocurrents of M2 cells pass through gap junctions to drive AC 

light responses.  Also marked in this mouse are two types of retinal ganglion cells (RGCs). ‘R-

cells’ have a bistratified dendritic arbor, weak directional tuning, and irradiance-encoding ON 

responses. However, they also receive excitatory OFF input, revealed  during ON-channel 

blockade. Serial blockface electron microscopic (SBEM) reconstruction confirms OFF bipolar 

input, and reveals that some OFF input derives from a novel type of OFF bipolar cell.  R-cells 

innervate specific layers of the dorsal lateral geniculate nucleus and superior colliculus.  The other 

marked RGC type (‘RDS’) is bistratified, transient, and ON-OFF direction-selective. It apparently 

innervates the nucleus of the optic tract. The Rbp4-Cre mouse will be valuable for targeting these 

cell types for further study and for selectively manipulating them for circuit analysis.    

 

Significance Statement 

Genetically modified Cre strains permit cell-type-specific labeling and functional manipulations. 

We illustrate the utility of Rbp4-Cre mice for studying selected retinal cell types that encode the 
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intensity of light and the direction of motion. Intensity encoding is thought to be uniquely mediated 

by intrinsically photosensitive retinal ganglion cells (ipRGCs). ipRGCs transmit intensity signals 

not only to the brain, but also intraretinally, partly through gap junctions to polyaxonal amacrine 

cells. We show that these amacrine cells are tagged in Rbp4-Cre mice, confirm their persistent 

light responses under chemical synaptic blockade, and show that they co-stratify with, and are 

tracer-coupled to M2 ipRGCs. The line also labels a variant of direction-selective RGCs, and a 

RGC that lacks intrinsic photosensitivity but encodes intensity. 

 

Introduction 

The discovery and description of retinal cell types and circuits have been dramatically enhanced 

by the emergence of large numbers of strains of genetically modified mice with cell-type specific 

patterns of labeling. Of these, the most versatile are Cre lines, which permit diverse type-specific 

manipulations, including optogenetic and chemogenetic control. Here, we document the utility of 

a bacterial artificial chromosome (BAC) transgenic mouse, Rbp4-Cre, for studies of several inner 

retinal cell types. Some of these encode the irradiance (intensity) of light entering the eye. Among 

retinal ganglion cells (RGCs), such irradiance coding has been thought to be unique to those that 

are intrinsically photosensitive (ipRGCs). These ipRGCs all express melanopsin and respond 

directly to light, but are otherwise diverse in form, physiology and central projections (Sand et al., 

2012).  Two sublaminae of the inner plexiform layer (IPL) are strongly linked to ipRGCs. The first 

lies at the outer margin of the IPL, abutting the inner nuclear layer (INL).  There, intermingled, lie 

the narrowly stratified dendrites of M1 ipRGCs, certain other ipRGC types, and dopaminergic 

amacrine cells (ACs).  The second ipRGC-associated sublamina, containing most ipRGC 

dendrites,  lies in the inner half of the ON sublayer, proximal to the ON cholinergic band.  We 
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show that all Cre-expressing ACs in the Rbp4-Cre line stratify within these same two laminae, and 

that at least one of them is coupled to ipRGCs there.  

 

Early efforts to define the functional roles played by ipRGCs focused on their outputs to the brain, 

especially to the hypothalamic and brainstem circuits responsible for circadian synchronization 

and the pupillary light reflex.  Spiking by ipRGCs encodes environmental light intensity and 

triggers reflexive circadian and pupillary responses.  However, recent work has identified several 

‘centrifugal’ outputs, through which ipRGC signals are injected back into retinal networks.   

ipRGCs make both chemical and gap junctional contacts with other retinal neurons (Zhang et al., 

2004; Zhang et al., 2007; Zhang et al., 2008; Muller et al., 2010; Reifler et al., 2015; Arroyo et al., 

2016; Prigge et al., 2016) and ocular structures (Semo et al., 2014). They influence spontaneous 

retinal waves (Renna et al., 2011; Kirkby and Feller, 2013) and perinatal vascular development of 

the eye (Rao et al., 2013). Electrical coupling permits ipRGCs to inject excitatory currents into all 

ON displaced wide-field ACs (Reifler et al., 2015).  Here, we demonstrate that in Rbp4-Cre mice, 

these ACs are tagged with enough selectivity to permit morphological reconstruction, targeted 

patch recordings, and tracer-coupling studies.  We confirm that a component of their light 

responses persists under chemical synaptic blockade, and show that they are selectively tracer-

coupled to the M2 ipRGC type, with which they co-stratify almost perfectly.   

 

As a bonus, the Rbp4-Cre line also labels two distinct types of RGCs.  The bistratified ‘R-cell’ 

costratifies incompletely with the cholinergic plexuses, exhibits weak and inconsistent direction 

selectivity, and has some capacity for irradiance encoding.  These cells project to the superior 

colliculus and a defined lamina of the dorsal lateral geniculate nucleus (vLGN and dLGN) distinct 
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from that innervated by direction-selective (DS) cells. The other RGC, the ‘RDS cell’, is a 

bistratified direction-selective RGC that responds transiently at both light ON and OFF. The RDS 

cell appears to innervate the nucleus of the optic tract (NOT). 

 

 
Methods 

Animals 

All procedures were in accordance with National Institutes of Health guidelines and approved by 

the Institutional Animal Care and Use Committee at Brown University. We used adult mice (2 - 

2.5 months old; either sex) of the strain Rbp4:Cre (031125-UCD, MMRRC).  In some experiments 

we used mice from crosses of the Rbp4-Cre line with the Cre-dependent tdTomato Cre-reporter 

mouse Ai14 (B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J )(The Jackson Laboratory). 

 

Intravitreal injections for Cre-dependent fluorescent labeling   

Mice were anesthetized with isoflurane (3% in oxygen; Matrx VIP 3000, Midmark). A viral vector 

designed for Cre-dependent cell labeling with the mCherry fluorophore (rAAV2/Ef1a-DIO-

hchR2(H134R)-mCherry; Vector Core, UNC; 1.5 –2 μl of ~1.5 x 1012 units/ml) was injected into 

the vitreous humor of both eyes through a glass pipette using a microinjector (Picospritzer III, 

Science Products GmbH). Animals were killed and retinas and brains harvested 14-21d later. 

 

Tissue harvest and retinal dissection  

Eyes were removed and immersed in oxygenated Ames medium (95% O2, 5% CO2; Sigma-

Aldrich; supplemented with 23 mM NaHCO3 and 10 mM D-glucose). Under dim red light, the 

globe was cut along the ora serrata, and cornea, lens and vitreous removed. Four radial relieving 
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cuts were made in the eyecup, the largest centered on the insertions of the lateral and medial recti, 

useful later as a reference axis. The other two were deliberately asymmetric (roughly 

dorsotemporal and ventral) to disambiguate retinal orientation. Using gentle suction, the retina was 

flat-mounted on a custom-machined hydrophilic polytetrafluoroethylene membrane (cell culture 

inserts, Millicell; Ivanova et al., 2013b) and secured in a chamber on the microscope stage. Retinas 

were continuously superfused with oxygenated Ames’ medium (32–34°C).   

 

Patch recording and dye filling of ganglion and amacrine cells 

Whole-cell patch-clamp current-clamp and voltage-clamp recordings of isolated flat-mount retinas 

were performed as described (Van Hook and Berson, 2010), using a Multiclamp 700B amplifier, 

Digidata 1550 digitizer, and pClamp 10.5 data acquisition software (Molecular Devices; 10 kHz 

sampling). Pipettes were pulled from thick-walled borosilicate tubing (P-97; Sutter Instruments); 

tip resistances were 5–6 MΩ when filled with internal solution, which, for current-clamp 

recordings, contained (in mM): 120 K-gluconate, 5 NaCl, 4 KCl, 2 EGTA, 10 HEPES, 4 ATP-

Mg, 7 phosphocreatine-Tris, and 0.3 GTP-Tris, pH 7.3, 270–280 mOsm). For voltage-clamp 

recordings, the internal solution contained (in mM): 120 Cs-methanesulfonate, 5 NaCl, 4 CsCl, 2 

EGTA, 10 HEPES, 4 ATP-mg, 7 Phosphocreatine-tris, and 0.3 GTP-tris, pH 7.3, 270–280 mOsm). 

Green fluorescent dye (Alexa Fluor 488; Invitrogen) was added to the pipette for visual guidance 

under two-photon imaging and dye-filling for later morphological characterization.  

 

We pharmacologically blocked various receptors and pathways with one or more chemicals: 1) L-

AP4 (100 µM; a group III metabotropic glutamate receptor agonist; acting on the metabotropic 

glutamate receptor mGluR6); 2) D-AP5 (30 µM; an NMDA glutamate receptor antagonist); 3) 
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DNQX (40 µM; an AMPA/ kainate glutamate-receptor antagonist); or 4) ACET (1 µM; a selective 

GluR5-containing kainate-receptor antagonist).  All were purchased from Tocris.   

 

Whole-cell recordings and intracellular injections (described below) were conducted on a 

multiphoton Olympus FV1200MPE BASIC (BX-61WI) microscope equipped with a 25x, 1.05 

NA water-immersion objective (XLPL25XWMP, Olympus) and an ultrafast pulsed laser (Mai Tai 

DeepSee HP, Spectra-Physics) tuned to 910 nm. Epifluorescence emission was separated into 

“green” and “red” channels with a 570 nm dichroic mirror and a 525/50 bandpass filter (FF03-

525/50-32, Semrock, green channel) and 575-630 nm bandpass filter (BA575-630, Olympus, red 

channel), respectively. The microscope system was controlled by FluoView software (FV10-ASW 

v.4.1). 

 

Visual stimulation  

Patterned visual stimuli, synthesized by custom software using Psychophysics Toolbox under 

Matlab (The MathWorks), were projected (AX325AA, HP) and focused onto photoreceptor outer 

segments through the microscope’s condenser (Borghuis et al., 2013). The projected display 

covered 1.5 x 1.5 mm; each pixel was 5×5 μm. The video projector was modified to use a single 

UV LED lamp (NC4U134A, Nichia). The LED’s peak wavelength (385 nm) shifted to 395 nm 

after transmission through a 440 nm short-pass dichroic filter (FF01-440/SP, Semrock), a dichroic 

mirror (T425lpxr, Chroma), and various reflective neutral density filters (Edmund Optics).  

 

Quantum catches were derived from the stimulus spectrum (measured using an 

absolute-irradiance-calibrated spectrometer [USB4000-UV-VIS-ES, Ocean Optics]) and spectral 
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absorbances of mouse rod, cone, and melanopsin pigments (Govardovskii et al., 2000; Berson et 

al., 2002). At the highest light stimulus intensity, quantum catches were very similar among rods, 

cones, and melanopsin (~13.5 log photons cm-2 s-1), independent of the cones’ relative expression 

of S- and M-cone pigments (Szel et al., 1992; Chang et al., 2013).  

  

To study the cells’ ability to encode the absolute irradiance level, we used bright circular spots on 

a dark background (diameter=1200 µm, Michelson contrast=0.95, stimulus duration=15 or 30 sec, 

inter-stimulus duration=15 sec, 4 repetitions) at 4 or 5 irradiance levels at the plane of the 

photoreceptors (11-13.5 log photons cm-2 s-1). To assess directional tuning, we used a sinusoidal 

grating spanning two spatial periods (spatial frequency=0.132 cycle/degree, Michelson 

contrast=0.95, stimulus duration=3.65 sec, inter-stimulus duration=5 sec at uniform mean grating 

luminance) drifting in 8 randomized directions (45° interval, drift speed=4.5 degree/sec, 4 

repetitions). To study receptive-field center-surround configuration, we used a series of 7 circular 

spots of intermediate intensity (12 log photons cm-2 s-1) centered on the cell’s soma and covering 

a range of diameters (50-1200 µm). For RGCs, we used an additional set of 7 spot diameters (50-

400 µm) to sample smaller-spot responses more fully. For all stimuli, frames of the stimulus movie 

were brief but frequent, appearing for 50 µs during the short 185 µs interval between successive 

sweeps of the imaging laser. Response persistence allowed us to observe the evoked light 

responses even though no stimulus was present during the interval of laser scanning and associated 

imaging (300 µs/sweep). The very rapid stimulus flicker (>2000 Hz) was well above critical fusion 

frequency in mice (Dai et al., 2015).  
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Electrophysiology data analysis 

Irradiance-response (IR) curves were calculated using the steady-state response, measured as the 

mean level over the 5 last sec of the 15 sec stimulus. The ability of cells to report the absolute 

irradiance was assessed by fitting the sigmoidal Naka-Rushton function (Naka and Rushton, 1966) 

to the cell’s steady state response to various stimulus irradiance levels (R): 

)1010/(10 )()()(
max

nKnEnERR +⋅=      (1) 

Where Rmax stands for the cell’s predicted maximum response, n stands for the slope of the function, 

E stands for the irradiance measured in units of log photons cm-2 s-1, and K stands for the cell’s 

sensitivity.  

    

The direction selectivity index (DSI) ranges between 0 (no direction selectivity) and 1 (maximal 

direction selectivity). It was calculated as (Kim et al., 2008): 

∑∑=
ϕϕ
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where r is the response amplitude to stimuli moving at direction ϕ  (0°, 45°,…,315°). The 

orientation selectivity index (OSI), which similarly ranges between 0 and 1 was calculated as:  

( ) ( )opop /OSI rrrr +−=       (3)  

where rp stands for the response amplitude at the preferred orientation and ro stands for the mean 

response at the two directions orthogonal to the preferred one (Zhao et al., 2013). 

 

Prior to analysis, current and voltage traces were down-sampled to 0.1 KHz, and current traces 

were smoothed with a Gaussian filter (s.d. = 5). The response amplitude represented the 



	 212	

peristimulus-time histogram (PSTH) (for current-clamp recording under control conditions; bin 

width = 0.155 sec), lower envelope of the voltage response (for current-clamp recording under any 

pharmacological manipulation that blocked voltage spikes), or current response (for voltage-clamp 

recording under any condition). All data were analyzed using custom Matlab scripts.  

 

Intracellular injections of Neurobiotin  

For tracer-coupling analysis, selected tdTomato-positive ACs were injected with Neurobiotin.  

Fine glass pipettes (~50 MΩ resistance) were filled at their tips with green fluorescent dye (Alexa 

Fluor 488; Invitrogen) and 4% Neurobiotin [N-(2-aminoethyl) biotinamide hydrochloride; 

Neurobiotin, Vector], and backfilled with K-gluconate-based internal solution (described above; 

Muller et al., 2010). A current pulse (-20 nA; 100 ms) triggered cell penetration. Fluorescent dye 

was iontophoretically injected (20 - 60 biphasic current pulses; -2000 pA for 500 ms and +500 pA 

for 400 ms) until dendrites were well filled. Then, an additional set of current pulses of reversed 

polarity were applied to iontophoretically inject the Neurobiotin. Retinas were fixed (4% 

paraformaldehyde, 30 min, 20°C) and incubated overnight with streptavidin-AlexaFluor 488 

(S32354, ThermoFisher Scientific) in 0.1 M PBS containing 0.3% TritonX (X-100, Sigma-

Aldrich). Anti-melanopsin and anti-ChAT immunostaining was conducted as described below. 

Filled cells were documented in Z-stacks acquired in confocal (single-photon) mode.  

 

Immunohistochemistry of retina and brain 

After recording, retinas were fixed (4% paraformaldehyde, 30 min, 20°C) and counterstained with 

one or more antibodies: 1) rabbit anti-CART (1:1000, Cocaine and Amphetamine Regulated 

Transcript; H00362, Phoenix Pharmaceuticals) - a specific marker for most ON-OFF DS cells; 



	 213	

Kay et al., 2011); 2) guinea pig anti-RBPMS (1:1000, RNA-binding protein with multiple splicing; 

1832-RBPMS, PhosphoSolutions), a pan-ganglion-cell marker; Rodriguez et al., 2014); 3) goat 

anti-ChAT (1:100, anti-choline acetyltransferase; AB144P, Millipore); 4) rat anti-mCherry 

(1:1000, EST202, Kerafast); or 5) rabbit anti-melanopsin (1:1000, Advanced Targeting Systems).   

 

Reconstruction of retinal neurons and circuits by serial blockface electron microscopy  

Tissue preparation and EM acquisition were performed as previously described (Ding et al., 2016). 

In short, a retina from an adult wild-type mouse (C57BL/6; postnatal day 30) was stained for EM 

while preserving the intracellular structure and details. A retinal block face (k0725) of ~200 x 400 

μm was imaged using a serial block-face scanning electron microscope system. The incident 

electron beam had an energy of 2.0 keV and a current of ~110 pA. Images were acquired with a 

pixel dwell time of 2.5 μs and size of 13.2 nm × 13.2 nm. The section thickness was set to 26 nm. 

10,112 consecutive block faces were imaged, resulting in aligned data volumes of 4,992 × 16,000 

× 10,112 voxels, corresponding to an approximate spatial volume of 50 × 210 × 260 μm3. The 

volume spanned the IPL and included parts of the GCL and INL. To facilitate viewing in 

KNOSSOS (http://www.knossostool.org), the data set was split into cubes comprising 128 × 128 

× 128 voxels.  

 

The skeletons of cells were manually traced using the KNOSSOS annotation platform. 

All skeletons were traced by at least two observers and any discrepancies resolved to ensure 

accuracy. We assigned bipolar cells to established categories (Wassle et al., 2009; Helmstaedter et 

al., 2013; Kim et al., 2014) based on stratification level and lateral dimensions of the axonal arbor.  
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Where we had dense sampling of neighboring bipolar cells, the tiling pattern of arbors further 

aided the type assignment.  

 

For each BC, we calculated the density of neurites as a function of IPL depth, where IPL 0% 

represents the INL-IPL boundary, and 100% represents the IPL-GCL boundary. We defined the 

INL-IPL boundary as lying at the level of the fifth percentile of neurite density of Type 2 BC axon 

terminals, and IPL-GCL boundary at the 95th percentile of neurite density for rod bipolar axon 

terminals. We accounted for the slight tilt of the retinal laminae relative to the ultramicrotome 

cutting plane when calculating IPL depth. All analyses on skeleton data were performed using 

MATLAB.   
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Results 

Small subsets of amacrine and ganglion cells are marked in the Rbp4-Cre mouse 

We revealed Cre expression in retinas of Rbp4-Cre mice by injections of Cre-dependent mCherry 

virus (AAV) or crosses with a tdTomato Cre-reporter strain (Ai14). In both cases, red fluorescence 

marked a minority of retinal ganglion cells (RGCs) and amacrine cells (ACs). Bipolar cells (BCs) 

were also sparsely labeled, along with a subset of photoreceptors, but we have not studied these 

further.   

 

In one fully mapped retina from an Rbp4-Cre;Ai14 mouse (Fig. 1A,B), there were 1893 tdTomato-

positive cells in the ganglion cell layer (GCL), corresponding to a mean density of 115 cells/mm2 

(retinal area = 16.4 mm2).  The density of labeled cells showed modest topographic dependence, 

being lowest in the dorso-nasal retina (Fig. 1C). Labeled cells in the GCL comprised a mixture of 

RGCs and ACs.  The RGCs were identifiable from their clearly labeled axons, traceable into the 

optic fiber layer, and from their immunoreactivity for the pan-ganglion-cell marker RBPMS 

(RNA-binding protein with multiple splicing [Rodriguez et al., 2014], Fig. 1D-F).  However, most 

fluorescent cells of the GCL lacked both of these features and were thus displaced ACs.  About 

90% of the fluorescent cells of the GCL (~1700 cells in total) were displaced ACs while the 

remainder (~200 cells in total) were RGCs, as determined by RBPMS staining.  The relative 

abundance of these cell classes varied topographically, with RGCs making up only 2.5% of the 

labeled cells in the ventro-temporal GCL, but 14.6% of them nasally (Figure 1D-G).  

 

Labeled RGCs were readily divisible into two distinct types. The first, more common type (here 

termed the ‘R-cell’) was bistratified with a relatively small soma and compact dendritic field (Fig. 
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2A,B).  The second, rarer type (here termed the ‘RDS cell’) was also bistratified, but resembled 

classic direction-selective cells.  These had distinctly larger somas and, typically, asymmetric 

dendritic arbors (Fig. 2A,C). An additional amacrine cell type was labeled in this line. These had 

small somata in the conventional position for ACs (inner margin of inner nuclear layer; INL) and 

a bistratified dendritic arbor.  Figure 2D compares the patterns of stratification for each of these 

four types, and a fuller description of each follows.   

 

Rbp4-Cre labels a unique population of displaced polyaxonal amacrine cells of the inner ON 

sublayer 

For convenience, we refer to Rpb4-Cre-positive displaced amacrine cells (i.e., the labeled 

amacrine cells in the GCL) as “RACs.”  Their morphology is summarized in Figs. 2A and D, Fig. 

3, and Table 1. Cell bodies were relatively large for ACs (11.2±1.4 µm diameter; average ± s.d.; n 

= 46), comparable to those of neighboring starburst ACs and the smallest RGCs. They were 

multipolar and extended their processes horizontally within the inner ON sublayer of the IPL (Fig. 

3A). There, they were quickly lost in a dense feltwork of labeled processes dominated by very fine 

varicose fibers following mostly straight trajectories (Fig. 3A, magenta; Fig. 3B, red).   This plexus 

occupied the inner third of the ON sublamina (S4/S5), entirely proximal to (below) the ON 

cholinergic band. This plexus was matched almost exactly in depth with the inner plexus of 

melanopsin immunoreactive processes (Fig. 2D, left), consisting mainly of the dendrites of M2 

ipRGCs (Fig. 3C-F; Berson et al., 2010). Intracellular dye injections of Cre-labeled RACs revealed 

their morphology in better detail (Fig. 2A; Fig. 3A, green; Fig. 3G).  Their processes spanned 

roughly 1mm, encompassing about a fifth of the retina each (Fig. 3G; diameters 970±130 µm; n = 

4). The most widely spreading processes appeared axonal in form, having a uniform very fine 
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caliber with periodic swellings, but most primary processes seemed dendritic, with a gradually 

tapering caliber as well as some spines and appendages. We therefore conclude that RACs are a 

form of wide-field polyaxonal AC (Fig. 2A).  

 

Rbp4-Cre labels a sparse population of conventionally-placed bistratified amacrine cells 

A second type of Cre-labeled amacrine cell in this mouse line had conventionally placed somata 

in the INL (Fig. 2D purple; Fig. 3H-J). They were regularly spaced, suggesting possible mosaic 

organization (Fig. 3H), and of uniformly small size (diameter of 9.65±0.55 µm, average ± s.d., 

n = 23). Cre-dependent viral labeling revealed that their processes form a dense plexus in the 

outermost IPL, just proximal to their somata (Fig. 3H-J). Well-labeled cells almost invariably 

possessed a major dendritic process that descended through the IPL and branched, and apparently 

arborized, within the plexus of Cre-labeled RAC processes in the inner ON sublamina (Fig.2D, 

left; Fig. 3D-F).  We could not determine from such material the dimensions of the ON-sublayer 

dendritic fields of these bistratified amacrine cells, nor what fraction of this inner amacrine-cell 

plexus was derived from these cells as opposed to RACs.     

 

RACs have sustained irradiance-encoding light responses 

A recent study in rat retina found that all ON sustained wide-field displaced ACs are electrically 

coupled to ipRGCs (Reifler et al., 2015). The RACs we identify among the labeled Rbp4-Cre cells 

are similar morphologically to these rat ACs, so we suspected that RACs might have similar 

functional properties.  Indeed, whole-cell current-clamp recordings confirmed this inference. Cre-

labeled RACs were tonically depolarized, and increased their spiking in response to prolonged 

whole-field illumination (Fig. 4A). Responses included a transient peak that decayed within a few 
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seconds to the steady-state level.  Firing rates during this plateau phase varied as a function of 

stimulus irradiance. This is evident from spiking visible in individual voltage traces (Fig. 4A), 

from the average peri-stimulus-time histogram (PSTH; average ± s.e.m.; Fig. 4B), and from the 

irradiance-response function of pooled cells (Fig. 4C), derived from spike frequency during the 5 

last seconds of the stimulus. We also examined the excitatory currents by voltage-clamping at the 

chloride reversal potential. Sustained excitatory inward currents persisted throughout the stimulus, 

with amplitudes correlated with stimulus irradiance (Fig. 4D,E). Light offset evoked an outward 

current (Fig. 4D) and modest hyperpolarization (Fig. 4A). These cells exhibited little evidence of 

an antagonistic surround (data not shown).  

 

To probe the origin of these light-evoked inward currents, we blocked the ON pathway by bath 

application of L-AP4 (an agonist of the group III metabotropic glutamate receptors essential for 

light responses in ON bipolar cells). ON-channel blockade dramatically reduced the light-evoked 

depolarization and firing (Fig. 4F, lower trace; compare Fig. 4A), but low amplitude responses 

persisted (Fig. 4F, inset). For bright stimuli (>1012 photons cm-2 s-1), these consisted of a rapid 

hyperpolarization (~1mV), followed by a larger, slowly developing sustained depolarization (Fig. 

4F,G,I) that lasted at least 30s, and decayed over many seconds after stimulus offset (Fig. 4I).  

Dimmer stimuli evoked only a very small sustained hyperpolarization (Fig. 4G).  At light 

intensities above threshold for the sluggish depolarization, response amplitude increased with 

stimulus irradiance (Fig. 4G,H). This response is strikingly similar to melanopsin-driven responses 

of ipRGCs; it is depolarizing and irradiance encoding, with a high threshold (~1012 photons cm-2 

s-1), sluggish onset and slow post-stimulus decay (Berson et al., 2002). Because these amacrine 

cells are melanopsin-immunonegative (Figs. 3B, 5G), our findings parallel those of Reifler et al. 
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(2015) in suggesting that the sluggish depolarizing response seen under these recording conditions 

derives from electrical coupling to ipRGCs.   

 

RACs also appear to get modest excitatory input from the OFF channel.  Blockade of the ON 

channel revealed a modest brisk depolarization at light offset (Fig. 4F,G,I). This was blocked (Fig. 

4K,M) by supplementing the ON blocker L-AP4 with a mix of drugs designed to block the OFF 

channel. This ‘OFF cocktail’ included D-AP5 (an NMDA glutamate receptor antagonist), DNQX 

(an AMPA/ kainate glutamate receptor antagonist), and ACET (a selective GluR5-containing 

kainate receptor antagonist). The sluggish, irradiance-encoding, melanopsin-like response 

persisted under this more extensive blockade of chemical synaptic signaling (Fig. 4J,K,M).   

 

RACs are tracer coupled to selected ipRGCs and ACs  

We used tracer coupling to test the hypothesis that the melanopsin-like response seen in RACs is 

attributable to gap junctional coupling to ipRGCs (Reifler et al., 2015).  In Rbp4-Cre;Ai14 mice, 

two fluorescently tagged RACs were injected with Neurobiotin, which passes through gap 

junctions to label coupled cells. Both injected cells were confirmed to be wide-field ACs, and one 

of these is illustrated in Figure 5.  Tracer-coupled cells labeled in these experiments included M2 

ipRGCs, identified by their melanopsin immunoreactivity and characteristic dendritic arbors (Fig. 

5B,E,K,Q). Also tracer-labeled were displaced ACs, identified by their small soma size, and their 

immunonegativity for either melanopsin or the RGC marker RBPMS (Fig. 5H,I,N,O).  These ACs 

were not RACs, because they were not labeled by the tdTomato Cre reporter (Fig. 5F,G, L, and 

M).  A few tracer-coupled cells were melanopsin-immunonegative and weakly RBPMS 

immunopositive. It is unclear whether these are ipRGCs with weak melanopsin expression (M4 or 
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M5 cells) or some other RGC types.  We conclude that RACs form an extensive electrically-

coupled network comprising, at least, M2 ipRGCs and a distinct type of displaced ACs. 

 

Rbp4-Cre marks two types of bistratified RGCs  

To assess the general morphology of Cre-expressing RGCs in the Rbp4-Cre line, we labeled large 

numbers of them through genetic crosses with the Ai14 tdTomato Cre-reporter mice or by Cre-

dependent viral labeling.  Melanopsin and ChAT immunolabeling provided laminar benchmarks. 

We could relatively easily trace the coarser dendrites of the RGCs through the thicket of amacrine-

cell processes in the inner ON sublayer and thus reconstruct their arbors with reasonable 

confidence. Two clear types emerged: the smaller R-cell (Fig. 2B) and the larger RDS cell (Fig. 

2C).  Both were bistratified, but they differed in many other respects, as outlined below.     

 

Morphology of the R-cell 

These RGCs were invariably bistratified.  Their somas were small (diameter 12.9±1.0 µm); not 

much larger than those of starburst ACs, and smaller than those of M1 ipRGCs (Fig. 6F).  Their 

dendritic fields were of intermediate size among murine RGCs, and their ON arbor (178±35 µm 

diameter) was typically slightly larger and more complex than the OFF arbor (138±36µm; Fig. 2B; 

6A,C; Table 1). Though the two arbors were usually largely in spatial register, they were 

substantially offset from one another in a minority of cells. Local clusters of labeled R-cells had 

the appearance of fragmentary mosaics with well-spaced somas and a uniform plexus of 

moderately overlapping dendritic arbors in both the ON and OFF sublayers of the IPL (Fig. 6F,G).  

One tier of dendrites lay within the ON IPL sublayer, stratifying near the proximal margin of the 

ON ChAT band. These processes lay just distal to those of M2 ipRGCs and the wide-field 
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displaced RACs described above (Fig. 6D). The ON tier loosely co-fasciculated with the ON 

starburst processes (Fig. 6E). The OFF arbor was rather broadly stratified, filling the space between 

the plexus of OFF starburst AC dendrites and the plexus of M1 ipRGC dendrites marking the INL-

IPL border (Fig. 2D right; Fig. 6D).  

 

R-cells have sustained ON irradiance-encoding light-evoked responses   

R-cells exhibited sustained ON responses to whole-field illumination, and only a brief 

hyperpolarization at OFF (Fig. 7A). Higher light intensities resulted in reduced spike amplitude 

and regularity (Fig. 7A), presumably due to partial sodium-channel inactivation.  The average 

firing rate (Fig. 7B) and the irradiance-response function derived from it (Fig. 7C) revealed only 

modest dependence of spiking on stimulus intensity. However, when clamping the membrane at 

the chloride reversal potential, the irradiance-dependence of the steady-state, light-evoked inward 

current became more apparent (Fig. 7D,E). Inward currents at light offset were also observed 

(Fig.7D). The magnitudes of these, too, were irradiance-dependent. 

  

Blocking the ON channel with L-AP4 reversed the sign of the steady-state light response from 

depolarization and spiking (Fig. 7A) to hyperpolarization (Fig. 7F).  Though the hyperpolarization 

was relatively modest, it was accompanied by a reduction in membrane noise, and a dramatic 

suppression of spiking (Fig. 7F). Both onset and offset of the light stimulus evoked a small, 

transient hyperpolarization. Membrane voltage varied only modestly as a function of stimulus 

irradiance (Fig. 7G,H).     
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We next supplemented the ON-channel blockade with agents designed to silence the OFF pathway 

(namely, a mix of NMDA and AMPA/kainate blockers, D-AP5 and DNQX). Though this strongly 

attenuated the transient hyperpolarizations at light ON and OFF, we were surprised to find that 

this incompletely blocked the sustained ON hyperpolarization, and that light offset induced post-

stimulus bursting in several cells (Fig. 7I).  Membrane voltage was minimally related to stimulus 

irradiance under these conditions (Fig. 7J,K). We suspected that the residual light responses were 

due to incomplete kainate receptor blockade, so we added ACET (a selective antagonist for GluR5-

containing kainate receptors). This rendered the cells largely irresponsive to light (Fig. 7L-N). 

Taken together, the data suggest that ON bipolar input normally dominates in R-cells, but that they 

also receive OFF bipolar input that is unmasked when the ON channel is silenced.   

 

To study center-surround organization, we presented bright spots of various sizes (Fig. 7O). On 

average, the optimal spot diameter was 280 µm, which is substantially larger than the dendritic 

arbor. Larger spots attenuated the response, indicating the presence of an inhibitory surround (Fig. 

7O, inset).  R-cells generally showed some tuning for the direction or orientation of drifting 

gratings, but such tuning was inconsistent and typically weak (Fig. 7P,Q; direction selectivity 

index, DSI=0.21±0.13; orientation selectivity index, OSI=0.36±0.22). 

 

Serial electron microscopy reconstruction of an R-cell and its synaptic inputs 

To characterize the types of BCs that synapse onto R-cells, we mined a serial block-face electron 

microscopy (EM) volume (k0725) generated from a wild-type adult mouse retina (Ding et al., 

2016). The volume (50 × 210 × 260 μm3) spanned the IPL and the immediately adjacent portions 
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of the GCL and INL. The retina had been processed so as to reveal intracellular structures such as 

synaptic ribbons and vesicles. 

 

Among many RGCs traced in the EM volume, we identified diverse bistratified forms. One of 

these RGCs closely resembled the R-cells as just characterized at the light-microscopic (LM) level 

(compare Fig. 8A and Fig. 2B). Several key morphological measures obtained from the EM-

reconstructed presumptive R-cell fell within one standard deviation of the mean value of those 

measures for R-cells traced in confocal z-stacks (Table 1; compare R-cell and R-cell EM).  The 

dendritic tree of the EM-reconstructed cell were similar in form to those of R-cells in branching 

structure, apparent dendritic field size and stratification (Fig. 8A). The outer arbor of the 

reconstructed R-cell stratified between the dendrites of reconstructed M1 ipRGCs and the OFF 

ChAT band (inferred from dendritic stratification of reconstructed ON-OFF direction-selective 

cells).  The inner arbor resided within and just below the ON ChAT band (Fig. 8B and Fig. 6D). 

Though the soma diameter of this presumptive R-cell was larger than those of R-cells as assessed 

by confocal microscopy (16.1 vs. 12.9±1.0 µm), this might have resulted from osmotic factors 

during tissue fixation (Thorne and Nicholson, 2006; Mikula and Denk, 2015). 

 

To identify the BC types that synapse onto the presumptive R-cell, we scanned its dendrites for 

ribbon synaptic contacts (Fig. 8A, red dots); subsequently, starting from randomly-selected 

identified dyad synapses (128 out of 281), we reconstructed the complete axon and axon terminal 

of 76 BCs. To identify BC types, we assessed the stratification of their arbors in relation to one 

another and to the cholinergic bands (Fig. 8C,G,H). Fig. 8D shows all reconstructed bipolar cells 

synapsing onto the presumptive R-cell as projected onto the plane of the retina (D, top; en face 
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view) or onto an orthogonal, vertical plane to show depth information (bottom). ON synaptic input 

to the presumptive R-cell was dominated by Type 7 ON cone BCs, while its OFF synaptic input 

derived almost entirely from Type 1 and 2 OFF cone BCs (Fig. 8D,E).  Figure 8F-H quantify two 

features of axon terminals that distinguish bipolar types from one another  —  the dimensions of 

the terminal arbor (Fig. 8F) and their depth within the IPL (Fig. 8G,H). In general, the presumptive 

R-cell seemed to receive input from axon terminals of all BC types within its dendritic field, 

provided they co-stratified with the R-cell’s dendrites. ON inputs were more common than OFF 

inputs (78 vs. 50 dyads in the inner and outer arbors; 53 vs. 25 ON and OFF cone BCs), paralleling 

the dominant ON response observed physiologically (Fig. 7A-E).      

 

A novel bipolar cell type – cone BC Type 0 

Among the presynaptic neurons providing ribbon synaptic contact onto the presumptive R-cell, 

we identified four cells that appear to belong to a previously unknown BC type (Fig. 9).  They 

superficially resembled Type 1 and Type 2 OFF cone bipolar cells but were clearly different from 

both. Most of the Type 0 cells (3 of the 4) had cell bodies at the inner margin of the INL (the 

remaining cell’s soma lay outside the volume). This is a highly atypical position for bipolar cell 

bodies, but is characteristic of amacrine cells.  However, there is no precedent for synaptic ribbons 

in ACs, so for now we assume that this is a novel OFF cone bipolar cell type, which we 

provisionally term ‘Type 0.’ 

  

Multiple features differentiated Type 0 from Type 1 (n = 25) or Type 2 (n = 16) bipolar cells. First, 

the arbors of Type 0 BCs were sparsely branched and significantly broader than those of Types 1 

and 2 (Figure 9D; 1614 µm2, 450 µm2, and 618 µm2  axon terminal field areas for Types 0, 1, and 
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2; permutation one-way ANOVA, p < 0.001; by post-hoc pairwise comparisons, arbor areas of 

Type 0 were significantly larger than those of Type 1 or Type 2, p < 0.001). Second, their axonal 

arbors stratified slightly more proximally (lower) in the IPL (Figure 9E,F; IPL depth of 16%, 12%, 

and 9% for Types 0, 1, and 2; permutation one-way ANOVA, p > 0.05; post-hoc pairwise 

comparisons, Type 0 axons arborized significantly deeper in the IPL than Type 2 axons [p = 0.048], 

whereas the depth difference with Type 1 axons did not reach statistical significance [p = 0.173]). 

Finally, their arbors did not fit into the mosaics of BC Type 1 and 2 axon terminal fields, and 

instead dovetailed with each other in a way that suggests an independent tiled mosaic in the IPL 

(Fig. 9A-C).  Like other bipolar cells, Type 0 BCs make mainly dyadic ribbon contacts in the IPL.        

 

Morphology and physiology of RDS cells  

The other RGC type labeled in the Rbp4 line  — the direction-selective cell here termed ‘RDS’ —  

was rarer than R-cells, and easily distinguishable from them by virtue of its much larger soma 

(RDS: 17.5±2 µm, n = 4; R-cells: 12.9±1.0 µm, n = 16). RDS cells also had larger dendritic arbors. 

This was because the OFF arbor was larger in RDS cells (diameter 194±27 µm; n = 4) than in R-

cells (138±36 µm; n = 13); in contrast, ON arbor dimensions were very similar between the two 

types (RDS diameter: 177±15 µm; R-cell diameter: 178±35 µm). In branching structure and 

stratification, RDS cells strongly resembled other ON-OFF direction selective (DS) types (Fig. 

2C; 10A; Huberman et al., 2009; Rivlin-Etzion et al., 2011; Trenholm et al., 2011; Dhande et al., 

2013).  Like those types, the RDS cell restricted its dendritic arbors to the two sublaminae 

containing processes of starburst amacrine cells, revealed by ChAT immunolabeling (Fig. 10B). 

Moreover, like other ON-OFF DS cells, the RDS cell’s dendrites cofasciculated with the ChAT-

immunopositive processes (Fig. 10C) and avoided the melanopsin immunoreactive plexuses at the 
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margins of the IPL (Fig. 10B). We confirmed the direction selectivity of RDS cells by showing 

that they responded differentially to the direction of motion of sinusoidal gratings and bars.  RDS 

cells were ON-OFF cells, responding to both the leading and trailing edge of the moving bar (Fig. 

10E).  Though our sample is small, all recorded RDS cells preferred ventral motion on the retina 

(Fig. 10E-F).  They are thus reminiscent of cells labeled in the Hb9-GFP mouse line, which are 

also ON-OFF DS cells that prefer ventral retinal motion (Trenholm et al., 2011).  Like Hb9-GFP 

cells, RDS cells exhibited dendritic asymmetry (Fig. 10A), with the center of the dendritic arbor 

displaced from the cell body in the cell’s preferred direction (compare Fig.10F and G).  

 

Like most ON-OFF DS types (Kay et al., 2011; Dhande et al., 2013), RDS cells were clearly 

immunoreactive for Cocaine and Amphetamine Regulated Transcript (CART) (Fig. 10H,I; white 

arrows). To our surprise, the R-cell, the other RGC type labeled in this line, was also virtually 

always CART-immunopositive despite its weak directional tuning (Fig. 10H,I; hollow white 

arrowheads). In the GCL, 97% of all RGCs (identified by their RBPMS labeling) that exhibited 

Cre-driven labeling in the Rbp4-Cre mouse also expressed CART (n = 64), whereas all but a 

handful of Cre-labeled displaced amacrine cells (RACs; Fig. 10H,I, hollow blue arrowheads) were 

CART-negative. Two identified displaced Rbp4-Cre-labeled RGCs also lacked CART staining.   

 

Axonal projections of Rbp4-Cre RGCs 

To study the central projections of RGCs in the Rbp4-Cre line, we made intraocular injections of 

Cre-dependent mCherry viruses. The advantage of this viral approach, as compared to crossing 

Rbp4-Cre mice with Cre reporter mice, is that it ensured that all fluorescent axons were of retinal 

origin.  Labeled axon terminal fields were prominent in the dLGN. There, they were concentrated 
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within a specific lamina, at roughly the transition between the external shell and main core of the 

nucleus (Fig. 11A,C), defined by their differential input from direction-selective or melanopsin-

expressing RGCs, respectively (Huberman et al., 2009; Ecker et al., 2010; Kay et al., 2011; Rivlin-

Etzion et al., 2011). The superior colliculus (SC) was also prominently labeled, with highly 

branched fine axonal arbors that terminated only very superficially in the upper retinorecipient 

layers (Fig. 11D).  Additional terminal fields were detected in a thin sheet at the lateral margin of 

the ventral LGN (Fig. 11A,C), and in the nucleus of the optic tract (NOT), a component of the 

accessory optic system (Fig. 11A-C). No labeling was detected in any other targets of retinofugal 

axons, including the MTN and the suprachiasmatic nucleus. 

 

These axon terminal fields represent the combined projections of R-cells and RDS-cells, because 

the intraocular virus used transduced both RGC types, judging from their somadendritic 

architecture.  However, in one case, viral transfection was sparse enough to label only three RGCs 

across the whole retina. All three were clearly R-cells. Their three axons were easily traced to the 

optic nerve head and into the brain.  Three distinct arbors were evident in the dLGN, vLGN and 

SC (Fig. 11E), but no axon terminals were detected in the NOT.  These data suggest that R-cells 

innervate the LGN complex and SC, but not other retinorecipient targets, including the accessory 

optic system, while the RDS cells innervate at least the NOT.  
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Discussion  

Rbp4-Cre mice offer the opportunity to study and manipulate several interesting retinal cell types 

and circuits. These include a pair of wide-field AC types closely linked to melanopsin and ipRGCs; 

an ON bistratified RGC type (the R-cell) with weak direction and orientation selectivity and 

outputs linked to spatial vision; and a variant of the direction-selective RGC class (the RDS cell).   

 

The Rbp4 gene codes for a retinol carrier protein. Because RACs are coupled to ipRGCs, which 

require retinoids for their intrinsic photosensitivity, we wondered whether the cells marked in the 

Rbp4-Cre mouse might be linked in some way to melanopsin phototransduction.  However, pilot 

studies revealed no Rbp4-like immunoreactivity in the inner retina. Many transgenes are expressed 

in patterns unrelated to those of the targeted gene, presumably due to positional effects, and this 

may apply to the Rbp4-Cre BAC transgene in this mouse. 

 

RACs form a wide-field lateral inhibitory network coupled to ipRGCs 

Two types of ACs are selectively marked in Rbp4-Cre mice.  Both types contribute to the 

Rbp4-Cre plexus in the inner ON sublayer, where they costratify with the dendrites of most ipRGC 

subtypes (M2, M3, M4 and M5 cells).  The other AC labeled in this mouse line, the conventionally 

placed bistratified type, has an outer dendritic arbor that intermingles with the dendrites of M1 and 

M3 ipRGCs.  

 

RACs don’t merely costratify with ipRGCs; tracer coupling revealed that the processes of RACs 

and M2 ipRGCs make gap junctional contacts.  This echoes the report of Perez De Sevilla Muller 

et al. (2007), who observed dye-coupling between M2 cells and displaced wide-field, 
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monostratified polyaxonal ACs (PA-S5) that may match our RACs.  RACs were also tracer-

coupled to melanopsin-immunonegative RGCs; these could be M4 or M5 ipRGCs, which often 

lack detectable melanopsin immunoreactivity (Ecker et al., 2010; Estevez et al., 2012). Indeed, 

Volgyi et al. (2009) found polyaxonal ACs tracer-coupled to two RGC types;  G1, which appears 

equivalent to M4 ipRGCs, also known as ON alpha cells (Estevez et al., 2012); and G6, which may 

correspond to M5 ipRGCs (Ecker et al., 2010). In addition to their coupling to RGCs, RACs were 

also coupled to Rbp4-Cre-negative displaced ACs.  Therefore, RACs anchor a complex electrically 

coupled network in the inner ON IPL that encompasses multiple RGC types (including some 

ipRGCs) and at least one other AC type.   

 

Our results provide several lines of evidence suggesting that RACs are influenced by ipRGC 

signals transmitted through gap junctions: (1) M2 ipRGCs are coupled through gap junctions to 

RACs (Fig. 5). (2) With chemical synaptic transmission intact, RAC spiking and excitatory 

currents are sustained and irradiance-encoding, mirroring those of ipRGCs (Fig. 4A-E). (3) Under 

blockade of chemical synaptic transmission, light triggers excitatory currents and increased RAC 

spiking, mirroring the responses of ipRGCs recorded under similar conditions. As in ipRGCs, 

these RAC responses are sluggish and sustained, and they persist long after the light stimulus is 

turned off (Fig. 4J-M). Presumably, under these conditions, intrinsic photoresponses of ipRGCs 

propagate into RACs through electrical coupling. (4) The response threshold of ipRGCs and RACs 

also match; under synaptic blockade, residual RAC light responses are evident mostly at the two 

highest light intensities tested, which are suprathreshold for driving the melanopsin-based 

phototransduction in ipRGCs (Fig. 4J-M). Therefore, RAC coupling to ipRGCs likely accounts 

for the persistence of RAC light responses under chemical synaptic blockade, and for the 
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melanopsin-like sluggishness, insensitivity, sustained and irradiance-encoding nature of those 

light responses.   

 

Reifler et al. (2015) were the first to describe such responses in displaced wide-field ON ACs in 

rat, and they proposed electrical coupling to ipRGCs as their basis. RACs resemble these rat ACs 

morphologically and may be homologous. Other possible equivalents are mouse polyaxonal ACs 

coupled to G1 and G6 RGCs (see above; Volgyi et al., 2009), WA4-1 cells (Lin and Masland, 2006), 

PA-S5 cells (Perez De Sevilla Muller et al., 2007), and ‘Cluster 2’ cells (Badea and Nathans, 2004). 

Like RACs, these are polyaxonal ACs with large displaced somata (12 µm in diameter), a relatively 

large sparse dendritic arbor (~450 µm diameter) and wide-ranging axonal arbors (1-2 mm 

diameter), both of which are restricted to the inner ON sublayer.  

 

Residual RAC light responses were weak under synaptic blockade, but this probably understates 

the impact of electrical coupling in vivo.  All ipRGCs, including M2 cells, exhibit robust light-

evoked excitatory currents derived from BCs (Schmidt and Kofuji, 2010; Wong, 2012). These 

synaptically driven photic signals presumably pass through gap junctions to modulate AC 

excitability, just as melanopsin-driven photocurrents do.  Synaptic blockade would eliminate this 

excitatory influence, along with direct bipolar drive to the RAC itself. Therefore, in the intact 

retina, RACs are likely to receive a mix of robust synaptically-driven and intrinsic irradiance-

encoding currents from M2 ipRGCs. 

 

The wide-field architecture of RACs and their coupled partners provide a substrate for extensive 

lateral spread of locally generated irradiance signals.  Spikes presumably transmit such signals 
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throughout their sprawling polyaxonal arbors.  Because RACs are almost certainly GABAergic, 

they probably inhibit target neurons in proportion to background light intensity, suggesting a role 

in network light adaptation. The postsynaptic targets of such inhibition are unknown, but could 

include ON cone BC terminals (Types 6-9), dendrites of most ipRGC types (M2-M5), and many 

AC types (Helmstaedter et al., 2013).     

 

Cre expression in RACs provides experimental opportunities.  Cre-dependent calcium or 

glutamate indicators would facilitate functional imaging.  Relatively selective optogenetic 

activation or silencing is also possible, though complicated by the diversity of Cre-expressing cells 

in this line.  A favorable location for such studies would be the ventrotemporal retina, where RACs 

represent nearly all of the Cre-expressing cells in the GCL. 

 

The bistratified morphology of the other AC type might predict ON-OFF light responses, but it 

could be purely ON.  Its outer arbor narrowly costratifies with processes of M1 ipRGCs and 

dopaminergic ACs, both targets of ectopic en passant ON bipolar synapses in the OFF sublayer 

(Dumitrescu et al., 2009; Hoshi et al., 2009; Reifler et al., 2015).     

 

R-cell – an ON bistratified ganglion cell type 

The R-cell is possibly a novel bistratified mouse RGC type.  It has some features reminiscent of 

ipRGCs (sustained, irradiance-encoding ON excitatory drive) and others that link it to the DS 

system (weak directional tuning, CART-immunoreactivity, and partial co-stratification with 

starburst amacrine cells).  
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R-cells join a variety of ON-dominant bistratified neurons of the GCL, including the M3 ipRGCs 

(Schmidt and Kofuji, 2011), ON-DS cells (Dhande et al., 2013), ON-orientation selective (OS) 

cells (Nath and Schwartz, 2016), and bistratified wide-field ACs (Reifler et al., 2015).  We 

wondered whether R-cell outer arbors might be another target of the ectopic ON bipolar synapses 

in the outer OFF sublamina, but they were not.  Serial-EM reconstruction revealed no ectopic ON 

bipolar contacts onto the R-cell outer dendrites, but abundant OFF bipolar input (Fig. 8), and this 

was reflected in their photoresponses (Fig. 7).  Among RGCs, only ipRGCs have been thought 

capable of stably encoding light intensity, but we find R-cells do so to some degree, despite lacking 

melanopsin expression and intrinsic photosensitivity. 

 

The responses of R-cells to a steady wide-field light stimulus differ from those of ipRGCs; yet 

they do share certain aspects. The responses of both R-cells and ipRGCs adapt over the first few 

seconds of the light stimulus, and then stay rather stable. In both cases, the response lasts at least 

15 sec, the longest light stimulus we used (Fig. 7B,D). The steady-state response of R-cells, 

expressed as a fraction of the maximum response, is smaller than for ipRGCs, and the dynamic 

range of the steady-state light response is much smaller for R-cells than for ipRGCs (R-cells: 18.5 

pA; ipRGCs: 200-400 pA; data not shown). Thus, while R-cells encode irradiance (Fig. 7E), they 

do so over a relatively narrow range. On the other hand, the firing rate of R-cells did not show 

obvious irradiance-encoding (Fig. C). Thus, R-cell intrinsic mechanisms may largely temporally 

filter out the irradiance signal at the level of the cell’s spike train.   

 

Bipolar inputs to R-cells were heterogeneous (ON: mainly from Types 5 and 7; OFF: mostly from 

Types 1 and 2). Our SBEM reconstruction also revealed contact from a novel OFF BC we call 
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‘Type 0’.  Like other OFF BCs, Type 0 BCs’ axon terminals contain ribbons and stratify 

exclusively in the OFF sublayer of the IPL.  However, they are distinguishable from Type 1 and 

Type 2 OFF cone BCs by axon terminal arbor dimensions and by mosaic analysis.  Furthermore, 

they are distinguishable from Type 3 and 4 OFF cone BCs based on stratification.  Type 0 BCs 

bear some resemblance to GluMI cells (Della Santina et al., 2016) and the presumably equivalent 

BC1B cells (Shekhar et al., 2016).  Like Type 0 BCs, both have a soma placed low in the INL, 

near AC somas, and an arbor stratifying roughly at the same depth as Type 1 and 2 BCs. However, 

Type 0 BCs have larger axonal arbors than GluMI/BC1B cells.  Our SBEM volume omitted the 

outer retina, so we cannot say if Type 0 BCs lack a process in the OPL, as GluMI and BC1B cells 

do.       

 

R-cells resemble ON vertical OS RGCs (Nath and Schwartz, 2016). Both are bistratified in the 

same IPL sublaminae, have a larger ON than OFF arbors, lack marked dendritic-field asymmetry, 

have an ON-dominant response, and some sensitivity to stimulus orientation.  However, R-cells 

have smaller dendritic arbors, a distinct temporal response profile to light steps, and substantially 

broader tuning for orientation than vertical OS cells.    

 

Another possible R-cell equivalent is the medium-sized bistratified RGC (m-BGC), labeled in the 

PCP2-Cre mouse (Ivanova et al., 2013a). However, the two cell types slightly differ in soma 

diameter (R-cell vs. m-BGC: 12.9±1.0 vs. 14.6±1.6 µm), dendritic field diameters (ON: 178±35 

vs. 219±25 µm; OFF: 138±36 vs. 148±24 µm), and ratio of ON to OFF dendritic field diameters 

(1.3±0.2 vs. 1.5±0.1). Moreover, the inner arbor of R-cells which partly costratifies with the ON 

ChAT band, appears a bit more distal than that of m-BGCs. Also, m-BGCs exhibit many dendrites 
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that ascend to the outer IPL before descending to the inner IPL; we rarely saw these in R-cells. 

Retinofugal projections in the PCP2-Cre and Rbp4-Cre mice are generally similar, though the 

heterogeneity of RGC labeling in both lines complicates any interpretation. Other possible 

morphological equivalents of the R-cell include the G12 cell (Volgyi et al., 2009), Type 8 RGCs 

(Helmstaedter et al., 2013), and the ‘V’ RGCs (Sumbul et al., 2014), all of unknown physiological 

type. 

 

RDS – A direction selective cell in the Rbp4-Cre mouse 

The other RGC marked in this line, the RDS cell, is a variant of the ON-OFF DS RGC types. 

Superficially, the RDS cell resembles GFP-positive DS cells in the Hb9-GFP mouse (Trenholm et 

al., 2011).  Like them, RDS cells prefer motion toward the ventral retina; they costratify and 

cofasciculate with both ON and OFF starburst processes in the IPL; they exhibit asymmetric ON 

and OFF dendritic arbors displaced from the soma toward the ventral retina; and they are CART-

immunopositive (Kay et al., 2011; Trenholm et al., 2011). Additionally, the number of primary 

dendrites (4.0±0.8 vs. 3.1±0.6), total dendritic length (4965±981 vs. 5371±881 µm), and number 

of branch points (95±11 vs. 107±31) do not differ significantly between RDS and Hb9 cells (Welch 

t test for unequal variances - primary dendrites: t= -2.09, df=3.35, p=0.12; dendritic length: t= 

0.79, df=3.47, p=0.48; branch points: t= 1.26, df=5.06, p=0.26; nRDS=4, nHb9=42). However, 

differences do stand out. Global dendritic field diameter (229±6 vs. 192.8±2.7 µm) and soma 

diameter (17.5±2.0 vs. 12.7±1.4 µm) of RDS cells are significantly larger than those of Hb9 cells 

(dendritic field diameter: t= -10.57, df=6.71, p<0.001; soma diameter: t= -5.23, df=3.34, p=0.01; 

nRDS=4, nHb9=42; all morphological statistics for Hb9 cells from Trenholm et al., 2011). Moreover, 

whereas several canonical ON-OFF DS subtypes are known to innervate the shell of the dLGN, 
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RDS cells appear to project to the NOT, a part of the accessory optic system. It remains to be 

systematically tested whether the RDS cell represents a novel DS cell type, or instead, the same 

cell type marked in the Hb9-GFP mouse.  



	 236	

 
Table 1. Summary (average ± s.d.) of morphological properties of RGCs and ACs in 
the GCL of Rbp4-Cre mouse 

 
 
Soma diameters were estimated from photomicrographs of whole-mounted Rbp4-Cre;Ai14 
retinas with exposures optimized for crisp definition of somatic profiles, thus avoiding 
overestimates from ‘bloom’ of intense somatic fluorescence. Global dendritic field 
diameter represents the diameter of a circle that has the same area as a convex polygon 
minimally enclosing both inner and outer arbors.  
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Figures and legends 

 

Figure 1. Density of Rbp4 ACs and RGCs varies across the retina 

A. Photographic montages of a representative retinal wholemount from a Rbp4-Cre;Ai14 

mouse showing tdTomato labeling in Cre-expressing cell bodies in the GCL (black dots). 

Fluorescence image has been inverted and binarized for clarity. D: dorsal, N: nasal, V: 

ventral; T: temporal. B. magnified view of retinal region marked by black square in (A). 

tdTomato fluorescence is pseudocolored magenta; focal plane is in the ganglion-cell layer. 

C. Density of tdTomato-positive cells in the GCL varies topographically, and is lowest in 

the dorsal-nasal retina. Values for each quadrant are mean densities (cells/mm2) derived 

from counts in four fields, each 256 x 256 µm. D-F. tdTomato-labeled cells of the GCL 

(D) include RGCs (white circles) identifiable by their RBPMS-immunolabeling (E) and 

displaced amacrine cells (yellow arrows), which are RBPMS immunonegative. G. 

Topographic variation in the percentage of tdTomato-positive cells that are RGCs.  
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Figure 2. Morphology of Rbp4-Cre-positive cells of the inner retina. 

A-C. Rbp4-Cre-positive cell types of the GCL.  All images are maximum intensity 

projections showing the arbors as seen en face. To highlight the structure of the injected 

cell, images have been masked to hide extraneous fluorescence and pseudocolored to 
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distinguish between processes in the ON sublayer of the IPL (green) from those in the OFF 

sublayer (purple).  All cells were filled by intracellular dye injection after targeted 

recording of a tdTomato-positive RGC or AC in the Rbp4-Cre-tdTomato mouse. A. wide-

field Rbp4-Cre-labeled displaced AC (“RAC”), shown to scale with the two RGC types, 

the RDS-cell and R-cell. B. R-cell. C. RDS-cell. Arrowheads in (B) and (C) indicate axons.  

All scale bars, 50 mm. D. Schematic diagrams illustrating stratification of Rbp4-Cre-

labeled ACs (left) and RGCs (right) relative to ipRGCs and starburst ACs (ON and OFF 

ChAT bands). Polyaxonal displaced ACs (RACs, cyan) restrict their processes to the inner 

ipRGC plexus (lower green band). Bistratified ACs (purple), which have conventionally 

placed somas in the INL, stratify within both the outer ipRGC plexus (upper green band; 

the ‘accessory ON sublayer’, locus of ectopic synapses from ON cone BCs) and in the 

inner ipRGC plexus. R-cells (red), the most abundant Rbp4-Cre-labeled RGC type, deploy 

an outer arbor between the OFF ChAT band and the outer ipRGC plexus; their inner arbor 

stratifies near the inner boundary of the ON ChAT band. RDS-cells (blue) deploy their 

dendrites strictly within the ON and OFF ChAT bands.  
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Figure 3. Morphology of ACs labeled in the Rbp4-Cre mouse line. 

A-G. Morphology of RACs, the Rbp4-Cre-positive wide-field polyaxonal displaced 

amacrine cells. RAC processes form a dense plexus in the inner ON sublayer intermingled 

with dendrites of M2 ipRGCs. A. Single intracellularly dye-filled RAC (green) in relation 

to the dense plexus of fine, horizontally running tdTomato-positive processes in the Rbp4-

Cre;Ai14 mouse (magenta). Maximum intensity projection of several optical sections 

through the GCL and inner ON sublayer of the IPL.  B. Relationship of the same plexus of 

wide-field ACs processes (red: tdTomato reporter for Rbp4-Cre) in relation to the dendritic 

plexus of M2 ipRGCs (blue, anti-melanopsin). Tiled maximum intensity projection of ~10 

optical sections spanning the plexus and adjacent GCL, but entirely proximal to ON ChAT. 

Scale bar, 50 µm. C. Magnified subregion from (B) showing numerous points of potential 

contact between the two cell types. Scale bar, 10 µm. D-F. Orthogonal projections of 

processes of Cre-positive ACs of the GCL (D), inner and outer ipRGC dendritic plexuses, 

marked by anti-melanopsin immunofluorescence (E), and a merged view (F) showing 

costratification of amacrine plexus with that of M2 melanopsin dendrites. G. Drawings of 

single dye-filled RACs. H-J. Cre-expressing wide-field bistratified ACs of the inner 

nuclear layer (INL). H. Somata and outer plexus of processes of these cells as shown in 

maximum intensity projection of a shallow z-stack of confocal optical sections spanning 

the INL-IPL border. I. Single optical section at the level of this plexus in the most distal 

IPL showing the processes of tdTomato-labeled AC processes (red) with the dendrites of 

M1 ipRGCs (cyan), labeled by anti-melanopsin immunofluorescence.  Somata of OFF 

starburst ACs (green) are also visible at this level.  J. Orthogonal maximal intensity 

projection of the z-stack from (H), showing the two plexuses of Rbp4-Cre-labeled 
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amacrine cells, an outer one (above) derived from the INL ACs (arrows) and the inner one 

(below) derived from both these INL amacrine cells and RACs. Scattered labeling between 

these plexuses comprise connecting dendrites of the INL amacrine cells.  Somata in the 

GCL are not visible because the z-stack spanned only the IPL and proximal INL.    
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Figure 4.   RACs have sustained irradiance-encoding light responses even under 

blockade of chemical synapses  

A. Voltage responses, including spiking, of a single RAC stimulated with a series whole-

field light steps of various irradiances under control conditions (Ames medium). Whole-

cell current-clamp recordings. Irradiance levels in log photons cm-2 s-1 are indicated above 

traces. Horizontal black bar below the leftmost trace indicates the timing of the 15 sec 

stimulus (spot diameter 1200 µm). B. Average peri-stimulus time histograms (PSTHs) of 

spiking evoked by light steps of various irradiances (n = 3 cells; average ± s.e.m.). C. 
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Irradiance-response curve based on data presented in (B). Data points and error bars 

indicate the average ± s.e.m. of the steady state response, assessed during the last 5 seconds 

of the stimulus. Magenta line denotes the fitted sigmoidal Naka-Rushton function. The 

coefficient of determination (R2) for the fit is indicated. D. Excitatory inward currents 

evoked by a series of stimulus irradiance steps under control conditions. Whole-cell 

recording with voltage clamped at the chloride reversal potential. E. Irradiance-response 

curve derived from data in (D). F-I. Effect of ON-channel blockade (bath applied L-AP4) 

on the voltage responses of RACs to light steps.  Whole cell current-clamp recordings. F-

I. Voltage responses of a representative RAC during ON-channel blockade. F. Response 

to the brightest light step tested (black trace; 13.5 log photons cm-2 s-1). Lower trace is 

approximately to scale with those in (A). Inset: higher gain display showing transients at 

onset and offset of the stimulus, plus a slow depolarizing drift of the membrane potential 

during the stimulus.  The lower envelope of the voltage trace is shown in magenta. G. 

Voltage responses at several irradiances (n = 3 cells; average ± s.e.m.). Lower voltage 

envelope is shown, rather than raw voltage, to minimize distortion by spikes. H. Irradiance-

response relationship based on data in (G). I. Voltage responses to a series of four bright 

wide-field light steps each 30-sec long. Note the gradual depolarization during the stimulus 

and slow post-stimulus decay, which are characteristic of intrinsic melanopsin 

photoresponses in ipRGCs.  J-M. Effects of combined OFF and ON channel blockade on 

RAC light responses obtained in whole-cell current-clamp configuration (bath applied L-

AP4 plus an ‘OFF cocktail’ that included D-AP5, DNQX, and ACET; n = 3 cells), 

conventions the same as for matching plots in (F-I).  Light still drives a slow 
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depolarization, presumably due to persistence of melanopsin-dependent photoresponses in 

ipRGCs. 
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Figure 5. RACs are tracer-coupled to M2 ipRGCs and other neurons of the GCL. 

A-C.  Intracellular dye filling and tracer coupling of a Rbp4-Cre displaced amacrine cell 

(RAC) in relation to melanopsin immunoreactivity.  Montage of collapsed z-stacks 

(maximum intensity projections) covering a portion of the RAC’s arbor. A. Fluorescent 

streptavidin labeling of Neurobiotin-injected RAC (purple circle; partly obscured by 

artifacts) and in eight cells tracer-coupled to it (white and gold circles). Magenta 

arrowheads indicate the extremely slender processes of the dye-filled RAC. B. Anti-

melanopsin immunolabeling.  A tracing of the filled RAC is overlaid in white.  Circles 

around tracer-coupled cells are color coded for the melanopsin immunoreactivity of the 

marked cell:  gold for immunopositive cells and white for immunenegative ones.   C. 

Merged view of (A) and (B).  D-I. Identity of tracer coupled neurons in region marked by 

upper white square in (A-C). Conventions as in (A-C). D. Neurobiotin tracer. E. Anti-

melanopsin immunofluorescence.  F.  Cre-dependent tdTomato labeling. G. Merge of (D-

F).  H. Immunofluorescence for the RGC marker RBPMS. I. Merge of Neurobiotin (D) 

and RBPMS labeling (H).  White arrowhead indicates a tracer-coupled cell that is both 

RBPMS immunenegative, and thus an AC, and Cre-negative and thus not a RAC. J-O. 

Same cell as (A-I), but for the retinal region marked by the lower white square in (A-C).  

P. Tracing of the Neurobiotin-injected RAC, which nearly encompasses this retinal 

quadrant; retinal margin marked by blue line. Q. Drawings based on dendritic anti-

melanopsin immunelabeling of three partially reconstructed M2 ipRGCs (green) that were 

tracer coupled to the Neurobiotin-filled RAC (black profile).   Also traced are two M1 

ipRGCs (red) in the same field that were not tracer-coupled to the injected RAC.   
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Figure 6. Morphology of the R-cell — a bistratified RGC labeled in the Rbp4-Cre line 

A. Examples of the common tdTomato-positive RGCs — R-cell — in the Rbp4-Cre mouse. 

B. Variation in soma diameter across cell types in the GCL. Soma diameter differed 

significantly across the three cell types of the GCL (one-way ANOVA, F2,65=90.9, p < 

0.001; post-hoc pair-wise comparisons revealed that each cell type differed from the other 

two [P < 0.001]). C. Dendritic field diameter as a function of number of branch points for 

RACs, R-cells and RDS-cells. D. Stratification of R-cell processes. Side-view maximum 

intensity projections of processes in Rbp4-cre cells (red) in relation to processes of M1 and 

M2 ipRGCs (cyan; anti-melanopsin) and to starburst AC (SAC) processes (green; anti-

ChAT). The fine Rbp4-cre-positive processes at the level of the inner melanopsin plexus 
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(M2 ipRGC dendrites) are derived from wide-field displaced RACs; the coarse processes 

are derived mainly from R-cells, and stratify near and within the ON ChAT band and 

between OFF ChAT and the outer melanopsin plexus (M1 ipRGC dendrites). E. Dendrites 

of the ON arbor of two virally labeled R-cells (green; flex AAV2-mCherry) tend to 

cofasciculate with the processes of ON starburst ACs (purple, anti-ChAT) which lie at or 

very near the same level as the R-cell ON processes. F. Three closely spaced R-cells (red; 

white arrows) with visible axons, labeled in the Rbp4-Cre-tdTomato mouse. The other red 

cells are Rbp4-Cre-labeled displaced ACs (RACs). Shown for comparison are the somas 

and axons of ipRGCs (cyan, anti-melanopsin) and the somas of ON starburst ACs (gold, 

anti-ChAT). G. The three closely spaced R-cells show a hint of mosaics formed by the 

dendritic arbors in both the ON (green) and OFF IPL sublayers (purple). Maximum 

intensity projection of several optical sections centered on the relevant arbor. 
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Figure 7. Rbp4 R-cells show sustained irradiance-encoding light-evoked responses 

A. Light-evoked firing, obtained in whole-cell current-clamp configuration, to a series of 

stimulus intensities (irradiance) under control conditions (retina bathed in Ames medium 

only). Irradiances in log photons cm-2 s-1 are indicated above traces. Horizontal black bar 

below the leftmost trace indicates the duration of a 15 sec wide-field light step from 

darkness. B. Peri-stimulus time histograms (PSTHs) averaged across cells (n = 4 cells; 

average ± s.e.m.) for various irradiance levels. C. Irradiance-response (IR) curve based on 

data presented in (B). Data points and error bars indicate the steady state response (average 

± s.e.m.). The coefficient of determination (R2) of the fit is indicated. D. Light-evoked 

currents, obtained in whole-cell voltage-clamp configuration, to a series of stimulus 

irradiance levels under control conditions. The membrane voltage was clamped at the 
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chloride reversal potential. E. IR curve based on data presented in (D). F-N. 

Pharmacological analysis of circuitry underlying R-cell light responses. F-H. RGC 

responses, obtained in whole-cell current-clamp configuration, while blocking the ON 

pathway using L-AP4. F. Example of a cell’s light-evoked voltage response (black trace) 

to the brightest stimulus tested (13 log photons cm-2 s-1). The lower envelope of the voltage 

trace is shown in magenta. Inset, same trace at higher gain showing a sustained 

hyperpolarization in the voltage response as well as the lower voltage envelope throughout 

the stimulus duration. G. voltage envelope (n = 3 cells; average ± s.e.m.) for various 

irradiance levels. H. IR curve based on data presented in (G). I-K. RGC responses (n = 5 

cells), obtained in whole-cell current-clamp configuration, while blocking both the ON and 

OFF pathways using L-AP4, D-AP5, and DNQX. Conventions in individual plots are the 

same as in (F-H). L-N. R-cell responses (n = 4 cells), obtained in whole-cell current-clamp 

configuration, after more complete synaptic blockade by further addition of the OFF 

channel blocker ACET to the L-AP4, D-AP5, and DNQX already in the bath. Conventions 

in individual plots are the same as in (F-H). O. Firing rate in response to a series of bright 

spots on a dark background at varying sizes (main plot, 50-400 µm; inset, 50-1200 µm; n 

= 3 cells). P. Example of direction and orientation selectivity tuning of two R-cells. Thick 

blue lines show the average cells’ response to sinusoidal gratings drifting in each of eight 

different directions, 45° apart. Thin blue lines show data from each of four single trials. N, 

nasal; D, dorsal; T, temporal; V, ventral. Red lines indicate the preferred direction based 

on four individual repetitions (thin lines), and their average (thick line). The direction 

selectivity index (DSI), orientation selectivity index (OSI), and preferred direction (PD) of 

the cell are indicated. Q. Average ± s.e.m DSI and OSI across tested cells (n = 5 cells).  
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Figure 8. Serial electron microscopy reconstruction of an Rbp4 RGC and its synaptic 

inputs  

A. EM reconstruction of a presumptive Rbp4 R-cell (black) along with dyad synapses made 

onto it (red dots), as viewed en face (top) and in an orthogonal plane (bottom). Scale bar, 

50 µm applies to panels (A-D). B. Orthogonal view of the presumptive R-cell (black) along 

with traces of several ON-OFF DS RGCs (yellow) and two M1 ipRGCs (red). The outer 

dendritic arbor of the presumptive R-cell stratifies below the M1 ipRGC plexus and just 

above the OFF ChAT band; its inner arbor stratifies just below the ON ChAT band. C. 

Orthogonal view of BCs making identified ribbon synaptic contacts onto the presumptive 

R-cell. Top and bottom gray horizontal bars represent the OFF and ON ChAT bands, 

respectively. D. EM reconstruction of a presumptive R-cell (black) along with BCs that 

synapse onto it, as viewed en face (top) and in an orthogonal plane (bottom). Bipolar cell 

colors follow the scheme indicated in the key below. Note that the presumptive R-cell did 
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not receive input from rod BCs (RB) or cone BCs of Types 4 and 9. E. Percentage of all 

bipolar input to the presumptive R-cell as a function of BC type. OFF input derived mainly 

through Types 1 and 2, and ON input derived mainly through Type 7. F. Axon terminal 

field area (median and first and third quartiles) as a function of BC type. G. IPL depth 

(median and first and third quartiles) as a function of BC type. H. Mean normalized density 

of axonal processes as a function depth for each BC type. Though RB cells lacked synaptic 

contacts onto the presumptive R-cell, they were included in the analysis as a useful 

benchmark in the assessment of depth of axon-arbor stratification for BC types (see 

Methods). 
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Figure 9.   A novel OFF bipolar cell, Type 0 

A-C. Partial mosaics of cone bipolar cell Types 0, 1 and 2, as viewed en face (top) and in 

an orthogonal plane (bottom). Top and bottom gray horizontal bars represent the OFF and 

ON ChAT bands, respectively. Scale bar, 50 µm. The soma of one type 0 was not included 

in the SBEM volume, perhaps due to slight variation in the orientation of the retina within 

the SBEM volume. D. Terminal field area (median and first and third quartiles) of Type 0 

bipolar cells was larger than those of Types 1 and 2. E. IPL depth (median and first and 

third quartiles) of Type 0 cells was larger than those of Types 1 and 2. Gray horizontal bar 

represents the OFF ChAT band. F. Mean normalized density of axonal processes of Type 

0 bipolar cells was slightly more peaked and narrow than Types 1 and 2. Vertical dashed 

line represents the OFF ChAT band. G. Type 0 BCs made both dyad and monad synapses; 

arrowheads mark ribbons. All contacts onto the presumptive R-cell were dyads; the 

postsynaptic partners of monads are unknown.  
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Figure 10. Morphology of DS RGCs in the Rbp4-Cre mouse 

A. Drawings of three direction-selective RGCs labeled in the Rbp4-Cre mouse (‘RDS 

cells’). B. Dendritic stratification of an RDS cell. Five views of the same rotated 

orthographic maximum intensity projection derived from z-stacks taken in the vicinity of 

a single labeled RDS cell are shown. Views (top to bottom) show the individual tdTomato 
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in the Rbp4:Cre;Ai14 mouse (tdT), tdTomato and anti-ChAT labeling (tdT/ChAT), 

tdTomato and anti-melanopsin labeling (tdT/mel), anti-ChAT and anti-melanopsin 

labeling (mel/ChAT), and tdT/mel/ChAT labeling. RDS dendrites with Rbp4-Cre-

dependent viral labeling (red) match the depth of the ON and OFF ChAT bands (ON and 

OFF starburst AC [SAC] arbors, blue). Both Rbp4 (red) and ChAT (green) labeling appear 

below the outer M1 ipRGC plexus and above the inner M2 ipRGC plexus (purple). C. 

Dendrites of the inner arbor of a virally labeled RDS cell (green) cofasciculate with the 

processes of ON starburst amacrine cells (anti-ChAT) which lie at or very near the same 

levels as the RDS-cell inner processes. Scale bar, 50 µm. D. Voltage responses of a 

representative RDS cell to sinusoidal contrast gratings drifting in eight directions at 45° 

intervals. Polar plot shows response amplitude as a function of stimulus direction 

(normalized to maximum response). Red vector shows preferred direction in retinal 

coordinates (N, nasal; D, dorsal; T, temporal; V, ventral). E. Voltage traces for the same 

representative RDS cell, illustrating the ON and OFF responses to the leading and trailing 

edges of a drifting bright bar. F. A polar plot summarizing the direction preference (vector 

angle) and direction selectivity index (DSI, vector length). RDS cells preferred ventral 

motion on the retina. G. A polar plot summarizing the direction of dendritic arbor 

asymmetry (vector angle) and asymmetry index (AI, vector length), for the inner (blue) 

and outer (green) arbors. H,I. Both types of Rbp4-cre RGCs (R-cells and RDS cells) are 

CART immunoreactive. Triple labeling in the GCL for Rbp4-Cre-tdTomato (red), CART 

(green; an immunomarker for ON-OFF DS RGCs), and RBPMS (magenta; an 

immunomarker for RGCs).  Cre-positive ganglion cells are indicated by white markers. 

Most are R-cells (hollow white arrowheads), but two are RDS cells (filled white arrows).  
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All of these are also immunopositive for RBPMS and CART (I).  Cre-positive displaced 

amacrine cells (RACs), indicated by blue markers, are identifiable from their RBPMS 

immunonegativity (I).  Virtually all of these lack CART immunolabeling (hollow blue 

arrowheads), but one RAC appeared to be CART-immunopositive (solid blue arrow). Scale 

bar, 50 mm. 
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Figure 11. Brain projections of Rbp4 RGCs, and R-cells alone 

A-D. Axon terminal labeling following injection of a Cre-dependent viral reporter. A. 

Labeling was evident in the lateral geniculate nucleus (LGN) (A,C) and nucleus of the 

optic tract (NOT)  (A,B). C. Two coronal sections, consecutive along the rostral-caudal 

axis. Labeling was evident in the dorsal and ventral divisions of the LGN (dLGN, vLGN), 

but not in the intergeniculate leaflet (IGL). Labeling was restricted to a narrow band along 

the lateral margin of the vLGN. D. Intense labeling was evident also in the superficial 

layers of the superior colliculus (SC). E. Axon terminal labeling following sparse labeling 

of Cre-expressing neurons. Only three RGCs were detectably labeled in this retina, and all 

were bistratified R-cells. Axon terminal labeling was detected only in the dLGN (at the 
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boundary between core and shell regions), in the vLGN (left), and in the most superficial 

layers of the SC (right). 
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CHAPTER 5 

Closing thoughts 

Organisms are organized and integrated into multiple levels of increasing 

complexity. Atoms are components of molecules, which are organized into 

macromolecules such as proteins and DNA, which in turn form cells. Cells are parts of 

tissues, which form organs, which are components of organisms. For example, the eye at 

the highest level can be considered an optical device transducing light into a pattern of 

neural activity that is sent along the optic nerve to the central brain. The lower-level 

components include the transparent cornea that refracts incoming light before it passing 

through the pupil; the lens then tunes the focus of the light; and the light will finally be 

absorbed and transduced into neural signals by a thin sheet of specialized neural tissue 

forming the retina in the back of the eye. The retina is made of cells such as the 

photoreceptors, which change their membrane voltage in response to light stimulus 

intensity and wavelength, and the retinal ganglion cells that transmit multiple channels of 

visual information from the retina to the brain. At the molecular level, the rod 

photoreceptors, for example, contains the photopigment Rhodopsin that captures photons 

of light and mediates the phototransduction signaling cascade that leads to 

hyperpolarization of the cell. 

Studying complex biological systems are generally considered according to top-

down or bottom-up relationships across the levels. Darwin adopted a top-down approach 

for his studies of different species and the underlying complexities of evolutionary change. 

Classification studies have generally used a top-down approach to decompose complex 

spatial, temporal, and causal relationships into lower-level component parts. In contrast, 



	 268	

Mendel used a bottom-up approach to discover heritable “genes” that specifies the 

phenotypic characteristics of organisms. The discovery of the double-helix DNA as the 

physical basis of genetic material paved the way for understanding the ‘transcription’ of 

DNA into messenger RNAs that are then ‘translated’ into proteins (WATSON and CRICK, 

1953). A genetic mutation is able to propagate across all higher levels of organization. The 

function of genes has been investigated by disrupting the coding region of genes and 

analyzing for consequential phenotypes (Strange, 2005, for review). Although these 

molecular approaches provided many insights into fundamental biological problems, the 

genotype-phenotype relationship was confounded by redundancy or a lack of discernible 

phenotypes (Brenner, 1994). Further, a gene by itself is not capable of causing an 

observable phenotypic trait and requires the context of many other genes in the cellular 

environment. Biological systems have emergent behavior in which the whole is more than 

the sum of the parts. In other words, the properties at one level of complexity are due to 

the interactions and relationships among their component parts. The innovation of genome-

scale sequencing has generated the relatively new systems biology approach (Ideker et al., 

2001; Kitano, 2002; Pennisi, 2003). Systems biology studies networks of interacting 

biological components using computational and mathematical models instead of focusing 

on identifying and characterizing individual molecular components. However, relying 

solely on inferred models of function of complex biological systems from systems biology 

has been insufficient due, in part, to the hazards of the inverse problem (Brenner, 2010). 

The inverse problem has at least two challenges described by (Tarantola, 2006). First, it 

can be a challenge to find even a single model that fits across the complex datasets that can 

sometimes span hundreds of dimensions, likened to finding a needle in a haystack. In 
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addition, multiple models may fit the same set of observations equally well. The 

hypothesis-neutral systems biology approach has similar overarching goals to study 

complex biological systems as integrated wholes as the classic hypothesis-driven 

physiology approach (Strange, 2005; Joyner, 2011; Noble, 2011). Increased synergy 

between molecular biology reductionism with systems biology and physiology approaches 

will be necessary to fully comprehend organisms from top to bottom and bottom to top, 

perhaps eventually necessitating a merger into ‘Physiology 2.0’ (Kuster et al., 2011). 

The mammalian nervous system is the most complex biological system on the 

planet and has proven especially challenging to reach a complete integration across all 

levels from molecules to cells to circuits to animal behavior (Geschwind and Konopka, 

2009; Koch, 2012; Samborska et al., 2016). Our study of mammalian retina cell types 

benefited from modern genomics capabilities for hypothesis-generation that we then 

complemented with the more hypothesis-driven approaches of molecular, cellular, and 

systems-level neuroscience. Our study joins a growing body of research that has revealed 

molecularly diversity within cell types across the nervous system (Mihaljević et al., 2014; 

Sanes and Masland, 2015; Sternson et al., 2016; Hamilton et al., 2017). Reaching a 

complete parts list at the cellular level has remained out of reach for the mammalian 

nervous system (Zhang et al., 2011; Masland, 2012; Sanes and Masland, 2015). Further, 

the sparse knowledge scattered across the biological levels of the nervous system has 

provided an impassible barrier to full integration.  

Perhaps we can look to invertebrate model systems to gauge what will be required 

to reach an integrative understanding of mammalian systems. This would be similar to how 

sequencing of the Caenorhabditis elegans genome provided a framework for the 
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experimental pipeline required for the efficient completion of the Human Genome Project 

(C. elegans Sequencing Consortium, 1998; Sulston and Ferry, 2002; Hillier et al., 2005). 

The C. elegans nervous system contains less than 400 neurons and was recognized early 

on for its potential as a model system for studying neurobiological questions (Brenner, 

1974; Corsi et al., 2015). Studying the relatively simple nervous system of the C. elegans 

nervous systems has generated a relatively complete representation of the cells and 

connections that make up the nervous system in an intact, whole organism. Currently, the 

classification of neurons in C. elegans is nearing completion, with all component neurons 

being catalogued based on their precise position, morphology, and wiring diagram (Hobert, 

2016; Hobert et al., 2016). The accumulation of nearly 1000 reporter genes has 

distinguished molecular markers and combination of transcription factors that are 

expressed for nearly all (more than 90%) of the anatomically distinguished neuron types 

(Hobert, 2016; Hobert et al., 2016). However, neuron types are rarely distinguished by the 

expression of a single terminal selector, even in the relatively simple C. elegans nervous 

system (Hobert, 2016; Hobert et al., 2016). Regardless of its simplicity, C. elegans are 

capable of a surprisingly diverse set of behaviors that include response to environmental 

stimuli, locomotion, male and female reproductive behaviors, and social feeding (Trent et 

al., 1983; Bargmann, 1993; Bargmann et al., 1993; Riddle et al., 1997; de Bono and 

Bargmann, 1998). The ‘brain-body-environment models’ of the intact C. elegans have 

begun to relate the detailed understanding of neuron components to the whole animal as 

well as to its external environment (Izquierdo and Beer, 2016). Physiological analysis of 

whole-brain dynamics in a freely behaving C. elegans has recently been made possible 

using calcium indicators (Prevedel et al., 2014; Kato et al., 2015; Nguyen et al., 2016; 
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Venkatachalam et al., 2016). Despite the great progress that has been made integrating cell 

type models to C. elegans behavior, the full modeling of complex behaviors from 

molecules to cells to complex behaviors without gaps has remained out of reach even for 

C. elegans. Once completed, translating the framework of a model of invertebrate nervous 

systems to mammalian nervous systems is still anticipated to be an immense challenge. 

The mammalian nervous system has undergone a dramatic evolutionary diversification and 

increase in the number of neuron types(Katz et al., 2013). Further, a more elaborate and 

interconnected network of transcription factors is responsible for maintaining adult neuron 

identity in mammalian nervous system and a complex combination of transcription factors 

is expected to be responsible for co-regulating different specific subsets of target genes 

(Holmberg and Perlmann, 2012; Wagner, 2014; Arendt et al., 2016).  

The ‘grand challenge’ of complete understanding of the mammalian nervous 

system is also burdened by the disorganized data flood that has been incoming from studies 

of the anatomical, physiological, and molecular properties of neurons (Ascoli and Wheeler, 

2016; Hamilton et al., 2017). We will require increased collaboration, communication, and 

synthesis across a wide range of scientific fields, including close collaboration with 

computer scientists and engineers (Cohen, 2004; Padilla and Tsukimura, 2014; Padilla et 

al., 2014). Further, the neurons of the nervous system will need to be fully integrated with 

that of the overlapping network of glial cells (Samborska et al., 2016). Eventually the 

nervous system will become related across all biological levels, including system-wide 

physiological systems involved with regulating such diverse functions as blood flow and 

hormone secretion. Identifying ‘individuated’ evolutionary units could prove to be a 

powerful approach to distinguish natural subdivisions of components within the same level 
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(i.e., cell types) that share an evolutionary relationship with other individuated components 

in higher levels of complexity (Wagner, 2014; Arendt et al. 2016). Therefore, continuing 

to increase our comprehensive understanding of the nervous systems in other species is 

anticipated to increase understanding in humans. In the near future, research groups will 

need to become adept at generating and coordinating ‘data ladders’ in which datasets are 

interlinked in a way that provides a complete characterization of a brain area of study that 

spans the different levels of biological organization, including ‘rungs’ that relate what is 

known about humans with other species (Markram, 2013). There will not be an easy single 

answer to the profound question of how nervous systems accomplish the astounding 

computations that concurrently manage sensory processing, physiological maintenance, 

and behavior output. In the same way that organismal systems can integrate and organize 

diversity to generate astounding emergent behavior, so too will the ecosystem of scientists 

need to continue learning how to foster individuality while embracing diversity and 

collaboration in a way that the whole is greater than the sum of its parts. 
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