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Abstract 

Title: A string of lights: Maturin expression and potential role during mouse 

retinogenesis 

Author: Christine Ly 

Sponsor: Dr. Michael E. Zuber 

During retinal development, a pool of progenitor cells divides to generate 

daughter cells that eventually differentiate into the seven retinal cell types, including 

horizontal cells (HCs) and retinal ganglion cells (RGCs). Much about how cells exit the 

cell cycle and maintain a differentiated state remain unknown. Dysregulation of this 

process can alter the cellular composition and function of the retina. Thus, by studying 

this developmental process, we can better understand the mechanisms by which 

progenitor cells become functional, differentiated cells.  

Our previous work determined that Maturin (Mturn) is highly conserved in its 

expression pattern and protein sequence across various vertebrate species. Furthermore, 

we concluded that it is required for differentiation of primary neurons in Xenopus laevis. 

Preliminary work in mice revealed that in the absence of Mturn, extensive folds occur in 

the retina. I used this model to characterize the expression of Mturn in the mouse retina 

and ask if Mturn is required for normal mice retinogenesis. By immunostaining retinal 

sections with various cell type-specific antibodies, I found that Mturn is expressed in 

differentiating cells and not in proliferating cells. In addition to determining that its 

expression is maintained in mature HCs, I concluded that Mturn is not required for 

generating the proper number HCs. Our results from studies on Mturn in both frogs and 
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mice have led us to hypothesize that Mturn may function to maintain HCs in 

differentiated state and prevent their reentry into the cell cycle. Although preliminary 

experiments testing this hypothesis were inconclusive, future work should continue to 

investigate the role of Mturn in retinogenesis.   
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Chapter 1: General Introduction 

1.1 Introduction 

A single cell contains all the necessary information to develop into a highly 

sophisticated multicellular organism. From one to two, two to four, etc., pluripotent cells 

divide to increase the number of cells, contributing to the organism's growth. 

Pluripotency is reduced as new cells are generated, and they are fated to become a 

specific cell type. Upon leaving the cell cycle, these specified cells eventually 

differentiate and mature to adopt proper function. The cells migrate and organize to 

establish a tissue architecture necessary for proper function. During development, a pool 

of progenitor cells contains proliferating and differentiating cells that ultimately give rise 

to different cell types. How does this occur? Although we are beginning to understand the 

intricate pathways involved in signaling a cell to halt proliferation and initiate 

differentiation, much remains unknown. 

As an easily accessible extension of the central nervous system, the retina has 

been used extensively to study the coordination between cell proliferation and 

differentiation. A single pool of retinal progenitor cells develops into the seven major 

retinal cell types, forming beautiful layers that allow for detection and relay of visual 

stimuli to the brain. This precise process involves multiple genes that must be expressed 

during specific periods. If the system fails to compensate for alterations in this process, 

the tissue's function may be compromised. This work focuses on investigating if our gene 

of interest, Maturin, is involved in coordinating the transition from proliferation to 

differentiation during mouse retinogenesis. 

1.2 Vertebrate Retinal Structure and Function 
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 The retina is a sensory neural tissue that functions to detect light stimuli and 

convert them to electrical impulses that are relayed to the brain for processing. After 

photons traverse their way through the cornea, the lens focuses them onto the retina, 

located at the back of the eye. The retina consists of seven major cell types (six neuronal 

and one glial) that organize into three different cellular layers with two individual 

synaptic layers in between (Fig. 1.1). The outer nuclear layer (ONL) is the outer-most 

cellular layer and contains the cell bodies of rod and cone photoreceptors (PRs). Rod PRs 

are sensitive at detecting photons at dim light levels. Cone PRs are not only crucial for 

daylight level vision, but they allow for color discrimination and sharper visual acuity. 

PR outer segments house the proteins necessary for the phototransduction cascade, which 

absorb and convert a photon's energy into an electrical signal. The retinal pigment 

epithelium (RPE) is a non-neural tissue that lies adjacent to the PR outer segments and is 

directly involved in the visual cycle, a crucial biochemical pathway for maintaining 

visual function (Strauss, 1995). The second cellular layer is the inner nuclear layer (INL), 

which contains the cell bodies of horizontal (HCs), bipolar (BP cells), amacrine (ACs), 

and Müller glial (MGs) cells. The space between the ONL and INL is the outer plexiform 

layer (OPL). This is where the processes of PRs, HCs, and BP cells form synapses to 

relay information. HCs not only receive input from and feedback to PRs, but they also 

contribute to contrast enhancement and color opponency through inhibitory feedback 

(Twig et al., 2003). MGs are the primary glial cells in the retina and function to provide 

structural support and metabolic maintenance. ACs extend their processes into the inner 

plexiform layer (IPL) and synapse with BP cells and retinal ganglion cells (RGCs). The 

third cellular layer is the ganglion cells layer (GCL). In the mouse retina, roughly half the 
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cells in the GCL are RGCs, while the other half are displaced ACs (Jeon et al., 1998). 

Axons from RGCs form the optic nerve and connect to the brain's higher visual 

pathways, where the visual stimulus is processed further (Kolb, 2011). 

 The vertebrate retina is a highly organized tissue that is important for relaying 

visual stimuli to the brain. Not only is it a highly organized structure, but it is also easily 

accessible. Together, the retina is an excellent model to study various developmental 

processes.  

1.3 Development of the Vertebrate Retina 

The retina develops from the neural ectoderm and is an extension of the central 

nervous system (CNS). Following gastrulation, neural induction patterns the dorsal 

ectoderm to form the CNS. Initially, the anterior neural plate contains a single eye field 

primordium, which expresses a specialized group of homeodomain transcription factors, 

known as the eye field transcription factors (EFTFs). Consisting of Tbx3, Rx, Pax6, Six3, 

Lhx2, tll, and Six6 (also known as Optx2), the EFTFs in X. laevis specify neural 

progenitors to adopt eye fate (Zuber et al., 2003). Pax6, Rx, Six3, and Six6 have also been 

observed in a similar band of expression during neural plate stages in chick, zebrafish, 

and mouse embryos (Bovolenta et al., 1998; Chuang & Raymond, 2002; H. S. Li et al., 

1994; Mathers et al., 1997; Ohuchi et al., 1999; Oliver et al., 1995; Toy & Sundin, 1999; 

Toy et al., 1998; Walther & Gruss, 1991). The expression patterns of EFTFs are 

conserved among vertebrate species and required for vertebrate eye formation (Zuber & 

Harris, 2006). The neural plate then undergoes neurulation to form a tube. The lateral 

aspects of the anterior-most region of the tube evaginate, forming the optic vesicles. 

Contact between the optic vesicle and overlying ectoderm induces lens placode 
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formation, which invaginates, separates from the ectoderm, and becomes the lens. As the 

lens placode invaginates, the optic vesicle folds inwards and develops into the two layers 

of the optic cup. The outer layer differentiates into RPE, while the inner layer becomes 

the neural retina (Wong, 2006). 

In the neural retina, the different cell types are generated from the same pool of 

retinal progenitor cells (RPCs) (Turner & Cepko, 1987; Turner et al., 1990; Wetts & 

Fraser, 1988). RPCs undergo interkinetic nuclear migration, a coordinated process of 

apical-basal nuclei movement in phase with the cell cycle (Fig. 1.2) (Baye & Link, 2007; 

Frade, 2002). With the development of radiolabeled nucleotide precursors of thymine, 

cells that duplicate their DNA during the synthesis period (S-phase) of the cell cycle 

would incorporate the tracer and become labeled. During the mitotic period (M-phase), 

these labeled cells divide into two diploid daughter cells, each with a reduced tracer 

signal. This labeling technique allowed researchers to study the process of proliferation 

and differentiation. They found that S-phase occurs near the inner (vitreal, basal) surface 

of the retina, while M-phase occurs at the outer (ventricular, apical) surface of the retina 

(Sidman, 1961). During the cell cycle, two temporal gaps separate M- and S phases. G1 

interphase occurs after M-phase and leads into S-phase. G2 interphase takes place 

following S-phase and leads into M-phase. Following M-phase, cells decide to either 

proceed into G1 and continue proliferating or exit the cell cycle and differentiate 

(Rapaport, 2006). The day a cell undergoes its last S-phase is when it is "born," and this 

date strongly predicts what cell type it will become (C. L. Cepko et al., 1996). 

Early birth-dating studies demonstrate a highly conserved sequence of cell birth in 

the vertebrate retina. With some minor differences, the general order of cell birth is 
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RGCs, HCs, cone PRs, ACs, BP cells, rod PRs, and MGs (Fig. 1.3) (Harman & Beazley, 

1989; La Vail et al., 1991; Prada et al., 1991; Rapaport et al., 2004; Sidman, 1970; 

Young, 1985a). Another common feature is a separation into distinct phases. The early-

stage consists of RGCs, cone PRs, HCs, some ACs, and a small subset of rod PRs, which 

exit the cell cycle before birth. The remaining ACs, majority of rods, bipolar cells (BP), 

and Müller glial (MGs) undergo final mitosis postnatally. Furthermore, cells in the 

retina's central region leave the cell cycle before those in the periphery (Rapaport et al., 

2004; Young, 1985a, 1985b). Upon exiting the cell cycle, the daughter cell begins to 

express characteristics of differentiating neurons. One of the early signs of differentiation 

is the withdrawal of the process connecting the cell to the apical and basal surfaces 

(Hinds & Hinds, 1974). Then the cell migrates to its final destination, developing distinct 

morphological features of the specified cell type. Since there is a temporal order when 

cells exit the cell cycle and differentiate, RPCs must be tightly coordinated to produce the 

correct number and types of cells. But how does this occur? 

A single pool of RPCs generates seven distinct cell types in a highly conserved 

temporal order. It has been proposed that RPCs respond to changes in intrinsic and 

extrinsic cues, undergoing a series of changes in competence (C. Cepko, 2014; C. L. 

Cepko et al., 1996; Harris, 1997; Livesey & Cepko, 2001; Turner et al., 1990). In the 

competency model, competence to respond to environmental cues defines the state of 

RPCs to produce one or more cell types. Additionally, a cell's competence is dependent 

on the combinatory expression of various transcription factors (TFs), which directs the 

synthesis of proteins for a cell to respond to a set of cues. TFs are also involved in signal 

transduction cascades that ultimately initiate the expression of certain genes needed for 
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differentiation into specific cell types. Competence states are transient, and once cells 

move from one state to the next, it cannot go back. When a cell has a stable network of 

TFs or can produce a group of factors independent of environmental cues, the cell has 

achieved cell fate commitment. Thus, both intrinsic and extrinsic signals modulate cell 

fate within a pool of RPCs (C. L. Cepko et al., 1996; Rapaport et al., 2001).  

1.4 Coordination of Cell Proliferation to Differentiation in the Vertebrate Retina 

The appropriate number of each cell type must be generated and properly 

organized for tissue function during retinogenesis. To achieve this, the transition from 

proliferating RPC to a post-mitotic differentiated retinal cell is vital. It depends on precise 

coordination between cell cycle exit and activation of appropriate differentiation program 

(Miles & Tropepe, 2016). Temporally coupled, downregulation of genes involved with 

cell cycle or proliferation coincides with upregulation of genes specific to differentiation 

(Blackshaw et al., 2004). Additionally, as cells begin to receive signals to differentiate, 

the cell cycle gradually lengthens (Alexiades & Cepko, 1996). Manipulations that extend 

or reduce the G1 phase result in premature terminal differentiation or continued 

progenitor proliferation, respectively (Das et al., 2009; Pilaz et al., 2009; Sicinski et al., 

1995). Preventing cell cycle exit tends to delay retinal differentiation, causing the 

generation of more late-born cell types and fewer early-born cell types (Dyer et al., 

2003). However, some studies have shown that cell cycle exit is not required for, or a 

consequence of, differentiation (Garcia-Dominguez et al., 2003; Lobjois et al., 2008). 

Consistent with this is that RPCs can start to express differentiation markers before cell 

cycle exit and continue to express cell cycle proteins after terminal mitosis (Pacal & 

Bremner, 2012, 2014). 
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Additionally, mutations in significant cell cycle regulators, such as Rb, can cause 

differentiated cells to reenter the cell cycle and generate new cells (Ajioka et al., 2007). 

Therefore, while the dependence of differentiation on cell cycle exit may not be as rigid 

as previously thought, much remains to be investigated, especially the factors involved in 

this coordinated process. There may also be proteins that function to maintain a cell's 

differentiated state and prevent it from reentering the cell cycle. 

Many of the TFs regulating retinogenesis affect major cell cycle regulators. The 

G1 to S phase progression is a critical regulatory point in the cell cycle, determining if 

the cell cycle progresses or if terminal differentiation initiates. The primary molecular 

determinant is the phosphorylation of retinoblastoma (Rb) protein, which depends on the 

activity of cyclin-dependent kinases (CDK) binding to corresponding cyclin proteins 

[reviewed in (Dyer & Cepko, 2001b; Pardee, 1989)]. In the absence of active cyclin-CDK 

complexes, Rb remains bound to a transcription factor, E2F, which transcribes essential 

genes for the S and G2 phases. When cyclins and CDKs bind and form complexes, Rb is 

phosphorylated and released from E2F, allowing it to move to the nucleus and transcribe 

genes for cell cycle progression (Dyson, 1998). 

CyclinD1 (Ccnd1), an essential cyclin in retinal development, is highly expressed 

in RPCs and downregulated in differentiated cells (Barton & Levine, 2008). Due to 

decreased proliferation, Ccnd1-/- mice display severe microphthalmia. Additionally, the 

cell cycle is lengthened, and RPCs prematurely exit the cell cycle, resulting in 

disproportionately more RGCs and PRs than HCs and ACs (Das et al., 2009). When 

Ccnd1 is ectopically expressed in PRs, excessive proliferation occurs; however, a tumor 
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is not produced because there is also an increase in apoptosis, perhaps in response to the 

ectopic proliferation (Skapek et al., 2001). 

Cell cycle progression is inhibited by cyclin kinase inhibitors (CKIs), which block 

the activity of cyclin-CDK complexes. One of the most abundantly and broadly 

expressed CKIs in the developing retina is p27Kip1 (p27) (Cunningham et al., 2002). 

Studies in X. laevis retina have shown that p27 inhibits cell cycle progression and 

promotes MG cell fate (Ohnuma et al., 1999). In the mouse retina, p27 is expressed in 

cells exiting the cell cycle and maintained in all post-mitotic retinal cell-types except HCs 

(Ogawa et al., 2017). Perhaps due to the proliferation window's extension, p27 mutant 

mice have larger bodies with many hyperplastic organs. Interestingly, while there is no 

difference in the proportion of the different retinal cell types, retinal dysplasia is apparent 

with abnormal PRs, BP cells, and HCs lamination (Dyer & Cepko, 2001a; Levine et al., 

2000; Nakayama et al., 1996). Interestingly, Ccdn1-/-, p27Kip1 -/- double mutant mice have 

regularly organized retinas, consisting of properly distributed retinal cells (Das et al., 

2009; Geng et al., 2001). Recent studies have shown that the extended proliferation 

window is not due to the continued proliferation of RPCs. Instead, in the p27 mutant 

mouse retinas, differentiating BP cells, MGs, and cone PRs ectopically reentered the cell 

cycle and generated more cells. Thus, p27 is required for maintaining BP cells, MGs, and 

cone PRs in the post-mitotic, differentiated state (Ogawa et al., 2017). 

1.5 Horizontal Cells in the Mouse Retina 

 Specific genetic pathways are activated during retinal development, directing the 

expression of genes required for generating a particular cell type. Through gain and loss 

of function experiments, some key retinogenic factors have been identified, including 
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bHLH (basic-helix-loop-helix) factors Mash1, Math5, NeuroD1, Ngn2, and Hes1 (Brown 

et al., 2001; Furukawa et al., 2000; Inoue et al., 2002; Morrow et al., 1999; Tomita et al., 

2000; Wang et al., 2001; Yan et al., 2001) and homeodomain-containing proteins Pax6, 

Rax, Chx10, and Prox1 (Burmeister et al., 1996; Dyer, 2003; Furukawa et al., 2000; 

Marquardt et al., 2001; Mathers et al., 1997). Precise temporal expression of these 

retinogenic factors promote particular cell fate(s) and suppress others.  

In the mouse retina, the first HCs are born at embryonic day 11 (E11), and most 

are born by E16 (Young, 1985a). They are categorized into two broad groups based on 

morphology: axon-bearing and axon-less (Gallego, 1986; Peichl et al., 1998). Studies in 

chicken show that the axon-bearing HCs are born one day before the axon-less subtypes 

(Edqvist et al., 2008). The "brush-shaped" (H1) subtype is axon-bearing and is 

universally found in all vertebrate retinas. Different vertebrate species have retinas with 

additional HC subtypes, which are axon-less. It is generally observed that the variation in 

the number of HC subtypes loosely correlates with the relative number of the cone and 

rod PRs (Boije et al., 2016). With predominantly cones in the ONL, the chicken retina 

has three main subtypes of HCs, including H1, the "stellate" (H2), and the "candelabrum-

shaped" (H3) (Gallego, 1986). The H1 axon connects to rod PRs while the dendrites of 

all three types synapse with cone PRs (Genis-Galves et al., 1979; Zhang et al., 2006). On 

the other hand, the rod-dominated mouse retina only has the universal axon-bearing H1 

subtype (Elshatory et al., 2007; Hombach et al., 2004; W. Liu et al., 2000; Peichl & 

Gonzalez-Soriano, 1994). Although the HC subtypes are classified morphologically, they 

also correlate with the expression of specific molecular markers. While all HCs express 

TFs Prox1 and Pax6, those that express LIM homeodomain-containing proteins Lim1 and 
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Isl1 become axon-bearing and axon-less subtypes, respectively (Edqvist et al., 2008; 

Fischer et al., 2007). 

Through overexpression and knockout experiments, some necessary factors for 

HCs genesis have been identified, including FoxN4, Rorb, Oc1/Oc2, Ptf1a, Prox1, Lim1, 

and Sal13. Winged helix TF FoxN4 has been found to activate retinogenic factors Math3, 

NeuroD1, and Prox1 to mediate the formation of HCs and ACs. During mouse 

retinogenesis, FoxN4 is initially expressed at E11.5 throughout the central retina. Its 

expression peaks at E13.5 in the outer neuroblastic layer (ONBL), consisting of 

proliferating and differentiating cells. Using bromodeoxyuridine (5-bromo-2’-

deoxyuridine, BrdU) to label S-phase cells at E17.5, the study found that FoxN4 

immunoreactive cells were also immunoreactive for BrdU, indicating the expression of 

FoxN4 in a subset of dividing progenitors. By postnatal day 0 (P0), FoxN4 is 

significantly downregulated and limited to a subset of cells dispersed in the intermediate 

and peripheral regions around P6-P7. In its absence, the AC population is reduced 

dramatically, and HCs are eliminated, suggesting the necessity of FoxN4 for AC and HC 

genesis. Additionally, Crx expression is significantly upregulated. There are more 

recoverin and rhodopsin expressing cells in the ONL, which indicates the change in cell 

fate from ACs and HCs to rod PRs (S. Li et al., 2004). This change in cell fate to rod PRs 

is usually suppressed by FoxN4 activation of Dll4-Notch signaling, which represses 

expression of PR transcription factors, Otx2, Crx, and Thrb (Luo et al., 2012). 

Another factor with a critical role in HC and AC differentiation is an isoform of 

the retinoid-related orphan nuclear receptor β gene (Rorb). Like FoxN4, Rorb is 

expressed in retinal neuroblastic cells as early as E11.5. At E18.5, Rorb was determined 
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to be expressed in the differentiating cell layer and a subset of cells interspersed in the 

ONBL. Using proliferating cell nuclear antigen (PCNA) to identify dividing progenitor 

cells in the cell cycle, a study found that many of the Rorb expressing cells in the ONBL 

of the embryonic retina were also PCNA immunoreactive. By P7, Rorb expression was 

found in displaced ACs in the GCL as well as HCs and ACs in the INL. Weaker detection 

was observed in BP, PRs, and MGs. In the absence of Rorb, the IPL is collapsed, and the 

OPL is disorganized. Additionally, the INL is thinner with a reduction of ACs and loss of 

HCs, indicating the importance of Rorb in AC and HC genesis. Also, Rorb has been 

found to work synergistically with FoxN4 to induce pancreas transcription factor 1a 

(Ptf1a) (H. Liu et al., 2013). 

Encoding a bHLH factor, Ptf1a is vital for pancreatic development and 

GABAergic neuron in the cerebellar ventricular zone and dorsal horn of the spinal cord 

(Glasgow et al., 2005; Hoshino et al., 2005; Kawaguchi et al., 2002; Krapp et al., 1996). 

In the mouse retina, the expression of Ptf1a begins at E12.5 in the central retina and 

peaks around E14.5 in the ONBL. Around P6-P7, Ptf1a expression is absent from the 

retina. Ptf1a immunoreactive cells do not co-label with BrdU at E14.5, demonstrating the 

post-mitotic status of Ptf1a expressing cells. Recombination-based lineage tracing of 

Ptf1a expressing cells reveals their identities as ACs and HCs (Fujitani et al., 2006). In 

the absence of Ptf1a, ACs are significantly reduced, and HCs are nonexistent; 

additionally, the proportion of RGCs increases. This suggests that Ptf1a is necessary for 

specifying amacrine and horizontal cell fates instead of RGCs (Fujitani et al., 2006; 

Nakhai et al., 2007). Together, these results indicate that the expression of FoxN4, Rorb, 

and Ptf1a are necessary for the generation of ACs and HCs. 
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In addition to FoxN4, Rorb, and Ptf1a, there must be other factors that further 

specify HC fate over AC fate. Onecut (Oc) TFs, specifically Oc1 and Oc2, have been 

indicated in regulating the differentiation of early retinal cell types, including HCs. The 

expression of Oc1 and Oc2 is first detected around E11.5 in a similar pattern of cells in 

the neuroblastic layer (NBL) and GCL. At E14.5, both continue to be expressed in the 

GCL; however, in the NBL, more cells express Oc1 than Oc2. After P0, expression in the 

GCL decreases while that in regularly spaced cells in the ONBL, identified as HCs, 

persists (Wu et al., 2012). In the absence of Oc1, about 80% of HCs fail to form while the 

other cell types are not affected (Wu et al., 2013). When both Oc1 and Oc2 are knocked 

out, the OPL is absent, and HCs are abolished, implicating their necessity for HC genesis 

(Klimova et al., 2015; Sapkota et al., 2014). Oc1 has also been shown to specify HC fate, 

as opposed to AC fate, by functioning downstream of FoxN4 and parallel to Ptf1a. 

Whereas cells that express only Ptf1a become ACs, those expressing both Ptf1a and Oc1 

mature into HCs by expressing TFs such as Prox1, Lim1, Sal13, and AP-2α and β (Wu et 

al., 2013). The mouse homolog of the Drosophila Prospero gene (Prox1) is expressed in 

various cells throughout the NBL of the mouse retina by E12.5. After P0, the expression 

of Prox1 remains in two distinct rows of nuclei in the NBL. Prox1 is expressed strongly 

in HCs and AII ACs and weakly in a subset of BP cells in the mature retina. When Prox1 

is knocked out, more progenitor cells remain in the cell cycle at E14.5. Immunolabeling 

of dispersed cells from cultured Prox1-/- retinal explants reveals a nearly complete 

absence of HCs and a greater proportion of late-born cell types such as rod PRs and MGs. 

Together, this suggests that not only is Prox1 necessary for HC genesis, but it is also 
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essential for regulating cell cycle exit of progenitors in the embryonic mouse retina 

(Dyer, 2003). 

After adopting the HC fate, these cells need to express specific TFs for proper 

migration and differentiation. A critical factor for appropriate HC migration is LIM 

homeodomain protein, Lim1 (also known as Lhx1) (W. Liu et al., 2000). Lim1 is initially 

expressed at E14.5 in specific cells at the basal aspect of the inner neuroblastic layer 

(INBL) adjacent to the GCL. At E15.5, these cells are more dispersed throughout the 

retina. Additionally, when Ki67 is used to label cells in the cell cycle at the same age, 

there is a lack of co-labeling with Lim1 expressing cells. By P0, these cells have migrated 

to the ONBL, forming a single monolayer. By P7, their processes have begun to stratify 

to the developing OPL in the central and intermediate retina. When Lim1 is absent from 

the retina, cells properly fated to the HC identity fail to migrate properly to the outer 

aspect of the INL. During embryonic development, after traveling to the basal part of the 

INBL, these cells fail to form the monolayer in the ONBL observed in wild-type mouse 

retinas. Instead, they maintain the expression of HC markers while ectopically stratifying 

in the inner aspect of the INL, resembling AC morphology (Poche et al., 2007). 

Another essential factor for HC migration is Sal13, a homolog of the spalt gene of 

Drosophila. At E16.5 in the embryonic mouse retina, Sal13 is first detected in Prox1+ 

developing HCs and absent from Ki67+ proliferating cells. By P5, Sal13 is expressed in a 

subset of cells in the ONL and INL, known to be short wavelength-sensitive cone PRs, 

HCs, and Chx10+ BP cells. When Sal13 is knocked down, Lim1 expression is unchanged 

at E16.5 but dramatically reduced at P0. Additionally, as the retina matures, there is a 

mislocalization of a subset of differentiating HCs to the inner aspect of the INL. These 
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ectopic cells eventually reside with ACs and extend their dendrites into the IPL, closely 

resembling that observed in Lim1 null mice retinas. Together, this indicates that Sal13 

may be necessary to maintain Lim1 expression for proper migration of HCs to the outer 

portion of the INL (de Melo et al., 2011). 

In summary, multiple retinogenic factors such as FoxN4, Rorb, Oc1/Oc2, Ptf1a, 

Prox1, Lim1, and Sal13 have been identified in HC genesis. In the mouse retina, they are 

expressed in a temporal order essential for specification and differentiation of HCs (Fig. 

1.4). Although we are beginning to understand the genetic pathway for HC genesis 

(summarized in Fig 1.5), more remains to be investigated. 

1.6 Maturin 

Our lab identified Maturin (Mturn) during a screen for genes required for normal 

eye formation. Comparing its expression in the brain, spinal cord, and retinal section in 

three different vertebrate species, we determined that Mturn transcript is strongly 

expressed in differentiating cells and reduced or absent in proliferating neural cells. Not 

only is this expression pattern highly conserved across various vertebrate species, but its 

protein sequence is as well. Consisting of 131 amino acids with a molecular weight of 

15kDa, Mturn is a highly acidic protein with a predicted net charge of -21.5 at pH 7 (pI = 

3.9). Based on a search through the protein domain databases, no known functional or 

structural motifs have been identified in the Mturn protein sequence. 

Additionally, the lack of putative signal peptide cleavage sites indicates that 

Mturn is most likely not secreted. However, we have identified a perfectly conserved and 

unique 29-residue region (a.a. 54-82 of X. laevis), which we coined the Maturin Motif. 
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When mturn is knocked down in Xenopus laevis, more cycling cells are observed, 

resulting in expansion of the anterior neural plate. On the other hand, overexpression of 

mturn promotes neuronal differentiation. Having concluded that it is necessary for normal 

primary neurogenesis in X. laevis, we place mturn downstream of the proneural pathway 

in conjunction or independent of p21-activated kinase (pak3) (Martinez-De Luna et al., 

2013). As a highly conserved protein, Mturn may function similarly during neurogenesis 

in other vertebrates, which warrants further study. 

Previous work in the lab investigated the role of Mturn in mouse retinogenesis. In 

the absence of Mturn, adult mice develop excess retina with extensive folds. Mturn-/- 

retinas appear morphologically normal at P15 but begin to thicken, create multiple folds, 

and detach from the retinal pigment epithelium around P30. The phenotype is absent in 

young mice and is more prevalent at older ages, appearing in all analyzed Mturn-/- mice 

by P64. Mturn-/- retinas are 25% longer than WT retinas and contain the different retinal 

cell types without significant differences in the number of cells per retinal length. 

Furthermore, at P40, Mturn-/- retinas have significantly fewer Lim1+ cells, suggesting 

that Mturn may be involved with HC development. Interestingly, unlike Rb mutant mouse 

models, these mice are viable and do not produce metastatic tumors. 

Based on previous studies on X. laevis, the excess retina phenotype observed in 

Mturn-/- mice warrants further study. My dissertation is based on exploring the role of 

Mturn in mouse retinogenesis through studies of the Mturn-/- mouse model. In chapter 2, I 

characterize Mturn expression in the mouse retina. Chapter 3 investigates if the absence 

of Mturn affects mouse retinogenesis and if HCs are the cellular origin of this phenotype. 
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1.7 Summary 

In summary, coordination of cell proliferation and differentiation during 

development is key to proper tissue formation. From a pool of RPCs, the neural retina 

produces seven distinct cell types organized into beautiful layers, which is important for 

detecting and relaying visual stimuli to the brain. Dysregulation of this delicate process 

can detrimentally affect the function of the retina. While progress has been made in 

understanding how cells exit the cycle and differentiate, more remains to be determined. 

Therefore, this work investigates if our gene of interest, Mturn, is involved in 

coordinating the transition from proliferation to differentiation during mouse 

retinogenesis. 

The work presented in this dissertation aimed to answer these main questions: 

1. Is Mturn expression during mouse retina development consistent with a role in 

RPC differentiation? 

2. Where is Mturn expressed in the adult mouse retina? 

3. Is Mturn required for mouse retinogenesis? 
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Figure 1.1: Structure of the vertebrate retina. The retina has two components: non-neural 

and neural. The non-neural retina is external to the neural retina and consists of the 

pigment epithelium. The neural retina is composed of seven major cell types (six 

neuronal and one glial) organized into three neuronal layers and two plexiform layers. 

The outer nuclear layer is adjacent to the pigment epithelium, followed by the outer 

plexiform layer, inner nuclear layer, inner plexiform layer, and ganglion cell layer. Figure 

copied from Webvision: (http://webvision.med.utah.edu/) The Organization of the Retina 

and Visual System. Kolb H, Fernandez E, Nelson R, editors. Salt Lake City (UT): 

University of Utah Health Sciences Center; 1995. 

  

http://webvision.med.utah.edu/
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Figure 1.2: RPCs undergo interkinetic nuclear migration. S-phase takes place on the 

basal, vitreous, or inner side of the retina. They go through the M-phase on the 

apical/ventricular/outer side of the retina. Figure modified from (Baye & Link, 2007). 
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Figure 1.3: Temporal differentiation of the retinal cell types. Graph of when specific cell 

types become post-mitotic. Figure copied from (Young, 1985a). 
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Figure 1.4: Temporal expression of retinogenic factors driving HC genesis. During HC 

genesis, the expression of specific genes direct HC fate. The lighter color in the RORβ1 

Expression bar indicates when the expression is very down but still detectable. 

Information was gathered from (de Melo et al., 2011; Dyer et al., 2003; Fujitani et al., 

2006; S. Li et al., 2004; H. Liu et al., 2013; W. Liu et al., 2000; Wu et al., 2013; Young, 

1985a) 
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Figure 1.5: Summary schematic of key retinogenic factors for HC genesis. FoxN4 works 

with Rorb to initiate Ptf1a expression. Oc1 is downstream of FoxN4 and functions 

parallel to Ptf1a to specify immature HCs, which eventually express Lim1 and Prox1. In 

the absence of Oc1, Ptf1a expressing cells become amacrine cells. H1 axon-bearing cells 

continue to express Lim1 and Sal13. A subset of immature HCs begins to express Isl1 

instead of Lim1 to become H2/H3 axon-less cells. Abbreviations: HC, horizontal cell; 

H1-3, horizontal cell subtypes. 

 

  



28 
 

Bibliography 

Ajioka, I., Martins, R. A., Bayazitov, I. T., Donovan, S., Johnson, D. A., Frase, S., 

Cicero, S. A., Boyd, K., Zakharenko, S. S., & Dyer, M. A. (2007). Differentiated 

horizontal interneurons clonally expand to form metastatic retinoblastoma in 

mice. Cell, 131(2), 378-390. doi:10.1016/j.cell.2007.09.036 

Alexiades, M. R., & Cepko, C. (1996). Quantitative analysis of proliferation and cell 

cycle length during development of the rat retina. Dev Dyn, 205(3), 293-307. 

doi:10.1002/(SICI)1097-0177(199603)205:3<293::AID-AJA9>3.0.CO;2-D 

Barton, K. M., & Levine, E. M. (2008). Expression patterns and cell cycle profiles of 

PCNA, MCM6, cyclin D1, cyclin A2, cyclin B1, and phosphorylated histone H3 

in the developing mouse retina. Dev Dyn, 237(3), 672-682. 

doi:10.1002/dvdy.21449 

Baye, L. M., & Link, B. A. (2007). Interkinetic nuclear migration and the selection of 

neurogenic cell divisions during vertebrate retinogenesis. J Neurosci, 27(38), 

10143-10152. doi:10.1523/JNEUROSCI.2754-07.2007 

Blackshaw, S., Harpavat, S., Trimarchi, J., Cai, L., Huang, H., Kuo, W. P., Weber, G., 

Lee, K., Fraioli, R. E., Cho, S. H., Yung, R., Asch, E., Ohno-Machado, L., Wong, 

W. H., & Cepko, C. L. (2004). Genomic analysis of mouse retinal development. 

PLoS Biol, 2(9), E247. doi:10.1371/journal.pbio.0020247 

Boije, H., Shirazi Fard, S., Edqvist, P. H., & Hallbook, F. (2016). Horizontal Cells, the 

Odd Ones Out in the Retina, Give Insights into Development and Disease. Front 

Neuroanat, 10, 77. doi:10.3389/fnana.2016.00077 

Bovolenta, P., Mallamaci, A., Puelles, L., & Boncinelli, E. (1998). Expression pattern of 

cSix3, a member of the Six/sine oculis family of transcription factors. Mech Dev, 

70(1-2), 201-203. doi:10.1016/s0925-4773(97)00183-4 

Brown, N. L., Patel, S., Brzezinski, J., & Glaser, T. (2001). Math5 is required for retinal 

ganglion cell and optic nerve formation. Development, 128(13), 2497-2508.  

Burmeister, M., Novak, J., Liang, M. Y., Basu, S., Ploder, L., Hawes, N. L., Vidgen, D., 

Hoover, F., Goldman, D., Kalnins, V. I., Roderick, T. H., Taylor, B. A., Hankin, 

M. H., & McInnes, R. R. (1996). Ocular retardation mouse caused by Chx10 

homeobox null allele: impaired retinal progenitor proliferation and bipolar cell 

differentiation. Nat Genet, 12(4), 376-384. doi:10.1038/ng0496-376 

Cepko, C. (2014). Intrinsically different retinal progenitor cells produce specific types of 

progeny. Nat Rev Neurosci, 15(9), 615-627. doi:10.1038/nrn3767 

Cepko, C. L., Austin, C. P., Yang, X., Alexiades, M., & Ezzeddine, D. (1996). Cell fate 

determination in the vertebrate retina. Proc Natl Acad Sci U S A, 93(2), 589-595.  

Chuang, J. C., & Raymond, P. A. (2002). Embryonic origin of the eyes in teleost fish. 

Bioessays, 24(6), 519-529. doi:10.1002/bies.10097 



29 
 

Cunningham, J. J., Levine, E. M., Zindy, F., Goloubeva, O., Roussel, M. F., & Smeyne, 

R. J. (2002). The cyclin-dependent kinase inhibitors p19(Ink4d) and p27(Kip1) 

are coexpressed in select retinal cells and act cooperatively to control cell cycle 

exit. Mol Cell Neurosci, 19(3), 359-374. doi:10.1006/mcne.2001.1090 

Das, G., Choi, Y., Sicinski, P., & Levine, E. M. (2009). Cyclin D1 fine-tunes the 

neurogenic output of embryonic retinal progenitor cells. Neural Dev, 4, 15. 

doi:10.1186/1749-8104-4-15 

de Melo, J., Peng, G. H., Chen, S., & Blackshaw, S. (2011). The Spalt family 

transcription factor Sall3 regulates the development of cone photoreceptors and 

retinal horizontal interneurons. Development, 138(11), 2325-2336. 

doi:10.1242/dev.061846 

Dyer, M. A. (2003). Regulation of proliferation, cell fate specification and differentiation 

by the homeodomain proteins Prox1, Six3, and Chx10 in the developing retina. 

Cell Cycle, 2(4), 350-357.  

Dyer, M. A., & Cepko, C. L. (2001a). p27Kip1 and p57Kip2 regulate proliferation in 

distinct retinal progenitor cell populations. J Neurosci, 21(12), 4259-4271.  

Dyer, M. A., & Cepko, C. L. (2001b). Regulating proliferation during retinal 

development. Nat Rev Neurosci, 2(5), 333-342. doi:10.1038/35072555 

Dyer, M. A., Livesey, F. J., Cepko, C. L., & Oliver, G. (2003). Prox1 function controls 

progenitor cell proliferation and horizontal cell genesis in the mammalian retina. 

Nat Genet, 34(1), 53-58. doi:10.1038/ng1144 

Dyson, N. (1998). The regulation of E2F by pRB-family proteins. Genes Dev, 12(15), 

2245-2262. doi:10.1101/gad.12.15.2245 

Edqvist, P. H., Lek, M., Boije, H., Lindback, S. M., & Hallbook, F. (2008). Axon-bearing 

and axon-less horizontal cell subtypes are generated consecutively during chick 

retinal development from progenitors that are sensitive to follistatin. BMC Dev 

Biol, 8, 46. doi:10.1186/1471-213X-8-46 

Elshatory, Y., Deng, M., Xie, X., & Gan, L. (2007). Expression of the LIM-

homeodomain protein Isl1 in the developing and mature mouse retina. J Comp 

Neurol, 503(1), 182-197. doi:10.1002/cne.21390 

Fischer, A. J., Stanke, J. J., Aloisio, G., Hoy, H., & Stell, W. K. (2007). Heterogeneity of 

horizontal cells in the chicken retina. J Comp Neurol, 500(6), 1154-1171. 

doi:10.1002/cne.21236 

Frade, J. M. (2002). Interkinetic nuclear movement in the vertebrate neuroepithelium: 

encounters with an old acquaintance. Prog Brain Res, 136, 67-71. 

doi:10.1016/s0079-6123(02)36007-2 

Fujitani, Y., Fujitani, S., Luo, H., Qiu, F., Burlison, J., Long, Q., Kawaguchi, Y., Edlund, 

H., MacDonald, R. J., Furukawa, T., Fujikado, T., Magnuson, M. A., Xiang, M., 

& Wright, C. V. (2006). Ptf1a determines horizontal and amacrine cell fates 



30 
 

during mouse retinal development. Development, 133(22), 4439-4450. 

doi:10.1242/dev.02598 

Furukawa, T., Mukherjee, S., Bao, Z. Z., Morrow, E. M., & Cepko, C. L. (2000). rax, 

Hes1, and notch1 promote the formation of Muller glia by postnatal retinal 

progenitor cells. Neuron, 26(2), 383-394. doi:10.1016/s0896-6273(00)81171-x 

Gallego, A. (1986). Chapter 7 Comparative studies on horizontal cells and a note on 

microglial cells. Prog. Retin. Res., 5, 165-206.  

Garcia-Dominguez, M., Poquet, C., Garel, S., & Charnay, P. (2003). Ebf gene function is 

required for coupling neuronal differentiation and cell cycle exit. Development, 

130(24), 6013-6025. doi:10.1242/dev.00840 

Geng, Y., Yu, Q., Sicinska, E., Das, M., Bronson, R. T., & Sicinski, P. (2001). Deletion 

of the p27Kip1 gene restores normal development in cyclin D1-deficient mice. 

Proc Natl Acad Sci U S A, 98(1), 194-199. doi:10.1073/pnas.011522998 

Genis-Galves, J., Prada, F., & Armengol, J. (1979). Evidence of three types of horizontal 

cells in the chick retina. Jpn. J. Ophtamol, 23, 378-387.  

Glasgow, S. M., Henke, R. M., Macdonald, R. J., Wright, C. V., & Johnson, J. E. (2005). 

Ptf1a determines GABAergic over glutamatergic neuronal cell fate in the spinal 

cord dorsal horn. Development, 132(24), 5461-5469. doi:10.1242/dev.02167 

Harman, A. M., & Beazley, L. D. (1989). Generation of retinal cells in the wallaby, 

Setonix brachyurus (quokka). Neuroscience, 28(1), 219-232. doi:10.1016/0306-

4522(89)90246-7 

Harris, W. A. (1997). Cellular diversification in the vertebrate retina. Curr Opin Genet 

Dev, 7(5), 651-658. doi:10.1016/s0959-437x(97)80013-5 

Hinds, J. W., & Hinds, P. L. (1974). Early ganglion cell differentiation in the mouse 

retina: an electron microscopic analysis utilizing serial sections. Dev Biol, 37(2), 

381-416. doi:10.1016/0012-1606(74)90156-0 

Hombach, S., Janssen-Bienhold, U., Sohl, G., Schubert, T., Bussow, H., Ott, T., Weiler, 

R., & Willecke, K. (2004). Functional expression of connexin57 in horizontal 

cells of the mouse retina. Eur J Neurosci, 19(10), 2633-2640. doi:10.1111/j.0953-

816X.2004.03360.x 

Hoshino, M., Nakamura, S., Mori, K., Kawauchi, T., Terao, M., Nishimura, Y. V., 

Fukuda, A., Fuse, T., Matsuo, N., Sone, M., Watanabe, M., Bito, H., Terashima, 

T., Wright, C. V., Kawaguchi, Y., Nakao, K., & Nabeshima, Y. (2005). Ptf1a, a 

bHLH transcriptional gene, defines GABAergic neuronal fates in cerebellum. 

Neuron, 47(2), 201-213. doi:10.1016/j.neuron.2005.06.007 

Inoue, T., Hojo, M., Bessho, Y., Tano, Y., Lee, J. E., & Kageyama, R. (2002). Math3 and 

NeuroD regulate amacrine cell fate specification in the retina. Development, 

129(4), 831-842.  



31 
 

Jeon, C. J., Strettoi, E., & Masland, R. H. (1998). The major cell populations of the 

mouse retina. J Neurosci, 18(21), 8936-8946.  

Kawaguchi, Y., Cooper, B., Gannon, M., Ray, M., MacDonald, R. J., & Wright, C. V. 

(2002). The role of the transcriptional regulator Ptf1a in converting intestinal to 

pancreatic progenitors. Nat Genet, 32(1), 128-134. doi:10.1038/ng959 

Klimova, L., Antosova, B., Kuzelova, A., Strnad, H., & Kozmik, Z. (2015). Onecut1 and 

Onecut2 transcription factors operate downstream of Pax6 to regulate horizontal 

cell development. Dev Biol, 402(1), 48-60. doi:10.1016/j.ydbio.2015.02.023 

Kolb, H. (2011). Simple Anatomy of the Retina. Webvision: The Organization of the 

Retina and Visual System.  Retrieved from 

https://webvision.med.utah.edu/book/part-i-foundations/simple-anatomy-of-the-

retina/ 

Krapp, A., Knofler, M., Frutiger, S., Hughes, G. J., Hagenbuchle, O., & Wellauer, P. K. 

(1996). The p48 DNA-binding subunit of transcription factor PTF1 is a new 

exocrine pancreas-specific basic helix-loop-helix protein. EMBO J, 15(16), 4317-

4329.  

La Vail, M. M., Rapaport, D. H., & Rakic, P. (1991). Cytogenesis in the monkey retina. J 

Comp Neurol, 309(1), 86-114. doi:10.1002/cne.903090107 

Levine, E. M., Close, J., Fero, M., Ostrovsky, A., & Reh, T. A. (2000). p27(Kip1) 

regulates cell cycle withdrawal of late multipotent progenitor cells in the 

mammalian retina. Dev Biol, 219(2), 299-314. doi:10.1006/dbio.2000.9622 

Li, H. S., Yang, J. M., Jacobson, R. D., Pasko, D., & Sundin, O. (1994). Pax-6 is first 

expressed in a region of ectoderm anterior to the early neural plate: implications 

for stepwise determination of the lens. Dev Biol, 162(1), 181-194. 

doi:10.1006/dbio.1994.1077 

Li, S., Mo, Z., Yang, X., Price, S. M., Shen, M. M., & Xiang, M. (2004). Foxn4 controls 

the genesis of amacrine and horizontal cells by retinal progenitors. Neuron, 43(6), 

795-807. doi:10.1016/j.neuron.2004.08.041 

Liu, H., Kim, S. Y., Fu, Y., Wu, X., Ng, L., Swaroop, A., & Forrest, D. (2013). An 

isoform of retinoid-related orphan receptor beta directs differentiation of retinal 

amacrine and horizontal interneurons. Nat Commun, 4, 1813. 

doi:10.1038/ncomms2793 

Liu, W., Wang, J. H., & Xiang, M. (2000). Specific expression of the LIM/homeodomain 

protein Lim-1 in horizontal cells during retinogenesis. Dev Dyn, 217(3), 320-325. 

doi:10.1002/(SICI)1097-0177(200003)217:3<320::AID-DVDY10>3.0.CO;2-F 

Livesey, F. J., & Cepko, C. L. (2001). Vertebrate neural cell-fate determination: lessons 

from the retina. Nat Rev Neurosci, 2(2), 109-118. doi:10.1038/35053522 

Lobjois, V., Bel-Vialar, S., Trousse, F., & Pituello, F. (2008). Forcing neural progenitor 

cells to cycle is insufficient to alter cell-fate decision and timing of neuronal 

differentiation in the spinal cord. Neural Dev, 3, 4. doi:10.1186/1749-8104-3-4 

https://webvision.med.utah.edu/book/part-i-foundations/simple-anatomy-of-the-retina/
https://webvision.med.utah.edu/book/part-i-foundations/simple-anatomy-of-the-retina/


32 
 

Luo, H., Jin, K., Xie, Z., Qiu, F., Li, S., Zou, M., Cai, L., Hozumi, K., Shima, D. T., & 

Xiang, M. (2012). Forkhead box N4 (Foxn4) activates Dll4-Notch signaling to 

suppress photoreceptor cell fates of early retinal progenitors. Proc Natl Acad Sci 

U S A, 109(9), E553-562. doi:10.1073/pnas.1115767109 

Marquardt, T., Ashery-Padan, R., Andrejewski, N., Scardigli, R., Guillemot, F., & Gruss, 

P. (2001). Pax6 is required for the multipotent state of retinal progenitor cells. 

Cell, 105(1), 43-55. doi:10.1016/s0092-8674(01)00295-1 

Martinez-De Luna, R. I., Ku, R. Y., Lyou, Y., & Zuber, M. E. (2013). Maturin is a novel 

protein required for differentiation during primary neurogenesis. Dev Biol, 384(1), 

26-40. doi:10.1016/j.ydbio.2013.09.028 

Mathers, P. H., Grinberg, A., Mahon, K. A., & Jamrich, M. (1997). The Rx homeobox 

gene is essential for vertebrate eye development. Nature, 387(6633), 603-607. 

doi:10.1038/42475 

Miles, A., & Tropepe, V. (2016). Coordinating progenitor cell cycle exit and 

differentiation in the developing vertebrate retina. Neurogenesis (Austin), 3(1), 

e1161697. doi:10.1080/23262133.2016.1161697 

Morrow, E. M., Furukawa, T., Lee, J. E., & Cepko, C. L. (1999). NeuroD regulates 

multiple functions in the developing neural retina in rodent. Development, 126(1), 

23-36.  

Nakayama, K., Ishida, N., Shirane, M., Inomata, A., Inoue, T., Shishido, N., Horii, I., 

Loh, D. Y., & Nakayama, K. (1996). Mice lacking p27(Kip1) display increased 

body size, multiple organ hyperplasia, retinal dysplasia, and pituitary tumors. 

Cell, 85(5), 707-720. doi:10.1016/s0092-8674(00)81237-4 

Nakhai, H., Sel, S., Favor, J., Mendoza-Torres, L., Paulsen, F., Duncker, G. I., & Schmid, 

R. M. (2007). Ptf1a is essential for the differentiation of GABAergic and 

glycinergic amacrine cells and horizontal cells in the mouse retina. Development, 

134(6), 1151-1160. doi:10.1242/dev.02781 

Ogawa, M., Saitoh, F., Sudou, N., Sato, F., & Fujieda, H. (2017). Cell type-specific 

effects of p27(KIP1) loss on retinal development. Neural Dev, 12(1), 17. 

doi:10.1186/s13064-017-0094-1 

Ohnuma, S., Philpott, A., Wang, K., Holt, C. E., & Harris, W. A. (1999). p27Xic1, a Cdk 

inhibitor, promotes the determination of glial cells in Xenopus retina. Cell, 99(5), 

499-510. doi:10.1016/s0092-8674(00)81538-x 

Ohuchi, H., Tomonari, S., Itoh, H., Mikawa, T., & Noji, S. (1999). Identification of chick 

rax/rx genes with overlapping patterns of expression during early eye and brain 

development. Mech Dev, 85(1-2), 193-195. doi:10.1016/s0925-4773(99)00094-5 

Oliver, G., Mailhos, A., Wehr, R., Copeland, N. G., Jenkins, N. A., & Gruss, P. (1995). 

Six3, a murine homologue of the sine oculis gene, demarcates the most anterior 

border of the developing neural plate and is expressed during eye development. 

Development, 121(12), 4045-4055.  



33 
 

Pacal, M., & Bremner, R. (2012). Mapping differentiation kinetics in the mouse retina 

reveals an extensive period of cell cycle protein expression in post-mitotic 

newborn neurons. Dev Dyn, 241(10), 1525-1544. doi:10.1002/dvdy.23840 

Pacal, M., & Bremner, R. (2014). Induction of the ganglion cell differentiation program 

in human retinal progenitors before cell cycle exit. Dev Dyn, 243(5), 712-729. 

doi:10.1002/dvdy.24103 

Pardee, A. B. (1989). G1 events and regulation of cell proliferation. Science, 246(4930), 

603-608. doi:10.1126/science.2683075 

Peichl, L., & Gonzalez-Soriano, J. (1994). Morphological types of horizontal cell in 

rodent retinae: a comparison of rat, mouse, gerbil, and guinea pig. Vis Neurosci, 

11(3), 501-517. doi:10.1017/s095252380000242x 

Peichl, L., Sandmann, D., & Boycott, B. (1998). Comparative anatomy and function of 

mammalian horizontal cells. Nato Adv. Sci. Life, 299, 147-172.  

Pilaz, L. J., Patti, D., Marcy, G., Ollier, E., Pfister, S., Douglas, R. J., Betizeau, M., 

Gautier, E., Cortay, V., Doerflinger, N., Kennedy, H., & Dehay, C. (2009). 

Forced G1-phase reduction alters mode of division, neuron number, and laminar 

phenotype in the cerebral cortex. Proc Natl Acad Sci U S A, 106(51), 21924-

21929. doi:10.1073/pnas.0909894106 

Poche, R. A., Kwan, K. M., Raven, M. A., Furuta, Y., Reese, B. E., & Behringer, R. R. 

(2007). Lim1 is essential for the correct laminar positioning of retinal horizontal 

cells. J Neurosci, 27(51), 14099-14107. doi:10.1523/JNEUROSCI.4046-07.2007 

Prada, C., Puga, J., Perez-Mendez, L., Lopez, R., & Ramirez, G. (1991). Spatial and 

Temporal Patterns of Neurogenesis in the Chick Retina. Eur J Neurosci, 3(6), 

559-569. doi:10.1111/j.1460-9568.1991.tb00843.x 

Rapaport, D. H. (2006). Retinal neurogenesis. In E. Sernagor, S. Eglen, W. A. Harris, & 

R. Wong (Eds.), Retinal Development (pp. 30-58). Cambridge, UK: Cambridge 

University Press. 

Rapaport, D. H., Patheal, S. L., & Harris, W. A. (2001). Cellular competence plays a role 

in photoreceptor differentiation in the developing Xenopus retina. J Neurobiol, 

49(2), 129-141. doi:10.1002/neu.1070 

Rapaport, D. H., Wong, L. L., Wood, E. D., Yasumura, D., & LaVail, M. M. (2004). 

Timing and topography of cell genesis in the rat retina. J Comp Neurol, 474(2), 

304-324. doi:10.1002/cne.20134 

Sapkota, D., Chintala, H., Wu, F., Fliesler, S. J., Hu, Z., & Mu, X. (2014). Onecut1 and 

Onecut2 redundantly regulate early retinal cell fates during development. Proc 

Natl Acad Sci U S A, 111(39), E4086-4095. doi:10.1073/pnas.1405354111 

Sicinski, P., Donaher, J. L., Parker, S. B., Li, T., Fazeli, A., Gardner, H., Haslam, S. Z., 

Bronson, R. T., Elledge, S. J., & Weinberg, R. A. (1995). Cyclin D1 provides a 

link between development and oncogenesis in the retina and breast. Cell, 82(4), 

621-630. doi:10.1016/0092-8674(95)90034-9 



34 
 

Sidman, R. L. (1961). Histogenesis of the mouse retina studied with thymidine 3-H. In G. 

K. Smelser (Ed.), The Structure of the Eye (pp. 487-506). New York: Academic 

Press. 

Sidman, R. L. (1970). Autoradiographic methods and principles for study of the nervous 

system with thymidine-H3. In W. H. J. Nauta & S. O. E. Edbbesson (Eds.), 

Contemporary Research Methods in Neuroanatomy (pp. 252-274). New york: 

Springer-Verlag. 

Skapek, S. X., Lin, S. C., Jablonski, M. M., McKeller, R. N., Tan, M., Hu, N., & Lee, E. 

Y. (2001). Persistent expression of cyclin D1 disrupts normal photoreceptor 

differentiation and retina development. Oncogene, 20(46), 6742-6751. 

doi:10.1038/sj.onc.1204876 

Strauss, O. (1995). The Retinal Pigment Epithelium. Webvision: The Organization of the 

Retina and Visual System.  Retrieved from 

https://webvision.med.utah.edu/book/part-ii-anatomy-and-physiology-of-the-

retina/the-retinal-pigment-epithelium/ 

Tomita, K., Moriyoshi, K., Nakanishi, S., Guillemot, F., & Kageyama, R. (2000). 

Mammalian achaete-scute and atonal homologs regulate neuronal versus glial fate 

determination in the central nervous system. EMBO J, 19(20), 5460-5472. 

doi:10.1093/emboj/19.20.5460 

Toy, J., & Sundin, O. H. (1999). Expression of the optx2 homeobox gene during mouse 

development. Mech Dev, 83(1-2), 183-186. doi:10.1016/s0925-4773(99)00049-0 

Toy, J., Yang, J. M., Leppert, G. S., & Sundin, O. H. (1998). The optx2 homeobox gene 

is expressed in early precursors of the eye and activates retina-specific genes. 

Proc Natl Acad Sci U S A, 95(18), 10643-10648. doi:10.1073/pnas.95.18.10643 

Turner, D. L., & Cepko, C. L. (1987). A common progenitor for neurons and glia persists 

in rat retina late in development. Nature, 328(6126), 131-136. 

doi:10.1038/328131a0 

Turner, D. L., Snyder, E. Y., & Cepko, C. L. (1990). Lineage-independent determination 

of cell type in the embryonic mouse retina. Neuron, 4(6), 833-845. 

doi:10.1016/0896-6273(90)90136-4 

Twig, G., Levy, H., & Perlman, I. (2003). Color opponency in horizontal cells of the 

vertebrate retina. Prog Retin Eye Res, 22(1), 31-68. doi:10.1016/s1350-

9462(02)00045-9 

Walther, C., & Gruss, P. (1991). Pax-6, a murine paired box gene, is expressed in the 

developing CNS. Development, 113(4), 1435-1449.  

Wang, S. W., Kim, B. S., Ding, K., Wang, H., Sun, D., Johnson, R. L., Klein, W. H., & 

Gan, L. (2001). Requirement for math5 in the development of retinal ganglion 

cells. Genes Dev, 15(1), 24-29. doi:10.1101/gad.855301 

https://webvision.med.utah.edu/book/part-ii-anatomy-and-physiology-of-the-retina/the-retinal-pigment-epithelium/
https://webvision.med.utah.edu/book/part-ii-anatomy-and-physiology-of-the-retina/the-retinal-pigment-epithelium/


35 
 

Wetts, R., & Fraser, S. E. (1988). Multipotent precursors can give rise to all major cell 

types of the frog retina. Science, 239(4844), 1142-1145. 

doi:10.1126/science.2449732 

Wong, R. O. L. (2006). Introduction - from eye field to eyesight. In E. Semagor, S. 

Eglen, W. A. Harris, & R. Wong (Eds.), Retinal Development (pp. 1-7). 

Cambridge, UK: Cambridge University Press. 

Wu, F., Li, R., Umino, Y., Kaczynski, T. J., Sapkota, D., Li, S., Xiang, M., Fliesler, S. J., 

Sherry, D. M., Gannon, M., Solessio, E., & Mu, X. (2013). Onecut1 is essential 

for horizontal cell genesis and retinal integrity. J Neurosci, 33(32), 13053-13065, 

13065a. doi:10.1523/JNEUROSCI.0116-13.2013 

Wu, F., Sapkota, D., Li, R., & Mu, X. (2012). Onecut 1 and Onecut 2 are potential 

regulators of mouse retinal development. J Comp Neurol, 520(5), 952-969. 

doi:10.1002/cne.22741 

Yan, R. T., Ma, W. X., & Wang, S. Z. (2001). neurogenin2 elicits the genesis of retinal 

neurons from cultures of non-neural cells. Proc Natl Acad Sci U S A, 98(26), 

15014-15019. doi:10.1073/pnas.261455698 

Young, R. W. (1985a). Cell differentiation in the retina of the mouse. Anat Rec, 212(2), 

199-205. doi:10.1002/ar.1092120215 

Young, R. W. (1985b). Cell proliferation during postnatal development of the retina in 

the mouse. Brain Res, 353(2), 229-239. doi:10.1016/0165-3806(85)90211-1 

Zhang, J., Zhang, A. J., & Wu, S. M. (2006). Immunocytochemical analysis of GABA-

positive and calretinin-positive horizontal cells in the tiger salamander retina. J 

Comp Neurol, 499(3), 432-441. doi:10.1002/cne.21116 

Zuber, M. E., Gestri, G., Viczian, A. S., Barsacchi, G., & Harris, W. A. (2003). 

Specification of the vertebrate eye by a network of eye field transcription factors. 

Development, 130(21), 5155-5167. doi:10.1242/dev.00723 

Zuber, M. E., & Harris, W. A. (2006). Formation of the eye field. In S. Eglen, W. A. 

Harris, & R. Wong (Eds.), Retinal Development (pp. 8-29). Cambridge, UK: 

Cambridge University Press.   



36 
 

 

 

 

 

 

 

 

 

 

CHAPTER 2 

  



37 
 

Chapter 2: Characterizing Maturin Expression During Mouse Retinogenesis 

2.1 Abstract 

    During retinal development, a pool of progenitor cells divides to generate 

daughter cells that eventually differentiate into seven retinal cell types, including 

horizontal cells (HCs) and retinal ganglion cells (RGCs). The coordination from cellular 

proliferation to differentiation is pivotal for producing the correct number of each type of 

retinal cell required for proper tissue function. Maturin (Mturn) is required for normal 

primary neurogenesis in Xenopus laevis. It is strongly expressed in differentiating 

neurons and weakly, if at all, in proliferating cells. Here, we ask when and where Mturn 

is expressed in the mouse retina. Using Mturn polyclonal antibodies and a Mturn 

knockout mouse line, I characterized the expression of Mturn in the mouse retina. At 

birth, Mturn was expressed in specific, differentiating cells of the mouse retina, 

consistent with its expression in the X. laevis retina. As the mouse retina develops, I 

observed Mturn+ cells in the inner nuclear layer’s outer aspect and identified them as 

HCs. Together, these data suggest that Mturn may have an essential role in mouse HC 

differentiation.  
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2.2 Introduction 

During neurogenesis, progenitor cells are programmed to generate various 

neuronal and glial cell types that allow for proper tissue function. Tight regulation of 

cellular proliferation and differentiation ensures the appropriate number and proportion of 

each cell type necessary for correct operation. A highly accessible model of the central 

nervous system (CNS), the vertebrate retina develops from a single pool of multipotent 

retinal progenitor cells (RPC) (Turner & Cepko, 1987; Turner et al., 1990). RPCs 

undergo interkinetic nuclear migration, progressing through the cell cycle and generating 

new cells as they traverse the retina. After their final division, newly born postmitotic 

cells begin to migrate to their final laminar retinal position and differentiate into one of 

the seven principle retinal cell types: six neuronal and one glial (Baye & Link, 2008). The 

cell types’ birth order is highly conserved among tested vertebrate species (Harman & 

Beazley, 1989; Hu & Easter, 1999; La Vail et al., 1991; Prada et al., 1991; Rapaport et 

al., 2004). In mice, retinal ganglion cells (RGCs), along with cone photoreceptors (PR), 

horizontal cells (HC), some amacrine cells (AC), and a small subset of rod PRs, exit the 

cell cycle before birth. The remaining ACs, majority of rod PRs, bipolar cells (BP), and 

Müller glial (MGs) undergo final mitosis postnatally. For proper function, the 

differentiating retinal cells need to be organized into the three cellular layers: outer 

nuclear layer (ONL), inner nuclear layer (INL), and ganglion cell layer (GCL) (Young, 

1985a, 1985b). Retinal progenitor cell cycle exit and differentiation must be tightly 

regulated to produce the correct number and types of cells in a highly conserved temporal 

order. It has been proposed that RPCs respond to changes in intrinsic and extrinsic cues 

and undergo a series of competence changes to generate the different retinal cell types (C. 
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Cepko, 2014; C. L. Cepko et al., 1996; Harris, 1997; Livesey & Cepko, 2001; Turner et 

al., 1990). Many gene regulators controlling the formation of individual retinal cell types 

have been identified; however, many remain unknown.  

HCs are interneurons that reside at regularly spaced intervals along the outer 

aspect of the INL. They receive input from and direct feedback to PRs. Additionally, they 

contribute to contrast enhancement and color opponency through inhibitory feedback 

(Twig et al., 2003). Starting at E11 and peaking at E14.5, mouse HCs are born during the 

first wave of retinogenesis (Young, 1985a). Several key transcription factors have been 

identified in the genetic regulatory pathway for HC differentiation, including FoxN4, 

Prox1, Oc1, Oc2, Ptf1a, Lim1, Sall3, AP-2α, and AP-2β (Bassett et al., 2012; de Melo et 

al., 2011; Dyer, 2003; Fujitani et al., 2006; Li et al., 2004; W. Liu et al., 2000; Nakhai et 

al., 2007; Poche et al., 2007; Sapkota et al., 2014; Wu et al., 2013). However, much more 

about how differentiating HCs maintain their differentiated state while being surrounded 

by proliferating RPCs remains undiscovered.  

Our lab previously identified Maturin (mturn) during a screen for genes required 

for normal eye formation in Xenopus laevis. We compared the gene expression of cells 

collected from three different tissue regions of the X. laevis embryo (eye field, posterior 

neural plate, and lateral endoderm) using microarray analysis. By comparing its 

expression in the brain, spinal cord, and retinas of frogs, zebrafish, and mice, the lab 

determined that mturn transcript is strongly expressed in differentiating cells and reduced 

or absent in proliferating neural cells. Additionally, alignment of the predicted Mturn 

protein sequence in the frog, human, mouse, chicken, and zebrafish revealed significant 

similarities, especially in the unique and perfectly conserved 29-residue region (a.a. 54-
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82 of X. laevis) we named the Maturin Motif. When we knocked down mturn in X. laevis, 

more cycling cells were observed, resulting in expansion of the anterior neural plate. 

Overexpression of mturn promoted neuronal differentiation. Thus, the lab concluded that 

mturn was necessary for normal primary neurogenesis in X. laevis (Martinez-De Luna et 

al., 2013). As a highly conserved protein, Mturn may function similarly during 

neurogenesis in other vertebrates, which warrants further study. 

In this chapter, I characterize when and where Mturn is expressed in the 

developing mouse retina to determine if the pattern is consistent with Mturn expression 

during neural differentiation in X. laevis. After testing Mturn antibodies’ specificity, I 

analyzed Mturn expression at various ages to determine the expression pattern. I 

determined that at P0, Mturn is expressed in a row of cells in the outer neuroblastic layer 

(ONBL). Instead of expressing cell cycle markers, these cells expressed differentiation 

markers, indicating their postmitotic state. Ultimately, these cells took terminal residence 

in the outer aspect of the INL and expressed HC specific markers, Lim1, and calbindin. 

Thus, Mturn is expressed in mature mouse HCs. 
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2.3 Materials and Methods 

2.3.1 Maturin Knockout Mice 

All procedures involving animals in this study were performed following the 

Institutional Animal Care and Use Committee (IACUC) guidelines at the State University 

of New York Upstate Medical University. The C57BL/6N-Mturntm1.1(KOMP)Vlcg knockout 

mouse strain was genetically engineered to replace Maturin’s coding region, including 

most of exon 1 and all of exons 2 and 3, with a LacZ reporter gene. As a part of the US 

National Institutes of Health Knockout Mouse Production and Phenotyping Project, this 

mouse strain was created by KOMP at UC Davis in full compliance with all applicable 

laws and regulations for the KOMP program. We designated the day of birth as Day 0. 

2.3.2 Genotyping 

     Mice were anesthetized in an isoflurane chamber, then the tip of the tail was 

clipped. Crude gDNA was extracted from the tissue sample by first incubating it in tail 

lysis buffer (10mM Tris-Cl pH 8.0, 100mM NaCl, 10mM EDTA pH 8.0, 0.5% SDS) 

overnight at 55°C. After precipitating out with isopropanol, the gDNA was cleaned with 

ethanol and dried before being resuspended in nuclease-free water. Specific primers were 

used for polymerase chain reaction (PCR). PCR products were run on agarose gels. The 

following primers were used to determine the Mturn genotype: SU (Forward) 5’-

AGAGAAAGCCTTCCAAACTG-3’, LacInRev (Reverse 1) 5’-

GTCTGTCCTAGCTTCCTCACTG-3’, and Exon1Rev (Reverse 2) 5’-

GTGCTGGAACACCACTTCTC. The PCR program involves the initial denaturation of 

the samples at 98°C for 2 minutes. The samples cycle 35 times through denaturation at 
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94°C for 20 seconds, annealing at 55°C for 20 seconds, and extension at 72°C for 30 

seconds. The final extension occurs at 72°C for 5 minutes. The samples are then run on a 

1.5% agarose gel at 125V for 30 minutes. The wild-type band is 363bp, and the mutant 

band is 470bp.  

2.3.3 Setting up Timed Mating 

Males and females were kept separated for a few days. Before pairing, the 

visualization of the vaginal opening was done to identify the estrous cycle stage. Females 

in proestrus or estrous phases are more likely to become pregnant (Byers et al., 2012). 

Selected pairings were put together around 6:30 PM and separated around 8:30 AM the 

next morning. The female mouse was weighed, and the presence of a vaginal plug was 

determined. Dams found to have a vaginal plug would be carrying embryonic day 0.5 

(E0.5). The females were weighed again a week later. Those with a vaginal plug and a 

weight gain of 1 or more grams were deemed pregnant. Those without a vaginal plug but 

with weight gain were put under careful watch. If they start showing, then they were 

collected at the desired time point.  

2.3.4 Tissue Collection and Processing 

On the designated embryonic collection date, the pregnant dam was euthanized 

via asphyxiation. The uterine horns were removed, washed in 1X PBS (NaCl 8g/L, 

Na2HPO4 1.44g/L, KCl 0.2g/L, KH2PO4 0.24g/L, pH 7.4), and placed on ice. Individual 

embryos were isolated. A piece of the tail was removed for genotyping purposes. Then 

the embryos were decapitated. For embryos younger than E14.5, the entire head was 

fixed in 4% paraformaldehyde (PFA) in PBS overnight at 4C. The next day, the samples 
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were washed three times with PBS, 10 minutes per wash. Following an hour in 10% 

sucrose diluted in 1X PBS at room temperature, the samples were submerged in 20% 

sucrose overnight at 4°C. The next day, they were embedded in Optimum Cutting 

Temperature (OCT) compound (Sakura Finetek USA Inc, Torrance, CA) and quickly 

frozen using crushed dry ice. If the embryos were E14.5 or older, a blue permanent 

marker was used to mark the eye’s dorsal aspect before enucleation. While the heads 

were fixed and cryoprotected in the same way as previously described, the eyes were 

fixed in 4% PFA for 30 minutes on ice. After being washed three times with PBS for 5 

minutes each wash, the samples were brought through 10%, 20%, and 30% sucrose for 

15, 30, and 20 minutes, respectively. Then they were embedded in OCT compound and 

quickly frozen down. Embedded blocks were wrapped in parafilm and plastic wrap, then 

stored at -20°C before being sectioned. 

Postnatal mice were first anesthetized in an isoflurane chamber to collect retinas. 

After decapitation, a terminal tail piece was taken, and the dorsal aspects of the eyes were 

marked with a permanent marker. Then the eyes were enucleated and washed with 1X 

PBS. A hole was made in the cornea using forceps, and the sample was fixed for 2 

minutes in cold 4% PFA. The cornea was carefully removed, and the remaining samples 

were submerged again in cold 4% PFA for 2 minutes. Then the lens was carefully 

removed with forceps, and the remaining eye cup was transferred to a vial with cold 4% 

PFA to fix for 30 minutes. The samples were then processed in the same process as those 

collected from embryos older than E14.5, embedded in OCT, and frozen down. The 

embedded samples were sectioned into 12μm thick sections using the Leica CM1950 
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Cryostat (Leica Biosystems, Wetzlar, Germany). Sections were mounted onto Superfrost 

Plus microscope slides (Thermo Fisher Scientific, 12-550-15) and stored at -20°C. 

For Western analysis, both eyes or retinas from the same mouse were directly 

removed and frozen in a tube on dry ice. No fixatives were used. Samples were stored at -

80°C. 

2.3.5 EdU Injections and Detection 

Two hours before collection, P0 pups were intraperitoneally injected with 10uL of 

5mg/mL 5-ethynyl-2’-deoxyuridine (EdU; Carbosynth LLC, Oxford, United Kingdom) 

for a final concentration of 50mg per g body weight. EdU detection was done on retinal 

sections using the Click-iT TM
 Plus EdU Alexa Fluor TM 488 Imaging Kit (C10632, 

Thermo Fisher Scientific). Depending on the secondary antibody combination for the 

staining, sulfo-cyanine5-azide (A3330, Lumiprobe Corporation, Cockeysville, MD) was 

also used. Briefly, the washed sections were incubated in the detection solution for 15 

minutes at room temperature while rocking in the dark. Then they were washed with the 

kit’s wash buffer twice. Then the staining procedure continued with the antigen retrieval 

step if needed or proceeded with the blocking step. 

2.3.6 Immunofluorescence 

Indirect immunofluorescence (IF) was used for the analysis of Mturn expression. 

Slides with 12μm retinal sections were left at room temperature for half an hour to warm 

up and then incubated at 37°C in a dry slide incubator for 10 minutes. The slides were 

washed with PBST (1X PBS + 0.1% Triton-X 100) 3 times, 3 minutes each time. If 

antigen retrieval was needed for the primary antibody detection, then the slides were 
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submerged in a Coplin jar of sodium citrate buffer (10mM sodium citrate, 0.05% Tween 

20, pH 6.0). The solution was heated in a microwave on high power for 40 seconds, 

making sure the solution reached 95°C. Then the samples were heated at 20% power for 

10 minutes. Periodically, the solution level was monitored to ensure complete submersion 

and that the temperature remained above 90°C but below boiling. Following AR, slides 

were submerged in 1X PBS for 10 minutes. The protocol called for using a liquid blocker 

pen (Newcomer Supply, Inc., Middleton, WI) to outline the slides, preventing the 

solution from running off. Sections were incubated in blocking solution, which consisted 

of 5% donkey serum (D9663, MilliporeSigma), 0.1% Triton-X 100 in 1X PBS for 1 hour 

at room temperature while rocking. Primary antibody solution (blocking solution + 

primary antibodies) was applied for overnight incubation at 4°C (see Appendix A Table 1 

for primary antibody information and Appendix A Table 3 for company address). The 

next day, the slides were washed with PBST, and the secondary antibody solution 

(blocking solution + secondary antibodies + DAPI [4’,6-diamidino-2-phenylindole] at 

1:1000) was applied (see Appendix A Table 2 for secondary antibody information and 

Appendix A Table 3 for company address). After a 2-hour incubation at room 

temperature, the slides were washed three times with PBS. FluorSave reagent 

(MilliporeSigma) with 2% 1,4-Diazabicyclo [2.2.2] octane (DABCO; D27802, 

MilliporeSigma) was applied to the sections before glass coverslips (28-529-22X50, 

Krackeler, Albany, NY) were mounted on top. Nail polish was used to seal the slides 

before storing them at 4°C.  

Through YenZym Antibodies, LLC, polyclonal anti-Mturn antibodies were 

produced by injecting specific peptides into rabbits. The X. laevis mturn sequence (aa 
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113-131, DVEEEEPEADHQQMGVSQQ) at the C-terminus tail was used to generate 

Mturn antibody 1 (pAb1, YZ344 bleed 1 cycle 1) (Fig. 2.1A, underlined in blue). 

Another two antibodies (pAb2 - YZ6446 bleed 2 cycle 2, and pAb3 – YZ6445 bleed 2 

cycle 2) were created by two individual rabbits to recognize the M. musculus Mturn 

sequence (aa 100-125, DADDDAFEEYSADVEEEEPEADHPQ) (Fig. 2.1A, underlined 

in red). All antibodies were affinity purified with columns containing the respective 

antigenic peptide (YenZym Antibodies). To further minimize non-specific binding, 

Mturn primary antibody solution was preadsorbed on slides containing only mutant 

sections. The next day, the Mturn antibody solution was collected off the slides and 

diluted to half the concentration by adding an equal part blocking solution. Other primary 

antibodies of interest were added to the diluted preadsorbed Mturn antibody solution and 

applied to experimental slides containing both littermate wild-type and mutant sections 

for overnight incubation.  

2.3.7 Western Blot 

     Samples were suspended in lysis buffer, consisting of 10mM HEPES pH 7.4, 

150mM NaCl, 1% NP-40, EDTA-free protease inhibitor cocktail (04-693-151-001, 

Roche AG, Basel, Switzerland) and PhosStop phosphatase inhibitor (04-906-845-001, 

Roche AG). Samples were physically homogenized with various gauge needles (20G, 

22G, and 26G) three times each. The samples were then sonicated three times, one 

second each time. Non-soluble proteins were separated from the soluble proteins via 

centrifugation at 10,000g for 15 minutes. The soluble supernatant contained cytoplasmic 

proteins. The pellet was suspended in lysis buffer and housed the non-soluble, nuclear 

proteins. DC protein assay kit (5000111, Bio-Rad Laboratories, Hercules, CA) was used 



47 
 

to determine each sample’s protein concentration. 30μg total protein of each sample was 

loaded into individual wells of a 15% acrylamide gel. Gel electrophoresis was down to 

separate the proteins. Proteins were then transferred to PVDF membrane (1620177, Bio-

Rad Laboratories). The membrane was submerged in blocking solution (5% milk, 0.1% 

tween-20, in 1X TBS) for 1 hour at room temperature while rocking. The blot was then 

incubated in primary antibody solution (blocking solution + primary antibody) overnight 

at 4°C. The following primary antibodies were used for Western analysis: rabbit 

polyclonal antibodies specific to Mturn pAb1 (YenZym, 1:1000), β-actin (Cell Signaling, 

4967L, 1:4000), and histone-H3 (Abcam, ab1791, 1:1000). The next day, the blot was 

washed with the blocking solution and submerged in the secondary antibody solution, 

consisting of blocking solution + 1:5000 goat anti-rabbit HRP (AP307P, MilliporeSigma) 

for 1 hour at room temperature while rocking. The blot was washed with 1X TBS and 

exposed to Pierce ECL Western blotting solutions (32106, Thermo Fisher Scientific) for 

5 minutes and exposed to film to visualize the signal. Blots were stripped with Restore 

solution (21059, Thermo Fisher Scientific) for 15 minutes and blocked again before 

incubation in primary antibody solution.  

2.3.8 Image Capturing, Processing, and Cell Counting 

Stained sections were visualized using a Leica DM6000 B upright fluorescence 

light microscope with motorized Z-focusing (Leica Microsystems, Bannockburn, IL) 

fitted with a Teledyne QImaging MicroPublisher 6 camera (Surrey, British Columbia, 

Canada) for image capture. Volocity software version 6.3.1 (Improvision Inc., a 

PerkinElmer Company, Waltham, MA) was used to process images. Exposure times were 

determined by normalizing to the signal from Mturn+/+ glancing retinal sections and used 



48 
 

for image acquisition of all sections on that slide, which contained both Mturn+/+ and 

Mturn-/- samples. Figure images were processed using Adobe Photoshop CS6 (San Jose, 

CA). 

For counts, 20X images of the retinal samples were acquired and stitched 

together. Three sections per eye were imaged for quantification: one containing the optic 

nerve head, one adjacent nasal section, and one adjacent temporal section. Both eyes 

from the sample animal were also quantified. Counts were done manually. Counts from 

three different animals were presented as the mean ± SD.  
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2.4 Results 

2.4.1 Testing Specificity of Maturin Polyclonal Antibodies 

Anti-peptide polyclonal antibodies were generated against specific MTURN 

protein regions to determine the expression pattern (Fig. 2.1A) and tested against a Mturn 

knockout mutant mouse line (Mturn-/-), which has been predicted to produce truncated, 

nonfunctional MTURN. After extracting protein from P30 littermate Mturn+/+, Mturn+/-, 

and Mturn-/- retinas, we performed Western analysis on the denatured protein samples. 

pAb1 detected the expected 15kDA band in the wild-type sample (Fig. 2.1B, first lane). 

A reduced signal was also detected in the heterozygote sample (Fig. 2.1B, second lane), 

and none was detected in the mutant sample (Fig. 2.1B, third lane). Higher molecular 

weight bands were detected in all three samples. Since polyclonal antibodies consist of a 

mixture of immunoglobulins that can bind to several different non-specific epitopes of 

the target antigen, the higher molecular weight bands might be non-Maturin proteins that 

share a similar epitope. Consistent with this hypothesis, the higher molecular weight 

proteins were observed in extracts from Mturn+/+, Mturn+/-, and Mturn-/-. Thus, while 

pAb1 can distinctly detect denatured MTURN on WB, it also binds to unknown proteins. 

We also tested the immunoreactivities of the antibodies on retinal sections to 

further determine their specificity. The absence of signal in mutants is the most rigorous 

test for antibody specificity (Saper & Sawchenko, 2003). Previous work in the lab 

determined that Mturn transcript is present in the P15 mouse retina (Fig. 2.2A). 

Specifically, it was detected in regularly spaced cells residing in the outer aspect of the 

INL and a subset of cells in the GCL (Fig. 2.2B). Therefore, we tested the specificities of 

the various Mturn antibodies on P15 Mturn+/+ and Mturn-/- littermate retinal sections by 
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indirect IF. Although pAb1 was able to recognize denatured MTURN on Western blot, it 

was not immunoreactive to endogenous Mturn protein in frog or mouse retinal sections 

(not shown). Therefore, pAbs 2 and 3 were tested. Interestingly, although pAbs 2 and 3 

could not detect denatured MTURN on Western blot (not shown), they could recognize 

endogenous MTURN in the mouse retina (summarized in Table 2.1). Both pAbs 2 and 3 

specifically identified spaced cells in the INL of Mturn+/+ retinas (Fig. 2.1C, D, white 

arrows, N=3). This intense signal was absent in the Mturn-/- retinas (Fig. 2.1C’, D’, N=3). 

Although pAb2 was also immunoreactive to some cells in the GCL and fibers in the 

nerve fiber layer, a similar pattern was also occasionally detected in the Mturn-/- retinas 

(Fig. 2.1C’). pAb3 was also more reactive to other cells in the INL and GCL than pAb2 

(Fig. 2.1D); however, this was consistently observed in Mturn-/- retinas as well (Fig. 

2.1D’). Overall, pAb1 was determined to be useful in detecting denatured MTURN by 

Western blot. Polyclonal antibodies 2 and 3 showed distinct immunoreactivity in 

regularly spaced cells localized to the outer aspect of the INL. Similar expression patterns 

were observed with pAb2 and pAb3. However, pAb2 immunoreactivity was more 

specific than that of pAb3. Therefore, pAb2 was used to characterize the expression of 

Mturn. 

2.4.2 Maturin Expression in the Postnatal Mouse Retina 

Because Mturn functions to control neural progenitor cell differentiation, we used 

the retina to ask if mouse Mturn expression pattern is consistent with its role in X. laevis. 

The expression of Mturn was characterized via indirect immunofluorescence first at early 

postnatal ages when proliferation and differentiation are still occurring, and then in the 

mature retina when these processes are complete. By P12, all the retinal cells have exited 
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the cell cycle (Young, 1985b). Signals detected from the retinas of Mturn+/+ and Mturn-/- 

littermates were compared to confirm the antibody specificity. By embryonic day 16.5 

(E16.5), Mturn was expressed in distinct cells in the ONBL, especially in the central 

retina (Fig. 2.3, A, A’, white arrows; see Appendix A Fig. 1 for more supporting 

preliminary results). By P0, we observed a distinct signal in the ONBL of the entire 

Mturn+/+ retina (Fig. 2.3B, C) and not in the Mturn-/- retina (Fig. 2.3B’, C’). Additionally, 

the signal in the GCL looked qualitatively more intense in Mturn+/+ than in Mturn-/- 

retinas, suggesting the expression of Mturn by some cells in the GCL. However, the non-

specific staining observed with pAb2 interfered with detecting which GCL cell type 

expressed Mturn. The immunoreactive cells in the ONBL persisted at P5 (Fig. 2.3D, D’). 

By P10, Mturn+ cells were detected in the outer aspect of the INL, remaining there as the 

retina matured (Fig. 2.3E, E-H’). The staining in the adult retina revealed regularly 

spaced cells positioned where HCs are typically situated in the INL. At P30, we detected, 

on average, 87.2 ± 14.6 (N=3) Mturn+ INL cells in each central retinal section.  

I also determined the subcellular localization of Mturn to postulate, where it could 

be functioning within a cell. Cytoplasmic and nucleic proteins were separated during 

protein extraction from P30 littermate Mturn+/+, Mturn+/-,  Mturn-/- retinas, and WB 

analysis was performed (Fig. 2.4). Histone H3, exclusively found in the nucleus, was 

present in the non-soluble protein and absent in the soluble protein samples. As a loading 

control, β-actin was relatively equal in each lane. Mturn pAb1 was unable to detect the 

15kDA band in the Mturn-/- retinal protein samples. In both Mturn+/+ and Mturn+/- 

samples, Mturn was detected in the soluble and not in the non-soluble protein samples. 

The Mturn band observed in the soluble protein samples appeared qualitatively more 
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intense in Mturn+/+ than in Mturn+/- retinas. This preliminary experiment suggested that 

Mturn was localized to the cytoplasm of retinal cells. 

2.4.3 Expression of Maturin in Differentiating Cells 

   Mturn was most prominently expressed in differentiating cells of the CNS 

(Martinez-De Luna, 2013). We asked if this was consistent in the mouse retina. At P0, 

cellular proliferation and differentiation occur simultaneously, but it is also when the 

number of mitotic cells producing postmitotic daughter cells is highest (Alexiades & 

Cepko, 1996). Therefore, I stained P0 retinas from littermate Mturn+/+ and Mturn-/- mice 

with pAb2, cell cycle, and differentiation markers. Proliferating Cell Nuclear Antigen 

(PCNA) and Mini Chromosome Maintenance Protein 6 (MCM6) are the most 

comprehensive RPC marker, as they are strongly expressed in all phases of the cell cycle 

and undetectable in differentiating cells. Their expression patterns are similar, consisting 

of cells in the NBL and not in the developing GCL (Barton & Levine, 2008). Retinal cells 

throughout the NBL expressed PCNA (Fig. 2.5A). Consistent with previous findings, 

distinct Mturn+ cells were present in the ONBL (Fig. 2.5B), and they did not appear to 

co-label with PCNA (Fig. 2.5C, A’-C’). MCM6+ cells were detected throughout the NBL 

and absent from the developing GCL (Fig. 2.5D). The Mturn+ cells in the ONBL (Fig. 

2.5E) also did not express MCM6 (Fig. 2.5F). Magnified images revealed a lack of 

MCM6 and Mturn colocalization in the ONBL (Fig. 2.5D’-F’). 5-ethynyl-2’-

deoxyuridine (EdU) was intraperitoneally injected into P0 pups, and the retinas were 

collected 2 hours later. EdU is a thymidine analog in which the methyl group in the five 

positions is replaced by a terminal alkyne group (Rostovtsev et al., 2002). During the S 

phase, when DNA replication takes place, EdU is incorporated into newly synthesized 
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DNA in vivo (Salic & Mitchison, 2008). EdU detection occurs when the EdU alkyne 

group reacts with an azide-containing detection reagent to form a stable triazole ring 

(Rodionov et al., 2005; Rostovtsev et al., 2002). After incorporating EdU during the S 

phase, EdU+ cells began to migrate from the retina’s basal side towards the apical side. 

The EdU+ cells (Fig 2.5. G, G’) were in the outer neuroblastic layer (INBL) and did not 

co-label with Mturn (Fig 2.5. H, H’, I, I’). The absence of proliferation markers (PCNA, 

MCM6, and EdU) indicates that Mturn+ cells have already exited the cell cycle. 

     To determine if Mturn was expressed in differentiating cells, I used antibodies to 

neuron-specific class III β-tubulin (Tuj1) and doublecortin (Dcx) to identify neurons that 

had already left the cell cycle and were differentiating. Tuj1 is expressed soon after the 

cell’s final mitotic cycle of migrating neurons (M. K. Lee et al., 1990). Dcx is present in 

young migrating and differentiating neurons (Francis et al., 1999; Gleeson et al., 1999). 

In the rat retina, Dcx is first expressed at E15 in HC precursors. Dcx is also expressed in 

mature horizontal cells (E. J. Lee et al., 2003; Wakabayashi et al., 2008). I determined 

that in the P0 mouse retina, Tuj1+ cells in the ONBL (Fig. 2.6A) were Mturn+ (Fig. 

2.6B, C), indicating Mturn+ cells as postmitotic, migrating neurons (Fig. 2.6A’-C’). 

Additionally, Dcx+ cells in the ONBL (Fig. 2.6D) were also Mturn+ (Fig. 2.6E, F). Not 

only was this consistent with previous findings of Mturn expression in differentiating X. 

laevis neurons, but it also suggested that the Mturn+ cells were HC precursors (Fig. 

2.6D’-F’). Additionally, apical processes extending from Mturn+ cells were also 

immunoreactive to Tuj1 and Dcx (Fig. 2.6A’-F’, white arrows). Together, in the mouse 

retina at P0, Mturn+ cells appear restricted to postmitotic cells, including presumptive 

HCs. 
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2.4.4 Mature Mouse Horizontal Cells Express Maturin 

To confirm the identity of the Mturn expressing cells in the INL of mature mouse 

retinas, I performed immunohistochemistry (IHC) with Mturn pAb2 and multiple cell 

type-specific markers. LIM homeodomain protein Lim1 is expressed in the mouse retina 

by E14.5 and is specific to HCs. Additionally, its spatial and temporal expression 

coincides with that of calcium-binding protein calbindin D-28k (Calb) (W. Liu et al., 

2000).  In mammals, Calb is detected in HCs, as well as displaced ACs and ON-sustained 

RGCs in the GCL (Hamano et al., 1990; Krieger et al., 2017; Rohrenbeck et al., 1987). 

Homeodomain protein Prox1, the vertebrate ortholog of Prospero in Drosophila, is 

expressed in HCs, BP cells, and AII ACs (Dyer, 2003). At P30, Lim1+ cells lined the 

outer aspect of the INL where HCs reside (Fig. 2.7A). Consistent with previous 

observations, cells strongly expressing Mturn were also located in the outer aspect of the 

INL (Fig. 2.7B, C). Lim1+ cells (Fig. 2.7A’) express Mturn (Fig. 2.7B’, C’). Similarly, 

the distinct Calb+ cells located in the outer INL (Fig. 2.7D) also express Mturn (Fig. 

2.7E, F). The number of Mturn+, Calb+, and double-positive cells was counted in entire 

retinal sections to determine each population's fraction to the total. Three retinal sections 

per eye from three different Mturn+/+ mice were scored. Of the 1599 cells counted in the 

INL, 0.06% were Mturn+ only, 1.88% were Calb+ only, and 98.06% were both Mturn+ 

and Calb+ (Fig. 2.7J). Additionally, Mturn was also present in Calb+ HC processes (Fig. 

2.7D’-F’, white arrows). 

Although Prox1 immunoreactivity was detected in cells throughout the INL, there 

was co-labeling with Mturn immunoreactive cells in the outer INL (Fig. 2.7G-I). While 

some Prox1+ cells also expressed Mturn, most did not (Fig 2.7G’-I’). The proportion of 
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INL cells that expressed Mturn, Prox1, or both, in four regions along the retina were 

counted. The four regions were determined by measuring retinal lengths of 500μm and 

1500μm away from the optic nerve head, both dorsally and ventrally. Immunoreactive 

cells within 100μm retinal length centered around the measured point were counted. Of 

the 4360 cells counted in the INL, 0.02% were Mturn+ only, 94.38% were Prox1+ only, 

and 2.80% were both Mturn+ and Prox1+ (Fig. 2.7K). Co-labeling of Calb and Prox1 is 

commonly used to identify HCs in the mouse retina (Perez de Sevilla Muller et al., 2017). 

I found that Calb+ and Prox1+ double-labeled cells were also Mturn+ (Fig. 2.8). Thus, by 

analyzing three different HC markers at P30, I determined that the Mturn+ cells in the 

outer aspect of the INL are indeed HCs. 

To determine if other INL cell-types expressed Mturn, I stained P30 retinas with 

Mturn and other cell-type specific markers. Homeobox gene Chx10, also known as Vsx2, 

is a marker for BP cells and is important for BP differentiation (Burmeister et al., 1996; I. 

S. Liu et al., 1994). PKCα is expressed in a subset of BP cells, the rod ON-bipolar cells 

(Haverkamp et al., 2003). The Chx10+ cells (Fig. 2.9A, A’) did not co-label with the 

Mturn+ cells (Fig. 2.9B, B’, C, C’). Similarly, cells expressing PKCα (Fig. 2.9D, D’) also 

did not express Mturn (Fig. 2.9E, E’, F, F’). LIM-homeodomain protein Isl1 is expressed 

in ON-BP cells, subtypes of ACs, and RGCs (Elshatory et al., 2007). Calretinin is 

expressed in a subset of ACs and transient OFF-α RGCs (Huberman et al., 2008; Kovacs-

Oller et al., 2019). The Isl1+ cells in the INL (Fig. 2.10A, A’) and Mturn+ cells (Fig. 

2.10B, B’) did not co-label (Fig. 2.10C, C’). Calretinin+ AC cells in the INL (Fig. 2.10D) 

also did not express Mturn (Fig. 2.10E, F). However, there appeared to be some 

calretinin+ cells in the GCL (Fig. 2.10D’, white arrow) that also expressed Mturn (Fig. 
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2.10E’, F’). Mturn+ cells in the INL were not expressed in MG as determined by 

Peripherin 1 staining (Fig. 2.11; (Drager et al., 1984; Martinez-De Luna et al., 2017). 

Taken together, of the cells in the INL, Mturn was specifically expressed in HCs (Lim1, 

Calb, Prox1), and not in BP cells (Chx10, PKCα), ACs (Isl1, Calretinin), or MGs (R5).  

While no immunoreactive cells were detected in the ONL using the Mturn pAbs, 

it was difficult to determine if a subset of cells in the GCL were immunoreactive. I 

confirmed the absence of Mturn in PRs by using PR markers, rhodopsin, and peanut 

agglutinin (PNA), which label outer segments of rods and cones (Blanks & Johnson, 

1984; Lem et al., 1999), respectively. Rod PRs that expressed rhodopsin (Fig. 2.12A) did 

not express Mturn (Fig. 2.12B, C), and cone PRs expressing PNA (Fig. 2.12D) also did 

not express Mturn (Fig. 2.12E, F). To determine if there was a pattern in the Mturn 

immunoreactivity in the GCL, I used several RGC specific markers. RNA-binding 

protein with multiple splicing (RBPMS) is expressed in all RGCs (Rodriguez et al., 

2014). POU domain Brn3 consists of three closely related genes (Brn3a, Brn3b, and 

Brn3c) expressed in different RGC subtypes (Xiang et al., 1995). In addition to some of 

the Calretinin+ cells pointed out previously (Fig. 2.10D’, white arrow), some RBPMS+ 

cells (Fig. 2.13A) also appeared to express Mturn (Fig. 2.13B, C) while the Brn3+ cells 

(Fig. 2.13D) did not (Fig. 2.13E, F). While this may suggest a subtype of RGCs expresses 

Mturn, the background staining makes it challenging to confirm. Thus, to definitively 

determine if a subtype of RGCs expresses Mturn protein, experiments involving 

additional tools will be needed. 

To circumvent problems with the Mturn pAbs, I preliminarily attempted to 

identify which retinal cell types express the Mturn transcript. I tried to use a combination 
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of in situ hybridization (ISH) and immunofluorescence to identify the Mturn+ cells in the 

GCL (Viczian et al., 2003). Unfortunately, I was unable to detect a specific ISH signal 

(not shown). Immunofluorescence staining performed after ISH of the same tissue 

sections using anti-Calb and anti-RBPMS antibodies was also unsuccessful. Therefore, 

although we have previously detected Mturn transcript in the P15 GCL, it remains 

unknown if a subset of cells in the GCL expresses Mturn protein in the mouse retina.  
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2.5 Discussion  

In this chapter, I characterized Mturn expression in the mouse retina. I discovered 

that consistent with its role in the differentiation of neural progenitor cells in X. laevis, 

Mturn was expressed in mouse retinal cells that had exited the cell cycle and were 

differentiating. In the mature retina, Mturn protein was localized to the cytoplasm. 

Furthermore, Mturn was expressed in only HCs in the INL.  

A significant limitation in this study was the non-specific binding of Mturn pABs, 

making it difficult to determine if a subset of cells in the GCL expressed Mturn. To 

optimize the Mturn staining conditions, I tried using antigen retrieval and changed the 

blocking conditions. I also tested different dilutions of the primary antibodies (see 

Appendix A Figure 2) and staining fresh frozen (unfixed) tissues. However, the 

background staining in the GCL persisted. Using Mturn+/+, Mturn+/- and Mturn-/- retinal 

sections, I stained for Mturn. Another lab member quantitatively compared Mturn 

fluorescent intensity in the GCL; however, the results were inconclusive. Since we could 

not determine if Mturn protein is present in the GCL, I attempted in situ hybridization 

(ISH), followed by immunofluorescence to identify the cells that express Mturn 

transcript. However, unlike the P15 ISH, the ISH I did using P30 mouse retinas did not 

show any specific expression in horizontal cells. This could be due to a difference in 

protocols. In the combined ISH/IF protocol, the proteinase K treatment step is omitted to 

prevent proteins' digestion. The absence of proteinase K could have reduced the 

hybridization signal. Although the ISH/IF protocol was successfully performed in the lab 

previously, different probes were used. Following the ISH, I stained retinal sections for 

Mturn and RBPMS with the standard laboratory protocol, yet neither protein was 
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detected. Therefore, further optimization of the combined ISH/IF protocol should be done 

to identify the subset of cells in the GCL that express Mturn. Another approach would be 

to repair the Mturn knockout line placing the reporter gene (lacZ) back in frame. Then 

process retinal samples and determine if there is a detectable LacZ activity in the GCL. If 

so, then we can stain for cell type-specific markers that label displaced ACs and RGCs. 

Another possible method would be to isolate cells from the GCL, extract mRNA, and 

perform RT-PCR to detect the Mturn transcript. At present, I can conclude that mouse 

HCs express Mturn, but additional experiments are needed to determine if Mturn is 

expressed in the ganglion cells later. 

Problems also arose when trying to discern the first expression of Mturn. 

Although preliminary Western blot and IHC experiments detected Mturn at E16.5, 

mutant controls were not included. Therefore, it remains possible that Mturn is expressed 

before E16.5. Repeating these experiments with proper controls will enhance the power 

of the results. Additionally, the Mturn pAbs should be tested on non-denaturing gels to 

determine their ability to recognize the native protein conformation of Mturn. Since they 

are polyclonal, the Mturn antibodies may identify non-Mturn proteins with structural 

similarity to the antigenic peptide. 

If background staining cannot be inhibited (or significantly reduced), other 

methods should further characterize Mturn expression. For example, RT-PCR on cDNA 

made from RNA extracted from Mturn+/+ and Mturn-/- retinas at multiple ages would 

better inform us of exactly when Mturn transcript is first expressed. Another approach 

would be to replace Mturn with a reporter gene (fluorescent protein or lacZ). With the 

proper controls, we could then determine when the signal from the reporter is first 
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detected. Identifying when Mturn is first expressed can provide insight into its role in the 

context of mouse retinogenesis. 

Mturn is both expressed in differentiating cells during early retinogenesis and 

maintained in mature mouse HCs. Mturn may have two roles in the mouse retina, an 

initial role in HCs differentiation, and a second that functions to support mature HCs. Our 

previous studies of Mturn in X. laevis revealed that the protein sequence lacks several 

predicted functional domains, including a signal peptide, transmembrane domain, and 

nuclear localization signal. We previously reported that Mturn most likely functions 

downstream of the proneural pathway either with the p21-activated kinase (Pak3) or in 

parallel to promote differentiation of primary neurons (Martinez-De Luna et al., 2013). 

Future studies should continue to investigate the role of Mturn during X. laevis 

neurogenesis. Consistent with a differentiation role, a study using human erythroid 

leukemia cell lines K562 and HEL found that Mturn regulates 12-O-

tetradecanoylphorbol-13-acetate (TPA)-induced megakaryocyte differentiation by 

modulating MAPK/ERK, SAPK/JNK, and NF-κB signaling (Sun et al., 2014). Therefore, 

Mturn plays a role in the cellular differentiation of two distinct tissues. Future studies 

should continue to extend understanding of the molecular mechanism by which Mturn 

controls cellular differentiation. 

Based on morphology, three subtypes of HCs have been identified. The “brush-

shaped” (H1) subtype is axon-bearing. The “stellate” (H2) and the “candelabrum-shaped” 

(H3) are axon-less (Gallego, 1986). The H1 axon connects to rod PRs while the dendrites 

of all three types synapse with cone PRs (Genis-Galves et al., 1979; Zhang et al., 2006). 

Unique molecular markers correspond to these morphological classifications. While all 
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HCs express TFs Prox1 and Pax6, axon-bearing and axon-less HCs express Lim1 and 

Isl1, respectively (Edqvist et al., 2008; Fischer et al., 2007). Studies in chicken retina 

show that at late developmental stages, Lim1 and Isl1 are required for subtype-specific 

morphogenesis of post-migratory HCs. Overexpression of Isl1 in post-migratory HCs 

reduced Lim1 expression and increased the proportion of Isl1+ HCs with axon-less 

morphology (Suga et al., 2009). The mouse retina has only Lim1-immunoreactive axon-

bearing H1 HCs (Elshatory et al., 2007; Hombach et al., 2004; W. Liu et al., 2000; Peichl 

& Gonzalez-Soriano, 1994). Our observation that Mturn is specifically expressed in 

Lim1+ cells and not in Isl1+ cells is consistent with only H1 HCs in the mouse retina. In 

addition to possibly having a role in the genesis of Lim1+ HCs, Mturn may also maintain 

horizontal cells' morphology and function. To test this, Mturn expression in other species' 

retinas (such as frogs and chickens) with multiple HCs subtypes, should be determined. 

For example, the frog Rana pipiens has three different subtypes of HCs (Ogden et al., 

1984, 1985). Isl1-immunoreactive HCs have been identified in X. laevis retinas (Alvarez-

Hernan et al., 2013). Experiments should be done to determine if horizontal cells 

coexpress mturn, lim1, and isl1 during X. laevis retinal development. Expression in lim1+ 

and not isl1+ HCs suggests Mturn may have a role in the specification or differentiation 

of H1 HC. Alternatively, Mturn may indirectly promote H1 genesis by inhibiting H2 and 

H3 genesis. 

Preliminary results indicate that Mturn is expressed by E16.5 when most HCs 

have undergone terminal mitosis and are migrating (Young, 1985a). In both the mouse 

and chicken retina, HCs are the earliest cell-type to complete cell cycle exit. However, 

they do not migrate immediately to their final destination. Instead, they undergo bi-
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directional migration, first moving towards the GCL before making their way to their 

final residence (Edqvist & Hallbook, 2004; W. Liu et al., 2000). When they reach the 

correct layer, HCs respond to afferent innervation and continue differentiating by 

establishing functional connections with nearby synaptic partners (Raven et al., 2007). 

Since Mturn is expressed in postmitotic HCs, it may have a role in managing HC 

migration. If true, then in the absence of Mturn, HCs may not properly migrate, reside in 

the apical INL, or extend processes into the outer plexiform layer (OPL) to form 

synapses. Future experiments should be done to determine if the absence of Mturn affects 

mouse retinogenesis, which would provide more insight into its role. 

HCs have unique features that suggest mechanisms to maintain them in a 

differentiated state may be required. While most cells undergo mitosis at the retina’s 

apical edge, committed HCs in chicken and zebrafish can undergo non-apical mitoses in a 

semi-differentiated state (Boije et al., 2009; Godinho et al., 2007). Unlike most retinal 

cells that undergo apoptosis to fine-tune the proper number of cells generated during 

development, chick and mouse HCs do not (Cook et al., 1998; Edqvist et al., 2008; 

Young, 1984). Additionally, most cells undergo apoptosis following DNA damage that 

cannot be repaired (Roos & Kaina, 2006). Rb1 mutation causes retinoblastoma, is a vital 

regulator of the cell cycle that prevents cell cycle progression from G1 to S phase 

(Goodrich et al., 1991). There is evidence that HCs lacking Rb1 are abnormally large, 

survive DNA damage, and continue to divide, resulting in poly- or aneuploidy 

(MacPherson et al., 2004; Donovan & Corbo, 2012). Furthermore, in the absence of Rb 

family proteins (Rb, p107, and p130), HCs maintain their differentiated state while re-

entering the cell cycle to clonally expand and form tumors that metastasize (Ajioka et al., 
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2007). Taken together, HCs exhibit neoplastic-like properties and are the cellular origin 

of retinoblastoma in mice. Since Mturn drives cell cycle exit and is expressed in mature 

mouse HCs, it may be required to maintain HCs in a stable, differentiated state. In the 

next chapter, I investigate the effect of Maturin loss on mouse retinogenesis.  
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Table 2.1: Characterizing immunoreactivity of Maturin antibodies in P15 Mturn+/+ and 

Mturn-/- mouse retinas. “+” indicates a faint signal. “++” means moderate signal. “+++” 

designate a strong signal. 

 

 

  

Retinal Layer Mturn +/+ Mturn -/- Mturn +/+ Mturn -/-

Outer Segments ++ ++ + +

Outer Nuclear Layer Absent Absent Absent Absent

Outer Plexiform Layer ++ + + +

Inner Nuclear Layer HCs +++ + HCs +++, overall ++ Overall ++

Inner Plexiform Layer ++ ++ Absent Absent

Ganglion Cell Layer +++ ++ ++ ++

Nerve Fibers & Optic Nerve +++ +++ + +

AB 2 AB 3
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Figure 2.1: Immunoreactivity of Mturn antibodies. (A) The Mturn protein sequences 

from X. laevis, H. sapiens, and M. musculus were aligned. Periods indicate identical 

amino acids. The antigen (aa 113-131) used to generate pAb1 is underlined in blue. The 

antigen (aa 110-125) used to generate pAb2, and 3 is underlined in red. (B) Total proteins 

extracted from P30 Mturn+/+ (Lane 1), Mturn+/- (Lane 2), and Mturn-/- (Lane 3) retinas 

were analyzed via Western blot for Mturn pAb1 specificity. β-actin (42kDa) was used as 

a loading control. The size of protein in the ladder is on the left (kDa). (C) 

Immunoreactivity of pAb2 on P15 Mturn+/+ retina with distinct cells in the outer INL 

(white arrows). (C’) Control testing immunoreactivity of pAb2 on P15 Mturn-/- retina. 

(D) Immunoreactivity of pAb3 on P15 Mturn+/+ retina also indicates distinct cells in the 

outer INL (white arrows). (D’) Control testing immunoreactivity of pAb3 on P15 Mturn-/- 

retina. Nuclei were counterstained with DAPI (in blue, C, C’, D, D’). The scale bar is 

45μm. Black vertical lines indicate the retinal layer. Abbreviations: ONL, outer nuclear 

layer; INL, inner nuclear layer; GCL, ganglion cell layer. 
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Figure 2.2: Mturn transcript is present in the P15 mouse retina. Dr. Reyna Martinez-De 

Luna designed antisense Mturn probes specific to the 3’ UTR of mouse Mturn and 

performed a previously described in situ hybridization protocol (Viczian et al., 2003). A 

magnified view of the white box region in (A) is shown in (B). 
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Figure 2.3: Spatiotemporal Mturn expression in the mouse retina. Wild-type (A-H) and 

mutant (A’-H’) retinal sections were labeled simultaneously with Mturn pAb2 (red), and 

nuclei were counterstained with DAPI (blue). (A, A’) Whole E16.5 retinal sections are 

shown oriented dorsal up. The region outlined by the white dashed box is magnified and 

displayed in the bottom left corner of the panel. White arrows point to Mturn+ processes 

in the NBL. (B, B’) Whole P0 retinal sections are shown oriented dorsal up. The region 

outlined by the white box is magnified in (C, C’). (D-H, D’-H’) Ages of the 

representative images are indicated on the bottom right corner. Scale bar is 45μm (A, A’), 

90μm (B, B’), and 22μm (C-H, C’-H’). White vertical lines indicate the retinal layer. 

Abbreviations: L, lens; DCL, differentiating cell layer; NBL, neuroblastic layer. 
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Figure 2.4: Mturn is localized to the cytoplasm. Western analysis of cytoplasmic and 

nuclear proteins extracted from retinas of P30 littermate Mturn+/+, Mturn+/-, and Mturn-/- 

samples. Blots were probed for Mturn (pAb1, 15kDa), nuclear protein Histone H3 

(15kDa), and loading control β-actin (42kDa). The molecular weight of the protein ladder 

is shown on the left in kDa. Note: This was only done once, and I was unable to repeat it. 
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Figure 2.5: Mturn is not expressed in proliferating cells. P0 mouse retinas were 

immunolabeled with Mturn and proliferating cell markers. Expression of proliferation 

markers such as PCNA (A), MCM6 (D), and EdU (G) are shown in green. Mturn 

immunostainings are shown in the middle column (red, B, E, H). Respective merged 

images with Mturn are shown in (C), (F), and (I). The white dashed rectangles indicate 

the region magnified below each panel (A’-I’). Nuclei were counterstained with DAPI 

(blue). Scale bars equal 22μm. White vertical lines indicate the retinal layer. 
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Figure 2.6: Mturn is strongly expressed in differentiating cells. P0 mouse retinas were 

immunolabeled with Mturn and differentiating cell markers. Expression of differentiation 

markers such as Tuj1 (A) and Dcx (D) are shown in magenta. Mturn immunostainings 

are shown in the middle column (red) (B, E). Respective merged images with Mturn are 

shown in (C) and (F). (A-F’) The white dashed rectangles indicate the region magnified 

below each panel. Nuclei were counterstained with DAPI (blue). White arrows point to 

an extended process. Scale bars equal 22μm.  
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Figure 2.7: Horizontal cells express Mturn. P30 mouse retinas were double-labeled to 

identify the Mturn expressing cells. Expression of various HC markers such as Lim1 (A), 

Calbindin (D), and Prox1 (G) are shown in the left column (green). Mturn expression is 

displayed in the middle column (red) (B, E, H). Merged images are in the right column 

with DAPI stained nuclei (blue) (C, F, I). Selected regions outlined by a white dashed 

line are magnified images (A’-I’). (J) Percent breakdown of 1599 counted cells in the 

INL into Mturn+ (blue), Calb+ (green), and Mturn+ and Calb+ (yellow) (N=3). (K) 

Percent breakdown of 4360 counted cells in the INL into Mturn+ (blue), Prox1+ (green), 

and Mturn+ and Prox1+ (yellow) (N=3). White arrows point to HC processes that are 

both Mturn and calbindin immunoreactive. Scale bars equal 22μm.  
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Figure 2.8: Co-expression of Mturn in Calbindin+, Prox1+ HC cells. P30 mouse retinal 

sections were triple labeled with Mturn (A), Calbindin (B), and Prox1 (C). The merged 

image is shown in (D). Magnified views designated by the white dashed rectangles are 

shown below the image panel (A’-D’). Nuclei were counterstained with DAPI (blue). 

Scale bars equal 22μm.  
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Figure 2.9: Mturn is not expressed in BP cells. P30 mouse retinal sections were double-

labeled with BP markers, Chx10 (A) and PKCα (D), and Mturn (B, E). The merged 

images are shown in (C, F). The white dashed rectangles outline regions magnified (A’-

F’). Nuclei were counterstained with DAPI (blue). Scale bars equal 22μm.  
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Figure 2.10: Mturn is not expressed in ACs in the INL. P30 mouse retinal sections were 

double-labeled with AC markers, Islet 1/2 (A) and Calretinin (D), and Mturn (B, E). The 

merged images are shown in (C, F). The Islet 1/2+ cells (A’) and Mturn+ cells (B’) in the 

INL do not co-label (C’). The white dashed rectangles outline regions magnified (A’-F’). 

White arrows point to the co-labeling of Mturn and Calretinin in the GCL. Nuclei were 

counterstained with DAPI (blue). Scale bars equal 22μm.  
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Figure 2.11: Mturn is not expressed in MGs. P30 mouse retinal sections were double-

labeled with MG marker, R5 (A), and Mturn (B). The merged image is shown in (C). The 

white dashed rectangles outline regions magnified (A’-C’). Nuclei were counterstained 

with DAPI (blue). Scale bars equal 22μm.  
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Figure 2.12: Mturn is not expressed in photoreceptors. P30 mouse retinal sections were 

double-labeled with rod marker, rhodopsin (A), and Mturn (B). The merged image is 

shown in (C). P30 mouse retinal sections were also double-labeled with cone marker, 

PNA (D), and Mturn (E). The merged image is shown in (F). The white dashed 

rectangles outline regions magnified (A’-F’). Nuclei were counterstained with DAPI 

(blue). Scale bars equal 22μm.  
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Figure 2.13: Mturn may be expressed in a subset of RGCs. P30 mouse retinal sections 

were double-labeled with RGC markers, RBPMS (A) and Brn3 (D), and Mturn (B, E). 

The merged images are shown in (C, F). The white dashed rectangles outline regions 

magnified (A’-F’). White arrows point to some cells that co-label with Mturn and 

RBPMS. Nuclei were counterstained with DAPI (blue). Scale bars equal 22μm. 
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Chapter 3: Investigating a Possible Role for Maturin in Mouse Retinogenesis 

3.1 Abstract 

During retinogenesis, progenitor cells divide to generate daughter cells fated to 

differentiate into one of the seven retinal cell types, including horizontal cells (HCs) and 

retinal ganglion cells (RGCs). What prevents a differentiated cell from reentering the cell 

cycle is incompletely understood. While most inappropriately proliferating cells would 

undergo apoptosis to prevent tumorigenesis, HCs with specific mutations can sustain 

DNA damage and reenter the cell cycle to generate new cells, causing retinoblastoma. 

Our previous work in Xenopus laevis identified Maturin (Mturn) in a screen for genes 

required for normal eye formation. Mturn knockdown in the neural plate increases 

proliferation, while overexpression drives neural differentiation. Mturn expression in 

differentiating neurons and its protein sequence are highly conserved in vertebrates. 

Thus, we asked if Mturn is required for normal mammalian retinogenesis. 

Preliminary experiments revealed that in the absence of Mturn, longer retinas with 

extensive folds were observed. In mild cases, Mturn-/- retinas had localized retinal 

thickening. In severe cases, the retina buckled to form multiple folds and detach from the 

retinal pigment epithelium. While we did not observe a significant difference in the 

number of most retinal cell types, there was a substantial reduction in the number of 

Lim1+ HCs in Mturn-/- retinas relative to controls. Further work determined that Mturn is 

expressed in differentiating cells during mouse retinogenesis and persisted in mature 

HCs. Together, this suggested that HCs may be the source of the extensive retinal folds 

observed initially.  
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We hypothesized that in the absence of Mturn, HCs were able to dedifferentiate 

and reenter the cell cycle to generate new cells that contributed to the observed excess 

retina phenotype. In contrast to preliminary findings, I found no significant differences in 

HC number. Additionally, the different retinal cell-types localized to their expected 

retinal layer. I also used Cre-lox to lineage trace HCs to determine if they generated new 

cells and found fewer labeled cells in the outer aspect of the INL in Mturn-/- retinas. 

However, I did not observe the extensive retinal folds seen previously. These 

contradictory results and possible explanations for these inconsistencies are discussed.   
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3.2 Introduction 

Like other parts of the CNS, the retina develops from a pool of progenitor cells 

that undergo precise coordination of cellular proliferation and differentiation to generate 

the appropriate proportion of the various retinal cell types. As they divide, RPCs lose 

their proliferative capacity, eventually withdrawing from the cell cycle and differentiating 

into specific retinal cell-types (Cepko, 1999). However, much remains unknown about 

how retinal cells exit the cell cycle and maintain a non-proliferative state. If cells are 

forced to reenter the cell cycle under certain conditions, apoptosis is triggered. However, 

with specific mutations, cell death is avoided, and new cells are generated. The excess 

proliferation can lead to tumor development, disrupting normal tissue function, and 

possibly leading to death. Therefore, studying how cells usually maintain a differentiated 

state would help in understanding and preventing tumorigenesis.  

Cell cycle progression is driven by cyclins’ assembly with their catalytic partners, 

cyclin-dependent kinases (CDKs). The cyclin/CDK complexes are regulated by CDK 

inhibitors (CDKi), which hinder cell cycle progression and promote cell cycle exit (Sherr 

& Roberts, 1999; Vidal & Koff, 2000). One of the most abundantly and broadly 

expressed CDKi in the developing retina is p27Kip1 (p27) (Cunningham et al., 2002). 

Interestingly, its expression is maintained in all postmitotic retinal cell-types, except for 

HCs (Ogawa et al., 2017). Studies in X. laevis retina have shown that p27 inhibits cell 

cycle progression and promotes MG cell fate (Ohnuma et al., 1999). In the mouse retina, 

p27 has also been shown to promote cell cycle exit of RPCs. In the absence of p27, the 

distribution of the major retinal cell types remains unchanged; however, the retina is 

disorganized, and the period of proliferation is extended (Dyer & Cepko, 2001; Levine et 
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al., 2000). Loss of p27 can also rescue the hypoplastic defects of cyclin D1- deficient 

retinas (Das et al., 2009; Geng et al., 2001). Recent studies have shown that the extended 

proliferation window is not due to the continued proliferation of RPCs. Instead, in the 

p27 mutant mouse retinas, differentiating BP cells, MGs, and cone PRs ectopically 

reentered the cell cycle and generated more cells. Thus, p27 is required for maintaining 

BP cells, MGs, and cone PRs in the postmitotic, differentiated state (Ogawa et al., 2017). 

Horizontal cells exhibit neoplastic-like properties. HCs undergo non-apical mitosis in a 

semi-differentiated state, survive DNA damage, and clonally expand to form metastatic 

tumors (Boije et al., 2009; Godinho et al., 2007; Donovan & Corbo, 2012; MacPherson et 

al., 2004; Ajioka et al., 2007). How then are HCs prevented from reentering the cell cycle 

and generating new cells?  

In the previous chapter, I characterized the expression of Mturn in the mouse 

retina. Consistent with its role in X. laevis, my results showed that Mturn is expressed in 

postmitotic and differentiating cells. Additionally, Mturn expression is maintained in 

mature HCs of the adult retina. This suggested that Mturn may serve a role in HC 

differentiation and maintenance of the differentiated state. Preliminary work done in the 

lab to investigate the role of Mturn in mouse retinogenesis suggested that in the absence 

of Mturn, adult mice developed excess retina with extensive folds. Mturn-/- retinas 

appeared morphologically normal at P15 but began to thicken, develop multiple folds, 

and detach from the retinal pigment epithelium (RPE) around P30 (Fig. 3.1A, B). The 

phenotype was observed in all analyzed Mturn-/- mice by P64 (Table 3.1). Compared to 

the wild type retina, Mturn-/- retinas were 25% longer than wild-type retinas (Fig. 3.1C) 

and contained all major retinal cell types without significant change in the number of 
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cells normalized to retinal length (Fig. 3.1D). Furthermore, at P40, Mturn-/- retinas had 

significantly fewer Lim1+ cells (Fig. 3.1E). Based on these preliminary results, we 

wondered if, in the absence of Mturn, HCs reenter the cell cycle and generate new cells 

resulting in the excess retina (Fig. 3.2).  

 Here, I ask h if Mturn is required for preventing HCs from reentering the cell 

cycle and generating new cells. First, I determined if the absence of Mturn affected the 

number of HCs or their location in the retina. In contrast to preliminary findings, I 

observed no significant differences in the number of HC or their final location in the 

outer aspect of the INL. Consistent with previous findings, the other retinal cell types 

were also properly localized to their expected retinal layer. I next lineage traced HCs to 

determine if they were capable of generated new cells. I found that while fewer labeled 

cells were observed in the apical INL of Mturn-/- retinas, there was no difference in the 

number of labeled Lim1+ HCs. Additionally, I did not observe the retinal folds seen 

observed and no change in retinal length and thickness was detected. Thus, my results 

were inconsistent with the preliminary observations and did not support the hypothesis.  
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3.3 Materials and Methods 

3.3.1 Mice 

All procedures involving animals in this study were performed following the 

Institutional Animal Care and Use Committee (IACUC) guidelines at the State University 

of New York Upstate Medical University. The C57BL/6N-Mturntm1.1(KOMP)Vlcg knockout 

mouse strain from KOMP described in Chapter 2 Material and Methods section (2.3.1) 

was also used here and is referred to as the Mturn KiKi line. The B6.Cg-

Gt(ROSA)26Sortm9(CAG-tfTomato)Hze/J mouse line, also known as Ai9, is a Cre reporter line 

we received from the Brunken lab (Syracuse, NY). Inserted into the ROSA26 locus, the 

Ai9 Cre reporter gene has a loxP-flanked STOP cassette that is excised in Cre+ cells to 

allow transcription of CAG promoter-driven tandem dimer tomato (tdTomato) (Madisen 

et al., 2010). Thus, cells expressing Cre as well as this reporter allele will be labeled with 

tdTomato. We also purchased another Cre reporter mouse line, B6.129(Cg)-

Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J, from Jackson Laboratory (Bar Harbor, ME). 

Also known as the mTmG mouse line, the reporter allele results in the expression of 

membrane-targeted tdTomato (“mT”). Following Cre excision of the loxP sites flanking 

the mT cassette, Cre+ cells express a membrane-targeted enhanced green fluorescent 

protein (EGFP, “mG”), which distinguishes recombined and non-recombined cells. 

(Muzumdar et al., 2007). We received the Cx57-iCre mouse line from the Brecha lab 

(Los Angeles, CA). In these mice, the coding region of Cx57 is replaced with improved 

Cre recombinase gene (iCre), which allows for targeted manipulation of HCs (Hirano et 

al., 2016). Mice were backcrossed with C57BL/6J wild-type mice from Jackson 

Laboratory every three to four generations. 
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3.3.2 Genotyping 

See Chapter 2 Material and Methods for the protocol on extracting gDNA from 

mouse tissue. PCR was done using the primers listed in Appendix A Table 3, and the 

products were run on agarose gels to determine the genotypes. 

3.3.3 Generating Mice for the Lineage Tracing Experiment 

 To optimize the number of Mturn+/+ and Mturn-/- mice for analysis, I generated 

two separate lines and bred them together to obtain the experimental animals. One line, 

referred to as the AZ line, is homozygous for the Ai9 reporter gene and heterozygous for 

Mturn. The other line, referred to as the ZC line, is heterozygous for both the Cx57-iCre 

gene and Mturn. All the progeny will express one Ai9 allele by crossing these two lines, 

and half will express iCre recombinase. 25% will be Mturn+/+, 50% Mturn+/-, and 25% 

Mturn-/-. I would have all my controls with this cross at the most efficient probability. 

The male passed down the reporter gene while the female passed down the iCre gene. 

3.3.4 Tissue Collection 

 See Chapter 2 Materials and Methods for how retinal tissue was collected and 

processed for IHC.  

 The procedure for collecting retinal flat mounts is similar to the process for IHC. 

After removing the lens, a V-cut was made into the retina's dorsal aspect, which was 

previously marked with a marker. Then forceps were used to separate the retina and RPE, 

starting at the V-cut. After removing the RPE, four cuts were made from the periphery to 

the center without meeting so that the retina was divided into four quadrants connected at 

the center like a flower with four petals. The retina was then transferred to a round glass 
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coverslip with 1X PBS. Then the 1X PBS solution was removed slowly, and the retina 

flattened out. The flat mount was then fixed with 100% methanol, and the coverslip was 

transferred to one well in a 12-well dish filled with 100% chilled methanol. The samples 

were fixed for 20 minutes before proceeding with staining. 

3.3.5 Immunofluorescence 

 See Chapter 2 Materials and Methods for the IHC immunofluorescence protocol. 

See Appendix A Table 4 for the additional primary antibodies used in Chapter 3. 

To stain retinal flat mounts, samples were washed five times, 10 minutes each, 

with 1X PBS. The samples were then incubated at 4°C overnight blocking solution (5% 

heat-inactivated donkey serum + 0.1% Triton X-100 in 1X PBS) while rocking. The next 

day, the blocking solution was removed and replaced with a primary antibody solution 

(blocking solution + primary antibodies). The samples continued to incubate at 4°C 

overnight while rocking. The next day, samples were washed with 1X PBS at least five 

times, 10 minutes each time. The samples were then incubated in the secondary antibody 

solution (blocking solution + secondary antibodies) at 4°C overnight while rocking. The 

same primary and secondary antibody concentrations used for IHC sections were used 

here as well. On the last day, samples were washed with 1X PBS 5 times, 5 minutes each 

time. Two reinforcement rings were placed on top of the Superfrost Plus slide (12-550-

15, Thermo Fisher Scientific). The retina flat mount was then transferred into the middle 

of the ring with the GCL on top. FluorSave + 2% DABCO was added to the retina, and a 

round glass coverslip (12-545-83, Thermo Fisher Scientific) was placed on top. The 

samples were dried overnight and sealed the next day with nail polish. 



107 
 

3.3.6 Imaging 

See Chapter 2 Materials and Methods. 

3.3.7 Cell Counts, Measurements, and Statistics 

For IHC stainings, 20X images of the retinal samples were acquired and stitched 

together using Volocity. Three sections per eye were imaged for quantification: one 

containing the optic nerve head, one adjacent nasal section, and one adjacent temporal 

section. Both eyes from the sample animal were also quantified. Counts were done 

manually in Volocity. Lim1 and Calbindin (Calb) immunoreactive cells in the apical INL 

were counted throughout the entire retina. RBPMS+ cells in the GCL were also counted 

throughout the entire retinal sections. Using DAPI stained nuclei as a guide, the retinal 

length was measured along the basal aspect of the ONL, from the optic nerve head to the 

dorsal periphery and the ventral periphery to obtain the dorsal and ventral retinal lengths, 

respectively. To determine the distance between each point where retinal thicknesses 

were measured, the dorsal and ventral spans were independently divided by 8. At each 

point, the brightfield channel was used to measure the total retinal thickness, from the 

retina's vitreous side to the tip of the outer segment. The brightfield channel was also 

used to measure the outer segment thickness, from the apex to the PR segment base. The 

boundaries of the ONL, INL, and GCL were visualized by DAPI stained nuclei and 

measured to determine the thicknesses of the different retinal layers. The distance 

between the ONL and INL was calculated as the thickness of the OPL. The distance 

between the INL and the GCL was measured as the thickness of the IPL.  
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Statistical analysis was done using GraphPad Prism 8.4.0 (GraphPad Software, La 

Jolla, CA). Unpaired two-tailed Student’s t-tests were used to determine if there was a 

significant difference between Mturn+/+ and Mturn-/- samples. p-values < 0.05 were 

considered significant. N is the number of animals studied. 
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3.4 Results 

3.4.1 Loss of Mturn does not alter HC number or localization 

 Having determined that Mturn is expressed in mature HCs, I asked if the absence 

of Mturn affected HC development in the postnatal mouse retina. To address this 

question, I followed the spatial and temporal development of HCs by staining Mturn+/+ 

and Mturn-/- retinas with HC specific markers at various ages. One of the most specific 

HC markers is Lim1, a transcription factor required for proper HC migration (W. Liu et 

al., 2000; Poche et al., 2007). Mturn pAb2 was used to simultaneously confirm the Mturn 

genotype and show the expression pattern at multiple ages (Fig. 3.3, A, A’-D, D’). Mturn 

and Lim1 shared a near-identical spatiotemporal expression pattern in HCs. At P5, a row 

of Lim1+ cells were observed in the ONBL in both Mturn+/+ (Fig. 3.3E) and Mturn-/- 

(Fig. 3.3E’) retinas. Following the formation of the three nuclear layers, Lim1+ cells in 

both Mturn+/+ and Mturn-/- retinas were regularly spaced along a line in the apical INL 

(Fig. 3.3F, F’). The Lim1+ cells' location in P30 and P60 retinas were similar in Mturn+/+ 

(Fig. 3.3G, H) and Mturn-/- (Fig. 3.3G’, H’) retinas. Also, Lim1+ HC distribution was 

unchanged at both P5 and P60 in the Mturn-/- retina (Fig. 3.3I, J). At P5, there were on 

average 31.7 ± 3.7 and 37.7 ± 4.1 Lim1+ HCs per millimeter (mm) retinal length in 

Mturn+/+ (N=3) and Mturn-/- (N=3) retinas, respectively (p-value = 0.1665). At P60, 

Mturn+/+ (N=2) retinas had on average 18.8 ± 0.9 Lim1+ HCs per mm retinal length, and 

Mturn-/- (N=4) retinas have 18.0 ± 1.3 (p-value = 0.347). Surprisingly, this differed from 

the previous finding, where the number of Lim1+ cells was reduced at P40 (Fig. 3.1E). 

Taken together, in the absence of Mturn, the number, location, and distribution of mature 

HCs were unchanged.  
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 To determine if HC properly extended, I stained retinal sections with calbindin 

(Calb), which labels HCs and their processes and subtypes of ACs and RGCs. Similar to 

the Lim1 expression pattern at P5, Calb+ cells were regularly spaced along a row in the 

ONBL of both Mturn+/+ (Fig. 3.4A) and Mturn-/- (Fig. 3.4A’) retinas. As expected, 

subtypes of ACs and RGCs were still detected in the INBL and GCL. By P15, both 

Mturn+/+ and Mturn-/- Calb+ HC cell bodies were located in the outer aspect of the INL, 

and their processes were extended into the OPL (Fig. 3.4B, B’). Similar staining patterns 

were detected at P30 (Fig. 3.4C, C’) and P60 (Fig. 3.4D, D’). Calb+ ACs and RGCs in 

the inner INL and GCL were also detected, but with less intense staining than Calb+ 

HCs. Consistent with the distribution of Lim1+ HCs, there was no observed difference in 

the number of Calb+ cells at P30 (Fig. 3.4E). Mturn+/+ (N=3) retinas had on average 19.3 

± 2.8 Calb+ cells per mm retinal length compared to 19.6 ± 1.0 in Mturn-/- (N=3) retinas 

(p-value = 0.8748). When comparing Mturn+/+ and Mturn-/- retinas, the location of Calb 

expression pattern was consistent with that of both Lim1 and Mturn in Mturn+/+ retinas, 

and HC processes were properly extending into the OPL. Thus, the results suggested that 

Mturn was not required for generating the correct number of HCs or location of HCs to 

the apical aspect of the INL. 

3.4.2 The locations of other retinal cell types remain unchanged with loss of Mturn 

 Due to the severity of the folds observed previously, I asked if the localization of 

other retinal cell-types was affected in the absence of Mturn. I stained P30 retinas with 

multiple cell type-specific markers and did not observe significant differences between 

expression patterns in Mturn+/+ (N=3) and Mturn-/- (N=3). HCs, BP cells, and subtypes of 

ACs that express Prox1 (Dyer et al., 2003) remained in the INL (Fig. 3.5A, A’). Chx10+ 
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BP cell location in the INL was unchanged (Burmeister et al., 1996; I. S. Liu et al., 1994) 

(Fig. 3.5B, B’). Rod-ON BP cells, labeled with PKCα (Haverkamp et al., 2003), were 

also in the INL and properly extended their dendrites into the IPL where they synapse 

with ACs and RGCs (Nomura et al., 1994) (Fig. 3.5C, C’). Isl1+ BP cells and subtypes of 

ACs and RGCs (Elshatory et al., 2007) were found in the INL and GCL (Fig. 3.5D, D’). I 

used R5 to visualize MGs (Drager et al., 1984; Martinez-De Luna et al., 2017). MGs' 

organization did not appear to be affected in the absence of Mturn (Fig. 3.5E, E’). 

Subsets of ACs and RGCs that express calretinin were localized to the basal INL and 

GCL (Huberman et al., 2008; Kovacs-Oller et al., 2019). Calretinin staining also aided in 

visualizing the three characteristic strata in the IPL (Haverkamp & Wassle, 2000), which 

were also similar in Mturn+/+ and Mturn-/- retinas (Fig. 3.5F, F’). Rod PRs, which express 

rhodopsin in their outer segments (Lem et al., 1999), were detected in the normal ONL 

location (Fig. 3.6A, A’). Similarly, cone PRs, whose outer segments and pedicles in the 

OPL are labeled by PNA (Blanks & Johnson, 1984), were properly localized (Fig. 3.6B, 

B’). RGCs, labeled by Brn3 and RBPMS (Rodriguez et al., 2014; Xiang et al., 1995), 

continued to reside in the GCL (Fig. 3.7A, A’, B, B’). At P60, there was no difference in 

the number of RBPMS+ cells per mm retinal length (Fig. 3.7C). In the Mturn+/+ (N=3) 

retina, there were 55.1 ± 6.7 RBPMS+ cells per mm retinal length compared to 52.0 ± 5.4 

in Mturn-/- (N=5) retina (p-value = 0.501). Overall, the absence of Mturn did not appear 

to affect the retinal cells’ laminar organization. 

3.4.3 The number of lineage traced HCs in the apical INL is reduced 

 To lineage trace HCs, I generated mice that contained a HC specific Cre driver as 

well as Cre reporter alleles. Connexin57 (Cx57) is a gap junction protein specifically 
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expressed in HCs (Hombach et al., 2004). Created by the Brecha Lab (Los Angeles, CA), 

the Cx57-iCre mouse line has the protein-coding region of Cx57 replaced with improved 

Cre (iCre) (Hirano et al., 2016). Since Cre recombinase is virus-derived, its codon usage 

is not optimal for eukaryotes. iCre contains silent base mutations that correspond to 

human codon-usage preferences, making it more optimal in eukaryotes (Shimshek et al., 

2002). The Cx57-iCre mouse line has been successfully used to remove vesicular GABA 

transporter from HCs (Hirano et al., 2016). Using the Cx57-iCre and Ai9 mouse lines, it 

was possible to fluorescently label HCs (and all their progeny) irreversibly. 

The specificity of the Cx57-iCre driver was tested by crossing the Cx57-iCre 

mouse line with Cre reporter lines. In a mouse with the Ai9 allele (Ai9+), cells that did 

not express iCre (Cx57-iCre-) would not fluoresce while cells expressing iCre (Cx57-

iCre+) would be able to transcribe tdTomato and fluoresce (Madisen et al., 2010). Retinal 

flat mounts were prepared from P80 Cx57-iCre+;Ai9+ mice and stained with anti-RFP 

(red fluorescent protein) and anti-Calb antibodies to detect tdTomato (iCre) expressing 

cells and HCs, respectively. In retinal sections from P80 Cx57-iCre+;Ai9+ mice, most, if 

not all, of the Calb+ HC cells (Fig. 3.8A) also expressed tdTomato (Fig. 3.8B, C). 

tdTomato+ and Calb+ cells resided in the INL; however, tdTomato+ only expressing cells 

were also found in other retinal layers (data not shown). Therefore, to further test the 

specificity of the Cx57-iCre line, the mTmG Cre reporter mouse line was used. In a 

mouse with the mTmG allele (mTmG+), cell membranes of Cx57-iCre- cells would 

fluoresce red from the constitutively active expression of tdTomato. Plasma membranes 

of Cx57-iCre+ cells would instead produce EGFP and fluoresce green (Muzumdar et al., 

2007). Anti-GFP antibodies were used to detect EGFP. In P5 Cx57-iCre+;mTmG+ retinas, 
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GFP+ cells were observed in the ONBL (Fig. 3.8D, E). These GFP+ cells expressed the 

HC markers Lim1 (Fig. 3.8D’, D”) and Calb (Fig. 3.8E’, E”). In the Cx57-iCre-;mTmG+ 

retinas, EGFP expression was not detected (Fig. 3.8F, G); however, Lim1+ (Fig. 3.8F’, 

F”) and Calb+ (Fig. 3.8G’, G”) HCs were observed. This indicated that the ectopic  

tdTomato+ cells in the P80 Cx57-iCre+;Ai9+ were most likely due to the reporter and not 

the Cx57-iCre. Thus, the Cx57-iCre mice expressed iCre specifically in HC cells and 

were used to lineage trace HCs.  

 To determine if HCs generated new cells in the absence of Mturn, lineage tracing 

of HCs using the Cx57-iCre and Ai9 mouse lines had already been started (refer to 

Materials and Methods section). Therefore, it was important to compare littermate 

Mturn+/+ and Mturn-/- samples to distinguish between true and false positive Ai9 

expression. Since the excess retina phenotype was previously observed in all the Mturn-/- 

mice by P60, I collected retinal samples at this age and stained them with RFP and HC 

markers. The Cx57-iCre- retinas were tdTomato+ as expected (data not shown). In Cx57-

iCre+;Ai9+ mice, both Mturn+/+ and Mturn-/- retinas had strong tdTomato expressing cells 

in the apical INL with intensely labeled processes extending into the OPL (Fig 3.9A, A’). 

There were also some  tdTomato+ cells in the GCL (Fig. 3.9A, white arrow) and basal 

INL. Additionally, cells faintly expressing tdTomato were detected in the ONL (Fig. 

3.9A, A’, white box). While the tdTomato+ cells' identity in the apical INL were 

confirmed to be Lim1+ HCs (Fig. 3.9B, B’, C, C’), the tdTomato+ cells in the other 

retinal layers did not express Lim1 and were not identified. Although most of the 

tdTomato+ cells were in the apical INL, Mturn-/- had 6.6% fewer tdTomato+ cells (Fig. 

3.9D; Mturn+/+, 67.7% ± 0.3%, N=2; Mturn-/-, 61.1% ± 1.9%, N=3; * p-value = 0.019). 
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There were no significant differences in proportion of tdTomato+ cell in the ONL (Fig. 

3.9D Mturn+/+ 19.5% ± 2.1%, N=2; Mturn-/- 22.9% ± 1.5%, N=3; p-value = 0.068) or 

GCL (Fig. 3.9D Mturn+/+ 11.4% ± 2.3%, N=2; Mturn-/- 14.3% ± 0.36%, N=3; p-value = 

0.094). Furthermore, there was no significant difference in the number of tdTomato+ 

cells per retinal unit length (Fig. 3.9E; Mturn+/+ 24.3 ± 0.02, N=2; Mturn-/- 22.7 ± 1.6, 

N=3; p-value = 0.354). Although immunofluorescent of Lim1+ HCs at P60 did not reveal 

a significant difference (Fig. 3.3J), the lineage tracing experiment indicated a significant 

reduction in the number of Lim1+;tdTomato+ double-positive cells per mm retinal length 

(Fig. 3.9F; Mturn+/+ 17.7 ± 0.03, N=2; Mturn-/- 14.9 ± 0.10, N=3; * p-value = 0.0311). 

 With the unexpected results from the lineage tracing experiment, I analyzed the 

retinal samples morphometrically to determine if the preliminary phenotype of extensive 

retinal folds was present (see Methods section 3.3.7 Cell Counts, Measurements, and 

Statistics). Mturn+/+ and Mturn-/- retinal lengths and widths were measured and compared 

at P60. There was no appreciable difference in dorsal (Fig. 3.10A; Mturn+/+ 2370.0μm ± 

52.49μm, N=3; Mturn-/- 2495.1μm ± 120.87μm, N=5; p-value = 0.148) or ventral retinal 

length (Fig. 3.10B; Mturn+/+ 2143.9μm ± 58.0μm, N=3; Mturn-/- 2221.3μm ± 187.8μm, 

N=5; p-value = 0.524). Nor was there a difference in total retinal length (Fig. 3.10C; 

Mturn+/+ 4587.3μm ± 164.04 μm, N=3; Mturn-/- 4697.0μm ± 268.60μm, N=5; p-value = 

0.553). I also measured each retinal layer's thickness at 16 regularly spaced points along 

the retina (Fig. 3.11; Mturn+/+, N=3; Mturn-/-, N=5). At each point, the total retinal 

thicknesses measured in Mturn+/+ and Mturn-/- retinas were not significantly different 

(Fig. 3.11A). At multiple points in the dorsal retina, the variability in the standard error of 

the mean was great, with no significant points of differences. The standard error of the 
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mean at multiple points in the ventral retain was less varied, with a few points showing 

significantly thicker ONL (Fig. 3.11C, * significant point) and INL (Fig. 3.11E, * 

significant point). Despite these minor changes, my observations were inconsistent with 

the preliminary characterization showing extensive retinal folds in the absence of Mturn.  
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3.5 Discussion 

 In this chapter, I tested the hypothesis that in the absence of Mturn, HCs reenter 

the cell cycle and generate new cells, resulting in the extensive retinal folds observed 

initially. My results were inconsistent with these prior preliminary results. While we 

previously observed a significant decrease in Lim1+ HCs in the absence of Mturn, 

immunofluorescent analysis of HCs showed no statistically significant difference. On the 

other hand, the lineage tracing experiment indicated a significant decrease in the number 

of Lim1+;tdTomato+ cells in the Mturn-/- retina. However, the dramatic excess retina 

phenotype identified previously was not observed here, making the results from the 

lineage tracing experiment even more perplexing. 

Although I concluded that Mturn was not necessary for the proper generation of 

HC number and normal positioning in the outer INL, other aspects of HC development 

should be investigated further since little is known about the function of Mturn. While I 

did not observe a change in the number of HCs in the postnatal retina, the absence of 

Mturn could have affected earlier embryonic development but triggered a compensatory 

mechanism that took place before my analysis was performed. Therefore, HC 

development during embryonic ages should be investigated. HCs are first born at E11 

(Young, 1985). Many transcription factors (TFs) are involved in HC development and 

expressed by E16.5, including FoxN4, Prox1, Ptf1a, Lim1, Sall3, Oc1, Oc2, AP-2α and 

AP-2β (Bassett et al., 2012; de Melo et al., 2011; Dyer et al., 2003; Fujitani et al., 2006; 

Klimova et al., 2015; Li et al., 2004; Nakhai et al., 2007; Poche et al., 2007; Sapkota et 

al., 2014; Wu et al., 2013). We have previously determined that the Mturn transcript is 

present in the E14.5 mouse retina (Martinez-De Luna et al., 2013). Additionally, 
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preliminary results indicate the Mturn protein is expressed by E16.5 (see Chapter 2). 

However, due to the Mturn polyclonal antibodies' background staining, Mturn may be 

expressed even earlier. If the initial expression of Mturn is earlier, as suggested by in situ 

results, it would be essential to determine if Mturn loss alters the expression of HC 

specifying TFs. RNA-seq and RT-PCR could be used to identify when Mturn transcript is 

first expressed, quantify the expression level of these TFs during HC development, and 

determine if expression levels are altered in the absence of Mturn. 

Based on our hypothesis that HCs would reenter the cell cycle and generate new 

cells in the absence of Mturn, I predicted more tdTomato+ cells would be detected in the 

Mturn-/- retinas. Instead, I found that while the number of labeled cells was similar, 

Mturn-/- retinas contained fewer tdTomato+ cells in the apical INL. Additionally, while 

there was no difference in the total number of Lim1+ cells in the Mturn-/- retinas, I did 

observe fewer Lim1+; tdTomato+ cells. Earlier time points need to be analyzed to 

determine if there are differences in the distribution of the tdTomato+ cells in the 

different retinal layers. Terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) assay should also be used to determine if any HCs or tdTomato+ cells are 

undergoing apoptosis. Since the number of samples counted was relatively low, 

analyzing more samples may increase the analysis's statistical power and potentially 

uncover small but significant differences in the retinas of Mturn+/+ and Mturn-/- mice.  

If the results from the lineage tracing experiment were significant, then it would 

suggest two possibilities. First, in the absence of Mturn, some of the tdTomato+ HCs that 

expressed Cx57 ectopically reside in the ONL and GCL. Secondly, another cell-type 

could be generating new cells, some of which could become Lim1+ HCs in the INL, 
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resulting in no significant change in the number of Lim1+ HCs. In either situation, it 

would be essential to use cell type-specific markers to identify the tdTomato+ cells 

located in the ONL and GCL, which would determine if they remain as HCs or if their 

cellular identity has changed. Since previously performed in situs indicated Mturn 

expressing cells in both the INL and GCL of P15 mouse retinas, either displaced ACs or 

RGCs could be the other cell-type generating new cells in the absence of Mturn. 

Independently lineage tracing displaced ACs and RGCs would directly test this 

hypothesis. Although I am unaware of a mouse line that specifically expresses Cre 

recombinase in displaced ACs, the B6J.129S6(FVB)-Slc17a6tm2(cre)Lowl/MwarJ mouse line 

expresses Cre in most, if not all, RGCs (Martersteck et al., 2017). Slc17a6 (Solute Carrier 

Family 17 Member 6) is also known as vesicular glutamate transporter 2 (Vglut2). A 

faint expression of Slc17a6 in the soma is detected at P0 and becomes more intense at P6. 

The expression is maintained through the adult retina in the soma of RGCs and absent in 

ACs and HCs (Stella et al., 2008). Using the Slc17a6-Cre line in the same breeding 

scheme to lineage trace RGCs, the prediction would be more labeled cells in the retina if 

RGCs generate new cells after P0. 

While most of the tdTomato+ cells resided in the apical INL, some were also 

detected in the ONL and the GCL. The creators of the Cx57-iCre line used three different 

Cre reporters to test the specificity of the Cre expression, and there was no mention of 

other cells, aside from HCs, being labeled (Hirano et al., 2016). Since these ectopically 

labeled cells were seen in both Mturn+/+ and Mturn-/- retinas, their presence is most likely 

not due to the absence of Mturn. Perhaps the Cx57-iCre activity varies depending on 

whether inheritance is from the male or female parent. This is true for the Dkk3-Cre BAC 
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transgenic mouse line. If the Dkk3-Cre gene is passed from the male, then Cre activity is 

specifically detected in the retina. However, if the female contributes Dkk3-Cre, all 

tissues show Cre activity (Sato et al., 2007). The Cx57-iCre gene was passed through the 

female parents, while the Ai9 reporter gene was transmitted through the male parents. 

Therefore, a male with the Cx57-iCre gene and a female with the Ai9 reporter gene 

should be crossed to determine if the ectopically labeled cells are also detected.  

 The lack of extensive retinal folds in my experiments could be due to the strain 

background. The Mturn KiKi mice were generated in the C57BL/6NTAC strain. Recent 

studies have shown that the C57BL/6NTAC strain carries the retinal degeneration 8 

(rd8) mutation in crumbs-like 1 (Crb1) gene, possibly confounding ocular phenotypes 

determined previously (Mattapallil et al., 2012; Simon et al., 2013). The rd8 mutation 

was uncovered during introgression of Mfrprd6 onto the C57BL/6 background when 

partial large retinal spots were observed in the absence of Mfrprd6 during examination by 

indirect ophthalmoscopy. Sequence analysis revealed a single base pair deletion in Crb1 

at nt3481, causing a frameshift and premature stop codon. The predicted Crb1 protein 

lacks both transmembrane and cytoplasmic domains (Mehalow et al., 2003). In humans, 

CRB1 mutations have been linked to retinal dystrophies such as Leber’s congenital 

amaurosis (LCA) and early-onset retinitis pigmentosa (RP) (den Hollander et al., 2001; 

den Hollander et al., 1999; Lotery et al., 2001). While the retinal architecture of rd8 mice 

was generally regular, histological analyses revealed discontinuous and fragmented 

external limiting membrane with focal dysplastic regions that corresponded to retinal 

spots. In these areas, PR degeneration was observed with shortening of both inner and 

outer segments, thinning of the ONL, and lamination abnormalities. This phenotype 
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varies with genetic background. C57BL/6J lacks the rd8 mutation, suggesting that genetic 

modifiers regulated retinal spotting severity (Mehalow et al., 2003). Although the retinal 

histology between the rd8 mutant spots and the Mturn-/- folds detected in earlier 

experiments and distinct, both have an overall regular retinal organization with focal 

dysplastic regions. The presence of spontaneous mutations, including the rd8 mutation, in 

the C57BL/6NTAC line, might contribute to the severity of the Mturn-/- retinal 

phenotype. The Mturn KiKi line was backcrossed with C57BL/6J, which was necessary 

for crosses with Cre driver lines already the C57BL/6J sub-strain. This could have 

resulted in the loss of the Crb1rd8 allele. If Crb1rd8 or another modifier, specific to the 

C57BL/6J sub-strain, alters the severity of the Mturn-/- phenotype of the initial 

experiments, the phenotype would be lost once the allele was passed in two the new 

background. My results are consistent with this possibility. The original strain could be 

rederived and maintained in the C57BL/6NTAC background to test this hypothesis. 

Morphometric analyses could then be repeated to determine if the initial phenotype is 

restored. If the original phenotype is not observed, then perhaps Mturn is not required for 

normal mouse retinogenesis. On the other hand, if the phenotype is observed, identifying 

the relevant differences in the C57BL/6NTAC  and C57BL/6J sub-strains may help to 

uncover the molecular mechanism by which Mturn functions in the retina. 

 Abnormalities occasionally found in both Mturn+/+ and Mturn-/- retinas could 

have been due to an artifact of tissue collection. When the retina is isolated from the rest 

of the eye, mechanical manipulation applied pressure that could cause the retina to 

detach. When the tissue was embedded and sectioned, it could appear as retinal folds. To 

avoid this pitfall, optical coherence tomography (OCT) imaging was done to visualize the 
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retina in vivo. Although no significant differences were observed between Mturn+/+ and 

Mturn-/- retinas, the sample size was small, making results inconclusive. To minimize the 

tissue's physical manipulation, I quick froze freshly enucleated eyes from 8 Mturn-/- mice. 

After sectioning the samples, I determined that most of them appeared normal without 

retinal folds or detachment. Some showed focal irregularity in the retina's dorsal 

periphery; however, the retina was still attached, and it did not look like the previously 

described phenotype. This could explain why I continued to see a milder version of the 

phenotype in both Mturn+/+ and Mturn-/- retinas after several backcrosses into C57BL/6J.  

 The highly conserved nature of Mturn suggests it serves an important role in 

neurogenesis. If the original phenotype was indeed due to the absence of Mturn, then 

another gene could be compensating for Mturn loss. If this is true, other Mturn mutant 

alleles should show the same phenotype. The lab has a second Mturn mutant mouse 

model that contains loxP sites flanking exon 2. When crossed with the HPRT-Cre line, 

exon 2 was deleted. Using Western blot analysis, Dr. Reyna Martinez-De Luna could not 

detect Mturn protein in the Mturn conditional knockout mice (Mturn cKO line). When 

the retinas of these mice were first analyzed, it was observed that they also had the excess 

retina phenotype. The Mturn cKO line was generated using a hybrid strain (129sv x 

C57BL/6J). Mturn cKO mice were also backcrossed into the C57BL/6J sub-strain, and 

like the Mturn-/- line, Mturn cKO mice no longer have a detectable retina phenotype. 

 While we focused on the role of Mturn in neural tissue, other groups identified 

different systems in which Mturn functions. One study focused on uncovering the 

mechanism by which 12-O-tetradecanoylphorbol-13-acetate (TPA) induced leukemic cell 

differentiation and discovered that Mturn was a TPA-responsive gene. Their results show 
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that nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) activated 

Mturn expression, which in turn repressed NF-κB activity (Sun et al., 2014). Since NF-

κB activation occurs in various signaling pathways, including virus-triggered signaling, 

the group further explored the role of Mturn in regulated cellular antiviral immune 

responses. It was recently reported that Mturn negatively regulates innate immune 

antiviral responses by inhibiting recruitment and phosphorylation of p65 and interferon-

regulated factor 3 (IRF3); thus, they designated Mturn as an inhibitor of NF-κB and IRF3 

(INKIT) (Lu et al., 2017). Most recently, a second research group used in vitro and in 

vivo nonalcoholic fatty liver disease (NAFLD) models and discovered an anti-

inflammatory role for Mturn in the suppression of NF-κB p65-mediated induction of 

inflammatory cytokines. They also report that Mturn expression is suppressed in 

hepatocytes due to c-Jun-mediated transcriptional repression, promoted by JNK 

activation (Yan et al., 2020) OK. Thus, it is possible that Mturn also has an anti-

inflammatory role in neural tissue. Inflammation plays a significant role in the 

pathogenesis of various retinal diseases, including age-related macular degeneration, 

diabetic retinopathy, retinal vein occlusion, and retinitis pigmentosa (Whitcup et al., 

2013). Therefore, it would be interesting to further explore these signaling systems with 

respect to Maturin function in the retina and if the absence of Mturn affects the retinal 

response to injury and disease progression. Whether Mturn regulates the above signaling 

system, retinal development, or maintenance, understanding the molecular mechanism by 

which it functions will be essential.  
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Table 3.1: Incidences of excess retina phenotype. The number of retinas that expressed 

the excess retina phenotype at P15, P30, and P64. N is the number of animals. Note: 

Galina Bachay did this. 
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Figure 3.1: Excess retina was observed in adult mice lacking Mturn. Mturn+/+ and Mturn-

/- retinas were stained with various cell type-specific markers and counterstained with 

DAPI. The histology of P30 Mturn+/+ (A) and Mturn-/- (B) retinas are shown. (C) Retinal 

lengths (μm) from P40 retinas were measured (Mturn+/+, N=2; Mturn-/-, N=2, * p-value = 

0.0245). (D) Comparing P30 Mturn+/+ (green) and Mturn-/- (red) retinas, the number of 

cells positive for the specified cell-type marker per unit retinal length was quantified. The 

number of nuclei per unit retinal length was also determined. The number of retinas 

analyzed (N) is displayed at the bottom of each bar. (E) The number of Lim1+ cells per 

100μm retinal length was quantified from P40 retinas (Mturn+/+, N=6; Mturn-/-, N=6; p-

value = 0.0221). The scale bar is 180μm. Note: Galina Bachay and Michael DeCourcey 

did the work from A-D. I stained the retinas in E, but Michael Zuber, Ph.D., did the 

counts.  
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Figure 3.2: Potential model for Mturn role in mouse retinogenesis. In the absence of 

Mturn, HCs dedifferentiate and reenter the cell cycle to generate new cells, resulting in an 

excess retina that protrudes into the vitreous humor.  
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Figure 3.3: Mturn is not required for regulating the number of Lim1+ HCs. Littermate 

Mturn+/+ (A-H) and Mturn-/- (A’-H’) retinal sections were stained with Mturn (red) and 

Lim1 (green) antibodies and counterstained with DAPI (blue). Mturn immunoreactivity is 

shown at P5 (A, A’), P15 (B, B’), P30 (C, C’), and P60 (D, D’). Lim1 staining at those 

same retinas are displayed below (E-H, E’-H’). Graphs comparing total number of 

Lim1+ cells normalized to retinal length between Mturn+/+ (white box) and Mturn-/- (red 

box) at P5 (I; Mturn+/+, N=3; Mturn-/-, N=3; p-value = 0.1665) and P60 (J; Mturn+/+, 

N=2; Mturn-/-, N=4; p-value = 0.347). Mean ± SEM is shown. The scale bar is 45μm. The 

vertical white bars in A and A’ delineate the retinal layers at P5. Retinal layers of the 

other ages are indicated on the right. Abbreviations: NBL, neuroblastic layer; GCL, 

ganglion cell layer; ONL, outer nuclear layer; INL, inner nuclear layer. 
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Figure 3.4: Mturn is not required for regular extension of HC processes into the OPL. 

P30 littermate Mturn+/+ (A-D) and Mturn-/- (A’-D’) retinal sections were stained with 

Calb (green) antibodies and counterstained with DAPI (blue). Ages are indicated across 

the top of the panel. (E) Graph comparing total number of Calb+ cells normalized to 

retinal length between Mturn+/+ (white box) and Mturn-/- (red box) at P30 (Mturn+/+, 

N=3; Mturn-/-, N=3; p-value = 0.8748). Mean ± SEM is shown. The scale bar is 45μm. 

Abbreviations: Calb, calbindin. 
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Figure 3.5: The absence of Mturn does not change the laminar positioning of cells in the 

INL. P30 littermate Mturn+/+ (A-F) and Mturn-/- (A’-F’) retinal sections were stained 

with various cell-type markers (green) that are specific to certain cells in the INL. (A, A’) 

Prox1 is a marker for HCs, BP cells, and subtypes of ACs. (B, B’) Chx10 is a marker for 

most BP cells. (C, C’) PKCα is a marker for rod ON-BP cells. (D, D’) Isl1 is a marker for 

BP cells and subtypes of ACs and RGCs. (E, E’) R5 labels neurofilaments in MGs. (F, 

F’) Calretinin is a marker for subtypes of ACs and RGCs. Sections were counterstained 

with DAPI (blue). The scale bar is 45μm. Retinal layers are identified on the right. 
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Figure 3.6: Loss of Mturn also does not affect the expression of PR specific markers. 

P30 littermate Mturn+/+ (A, B) and Mturn-/- (A’, B’) retinal sections were stained with 

outer segment markers (green). (A, A’) Rhodopsin is expressed in rod outer segments. 

(B, B’). PNA is expressed in cone inner and outer segments, as well as their synaptic 

pedicles. Sections were counterstained with DAPI (blue). The scale bar is 45μm. Retinal 

layers are identified on the right. 
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Figure 3.7: In the absence of Mturn, RGC continues to reside in the GCL. P30 littermate 

Mturn+/+ (A, B) and Mturn-/- (A’, B’) retinal sections were stained with RGC markers 

(green). Brn3 staining is shown in (A, A’), and RBPMS is shown in (B, B’). (C) Graph 

comparing total number of RBPMS+ cells normalized to retinal length between Mturn+/+ 

(white box) and Mturn-/- (red box) at P60 (Mturn+/+, N=3; Mturn-/-, N=5; p-value = 

0.501). Mean ± SEM is shown. The scale bar is 45μm. Retinal layers are identified on the 

right. 
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Figure 3.8: Cx57 drives specific iCre expression in HCs. The Cx57-iCre mouse line was 

crossed with two different reporter lines: Ai9 and mTmG. Retinal flat mount of P80 

Cx57-iCre+;Ai9+ were stained for Calb (A, green) and tdTomato  (B, red). The merged 

image is shown in (C). Magnified images of the regions outlined in dashed white squares 

are shown in the respective panel's bottom left corner. P5 Cx57-iCre+; mTmG+ and Cx57-

iCre-;mTmG+ retinal sections were stained with GFP (D-G, green), Lim1 (D’, F’, red), 

and Calb (E’, G’, red). The merged images are shown in (D’’-G”). The scale bar is 

130μm, and it is 60μm in the magnified view (A-C). Scale bar is 45μm (D, D’, D”-G, G’, 

G”). Retinal layers are labeled on the right. Note: At P80, only one retina was imaged, 

and the Cx57-iCre negative control was not done. 
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Figure 3.9: Fewer tdTomato+ cells are distributed to the INL. HCs were lineage traced 

using Cx57 to drive iCre expression before collection at P60. Cx57-iCre+; Ai9+; Mturn+/+ 

(A-C) and Mturn-/- (A’-C’) retinas were stained with tdTomato  (A, A’) and Lim1 (B, 

B’). Samples were counterstained with DAPI to label the nuclei. The region outlined by a 

white box contains a tdTomato+ cell in the ONL and magnified in the panel's bottom 

right corner (A, A’). (D) The distribution of tdTomato+ cells throughout the different 

retinal layers is compared (Mturn+/+, white bars, N=2; Mturn-/-, red bars, N=3, * p-value 

= 0.019). (E) The average number of tdTomato+ cells per retinal length (mm) is plotted 

(Mturn+/+, white bar, N=2; Mturn-/-, red bar, N=3; p-value = 0.354). (F) The average 

number of Lim1+ and tdTomato+ cells normalized to retinal length is graphed (Mturn+/+, 

white bar, N=2; Mturn-/-, red bar, N=3; * p-value = 0.0311). The mean ± SEM is shown. 

The white arrow points to a tdTomato+ cell in the GCL. The bottom left scale bar in (A) 

is 16μm, and the bottom right scale bar is 8μm. Abbreviations: ONL, outer nuclear layer; 

INL, inner nuclear layer; GCL, ganglion cell layer; aINL, apical inner nuclear layer; 

bINL, basal inner nuclear layer. 

  



142 
 

 

  



143 
 

Figure 3.10: No difference in retinal length is observed between Mturn+/+ and Mturn-/- 

retinas. P60 littermate retinas were processed for IHC and counterstained with DAPI. 

Measurements were made along the basal aspect of the ONL. The white and red bars 

represent Mturn+/+ and Mturn-/-,, respectively. Graphs of the dorsal (D), ventral (E), and 

total (F) retinal lengths of P60 retinas are displayed (Mturn+/+, N=3; Mturn-/-, N=5). The 

mean ± SEM is shown. 
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Figure 3.11: In the absence of Mturn, no significant differences in retinal thickness is 

detected. P60 littermate retinas were processed for IHC and counterstained with DAPI. 

Measurements (μm) were made at 16 points along the total retina, eight equidistant points 

on the dorsal and ventral retina. The retinal thicknesses of Mturn+/+ (black, N=3) and 

Mturn-/-(red, N=5) retinas are plotted. Total retinal (A), OS (B), ONL (C), OPL (D), INL 

(E), IPL (F), and GCL (G) thicknesses were measured and plotted. * indicates p-value < 

0.05. The mean ± SEM is shown. Abbreviations: D, dorsal; ON, optic nerve; V, ventral; 

OS, outer segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner 

nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. 
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Chapter 4: General Discussion and Future Directions 

4.1 Introduction 

Precise coordination of proliferation and differentiation is needed for proper tissue 

formation. The neural retina consists of seven major retinal cell types derived from a 

common pool of multipotent retinal progenitor cells. The cells are organized into 

beautiful layers, allowing the retina to detect and relay visual stimuli to the brain. 

Dysregulation of this process results in aberrant retinas, leading to abnormal growth, 

formation, and improper function. While much progress has been made in identifying 

factors involved in this process, much remains unknown. 

Here we investigate the role of Mturn during mouse retinogenesis. Considering 

the study's limitations, the work I present in my dissertation suggests that although Mturn 

is highly conserved in both sequence and expression, its function in mice may be 

different from in frogs. Even though Mturn is expressed in HCs, my results indicate that 

Mturn is not required for generating the correct number of HCs. Additionally, they 

suggest that it is not required for proper lamination of HCs in the outer aspect of the INL. 

Beyond that, much about the role of Mturn in mouse retinogenesis remains unknown and 

will need to be investigated further. 

4.2 Potential role of Mturn during retinal progenitor cell differentiation 

 Previous work in X. laevis has demonstrated that mturn is required for neural 

progenitor cells to exit the cell cycle. Specifically, we have placed mturn downstream of 

the proneural pathway in conjunction or independently of p21-activated kinase (Pak3) to 

promote differentiation of X. laevis primary neurons (Martinez-De Luna et al., 2013). 
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Since the Mturn protein sequence is also highly conserved across multiple vertebrate 

species, Mturn may function similarly to promote cell cycle exit during mouse 

retinogenesis. My experiments have revealed that Mturn is expressed in a subset of cells 

in the largely proliferating P0 ONBL. I have determined that these Mturn+ cells do not 

express cell cycle markers, PCNA, MCM6, and EdU. Instead, they express differentiation 

markers, Tuj1, and Dcx. Together, this indicates that Mturn is absent from proliferating 

cells and present in differentiating cells. Additionally, although the background staining 

of Mturn pAbs limits the interpretation of Mturn expression in the GCL at P0, 

preliminary results suggest that the intensity of Mturn immunoreactivity in that layer 

appears to be more intense in Mturn+/+ compared to Mturn-/- retinas. This difference is 

consistent with the presence of differentiating cells in the GCL of P0 mouse retinas. The 

analysis here was done at a single time point. Earlier embryonic time points should be 

investigated to determine if this expression pattern is consistent and when Mturn is 

initially expressed. If Mturn is expressed in a cell just as it exits the cell cycle, then that 

would suggest that it may have a role in promoting cell cycle exit during mouse 

retinogenesis. If true, what might be the mechanism? 

It is essential to identify functional regions of the Mturn protein to determine its 

molecular activity. Our previous analysis of the protein sequence was unable to locate 

any known functional or structural motifs. Using PSIPRED to predict Mturn protein 

structure, we have found that regions of predicted α-helices and β-strands are highly 

conserved in vertebrates, including lamprey (Buchan & Jones, 2019; Jones, 1999). Of the 

predicted secondary structures, three main α-helices have been identified. The first one is 

at the N-terminal. The second one is within the perfectly conserved and unique 29 residue 
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Mturn Motif (a.a.54-82 of X. laevis). The third α-helix is just outside of the Mturn 

domain and is followed by the acidic domain. The importance each of these domains 

plays in the function of Maturin is still unclear. One possibility is these regions form a 

tertiary structure required from Maturin to interact with other proteins. 

 By identifying proteins that interact with Mturn, we can better understand its 

function. To identify possible protein interactions, a yeast-two-hybrid screen using full-

length X. laevis Mturn.S as bait and genes expressed in X. laevis stage 23-26 embryos as 

prey was performed. Of the hundreds of positive clones sequenced, 93.2% coded for just 

four proteins: Ubb, Ubc, Uba52, and Uba80. All these proteins contain at least one 

ubiquitin (Ub). Ub is a small 76 amino acid protein ligated to other proteins during post-

translational modification, tagging them for degradation (Callis et al., 1995). A survey 

searching for Mturn in other species demonstrated invertebrate Mturn is more than 

double the size of vertebrate Mturn. The size difference results from a C-terminus 

extension. The analysis revealed that the extension is most similar to ubiquitin-

conjugating enzyme E2 (UBE2). UBE2 proteins transfer Ub to the ubiquitin-ligase 

enzyme (E3), which ubiquitinates target substrates (W. Liu et al., 2020). The ability of 

Mturn to bind Ub and its ancestry suggest a role for Mturn in ubiquitination. Most likely, 

a fission event before the evolution of vertebrates resulted in separate Mturn and UBE2 

genes. 

Given the shared evolutionary history, we looked further for functional 

similarities between Mturn and UBE2. The human genome contains 41 UBE2 genes. 

UBE2Q1, UBE2Q2, and UBE2QL1 are the most similar to the C-terminus extension of 

invertebrate Mturn. Preliminary experiments done by Dr. Reyna Martinez-De Luna found 
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that in the developing X. laevis nervous system, the combined UBE2QL1, and UBE2Q2 

expression patterns overlap that of mturn (UBE2Q1 was lost from the X. laevis genome 

during evolution). To determine if functional similarities existed, Dr. Martinez-De Luna 

performed gain and loss of function experiments with UBE2QL1 and UBE2Q2. 

Interestingly, she observed that when these genes are overexpressed, neural-specific class 

II beta-tubulin (tubb2b) expression is reduced. When these genes are knocked down, 

tubb2b expression is increased. Mturn, by contrast, had the opposite effect. These 

findings suggest Mturn and UBE2 negatively regulate each other's activity during cell 

cycle progression. For example, if mturn inhibits UBE2 (by reducing its expression or 

activity), cell cycle exit would be promoted, and NPCs would differentiate. This model is 

consistent with both the Mturn and UBE2 gain- and loss-of-function activities.  

The hypothesis that Mturn and UBE2 have an antagonistic relationship needs 

further testing. Transcription changes in UBE2QL1 and UBE2Q2 could be tested by 

injecting X. laevis embryos with Mturn cRNA followed by in situ hybridization to detect 

UBE2QL1 and UBE2Q2 transcripts. A similar approach using Mturn morpholinos could 

determine the effectiveness of Mturn loss on UBE2 transcription. The effect of 

manipulating UBE2QL1 and UBE2Q2 activity on Mturn expression would also be 

performed. Future work should continue in this model to study if and how Mturn, 

UBE2QL1, and UBE2Q2 function together to promote primary neurogenesis.  

4.3 Potential role of Mturn in horizontal cell development 

My analysis of Mturn expression during mouse retinogenesis strongly indicates 

that HCs express Mturn. However, in part due to the limitations of the antibodies, several 

questions remain unanswered. First, are there other retinal cell types that also express 
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Mturn in the mouse retina? Previous in situs done by Dr. Reyna Martinez-De Luna reveal 

the presence of Mturn expressing cells in the outer aspect of the INL and a subset of cells 

in the GCL of the adult mouse retina. Using two Mturn pAbs, I identified Mturn 

expression in HCs. However, the GCL of both Mturn+/+ and Mturn-/- retinas were also 

immunoreactive, making it difficult to determine if displaced ACs or RGCs express 

Mturn. Fully characterizing where Mturn is expressed will help guide the investigation of 

its function. Approaches could include optimizing the ISH/IF protocol to identify the 

Mturn expressing cell in the GCL with cell-type specific markers. Another method would 

be to edit the Mturn knockout line so that the LacZ reporter gene is in-frame and 

functional. Then cell-type specific markers could be used to identify the Mturn 

expressing cells in the GCL. Another possible method would be to isolate cells in the 

GCL, extract mRNA, and perform RT-PCR to detect Mturn transcript. Ultimately, future 

studies need to determine what retinal cell type in the GCL is expressing Mturn.  

It is still not known when Mturn is initially expressed in the developing retina. 

Previous data revealed that the Mturn transcript is expressed in the E14.5 mouse retina 

(Martinez-De Luna et al., 2013). Preliminary results suggest that while the protein is not 

detected at E10.5, it is present in a subset of cells in the NBL by E16.5. The delay 

between the expression of Mturn transcript and protein may be due to a delay in 

translation. Another possibility is that Mturn protein is made before E16.5, but the 

background staining of the pAbs makes it difficult to determine definitively. It is also 

possible that both the transcript and protein are expressed earlier in retinogenesis. 

Therefore, future experiments should identify when Mturn transcript and protein are 

expressed by focusing on E10.5-E16.5 retinas. In situs and RT-PCR should be done to 
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analyze transcript expression. Before using the pAbs to detect protein, purification of the 

pAbs, or further optimization of the immunostaining protocol with these pAbs should be 

attempted to eliminate or reduce the background signal. Additionally, Western blot 

analysis should be repeated at these time points to identify when Mturn protein is 

produced. By determining when Mturn transcript and protein are first expressed during 

mouse retinogenesis, we would have a better context of the critical biological processes 

occurring then, which can help guide our studies on the function of Mturn. 

Is Mturn necessary for HC development? My experiments reveal that at P5, P30, 

and P60, there is no significant difference in the number of HCs in Mturn+/+ and Mturn-/- 

retinas. This indicates that Mturn may not be necessary for the genesis of HCs. However, 

earlier times points have not been thoroughly analyzed. It is possible that the absence of 

Mturn could alter some aspects of early HC genesis. These changes might trigger a 

compensatory mechanism that results in significant differences in HC number 

postnatally. To determine if HC development was affected in Mturn-/- retinas, I stained 

E12.5, E14.5, and E16.5 Mturn+/+ and Mturn-/- retinas using anti-Lim1 antibodies. 

Although Lim1 was determined to be expressed in the retina by E14.5 (W. Liu et al., 

2000), I qualitatively observed more organized Lim1+ cells in Mturn+/+ retina than in 

Mturn-/- retina at E12.5, particularly in the temporal region of the retina (Fig. 4.1). By 

E16.5, there appeared to be similar Lim1 expression in both Mturn+/+ and Mturn-/- 

retinas. This hints at a delay in Lim1 expression in Mturn-/- retinas that soon resolves 

without complications. If these results are consistent after additional samples are 

analyzed, then perhaps Mturn is involved in the timely HC expression of Lim1. Future 

studies should utilize other HC markers important for HC development, such as Ptf1a and 



159 
 

Prox1, to determine if their spatiotemporal expressions are also affected in the absence of 

Mturn.  

When is Mturn expressed relative to the expression of genes required for HC 

development? Most HCs are born between E11 and E18. Multiple TFs necessary for 

proper HC development, including FoxN4, Rorb, Oc1/Oc2, Ptf1a, Prox1, Lim1, and 

Sal13 (de Melo et al., 2011; Dyer et al., 2003; Fujitani et al., 2006; Klimova et al., 2015; 

Li et al., 2004; H. Liu et al., 2013; Nakhai et al., 2007; Poche et al., 2007; Sapkota et al., 

2014; Wu et al., 2013; Young, 1985). Studies that have focused on understanding how 

these TFs regulate HC development suggest the early expressed of these TFs are likely 

needed for cell fate specification. In contrast, those expressed later are more likely 

necessary for differentiation. Since preliminary results indicate the expression of Mturn 

by E16.5, then perhaps Mturn is involved in the differentiation of HCs. Although HCs are 

one of the earliest cell-types to exit the cell cycle, they do not migrate immediately to 

their final destination. Instead, they undergo bi-directional migration before reaching the 

correct layer, responding to afferent innervation, and establishing functional synapses 

with nearby partners (Edqvist & Hallbook, 2004; W. Liu et al., 2000; Raven et al., 2007). 

My results show that in the absence of Mturn, HCs continue to reside in the outer aspect 

of the INL, which indicates that it is not necessary for proper migration. Dr. Eduardo 

Solessio performed preliminary electroretinogram (ERG) experiments to determine if 

Mturn loss altered retinal function. No significant changes were observed when Mturn+/+ 

and Mturn-/- mice were compared (data not shown). This suggests that Mturn is 

unnecessary for normal retinal function (at least those functions detected by ERG). 

Together, this implies that if Mturn does serve a role in HC differentiation, it may not 
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require regular lamination in the outer INL and synaptic formation with neighboring PRs 

and BP cells. However, if Mturn is necessary for HC differentiation, why did I not detect 

significant differences between Mturn+/+ and Mturn-/- retinas? The absence of Mturn may 

have triggered a compensatory mechanism that allows HC differentiation to continue 

properly during mouse retinogenesis. Additionally, it is conceivable that Mturn is not 

necessary for HC development and is important for HC maintenance. 

4.4 Potential role of Mturn in horizontal cell maintenance 

HCs have some unique features that suggest there must be a mechanism that helps 

maintain their differentiated state. While most cells undergo mitosis at the retina's apical 

edge, committed HCs in chicken and zebrafish can undergo non-apical mitoses in a semi-

differentiated state (Boije et al., 2009; Godinho et al., 2007). Unlike most retinal cells 

that undergo apoptosis to fine-tune the proper number of cells generated during 

development, chick and mouse HCs do not (Cook et al., 1998; Edqvist et al., 2008; 

Young, 1984). Additionally, when cells sustain DNA damage that cannot be repaired, 

they usually undergo apoptosis (Roos & Kaina, 2006). Rb1, the causative gene of 

retinoblastoma, is a vital regulator of the cell cycle that prevents cell cycle progression 

from G1 to S phase (Goodrich et al., 1991). There is evidence that HCs lacking Rb1 are 

abnormally large (MacPherson et al., 2004), can sustain DNA damage, and continue to 

divide, resulting in poly- or aneuploidy (Donovan & Corbo, 2012). Furthermore, in the 

absence of Rb family proteins (Rb, p107, and p130), HCs maintain their differentiated 

state while re-entering the cell cycle to clonally expand and form tumors that metastasize 

(Ajioka et al., 2007). In summary, HCs exhibit neoplastic-like properties. What prevents 

horizontal cells from re-entering the cell cycle in the adult retina? 
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 The cyclin-dependent kinase inhibitor 27Kip1 (p27) inhibits cell cycle progression 

and promotes cell cycle exit (Sherr & Roberts, 1999; Vidal & Koff, 2000). It is the most 

abundantly and broadly expressed CKI in the developing retina (Cunningham et al., 

2002). Interestingly, its expression is maintained in all postmitotic retinal cell types, 

except for HCs (Ogawa et al., 2017). It has been suggested that in the mouse retina, p27 

controls the timing of retinal progenitor cell cycle exit (Dyer & Cepko, 2001; Levine et 

al., 2000). Loss of p27 results in excessive proliferation, which can rescue the hypoplastic 

defects of cyclin D1- deficient retinas (Das et al., 2009; Geng et al., 2001). Recent studies 

have shown that the extended proliferation window is not due to the continued 

proliferation of RPCs. Instead, in the p27 mutant mouse retinas, differentiating BP cells, 

MGs, and cone PRs ectopically re-enter the cell cycle and generate more cells. This 

suggests that p27 is required for maintaining BP cells, MGs, and cone PRs in the 

postmitotic, differentiated state (Ogawa et al., 2017). Since p27 is absent from HCs and 

Mturn is maintained in HCs, perhaps Mturn functions like p27 to prevent HCs from re-

entering the cell cycle and generating new cells.  

 Preliminary studies have found excess retina in the Mturn-/- eye. Extensive retinal 

folds protrude into the vitreous humor, with retinas being 25% longer than controls. 

While no significant differences were observed in the number of almost all the major cell 

types per unit retinal length, we did determine that the Mturn-/- retinas have statistically 

fewer HCs than the Mturn+/+ retinas. Therefore, with evidence supporting the expression 

of Mturn in HCs, we hypothesize that in the absence of Mturn, HCs stop expressing HC 

markers, re-enter the cell cycle, and generate new cells, forming the extensive folds 

observed in Mturn-/- retinas.  
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 To test this hypothesis, I lineage traced HCs with a tdTomato Cre reporter and 

Cx57-iCre lines and determined if there was a change in the number of cells expressing 

the red fluorescent protein (RFP). Since RFP labeling would occur when Cx57 is first 

expressed at E16.5, findings that would support this hypothesis include fewer RFP+ cells 

expressing HC markers and an overall increase in RFP+ cells in the presence of extensive 

retinal folds in Mturn-/- retinas. This would suggest that the RFP labeled HCs have 

stopped expressing HC markers and have generated new cells. However, I found that 

although the number of RFP+ cells per mm retinal length did not differ between Mturn+/+ 

and Mturn-/- retinas, there was a significant reduction in RFP+ cells in the apical INL. 

Furthermore, even though the number of Lim1+ HCs per mm retinal length also did not 

differ at this age, I did find a significant reduction in the number of Lim1+, RFP+ cells 

per mm retinal length in the Mturn-/- retinas compared to Mturn+/+ retinas. Together, this 

indicated fewer lineage traced cells expressing HC marker, Lim1, in the apical INL. 

However, since extensive retinal folds were not observed, cells might have undergone 

apoptosis before they were able to generate new cells, resulting in fewer Lim1+, RFP+ 

cells in the apical INL. Therefore, future studies should follow up with this and determine 

if there is a change in apoptotic cells under these conditions. However, the 

inconsistencies of these results with preliminary data need to be addressed first. 

4.5 Inconsistencies with preliminary results 

The major inconsistency I encountered is the absence of extensive retinal folds in 

the Mturn-/- mice, which could be due to the mice's genetic background. The Mturn 

knockout mice were generated in the C57BL/6NTAC sub-strain. However, all the Cre 

strains used in this work were of the C57BL/6J sub-strain. Therefore, the Mturn mutant 
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allele was backcrossed into the C57BL/6J sub-strain until congenic to reduce the 

possibility of genetic drift. It is possible that the phenotype observed initially was lost due 

to the change in sub-strain. One clue this might be the case is the observation that the 

retinal phenotype was gradually less severe with time. 

The C57BL/6NTAC sub-strain is known to carry the retinal degeneration 8 (rd8) 

mutation in the crumbs-like 1 (Crb1) gene (Mattapallil et al., 2012; Simon et al., 2013). 

In humans, CRB1 mutations have been linked to retinal dystrophies. These include 

Leber's congenital amaurosis and early-onset retinitis pigmentosa (den Hollander et al., 

2001; den Hollander et al., 1999; Lotery et al., 2001). During introgression of Mfrprd6 

mutant alleles onto the C57BL/6 background, large retinal spots were observed by 

indirect ophthalmoscopy. Sequence analysis revealed a single base pair deletion in Crb1 

at nt3481 and named the rd8 mutation. The mutation causes a frameshift and premature 

stop codon, resulting in truncation of the transmembrane and cytoplasmic domains of the 

predicted Crb1 protein (Mehalow et al., 2003). While the retinal architecture was 

generally normal, histological analyses of these rd8 mutant retinas revealed 

discontinuous and fragmented external limiting membrane with focal dysplastic regions 

that corresponded to retinal spots. Additionally, this phenotype varied with the genetic 

background. In the C57BL/6J background, both the rd8 mutation and its associated 

ocular phenotype are absent, suggesting that genetic modifiers regulated the retinal 

spotting severity (Mehalow et al., 2003). Although the retinal histology between the rd8 

mutant spots and Mturn-/- folds observed during preliminary experiments differ, both 

show overall normal retinal organization with focal dysplastic regions. Therefore, the 

presence of spontaneous genetic mutations in the background strain, such as the rd8 
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mutation, in the C57BL/6NTAC line may have contributed to the severity of the Mturn-/- 

retinal phenotype initially observed. It should be noted that there are likely thousands of 

polymorphisms between the strains, any of which (or any combination of which) might 

have resulted in the phenotype initially observed in the C57BL/6NTAC sub-strain. 

To definitively test this hypothesis, the mutant Mturn allele must be rederived in 

the C57BL/6NTAC sub-strain. Morphometric analyses of mature Mturn+/+ and Mturn-/- 

retinas should be performed to determine if the initial phenotype is once again observed. 

If the phenotype is not observed, then perhaps Mturn is not required for normal mouse 

retinogenesis. If the phenotype is recovered, then a difference in the C57BL/6NTAC and 

C57BL/6J backgrounds explains the distinct phenotypes observed in these lines with 

Maturin loss. Recently, new F0 founders in the C57BL/6NTAC sub-strain were 

generated, and heterozygotic crosses are in progress. Thus far, 13 pups have been born. 

Mendelian genetics predicts that 12 pups would on average consist of 3 Mturn+/+, 6 

Mturn+/-, and 3 Mturn-/-. However, the current numbers are 8 Mturn+/+, 5 Mturn+/-, and 0 

Mturn-/-. This deviation from the predicted Mendelian ratios suggests Mturn loss may be 

embryonic lethal. However, more litters are necessary to support this conclusion. 

4.6 Future Directions 

 One of the essential questions future experiments need to address is if the 

background strain is responsible for the extensive retinal folds previously observed in 

Mturn-/- mice. To test this, we have reintroduced the Mturn KiKi line into our colony and 

are currently maintaining them with the original C57BL/6NTAC line. However, we are 

observing non-Mendelian genetics when Mturn+/- are bred. In fact, of the 12 pups born 

thus far, none have been Mturn-/-. Mendelian ratios may be achieved with a greater 
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sample size. However, if Mturn loss is embryonically lethal in the C57BL/6NTAC 

background, then there are three methods to study the possible ocular phenotype in 

Mturn-/- retinas. 

One approach is to use a different Mturn mutant mouse line and determine if the 

extensive retinal folds phenotype is also present. Our lab obtained another Mturn mutant 

mouse model with loxP sites flanking exon 2. Upon breeding with the HPRT-Cre line, 

exon 2 was deleted. Using Western blot analysis, Dr. Martinez-De Luna determined that 

Mturn was not detected in the Mturn conditional knockout mice (Mturn cKO line). When 

the retinas of these mice were first analyzed, it was found that they also had the excess 

retina phenotype, similar, but reduced in severity, to that found in Mturn-/- mice from the 

Mturn KiKi line. While the Mturn KiKi line is in the C57BL/6NTAC background, the 

Mturn cKO line is in the C57BL/6J background. Together, this suggests that the genetic 

background does not affect the retinal phenotype. However, the Mturn cKO line was 

studied less extensively than the Mturn KiKi line; therefore, morphometric analysis of the 

Mturn cKO at P60 should be repeated to determine if they are consistent with previous 

observations. If the C57BL/6NTAC genetic background is necessary to develop the 

extensive retinal folds in Mturn-/- mice, then I would expect to find the lack of phenotype 

in the Mturn cKO line. If, on the other hand, this genetic background is not necessary for 

the development of the ocular phenotype, then I would expect the presence of the 

phenotype in the Mturn cKO line. Because only exon 2 is excised in the Mturn cKO line 

instead of most of the Mturn KiKi line protein, an ocular phenotype may be present but 

different. Therefore, future studies will need to characterize the ocular phenotype in these 

two mouse lines carefully. By comparing two strains of mice with different genetic Mturn 
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mutations, we will be better able to investigate the role of Mturn during retinal 

development.  

 Suppose Mturn-/- is embryonic lethal. In that case, another method would be to 

induce selective mutation of Mturn at a later age to support viability by using a 

tamoxifen-inducible Cre driver, such as Rax-CreERT2. In these mice, Cre is fused to a 

mutant of the human estrogen receptor ligand-binding domain, which remains in the 

cytoplasm and cannot cause genetic modifications. When 4-hydroxytamoxifen (4-OHT) 

is introduced, it selectively binds to the ligand-binding domain, translocating the Cre 

fusion protein to the nucleus where it can excise LoxP flanked sites (Feil et al., 1997). By 

breeding the Rax-CreERT2 line with a Cre reporter line, a study demonstrated this Cre 

driver's selective expression, which was dependent upon when the 4-OHT was 

administered. Earlier 4-OHT administration results in broader Cre expression in most 

neural tissue, whereas later administration leads to more specific Cre expression. 

Following a single 4-OHT delivery via a single oral gavage treatment to a dam pregnant 

with E12.5 embryos, the pups were sacrificed at E14.5. Specific Cre expression was 

observed in ventral hypothalamic progenitor and precursor cells and retinal progenitor 

cells. This is consistent with the previously reported Rax expression pattern at E12.5 (Pak 

et al., 2014). By breeding our Mturn mouse line containing loxP sites flanking exon 2 

with Rax-CreERT2, we can induce targeted mutation in Mturn at a specific point in time 

when the mice are more likely to survive. If the Mturn cKO line's phenotype is similar to 

that of the Mturn KiKi line, this method will allow us to study how the absence of Mturn 

at a specific point in time affects retinal development in mice. 
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 Suppose we are focusing on understanding the role of Mturn in HCs specifically. 

In that case, another method is to limit knockout of Mturn to HCs only, which will most 

likely not be embryonically lethal. This can be achieved by crossing our Mturn mouse 

line containing loxP sites flanking exon 2 with the Cx57-iCre line. Morphometric 

analysis of Mturn+/+ and Mturn-/- retinas should be done at multiple ages. It is also 

important to consider the genetic differences between the Mturn KiKi and Mturn cKO 

lines discussed earlier since the phenotype may differ.  If the Mturn cKO line's phenotype 

is similar to that of the Mturn KiKi line, then this method will allow us to determine if the 

specific absence of Mturn in HCs is enough to drive the ocular phenotype.  

 Since preliminary studies suggest the expression of Mturn in a subtype of cells in 

the GCL, future experiments should identify the cell type and determine if the absence of 

Mturn affects the development of that cell type. As mentioned previously, the ISH/IF 

protocol could be optimized to reveal Mturn expressing cells and identify them with cell 

type-specific markers. My preliminary attempts were unable to replicate the expression 

pattern previously determined using Mturn in situs. One issue is that since the ISH/IF 

protocol involves performing in situ hybridization followed by immunofluorescence, the 

proteinase K treatment step is removed to prevent proteins' digestion. However, the 

absence of proteinase K could have reduced the hybridization signal. Additionally, 

although the ISH/IF protocol was successfully performed in the lab previously, frog, not 

mouse tissue, was used. Therefore, the ISH/IF protocol conditions will have to be 

optimized for Mturn in mouse tissue. We can also attempt to edit the Mturn KiKi line to 

place the reporter gene back in-frame. Then we can process retinal samples and 

determine whether there is a detectable signal in the GCL. Using various cell type-
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specific markers of displaced ACs and RGCs, we can identify those cells in the GCL. 

Another possible method would be to isolate cells in the GCL, extract mRNA, and 

perform RT-PCR to detect the Mturn transcript. Ultimately, even though I conclude that 

mouse HCs express Mturn, the Mturn expressing cells in the GCL should be identified to 

fully characterize the expression of Mturn, which would help in understanding its 

function. 

 Future studies should also continue to investigate how Mturn functions 

molecularly and in which pathways. We have previously determined that mturn is 

required for primary neurogenesis in X. laevis. Overexpression of mturn drives neural 

differentiation, while knockdown of mturn results in excessive cell proliferation. 

Together, this suggests that Mturn may have a role in regulating cell cycle exit. But how 

is this achieved? 

Cell cycle progression is tightly regulated by CDKs and CDK inhibitors, which 

are temporally regulated via degradation by the ubiquitin-proteosome system (UPS). 

Post-translational ubiquitylation of proteins is mediated by three enzymes: an activating 

enzyme (E1), a conjugating enzyme (E2), and a ligase (E3). After binding to Ub, E1 

activates it and transfers it to E2. While some E2 enzymes transfer activated Ub directly 

to the targeted protein structure, some require E3, which is primarily responsible for 

substrate recognition. Many studies have shown that deregulation of E3 ligase often 

results in cancer development. An essential ubiquitin ligase is the SKP1-CUL1-F-box-

protein (SCF) complex, which is active from the late G1 to early M phase and degrades 

target proteins, including p27. The F-box protein is the variable substrate-recognition 

subunit of SCF, which consists of the S-phase kinase-associated protein 2 (SKP2), F-box, 
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and WD-40 domain protein 7 (FBW7) and β-transducin repeat-containing protein (β-

TRCP) (W. Liu et al., 2020; K. I. Nakayama & Nakayama, 2006; Pagano, 1997). 

Interestingly, in Skp2-/- mice, there is a significant accumulation of cyclin E and p27. 

Cells in these mutant mice have enlarged nuclei with polyploidy and multiple 

centrosomes. Additionally, their growth rate is reduced, and apoptosis is increased. 

Together, these results suggested that Skp2 plays a crucial role in cell cycle progression 

by functioning in the ubiquitylation-mediated proteolysis of p27 (K. Nakayama et al., 

2000).  

Preliminary studies suggest a relationship between Mturn and Ub family proteins, 

specifically UBE2. Perhaps Mturn helps UBE2 to target the ubiquitination of specific 

proteins. As mentioned previously, overexpression and knockdown experiments of mturn 

should continue in frog embryos to determine if the expression of UBE2QL1 and 

UBE2Q2 are changed. Similarly, expression of UBE2QL1 and UBE2Q2 should also be 

performed to assess for change in mturn expression. If there is coordination between 

mturn expression and UBE2QL1 and UBE2Q2 expressions, I would expect to find 

opposite changes in expression depending on which gene is being manipulated. If mturn 

is overexpressed, then UBE2 expression would be reduced, and vice versa. 

Similarly, if mturn is knocked down, then UBE2 expression would be increased, 

and vice versa. In the mouse retina, ubiquitination of proteins can be analyzed in the 

absence of Mturn. Western blot analysis can be performed on Mturn+/+ and Mturn-/- 

retinal samples with Ub antibody to determine if there is a change in Ub levels. 

Additionally, immunofluorescent studies on retinal tissue with Ub antibodies can be 

completed to determine if the spatial expression of Ub is altered. If Mturn does function 
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to regulate ubiquitination of specific proteins, I would expect there to be a reduction of 

Ub detected on both Western blot analysis and immunofluorescence in Mturn-/- compared 

to Mturn+/+ retinas.  

4.7 Concluding Remarks 

 In summary, I have determined that during mouse retinogenesis, Mturn is 

expressed in differentiating HCs and maintained in matured HCs. My results’ further 

interpretation is limited by the background staining of Mturn pAbs and the 

inconsistencies between my results and preliminary results. Consequently, the function of 

Mturn during mouse retinogenesis remains mostly unknown. Future experiments will 

need to determine if the C57BL/6NTAC genetic background is responsible for the 

extensive retinal folds previously observed in Mturn-/- retinas. Additionally, the identity 

of the cell type expressing Mturn in the GCL should be determined. Last but not least, the 

relationship between Mturn and UPS in cell cycle regulation should be explored. 
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Figure 4.1: Abnormal Lim1 expression in Mturn-/- retinas during early retinogenesis. 

E12.5 Mturn+/+ (A-D) and Mturn-/- (A’-D') retinas were stained with anti-Lim1 

antibodies. (A, A') Lim1 stained whole retinas are shown in green. The white box 

indicates the area magnified in the panels below. (B, B') Lim1 primary antibody with 

Alexa Fluor 488 secondary (green). (C, C') Lim1 primary antibody with Alexa Fluor 647 

secondary (magenta). (D, D') Merged images of Lim1 (green) and DAPI (blue). Scale 

bars are noted on the bottom left of each panel. 
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Appendix A 

Appendix A Table 1: Product information on primary antibodies used in IHC. * 

Requires antigen retrieval. See section 2.3.6 Immunofluorescence for protocol. 

Primary 

Antibody 

Target 

Host 

Species 

Poly/ 

Monoclonal 

Isotype Catalog 

Number 

Dilution 

Maturin 

(pAB2) 

Rabbit Polyclonal IgG YenZym Inc., 

YZ6446 Bleed 2 

Cycle 2 

1:1000 

Maturin 

(pAB3) 

Rabbit Polyclonal IgG YenZym Inc., 

YZ6445 Bleed 2 

Cycle 2 

1:1000 

Calbindin Guinea 

Pig 

Polyclonal IgG Synaptic 

Systems, 214-

005 

1:1000 

Lim 1/2 Mouse Monoclonal IgG1 Developmental 

Studies 

Hybridoma Bank 

(DSHB), 4F2 

1:50 

RBPMS Guinea 

Pig 

Polyclonal IgG MilliporeSigma, 

ABN1376 

1:1000 

Islet 1/2 Mouse Monoclonal IgG2b DSHB, 39.4DS 1:100 

Chx10/Vsx2 Sheep Polyclonal IgG Exalpha 

Biologicals, Inc., 

X1180P 

1:300 

Lectin PNA-

488 

Conjugated 

   Thermo Fisher 

Scientific, 

L21409 

1:500 

Prox1 Mouse Monoclonal IgG MilliporeSigma, 

MAB5654 

1:200 

Calretinin Goat Polyclonal IgG MilliporeSigma, 

AB1550 

1:500 

Brn3 Goat Polyclonal IgG Santa Cruz, sc-

6026 

1:400 

PKCα Mouse Monoclonal IgG1 Santa Cruz, sc-

8393 

1:200 

PHH3 Mouse Monoclonal IgG1 Cell Signaling, 

9706S 

1:200 

R5 Mouse Monoclonal IgM W.A. Harris, 

Cambridge 

University 

1:5 
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Ptf1A * Goat Polyclonal IgG Abcam, 

ab245889 

1:5000 

PCNA * Mouse Monoclonal IgG2a MilliporeSigma, 

P8825 

1:100 

MCM6 * Goat Polyclonal IgG Santa Cruz, sc-

9843 

1:1000 

Doublecortin 

* 

Guinea 

Pig 

Polyclonal IgG MilliporeSigma, 

AB2253 

1:500 

Tuj1 

(Neuronal 

Class III β-

tubulin) * 

Mouse Monoclonal IgG2a Covance Inc. 

(Princeton, NJ) 

MM5-435P 

1:400 

NeuN * Mouse Monoclonal IgG1 MilliporeSigma, 

MAB377 

1:100 
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Appendix A Table 2: Product information on the secondary antibodies used in IHC. 

Secondary 

Antibody 

Target 

Host 

Species 

Conjugated 

Fluorescent 

Catalog Number Dilution 

Mouse IgG Goat Alexa Fluor 488 Thermo Fisher 

Scientific, A11001 

1:1000 

Mouse IgG Donkey Alexa Fluor 488 Thermo Fisher 

Scientific, A21202 

1:1000 

Goat IgG Donkey Alexa Fluor 488 Thermo Fisher 

Scientific, A11055 

1:1000 

Rabbit IgG Donkey Alexa Fluor 546 Thermo Fisher 

Scientific, A10040 

1:1000 

Mouse IgM Goat Alexa Fluor 546 Thermo Fisher 

Scientific, A21045 

1:1000 

Mouse IgG Goat Alexa Fluor 647 Thermo Fisher 

Scientific, A21236 

1:1000 

Rabbit IgG Goat Alexa Fluor 647 Abcam, ab150079 1:1000 

Guinea Pig 

IgG 

Donkey Cy5 Jackson 

ImmunoResearch 

Laboratories Inc., 706-

175-148 

1:1000 
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Appendix A Table 3: Company addresses for antibodies used in IHC. 

Company Address 

Abcam Cambridge, MA 

Cell Signaling Danvers, MA 

Covance Inc. Princeton, NJ 

DSHB Iowa City, IA 

Exalpha Biologicals Inc.  Shirley, MA 

Jacksom ImmunoResearch 

Laboratories Inc. 

West Grove, PA 

MilliporeSigma Burlington, MA 

Santa Cruz Dallas, TX 

Synaptic Systems Geottingen, Germany 

Thermo Fisher Scientific Waltham, MA 

YenZym, Inc. Brisbane, CA 
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Appendix A Table 4: Primers used for PCR genotyping animals along with their 

expected band sizes.  

Mouse Line Primer Sequence 5’ → 3’ Expected Band Sizes 

Cx57-iCre – 

Cre 

transgene 

Cx57.11 AGG AAA GTC TCC 

AAC CTG CTG ACT 

iCre transgene = 600bp 

 

Cx57.12 GCC AAT GTG GAT 

CAG CAT TCT CCC 

Cx57-iCre 

Neo-excised 

FRT 

Cx57.05 CAA AGA AGT 

GGG CAA GCA 

GCA 

WT = 251 bp 

Neo-excised FRT = 

300bp 

Cx57.06 GGA GAC AGT TGT 

CTG AAT CCA 

Ai9 WT 

Forward 

AAG GGA GCT GCA 

GTG GAG TA 

WT = 297 bp 

Mutant = ~200 bp 

WT 

Reverse 

CCG AAA ATC TGT 

GGG AAG TC 

Mutant 

Forward 

CTG TTC CTG TAC 

GGC ATG G 

Mutant 

Reverse 

GGC ATT AAA GCA 

GCG TAT 

mTmG Common 

Reverse 

CTT TAA GCC TGC 

CCA GAA GA 

WT = 212 bp 

Mutant = 128 bp 

Heterozygote = 128bp 

and 212bp 
Mutant 

Forward 

TAG AGC TTG CGG 

AAC CCT TC 

WT 

Forward 

AGG GAG CTG CAG 

TGG AGT AG 
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Appendix A Table 5: Primary antibodies used in Chapter 3 for immunofluorescence. 

Primary 

Antibody 

Target 

Host 

Species 

Poly/ 

Monoclonal 

Isotype Catalog 

Number 

Dilution 

GFP Mouse Monoclonal IgG1 Sigma, G6539 1:500 

GFP Rabbit Polyclonal IgG Kind gift from 

Pignoni Lab 

(Syracuse, NY) 

who got it from 

Invitrogen, A-

11122 

1:10,000 

RFP Rabbit Polyclonal IgG Medical & 

Biological 

Laboratories Co., 

LTD (Woburn, 

MA), PM005 

1:1000 
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Appendix A Figure 1: Mturn is expressed in the mouse retina by E16.5. Mturn+/+ 

eye/retina samples were collected from various embryonic ages. IHC was done with pAB 

2 to determine Mturn expression (orange) at E10.5 (A), E15.5 (B), E16.5 (C), E17.5 (D), 

and P0 (E). Regions outlined by the white dashed box are magnified below the 

corresponding panel (A’-E’). Sections are oriented along the dorsal-ventral axis. (H) 

Protein was extracted from samples collected at E10.5 (6 retinas), E14.5 (12 retinas), E15 

(4 eyes), E15.5 (6 eyes), E16.5 (6 eyes), E17.5 (6 eyes), E18.5 (6 eyes), and P0 (6 

retinas). 30μg of each sample was loaded into each lane for Western blot analysis. pAB 1 

was used to detect 15kDa Mturn, and β-actin was used as a loading control. Molecular 

weight of the protein ladder is shown on the right in kDa. Scale bars equal 45μm. 

Abbreviations: L, lens; DCL, differentiating cell layer; NBL, neuroblast layer. Note: 

Mturn-/- controls are missing from the analysis at these embryonic time points in both 

IHC and WB. Additionally, I was unable to repeat these experiments. 
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Appendix A Figure 2: Testing different concentrations of Mturn pAb2 for IHC. P30 

Mturn+/+ and Mturn-/- retinas were used to test serial dilutions of pAb2. Sections were 

stained for Mturn (orange) and counterstained with DAPI (blue). Concentrations tested 

include 1:1000 (A, A’), 1:2000 (B, B’), 1:4000 (C, C’), 1:8000 (D, D’), and 1:16,000 (E, 

E’). Secondary antibody only control was also included (F, F’). Scale bar is 45μm. 

Vertical black bars indicate the retinal layer.  
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Appendix B: Delaying glial scar formation to hinder retinal degeneration 

B.1 Abstract 

 Affecting millions of people worldwide, retinitis pigmentosa (RP) is a hereditary 

retinal degenerative disease that ultimately results in visual impairment and blindness. A 

variety of mutations cause initial rod photoreceptor death resulting in subsequent cone 

photoreceptor degeneration and death. One of the central questions still being addressed 

today is why rod cell death leads to cone degeneration and death. In response to injury, 

dramatic changes take place in the retina. Reactive gliosis occurs as photoreceptors die, 

characterized by Müller glial cell hypertrophy and upregulation of intermediate filament 

proteins (IFPs) such as glial fibrillary acidic protein (GFAP) and vimentin. Eventually, 

the Müller cells form a glial scar, which has been implicated in progressive degeneration 

and hindering potential regeneration. Using a transgenic Xenopus laevis RP model called 

XOPNTR, we ask if manipulating glial scar formation affects progressive retinal 

degeneration. Since X. laevis lack gfap, a vital component of glial scar formation in 

mammals, we focused on another intermediate filament protein, vimentin. We used 

transcription activator-like effector nucleases (TALENs) to introduce mutations in the 

vimentin gene. XOPNTR+ F0 founder frogs carrying vimentin frameshift mutations were 

identified. Founders with the highest frequency of frameshifts were crossed to generate 

F1 animals. The number of vimentin alleles in each F1 frog has now been determined. 

Seventeen of the 301 F1 frogs genotyped carry more than three mutant vimentin alleles. 

Once the number of frameshift mutations is determined, mating pairs will be selected to 

determine the effect of vimentin loss on progressive retinal degeneration  
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B.2 Introduction 

 Affecting millions of people worldwide, retinitis pigmentosa (RP) is a collection 

of progressive retinal degenerative diseases that cause visual impairment and blindness, 

affecting one's quality of life in a vision-centric world (Berson, 1993; Hartong et al., 

2006). As of February 14, 2020, a total of 307 genes and loci associated with retinal 

diseases have been identified (Daiger et al., 2020). Although RP can result from the 

mutation of multiple different genes, two key events account for most of the symptoms: 

primary death of rod PRs followed by secondary loss of cone PRs (Hartong et al., 2006). 

Due to the primary loss of rods, which are essential for scotopic vision, one of the earliest 

symptoms of RP is night blindness (Berson, 1993; Hartong et al., 2006). By the time 

patients notice reduced visual acuity and visual field, significant cone loss has already 

occurred. While the normal bilateral visual field is about 180 degrees in the horizontal 

meridian, patients with at least 50 degrees in diameter of the remaining central visual 

field do not experience subjective difficulties with daily tasks (Szlyk et al., 1997). 

Furthermore, 90% of cones in the fovea can be lost before patients perceive a reduction in 

visual acuity (Geller & Sieving, 1993). Therefore, retinal degeneration studies have 

continued to investigate why cones degenerate and die after rods are lost. Understanding 

this process can potentially lead to the development of novel treatments that prevent 

retinal degeneration, which would have ultimately led to complete deafferentation of the 

neural retina as the retina remodels in response to injury (Jones et al., 2003; Marc & 

Jones, 2003).  

While there are three basic forms of retinal degeneration, rod-initiated, cone-

initiated, and debris initiated, Marc and colleagues have characterized retinal remodeling 
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following rod-initiated retinal degeneration into three different phases (Marc et al., 2003). 

The first phase is characterized by rod degeneration and death. Rod outer segments 

shorten because their growth rate is slower than the rate of RPE phagocytosis. This leads 

to compression of the subretinal space. Cone outer segments also start to shrink. While 

most rods are fated to die, a small population of surviving rod PRs sprout ectopic neurites 

that extend past the OPL and deep into the neural retina (Fariss et al., 2000; Li et al., 

1995). Early damage to the retina also triggers initiation of reactive gliosis, which is 

characterized by MG hypertrophy and upregulation of specific intermediate filament 

(IFP) proteins, including glial fibrillary acidic protein (GFAP) and vimentin (see 

Appendix B Fig. 1A, B) (Davidson et al., 1990; Erickson et al., 1987; Grosche et al., 

1997; Lewis et al., 1989; Marc et al., 2003; Okada et al., 1990). 

The hallmark of phase 2 is cone degeneration. As stressed cones begin to die, they 

degenerate, which involves the redistribution of cone opsins to inner segments, 

expression changes of key proteins, and occasional transient extension of axons into the 

neural retina. Additionally, MGs translocate their nuclei to the ONL and extend their 

processes throughout the subretinal space, forming a distal glial seal separating the neural 

retina and remnant RPE, entombing the remaining cones (see Appendix B Fig. 1C) 

(Jones et al., 2003; Marc et al., 2003). The retina begins to remodel as BPs retract their 

dendrites and reexpress synaptic signaling receptor proteins. Axon terminal fields of HCs 

retract from rods, and cone-targeting HC somas undergo hypertrophy, extending new 

neurites into the IPL (Chu et al., 1993; Marc et al., 2003; Strettoi et al., 2003; Strettoi et 

al., 2002). 
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The third phase is characterized by global remodeling of all retinal cells, which 

involves concurrent neuronal death, cell migration, and rewiring of cellular processes. As 

retinal neurons continue to die, MGs continue to hypertrophy, filling the space abandoned 

by dying cells and serving as radial migration scaffolds for surviving neurons. Surviving 

neurons migrate in an attempt to find normal synaptic partners but instead rewire to form 

ectopic synaptic microneuromas, containing synaptic terminals of all retinal cell types 

(see Appendix B Fig. 1D). Global neuronal cell death results in thinner retinal layers and 

overall reduced thickness of the entire retina (Jones & Marc, 2005; Marc et al., 2003; 

Strettoi et al., 2003; Strettoi et al., 2002). 

Reactive gliosis has both neuroprotective and detrimental effects throughout the 

CNS. Similar to other regions of the CNS, reactive gliosis occurs in the retina following 

many forms of retinal injury or diseases, including choroidal neovascularization, retinal 

detachment, glaucoma, and diabetic retinopathy (Caicedo et al., 2005) (Lewis et al., 

1995; Sethi et al., 2005) (Wang et al., 2002) (Mizutani et al., 1998). In response to injury, 

MGs extend processes to confine the spread of the damaged region. The concurrent 

increase in IFPs stabilize the hypertrophied processes and help maintain the mechanical 

integrity of MG. In the absence of GFAP and vimentin, retinal detachment shears MG 

endfeet from the retina (Lundkvist et al., 2004; Verardo et al., 2008). Additionally, 

reactive gliosis further protects neurons by preventing glutamate neurotoxicity and 

releasing factors that protect neurons from death. However, persistence gliosis can be 

damaging. 

The formation of the glial scar interferes with retinal homeostasis and impedes 

MG's ability to support retinal neurons, which often limits regenerative capabilities and 
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results in neurodegeneration (Bringmann et al., 2009). It has been proposed that 

persistent glial scars around damaged tissue are one reason mammalian retinas, unlike 

fish and amphibian retinas, have limited regenerative capabilities. Following retinal 

reattachment in cat and rabbit models, subretinal glial scars persisted, and PR 

regeneration was inhibited (Anderson et al., 1986; Francke et al., 2005). Like mammals, 

reactive gliosis occurs after injury in zebrafish and frogs; however, a gliotic scar does not 

persist. Instead, MGs express markers typical of progenitor cells and become progenitor-

like, generating new cell types that are injury-dependent (Bernardos et al., 2007; Fausett 

& Goldman, 2006; Fimbel et al., 2007; Langhe et al., 2017). When MG proliferation is 

inhibited, and gliotic scarring is induced in zebrafish, significantly more rod and cone 

PRs are observed initially; however, the numbers drop drastically days later compared to 

control retinas (Thomas et al., 2016). Together, this suggests that when gliotic scar 

formation is extensive in zebrafish, MG cells' natural regenerative properties are limited. 

Compared to normal mice, mutant mice lacking GFAP and vimentin 

demonstrated fewer MG morphological changes and reduced glial scarring in neural 

tissue. After an injury to the spinal cord in these mutant mice, sprouting of spinal axons 

increases, contributing to the reconstruction of circuits and functional restoration (Menet 

et al., 2003). When an injury occurs in these mutant mice's entorhinal cortex, glial 

scarring is less organized, and prominent synaptic regeneration occurs (Pekny et al., 

1999; Wilhelmsson et al., 2004). When the retinal injury is induced in these mice, PR 

degeneration is limited, with fewer PRs undergo apoptosis and increased ONL thickness 

(Nakazawa et al., 2007). Furthermore, the retinal environment is more conducive to 

integrating grafted neurons, which migrate and extend appropriate neuronal projections 
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(Kinouchi et al., 2003). The negative correlation between gliosis and regenerative 

potential suggests further investigation into how reactive gliosis contributes to retinal 

degeneration's pathological progression. 

While most PRs in the mouse retina are rods, the PR population in frog retinas is 

about equally divided between rods and cones (Chang & Harris, 1998), making it an 

excellent model to study how primary rod death leads to secondary cone degeneration 

and death. Our lab has developed a transgenic line of X. laevis that targets rods for 

ablation and models retinal degeneration, showcasing secondary cone degeneration and 

glial scar formation (Choi et al., 2011). Driven by the rod specific rhodopsin promoter 

(XOP), Escherichia coli nitroreductase (NTR) is expressed in cells containing the 

transgene. In the presence of nitroimidazole prodrugs, like metronidazole (Mtz), 

nitroreductase converts the prodrugs into cytotoxic DNA cross-linkers, ultimately killing 

the transgene expressing cells (see Appendix B Fig. 2) (Edwards, 1993). After 17 days of 

Mtz treatment, XOPNTR animals experience rod degeneration followed by cone 

photoreceptor degeneration and MG hypertrophy. Although there is no change in the 

number of MG, R5 and vimentin's immunoreactivity are increased in experimental 

retinas compared to control retinas. Together, this suggests that gliosis may play a role in 

cone degeneration (Choi et al., 2011). We have also previously determined that even 

though a GFAP-like immunoreactivity follows a retinal injury, X. laevis lacks the gfap 

gene, most likely due to chromosomal rearrangement during evolution. Furthermore, MG 

still upregulates IFPs like vimentin and peripherin to form a glial scar in response to 

injury (Martinez-De Luna et al., 2017). Since Gfap and Vimentin's absence in mice 

reduced scarring and improved neural regeneration after injury, it would be interesting to 
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determine if the additional loss of vimentin in X. laevis will alter the gliotic response and 

subsequently affect progressive retinal degeneration and regeneration. 

We hypothesize that following retinal injury, a delay in glial scar formation will 

delay cone degeneration and progressive retinal degeneration (see Appendix B Fig. 3). 

Here, we attempted to manipulate the X. laevis genome to knock out a key IFP 

component of the glial scar, vimentin, in the XOPNTR background. Dr. Martinez-De 

Luna used transcription activator-like effector nucleases (TALENs) to cause targeted 

double-strand breaks and introduce varying sequence alterations within the vimentin gene 

through endogenous DNA repair mechanisms (see Appendix B Fig. 4) (Joung & Sander, 

2013). The newly generated mosaic vimentin TALEN frogs were screened for the type 

and frequency of vimentin mutations in their progeny. Furthermore, the presence of the 

XOPNTR transgene was also determined. XOPNTR+ mosaic vimentin frogs with the 

highest frequency of frameshift mutations were bred to generate the F1 generation. While 

some of the progeny were set aside to maintain the line, preliminary experiments were 

done to determine if the absence of vimentin delayed glial scar formation; however, 

results were inconclusive due to complete mutants' rarity. Although presumptive vimentin 

genotypes were determined for the surviving progeny, further sequencing analysis 

remains to be completed. 
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B.3 Materials and Methods 

B.3.1 Animals 

 Dr. Martinez-De Luna used TALENs to generate a new line of X. laevis with 

insertions or deletions (indels) within a targeted region of both L and S copies of the 

vimentin gene in the XOPNTR background. The specific sequence contains the DdeI 

restriction enzyme cut site, which is used for preliminary screening. Natural mating was 

done to generate progeny for screening purposes and maintaining the line. The 

Committee for the Humane Use of Animals at SUNY Upstate Medical University 

approved all procedures. 

B.3.2 Metronidazole Treatment 

 To make the Mtz solution, metronidazole (Sigma Aldrich, M-1547) was dissolved 

in 0.1X MMR containing 0.4% dimethyl sulfoxide (DMSO; Sigma-Aldrich, D8418) to a 

final concentration of 10mM immediately before use. Control animals received the same 

solution, but without the metronidazole. Stage 50 transgenic and nontransgenic tadpoles 

were housed in the Mtz solution in the dark at 22°C for the desired amount of time. 

Tadpoles were euthanized in the dark in 1% methanesulfonate (Tricaine; Sigma-Aldrich). 

The tail was removed for genotyping purposes. The heads were then fixed in 4% PFA for 

1 hour, immersed in 20% sucrose, mounted in OCT, and cryostat sectioned at 12μm.   

B.3.3 Extracting gDNA from Frog Tissue 

 Embryos, web clips, or tail pieces were collected and stored at -20°C. Tissue was 

incubated overnight in 250μL of tail lysis buffer (10mM Tris-Cl pH 8.0, 100mM NaCl, 

10mM EDTA pH 8.0, 0.5% SDS) with 20μg proteinase K at 55°C. The next day, 100μL 
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of the lysate was transferred to a new 1.7mL microcentrifuge tube and mixed with 100μL 

of cold 100% isopropanol. Samples were centrifuged at 14,000g for 5 minutes at 4°C. 

The supernatant was removed, and the pellet was air-dried for at least 6 minutes at room 

temperature. The gDNA pellet was resuspended in nuclease-free water and used 

immediately for PCR or stored at -20°C. 

B.3.4 Preliminary Genotyping   

 Since the size of the indels introduced within the targeted region of vimentin is 

relatively small compared to the gene's size, initial screening was done by determining if 

the DdeI restriction enzyme cut site was altered. First, specific primers (see Appendix B 

Table 1) were used to PCR amplify the L (Vim_a_geno_F1 and Vim_a_geno_R1) and S 

(Vim_b_geno_F1 and Vim_b_geno_R1) copies of the vimentin gene from genomic DNA 

samples independently. To determine if the right product was amplified, a small portion 

was run on an agarose gel. Next, the PCR product was digested with DdeI restriction 

enzyme in 1X NEB Cutsmart buffer (New England Biolabs Inc., Ipswich, MA) at 37°C 

overnight. Digested products were run on a 2% agarose gel. If the site were mutated, then 

the original product would not cut into two pieces. If the site were not mutated, then the 

original product would be digested and show two bands. Therefore, homozygous wild-

type would show two bands that are smaller than 500bp. Homozygous mutant would 

show one band that is about 500bp. Heterozygotes would show three bands: about 500bp 

one and two that are smaller (see Appendix B Fig. 5). 

B.3.5 TA Cloning and Sequencing 
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 The vimentin gene of samples containing at least three mutant alleles were cloned 

and sequenced. First, Vim_a_geno_F1 and Vim_a_geno_R1 were used to PCR amplify 

the L copy of vimentin, and Vim_b_geno_F1 and Vim_b_geno_R1 were used to PCR 

amplify the S copy of vimentin. The DNA was cleaned using the Wizard DNA Clean-Up 

System (Promega, Madison, WI). Using EconoTaq (Biosearch Technologies, Novato, 

CA), a single adenosine was added to the end of the PCR product. Then the product was 

ligated into the Promega pGEM-T Easy Vector System overnight at 4°C. TOP10 E. coli 

were transformed with the ligation mix and plated on carbenicillin and X-gal treated LB 

plates for positive selection. At least five colonies were picked, and colony PCR using the 

same set of vimentin primers was done to confirm the insert's presence. To amplify DNA 

from positive colonies, the EZ-10 Spin Column Plasmid DNA Miniprep Kit (Biobasic, 

Markham, ON, Canada) was used. The presence of the insertion and mutation within the 

vimentin sequence was further confirmed by digesting with restriction enzymes EcoRI 

and DdeI, respectively. Then selected DNA samples were sent for Sanger Sequencing 

using M13F and M13R primers (Genewiz, South Plainfield, NJ). Sequence analysis was 

done using SeqMan Pro (DNASTAR Inc., Madison, WI) to determine the type of 

mutation introduced into the vimentin sequence.  
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B.4 Results 

B.4.1 Determining the frequency and type of frameshift mutations in F0 mosaic vimentin 

TALENs frogs 

 To begin, the F0 mosaic vimentin TALENs frogs were screened to identify those 

that are germline transgenic. Each F0 mosaic vimentin TALENs frog was naturally mated 

with a wild-type J line frog (see Appendix B Fig. 6A). At least 30 embryos were 

collected from each mating. DNA from each embryo was tested for the presence of the 

XOPNTR transgene and preliminary vimentin genotype. Those with a mutant vimentin 

allele were TA cloned into pGEMTEZ vector, transformed into E. coli rechecked for the 

mutation and sent out for sequencing. Of the F0 mosaic vimentin TALENs frogs 

previously generated, progeny from 23 males and 14 females were screened, with the 

help of Dr. Martinez-De Luna and Karisa Rawlins, to determine the frequency of 

vimentin mutations and presence of XOPNTR transgene. The frequency was calculated 

by dividing the number of embryos with mutant vimentin alleles by the total number of 

embryos screened. Embryos generated from XOPNTR+ frogs with the highest frequency 

of vimentin indels were selected for sequencing. Appendix B Table 2 summarizes the 

findings from the XOPNTR+ males, and Appendix B Table 3 summarizes that from 

XOPNTR+ females. As seen in these tables, many of the indels were non-frameshift 

mutations, resulting in the change of a couple of amino acids. The frog with the highest 

frequency of frameshift vimentin indels of each sex was selected to spawn the F1 

generation (Appendix B Tables 2 and 3, highlighted in yellow). Only female 28 had 

frameshift mutations in both L and S copies of the vimentin gene.  

B.4.2 Analysis of the F1 generation 
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 To obtain the next generation of vimentin TALENs frogs (F1XV), male 12 and 

female 28 XOPNTR+ mosaic vimentin TALENs frogs were bred because of their high 

frequency of frameshift mutations (see Appendix B Fig. 6B). Additionally, two frogs 

from our XOPNTR line were bred to generate experimental controls treated with F1XV 

tadpoles simultaneously. Initially, about half of the progeny was used to preliminarily 

determine if the absence of vimentin delays glial scar formation and cone degeneration. 

Before the initiation of drug treatment at stage 50, 80 F1XV and 20 XOPNTR tadpoles 

were collected. Then of the remaining tadpoles, half were treated with DMSO only, while 

the other half were treated with Mtz to induce retinal injury. Based on our previous study 

of the XOPNTR model, tadpoles were collected 7, 12, 17, 21, 26, and 31 days post-

treatment. At each time point, 20 XOPNTR treated with DMSO only, 20 XOPNTR 

treated with Mtz, 80 F1XV treated with DMSO only, and 80 F1XV treated with Mtz 

were collected. Tails were removed for genotyping purposes, and heads were prepared 

for cryosection. Of the 355 offspring screened initially from this experiment, 91 were 

XOPNTR- (25.6%), and 264 were XOPNTR+ (74.4%). 36.9% were presumed wild-type 

(pV0 – Vim.L+/+; Vim.S+/+). 41.2% were presumed to have one mutant vimentin allele 

(pV1 – Vim.L+/-; Vim.S+/+ or Vim.L+/+; Vim.S+/-). 17.3% were presumed to have two 

mutant alleles (pV2 – Vim.L-/-; Vim.S+/+ or Vim.L+/+; Vim.S-/- or Vim.L+/-; Vim.S+/-). 4.2% 

were presumed to have three mutant alleles (pV3 – Vim.L+/-; Vim.S-/- or Vim.L-/-; 

Vim.S+/-). Only 0.6% were presumed complete nulls (pV4 – Vim.L+/-; Vim.S-/-) (see 

Appendix B Table 4). DNA samples from these frogs have yet to be sequenced to 

determine if they contain frameshift vimentin mutations. Unfortunately, due to the limited 

number of presumed complete nulls, the analysis of results was inconclusive. 
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 The other half of the F1XV were raised to adulthood. Giovanni Marrero and Evan 

Surrick aided the genotyping of these frogs. Of the 334 surviving F1XV frogs, the 

presence of the XOPNTR transgene was only determined in 281 frogs. 86 were 

XOPNTR- (30.6%), and 195 were XOPNTR+ (69.4%). Presumed vimentin genotypes 

were identified in 301 of the surviving F1XV frogs (see Appendix B Table 5). 21.6% 

were pV0. 48.2% were pV1. 24.6% were pV2. 5.3% were pV3. Only 0.3% were pV4.  
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B.5 Discussion 

Thus far, I have helped screen the F0 mosaic vimentin TALENs frogs to 

determine the highest frequency of germline frameshift vimentin mutations. I bred a 

selected pair to produce F1XV animals. Because preliminary analysis found a very small 

percentage of the F1XV animals to be pV4, further investigation of their retinas was 

halted. DNA samples from the surviving F1 frogs need to be sequenced to determine if 

they have frameshift mutations. At this point, it is too early to assess whether vimentin 

loss will delay glial scar formation and hinder progressive retinal degeneration.  

One of the caveats regarding the screening method is that we are generating many 

false negatives. Since the initial genotyping method determines if the DdeI cut site is 

altered, indels occurring outside the cut site but within the targeted TALENs sequence are 

not detected. Therefore, the frequency of mutations (frameshift and non-frameshifts) is 

most likely higher than determined. However, this is the most efficient method we have 

so far to genotype the frogs. 

Since the frequency of pV4 in the F1XV frogs is low at a rate of less than 1%, we 

have yet to determine if the absence of vimentin delays glial scar formation and 

subsequent cone death. Of the surviving F1XV frogs, sequencing of the pV3 and pV4 

should confirm the presence of frameshift vimentin mutation. Once select, F1XV frogs 

should be bred to produce the F2 generation. The frequency of vimentin frameshift 

mutations should be determined in pilot studies. Successful mating pairs that generate 

tadpoles with frameshifts in all four vimentin alleles would then be used to create 

tadpoles for analysis (e.g., XOPNTR VimL-/-;S-/- ± metronidazole). Western blot analysis 

should also be used to confirm the complete absence of vimentin protein. 
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Quantitative Western blots could serve other purposes. Tadpoles with fewer than 

four vimentin frameshift mutations could serve as controls. We would expect a 

proportional delay in cone degeneration and death with the decrease in the amount of 

vimentin protein (1, 2, and 3 frameshift mutations). Perhaps not all vimentin alleles are 

expressed, which is not an uncommon observation in X. laevis. Therefore, mutation of all 

four vimentin alleles may not be necessary to eliminate all vimentin protein expression. 

The effect of vimentin loss on other intermediate filament proteins' must also be 

considered. We previously reported that multiple IFPs are upregulated following retinal 

damage. We observed upregulation of vimentin, peripherin (prph), α-intervexin (inα), and 

nestin (nes) following either rod ablation or optic nerve axotomy (Martinez-De Luna, 

2017). Western blot analysis will detect if upregulation of other IFPs compensates for 

vimentin loss. 

After determining that vimentin protein is absent, it is crucial to understand the 

effect of its loss on the retina. Histological analysis of the retina should be completed in 

untreated tadpoles to determine if vimentin loss affects retinal cell number, fate, and 

organization. Cell type-specific markers will determine the number and fate of cells. 

Morphometric analysis, measuring retinal lengths and thicknesses should be measured 

and compared to wild-type retinas.  

 To ascertain if vimentin loss affects glial scar formation, a range of treatment 

times should be done to understand glial scar formation over time. Previous experiments 

have demonstrated that reactive gliosis with the XOPNTR model is prominent after 17 

days of Mtz treatment, visualized by R5 immunoreactivity (Choi et al., 2011). We have 

previously determined that X. laevis prph is detected by the R5 antibody antigen 
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(Martinez-De Luna et al., 2017). Therefore, groups of XOPNTR+ vimentin wild-type and 

mutant tadpoles should be treated with Mtz periods shorter and longer than 17 days, such 

as 7, 12, 17, 21, 26, and 31 days. Following collection, samples should be processed for 

IHC and stained with antibodies to detect other IFPs, including prph, inα, and nes, to 

determine if glial scar formation is altered in the absence of vimentin. The average 

intensity of each antibody immunoreactivity should be obtained to quantify the glial scar 

severity over time, comparing vimentin wild-type and mutant retinas. Additionally, 

antibodies against rhodopsin and calbindin should be used to confirm the loss of rods and 

degeneration of cones, respectively. Calbindin is a cone-specific marker in frogs (Chang 

& Harris, 1998). The cone outer segments' length and the ONL thickness should also be 

measured to quantify the degeneration.  

In response to retinal detachment, mice lacking Gfap and Vimentin not only have 

attenuated gliotic response, but they also experience less cell death and no change in the 

number of proliferating cells (Nakazawa et al., 2007). Frogs have greater regenerative 

capabilities than mice. However, when our XOPNTR transgenic tadpoles are exposed to 

Mtz for 12 days, rod outer segments are completely ablated from the central retina. 

Additionally, retinal remodeling processes similar to those observed in injured 

mammalian retinas, such as hypertrophy of MGs, occur. If the tadpoles are given 30 days 

to recover, then rod outer segments are observed again. Rod PRs are detected throughout 

the ONL, but some regions remain rod-less, suggesting that regeneration was incomplete 

(Choi et al., 2011). Based on the observations made of Gfap-/- Vimentin-/- mice in 

response to retinal injury, the XOPNTR+ vimentin mutant tadpoles might demonstrate 
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delayed glial scar formation with minimized cell death and a delay in retinal 

degeneration. TUNEL staining should be done to quantify the extent of cell death. 

Additionally, although the RPE has been thought to be the source of newly 

generated cells in response to injury in the frog retina (Vergara & Del Rio-Tsonis, 2009; 

Yoshii et al., 2007), Dr. Martinez-De Luna generated preliminary evidence that suggests 

MG may be another source. Studies have shown that MGs in teleosts can reacquire a 

progenitor state and regenerate retinal neurons following injury. In X. laevis, the 

regenerative capabilities of MG are dependent on the stage of the tadpole. Younger 

tadpoles have limited ability to regenerate compared to older individuals (Langhe et al., 

2017). When the teleost retina is damaged, MGs dedifferentiate, reenter the cell cycle, 

and regenerate some types of neurons. Some studies have found that YAP, retinoic acid, 

or mTOR are important for these processes (Garcia-Garcia et al., 2020; Hamon et al., 

2019; Todd et al., 2018; Zhang et al., 2020). Following Mtz treatment, if XOPNTR+ 

tadpoles were allowed to recover, then MGs were found to be in a proliferative state, 

expressing cell cycle marker (PCNA) and progenitor gene (Pax6) (unpublished data). 

Delay in glial scar formation may allow these cellular sources of proliferative potential to 

respond to the injury. Therefore, after validating the absence of vimentin and its effect on 

glial scar formation, studies should investigate the impact on frog retinas' regenerative 

potential.  
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Appendix B Figure 1: A schematic of the retina remodeling as retinal degeneration 

occurs following injury. (A) shows a normal retina consisting of proper lamination and 

connectivity of rod and cone PRs (orange), BPs (blue), HCs (green), GABAergic (red), 

and glycinergic (green) ACs, RGCs (purple), and MGs (yellow). (B) In the first phase of 

remodeling, PRs are stressed, indicated by the paler orange and shorter OS. Additionally, 

the death of PRs initiates reactive gliosis. (C) portrays the second phase. (D) displays the 

third phase of retinal remodeling. Copied from (Jones & Marc, 2005).  
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Appendix B Figure 2: A transgenic frog model of retinitis pigmentosa. (A) shows a 

schematic of how the XOPNTR transgene causes rod specific ablation when exposed to 

Mtz. Cones are in green. Following varying drug treatment days, wild-type and 

transgenic tadpoles were collected, processed for IHC, and stained with specific markers. 

(B-D) XAP-2 staining (red), and DAPI counter staining (blue), of transgenic retinal 

sections, are shown. XOPNTR+ tadpoles were treated with five days of DMSO (B) or 

Mtz (C), or ten days of Mtz (D). Regions outlined by the box are magnified below (B’-

D'). TUNEL (E, red) and calbindin (F, green) stainings are merged in (G). White 

arrowheads point to TUNEL+ cells. Abbreviations: RPE, retinal pigment epithelium; Mtz, 

metronidazole; T, treatment days; ONL, outer nuclear layer; INL, inner nuclear layer; 

GCL, ganglion cell layer. Figure modified from (Choi et al., 2011). 
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Appendix B Figure 3: Graphic representation of the hypothesis model. (A) XOPNTR+ 

tadpoles were exposed to Mtz on day 0. Rod PRs quickly die between days 3-5 post-

treatment (red). By day 3, MGs have begun to respond to the damage and undergo 

hypertrophy (yellow). Loss of cones is apparent by 17 days, with half the population dead 

by 35 days post-treatment (green). (B) Based on our hypothesis, we expect that in 

response to Mtz treatment, retinas of XOPNTR+ vimentin null tadpoles will show similar 

initial death of rods. However, MG response will occur days later, resulting in a delay in 

glial scar formation and cone loss.  
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Appendix B Figure 4: A schematic showing the TALEN targeted region of the vimentin 

gene. Highlighted in yellow are the target sequences, which flank the DdeI restriction 

enzyme cut site. Both L and S copies are simultaneously affected. 

  



215 
 

Appendix B Table 1: Primer sequences for vimentin genotyping and determining if the 

XOPNTR transgene is present. 

Primers 5’-sequence-3’ Expected 

Product 

Vim_a_geno_F1 GGCAACAACCAAGTCATCCTACAG Vimentin L 

524bp Vim_a_geno_R1 GATCATCGGCCAGATTGTCCC 

Vim_b_geno_F1 GGCAACAACCAAGTCATCTTACAGA Vimentin S 

523bp Vim_b_geno_R1 GTCGTCGCCCAGGTTGTCTC 

NR_Geno_F CGCTAAATCCTTTGTTGCTGACGC XOPNTR 

~300bp NR_Geno_R GTTGAACACGTAATTACCGGCAGC 
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Appendix B Figure 5: Determining vimentin genotype. (A) When the DdeI cut site is 

present, the vimentin PCR product will cleave into two pieces that are 191bp and 333bp. 

Highlighted in yellow are the TALENs target sequences. (B) Following digestion with 

DdeI, homozygous mutant vimentin tadpoles will show one 524bp band. Wild-type 

tadpoles will have two bands that are 191bp and 333bp. Heterozygotes will demonstrate 

three bands, consistent with both banding patterns. Abbreviations: bp, base pair; Mut, 

mutant; Het; heterozygote; WT, wild-type. 
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Appendix B Figure 6: A breeding schematic of F0 mosaic vimentin TALENs frogs. (A) 

Each F0 mosaic vimentin TALENs frog was naturally mated with a wild-type J line frog. 

At least 30 embryos were collected and tested for XOPNTR and mutation in the DdeI 

site. DNA from embryos with a mutation in the DdeI site (yellow, DdeI-) were TA 

cloned, transformed into E. coli, rechecked for the presence of the mutation and sent for 

sequencing. (B) F0 mosaic vimentin TALENs ♀28 and ♂12 were naturally mated to 

generate the F1 vimentin TALENs tadpoles. Half was used for preliminary experiments, 

while the rest were raised into adult frogs.  
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Appendix B Table 4: Summary of presumptive vimentin genotypes on F1 Vimentin 

TALENs tadpoles used for initial experiments. + and - indicate wild-type and mutant 

vimentin alleles, respectively. 

 

 

  

Presumed L Copy S Copy # of animals Percentage Sum %

pV0 +/+ +/+ 131 36.9 36.9

-/+ +/+ 45 12.7

+/+ -/+ 101 28.5

-/+ -/+ 51 14.4

+/+ -/- 8 2.3

-/- +/+ 2 0.6

-/- -/+ 4 1.1

-/+ -/- 11 3.1

pV4 -/- -/- 2 0.6 0.6

355

41.2

17.3

4.2

pV1

pV2

pV3

Total Tadpoles
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Appendix B Table 5: Summary of presumptive vimentin genotypes of surviving F1 

Vimentin TALENs frogs. + and - indicate wild-type and mutant vimentin alleles, 

respectively. 

 

  

Presumed L Copy S Copy # of animals Percentage Sum %

pV0 +/+ +/+ 65.0 21.6 21.6

-/+ +/+ 51.0 16.9

+/+ -/+ 94.0 31.2

-/+ -/+ 60.0 19.9

+/+ -/- 11.0 3.7

-/- +/+ 3.0 1.0

-/- +/- 6.0 2.0

-/+ -/- 10.0 3.3

pV4 -/- -/- 1.0 0.3 0.3

301.0Total Frogs

pV1 48.2

pV2 24.6

pV3 5.3
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