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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-2ô-

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 ɓ 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-2Ŭ and ɓ (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 & Lin k, 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 RORɓ1 

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. 
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Chapter 2: Characterizing Maturin Expression During M ouse 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 layerôs 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 typesô 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-2Ŭ, and AP-2ɓ (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 antibodiesô 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 Maturinôs 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) 5ô-

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

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

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 eyeôs 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 12ɛm 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-2ô-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 

kitôs 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 12ɛm 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 [4ô,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 ï 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 
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to determine each sampleôs protein concentration. 30ɛg 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), ɓ-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 
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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. 2.1Cô, Dô, 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. 2.1Cô). 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. 

2.1Dô). 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, Aô, 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. 2.3Bô, Cô). 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, Dô). 

By P10, Mturn+ cells were detected in the outer aspect of the INL, remaining there as the 

retina matured (Fig. 2.3E, E-Hô). 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, ɓ-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, Aô-Cô). 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. 2.5Dô-Fô). 5-ethynyl-2ô-

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 retinaôs basal side towards the apical side. 

The EdU+ cells (Fig 2.5. G, Gô) were in the outer neuroblastic layer (INBL) and did not 

co-label with Mturn (Fig 2.5. H, Hô, I, Iô). 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 ɓ-tubulin (Tuj1) and doublecortin (Dcx) to identify neurons that 

had already left the cell cycle and were differentiating. Tuj1 is expressed soon after the 

cellôs 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. 2.6Aô-Cô). 

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. 

2.6Dô-Fô). Additionally, apical processes extending from Mturn+ cells were also 

immunoreactive to Tuj1 and Dcx (Fig. 2.6Aô-Fô, 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. 2.7Aô) express Mturn (Fig. 2.7Bô, Cô). 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. 

2.7Dô-Fô, 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 2.7Gô-Iô). 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 500ɛm and 

1500ɛm away from the optic nerve head, both dorsally and ventrally. Immunoreactive 

cells within 100ɛm 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). PKCŬ is expressed in a subset of BP cells, the rod ON-bipolar cells 

(Haverkamp et al., 2003). The Chx10+ cells (Fig. 2.9A, Aô) did not co-label with the 

Mturn+ cells (Fig. 2.9B, Bô, C, Cô). Similarly, cells expressing PKCŬ (Fig. 2.9D, Dô) also 

did not express Mturn (Fig. 2.9E, Eô, F, Fô). 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-Ŭ RGCs (Huberman et al., 2008; Kovacs-

Oller et al., 2019). The Isl1+ cells in the INL (Fig. 2.10A, Aô) and Mturn+ cells (Fig. 

2.10B, Bô) did not co-label (Fig. 2.10C, Cô). 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. 2.10Dô, white arrow) that also expressed Mturn (Fig. 
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2.10Eô, Fô). 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, PKCŬ), 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. 2.10Dô, 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 



57 
 

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-əB 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 ñbrush-

shapedò (H1) subtype is axon-bearing. The ñstellateò (H2) and the ñcandelabrum-shapedò 

(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 retinaôs 

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.  



64 
 

Table 2.1: Characterizing immunoreactivity of Maturin antibodies in P15 Mturn+/+  and 

Mturn-/- mouse retinas. ñ+ò indicates a faint signal. ñ++ò means moderate signal. ñ+++ò 

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. ɓ-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). (Cô) 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). (Dô) Control testing immunoreactivity of pAb3 on P15 Mturn-/- 

retina. Nuclei were counterstained with DAPI (in blue, C, Cô, D, Dô). The scale bar is 

45ɛm. 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 3ô 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 (Aô-Hô) retinal sections were labeled simultaneously with Mturn pAb2 (red), and 

nuclei were counterstained with DAPI (blue). (A, Aô) 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, Bô) Whole P0 retinal sections are shown oriented dorsal up. The region 

outlined by the white box is magnified in (C, Cô). (D-H, Dô-Hô) Ages of the 

representative images are indicated on the bottom right corner. Scale bar is 45ɛm (A, Aô), 

90ɛm (B, Bô), and 22ɛm (C-H, Cô-Hô). 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 ɓ-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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