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Abstract 
 

Participation of retinal glucagonergic amacrine cells 

in the regulation of eye growth and refractive error:  

evidence from neurotoxins and in vivo immunolesioning  

 

by Diane Rachel Nava 

 

Doctor of Philosophy in Vision Science 

 

University of California, Berkeley 

 

Professor Christine Wildsoet, Chair 
 

Growth is one of the fundamental characteristics of biological systems. The study of eye growth 

regulation presents an interesting window that allows for the investigation of the role of the visual 

environment on internal processes. We now know that there is an intricate circuitry within the eye, 

independent of higher brain processes, that controls the growth of the eye but more needs to be 

elucidated about these local regulatory circuits. An improved understanding of this circuitry is critical 

to developing new therapies for abnormalities in eye growth regulation such as myopia, which is 

impacting more and more individuals around the world each day and in its more severe from, is linked 

to potentially blinding ocular complications.  

  

The role of retinal glucagon, a neuropeptide, in the regulation of eye growth and refractive error has 

attracted the interest of researchers over the past 15 years yet there remain many unresolved questions. 

The research described in this dissertation aimed to elucidate the respective roles in eye growth 

regulation of specific subpopulations of retinal glucagonergic amacrine cells, which have been the 

subject of much speculation as the source of inhibitory growth signals, i.e. stop signals, yet not 

thoroughly investigated.  

 

The approach taken to investigate this problem is to ablate glucagonergic amacrine cells in vivo using 

different neurotoxins, and to examine how this affects the sign-dependent circuitry of eye growth 

regulation. In addition, with the advent of advancements in high resolution imaging and 

electrophysiology, we were able to characterize the effects of these neurotoxins on the region-specific 

and time-sensitive changes in the structure and function of the living retina. 

 

That the inhibitory response induced by imposed myopic defocus remains intact, in spite of total 

ablation of glucagon cells (Chapter 5) or elimination of the peripheral glucagon cells (Chapter 3) and 

other unintended adverse retina effects, compared to findings from previous studies involving QUIS 

(Chapter 2) of this thesis, is a novel finding. These results point to the same conclusion that glucagon 

cells themselves are not responsible for the decoding of the sign of optical defocus, but appear to have 

a role in fine-tuning of compensatory growth responses. The results of our experiments also suggest 

that the choroid may serve as an intermediate relay, and the altered anterior chamber development 

raise the further possibility that retina-derived growth modulatory factors also regulate the anterior 
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segment, perhaps reaching this more remote site by diffusion forward through the vitreous chamber 

or via the uvea. 
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1. Chapter 1 Vision-dependent ocular growth  

 

1.1. Myopia, eye growth, and refractive error 

 

1.1.1. Increasing prevalence of refractive errors in the US and around the world 
 

There has been a general increase in the prevalence of myopia over the past 20 years, and in some 

countries and populations, it has reached epidemic levels. Myopia is the most common condition 

affecting ocular health in the US population today (Vitale et al., 2009). Across the different degrees 

of myopia, there has been a dramatic rise in prevalence, from 25% to 49% (Vitale et al., 2009). 

 

The prevalence of myopia in some university populations in Asia, including Singapore, China, 

Japan, and South Korea, has now reached epidemic levels of 80 to 90% ((Huang et al., 1991; Lin 

1996), and in one recent study reported a prevalence rate of 96.5% for young Korean males in 

Soeul (Pan et al., 2012). Finally, there was a 75 prevalence rate between the ages of 6 and 18 for 

a Taiwanese population (Lin et al., 2004).  

 

As early as 2004, the World Health Organization estimated that a total of 153 million people aged 

5 to 50 years across the world were visually impaired from uncorrected refractive errors, and a 

total of 6.884 million people aged 50 years and older suffered from blindness from uncorrected 

refractive errors (Resnikoff et al., 2008). Overall, uncorrected refractive error represent the second 

leading global cause of blindness as a percentage of total blindness (Resnikoff et al., 2008). 

 

Projections out to 2050, extracted from the International Data Base, using data from 228 countries 

and areas of the world, estimate a global total of 2.48 Billion people by 2020 and 3.17 Billion 

people in 2050 (Holden et al., 2008).  

 

 

 

1.1.2. Economic impacts of refractive errors in the US and around the world 
 

The healthcare costs associated with the treatment of myopia as well as myopia-linked 

complications have also been on the rise (Holden et al., 2008). These costs include refractive error 

correction as well as treatment for ocular complications.  

 

It is estimated that 3.8 to 7.2 billion dollars per year are spent on direct costs for refractive error 

correction for ages 12 years and older in the United States alone, and 5.5 billion dollars are spent 

per year for people 40 years and older (Vitale et al., 2006). According to a study by the World 
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Health Organization, the estimated loss in global gross domestic product due to distance vision 

impairment was 202 billion dollars annually (Fricke et al., 2012). 

 

Outside of the United States, the costs for implementing screening strategies for children to address 

the burden of refractive errors for each continent, including program-level costs such as 

administration and training, as well as patient level costs, were estimated to average hundreds of 

millions of dollars per year per continent (Baltussen et al., 2009).  

 

1.1.3. Myopia as a risk factor for more debilitating diseases 
 

Aside from increasing economic impacts on individuals and societies, the quality of life of affected 

individual is also heavily impacted. Myopia is a risk factor for many potentially blindness-causing 

ocular complications including myopic maculopathy, staphylomas (outward distention of the 

posterior sclera), retinoschisis (where the retina becomes split), macular holes, lacquer cracks 

(involving breaks in the Bruch’s membrane), retinal detachment, chorioretinal atrophy, choroidal 

neovascularization (which may result in choroidal vessels invading the retina), glaucoma, and 

cataract, with high myopes being at greatest risk (Saw, 2006). 

 

Due to the increasing myopia prevalence rate, the related tremendous increase in global 

expenditures worldwide, and the impact of myopia on the quality of life of affected individuals, it 

is imperative that the underlying mechanisms be studied in order to improve our understanding of 

them, as a prerequisite to developing new therapies to prevent myopia and/or slow myopia 

progression and thus related complications.  
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1.2. The regulation of eye growth and refractive error 

 

 

 

Figure 1.1 Summary of the components of the visual regulation of eye growth and refractive error 

 
 

 

1.2.1. Myopia and Emmetropization 

Myopia is an ocular elongation problem where the eye is too long for the optical power of the eye 

(Curtin, 1985). Emmetropization is a development process during which eye growth and thus 

length is adjusted to correct for neonatal refractive error. In most animals studied, including 

mammals and primates, eyes are typically hyperopic at birth and over time, emmetropization 

guides eye growth to correct for such refractive errors.  

 

1.2.2. Visual regulation of eye growth and RE 

For a long time, it was uncertain whether the process that guides the eye to grow towards 

emmetropia was driven by environmental factors, or genetically determined. The first line of 
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evidence suggesting a role of the visual environment came from studies in animal models where 

lid suture, corneal opacification, or the application of opaque diffusers over eyes all resulted in 

increased eye growth (Wiesel & Raviola, 1977). These observations also led to the concept of an 

active, visually guided emmetropization process.  

It was subsequently found that applied optical defocus could also stimulate a change in the rate of 

eye growth, varying with the direction (sign) of defocus (Schaeffel et al., 1988). The finding that 

both near work and outdoor exposure are factors that influence the development of or protection 

from myopia is further evidence that visual environmental factors are important.  

Here, I describe what is known about the pathways involved in visually-guided regulation of eye 

growth and refractive error. There are three main themes in this section of Chapter 1: a) the 

experimental induction of blur, b) the retinal detection of blur, and 3) the corrective mechanisms 

that compensate for blur. Under the experimental induction of blur (a), we talk about experimental 

paradigms of form deprivation and defocus. Under the retinal detection of blur (b), we explore 

how the blur might be computed by the retina. Under the corrective mechanisms (c), we describe 

what is known about the pathways that act to correct for the blur introduced and detected (Figure 

1.1). 

 

 

1.2.3. Blur stimuli used in experimental studies of emmetropization 
 

Blur is experimentally induced, using either a form deprivation paradigm or optical defocus (lens) 

paradigm. Both of these paradigms introduce an error signal.  In the case of form deprivation, 

which is described below, the imposed conditions are open loop, i.e., there is no end point and 

therefore, the eye will keep elongating. In the case of optical defocus, the image plane is shifted 

away from the retina, either in front or behind it. 

1.2.3.1. Form deprivation 

In the form deprivation experimental paradigm, degrading the retinal image and in some cases, 

also reducing light reaching the retina, e.g., by suturing the eyelids closed, or by applying a plastic 

occluder or diffuser, stimulates an increase in the rate of eye growth. Most studies today use 

diffusers that filter out the high spatial frequency content of the visual images and also reduces the 

contrast across the spatial frequency spectrum (Jansonius & Kooijman, 1998). 

Because induced changes in eye length cannot correct for this type of retinal image degradation, 

eyes will continue to elongate while the deprivations conditions are maintained, i.e., there is no 

endpoint to induced changes in eye growth. The conditions are thus classified as open-loop. The 

net result is so called form deprivation myopia. The human counterpart of this condition wherein 

some, or all spatial frequencies of the visual image are blocked include congenital cataracts, which 

acts like an opaque occlude, inside the eye in this case. 
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1.2.3.2. Optical (Lens) Defocus 

In form deprivation paradigm described above, there is no endpoint except for nonvisual 

constraints of eye growth. However, in the lens paradigm, eye growth is guided by the imposed 

optical defocus and will return to normal when emmetropization is reached.  

In a myopic eye, image vergence is greater than the refracting power of the eye, with the image 

plane lying in front of the retina. The converse is true for a hyperopic eye; the image vergence is 

less than the refracting power of the eye and thus the image plane lie behind the retina. These 

conditions can be imposed experimentally using positive (plus) and negative (minus) lenses 

respectively.  

In experimental studies of myopia, it is now generally preferred to use negative lenses to induce 

myopia, because it more closely mimics what is likely to occur in humans. Specifically, lens-

induced myopia is analogous to the human experience of defocus when eyes under-accommodate 

during reading and other near vision tasks.  

 

 

 
Figure 1.2 Inducing myopia and hyperopia through defocusing lenses 
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1.2.4. Blur detection 

 

Altered eye growth in response to form deprivation or optical defocus manipulations implies that 

an error signal has been detected by the emmetropization mechanism, which is believed to be 

largely local in nature, with the retina serving as the detector (Wallman & Winawer, 2004).  

How blur is computed by the retina is not well understood, although several theories have been 

proposed. For example, the ratio of high spatial frequencies to low frequencies in the retinal image 

are considered relevant by some (Campbell et al., 1990; Charman, 2002; Mather & Smith, 2002). 

Chromatic aberration, resulting from wavelength-dependent differences in refraction, could also 

play a role in the detection of blur by the retina (López-Gil et al., 1998). As longer wavelengths 

are refracted more than shorter wavelengths, the retina could use related differences in brightness 

and/or contrast information to decode the direction (sign) of optical defocus. However the retina 

decodes imposed blur, the research over the past 50 years has found three main compensatory 

ocular mechanisms for reducing such error signals.  

 

1.2.5. Mechanisms that compensate for blur 

 

In response to errors introduced by any of the visual manipulations discussed in 1.2.3., the 

emmetropization mechanism attempts to compensate for them, to achieve an alignment between 

the optical focal length and the physical eye length. There appear to be three compensatory 

mechanisms involved, as illustrated in Figure 1.1, adapted from Wallman et al (2005). In response 

to an error signal generated by the retina, these compensatory mechanisms serve to correct for this 

error and so restore the focus of distant objects.  

One of the three mechanisms that work to restore focus is ocular accommodation, which largely 

involves changes in the curvature of the crystalline lens. It is the most rapid, with changes 

occurring within seconds, and can correct for hyperopic errors (negative defocus), but can do little 

to correct for myopic errors (positive defocus), except for minimizing accommodation tone. Next, 

the choroid responds by thickening or thinning, depending on whether the defocus is positive or 

negative, in order to move the retina towards the image plane. These changes occur more slowly 

but are detectible within an hour of defocusing being imposed experimentally. These changes are 

also reversible, should the defocus stimulus be removed or reversed in sign. Finally, biochemical 

and structural changes in the sclera cause changes in the rate of overall growth of the eye (axial 

length), these changes occurring more slowly and in the case of increased elongation, are generally 

thought to be irreversible. Both the choroidal and scleral mechanisms are local to the eye, relying 

on a signaling pathway originating in the retina and relayed via the retinal pigment epithelium to 

the choroid and sclera (Figure 1.3).   
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Figure 1.3 Components of the signaling pathway in the regulation of eye growth and 
refractive error 

 

 

Table 1-1 Summary of 3 compensatory mechanisms driven by blur 

 

 
Response time, directionality  Mechanism 

Accommodation 

 

Seconds, bidirectional Adjusting refractive power 

of the eye 

Eye length 

 

Days, unidirectional Thinning due to 

biochemical & structural 

changes 

Choroid 

 

Minutes; bidirectional Thickening / thinning to 

shift the image plane 

towards retina 
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1.2.5.1. Ocular (lenticular) accommodation 

Lenticular accommodation involves a change in the curvature of the lens surfaces of the eye. Its 

function is to correct for defocus blur experienced when gaze is shifted from distant to near objects.  

In a human eye, the lens surfaces adopt more convex shapes, a byproduct of contraction of the 

ciliary body and the resulting relaxation of the zonule fibers anchoring the lens to the ciliary body 

in the anterior of the eye (Helmholtz, 1855). Lenticular accommodation is also found in many 

mammals and birds, and although the lens shape changes tend to be similar to that just described, 

the underlying mechanism may be different. For example, in birds, including chickens, which are 

the model used in the studies reported herein, the lens is physically attached the ciliary body and 

mechanically squeezed into its altered shape during accommodation. Corneal steepening also 

contributes to ocular accommodation in many birds.  

Aside from accommodation representing an optical defocus compensatory mechanism, several 

studies have linked lags of accommodation, which may be detected by the retina as hyperopic 

defocus, with myopia in humans. For example. myopic people have been shown to exhibit 

increased  accommodative lags (Gwiazda 2004). 

As noted above, the temporal dynamics of the accommodative pathway are much faster compared 

to those involving adjustments to eye length and choroid thickness. Thus accommodation 

responses happen in the matter of seconds. Higher mid-brain centers are involved in its regulation, 

with observed microfluctuations in accommodation reflecting at least in part, feedback within this 

regulatory pathway. 

 

1.2.5.2. Eye length & sclera 

Growth modulatory signals relayed by the retinal pigment epithelium from the retina may reach 

the sclera directly or be modified on route at the level of the choroid. Either way, they are translated 

in the sclera into biochemical and/or structural changes, which underlie changes in the dimensions 

of the posterior scleral cup. Specifically, remodeling of the fibrous sclera through changes in the 

synthesis of collagen, GAGs and proteoglycan synthesis cause changes in its biomechanical 

properties that are reflected in altered rates of elongation (Rada et al., 1992; McBrien & Gentle, 

2003; Summers Rada et al., 2006). In birds, there is an additional layer of cartilage, to which cells 

are added during growth (Gottlieb et al., 1990). As the largest compartment of the eye, the depth 

of the scleral cup also largely determines external eye length. Note that while there is no debate 

over whether scleral cup can increase its rate of elongation, there remains on-going debate over 

whether the scleral cup can shrink and thus to what extent scleral changes in myopia are reversible.  

 

1.2.5.3. Choroidal thickness changes 

Defocusing lenses used to impose myopic and hyperopic focusing errors elicit responses from the 

choroid in a matter of minutes (Wildsoet & Wallman, 1995). The response of the choroid is also 

bidirectional; in response to plus defocus, the choroid thickens and in response to minus defocus, 
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the choroid thins, in each case moving the retina to the experimentally altered plane of focus 

(Wildsoet & Wallman, 1995). With short-term exposure to inducing lenses, the choroid returns to 

its original thickness when the lenses are removed. This choroidal “accommodation” mechanism 

was first found in chicks but has proven to be not unique to this animal model. Choroidal 

thickening has since been reported in response to visual manipulations in tree shrew, marmoset, 

rhesus monkey and even human studies (Norton & Kang, 1996; Hung et al., 2000; Troilo et al., 

2000; Nickla & Wallman, 2010). 

Note that choroidal thickness also exhibits a circadian rhythm, at least in the chick, which may 

contribute to apparent variability in responses to imposed optical defocus (Nickla et al., 1998; 

Nickla & Wallman, 2010). In this section, we described three compensatory mechanisms that can 

correct for defocus-induced blur - accommodation, choroidal thickness changes, and scleral 

remodeling leading to changes in the rate of axial eye elongation (Figure 1.1). The next section 

will cover in more detail, what is known about the retinal signals involved in the regulation of eye 

growth.  
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Figure 1.4 Visual summary of plus and minus lens effect on components. Imposed myopic 
defocus (minus lens) and imposed hyperopic defocus (plus lens). 
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1.3. Retinal neurotransmitters implicated in the signaling pathway to myopia 

 

As described in section 1.2, there are three ocular compensatory mechanisms by which defocussing 

errors may be corrected. The beginning of underlying signal pathways is thought to be in the inner 

retina. Here, we summarize evidence from previous studies that two of these pathways are local to 

the eye and do not involve higher brain regions. Second, we discuss the related studies of 

neurotransmitters in the retina.  

 

1.3.1. Evidence for the local control of eye growth 
 

The pathway is regulated within the retina. Some of the earliest evidence for the local control of 

growth comes from studies by Wildsoet et al in which the optic nerve was cut. In this way, the eye 

was disconnected from the brain as this nerve contains the axons that relay information from the 

retina to the brain. It was found that the eye elongates to become myopic in response to form 

deprivation and also compensate lens defocus even when the optic nerve is cut, suggesting that the 

primary mechanisms underlying these responses are local and does not require higher brain regions 

(Wildsoet & Pettigrew, 1988; Wildsoet & Wallman, 1995; Wildsoet, 2003). Indirect evidence of 

local regulation comes from studies in chicks that used “half-diffusers” or “half lenses”; in both 

cases, the changes in choroidal thickness and overall eye growth were limited to the half of the eye 

that received altered visual stimulation (Wallman et al., 1987; Diether & Schaeffel, 1997) 

suggesting that the mechanisms are primarily local, as there are no known central feedback loops 

to support local regional growth control. However, it is important to note that higher brain 

processes may also play a role in some aspects of eye growth regulation, even if not key roles.  

 

 

The retina is presumed to be the beginning/origin of the signaling cascades triggered by such visual 

manipulation as form deprivation or optical defocus. Furthermore, toxins that affect the inner retina 

have been shown to alter eye growth in young chicks, in some cases in the absence of visual 

manipulations (Wildsoet & Pettigrew, 1988; Fischer et al., 1999; Wallman & Winawer, 2004). 

There is also a range of evidence from more recent studies supporting a retinal role in eye growth 

regulation. For example, the application, usually via intravitreal injection, of agonists and 

antagonists of a number of different known retinal neurotransmitters, have been found to cause 

changes in normal eye growth and/or changes to visually-guided eye growth responses. Dopamine, 

GABA, acetylcholine, nitric oxide, somatostatin, and glucagon and among the retinal 

neurotransmitters and neuropeptides implicated. Observations of retinal gene expression changes 

in eyes exposed to form deprivation and defocus stimuli offer further evidence for the key roles of 

some of these retinal neurotransmitters in eye growth regulation.  
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1.3.2. The role of retinal dopamine in the regulation of eye growth and 

refractive error 
 

Dopamine is the most studied of retinal neurotransmitters in terms of its contribution to the 

regulation of eye growth and refractive error (Iuvone et al., 1989; Stone et al., 1989; Wallman, 

1993; Schaeffel et al., 1995; Wallman & Winawer, 2004; Feldkaemper & Schaeffel, 2013). 

Investigation in the role of dopamine began with studies looking at dopamine turnover in the retina 

and the vitreous with visual manipulations, involving either diffusers or defocusing lenses (Iuvone 

et al., 1989; Stone et al., 1989). Both retinal dopamine levels and turnover were observed to be 

reduced in form deprived myopic eyes, with similar trends reported in some but not all studies of 

lens-induced myopia (Guo et al., 1995). 

 

The above results are also consistent with results from studies manipulating the retinal dopamine 

activity pharmacologically, using agonists ((Stone et al., 1989; Iuvone et al., 1991; Gao et al., 

2006; Ashby et al., 2007; McCarthy et al., 2007) and/or antagonists (Stone et al., 1989; Schaeffel 

et al., 1995; Diether & Schaeffel, 1999; Cottriall et al., 2001; McCarthy et al., 2007; Nickla & 

Totonelly, 2011).  

 

For example, apomorphine, a dopamine receptor agonist, blocks form deprivation myopia in 

chickens (Rohrer et al., 1993) and affects in primates (Iuvone et al., 1991) and haloperidol, a D2 

receptor antagonist, affects the axial growth of the eye, reducing form deprivation myopia in the 

chick ( Stone et al., 1989).  

 

Curiously, the neurotoxin, six-hydroxydopamine, which is known to kill dopaminergic neurons, 

had relatively little effect on the development of form deprivation myopia, perhaps due to the 

upregulation of activity residual retinal dopamine pathways (Li et al., 1992; Schaeffel et al., 1994). 

In a recent review, Feldkaemper and Schaeffel concluded that the role of retinal dopamine in eye 

growth regulation is complex, and likely involves interacts with other neurotransmitter pathways 

(Feldkaemper & Schaeffel, 2013). 

 

 

1.3.3. The role of retinal acetylcholine in the regulation of eye growth and RE 
 

Interest in the possible role of cholinergic circuitry in eye growth regulation has been stimulated 

by human studies, in which atropine, even in small concentrations such as 0.01%, has been shown 

to inhibit the progression of myopia in children (Chia et al., 2012).  

 

In chicks, the cholinergic receptors responsible for accommodation are nicotinic, not muscarinic 

as in human studies, yet atropine inhibits the development of experimental myopia in this animal 

model, ruling out accommodation paralysis as the mechanism for atropine’s anti-myopia effect 

and opening up the possibility of a retinal site of action. Specifically, atropine and other more 

selective antimuscarinic drugs were found to have similar inhibitory effects in chicks, without 

affecting accommodation  (McBrien et al., 2011). Nonetheless, while the retina contains 

cholinergic amacrine cells, with muscarinic receptors, selective elimination of this cell population 

does not impair form deprivation myopia in the chicks (Fischer et al., 1998a). 
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1.3.4. The role of retinal nitric oxide in the regulation of eye growth and RE 
 

 

The nitric oxide synthase inhibitor, l-name, was found to inhibit the development of form 

deprivation myopia (Fujikado et al., 1997). Secondly, blocking nitric oxide synthesis inhibits 

choroidal thickening in response to myopic defocus (Fujikado et al., 1997; Troilo et al., 2000; 

Nickla & Wildsoet, 2004). 

 

In a microarray study examining many genes in the chick, one of the recurring genes identified to 

show changes in retinal expression tied to altered eye growth was inducible nitric oxide synthase 

(Stone et al., 2011). However, in another microarray study targeting the the amacrine cell layer, 

no significant change in nitric oxide mRNA was detected (Ashby & Feldkaemper, 2010). 

Nonetheless, although nitric oxide is known to be a transmitter in the inner retina, it has also been 

implicated in horizontal cell coupling in the retina, with interactions between retinal nitric oxide 

and dopaminergic pathways also described (Feldkaemper & Schaeffel, 2013). 

 

 

1.3.5. The role of somatostatin and other peptides in the regulation of eye 

growth and RE 
 

In addition to the above neurotransmitter and modulators, somatostatin and insulin-growth factor-

1 are among other molecules tied to early signaling related to eye growth regulation (Zhu & 

Wallman, 2009). In the case of somatostatin, upregulation of retinal gene expression after 48 h 

exposure to +10 D lenses (myopic defocus) has been reported, with levels of somatostatin 2 

receptor also found to be upregulated in the the adjacent retinal pigment epithelium (Hammond & 

Wildsoet, 2012).   

 

Studies investigating several candidate signaling molecules in the regulation of eye growth and 

refractive error have been highlighted above. In the next section, we focus on glucagon, which was 

targeted in the research described in this thesis. Previous studies investigating the role of glucagon 

using pharmacological and gene expression tools are summarized.  
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1.4. Glucagon 

 

1.4.1. Pancreatic glucagon 
 

 

Glucagon is a 29-amino-acid peptide in the pancreas. In the pancreas, glucagon functions together 

with insulin to regulate blood glucose levels. The feedback loop involves the production of 

glucagon in alpha cells and insulin in beta cells. In response to high blood sugar, pancreatic insulin 

is released and stimulates glycogen formation in the liver, which in turn lowers blood sugar levels. 

In response to low blood sugar, pancreatic glucagon is released and stimulates glycogen 

breakdown in the liver, which in turn raises blood sugar levels.  

 

1.4.2. Investigations of glucagon in the neural tissue: a brief history 
 

The first reports of glucagon-containing cells in the eye appeared in the late 70’s to the early 80’s. 

Several studies related to glucose and diabetes led researchers to this discovery of ocular glucagon 

(Wiglusz, 1972; Soret et al., 1974; Takeuchi & Kajishima, 1976). One of these was a functional 

study in rabbit where the electroretinogram, an in vivo test for retinal function, was affected after 

injection of glucagon (Wiglusz, 1972). Another was the observation of glucagon granules in the 

retina of diabetic Chinese hamsters (Soret et al., 1974).  

Following these initial studies, there were more detailed investigations involving the brain and 

neural tissue, made possible by the advancements in quantification methods 

(immunohistochemistry, high performance liquid chromatography). The first discoveries of 

glucagon-like immunoreactivity, in 1979, in the brain involved dog (Conlon et al., 1979), and rat 

(Loren et al., 1979). In the following year, there was a further report of glucagon-like 

immunoreactivity in the brain of rats and sand rats (Dorn et al., 1980).   

Investigations into the presence of glucagon in the retina began around the same time. Glucagon 

immunoreactivity was reported in the turtle retina in 1983 (Eldred & Karten, 1983), and in the 

same year, glucagon immunoreacitivity was also reported in mammalian eyes (Elbadri et al., 

1983), including the cornea (Reinach & Kirchberger, 1983). Further studies, published in 1985, 

confirmed the presence of glucagon in the retinas of goldfish, chicken, pigeon, and frog, whereas 

the retinas of cow, pig, rabbit, and rat contained very little. This study was the first to use HPLC 

(high performance liquid chromatography) instead of immunohistochemistry to measure the 

glucagon content in the retina (Ekman & Tornqvist, 1985).   

The glucagon gene was found to be expressed in both the brain stem and hypothalamus, 

although100-fold lower in the latter tissue (Drucker & Asa, 1988).  In yet another study, 

immunohistochemistry revealed glucagon-like peptide (GLP-1) in neurons in the dorsal motor 

nucleus of the vagus nerve in human medulla oblongata (Drucker & Asa, 1988). 
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Studies investigating the role of glucagon in the eye followed these initial discoveries. One study, 

in 1984, reported elevation of cyclic AMP levels in Muller cells after glucagon injection (Koh & 

Chader, 1984). In 1988, Chiou explored the use of glucagon eye drops in the treatment of 

hypoglycemia, with the finding that it raises blood glucose concentrations (Chiou & Chuang, 

1988). 

 

1.4.3. Glucagon in the regulation of eye growth and RE 
 

The first experiment supporting a role of glucagon in the regulation of eye growth and refractive 

error came from a study in 1998 in which eyes were injected intravitreally with quisqualic acid 

(QA) and then form deprived (Fischer et al., 1998b). While most of the amacrine cells were ablated 

with this treatment, the development of form deprivation was unaffected. Glucagonergic amacrine 

cells were among the cells not affected by the QA treatment, leading to the conclusion that these 

cells were required for the progression of form deprivation myopia.  

Over the past 15 years, studies into the role of glucagon in the regulation of eye growth and 

refractive error have grown. Three main approaches have been used by investigators looking at the 

link between retinal glucagon and eye growth regulation: a) manipulating eye growth and 

measuring retinal changes related to glucagon (glucagon gene and/or protein expression), b) 

manipulating glucagon levels in the eye pharmacologically and measuring altered eye growth 

changes, or c) removing glucagonergic amacrine cells through neurotoxins and measuring altered 

eye growth changes. These studies are summarized below, Figure 1.5.  
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Figure 1.5 Diagram showing approaches used in studies into the role of glucagon in eye growth 
regulation 

 

1.4.4. Supporting evidence for a role of glucagon from pharmacological data 
 

Results from several studies using antagonists and agonists to glucagon support the role of 

glucagon as a stop signal to eye growth and thus myopia development. Specifically, agonists to 

glucagon were found to inhibit myopia development while antagonists inhibit hyperopia 

development but not myopia development (Feldkaemper & Schaeffel, 2002). As the development 

of hyperopia involves a stop signal, the antagonist is, in essence, inhibiting the stop signal to inhibit 

hyperopia development. An agonist, on the other hand, is presumed to mimic the natural stop 

signal, thereby causing growth inhibition. In both cases, these findings support a role of glucagon 

as an inhibitor of eye growth.  

The above conclusion is consistent with results from later, closely related studies. For example, in 

one study, a single intravitreal injection of porcine glucagon was found to decrease the response 

to form deprivation, i.e. less myopia was induced (Vessey et al., 2005), these eyes also showed 

choroidal thickening. Aside from glucagon, the effects of two other glucagon-related peptides, 

specifically GLP-1 (glucagon-like peptide 1) and proglucagon-derived peptides were examined 

(Vessey et al., 2005), with the finding that GLP-1 increased the development of myopia in form 

deprived eyes through the anterior chamber, while GLP-2 and mini-glucagon did not have an 

effect. In another study, glucagon agonists were found to inhibit the response to form deprivation 

(Zhu & Wallman, 2009), and also increase glycoseaminoglycan (GAG) synthesis in the choroid in 

treated eyes (Zhu & Wallman, 2009). 
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The antagonistic relationship between pancreatic glucagon and insulin, as described in relation to 

glucose regulation, also seems to be followed in the eye. In one study of relevance, intravitreally-

injected glucagon and insulin both showed significant effects on both eye growth and choroidal 

thickness, with glucagon inducing a decrease in eye growth and increase in choroidal thickness, 

while insulin causes an increase in eye growth and decrease in choroidal thickness (Zhu & 

Wallman, 2009).  

Aside from studies involving antagonists and agonists, studies involving selective ablation of 

retinal cells, either chemically with neurotoxins, or genetically, have the potential to provide 

additional insight into the role of retinal glucagon in eye growth regulation. As described in an 

earlier section, neurotoxins, including quisqualic acid and NMDA have been used in combination 

with form deprivation and/or plus and minus lenses (Fischer et al., 1998b; Crewther et al., 2003) 

Although these earlier studies did not fully characterize their effects on the various ocular 

components, they lend support to this approach overall and it has been adopted in some of the 

studies described in this dissertation to obtain further insight into the role of glucagon in eye growth 

regulation.  

These various studies supporting a potential role for retinal glucagon in eye growth regulation are 

also summarized in Table 1-2.  
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Table 1-2 Summary for the supporting evidence from pharmacological studies for glucagon’s role 
in the regulation of eye growth and refractive error 

 Hyperopia 
development 

Myopia development 

 Measure: response 
to myopic defocus 
(+ lenses) 

Measure: response to 
hyperopic defocus (- lenses) 

Measure: response to form 
deprivation 

Manipulation: 
glucagon agonist 

Reduced choroidal 
thickening due to plus 
lens (Zhu & Wallman, 
2009) 

Slowed ocular elongation due 
to lenses and choroid 
thickened (Zhu & Wallman, 
2009) 
 
Agonist inhibited myopia 
development (Feldkaemper 
and schaeffel)  

 

Attenuation (Zhu & Wallman, 2009) 
 
Glucagon Inhibits development of 
form deprivation myopia in a dose-
dependent manner  (Vessey et al., 
2005) 
 

Manipulation: 
glucagon antagonist 

Inhibition response to 
plus lenses 
(Feldkaemper & 
Schaeffel, 2002) 

Does not affect response to minus lens 
(Feldkaemper & Schaeffel, 2002) 

REMOVAL 
Manipulation: toxin 

NMDA and QUIS 
affects compensation 
to lens (Crewther et 
al., 2003) 

NMDA and QUIS affects 
compensation to lens 
(Crewther et al., 2003) 

Affects form deprivation (Fischer et 
al., 1998b) 

 

 

1.4.5. Supporting evidence from gene and protein expression data 
 

Advancements in techniques in molecular and cellular biology have allowed the quantification of 

changes in DNA, RNA, and proteins. Studies using these techniques to investigate the effects of 

blur (induced using either form deprivation or lens paradigms), have revealed significant changes 

in the expression retinal glucagon and glucagon related genes and proteins.  

Across various studies, increased expression of glucagon and glucagon related genes in the retina 

and choroid have been found with plus lens treatments. Specifically, plus lenses were found to 

increase the levels of proglucagon mRNA, a precursor to glucagon (Feldkaemper et al., 2000).  

Glucagon protein levels in the choroid were also increased after myopic defocus (Feldkaemper & 

Schaeffel, 2002) The expression of the transcription factor, ZENK, in glucagonergic amacrine cells 

was also found to be differentially affected optical defocus; with plus lenses but not minus lenses, 

the number of glucagon cells expressing the ZENK protein was increased (Fischer et al., 1999). A 

later study showed this effect on ZENK protein expression was eliminated by quisqualic acid 

(Bitzer & Schaeffel, 2002). Glucagon mRNA was also found to be increased in the retina with plus 

lenses (Buck et al., 2004). 

In contrast, a decrease in glucagon and glucagon related genes in the retina and choroid were found 

after minus defocus. The same ZENK protein described above was found to decrease with minus 

lens treatments (Fischer et al., 1999), and ZENK mRNA was also found to be differentially 
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affected, Figure 1.4. Minus lens treatments also caused retinal glucagon to decrease (Feldkaemper 

& Schaeffel, 2002). Glucagon mRNA levels were also found to be downregulated with minus lens 

treatments (Buck, 2004), this  effect being stronger for glucagon mRNA than for the receptor 

mRNA. Pre proglucagon mRNA isolated solely from the amacrine cell layer using laser capture 

microdissection was also found to be downregulated with minus lenses (Ashby & Feldkaemper, 

2010).  

In a gene microarray study, glucagon was one of the transcripts found to be involved in 

intercellular signaling in myopia, aside from others that include BMP2 (Bone morphogenetic 

protein 2), nitric oxide synthase, and vasoactive intestinal peptide (Stone et al., 2011). In this study, 

significant down-regulation of the glucagon gene was observed after 3 days of minus lens wear 

(Stone et al., 2011). Note that results from this study also suggested that rather than signals being 

bidirectional, they may be different for the growth enhancing (myopia-generating) pathway and 

growth inhibiting (hyperopia-generating) pathway.  
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Table 1-3 Summary for the supporting evidence for a role of glucagon in the regulation of eye 
growth and refractive error – evidence from gene expression studies 
 

Measure: effect on glucagon and glucagon related genes 

Treatment Location Measurement/ Finding, study  

Manipulation: 
Plus defocus 
(induction of 
hyperopia) 

Retina  No change in glucagon receptor mRNA 

 ZENK increases  

 Increase in proglucagon mRNA (Feldkaemper 
et al., 2000) 

 Increase in glucagon mRNA (Buck et al., 
2004) 

Summary: general increase 
in glucagon and glucagon 
related genes in the retina 
and choroid 

Choroid  Increase in choroidal glucagon after 4 hours 
(Feldkaemper & Schaeffel, 2002) 

Manipulation: 
Minus/ form 
deprivation 
 
(induction of 
myopia)  

Retina  Decrease in retinal glucagon after 1 day of 
lens treatment (Feldkaemper & Schaeffel, 
2002)***effect not very strong 

 Decrease in glucagon mRNA (Buck, 2004), 
although initial increase in glucagon mRNA 

 Increase in glucagon receptor (buck) 
Downregulation of Preproglucagon mrna 
(Ashby & Feldkaemper, 2010) 

 Glucagon gene (Stone et al., 2011)  

 ZENK decreases (Fischer et al., 1999) 
 

 

Summary: 
Decrease in glucagon and 
glucagon related genes 
although the time course is 
a bit different 

Choroid  
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1.4.6. Characterization studies for glucagonergic cell populations in the retina 

  
 

A study investigating glucagon receptor mRNA expression showed that many retinal cells express 

the glucagon receptor, and that there is a high degree of conservation between chicken and human 

glucagon (Simon et al., 2004). In another study of relevance, Fischer identified retinal progenitor 

cells expressing glucagon (Fischer et al., 2005) and identified different subpopulations of 

glucagonergic amacrine cells in the chick retina (Fischer et al., 2006). Three distinct 

subpopulations of glucagonergic amacrine cells, each with unique morphology, distribution within 

the retina, and immunoreactivity were described, including so-called conventional glucagonergic 

amacrine cells (CGAC), which were found predominantly in the central retina, bullwhip cells, 

which were found at the ventral retina, and mini-bullwhip cells, which were found at the dorsal 

periphery.  

 

 

Figure 1.6 Immunoreactivity profiles of glucagon amacrine cells (adapted from Fischer 2006).  

The peripheral retinal distribution of the bullwhip cells lead to a follow-up study by Fischer in 

which he investigated their role in the regulation of equatorial eye growth. Use was made of a 

finding that an appropriately timed intravitreal injection of colchicine ablated the bullwhip cells. 

Their elimination was found to cause equatorial expansion of the eye (Fischer et al., 2008). 
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1.5. Thesis Summary  

 

The research described in this dissertation investigated how subpopulations of glucagonergic 

amacrine cells contribute to the regulation of eye growth and refractive errors, using the chick as 

the model. The hope was to provide new insights into the contributions of peripheral and central 

retinal glucagonergic amacrine cells to regulation of eye growth in the chick model, and so to offer 

new directions for therapeutic intervention for myopia control. Completed research is organized 

under three aims as outlined below. 

 

Aim 1: Determine the role of glucagonergic amacrine cells in eye growth regulation  

It is not clear whether glucagonergic cells are part of the retino-scleral signal cascade and 

specifically whether glucagon cells are required for the decoding of optical defocus. While studies 

have observed effects of glucagon agonists and antagonists on eye growth, there remained many 

unanswered questions as to the roles of these cells in eye growth regulation. We re-examined the 

effects of eliminating glucagonergic amacrine cells with quisqualate, a nonselective neurotoxin, 

on eye growth and refractive error (Chapter 2). The effect of more selective elimination of 

glucagonergic cells using a cell-specific immunotoxin, was also tested (Chapter 5). The latter 

technique was expected to leave all other amacrine cells intact. Our hypothesis is that the growth 

inhibitory effects of glucagon would be eliminated with both paradigms.  

 

Aim 2: Determine the role of peripheral glucagonergic amacrine cells in eye growth 

regulation  

We examined the effect of selectively eliminating minibullwhip cells, using a low dose of 

colchicine, previously found to ablate this subpopulation of glucagonergic amacrine cells. Our 

hypothesis is that peripheral glucagonergic cells mediate the peripheral retina’s influence of axial 

growth, in addition to any effect on equatorial dimensions.  

 

Aim 3: Develop methods for mapping in vivo both retinal structural changes and retinal 

functional changes in the chick across space and time 

The chick retina presents a special challenge as it is avascular and afoveate, and thus the landmarks 

traditionally used to map retinal structure and function in vivo. Protocols for assessing structural 

and functional changes in the living chick eye, using advanced optical imaging and 

electrophysiology, were developed. The methods developed involve novel approaches to data 

analysis and representation and are now available for use by other researchers.  
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2. Chapter 2: Quisqualate alters Anterior 

Chamber and Choroidal Dimensions and 
Mechanisms related to Emmetropization 
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2.1. Introduction 

 

Myopia typically results from excessive elongation of the eye, an abnormality in early ocular 

growth regulation. Because of the climbing prevalence of myopia world-wide (Vitale, Ellwein, 

Cotch, Ferris, & Sperduto, 2008) and associated potentially blinding ocular complications (retinal 

detachments, maculopathies and glaucoma to mention just a few (Curtin 1985), it is now 

considered a major public health problem. Thus there is also increasing interest in understanding 

the mechanisms underlying ocular growth regulation, which might provide leads to novel 

treatments for myopia. 

Over the past couple of decades there has been significant progress in characterizing 

emmetropization, the ocular growth regulatory mechanism that normally serves to eliminate 

neonatal refractive errors. Importantly, it has been found to be an active process, largely involving 

local ocular processes and guided by visual experience (Diether & Schaeffel, 1997; Norton, 

Essinger, & McBrien, 1994; Wildsoet, 2003)), as demonstrated experimentally through 

manipulations of the latter. For example, myopia can be induced in chicks using a negative lens to 

impose hyperopic optical defocus, thereby shifting the image plane of distant objects behind the 

retina, and so degrading the retinal image. The young eye is able to correct this mismatch between 

the retina and location of the focused image by increasing its axial eye growth. Conversely, with 

positive lenses eye growth is inhibited by way of correcting the imposed myopic defocus. While 

these altered ocular growth patterns are considered examples of experimentally-induced 

emmetropization, as they restore emmetropia with the lenses in place, they also offer potential 

insight into the origin of refractive errors, as revealed when the applied defocussing lenses are 

removed – myopia with negative lenses and hyperopia, with positive lenses.  

The retina is presumed to be the origin of a signal cascade that is relayed to the choroid and sclera 

to achieve the required adjustment to eye length during emmetropization. While much has been 

learnt about induced choroidal and scleral changes, the origin and nature of the early signals 

generated by the retina remains poorly understood, although most studies point to involvement of 

the inner retinal layers. Potential candidate cells under investigation represent subtypes of 

amacrine cells – dopaminergic ((Bartmann, Schaeffel, Hagel, & Zrenner, 1994; Guo, Sivak, 

Callender, & Diehl-Jones, 1995; Iuvone, Tigges, Fernandes, & Tigges, 1989; Schaeffel, Bartmann, 

Hagel, & Zrenner, 1995; R a Stone, Lin, Laties, & Iuvone, 1989)), cholinergic (Fischer et al., 

1998b; McBrien et al., 2011) GABAergic (Stone, 2003; Leung et al., 2005; Chebib et al., 2009) 

and glucagonergic (Fischer et al., 1998b, 1999; Feldkaemper & Schaeffel, 2002; Buck et al., 2004; 

Simon et al., 2004; Bitzer & Schaeffel, 2004; Vessey et al., 2005; Schippert et al., 2007; Stone et 

al., 2011). The role of glucagonergic amacrine cells has attracted particular interest because of 

exogenous glucagon has been linked to slowed eye growth, with potential to inhibit “myopic 

growth” (Feldkaemper & Schaeffel, 2002; Vessey et al., 2005). Furthermore, glucagonergic 

amacrine cells have been reported to show an optical defocus sign-dependent bidirectional 

regulation in the immediate early gene ZENK, detected first at the protein level (Fischer et al., 

1999), and later confirmed at the mRNA level (Simon et al., 2004). Retinal glucagon mRNA was 

also found to show similar defocus sign-dependent bidirectional regulation (Buck, 2004). 
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In studies aimed at characterizing the retinal circuitry underlying the regulation of eye growth and 

refractive error, it has been common to use excitotoxins to chemically ablate (eliminate) 

subpopulations of retinal cells and pharmacological antagonists and agonists to manipulate the 

activity of subpopulations of cells. One of these neurotoxin, quisqualic acid (QUIS), is reported to 

eliminate specific subpopulations of amacrine cells that appear to critical to ocular growth 

regulation (Fischer et al., 1998b, 2006). Specifically, after intravitreal injection of this excitotoxin 

in young chicks, the defocus regulation of early immediate gene ZENK in the retina was lost, and 

the compensatory eye growth response to myopic defocus, but not hyperopic defocus impaired 

(Bitzer & Schaeffel, 2004).  

The study reported here also made use of intravitreal injections of QUIS and took advantage of in 

vivo tools of high resolution imaging equipment and electroretinography to better characterize its 

effect on eye growth and emmetropization. Specifically, we used high resolution A-scan 

ultrasonography to measure ocular dimensional changes, high resolution optical coherence 

tomography (OCT) to image changes in retinal structure and choroidal thickness, and flash and 

pattern electroretinography to characterize changes in retinal function after intravitreal injection 

of QUIS into the eyes of young chicks. Some of the injected eyes were also fitted with lenses to 

manipulate retinal defocus. Here we report that the defocus-dependent regulation of choroidal 

thickness being impaired by QUIS, in line with the impairment of the compensatory ocular growth 

response to plus lenses previously reported (Bitzer & Schaeffel, 2002). Anterior chamber 

deepening was also observed in QUIS treated eyes with both plus and minus lenses, although it is 

not a characteristic feature of either of the normal defocus-induced response patterns.  
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2.2. Methods 

 

2.2.1. Animals 

White-Leghorn day-old chicks, obtained from a commercial hatchery (Privett Hatchery, Portales, 

NM), were used in the study. They were reared in a normal diurnal lighting environment (12 h 

lights-on, 12 h dark), with food and water freely available. All animal and care treatments 

conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.  

Experimental protocols were approved by the Animal Care and Use Committee of the University 

of California Berkeley.  

 

2.2.2. Treatments and monitoring 

Five day-old chicks received a monocular intravitreal injection of either 10 µl of 20 mM quisqualic 

acid (QUIS, Sigma) or phosphate buffered saline (SS) under isoflurane anesthesia (1.5%). Only 

left eyes were injected and these eyes were fitted 6 days later with either a -10 Diopter (D), a +10 

D, or a plano lens. Fellow eyes were left untreated as controls. The lenses were checked on a daily 

basis and cleaned as necessary.   

The effects of the treatments were characterized in vivo in terms of refractive errors and axial 

ocular dimensions. Retinal structural and functional changes were also documented and retinal and 

choroidal thickness maps constructed form collected images using a method described in another 

Chapter (see Chapter 4). Immunohistochemistry was also undertaken on the retinas of enucleated 

eyes of sacrificed chicks. 

 

2.2.3. Measurements: Refractive error & axial ocular dimensional 

measurements: 

Refractive errors and axial ocular dimensions were recorded on the day of, but before injections 

(baseline), and again 6 days later, immediately before lens fitting. Additional refractive error data 

were collected at the end of the 5-day, lens treatment period, with ocular dimensions measured on 

days 1, 3 and 5. Chicks were placed under gaseous anesthesia (1.5% isoflurane in oxygen) for 

these measurements. Refractive errors were measured using retinoscopy, with the average of 

results for the two principal meridians (spherical equivalent refractive error), calculated for use in 

data analysis. A customized high-frequency A-scan ultrasonography set-up was used to measure 

the axial dimensions of various ocular components (Nickla et al., 1998). Reported data represent 

averages from 10 traces. Values for anterior chamber and vitreous chamber depths (AC, VC) as 

well as the thicknesses of the crystalline lens (LT), retina (RT), and choroid (CT) are reported here. 

An optical axial length (OAL) parameter was derived as the sum of AC, VC and LT. 
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For refractive error and ultrasonography data, mean interocular differences were calculated for 

each measurement time-point and each treatment group. Data are normalized to values recorded 

at the start of lens treatment, i.e., 6 days after intravitreal injections. Two-way repeated measures 

ANOVA were performed using SPSS, with lens treatment having 3 levels (Plano, +10 D, -10 D), 

injections having 2 levels (SS, QUIS). Post-hoc tests were conducted to investigate differences 

between groups (SPSS).  

 

2.2.4. Electroretinography (ERG) recording  

Flash and pattern ERGs were recorded from both eyes of a subset of QUIS-injected birds (n=6), 7 

days after injection. All protocols follow the International Society for Clinical Electrophysiology 

of Vision. For this procedure, chicks were anesthetized with ketamine/xylazine (0.3 mg/kg, 0.03 

mg/kg respectively, injected intramuscularly), with eyes held open with custom-built lid retractors. 

Body temperature was maintained at 37o C with a heated platform; pupils were not dilated. ERGs 

were recorded using DTL plus electrodes (Diagnosis LLC, MA, USA). Platinum needle electrodes 

placed in the back of the thigh and the neck served as reference and ground electrodes respectively. 

Recordings made use of an Espion unit (Diagnosis Ltd, Lowell MA, USA), which included two 

Ganzfield colorburst stimulators for full-field stimulation, one for each eye.  

Flash ERG recordings made use of a white light background intensity of 6500 K & 25.5 cd/m2, a 

flash inter-stimulus interval of 1000 milliseconds, and a standard flash intensity of 3 cd.s m2 for 

each eye. Twenty responses were recorded and averaged for each eye. Traces that showed 

inconsistencies due to movement of the nictitating membrane were deleted from the sample set.  

For analyzed recordings, the a-wave amplitude was calculated from the baseline to the first trough, 

the b-wave amplitude was calculated from the trough of the a-wave to the peak of the b-wave, and 

the photopic negative response amplitude was calculated from the trough of this component to the 

resting voltage at time 0. Independent t-tests were conducted to compare the amplitudes between 

treated and contralateral eyes of control groups.  

Pattern ERG recordings made use of a reversing, black and white checkerboard pattern (mean 

luminance of 999 cd/m^2; reversed at a rate of 2 cycles per second), presented via an RGB monitor 

at a distance of 240 mm from the chick eye. The pupil was aligned with the center of pattern and 

a +4 D lens placed 100 mm in front of the tested eye to correct for this working distance, which 

yielded a screen check size of 5 degrees. Contrast levels between 0 and 100% were tested, for a 

total of 13 steps.  For each of the 13 contrast level steps, a total of 250 trials were extracted. Traces 

were averaged, and the mean for each contrast step was filtered using a 5-300 Hz band pass filter 

to remove higher special frequencies. Traces for which a loss of impedance was evident were not 

included in analyses. 

 

2.2.5. Measurements: SD-OCT Imaging 

High resolution in vivo imaging of the posterior ocular layers was undertaken using Spectral 

Domain Optical Coherence Tomography (SD-OCT, Bioptigen, NC) on a total of 16 chicks injected 
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monocularly with either QUIS or SS. Chicks were anesthetized with ketamine/xylazine (0.3 

mg/kg, 0.03 mg/kg respectively, i.m.) for this procedure. Images were captured both before as well 

as 4, 6, 8, and 10 days after injections.  To be informative this temporal study necessitated 

measurements from the same central retinal region of individual eyes and thus extra care in 

aligning eyes was taken; the pecten was used as a reference landmark, with its superior end being 

centered in the scan and its trajectory, oriented approximately 45 degrees away from the vertical 

axis. In each case, a low resolution scan was first captured to verify the alignment of the imaging 

probe and then 3 higher resolution scans, each consisting of 1000 b-scans over a 14 mm X14 mm 

field of view (33 lines), were captured. Three sets of scans collected per eye (1000 X 33 x 3 data 

points) were then averaged and brightness and contrast were optimized.  

Calipers built into the instrument software were used to measure total choroidal and retinal 

thickness, as well as the thickness of the various retinal sublayers – the nerve fiber layer, ganglion 

cell layer, inner plexiform layer, inner nuclear layer, and the total retinal thickness. Measurements 

were confined to the area centralis that has the thickest ganglion cell layer in normal eyes, and is 

located nasal and superior to the tip of the pecten. Repeated measures ANOVA with bonferroni 

correction was used to compare interocular differences in QUIS and SS groups.  

To quantify the regional changes in the choroid and the retinal sublayers, automatic segmentation 

on the OCT scans was also performed. This method is described in Chapter 4. Briefly, a 3-

dimensional segmentation algorithm from the Iowa Reference Systems was used to segment the 

layers into thickness maps of the GCL, NFL, IPL, INL, total retina, and choroid.  

 

2.2.6. Retinal cell nuclei count  

For histological analysis of the effects of the injections, eyes were enucleated from sacrificed 

chicks 6 days after QUIS/SS injections, and posterior eyecups separated and fixed in 4% 

paraformaldehyde  overnight (Sigma-Aldrich, Inc).  The next day, they were transferred into 20% 

sucrose and chilled at 4 deg overnight, before being embedded for cryostat sectioning. Eyecups 

were placed in molds filled with 50% OCT compound (Tek) in 10% sucrose, using the tip of the 

pecten as a reference to orientate them; they were then snap frozen in liquid nitrogen and stored at 

-20 deg until sectioning. Ten µm vertical retinal sections were collected and placed onto superfrost 

slides (Fischer Scientific)., The retinal sections were then mounted with a mounting medium 

containing DAPI (Vectorlabs, Inc) to stain cell nuclei for counting. 
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2.3. Results 

 

2.3.1. QUIS affects Anterior Chamber Depth (AC) growth 

The effect on eye growth of the QUIS injection of alone, independent of optical defocus 

manipulations, was largely limited to the anterior chamber (ANOVA: main effect of type of 

injection on AC, p=0.03). Furthermore, ACDs were increased in QUIS-treated eyes compared to 

those of SS-injected eyes, whether or not the eyes were also subjected to optical defocus. Thus this 

ACD effect is evident in eyes fitted with Plano lenses as well as those fitted with either +10 or -10 

D lenses (Fig. 2.1, red lines). The effect of the QUIS on VC, CT, and ST failed to reach 

significance.  
 

 
Figure 2.1. AC changes induced by QUIS 

A. Treated with -10 D lens, B. Treated with +10 D lens, C. No defocus (Plano lens). Interocular 
differences between treated and contralateral control eyes are normalized to the first day of lens 
treatment. Red bullets indicate QUIS group, black bullets indicate Saline injected group. Regardless of 
the applied optical defocus treatment, QUIS eyes showed enlargement of ACs (ANOVA: main effect of 
type of injection on AC, p=0.03).  

 

 

 

2.3.2. QUIS-induced retinal cell loss impairs response to defocus. 
 

The expected responses to the applied lens treatments were altered by the QUIS treatment, with 

its effect evident in the changes in RE, OAL, VC and choroid. Its effect was more pronounced for 

the groups with imposed myopic defocus (+10 D lens), than the groups treated with imposed 

hyperopic defocus (-10 D lens).  

While QUIS alone does not contribute to observed differences in RE (df=2, F=1.860, p=0.186), 

the interaction between injection type and lens treatment is significant (ANOVA, df=2, F=10.802, 

p=0.001).  While imposed hyperopic defocus (-10 D lens) induced similar myopic shifts in RE in 

both QUIS and SS groups (there is no significant diff. between them), imposed myopic defocus 
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(+10 D lens) only induced the expected hyperopic shift in the SS group, with the opposite response, 

i.e., myopia recorded in the QUIS group (Figure 2.2, independent samples t-test, p<0.05). 

 

 
Figure 2.2 QUIS induced cell loss impairs response to defocus 

Changes in interocular differences (treated-fellow) in refractive error after QUIS (black bars) or saline 
(white bars) injections combined with -10 D, +10 D or plano lens treatment. Data represent changes after 
5 days of lens treatment, normalized to pre-lens treatment values. The response to -10 D lenses is slightly 
attenuated in the QUIS group, albeit not significantly, and that to +10 D lenses reversed in direction, 
implying that the sign of imposed defocus could not be decoded. In the absence of imposed optical 
defocus (Plano lens), QUIS-injected eyes became slightly myopic. * groups significantly different, p<0.05, 
independent samples t-test 

 

 

2.3.3. OAL: QUIS increases optical axial length in +10 D lens-treated eyes 
 

The optical axial length data mirror the refractive error results, with QUIS changing the direction 

of the OAL response elicited by imposed myopic defocus but not that elicited by hyperopic defocus 

(Fig. 2.3 B, p<0.05 for all timepoints, +10 D lens group). Specifically, while imposed myopic 

defocus (+10 D) inhibited axial ocular growth in the SS group (grey bars), enhanced growth was 

recorded for the QUIS group (black bars). In contrast, imposed hyperopic defocus (-10 D lens) 

induced an increase in axial length of treated eyes in both the SS group (grey bars) and QUIS group 

(black bars). 
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Figure 2.3 QUIS +10 increases optical axial length instead of decreasing 

On-axis optical axial length (OAL) changes with -10 and +10 D lens treatments combined with QUIS- or 
SS-injections. Left: Imposed hyperopic defocus (-10 D lens) increased OAL in both SS (grey bars) and 
QUIS (black bars) groups; Right: Imposed myopic defocus (+10 D lens) decreased OAL in the SS group 
(grey bars) but increased it in the QUIS group (black bars). * groups significantly different, p<0.05, 
independent samples t-test. 

 

 

 

2.3.4. VC: QUIS increases VC in +10 D lens-treated eyes 
 

The above changes in RE and OAL are consistent with VC changes (Figure 2.4).  QUIS altered 

the VC response patterns typically elicited by myopic defocus but had minimal effect of that 

elicited by hyperopic defocus. Thus with +10 D lenses, the VCs were longer rather than shorter 

than their fellows, as seen with the same lenses in eyes injected with SS (Fig. 2.4b).  In contrast, 

with -10 D lenses, both QUIS and SS-injected eyes had enlarged VCs (Fig. 2.4a, p<0.05, days 3 

and 5 of +10 D lens, independent samples t-test).  

 

 
Figure 2.4 Vitreous Chamber growth over time after lens and QUIS treatment 

Vitreous chamber growth over time with -10 and +10 D lens treatment applied to QUIS and SS injected 
eyes. Left: Imposed myopic defocus (-10 D lens) resulted in increased VC elongation, regardless of 
type of injection; Right: imposed hyperopic defocus (+10 D lens) inhibited VC elongation in SS-injected 
eyes, whereas the VC of QUIS-treated eyes showed increased elongation. * significantly different, 
p<0.05 for independent samples t-test 
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2.3.5. Attenuation of choroidal (CT) responses to +10 and -10 D lenses in QUIS-

injected eyes 
 

Whereas the OAL, RE and VC responses to imposed myopic defocus were affected more than the 

responses to imposed hyperopia after QUIS, the CT responses to both defocus treatments were 

significantly affected after QUIS (Figure 2.5).  QUIS significantly attenuated the CT responses to 

imposed defocus, relative to those seen in SS-injected eyes subjected to the same lens treatment 

(Repeated measures ANOVA Between-subjects effects (injection*lens) F(2)=4.22, p=0.032). 

Specifically, QUIS-treated eyes shows almost no CT thickening with imposed myopic defocus 

(+10 D lens) (Figure 2.5b, red solid),and with imposed hyperopic defocus (-10 D lens), QUIS-

treated eyes show almost no CT thinning (Figure 2.5a, red solid).  

 

 

 
 
Figure 2.5 Choroidal thickness (CT) changes with -10 D and +10 D lens treatments in QUIS- and 
SS-injected eyes.  
Left: Imposed hyperopic defocus (-10 D lens) resulted in choroidal thinning in the SS-injected group 
(black line); the response is less in QUIS-injected eyes (red solid); QUIS-injected eyes show increased 
CT in the absence of defocus (dotted line). Right: Imposed myopic defocus (+10 D lens) increased CT 
in the SS-injected group (black), but induced minimal thickening in the QUIS-injected group (red), while 
QUIS alone induced thickening (red dotted). Repeated measures ANOVA: Between subjects effects 
(injection*lens used) F(2)=4.22, p=0.032 
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2.3.6. SD-OCT imaging 
 

In vivo retinal scans confirmed that QUIS is neurotoxic, with significant changes in retinal 

structure evident after its intravitreal injection. Figure 6 shows representative scans from a QUIS-

injected eye and its fellow (control) eye, taken six days after injection; the nerve fiber layer (NFL) 

in the treated eye is less uniform (Figure 2.6A) than that of the control eye (Figure 2.6B), and the 

boundary between the inner plexiform and inner nuclear layers (IPL/INL) also less distinct. Scans 

captured at later time points (4, 8, and 10 days after injection) show similar trends (Figure 2.7).  

 

 

Caliper thickness measurements made in the area centralis, showed significant retinal thinning 

overall in QUIS-injected eyes, averaging 60 µm after 6 days (Figure 2.7). This thinning was also 

shown to be statistically significant in comparisons of values for SS and QUIS groups captured 6, 

8 and 10 days after injections (p<0.01, Independent samples t-test between SS and QUIS groups, 

Table 8a, 8b).  

 

 

Between-group effects also proved to be significantly different (one-way ANOVA, F=32.824, 

p<0.001), indicating that QUIS-injected eyes had significantly thinner retinas than SS-injected 

eyes when normalized to their fellow controls. 

 

 

 

 
Figure 2.6 In vivo structural changes in the area centralis of the chick retina induced by 
neurotoxin treatment 
Left: OCT scan 6 days after single QUIS injection; retina is thinner than normal overall as are the IPL 
and INL compared to retina of untreated control eye; Right: Scan of latter; arrows indicate the nerve fiber 
layer (NFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer 
plexiform layer (OPL), external limiting membrane (ELM), photoreceptor inner/outer segments (IS/OS), 
retinal pigment epithelium (RPE) and choroid. 
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2.3.7. INL accounts for 2/3 of overall retinal thinning 
 

Differences both between the QUIS and SS groups and within groups were also analyzed for the 

ganglion cell layer (GCL), nerve fiber layer (NFL), inner nuclear layer (INL), and inner plexiform 

layer (IPL). Between-group differences were highly significant for INL and GCL (one-way 

repeated measures ANOVA, p<0.02 for all time points, Table 2-1), reflecting the thinning of the 

INL and GCL in QUIS-injected eyes compared to SS-injected eyes. An average thinning of about 

40 µm was recorded for the INL of QUIS-injected eyes, accounting for two thirds of the overall 

retinal thinning (Figure 2.7).  

 

 
Figure 2.7 Time course of QUIS –induced changes in retinal structure 

Color maps of overall retinal thickness (RET) and thicknesses of retinal sublayers measured at the area 
centralis. Values for QUIS-injected eyes normalized to those of the fellow control eyes on the day of 
injection. Lighter bars indicate values closer to zero, darker red bars indicate more thinning. Left: QUIS-
induced retinal thinning is mostly due to thinning of the INL. Asterisks indicate significant difference between 
QUIS- and SS-injected groups (independent t-tests comparison of interocular differences, *p<0.05, 
***p<0.01). Right: Retinas from SS-injected eyes show less variation in retinal thickness, both overall and 
in the sublayers. Standard errors for all data are below 0.008. Abbreviations: retina (RET), ganglion cell 
layer (GCL), inner plexiform layer (IPL) and inner nuclear layer (INL). 
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Table 2-1 Changes in retinal sublayers as a function of injection (QUIS, SS) 

 Mean interocular differences between treated and contralateral control eyes 

  Thickness (mm) 

 Ocular 
dimensio
n 

Before injection 
(m0) 

4 days after 
(m1) 

6 days after 
(m2) 

8 days after 
(m3) 

10 days after  
(m4) 

QUI
S 

NFL -0.006 
±0.004 

-0.00046 
±0.004 

0.000357 
±0.002 

-0.00229 
±0.004 

0.06013 
±0.098 

GCL 0.000753 
±0.003 

-0.0093 
±0.003 

-0.0063 
±0.004 

-0.0068 
±0.005 

-0.0089 
±0.002 

IPL 0.0012±0.013 -.0053±0.011 -0.02799±0.012 -0.02668±0.009 -0.01872±0.018 

INL -0.03537±0.010 -.03537±0.010 -0.02784±0.016 -0.02836±0.029 -0.03142±0.017 

Ret  -0.04235±0.005 -0.05153±0.012 -0.05892 ± 
0.012 

-0.05607 ± .017 

SS NFL 0.007637±0.01
0 

-0.01681±0.021 -0.00368±0.005 0.003554±0.00
7 

-0.0093±0.017 

GCL 0.00158 ±0.004 0.000178±0.00
4 

0.003339 
±0.0002 

0.004255 ± 
0.0012 

0.001166 
±0.001 

IPL 0±0.005 -.01269±0.007 0.0035±0.009 0.004743±0.01
1 

0.000508±0.00
4 

INL -0.0077±0.019 -0.0077±0.019 0.002418±0.00
6 

0.00359±0.013 -0.01171±0.011 

Ret  -0.01681 
±0.021 
 

-0.00368 
±0.005 

 

0.003554±0.00
7 
 

-0.0093±0.017 
 

- Mean +- standard deviation  

 
Table 2-2 Results of independent samples t-test comparing interocular thickness differences for 
SS and QA groups and listed retinal sublayers (NS: difference not significant). 

Retinal 
sublayer 

Before 
injection 
(m0) 

4 days after 
(m1) 

6 days after 
(m2) 

8 days after 
(m3) 

10 days after  
(m4) 

NFL NS NS NS NS NS 

GCL NS P<0.05 P<0.05 P<0.05 P<0.05 

IPL NS NS NS. NS NS 

INL NS NS P<0.01 P<0.01 P<0.02 

Total Retina - NS P<0.01 P<0.01 P<0.01 

 
Table 2-3 Results of one-way repeated measures ANOVA, showing between-group effects (i.e. 
QUIS vs. SS injected groups), and within-group effects (time). 
 

 NFL GCL INL IPL RET 

Between Birds 
intercept F=0.207 

P=0.659 
F=4.323 
P=0.064 

F=44.542 
P=0.000 

F=5.077 
P=0.051 

 

Treatment type F=1.242 
P=2.91 

F=8.935 
P=0.014 

F=11.559 
P=0.008 

F=0.381 
P=0.082 

F=32.824 
P<0.001 

Within Birds 
Measurement F=1.630 

P=0.203 
F=14.247 
P=0.013 

F=0.414 
P=0.744 

F=0.110 
P=0.953 

F=0.676 
P=0.499 

Meas*injection F=0.600 
P=0.620 

F=0.188 
P=0.904 

F=0.868 
P=0.470 

F=0.5773 
P=0.003 

F=5.967 
P=0.014 
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2.3.8. Regional changes in choroidal thickness 

Three-dimensional segmentation of captured OCT images was used to investigate the spatial and 

temporal distribution of changes in choroidal thickness resulting from injection of QUIS. The 

results indicate a thickening of the choroid in QUIS-injected eyes.  

Figure 2.8 Spatial distribution of choroidal thicknesses in QUIS injected eyes.  
QUIS induced a relatively uniform choroidal thickening. Left panel: Maps from QUIS-injected eyes; 
Right panel: Maps from contralateral control eyes. Each row represents a different bird. Color scale: 
blue indicates thinnest and red, thickest choroid.
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2.3.9. Immunocytochemical Analysis of Retinal Changes induced by QUIS 

DAPI-stained vertical sections of retinas from QUIS-injected eyes revealed a loss of cells from the 

RGC side of the INL of the area centralis. Pax-6 immunoreactivity, which labels amacrine cell 

bodies, suggests the loss to involve amacrine cells (Figure 2.9). No such changes were apparent in 

retinal sections from control eyes (not shown).  

 

 
 
Figure 2.9 Loss of cell bodies in the INL of QA-injected chick eye 6 days after injection 
A) Vertical section of retina shows cell bodies displaced in the IPL; B) Higher magnification view  hints 
at loss of DAPI-positive cells near the INL/IPL border; C) DAPI (blue) and Pax-6 (green) images 
merges; Arrows indicate loss of Pax-6 immunoreactive amacrine cells from the INL. 
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2.3.10. Effects of QUIS on retinal function – flash electroretinography 

To investigate the functional changes after QUIS injections, we measured the response of the retina 

in vivo using flash electroretiongrahpy (ERG). Several components were measured from the ERG 

recordings: amplitude of the a-wave, b-wave and photopic negative response (PhNR). QUIS-

injected eyes showed attenuated a-wave and b-wave amplitudes 7 days after the injection, while 

the phnr was not significantly affected (Paired t-test between the amplitudes of treated and control 

eyes: p=0.0183 for a-wave, p=0.0240 for b-wave, p=0.28409 for PhNR, Figure 2.10). 

 

 
Figure 2.10 Flash electroretinogram (ERG) of chick with and without neurotoxin treatment. 
Left panel: Typical flash electroretinogram (ERG) recordings from QUIS-injected eye (red) and 
contralateral control eye (blue). Amplitudes were determined after obtaining the peaks for the listed 
components (in blue). Right panel: Plotted data represent averages across 20 trials. Top graph show 
the amplitudes of the a-wave, b-wave, photopic negative response (PhNR) QUIS-injected eye (grey) 
and contralateral control (white); Middle graph shows implicit times for the phnr and the c-wave 
amplitude, which are delayed in QA-injected eyes.   
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2.3.11. Oscillatory potentials 
 

Oscillatory potentials were extracted from flash ERG recordings using a filter to isolate high 

spatial frequencies. The amplitude of the first oscillatory potential (OP1) was extracted by 

obtaining the value at the peak between the ranges of 2-10 milliseconds. The reduction of the OP 

was observed in QUIS-treated eyes compared to the contralateral control eyes, (paired t-test, 

p=0.009316). 

 

 

 



40 
 

 
Figure 2.11 Oscillatory potentials after QUIS 

Lower left panel: Typical oscillatory potential from QUIS-injected (red) and contralateral control eye 
(black). Flash traces were filtered to obtain high frequencies. Lower right: attenuation of OP1 peak in 
QUIS-injected eyes (red) 
 

2.3.12. Effects of QUIS on retinal function - pattern electroretinogram 
 

For pattern electroretinograms recordings, 250 trials were collected per contrast step for a total of 

13 contrast level steps, each eye. The amplitudes of both the p50 and n95 components were 

analyzed. The most noticeable effect of injected QUIS was attenuation of the p50 amplitudes for 

higher contrast values (Figure 2.12, Figure 2.13).  
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Figure 2.12 Effect of QUIS on the p50 amplitude of the pattern electroretinogram in the chick. 
Top panel: Representative pattern erg (for a 5 deg checkerboard pattern, records averaged across 250 
trials) shows a positive peak at around 50 ms (p50) and negative peak at around 95 ms (n95) Middle 
panel: Representative traces of pattern ERG of control (left) and QUIS injected (right) eyes, for 13 
steps ranging from 0% to 100% contrast (blue indicates 100% contrast). QUIS-injected eyes show 
attenuated p50 amplitudes for higher contrast levels, compared to the increases in amplitudes with 
increasing contrast for contralateral control eyes. Bottom panel: Pattern erg p50 and n95 amplitudes of 
QUIS-injected eyes (red) and control eyes (black) graphed as a function of stimulus contrast; QUIS-
injected eyes show significantly attenuated p50 amplitudes  of compared to that of contralateral eyes 
(left, ANOVA, p<0.001), and similar trends are seen for the low contrast stimuli and n95 amplitudes but 
the differences did not reach significance (right).  
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Figure 2.13 Pattern ERG traces for treated and control birds 

Effect of QUIS on pattern ergs of the chick, recorded using a 5 deg checkerboard pattern. Left panel 

showed recordings from QUIS-injected; right panel shows recordings from contralateral control eyes. 

Each line represents the average signal of 250 trials, with higher contrast values in blue and lower 

contrast values in red 
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2.4. Discussion 

The study described here is an extension of a previously published study (Bitzer & Schaeffel, 

2004) using intravitreal injection of the same neurotoxin, QUIS, which was found to impair the 

response to hyperopic defocus but not myopic defocus. It was also found that the bidirectional 

changes in expression of the transcription factor, ZENK, in response to defocus, was eliminated 

by QUIS. In an independent study, the same treatment, i.e., a single intravitreal injection of QUIS, 

was reported to inhibit glucagonergic cells’ egr-1 protein expression (Fischer et al., 1998b). 

Two new findings from the current study are: that the choroid thickness (Figure 2.5) and anterior 

chamber depth (Figure 2.1) are significantly affected by QUIS injected into the vitreous chamber 

of otherwise untreated eyes. These parameters were ignored in the previous study by Bitzer and 

Schaeffel (2004), referred to above. The second novel finding is that the choroidal changes 

normally induced by defocussing lenses, specifically choroidal thickening with imposed myopic 

defocus and choroidal thinning with imposed hyperopic defocus, are both significantly attenuated 

by QUIS.  

 

2.4.1. QUIS induced retinal (structural and functional) changes  

The effects on retinal histology of QUIS injections, has been well characterized in previous 

immunohistochemical studies (Sattayasai & Ehrlich, 1987; Fischer et al., 1999). We also know 

that a particular dose that QUIS destroys the bi-directional changes in ZENK expression (Bitzer 

& Schaeffel, 2004). ZENK expression is known to be increased in glucagon amacrine cells by 

optical conditions that cause hyperopia and decreased by conditions that cause myopia (Fischer et 

al., 1999). 

Retinal changes tracked in vivo using OCT and ex vivo indicate changes specific to the inner layers 

of the chick retina. Specifically, the thinning of the inner retina, which was, tracked over time at 

the area centralis, was mostly due to a loss of presumed amacrine cells from the inner nuclear 

layer. The ganglion cell layer appeared largely unaffected. These observations are in line with 

previous histological findings on the effects of the QUIS treatment in chicks (Ehrlich and 

Sattayassai 1990, Fischer 1999). The retinal sublayer changes were found to plateau at around 6-

7 days after injection, by OCT tracking, just as observed histologically (Fischer et al., 1999). 

Among the subtypes of amacrine cells reported to be mostly affected by QUIS are serotonin, 

parvalbumin, type I and type III cholinergic amacrine cells (Fischer et al., 1998b). Our histological 

analyses were also consistent with previous reports, in terms of the site of cell loss within the 

retina. We also observed cell bodies scattered in IPL of retinas from QUIS-injected eyes but not 

in those from contralateral control eyes, consistent with a previous observation by Fischer (1998). 

Previous studies of QUIS effects on the retina of chicks have been limited to structural changes. For 

the first time, we report on how these structural changes affect retinal function. Our QUIS treatment 
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was found to almost completely abolish the P50 component of the pattern ERG, this effect being most 

evident with the high contrast stimuli, which elicited the largest responses in normal eyes. This 

suggests damage to cells involved in contrast processing and thus dopaminergic amacrine cells in the 

inner retina. Results from flash ERG recording offer additional insight into the functional effects of 

QUIS.  The amplitude of the a- and b-waves as well as the photopic negative response (PhNR) 

component were all affected and the implicit times for both the phnr and c-wave were also increased. 

As the a-wave originates from the photoreceptors, the b-wave from the bipolar cells, the c-wave from 

the retinal pigment epithelium and the PhNR from amacrine cells, these data imply that the effects of 

QUIS extend beyond the amacrine cells, to involve bipolar cells, photoreceptors, as well as the retinal 

pigment epithelium. Either loss of cells or altered processing within the retina could lead to the altered 

responses observed. Either way, the selectivity of QUIS for amacrine cells is call into question by 

these functional data. 

 

2.4.2. QUIS affects the plus pathway but not the minus pathway 

The QUIS treatment abolished the response to the plus lenses (myopic defocus), with treated eyes 

exhibiting an increase in axial length, and shift towards myopia, instead of a decrease in the rate 

of elongation and shift towards hyperopia, confirming previous findings involving the effects of 

QUIS on -10 D defocus mechanism (Bitzer & Schaeffel, 2004).  

That the response activated by plus lenses is affected but not the response activated by minus lenses 

(at least in terms of axial length and refractive error), with QUIS is consistent with results from a 

number of other studies that suggest different signal pathways may underlie the responses to plus 

and minus lenses. For example, when the amacrine cell layer of the retina was isolated from eyes 

subjected to plus and minus lens treatments, and gene expression changes analyzed, gene 

expression changes for these two conditions showed very limited overlap (Ashby & Feldkaemper, 

2010). There are also differences in the temporal dynamics of these two response patterns. Thus 

changes in choroidal glucagon content can be detected 4 hours after initiation of plus lens 

treatments while effects of minus lens treatments require about 1 day to develop (Feldkaemper & 

Schaeffel, 2002).  

That the eye becomes myopic in spite of the damage to a broad range of retinal cells may tell us 

something about how the sign of defocus is decoded and default compensatory response 

mechanisms. Even if the defocus sign detection mechanism is damaged, it is plausible that a more 

primitive blur detection mechanism may still be in play, for example, as activated by form 

deprivation. Our results are consistent with this possibility; both plus and minus lenses induced 

increased elongation. More interestingly, we also found this at the level of choroid, which is 

upstream of the latter eye length changes, and is thought by some to be regulated independently of 

the sclera and thus overall eye length. Specifically, we found that the choroid thinned in response 

to both plus or minus lenses, instead of the usual thickening and thinning respectively as seen in 

normal eyes,    
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2.4.3. Bidirectional attenuation of choroidal response by QUIS 

In active emmetropization, demonstrated experimentally in terms of compensatory responses to 

imposed optical defocus, choroidal thickness changes are one of ocular components that contribute 

to between-group effects on refractive error and optical axial length (Wallman & Winawer, 2004; 

Nickla & Wallman, 2010) Here, we report interesting effects on the choroidal response patterns in 

eyes injected with QUIS.  

Choroidal thickening or thinning as a function of the sign of imposed defocus has been documented 

in animal models including chicks, marmosets and guinea pigs (Wildsoet & Wallman, 1995; Troilo 

et al., 2000; Howlett & McFadden, 2009; Nickla & Wallman, 2010). The choroid thickens in 

response to plus lenses, pushing the retina forward towards the new image plane while it thins with 

minus lenses, drawing the retina backward. These choroidal thickness changes have a much faster 

in time course than the scleral growth changes that can also effect changes in retinal position.  

The changes in the control (SS) groups, receiving only saline injections in this experiment 

exemplified this bidirectional response pattern, with the choroid significantly thickening with the 

+10 D lens and thinning with -10 D lens. However, the former choroid thickening response seems 

to be impaired by the QUIS-injection. In response to both +10 D and -10 lenses, the choroids 

responded by thinning. Note that there was a significant difference between the QUIS groups 

treated with plano and +10 D lenses, with the former group showing choroidal thickening. In other 

words, the QUIS injected eyes had not lost their ability to modulate choroidal thickness in both 

directions but appeared to be have lost the ability to decode the sign of defocus. With the aid of 3-

D OCT segmentation, we were able to demonstrate relatively uniform choroidal thickening across 

the visual field just one week after injection of eyes with QUIS alone, compared to the choroids 

of contralateral eyes.   

The mechanism for choroidal thickening in avian models has been attributed to increase in 

proteoglycan synthesis, increases in the fenestrations of capillaries, changes in the routing of 

aqueous humor linked to uveoscleral outflow (Wallman et. al 1995), and/or choroidal blood flow 

changes (Fitzgerald et al., 1996). The avian choroid has specialized lacunae in the outer choroid, 

which appear to be connected to the anterior chamber via a uveoscleral pathway that also involves 

the ciliary body (Wallman 1995, Pendrak 1998). Regardless of the mechanism, the uni-directional 

choroidal thickness response to defocus seen after ablation of retinal cells with QUIS is consistent 

with a loss of the optical defocus sign detection (decoding) mechanism, Note also that the impact 

of the QUIS injection on other features of the response to plus lenses, including changes in vitreous 

chamber depth, optical axial length and refractive error all point to the same conclusion that the 

QUIS-induced damage to the inner retina eliminates its ability to distinguish between the blur 

imposed by plus and minus lenses.  
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Figure 2.14 Summary of effects of QUIS on the response to plus and minus defocus.  
While on the minus lens pathway, only choroidal thinning is affected, QUIS affects the choroidal thickening, 
vitreous chamber, axial length and refractive error responses on the plus lens condition.  
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2.4.4. QUIS enhances anterior chamber growth 

The marked increase in the anterior chamber depth in QUIS-injected eyes compared to control 

eyes, reaching 350 microns just 11 days after the injection, accounts for some of the differences in 

axial length responses between QUIS and control groups with imposed defocus. In both the -10 D 

and +10 D lens treatment groups, the AC deepening in QUIS-treated eyes could account for some 

of the differences in the changes in other components with the lens treatments, but the amount of 

change does not fully account for the relative increase in axial length and myopic shift in refractive 

error in QUIS-injected eyes. In the case of the +10 D lens group, one would predict greater than 

choroidal thickening, to compensate for the increase in eye length, rather than choroidal thinning, 

if eyes had retained their ability to decode the sign of imposed defocus. 

This observation of deepening of the anterior chamber due to intravitreal injection of a neurotoxin 

targeting the retina is not a first. Several other studies involving administration of neurotoxins 

targeted to retinal cells have reported similar anterior chamber effects, for example, with a specific 

dose of Kainic acid (Wildsoet & Pettigrew, 1988). Interestingly, in one study such changes were 

previously attributed to abnormal accommodation (Ehrlich and Sattayassai 1990), with the 

Crampton’s muscle in the ciliary body reported to be affected. However, that similar abnormal 

corneal growth responses are seen with a variety of neurotoxins known to affect retinal 

ultrastructure and so presumably retinal function, argues against the latter explanation.  

Interestingly, intravitreal injections of glucagon and proglucagon-derived peptides, 

oxyntomodulin and GLP-1, also induce anterior chamber depth increases (Vessey et al 2005), and 

in another study, IGF-1 and insulin, both of which have been linked to myopia, also increase 

anterior chamber depth significantly at higher concentrations (Zhu and Wallman 2009). Other 

drugs reported to affect anterior chamber dimensions include TGF-beta injection (Rohrer 1994), 

melatonin (Schaeffel et al., 1995), D1-like receptor SCH (Schaeffel et al., 1995), and GABA 

agonist CACA (Stone, 2003) . 

One plausible explanation for the above effects on anterior chamber depth is that alterations in 

neurosignaling within the retina, for example, after QUIS-injection, result in the release from and 

diffusion forward into the anterior chamber of retina-derived growth modulatory substances. In 

the case of the avian eye, the forward movement of such molecules is facilitated by the presence 

of an outer liquid shell to the vitreous.  

Aside from the model proposed above, the distribution of receptors within the anterior segment 

may provide a clue to the mechanism underlying this corneal enlargement phenomenon. Thus it is 

of interest that glucagon and glucagon-related receptors are found in the anterior segment close to 

Schlemm’s canal. Glucagon receptor mRNA was detected at the peripheral edge of retina, 

nonpigmented epithelium of the ciliary body, the sclera and the corneal limbus (Feldkaemper & 

Schaeffel, 2002). Glucagon receptor mRNA has also been detected in the corneal limbus (Fischer 

et al., 2008). Glucagon neurites have been reported near the circumarginal zone (Fischer et al., 

2008), and a subtype of retinal glucagon cells are found only in the periphery, with different 

immunoreactivity profiles than more central cells, and also morphologically different (Fischer et 
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al., 2006). Apart from glucagoneric receptors, the anterior segment contains a rich array of other 

receptors that could be involved, For example, IGF-2 receptors are found in the ciliary body 

(Ritchey et al., 2012) and cholinergic M1 and M4 receptors, which are particularly relevant to 

myopia development (Diether et al 2005), have been found in the cornea as well as elsewhere in 

the eye (Dörje et al., 1991; Diether et al., 2007). 

It is not clear how these various factors may interact. However, it is interesting to point out that 

there is an apparent link between myopia and glaucoma. For instance, in humans, the Schlemm’s 

canal diameter was found to be significantly smaller and the location from the angle was greater 

in patients with myopia compared with those with hyperopia (Irshad et al., 2010). 

As a final side note, it should be noted that anterior chamber depth varies diurnally, and that this 

variation is different in phase from diurnal variations in choroidal thickness and axial length 

(Nickla, Wildsoet, & Wallman, 1998). Care was taken to make sure that all groups were measured 

within the same time frame. The greatest increase in anterior chamber occurs within the time 

window of 6 pm to 6 am, and the least change occurs between 12 pm to 6 pm, where our 

measurements were taken.  
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3. Chapter 3 Colchicine-induced Ablation 

of Peripheral Glucagonergic Amacrine Cells in the 
Chick Retina and its Effects on Axial Eye Growth 
and Refractive Error 
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3.1. Introduction 

A perfect match between the focal length of the eye and its axial length must be achieved in order 

to achieve a clear (in-focus) image of distance objects on the retina. This state is achieved through 

active ocular growth regulation during the postnatal period by a process known as 

emmetropization, which is presumed to be visually guided (Norton et al., 1994). That is, if the 

optical properties are changed so that the image falls either behind or in front of the retina, eye 

growth is adjusted to correct such errors of focus. Studies in fish, chicks, guinea pigs, tree shrews, 

marmosets and rhesus monkeys all report modifications to eye growth in response to manipulations 

of optical defocus through the use of lenses or the quality of the retina image using diffusers 

(Wallman & Winawer, 2004). To study experimental emmetropization, negative and positive 

lenses are used to manipulate the location of the image plane. In the case of hyperopic defocus, 

where the image is behind the retina, the eye compensates by increasing its rate of growth as well 

as thinning its choroid in order to displace the retina backwards to where the image is. In the case 

of myopic defocus, the eye compensates by decreasing its rate of growth and thickening its 

choroid, to displace the retina forward to where the image is (Wallman et al., 1995; Wildsoet & 

Wallman, 1995; Nickla et al., 1998).   

The above eye growth changes induced by lenses occur in eyes with a severed optic nerve 

(Wildsoet & Wallman, 1995; Wildsoet, 2003), suggesting that the retina can decode blur and that 

the regulation is occurring locally, i.e., within the eye. Further evidence of local control of eye 

growth includes findings from hemi-field lens and occluder studies that in both cases show 

regional eye growth changes, limited to the affected segment of the eye (Wallman & Adams, 1987; 

Diether & Schaeffel, 1997). The nature of the local signaling pathways responsible for regulating 

scleral remodeling and thus the rate of growth has been a subject of research interest for many 

years. The earlier signals are presumed to originate from the inner retina, to be relayed to the RPE 

and then onto the choroid and sclera by an as yet poorly understood signal cascade to control the 

growth of the sclera.  Early studies using neurotoxins to target amacrine cells show significant 

changes to ocular growth, suggesting amacrine cells to be the originator of the cascade(Wildsoet 

& Pettigrew, 1988). Results of more recent studies combining pharmacology with visual 

manipulations suggest roles of dopaminergic (Iuvone 1991, Schmid and Wildsoet 2004, Stone et 

al 1989, Schaeffel 1994, Pendrak 1997), cholinergic, glucagonergic cells (Fischer et al., 1998b, 

1999; Feldkaemper & Schaeffel, 2002; Buck et al., 2004; Simon et al., 2004; Bitzer & Schaeffel, 

2004; Vessey et al., 2005; Schippert et al., 2007; Stone et al., 2011).  

The role of glucagonergic amacrine cells in the regulation of eye growth and refractive errors has 

been studied over the past 15 years. Fischer found initially that cells immunoreactive to glucagon 

were not significantly affected by intravitreal injection of the neurotoxin, quisqualate (QUIS), and 

that form deprivation still accelerated eye growth in QA-injected eye , suggesting a possible role 

of glucagon in eye growth regulation (Fischer 1998). Further evidence supporting the relationship 

between retinal glucagon or glucagon transcripts and eye growth is contained in a number of other 

related studies by other researchers (Fischer 1999, Buck et al 2004, Wallman et. al 2008, 

Feldkaemper et. al 2002, Vessey et. al 2005, Stell et al 2002). Specifically, studies manipulating 

retinal glucagon levels pharmacologically showed that agonists to glucagon can prevent 

compensation to negative lens wear while antagonists can prevent compensation to positive lens 
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wear or recovery from form deprivation. (Feldkaemper et. al 2002, Vessey et. al 2005, Stell et al 

2002). Furthermore, retinal glucagon mRNA was found to be bidirectionally regulated by the sign 

of imposed defocus (Buck et. Al 2004), and eyes made myopic experimentally, e.g., with positive 

lenses, have elevated retinal glucagon levels (Feldkaemper 2002).  

Within glucagoneric amacine cells, a transcription factor ZENK (Zif268, Krox-24, NGFI-A, or 

Egr-1) has been found to be regulated by the sign of defocus. ZENK is an immediate early gene 

and glucagon positive cells co-labeled for ZENK show increased expression, at both the mRNA 

and protein levels, in response to imposed myopic defocus conditions and decreased expression 

with hyperopic defocus conditions (Fischer 1999, Bitzer and Schaeffel 2002, Simon, Ashby 2010, 

Stone 2011).  

 

Earlier studies of glucagonergic amacrine cells in chick retina assumed a homogenous population 

of cells (Fischer 1999). However, further immunohistochemical studies revealed multiple 

subpopulations of glucagon-immunoreactive cells, with unique morphology, density and 

distribution (Fischer 2006). Three main classes have been described, referred to as minibullwhip, 

bullwhip, and conventional glucagonergic amacrine cells. While conventional glucagonergic 

amacrine cells are heavily clustered in the central retina, bullwhip cells are found mostly in the 

ventral portion of the retina, and minibullwhip cells are clustered on the dorsal region of the 

peripheral retina. Bullwhip cells are been tied more recently to the regulation of equatorial eye 

growth (Fischer et al 2008). 

 

Given that there are populations of glucagoneric amacrine cells found only in the periphery, we 

asked whether these cells also contribute to axial eye growth regulation. For a long time, myopia 

studies concentrated on the role of the central retina in emmetropization and eye growth regulation, 

given the fact that resolution acuity, at least in humans, is highest in the central fovea. However, 

results from a number of different studies point to an important role of the peripheral retina in 

regulating axial eye growth (Smith et al., 2005, 2007; Mutti et al., 2007; Aller & Wildsoet, 2008; 

Liu & Wildsoet, 2011). For example, a laser photablation study in monkeys showed that eyes could 

recover from induced myopia after the central retina had been destroyed (Smith et al 2007).  In 

one study involving chicks, the application of a multifocal lens in which +5 D power was limited 

to its periphery, still resulted in axial eye growth inhibition, just like a single vision +5 D lens, 

which imposes defocus on both central and peripheral retinal regions (Liu & Wildsoet, 2011). 

Finally, in human clinical trials, 2-zone multifocal soft contact lenses with concentric peripheral 

add zones that impose myopic defocus on the retinal periphery, have been shown to be effective 

myopia control treatments, i.e. they slow eye growth (Aller and Wildsoet 2008). These findings 

raise the question of how the peripheral retina contributes to eye growth regulation.  
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The purpose of this study was to further investigate the role of the peripheral retina in controlling 

refractive error development in the chick and specifically, to determine the role, if any, of 

peripheral glucagonergic (GLU) amacrine cells.. We asked what ablating these cells would do to 

the previously observed eye growth responses to imposed myopic defocus (Liu and Wildsoet 

2011). To ablate these cells, we capitalized on a previous observation that a specific dosage of 

colchicine selectively ablates peripheral GLU amacrine cells, without affecting central GLU cell 

populations (Fischer et al., 2008). 

Two related working hypotheses are presented: 1) that the peripheral retina contributes to axial as 

well as equatorial eye growth regulation and may even dominate over central retinal influences 

because of its larger surface area, and 2) mini-bullwhip GLU amacrine cells are involved and may 

be exclusively responsible for decoding imposed myopic defocus imposed on the retinal periphery 

of the chick.  
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3.2. Methods 

 

3.2.1. Animals 
 

White-Leghorn chicks, hatched on-site from fertilized eggs obtained from a commercial hatchery 

(UC Davis, Davis CA), were used in the study. They were reared in a normal diurnal lighting 

environment, with food and water freely available. All animal and care treatments conformed to 

the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.  Experimental 

protocols were approved by the Animal Care and Use Committee of the University of California 

Berkeley.  

 

3.2.2. Treatments 
 

Seven-day old chicks were anesthetized and their left eyes injected with either 10 uL of 200 nmol 

colchicine (Sigma) or phosphate-buffered saline (PBS). Control (right) eyes were not treated. A 

subset of chicks was not subjected to lens treatments and underwent OCT and electroretinography 

measurements and their eyes processed for immunohistochemistry. The injected eyes of rest of the 

chicks were treated with either a +5 D single vision lens (SV) or multifocal (MF) lens with a plano 

center and +5 D periphery, with central zone diameter of 4.5 mm.  

 

3.2.3. Ocular biometry:  
 

For experiments involving lens treatments, the lenses were attached 5 days after the injections, i.e., 

posthatch day 12. Axial ocular dimensional measurements were made using high-frequency A-

scan ultrasonography on the day of injection, 5 days after injection, as well as one, 3 and 5 days 

after the lenses were attached. Chickens were placed under gaseous anesthesia (1.5% isoflurane in 

oxygen) for these measurements. On-axis dimensions of the anterior chamber, vitreous chamber 

(VC), lens, retina, choroid, and sclera were derived from A-scan ultrasonography traces 

(Scopedel), as previously described (see Chapter 2). Interocular differences were calculated and 

normalized to the baseline values recorded on day the lenses were attached. All measurements 

were made between 12:00 noon and 4:00 pm, to avoid artifacts related to diurnal variations in these 

parameters. 
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3.2.4. Refractive error:  

Measurements were taken using hand-held retinoscopy on the day of the injections, the day that 

the lenses were attached, and finally after 5 days of lens treatment. Chicks were placed under 

gaseous anesthesia for measurement (1.5% isoflurane in oxygen).  

 

3.2.5. In vivo retinal and choroidal thickness measurements  

 

The Bioptigen SD-OCT (Bioptigen, NC) was used image the retinas of both eyes of a subset of 

chicks, both before the injection of SS or CCH, as well as 4, 6, 8, and 10 days after injections, to 

characterize the effects of these treatments. Another subset of chicks was used to characterize the 

effects of injections in combination with the defocusing lenses on choroidal thickness. Images 

were obtained for each eye at each measurement time point. A total of 16 birds were used for 

retinal thickness measurements. For imaging, chickens were anesthetized with ketamine/xylazine 

(0.3 mg/kg ketamine, 0.03 mg/kg xylazine; dosing adjusted based on weight). For each eye, the 

probe was properly positioned such that the tip is near the center of the window and edge of the 

pectin is facing the nasal side at approximately 45 degrees (Figure 3.1). 

 

 

 
Figure 3.1 Fundus view of an Optical 
coherence tomography (OCT) scan 
Fundus view captured with the Bioptigen 
SD-OCT showing location of the acquired 
single b-scans (green) containing the 
area centralis. 
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Each of the OCT measurements included a lower resolution scan to position the probe accurately, 

and a higher resolution OCT scan consisting of 1000 b-scans X 33 lines X 3 samples with a 14 

mm X 14 mm field of view. Each set of scans (1000 X 33) was averaged and then for each eye, 

the 3 samples taken were averaged to create a smoother image, with brightness and contrast 

optimized to visualize the retinal sublayers. The tip of the pectin is initially located through the 

fundus view. For each scan, the area centralis was located by finding the specific b-scan that is 

both nasal and superior to the tip of the pecten and contains the thickest ganglion cell layer. The 

vertical calipers provided by Bioptigen software were then used to determine the thicknesses of 

the nerve fiber layer (NFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear 

layer (INL), as well as the total retinal thickness (RET) in the area centralis.  

 

3.2.6. Equatorial diameter measurements  

A subset of enucleated CCH- and SS-injected eyes also underwent photographic analysis to obtain 

equatorial dimensional data. At both 6 days (n=6) and 10 days (n=6) after monocular injection of 

CCH, both eyes of each chick were carefully dissected free and extraocular muscles removed. 

Digital calipers were used to record equatorial diameters, after which, the posterior segments were 

isolated and floated onto OCT compound for further histologic analysis.  

 

3.2.7. Electroretinography measurements  
 

A subset of CCH-injected birds were subjected to electroretinography  (ERG) measurements 3 and 

7 days after injection. All protocols follow the International Society for Clinical Electrophysiology 

of Vision. Body temperature maintained at 37 C with a heated platform; pupils not dilated. ERGs 

were recorded via DTL plus electrodes (Diagnosis LLC, MA, USA ). Platinum needle electrodes 

placed in the back of the thigh and the neck served as reference and ground electrodes respectively. 

An Espion unit that includes DC amplifier and a PC-based control and recording units, was used 

for recording (Diagnosis Ltd, Lowell MA, USA), along with two Ganzfield colorburst stimulators 

(Espion), for full-field stimulation, one for each eye. 

Flash ERG recording made use flash inter-stimulus interval of 1000 ms, and a flash intensity of 3 

cd.s m^2, presented to each eye against a white light background (6500 K & 25.5 cd/m^2). Twenty 

responses were recorded and averaged for each eye.  

Pattern ERG recordings made use of a reversing, black and white checkerboard pattern (mean 

luminance of 999 cd/m^2; reversed at a rate of 2 cycles per second), presented via an RGB monitor 

at a distance of 240 mm from the chick eye. The pupil was aligned with the center of pattern and 

a +4 D lens placed 100 mm in front of the tested eye to correct for this working distance, which 

yielded a screen check size of 5 degrees. Contrast levels between 0 and 100% were tested, for a 

total of 13 steps.  For each of the 13 contrast level steps, a total of 250 trials were extracted. Traces 

were averaged, and the mean for each contrast step was filtered using a 5-300 Hz band pass filter 

to remove higher special frequencies. Traces for which a loss of impedance was evident were not 

included in analyses. 
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In analyzing the data, blinks were deleted from the trials and all trials were averaged into one 

signal and amplitudes calculated as previously described in Ostrin and Wildsoet (2013). Briefly, 

for flash ERGs, the a-wave amplitude was calculated from the baseline to the trough, the b-wave 

amplitude was calculated from the trough of the a-wave to the peak of the b-wave, the amplitude 

of the photopic negative response (phnr) was calculated from the trough to the baseline value, and 

lastly, the c-wave amplitude was calculated by taking the absolute value of the distance between 

the c-wave peak and the photopic negative response trough (Figure 3.7). For pattern ERGs, p50 

amplitude was calculated from the peak at 50 ms to the baseline value (Figure 3.9).  

 

3.2.8. Immunohistochemistry  

Immunohistochemistry was used to detect changes in the glucagon cell population in the inner 

retina after CCH treatment. Eyes were collected from sacrificed chicks, 6 days after colchicine 

injection.  Posterior eye cups were isolated and floated overnight in 4% paraformaldehyde (PFA, 

Sigma), before being transferred the next day to 20% sucrose and then chilled at 40 F overnight. 

On the day of embedding, eye cups were carefully placed into molds filled with 50% OCT 

compound (Tek) in 10% sucrose, with the tip of the pecten pointing at an angle of 45 deg, then 

snap frozen in liquid nitrogen and stored at 200 F until sectioning. Ten µm vertical retinal sections 

were cut and collected onto superfrost slides (Fischer).  

On the day of staining, sections were warmed at 370 F for 30 minutes, washed three times in 

phosphate buffered saline (PBS), fixed in 0.2% PFA, washed three times in PBS, and immersed in 

a low concentration of glycine solution for 40 minutes. Slides were then blocked in a solution of 

10% Normal Goat Serum, 1% bovine serum albumin (BSA) in PBS for another 40 minutes. Slides 

were incubated in primary antibody overnight at 40 F. The following day, slides were washed three 

times in PBS, incubated in secondary antibody for an hour, washed again three times in PBS, and 

mounted with a mounting medium containing DAPI (Vectorlabs Inc). Two primary antibodies 

were used, rabbit anti-egr1 at 1:200 dilution (Santa Cruz Biotech.), and mouse anti-Pax6 at 1:200 

dilution (Dr. Jeanette Hyer, UCSF), anti-glucagon at 1:400 dilution (AbCam # 133195) as well as 

two secondary antibodies, goat anti-rabbit 594 and goat anti-mouse 488 (Dr. Jeanette Hyer, 

UCSF).  

To quantify the subpopulations of glucagon amacrine cells, cells were counted using a Java-based 

program developed by Alice Chang (ARVO ISIE Abstract 2013). Two 0.5 mm areas within the 

dorsal and central retinas respectively were counted, with three separate images from these 

representative regions per eye counted and averaged. A total of three eyes were averaged.  
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3.2.9. Cell death detection 

Some retinal sections from CCH-injected eyes were used for TUNEL staining, which labels 

apoptotic cells. An in situ cell death detection kit (Roche) was used. The protocol from the 

manufacturer was followed. Sections were counterstained with DAPI (Vectorlabs Inc) as an aid to 

localizing apoptotic cells. Images were collected with a deconvolution fluorescent microscope 

(Axio Vision), from the same dorsal peripheral and central retinal regions as above, using the area 

centralis as a reference.  

For immunohistochemical labeling of retinal wholemounts, eyes were fixed in 4% PFA for 4 hours 

and then washed in PBS. Retinas were then dissected free, incubated in 0.3% Triton X-100 (Sigma) 

for an hour, and then floated in blocking buffer containing 3% BSA, 0.05% Tween and 5% goat 

serum for 24 hours. Retinas were then incubated with 250 ul of primary antibody mixed with the 

blocking buffer at 4 degrees for 72 hours, then washed in PBS. Two hundred and fifty ul of 

secondary antibody solution was then added and retinas incubated at 4 degrees on an oscillating 

shaker for 24 hours. The retinas were finally washed again in PBS, transferred to superfrost slides 

(Fischer) and mounted in 4:1 glycerol to water. Retinas wholemounts were imaged under both a 

deconvolution fluorescent microscope (Axio Vision) and a two-photon microscope, to obtain 

higher resolution images of changes in glucagonergic cells.  
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3.3.  Results 

 

3.3.1. The effect of the colchicine treatment on central and peripheral retinal 

thicknesses measured in vivo.  

As indicated in the methods, SD-OCT imaging was used to track the time course of CCH-induced 

retinal sublayer thickness changes, in both the area centralis and 3 mm above in the dorsal retina 

(Figure 3.3). The interocular difference maps indicate that retinal thinning over time in SS-injected 

eyes was minimal and failed to reach significance for most time points measured (independent t-

test: p=0.3308, p=0.4275, p=0.8212, p=0.5918), although significant total retinal thinning was 

observed in the area centralis, 5 and 7 days after the injection (p=0.0463, p=0.00446)(Figure 3F) 

and in the peripheral retina, 5 and 7 days after (p=0.044246, p=0.017843)(data not shown), 

presumably reflecting developmental changes. In contrast, the interocular difference maps for 

CCH-injected eyes show significant retinal thinning at the area centralis 5 and 7 days after injection 

(p=0.0099, p=0.0162). In the periphery, retinal thinning is significant 7 and 9 days after injection 

(p=0.0202, p=0.0498)(Figures 3D and 3E).  

NFL: Interocular differences of the NFL thickness for SS-injected eyes were not significant at any 

of the time points measured (paired student t-test, p=0.1186, p=0.1165, p=0.6165, p=0.7409), and 

for CCH-injected eyes, thinning at the area centralis was significant 9 and 11 days after injection 

(paired student t-test, p=0.043015, p=0.0239812)(Fig. 3D). The changes in  the CCH group were 

significantly different from that of the SS group 11 days after injection (independent t-test, 

p=0.0157). In the peripheral retina, NFL thinning was significant 7, 9 and 11 days after CCH 

injection (p=0.0375, p=0.0073, p=0.0007)(Figure 3E), and differences between the CCH and SS 

groups reached significance 7, 9 and 11 days after injections (independent t-test, p=0.0349, 0.0119, 

and 0.0016 respectively).  

GCL: For SS-injected eyes, GCL thickness changes in the area centralis were not significant at 

retinal location except for 9 days after injections (paired student t-test, p=0.0208). In contrast, 

CCH-injected eyes exhibited significant GCL thinning at the area centralis 7, 9 and 11 days after 

injections (paired student t-test, p=0.0036, p=0.0015, p=0.0448, Figure 3D). The differences 

between the two groups also reached significance for 7 and 9 days after injections (independent 

student t-test, p=0.0005 and p=0.0006 respectively). 

In the retinal periphery, GCL thinning is significant at all time points for CCH-injected eyes only 

(paired student t-test, p=0.0263, 0.0156, 0.0129, 0.0368 respectively), and differences between the 

two groups were significant at all time points (independent t-test, p=0.05, p=0.0019, 0.00298, 

p=0.0137). 

IPL: In SS-injected eyes IPL changes in the area centralis were not significant at any of the time 

points measured (paired student t-tests, p=0.1719, p=0.4641, p=0.3650, p=0.8353), while in 
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contrast CCH-injected eyes exhibited significant thinning in the IPL at the area centralis 5, 7 and 

9 days after treatment (paired t-test, p=.0152, p=0.0418, p=0.0201). However, compared to the 

 
Figure 3.2 The effect of colchicine treatment on central and peripheral retinal thicknesses 
measured in vivo.  
A. OCT scan of contralateral control eye (OD) showing a typical scan of the chick area centralis. B-C: 
Fundus view (B) and example of a single b-scan (C). Red line shown on fundus view drawn from the 
area centralis towards the dorsal portion of the retina; Measurements of retinal sublayers were taken 3 
mm dorsal to the b-scan of the area centralis as well as in the areas centralis. D-F: Time course maps 
of retinal sublayer changes after  intravitreal injection of CCH (D-E) or SS (F). X-axis indicates time, 
and Y-axis, the etinal sublayers measured. Measurements within groups are normalized to 
contralateral control eyes. Measurements at different time points are normalized to the day of the 
injection. Lighter colors indicate values closer to zero, red indicates relative thinning and blue, relative 
thickening. Standard errors for all measurements are below 0.008. Asterisks indicate significance of 
independent t-tests comparing interocular difference of CCH-treated and vehicle groups: *p<0.05, 
***p<0.01. D: CCH induced total retinal thinning 5 days and 7 days after injection (p=0.044, p=0.018). 
The NFL, GCL and IPL were most affected, while the INL changes failed to reach significance. E: CCH 
also induced retinal thinning in the periphery, 5-7 days after injections. GCL and IPL were significantly 
affected. Abbreviations: Retina (RET), Ganglion Cell Layer (GCL), Inner Plexiform Layer (IPL) and 
Inner Nuclear Layer (INL).  
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changes in the SS group, IPL changes at the area centralis in the CCH group were not significantly 

different at any time point. 

In the retinal periphery of CCH-injected group, significant thinning was recorded 5 and 11 days 

after injection (p=0.0444, p=0.0114), and differences between the CCH and SS groups were also  

significant  on day 11 (independent t-test, p=0.0160). 

INL: INL changes in the area centralis of SS-injected eyes were not significant at any time point 

(p=0.5530, p=0.2799, p=0.5529, p=0.5096, and equivalent changes in CCH-injected eyes were 

only significant 1 days after injection (paired t-test, p=0.0265).  

In the retinal periphery, INL changes were not significant for either the CCH or SS groups at any 

time point and there were no significant differences between the groups.  

Changes in outer retinal layers were not quantitated due to the thinness of these layers and the high 

standard error of data collected using the in-built calipers. However, immunohistochemical studies 

provide some perspective on the structural changes in these layers.  

 

3.3.2. Immunohistochemical study of glucagon-positive retinal cells 
 

Sections were labelled with an anti-glucagon antibody and labeled cells counted as described in 

the methods. Values were references to equivalent data from contralateral control eyes. In the 

central retina of control eyes, there was an abundance of conventional glucagon amacrine cells, 

averaging about 40 per half mm2 (Figure 3.3). Glucagon positive cells were more sparse in the 

dorsal peripheral region of control eyes. 

CCH injection significantly decreases the number of glucagon-positive cells in the dorsal, 

peripheral region of the retina (t=-6.22, p=0.004), while in the central retina, there was no 

significant difference in the number of CGACs in CCH-injected eyes compared to control eyes 

(t=-0.250, , p=0.8259, Figure 3.3).  

To examine in more detail, the structural changes in wholemounted retinas, two photon imaging 

microscopy was undertaken. Interestingly, labeled neurites without cell bodies were observed in 

the dorsal retina of CCH-injected eyes (Figure 3.4).  
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Figure 3.3 Effect of colchicine treatment on the number of glucagonergic amacrine cells in the 
central and dorsal retina. 

A and B: Wholemount retina stained with anti-glucagon shows mini-bullwhip cell population in the dorsal 
peripheral region (A) and conventional glucagonergicamacrine cells (CGACs) in the central region (B). 
C: Cell counts of glucagon-immunoreactive cells in retinas with colchicine treatment (black bars) 
compared to contralateral control eyes (white bars). The number of minibullwhips in the dorsal retina 
are significantly reduced in colchicine-treated eyes but the number of CGACs in the central retina are 
not significantly different in treated eyes compared to contralateral controls. *** p<0.001, **, p<0.05  
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Figure 3.4 Morphology of glucagon cells with and without colchicine treatment. 
Glucagonergic cells were imaged using two-photon microscopy. A, C, and D are taken under 40x 
magnification. A: An intact mini-bullwhip cell positive for glucagon in dorsal peripheral retina of untreated 
contralateral eye; B: Compiled z-stack projection (orthogonal view) of glucagon immunoreactivity in the 
dorsal peripheral retinal region of CCH-injected eye. C: Single stack from B indicating glucagon 
immunoreactivity in outer retina near oil droplets of cone photoreceptors; D: Single stack from B showing 
labeled neurites without no cell bodies in retina of CCH-injected eye. Cells were labeled with rabbit anti-
glucagon at a 1:400 dilution.  
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Figure 3.5 Glucagon immunoreactivity in the chick retina 3 days after colchicine treatment. 
Glucagonergic cells were imaged using two-photon microscopy. B-E images  taken under 40x 
magnification. A: Z-stack projection (orthogonal view) of 100 slices of the dorsal peripheral retinal region of 
CCH-injected eye. Arrows indicate specific regions shown in B-E. B: single stack from A showing isolated 
neurites; C: Single stack from A showing glucagonergic cell bodies; E: High fluorescence in the oil droplets 
of cones in the photoreceptor layer.  
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3.3.3. TUNEL staining for apoptosis after colchicine treatment 

Some retinal sections were processed for TUNEL staining, to look for evidence of apoptosis in 

response to the CCH treatment. Images from both the dorsal peripheral and central retina were 

analyzed. Three days after CCH injection, the central retina contains numerous TUNEL-positive 

cells in the GCL, and there were also some labeled cells in the ONL as well as the INL (Figure 

3.6).  

In the dorsal retina, TUNEL-positive cells were mostly located in the IPL/INL border, with some 

additional labeling in the IPL (Fig.5D-F).  Nonspecific fluorescence was found near the RPE in 

central and peripheral retinal regions of both CCH-injected and non-injected eyes (Fig.5G-I),  as 

well as in sections not exposed to the primary antibody (secondary antibody control).  
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Figure 3.6 Retinal cells undergo apoptosis 3 days after colchicine injection. 
Central retina (A-C) and dorsal-peripheral retina (D-F) of CCH-injected eyes compared to control eyes 
(G-I). DAPI-stained nuclei shown in blue (A, D, and G), and apoptotic, TUNEL-positive cells in red  (B, 
E, and H). C: Apoptotic cells evident in GCL and ONL in the central retina; F: In the dorsal retina, 
apoptotic cells seen in the IPL/INL border, and IPL. I: Nonspecific labeling near oil droplets of 
photoreceptors.  
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3.3.4. Colchicine effects on components of the flash ERG  
 

Flash ERGs were recorded 3 and 7 days after CCH injections, while pattern ERGs were recorded 

7 days after injection. At both 3 and 7 days after injections, the flash ERGs showed no significant 

differences in amplitudes of a-waves and b-waves between CCH-injected and control eyes, while 

both c-wave and phNR amplitudes were significantly decreased at both day 3  (p<0.01), and day 

5 (p<0.05)(Figure 3.7).  

 

 
Figure 3.7 Flash electroretinogram (ERG) recordings with and without colchicine treatment. 
Signals averaged across 20 trials. A. Sample recordings from eye treated with CCH (red) and 
contralateral control eye (black). Blue labels indicate location of A-wave, b-wave, oscillatory potentials 
(OP), photopic negative response (phNR). C. Both c-wave and phNR significantly attenuated in 
ampliutude 3 and 7 days after CCH injection. 
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Aside from the amplitudes of the flash ERG components, implicit times for the same components 

were also analyzed. Significant effects (delays) after CCH injections were limited the phNR and 

c-wave (p<0.05).  

 
Table 3-1 Implicit times (secs) for components of flash ERG recordings from CCH-injected and 
contralateral control eyes 

  

  a-wave  b-wave phNR c-wave 

CCH-treated 
eye 

12.33333 31.5 84.83333 150.6667 

Control eye 12.66667 31.83333 88.66667 159.1667 

          

p-value 0.465023 0.610881 0.500985 0.086831 

Oscillatory potentials extracted from flash ERG recordings also showed significant attenuation of 

the OP1 component with the Oscillatory potential peak 1 higher in the control eye than the treated 

eye (one-tailed student’s t-test, t=-2.353,p=0.3913, Figure 3.8). There was no significant difference 

in the implicit times of OP1s in CCH-injected eyes compared to the OP implicit times of 

contralateral control eyes (student t-test, t=-1.633, p=.178).  

 

Figure 3.8 Effect of Colchicine on the Oscilatory potentials of the flash ERG.  
Flash ERG recordings were filtered to isolate higher frequencies. The OP1 amplitude was found to be 
attenuated in treated eyes. (one-tailed student’s t-test, t=-2.353,p=0.3913) 
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3.3.5. Colchicine attenuates p50 amplitude of pattern ERG 

Pattern ERG recordings were undertaken to better understand the effects of the CCH treatment on 

inner retinal function. Pattern ERG recordings showed an attenuation of p50 component; 

amplitudes were reduced for CCH-injected eyes compared to contralateral eyes at contrast levels 

of greater than 10%. While for the contralateral control eyes, the p50 amplitude increased as a 

function of spatial contrast level, it was significantly reduced for CCH-injected eyes, even for the 

100% contrast setting (ANOVA, between-subjects effects, Table 3-2, Figure 3.9).  

 
Table 3-2 Results of one-way ANOVA for pattern ERG 

 F p-value 

Step 1 (2% contrast) 1.025 .350 

Step 2 (5% contrast) 28.031 .002 

Step 3 (10% contrast) .023 .884 

Step 4 (20% contrast) 2.881 .141 

Step 5 (30% contrast) 11.691 .014 

Step 6 (40% contrast) 19.359 .005 

Step 7 (50% contrast) 46.338 .000 

Step 8 (60% contrast) 19.599 .004 

Step 9 (70% contrast) 11.763 .014 

Step 10 (80% contrast) 6.136 .048 

Step 11 (90% contrast) 8.486 .027 

Step 12 (100% Contrast) 5.035 .066 
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Figure 3.9 Effect of colchicine injection on the p50 amplitude of the pattern electroretinogram in 
the chick. 
 A: Sample pattern electoretinogram recording (average of 250 trials), showing positive peak at around 
50 ms (p50) and negative peak at around 95 ms (n95). B: Representative traces of pattern ERG recorded 
from contralateral control (left) and CCH-injected (right) eyes. Thirteen steps in contrast, ranging from 
0% to 100% recorded for each eye; blue indicates  high contrast, red indicates low contrast. Each line 
represents average of 250 trials recorded for one contrast level,. CCH-injected eyes show attenuated 
p50 amplitudes for higher contast levels as compared to results for control eyes, which show increasing 
amplitudes with increasing contrast.C: Pattern erg p50 amplitudes plotted as a function of spatial contrast 
for CCH-injected (red) and control eye (black), * p<0.05 
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3.3.6. Vitreous chamber growth inhibition  

To investigate the effects of the toxin on the response to both multifocal and single vision lenses, 

we analyzed vitreous chamber depth changes for both colchicine and saline conditions over a 

period of five days. 

The +5 D MF lens induces a decrease in the VC of treated eyes compared to the contralateral eyes. 

The changes in interocular differences in VC over the 5-day treatment period are shown, plotted 

against time in Figure 3.10. These changes peak 3 days after lens treatments. Although all four 

treatment groups showed decreases in VC in lens-wearing eyes compared to their contralateral 

controls, there were intergroup differences. In the two SS subgroups, both SV and MF lenses 

inhibited VC elongation as expected; however, by day 5, the MF lens group induced more 

inhibition than the SV lens (one tailed student t-test, p=0.0270). On the other hand, the colchicine 

treatment abolished the difference in the effects of the two lens designs, i.e., the changes in VC in 

CCH-injected chicks treated with +5 D SV lenses were not significantly different from those of 

CCH-injected chicks treated with +5 D MF lenses (two tailed student t-test, p=0.2230).  

The patterns evident over the time course of lens wear are consistent with the day 5 data in SS-

injected birds, i.e., there is greater inhibition of VC elongation with the MF compared to the SV 

lens on days 1, 3 and 5 (Figure 3.10). The CCH groups showed similar patterns to the SS-injected 

groups up until day 3, after which there is no difference between the inhibition induced by the SV 

and MF lenses.  

 

3.3.7. Optical axial length inhibition  

We also compared overall optical axial length (OAL) changes after SV +5 D lens and MF +5 D 

lenses in both CCH- and SS-treated groups. The results are shown in Figure 3.10. Here also we 

found significant differences between the MF and SV lens groups, for both the CCH- and SS-

treatments, reflecting greater inhibition of eye growth with the MF lens compared to the SV lens.  

The OAL changes directly reflect vitreous chamber depth changes, with decreases in VC 

corresponding to decreases in OAL. As with VC changes, all four treatment groups showed 

decreases in OAL in their treated eyes compared to their contralateral controls as expected (p<0.05 

for all time points). For the SS subgroups, the SS-MF group showed greater OAL inhibition than 

the SS-SV group at day 5 (one-tailed student t-test, p=0.0148). However, for the CCH groups 

(Figure 3.3-10C), the difference in the effects of the two lenses was attenuated after day 3, and the 

changes in the CCH-SV lens group were not significantly different from those of the CCH-MF 

lens group by day 5 (two tailed student t-test, p=0.2809).  
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Figure 3.10 Vitreous chamber changes after lens defocus treatments for SS group and CCH groups.  
A. Change after 5 days of lens wear. SV lens inhibits VC less than the MF lens for SS-treated chicks (left 
panel). For CCH-treated chicks, the difference in inhibition between the 2 SV and MF lenses is not 
significant (right panel). B. Time course of changes in SS-treated (control) groups indicates greater 
inhibition throughout the entire lens wearing period for the MF compared to SV lens. C. Time course of 
changes for CCH treated groups shows greater inhibition with the MF lens up until day 3.  
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Figure 3.11 Optical Axial length changes after lens defocus treatments for the SS group and CCH 
groups 
A. Changes over 5 days, SV inhibits OAL less than the MF lens for SS groups (left panel); this difference 
in inhibition between the 2 lenses is not significant for CCH groups (right panel). B. The time course of 
changes for the SS groups indicates greater inhibition throughout the entire period with the MF compared 
to SV lens. C. The time course of changes for the CCH groups indicates greater inhibition with the MF up 
until day 3.  
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3.3.8. Induced hyperopic refractive error changes  
 

The above axial length differences result in refractive error differences (Figure 3.12). In the two 

SS groups, both the SV and the MF lenses induced significant hyperopia (p=0.0.0025, 0.0199 

respectively), with difference between two groups failing to reach statistical significance (student 

t-test, p=0.2761). Likewise, in the two CCH groups, the SV lens induced significant hyperopia 

(p=0.04066), as did the MF lens (p=0.000), and here also, there was no significant difference 

between the two groups (student t-test, p=0.4881, Figure 3.12C).  
 

 
Figure 3.12 Effects of colchicine and peripheral defocus on axial eye growth and refractive error. 
 
A: In saline-treated groups, +5 D lens in the periphery (MF) induced more vitreous chamber inhibition than 
the single vision lens by day 5; colchicine injection abolishes this difference (p=0.4460). B. In saline-treated 
groups, +5 D lens in the periphery (MF) also induced more inhibition of the pptical axial length than the 
single vision lenses (p=0.0297), while for colchicine groups, there is no difference in the amount of inhibition 
(P=0.5619) C. Refractive error changes reflect patterns of change in VCs and OALs shown in A and B. The 
+5P lens induced more hyperopia than the SV lens in saline treated eyes while this trend was lost iwith 
colchicine treatment. * = p<0.05; *** = p<0.01. Blue asterisks indicate comparison of control and treated 
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eyes within group. Red asterisks indicate comparisons of interocular differences between the saline and 
colchicine groups. 

 

 

3.3.9. Axial choroidal thickening  
 

All treatment groups exhibited on-axis thickening of the choroids of lens-treated eyes (maximum 

of about 200 microns), compared to the contralateral control eyes until day 3 of lens treatment 

(p<0.05 for all groups). For SS-injected eyes, there was also no significant difference in choroidal 

thickening between the two lens groups (Fig. 3.13C), while for CCH-injected eyes, the thickening 

of the choroid was initially greater in the MF group than in the SV group (Figure 3.13D, student 

t-test, p<0.05, day 1). For both SS and CCH groups, these changes tapered off after day 3, although 

the choroids of both CCH groups remained slightly thickened on day 5, unlike the SS-injected 

groups for which choroidal thickness returned to normal for both lens treatments (Figure 3.13A).  
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Figure 3.13 On-axis choroidal changes in response to lens treatments and injections 

Results are reported as interocular differences normalized to the pre-lens treatment values. A. Change after 
5 days of lens wear shows enduring colchicine-induced choroidal thickening. B. Dose dependent effect of 
multifocal lens treatment is shown from choroidal thickness measurement after several different peripheral 
defocusing lenses with varying CZD (central zone diameter). C-D. Time courses of lens-induced changes 
in choroidal thickness in SS treated (control) and CCH treated groups. The MF induced more thickening 
than the SV lens in CCH eyes, after 1 day of lens treatment (student t-test, p<0.05) but this difference 
disappeared by day 5. 
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3.4. Discussion 

 

The purpose of this paper is to further examine the retinal mechanism underlying control of 

refractive error by the peripheral retina, as observed in previous multifocal studies (Smith et al., 

2005; Liu & Wildsoet, 2011). Specifically in relation to the participation of glucagon amacrine 

cells in the regulation of eye growth and refractive error we hypothesized that the glucagon mini 

bullwhip amacrine cells which are only found in the dorsal retinal periphery, are involved in the 

observed inhibitory effect of “peripheral” myopic defocus. We made use of any already published 

protocol involving intravitreal injection of colchicine to ablate these peripheral glucagon amacrine 

cells (Fischer 2008). We validated this protocol, using immunohistochemistry  and used additional 

in vivo methods to examine the localization and time course of structural and functional changes 

in the retina after intravitreal CCH injections. We then investigated the effect of this toxin on the 

response to both single vision and multifocal positive lenses, which imposed myopic defocus either 

over the entire retina or the peripheral retina. We discuss our findings below.  

 

3.4.1. In vivo and ex vivo studies reveal effects on both peripheral and central 

retina 

The results of immunohistochemical experiments largely confirmed the previous observations of 

Fischer at al (2008),  TUNEL staining for DNA fragmentation revealed TUNEL-positive cells in 

the ganglion cell layer in the dorsal peripheral region of retinas from CCH-injected eyes, consistent 

the observations previously reported. Results of the cell counts from wholemounted retina stained 

with anti-glucagon 7 days after CCH injection, also showed reductions in the number of glucagon 

cells in the peripheral but not central retina (Figure 4). This observation is also consistent with the 

previous report by Fischer et al (2008), that injection of the same 250 ng dose of CCH ablated the 

minibullwhip cell and bullwhip cell populations found in the retinal periphery but had minimal 

effect on the conventional glucagonergic amacrine cell population found in the central retina 

(Fischer et al 2008). 

 

The results of in vivo OCT imaging showed significant, progressive retinal thinning up to 7 days 

after CCH injection, the power of this technique being that we were able to track changes in the 

various retinal sublayers over time.  While our findings for more peripheral retina are consistent 

with previous report by Fischer et al on the effects of this dose of CCH on chick retina, we also 

detected with significant thinning of the NFL, GCL and IPL in the area centralis, which appears 

to have been overlooked in the previous study. 

 

The cell targeted for ablation in this study were glucagon amacrine cells, which reside in the INL. 

However, changes in the INL thickness as detected in vivo did not reach significance, possibly 

because the population is relatively sparse. It is also possible that the CCH treatment induced 

proliferation of new cells in the INL, thus masking any changes in the INL thickness due to cell 

loss. For example, in another study involving the chick retina, significant BrdU labeling, which 
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was used to identify newly added cells, was found in INL after intravitreal injection of NMDA, 

another neurotoxin, with this effect persisting up to 2 weeks after toxin treatment (Fischer and Reh 

2001). Most of these BrdU-labeled cells also showed both Chx10- and Pax6-immunoreactivity, 

consistent with the profile of progenitor cells, which may go on to differentiate into bipolar and 

amacrine cells to replace lost cells.  

The possibility that other cells besides glucagoneric amacrine cells were ablated by the CCH 

treatment would explain the findings that the p50 from pattern ERG recordings, and the phNR, 

OP1 and c-waves from flash ERG recordings were attenuated. These results represent significant 

functional changes, and in the case of the c-wave attenuation, an effect on the retinal pigment 

epithelium. Among other retinal cells linked to eye growth regulation and refractive error 

development are the dopaminergic amacrine cells, which have also been linked to spatial contrast 

processing (Masland, 2001). While the effects of our CCH treatment on other retinal cells was not 

explored in the present study, the effects on other retinal cells of the particular dose of colchicine 

used (250 ng) were examined in Fischer et al (2008) study using a range of antibodies including 

tyrosine hydroxylase, which labels dopaminergic cells. The finding of the latter study was that 

dopaminergic cells were not significantly reduced with this treatment.  

 

3.4.2. pERG, fERG, and inner retinal function 

Aside from using in vivo and ex vivo methods used to explore retinal structural changes, we 

explored the effect of CCH on retinal function in vivo using both flash and pattern ERG to obtain 

insight into the specificity of the neurotoxin. As alluded to above, we found that the CCH treatment 

to significantly affect components of both flash and pattern ERG recordings.  

The decreased amplitude of the p50 component of pattern ERGs recorded from CCH-injected eyes 

for higher spatial contrasts provides functional evidence of decreased sensitivity to processing 

contrast. These effects reached statistical significant at relatively low contrast,, i.e.,  around 10% 

This effect on contrast sensitivity is consistent with the attribution of contrast processing to the 

inner retina, where signals arising in the outer retina are integrated (Masland, 1988) 

Another possible interpretation of the observed attenuation of the p50 component of pattern ERGs 

in CCH-injected eyes is that retinal ganglion cells had been lost, although the contribution of RGCs 

to the p50 component remains under debate (Blondeau et al., 1987; Viswanathan et al., 2000; 

Berson, 2003). However, in the chick, recently published data suggests that the p50 component 

likely reflects the function of inner retinal cell (amacrine and bipolar cells), because it remains 

intact in eyes that have undergone optic nerve section (Ostrin et al 2013). Even without a GCL, as 

observed by OCT, these eyes showed similar contrast sensitivity similar to normal eyes. Thus, 

despite the GCL changes observed in the OCT in the current study, the attenuation in p50 

amplitude resulting from the CCH treatment most likely reflects induced changes in the INL and 

IPL.  

Along with the observed decrease in p50 amplitudes in CCH-injected eyes, the photopic negative 

response (PhNR) amplitude of the flash ERG was also decreased. Likewise, several studies have 
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documented significant correlations between changes in the amplitudes of the p50 and PhNR 

(Viswanathan et al., 2000; Drasdo et al., 2001; Aldebasi et al., 2004).  

Except for OP1, which is consistently attenuated, the oscillatory potentials (OPs) of CCH-injected 

eyes were relatively unaffected, in spite of the observed decreased in the amplitudes of the p50 

and PhNR.  OPs are thought be generated by amacrine cells in the inner retina, with different 

retinal depth profiles corresponding to different peaks (Wachtmeister and Dowling 1978). It is 

possible that since only a small subset of amacrine cells were expected to be affected by our CCH 

treatment, that the effect on OPs was too small to be detected, especially given that they represent 

summed responses within the inner retina,. This result further suggests that damage to other 

amacrine cells by the CCH treatment was very limited.  

The earliest of the peaks making up the Oscillatory potential, e.g., OP1, have been found to be 

more sensitive to GABA antagonists, while later peaks were more sensitive to glycine blockers 

(Wachtmeister 1980). It is thus of interest that mini-bullwhip and bullwhip cells, which were 

ablated by the CCH treatment, have also been found to be immunoreactive to GABA (Fischer et 

al., 2006) and the OP1 was consistently found to be attenuated.  

Both flash and pattern ERG results in colchicine injected eyes demonstrates an altered summed 

response of the retina. Is consistent with the hypothesis that 250ng of colchicine at p7 destroys 

peripheral cells.  

A major limitation of using full-field ERG recordings (flash or pattern), is that it cannot distinguish 

central versus peripheral retinal changes, as they represent summed responses. Nonetheless due to 

the fact that the absolute number of peripheral retinal neurons outnumber foveal retinal neurons, 

selectively affecting signaling in the peripheral neurons can be expected to alter the summed 

response of the retina, as observed in the current study with both flash and pattern ERG recordings.   

Furthermore, the results for p50 and phNR components, which represent functional markers of 

inner retinal function, provide complementary evidence to observed structural changes for CCH-

induced effects on the inner retina.  The inclusion of in vivo functional testing in the current study 

also covers for the possibility that changes in the outer retinal may be missed in OCT imaging, 

which cannot accurately resolve changes in the very thin bands representing the ONL and OPL.  

 

3.4.3. Unintended effects on outer retina and retinal pigment epithelium (RPE) 
 

Three days and 7 days after CCH injection, the c-wave of the flash ERG was found to be 

significantly attenuated. Given that the c-wave is thought to originate in the retinal pigment 

epithelium, it is interesting that a neurotoxin thought to primarily affect the inner retina would 

cause functional changes in the RPE, as evidenced by the c-wave attenuation. However as the 

retinal signal pathway or cascade leading to scleral and thus eye growth changes is presumed to 

originate in the inner retina and be relayed via the RPE and choroid (Wallman & Winawer, 2004), 

it is possible that due to disruption of the upstream component of this pathway, e.g. by ablation of 
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retinal glucagon cells by CCH, has effects downstream in the RPE. This interpretation is in line 

with the notion that CCH is affecting cells and signals involved eye growth regulation. However, 

an alternative explanation for decreased c-wave amplitude of non-specific effects on the RPE 

cannot be ruled out.  

Aside from limitations with respect to the limited selectivity of the CCH toxin for our target retinal 

cells, there are also issues related to the lens treatment that need to be considered in interpreting 

the results of the current study. One question that comes up with regard to the multifocal lens 

treatments is how effective our lens design was in imposing optical defocus only on the peripheral 

retina. Even with the central plano zone, due to eye movements, the central retina will 

intermittently experience myopic defocus, albeit less frequently than the paracentral retinal zone, 

with the extreme retinal periphery experiencing the most consistent myopic defocus. It should also 

be noted that the concentric lens design used here unavoidably adds spherical aberration, which 

will also alter the defocus experience of the central retina.  

The Liu et al study (2011), made use of multifocal lenses of varying central zone diameter and 

concluded that there is a dose dependent response as a function of the diameter of the central zone. 

 

 

3.4.4. Effects on refractive error (RE) vitreous chamber depth and axial length, 

It is interesting that multifocal lenses in which defocusing power is limited to the periphery, i.e. 

the central zone has plano power, inhibited elongation of the vitreous chamber and thus axial length 

more than the single vision lens of the same power, although this effect has been observed 

previously (Liu & Wildsoet, 2011). This piece of evidence, along with others such as from a foveal 

ablation study, wherein eyes of monkeys were found to still respond to visual form deprivation by 

increasing their rate of growth despite the loss of the fovea (Smith et al., 2005), has increased the 

attention of the role of the peripheral retina in guiding the axial length and refractive error 

development.  

Our working hypothesis was that the elimination of the peripheral minibullwhip glucagonergic 

cells (Fischer et al., 2008), would disrupt the response to the multifocal lenses, due to their location 

and distribution in the retina of the chick. We further hypothesized that eliminating these cells 

would inhibit the influence of the peripheral retina over on-axis axial elongation and refractive 

error. An interesting and a novel finding of our study is that the inhibitory growth response pattern 

elicited by MF lenses remained largely intact over the first 3 days of lens wear in CCH-injected 

eyes.  

This result suggests that the mechanism (of greater inhibition of axial length provided by 

peripheral retinal “stimulation”) remains still largely intact, despite the destruction of peripheral 

glucagon amacrine cells, and despite of the unintended adverse effects on central retinal GCs and 

scattered cells in the outer retina. Nonetheless, the relatively greater inhibition with MF compared 

to SV lenses was no longer in evidence in CCH-injected eyes measured 5 days after the initiation 
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of the lens treatments, when curiously, the responses of CCH-injected eyes to both lens designs 

closely matched that to the MF lens of SS-injected eyes. 

That the inhibitory response induced by imposed myopic defocus remains intact, in spite of 

elimination of the peripheral glucagon cells and other unintended adverse retina effects, compared 

to findings from previous studies involving QUIS (Bitzer & Schaeffel, 2004) and described in 

Chapter 2 of this thesis, is a novel finding. Somehow, the eye is still able to respond to the correct 

direction for the imposed defocus (i.e., toward hyperopia), indicating that retinal mechanism 

responsible for decoding the sign of defocus is still largely intact. Together these results suggests 

that while the glucagonergic amacrine cells in the retina may be involved in the fine tuning of the 

response magnitude but are not required for decoding the direction of sign of defocus blur. It also 

suggests that the other cells damaged or ablated by CCH, including some ganglion cells, are not 

responsible for decoding the sign of optical defocus, given that CCH-injected eyes still respond to 

the correct direction to applied myopic defocus.  
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4. Chapter 4. Novel method using 3-

dimensional segmentation in spectral domain 
optical coherence tomography imaging in the chick 
reveals defocus-induced regional and time-
sensitive asymmetries in the choroidal thickness 

 

 

 

Preface: This chapter has been published in the journal, Visual Neuroscience: Diane Rachel 

Nava, Li Zhang, Bhavna Antony, Michael Abramoff, and Christine Wildsoet (2016). 
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4.1. Introduction 

The developmental regulation of eye growth and so refractive errors, otherwise known as 

emmetropization, is an active process guided by visual experience (Norton et al., 1994; Diether & 

Schaeffel, 1997; Wildsoet, 2003). It can be demonstrated experimentally using defocusing lenses 

to artificially create refractive errors in young animals.  For example, myopia can be induced in 

chicks with negative lenses that shifts the image plane behind the retina. The eye corrects for the 

mismatch between the retina and location of the focused image by increasing its axial length. 

Conversely, positive lenses inhibit eye elongation. Animal model studies involving the use of 

defocusing lenses to artificially impose refractive errors on young animals point to an important 

role of the choroid in emmetropization (Wallman et al., 1995; Wildsoet & Wallman, 1995; Nickla 

et al., 1998; Nickla & Wallman, 2010; Zhang & Wildsoet, 2015).  

 

Relevant studies involving young chicks revealed rapid changes in choroidal thickness, in a matter 

of minutes as measured by high resolution A-scan ultrasonography, thickening in response to 

myopic defocus (e.g., imposed with positive lenses) and thinning in response to the hyperopic 

defocus (e.g., imposed with negative lenses) (Wallman et al., 1995; Wildsoet & Wallman, 1995).  

 Changes in choroidal thickness in response to applied optical defocus, albeit smaller in scale, have 

also been documented in tree shrew, marmoset, guinea pigs, and even humans (Siegwart & Norton, 

1998; Troilo et al., 2000; Howlett & McFadden, 2009; Mcbrien et al., 2009; Read et al., 2010; 

Nickla & Wallman, 2010).  

 

Traditionally, signals from the central retina, and in humans, from the fovea, have been thought to 

dominate emmetropization. Nonetheless, more recent investigations point to important 

contributions of the peripheral retina in guiding ocular growth (Atchison et al., 2005; Smith et al., 

2005, 2007; Mutti et al., 2007; Aller & Wildsoet, 2008; Liu & Wildsoet, 2011; Smith, 2013).  

However, fully characterizing the relevant ocular changes has proven challenging. While off-axis 

(peripheral) refractive errors are readily measured, they are affected by off-axis changes in the 

optics of the eye, and thus need not provide an accurate picture of ocular shape changes yet current 

methods for evaluating local ocular shape changes are limited. More recent studies involving 

animal models have made extensive use of in vivo high resolution A-scan ultrasonography (US) 

(Wallman & Adams, 1987), which allows sampling across multiple time points efficiently and 

accurately, i.e., at the micron scale but it is limited to on-axis measurements. This approach neither 

allows the spatial location of the measured site to be accurately identified nor allows reproducible 

measurement at off-axis (paracentral and peripheral) sites. Some of the limitations of this US 

measurement protocol are avoided with in vivo magnetic resonance imaging (MRI) (Troilo et al., 

2000; Atchison et al., 2004), but this approach has practical and economic limitations. Alternative 

in vitro approaches involving photography of tissue slices or block faces also have significant 

limitations, including distortions and shrinkage from fixation, embedding and/or sectioning, all of 

which contribute noise to the data; repeated measurements over time are also precluded in all in 

vitro approaches (Zeng et al., 2013) . 

Advances in spectral domain optical coherence tomography (SD-OCT) now allow three-

dimensional in vivo imaging of the retina and choroid in clinical and research settings, with the 

capacity to track small changes in the living eye over time (Abràmoff et al., 2010; Jia et al., 2015). 
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A previously published paper demonstrated the potential utility of this technology for studies 

involving the chick model; the retinal nerve fiber layer (NFL) and ganglion cell layer (GCL) were 

shown as a three-dimensional spatial map (Moayed et al., 2011). However, this study did not assess 

longitudinal changes and was limited to one bird. On the other hand, we have shown the utility of 

this imaging technology used in combination with built-in digital calipers, for tracking regional 

choroidal thickness changes over time in multiple chicks (Nava et al., ARVO abstracts, 2012, 

2013). In another study, the profiles of pixel brightness across the fundal layers was used to extract 

choroidal thickness data (Lan et al., 2013). However, in the latter three cases, analyses were limited 

to just one point and potential regional variations were ignored.  

The lack of tools for objectively and efficiently characterizing changes in both spatial and temporal 

domains represents an obvious limitation of the technology as previously applied. The study 

described here addressed the above deficiencies. Its main purposes were to develop 1) a protocol 

for SD-OCT imaging of the retina and choroid in the chick, and 2) analytical tools to efficiently 

map the thicknesses of these tissues in three dimensions. We hypothesized that 3-D OCT analyses 

might reveal previously undetected regional asymmetries in choroidal thickness changes, with the 

potential to provide new insights into underlying biological mechanisms. For this purpose, we 

modified the Iowa Reference Algorithms for choroid segmentation (Zhang et al., 2012, 2015) for 

analysis of SD-OCT scans obtained from the eyes of young chicks.  Using the same approach, we 

were also able to identify and reproducibly localize the retinal area centralis, which was used as a 

landmark for image registration, the chick retina being both afoveate and avascular.  
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4.2. Methods 

Animals, rearing & lens treatments: 

White-Leghorn chicks were hatched on-site from fertilized eggs (Poultry Science division of 

University of California Davis School of Veterinary Medicine, California), and raised in open 

mesh cages under diurnal light (12 h lights on, 12 h lights off), with food and water ad libitum. At 

7 days of age, single vision +15 D defocusing lenses were affixed over one eye of 15 chicks using 

Velcro support rings as described previously (Nickla et al., 1998). The contralateral fellow eyes 

served as controls. The lenses were checked at regular intervals across each day of the wearing 

period for centration and cleaned as necessary. The lens treatment effects were assessed using both 

A-scan ultrasonography and SD-OCT, across a total lens treatment period of 3 days. 

All animal care and treatments used in this study conformed to the ARVO statement for the use of 

Animals in Ophthalmic and Vision Research. Experimental protocols were approved by the 

Animal Care and Use Committee of the University of California Berkeley. 

As high resolution A-scan ultrasonography has become the gold standard for measuring choroidal 

and retinal thicknesses in animal model studies of myopia, values obtained by A-scan 

ultrasonography were directly compared with on-axis measurements of the same from OCT 

images, i.e., in the area centralis, obtained using digital calipers.  

 

4.2.1. A-scan ultrasonography: 

On-axis (axial) ocular dimensions were measured under gaseous anesthesia (1.5% isoflurane in 

oxygen) using high frequency A-scan ultrasonography . It made use of a custom-built system 

involving a 30 Mhz polymer transducer (Panametrics Model 176599) sampled at100 MhZ with a 

Sonix 810 A/D board in a computer, with an estimated resolution of ~ 10 µm (Wallman & Adams, 

1987; Wallman et al., 1995; Wildsoet & Wallman, 1995; Nickla et al., 1998). For each 

measurement, at least 15 traces were captured per eye and analyzed off-line. Although this method 

allows measurement of the axial dimensions of all ocular components, including the thicknesses 

of the three layers making up the back wall of the eye, i.e., retina, choroid and sclera, only the 

choroidal data are reported here. The region sampled with this technique is expected to fall within 

the area centralis, near the crossing point for subdividing the maps derived from OCT imaging 

data into quadrants, as described below. 

 

4.2.2. In vivo SD-OCT imaging:  

Imaging made use of a Bioptigen Spectral Domain Optical Coherence Tomographer (SD-OCT, 

Bioptigen, NC, USA). This instrument has an axial resolution of approximately 4 µm (Kiernan et 

al., 2010). The instrument uses a wavelength of 840 nm, and a scan rate of approximately 32,000 

A-scans per second. Images were collected from both eyes of all animals, starting one day before 
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the lenses were attached (at day 7), with additional images collected 1 and 3 days after the initiation 

of lens wear, always between 12:00 noon and 4:00 pm, to take into account possible diurnal 

variations in the thicknesses of the ocular layers of interest (Nickla et al., 1998). For imaging, 

chicks were first anesthetized with a cocktail of ketamine and xylazine (30 mg/kg, 3 mg/kg 

respectively given by intramuscular injection), then placed on a custom-made stage with x-y-z 

adjustments, a lid speculum inserted, and finally their position adjusted to align the optical axis of 

the eye being imaged with the optical axis of the SD-OCT instrument. Eye movements or motion 

artefacts were avoided with the dose of ketamine (anesthesia) and xylazine (muscle relaxant) 

administered to the chicks prior to the data acquisition.  

One of the main challenges in aligning OCT scans from the chick is the lack of retinal blood 

vessels, which are commonly used landmarks in other animals. As an alternative landmark to aid 

alignment, we used the ocular pecten, a black triangular-shaped structure overlying and obscuring 

the optic nerve head. Alignment was considered optimal when the probe was properly positioned 

such that the tip of the pecten was near the center of the software acquisition window and the body 

of the pecten was visible in the inferior nasal retina, oriented at approximately 45 degrees. The 

position of the reference arm was adjusted so that the B-scan was flat as opposed to either convex 

or concave. For all eyes, a low resolution scout scan was first captured to ensure that the probe 

was appropriately positioned and then a high resolution OCT scan consisting of 500 b-scans by 

400 a-scans with a 14 by 14 mm field captured, in accord with the imaging protocol for the 

Bioptigen SD-OCT unit. Three such scans were collected from each eye at each time point. Only 

the high-resolution scans were used for analyses. 

 

4.2.3. SD-OCT image analysis: 

Detection of the area centralis: As noted in the introduction, the area centralis was used as a critical 

landmark for image registration, and more importantly as the crosspoint for demarcating and thus 

aligning the four quadrants into which choroidal thickness maps were subdivided for analytical 

purposes. The area centralis was located (Figure 1), after applying the Iowa Reference Algorithms 

to segment the total retina, ganglion cell layer and nerve fiber layer (Zhang et al., 2012, 2015).  

The total retinal thickness map (Fig. 1C) thus derived revealed an area with the greatest thickness 

superior and nasal to the tip of the pecten. Thickness maps of the ganglion cell layer (Fig. 1D) and 

nerve fiber layer (Fig. 1E) also show regional specialization in the same area, the former showing 

thickening, and the later, thinning. These features are characteristic of the chick areas centralis, as 

described histologically (Ehrlich, 1981). This region was used as the central point for subsequently 

segmenting the scans into four quadrants (see choroidal segmentation below). 

Choroidal segmentation using the Iowa Reference Algorithms: To construct regional thickness 

maps of the choroid, we adapted the Iowa Reference Algorithms to segment the choroid for each 

A-scan in the entire OCT volume. In brief, retinal layers were first segmented using the previously 

reported intra-retinal layer segmentation method (Garvin et al., 2009; Lee et al., 2009). The 

choroid layer is readily identified as that beneath and immediately adjacent to Bruch’s membrane. 

A sufficiently large sub-volume containing the choroid was then selected as the target region on 

which to perform choroidal segmentation, using a dual-surface graph-based method to segment 
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choroidal surfaces. Vertical intensity gradients were used to form the cost images. Smoothness 

constraints were adopted between neighboring A-scans to adjust the smoothness of the segmented 

surfaces. The choroidal surfaces were subsequently segmented using graphical optimization, and 

solving for the minimum s-t cut in the employed geometric graph (Zhang et al., 2012, 2014). 

Quadrant quantification of the choroid: A Matlab-based script was used to divide the resulting 

choroidal and total retinal thickness maps into 4 quadrants intersecting at the area centralis (See 

Fig. 1 and Fig 4). The average choroidal thickness was calculated for each of the quadrants, 

referred to as IT (inferiotemporal), IN (inferionasal), SN (superionasal) and ST (superiotemporal). 

Averages were calculated for treated and fellow control eyes of each lens treatment group and 

compared using repeated-measures ANOVA (SPSS, IBM Inc.). Color maps showing regional 

variations in choroidal thicknesses as well as variations across time and between pairs of eyes were 

also derived. The data were also analyzed statistically using mixed level (two way) repeated 

measures ANOVAs, with time and region as within-subjects factors, and lens treatment as the 

between-subjects factor, followed by post-hoc testing (SPSS, IBM Inc.). For each choroidal 

thickness map, a global thickness value, representing the average across the entire map, was also 

derived for use in some analyses. 

 

4.2.4. On-axis to global choroidal thickness ratio 

To evaluate the temporal relationship between on-axis changes in choroidal thickness and global 

choroidal thickness changes over the lens treatment period, the ratio of these two parameters was 

derived and changes with time examined. Differences between lens-treated eyes and contralateral 

control eyes were analyzed using paired t-tests (SPSS, IBM Inc.). 

 

4.2.5. Reproducibility 

To quantify the reproducibility of repeated measurements performed by the same observer at 

different visits, we calculated the repeatability, reproducibility and intraclass coefficients (ICCs) 

for obtaining global choroid measurements.  
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4.3. Results 

 

4.3.1. Effect of imposed myopic optical defocus on on-axis (central) choroidal 

thickness 

Consistent with the results of previous studies (Wallman et al., 1995; Wildsoet & Wallman, 1995), 

A-scan US detected significant choroidal thickening in the eyes fitted with positive lenses (Fig. 2), 

with most of the changes occurring within the first day of lens wear, with minimal additional 

choroidal thickening over the remaining 2 days of the treatment period. Treated eyes recorded a 

net increase in choroidal thickness of 190.9 ± 10.9 µm over the first day. In contrast, for 

contralateral control eyes, choroidal thickness changes were not significant. These interocular 

differences in behavior and changes over time were verified statistically (2-way repeated measures 

ANOVA, between subjects (lens), F=59.078, p < 0.0001, within subjects (time), F= 4.427, 

p<0.05). 

Furthermore, to investigate the repeatability of the segmentation algorithm in extracting choroidal 

thickness data, several OCT scans from each eye of 4 birds were taken for analysis. The coefficient 

of variation derived from these scans for the choroid was 2.60%. The intraclass correlation derived 

was 0.9839 (p<0.0001).  

Irrespective of whether on-axis choroidal thickness data were collected with A-scan 

ultrasonography or OCT, choroidal thickening is apparent in lens-treated eyes on day 1 and day 3 

compared to values from contralateral control eyes (Table 1, p<0.05), and equivalent values 

collected with each of the techniques were comparable. 
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Figure 4.1 Characterization of the area centralis of the chick 
Sample SD-OCT scan from one eye (A) of a 7 day-old chick and characterization of the retinal area 

centralis. A volumetric scan (B) containing 100 b-scans and 400 a-scans per b-scan) was segmented. 

The image to the right C represents a single b-scan (green line) derived from the volumetric scan to 

highlight the retina/choroid interface (red) and choroid/sclera (yellow) interface for choroidal map. A 

zoomed in version of this shows the retinal sublayers. Derived thickness maps from the segmentation 

of the entire retinal volume (D), include total retina thickness map (RET) showing local thickening (red 

area in the superiotemporal region) demarcating the area centralis, which averaged 350 um in 

thickness, nerve fiber layer (NFL) thickness map showing thinning in the region of the area centralis 

and thickening near the optic nerve/pecten, ganglion cell layer (GCL) thickness map showing an 

elongated thickened region extending from the tip of the pecten to the superior nasal retina; maps for 

the inner plexiform layer (IPL) and Inner nuclear layer (INL) are also shown; the wedge-shaped pecten 

is visible in the lower field of all maps. Choroidal thickness map (CHOR, E) derived from segmentation 

High resolution images showing the retina/choroid interface and choroid/sclera (yellow arrows) also 

shown (lower right).  
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4.3.2. Effect of treatment on global choroidal thickness 
 

Representative choroidal thickness maps for a treated eye and its contralateral fellow and the three 

measurement time points are shown in in Figure 3 along with derived interocular (spatial) and 

chronological (inter-time) difference maps. The choroids of young untreated chicks showed 

relatively little variation in thickness across the sampled areas (Fig 3A, baseline maps), but this 

picture changed after the initiation of the monocular lens treatments, which induced a relatively 

localized choroidal thickening in lens-wearing eyes, while also apparently perturbing choroidal 

thickness in the contralateral eyes, although the changes were more subtle.  By deriving interocular 

difference maps, it was possible to characterize and quantify asymmetries in the changes in treated 

and control eyes (Fig. 3B). Chronological difference maps were subsequently derived from these 

interocular difference maps to graphically illustrate changes over the treatment period (Fig. 3C).  

To allow regional differences to be tested statistically, thickness values were derived for each of 4 

quadrants, centered on the area centralis. Data are shown in Figure 4 and summarized in Table 2. 

Statistical analyses using a mixed repeated measures ANOVA, with lens treatment as a between-

factor and choroidal quadrant and time as within subject factors, revealed a significant overall 

effect of quadrant (F=3.163, p<0.05), as well as interactions between time, quadrant and lens 

(F=2.766, p<0.05). Pairwise comparisons based on estimated marginal means revealed a 

significant difference between superiotemporal and inferiotemporal quadrants (p<0.05, Table 2, 

Figure 4).  

Global choroidal thickness values are summarized in Table 1 and shown plotted in Figure 2. When 

choroidal thicknesses in central and peripheral regions are thus averaged, differences between 

treated and control eyes, as detected with A-scan ultrasonography were greatly diminished.  The 

measurement of global choroid for day 1 for the treated group is significantly higher than the 

contralateral control (paired t-test, p<0.05). 
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Figure 4.2 On-axis choroidal thickness data 

On-axis choroidal thickness data plotted as a function of treatment day, for lens-treated and 

contralateral (control) eyes measured using high frequency A-scan ultrasonography (means +/-SE 

shown) (A, n=15) and global choroidal thickness data, derived using the segmentation algorithm on 

OCT images (C, n=15). Derived interocular differences in choroidal thickness normalized to day 0 (B, 

D). Most of the lens-induced central choroidal thickening occurred within the first day of lens treatment, 

with values for both treated and control eyes changing minimally thereafter, as reflected in the relative 

stability of interocular differences from days 1 to 3 of the treatment period. Global choroidal thicknesses 

(C, D), for treated eyes show a significant increase after 1 day of lens treatment (p<0.05) but this effect 

is transient and no longer evident by day 3; values for control eyes changed little over the same period. 

Interocular differences further illustrate the global thickening in treated eyes after one day of treatment 

and slight thinning relative to control eyes on day 3. 
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Figure 4.3 Choroidal thickness maps for treated and contralateral control eyes 
Choroidal thickness maps for treated and contralateral control eyes (A) for a representative chick fitted 

with a monocular +15 D lens, and imaged prior to (baseline), as well as after 1 and 3 days of treatment, 

derived interocular (treated – control) spatial difference maps for the same time points (B), and 

chronological interocular difference maps C (day 1-0 & day 3 -0). The insert at top left provides 

orientation reference, S-superior, N-nasal, T-temporal, I-inferior, with the slanted line denoting the 

location of the pectin. 
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Figure 4.4 Quantification of regional changes in the  choroid. Surface maps were divided into 4 
quadrants. 
Quantification of regional changes in thickness of the choroid, for the four quadrants, as shown (A), for 

the lens-treated and contralateral control eyes of 15 chicks. S-Superior N-Nasal I-Inferior T-temporal.  

 

 

4.3.3. On-axis to global choroidal thickness ratio 
 

To better understand the nature of the choroidal thickness changes, specifically how localized they 

were, the effects of the lens treatments on the on-axis to global choroidal thickness ratio and also 

changes in this parameter with time were analyzed by ANOVA. These data are also shown 

graphically in Figure 6. While there was little difference between the ratios for treated and control 

eyes at baseline, differences were apparent after the first day of lens treatment and were still in 

evidence after 3 days of treatment. These differences reflect the early increase in on-axis choroidal 

thickness ahead of peripheral choroidal thickening, which appeared more variable from the maps 

and also less enduring. Statistical analysis of these data using a repeated measures ANOVA with 

lens as the between-subjects factor and time as within subjects-factor reveal a significant overall 
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effect (Between-subjects effects, F=47.131, p<0.001, Table 3). Within subjects effects show 

interaction between duration of lens wear (time) and lens (F=15.706, p<0.001). 

 

 
 
Figure 4.5 Ratio of global choroidal thickness (CT) to central (on-axis) CT 

Figure 5. Ratio of global choroidal thickness (CT) to central (on-axis) CT, plotted as a function of time 

over the lens treatment period. This index decreased with time for the treated eyes but increased for the 

control eyes, implying that the treatment effect was relatively localized to the central area centralis region. 
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Table 4-1 Summary of choroidal thickness data 
Summary of choroidal thickness data (mean ± SE), from lens-treated and contralateral control eyes 
captured using SD-OCT imaging over a 3-day lens treatment period for the on-axis (area centralis) region 
and global averages across sampled areas; data captured using high frequency A-scan ultrasonography 
included in brackets for comparison *** P<0.001, least significant difference (LSD) post-hoc test. 

    

 Region 
represented 

On-axis choroidal thickness (m) Global choroidal thickness 

(m) 

Day of 
measurement 

 Day 0 
(baseline
) 

 Day 1  Day 3 Day 0 
(baseline
) 

Day 1 Day 3 

E
y
e
 m

e
a
s
u
re

d
 

+10 D lens 
treated eyes  

202.27 

±18.07 

393.13 
±27.94 
*** 

383.93 
±27.88 
*** 

255.17 
±6.28 

274.73 
±15.45 
*** 

246.92 
±16.38 

 239.2 
±15.8 

361.3 
±27.9 
*** 

469.6 
±31.2 
*** 

   

Contralateral 
(control) eyes 

199.60 
±19.83 

143.67 
±6.31 

166.93 
±14.17 

258.05 
±7.16 

247.80 
±4.45 

249.96 
±5.45 

 229.9 
±10.6 

230.9 
±9.8 

255.8 
±24.0 
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Table 4-2 Mean choroidal thicknesses (& SE), for each of the 4 quadrants and each measurement 
time point. 
 

 
 

  
Baseline 
  
 

  
1 day after initiation lens 
treatment 
 

  
3 days after initiation lens 
treatment 
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In
fe
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o

te
m

p
o

ra
l 

tr
ea

te
d

 M e a n
 88.258

2 
91.459

9 
88.105

5 
88.544

1 
86.021

9 
83.807

9 
87.268

5 
79.15

52 
80.8959 79.3865 84.4424 

79.62
27 

SE Er
o

r 
o

f 
M

e

an
 5.7213

8 
5.0299

3 
5.7760

4 
4.4063

1 
9.4803

9 
8.3646

4 
8.2217

4 
7.993

56 
7.20386 5.72240 6.87176 

5.142
99 

co
n

tr
o

l M e a n
 92.024

4 
91.972

6 
90.167

1 
86.961

6 
85.898

1 
90.824

8 
84.608

5 
84.93

33 
84.2080 98.8070 75.9371 

93.71
69 

SE E.
 

Er
r

o
r 

o
f 

M
e

an
 7.1085

6 
7.7836

9 
5.9121

3 
7.0806

3 
4.5344

5 
4.3111

3 
4.4439

7 
3.379

76 
5.07673 5.57854 4.41389 

5.177
89 

To
ta

l 

M e a n
 90.141

3 
91.716

3 
89.136

3 
87.752

8 
85.960

0 
87.316

4 
85.938

5 
82.04

43 
82.5520 89.0968 80.1898 

86.66
98 

SE
 

Er
r

o
r 

o
f 

M
e

an
 4.4714

7 
4.5224

1 
4.0393

4 
4.0730

3 
5.1278

8 
4.6551

3 
4.5695

6 
4.281

44 
4.31546 4.43803 4.09182 

3.878
92 

 

 
Table 4-3 Mean ratio of on-axis to global choroidal thickness (standard errors in brackets) for 
lens-treated and contralateral control eyes, and each measurement time point. 

 

Eye 

Days of lens treatment 

0 1* 3* 

Lens 

treated 

1.328 

(0.111) 

0.797 

(0.094) 

0.680 

(0.109) 

Control 1.268 

(0.109) 

1.738 

(0.081) 

1.473 

(0.109) 

   * P<0.001, least significant difference (LSD) post-hoc test 
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4.4. Discussion 

Described herein is a novel, non-invasive, and accurate method for utilizing SD-OCT imaging to 

characterize spatial and temporal changes in choroidal thicknesses in young chicks. Our primary 

motivation for exploring this technology was evidence for local regional control of early eye 

growth regulation, and increasing interest in the role of the peripheral retina in the development of 

myopia. In this context, there was an identified need for an in vivo method for characterizing local 

changes in choroidal thickness, which is known to be modulated by optical defocus. Nonetheless, 

the technique described also has potential application for similar analyses of retinal thickness 

changes in the same and different species.   

 

As noted in the introduction, it was previously shown using high frequency A-scan 

ultrasonography that the central (on-axis) choroid can thicken and thin in response to imposed 

optical defocus, according to its sign, and these changes along with additional changes at the level 

of the sclera, serve to move the retina to the altered plane of focus and thus restore the eye to 

emmetropia. When optical manipulations are only applied to one half of the retina, the changes in 

the eye shape appear confined to the affected region, although the in vitro data relied on in one 

such study involving chicks (Diether & Schaeffel, 1997) are inherently noisy and thus unreliable.  

 

In the current study, we used the most robust defocus paradigm – single vision positive lenses (+15 

D) to investigate whether high resolution SD-OCT imaging could be successfully employed to 

characterize regional, time-sensitive changes in choroidal thickness in response to defocus. The 

choice of a positive lens over a negative lens was made on the basis that there is a limit to how 

much a relatively thin tissue, the choroid, can thin, as is the expected response to the latter lens. 

For this initial study, we deliberately chose a single vision lens design over multifocal lenses, 

despite wide-spread interest in their application for myopia control, because of the inherent 

ambiguity related to the local retinal experience of defocus with commonly used concentric 

designs. We also avoided the potentially confounding influence of diurnal variations in thickness 

(Nickla et al., 1998) by scheduling all imaging sessions within a narrow time frame each day.   

 

To confirm the repeatability of the algorithm in extracting the outer choroid boundaries, we also 

did further repeatability studies. The ICC was higher than .80 and the coefficient of variation is 

2.6%. That our segmentation tool applied here to determine choroidal thicknesses performed very 

well is evidenced by the high intra-class coefficient and low coefficient of variation obtained for 

derived data (R=0.98, p<.001) .  

 

We were able to characterize through segmentation analysis of captured SD-OCT images, the 

choroidal thickening responses of lens-treated eyes of young chicks. That we were able to visualize 

peripheral choroidal thickening in vivo and also quantify regional asymmetries in their eyes 

represent significant technological advances for this field. We were also able to detect temporal 

changes in choroidal thickness maps, where previously, such temporal studies have been limited 

to defocus-induced responses of the central choroid.  
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The choroidal thickness maps obtained using the segmentation algorithm revealed the choroid to 

be regionally asymmetric, with the temporal choroid being more responsive than the nasal choroid. 

This temporal-nasal asymmetry was previously observed ex vivo in the measurement of relative 

posterior nodal distances in 30-day old chicks. The PNDs were measured by placing the excised 

eye on a graduated rotatable table (Schaeffel et al., 1988, 1990) 

Furthermore,  there is an interesting parallel from human studies, where, for myopic subjects, the 

nasal choroid is reported to be thinner than the temporal choroid (Margolis & Spaide, 2009; Agawa 

et al., 2011).  

 

Nonetheless, induced global choroidal thickness changes were not as dramatic as the changes 

recorded using ultrasonography and qualitative inspection of the choroidal thickness maps also 

revealed a central bias to the thickening, in the vicinity of area centralis. Among possible 

explanations for this result, three are offered here.  

 

First, it is possible that the ocular growth modulatory signal generated by the area centralis is 

stronger than that generated by more peripheral retinal regions, perhaps reflecting its greater 

sensitivity to optical defocus and/or poorer quality images at more peripheral locations. However, 

the latter effect is likely to be minimal, given that the peripheral optical quality of the chick eye 

appears to be very good (Maier et al., 2015).  

 

Second, mechanical constraints on choroidal thickening are likely to be greater in the periphery 

where the choroid merges with the ciliary body and inferiorly, where the retina and choroid are 

anchored by the pecten.  

 

Third, inter-subject variability may have dampened differences in quadrant and global choroidal 

thicknesses, especially if greater in more peripheral than central regions. In two previous studies 

involving chicks, one using SD-OCT and the other using high frequency A-scan ultrasonography, 

the inter-subject variability in central choroidal thicknesses was found to be quite high, 23% and 

24% respectively (Guggenheim et al., 2011; Lan et al., 2013).  

 

Regardless of the explanation, we were able to detect an overall increase in global choroidal 

thickness after just one day of lens wear, with this effect declining thereafter, suggesting more 

rapid attenuation of the thickening response in the periphery than centrally. At a more general level 

for animal model studies of eye growth regulation, such data serve to complement more routinely 

collected in vivo data, including on-axis and peripheral refractive errors, with the potential to 

provide valuable additional insights into underlying mechanisms, and responses to experimental 

optical and drug manipulations.  

 

The main purpose of the current study was to develop a method for quantifying choroidal thickness 

changes in vivo both centrally and more peripherally. However, we were also able to demonstrate 

the utility of this imaging method for mapping regional specialization within the retina. 

Specifically, we were able to identify a region of specialization superior and nasal to the tip of the 

pecten, where the retinal ganglion cell layer showed significant thickening, and which we believe 

to be the area centralis, based on descriptions from an earlier ex vivo study mapping the area 

centralis from the histological profiles on the ganglion cell density and axonal patterns in the chick 

(Ehrlich, 1981). In that study, the greatest density of ganglion cells was localized to a superior 
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region, slightly nasal to the tip of the pecten, encompassing a region of 0.360 mm2 to 1.42 mm2 in 

area (Ehrlich, 1981). This is equivalent to 0.8 degrees to 3.128 degrees respectively for a 7-day 

old chick with an axial length of 8.27 mm. Our assigned location of the area centralis also matches 

with observations at the level of the nerve fiber layer reported in a second, slightly later histological 

study, in which a “node” is described, “about 2 mm from the dorsal end of the optic disc and a set 

of structures radiating out from this node” (Morris, 1982). 

 

In the context of eye growth regulation and separate from our interest in the choroid, there are 

many applications for maps of retinal sublayers as derived by automated 3-D segmentation. For 

one, such maps can serve as useful guides for histological sectioning and targeted analysis of 

retinal wholemounts post enucleation of eyes exposed to retinal neurotoxins (Wildsoet & 

Pettigrew, 1988; Bitzer & Schaeffel, 2004). Derived retinal maps that localize the area centralis 

can also inform studies of gene and protein expression involving the retina or adjacent ocular 

layers. For example, prior in vivo mapping may allow more accurate orientation of stained whole-

mounted retinas and thus localization of specific proteins. In gene expression studies, prior in vivo 

mapping could reduce some of the imprecision in regional sampling, which is of special relevance 

to studies involving multifocal lens designs that aim to locally manipulate retinal signals and thus 

eye growth.  

 

The present study is not without limitations. High resolution SD-OCT scans were acquired with 

alignment between the imaging probe and the eye optimized manually for vertical, horizontal, and 

depth directions through a customized stage. Slight variations in the orientation of scans can add 

noise to results of comparisons of thickness maps collected across time and from the two eyes of 

individual animals. For instance, the angle of the pectin is affected by head tilt, and thus may differ 

slightly from scan to scan but need not be sufficient to be detected. Thus the spatial and 

chronological (inter-time) difference maps in Figure 3 are affected by the thickness maps having 

a slight tilt in the absolute, nasal, temporal, superior and inferior axes.  Such noise could be reduced 

with more advanced acquisition tools that track and measure head tilt and the top viewing angle 

between the eye and the probe, used in combination with algorithms that correct for deviations 

before 3-dimensional segmentation is undertaken. Such tools would also make for more efficient 

image analysis.  

 

It is to be noted that no corrections for lateral magnification were made, and thus it is possible that 

equivalent scans from treated and fellow control eyes, and from the same eyes on different days 

will encompass different areas, due to differences in axial length. However, we believe such 

measurement artifacts to be minimal for the following reasons. First, there is evidence from 

previous studies that the retinal magnification factor, which is about 0.15 mm per degree of visual 

angle in the chick, does not vary significantly with eccentricity (Ehrlich, 1981). Second, because 

the distance from the posterior nodal point to the retina for the eye of young chicks is about half 

that in human eyes and the scan length is much larger than that used in imaging human eyes 

(rectangular scan set to the maximum allowable by the system, “14 mm”, compared to usual 6 mm 

scan setting for human eyes), the scan angle used in imaging our chick retina is much wider. These 

differences, together with the high sampling density used (approximately 20,000 points across the 

entire retina), decreases the need for lateral magnification correction.  
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As a final aside, the imaging technology used here did not allow resolution of the sublayers making 

up the choroid. The chick choroid has a well-developed outer layer of lymphatic-like lacunae, 

where much of the thickening appears to occur, based on related histological studies (Wallman et 

al., 1987; Junghans et al., 1999). Nonetheless, changes in blood flow have also been recorded with 

visual manipulations with known effects on choroidal thickness (Fitzgerald et al., 2002). Improved 

imaging could provide valuable insight into these choroidal events and the inter-relationship 

between them. 

 

In summary, we have demonstrated the combination of in vivo high resolution SD-OCT imaging 

and segmentation to be a valuable tool for characterizing regional asymmetries in retinal and 

choroidal thicknesses, as may occur naturally or are induced experimentally, e.g., by defocus. We 

have derived other indices, including a global thickness parameter and a central/global choroid 

ratio and have shown their utility in characterizing the relationship between the central (on-axis) 

and the overall choroidal thickness changes. 

 

For the first time, we are able to investigate regional differences in the choroid as well as other 

retinal sublayers in vivo in the chick. The use of these methods presented can provide valuable 

new insights into the effects of novel optical defocus manipulations (i.e. multifocal lenses) and 

pharmacological manipulations on retinal and choroidal thicknesses in avian models.
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5. Chapter 5. Immunolesioning of Retinal 

Glucagonergic Amacrine Cells in the Chick: 
Glucagon Cells are not required for the 
compensation to plus defocus 
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5.1.  Introduction 

Neurotoxins have been used in myopia research to ablatesubpopulations of cells in the inner retina 

by way of studying their roles in eye growth and refractive error regulation, although those used 

in past studies have been relatively unselective, affecting a broad range of cell types (Wildsoet & 

Pettigrew, 1988; Bitzer & Schaeffel, 2002, 2004; Fischer et al., 2008).  

In Chapter 2, we investigated the effects of a neurotoxin, quisqualic acid, on the regulation of eye 

growth and refractive error. In this chapter, we have explored a new method of ablating 

glucagonergic amacrine cells, using a secondary antibody coupled to saporin, which was 

conjugated with a primary antibody to glucagon.  Saporin immunotoxins have been used in a 

number of previous studies to selectively ablate retinal cells (Goz et al 2008, Ren et al 2013), 

including melanopsin ganglion cells in the mouse (Göz et al., 2008). 

The purpose of this study described here was to: 1. Investigate immunolesioning as a potential tool 

to selectively ablate glucagonergic amacrine cells in the chick, and 2. Examine the effects of this 

immunotoxin-mediated ablation on the ocular response to plus lenses. Specifically, we were 

interested in whether the usual response pattern that includes choroidal thickening and induced 

hyperopia would be disrupted. 

As expected the above immunotoxin conjugate, injected intravitreally, proved to selectively ablate 

retinal glucagonergic amacrine cells in the chick, different from the more widespread damage 

incurred with previously tested neurotoxins, as evidenced by histological as well as retinal 

structural and functional data. We found that selective ablation of retinal glucagonergic amacrine 

cells did not significantly alter the response to plus lenses, implying that these cell are not critical 

to the decoding the sign of optical defocus.  
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5.2. Methods 

5.2.1. Animals  
 

White-Leghorn chicks were hatched on-site from fertilized eggs obtained from a commercial 

hatchery (UC Davis, Davis CA), for use in the study. They were reared in a normal diurnal lighting 

environment (12 h lights on, 12 h light off), with food and water freely available. All animal care 

and treatments conformed to the ARVO Statement for the Use of Animals in Ophthalmic and 

Vision Research.  Experimental protocols were approved by the Animal Care and Use Committee 

of the University of California Berkeley.  

 

5.2.2. Treatments 

A Saporin immunotoxin (Advanced Targeting Systems, San Diego) conjugated to a biotinylated 

primary anti-glucagon antibody (Abcam, Inc, Cat# 133195) was injected intravitreally in the left 

eyes of 7-day old chicks as a 10 ul volume of one of 4 concentrations (0.25, 0.5, 0.75 or 1 uM). 

The contralateral eyes of each bird served as controls.  

Seven days after the injections, the same eyes were fitted with either a +5 or +10 D single vision 

lens for a period of 5 days. The right eyes were left untreated. The lenses were checked on a daily 

basis and cleaned as necessary.  

 

5.2.3. Effects on the retina 

Retinal structural and functional changes were examined both in vivo and ex vivo. In vivo 

techniques included OCT imaging and flash, pattern and multifocal ERG recording and ex vivo 

techniques included immunohistochemistry, as described below.  

 

5.2.4. Electroretinography 

A subset of ITX-injected birds were subjected to electroretinography  (ERG) measurements 1 and 

2 weeks after injection. All protocols follow the International Society for Clinical 

Electrophysiology of Vision. Body temperature maintained at 37 C with a heated platform; pupils 

not dilated. ERGs were recorded via DTL plus electrodes (Diagnosis LLC, MA, USA ). Platinum 

needle electrodes placed in the back of the thigh and the neck served as reference and ground 

electrodes respectively.  



103 
 

For Flash ERG, An Espion unit that includes DC amplifier and a PC-based control and recording 

units, was used for recording (Diagnosis Ltd, Lowell MA, USA), along with two Ganzfield 

colorburst stimulators (Espion), for full-field stimulation, one for each eye. 

Flash ERG recording made use flash inter-stimulus interval of 1000 ms, and a flash intensity of 3 

cd.s m^2, presented to each eye against a white light background (6500 K & 25.5 cd/m^2). Twenty 

responses were recorded and averaged for each eye.  

For pattern ERG and multifocal ERG recordings, we used a commercially available Multifocal 

setup designed for use with small animals (VERIS 4.1, Electro-diagnostic imaging inc., San 

Mateo, CA).  

Pattern ERG recordings made use of a reversing, black and white checkerboard pattern (mean 

luminance of 999 cd/m^2; reversed at a rate of 2 cycles per second), presented via the stimulator 

FMSIV (Veris, Electro-diagnostic imaging inc, San Mateo, CA) at a distance of 32 cm from the 

chick eye. Screen was 1280 by 1024 pixels, with a screen height of 29 cm and screen width of 38 

cm. The pupil was aligned with the center of pattern and was verified using a built-in infrared 

camera. Protocols were created to include differerent check sizes, ranging from 3 degrees to 8 

degrees: 3 degrees subtends an angle of 178.6 min, 4 degrees: 229.6 min, 5 deg: 280.7 min, 6 

degrees: 357.2 min, 7 deg: 408.2 min, 8 deg: 459.4 min.  Stimuli were presented at a 75Hz frame 

rate, m-sequence exponent 11, samples per frame: 16, and 0.83 ms between samples. Traces were 

averaged, and the mean for each contrast step was filtered using a 5-300 Hz band pass filter to 

remove higher spatial frequencies. Traces for which a loss of impedance was evident were not 

included in analyses. 

Multifocal ERG recordings were collected using the same alignment protocol as the pattern ERG. 

The standard protocol used contained 108 hexagons, using 3 frames per m-sequence. After the 

DTL electrodes and the reference and ground electrodes were placed, the FMSIV probe was 

properly aligned in order to locate the pupil in the fundus camera. The infrared camera was 

switched on to align the probe to the eye using the pecten as a marker. The screen height for 

mfERG was 29 cm and screen width was 38 cm. A complete description of the multifocal 

technique can be found in publications by Sutter and his colleagues (Sutter & Tran, 1992; Bearse 

& Sutter, 1996). 

In analyzing the data, blinks were deleted from the trials and all trials were averaged into one 

signal and amplitudes calculated as previously described in Ostrin and Wildsoet (2013). Briefly, 

for flash ERGs, the a-wave amplitude was calculated from the baseline to the trough, the b-wave 

amplitude was calculated from the trough of the a-wave to the peak of the b-wave, the amplitude 

of the photopic negative response (phnr) was calculated from the trough to the baseline value, and 

lastly, the c-wave amplitude was calculated by taking the absolute value of the distance between 

the c-wave peak and the photopic negative response trough (Figure 5.7). For pattern ERGs, p50 

amplitude was calculated from the peak at 50 ms to the baseline value (Figure 5.9). For multifocal 

ERGs, we obtained the positive amplitude, the negative dip, and the latencies for these two 

parameters (Figure 5.8). 
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5.2.5.  Optical Coherence Tomography (OCT) 

A Bioptigen SD-OCT (Bioptigen, NC) instrument was used to capture OCT images from both 

eyes of each bird, both before the injections (baseline), as well as 4, 6, 8 and 10 days after 

injections. Each imaging session included a lower resolution scan to position the probe accurately, 

and a higher resolution OCT scan consisting of 1000 b-scans, X 33 lines X 3 samples with a 14 

mm X 14 mm field of view. The 3 high resolution scans (1000 X 33) were averaged to create a 

smoother image and brightness and contrast were optimized to enhance the visibility of the retinal 

sublayers. Using the provided Bioptigen software, vertical calipers for the Nerve fiber layer (NFL), 

Ganglion Cell layer (GCL), Inner Plexiform Layer (IPL), Inner Nuclear Layer (INL), and the total 

retinal thickness (RET) were used to extract thickness data in the area centralis. To locate the areas 

centralis, the tip of the pecten was first located through the fundus view. The area centralis for 

each scan was then located by finding the specific b-scan that was nasal and superior to the tip of 

the pecten and contained the thickest ganglion cell layer. Retinal thickness data were obtained 

from a total of 16 birds.  

 

 

5.2.6. Immunohistochemistry 

Immunohistochemistry was used to detect changes in the glucagon cell population in the inner 

retina after ITX treatment. Eyes were collected from sacrificed chicks, at different time points after 

injection.  Posterior eye cups were isolated and floated overnight in 4% paraformaldehyde (PFA, 

Sigma), before being transferred the next day to 20% sucrose and then chilled at 40 F overnight. 

On the day of embedding, eye cups were carefully placed into molds filled with 50% OCT 

compound (Tek) in 10% sucrose, with the tip of the pecten pointing at an angle of 45 deg, then 

snap frozen in liquid nitrogen and stored at 200 F until sectioning. Ten µm vertical retinal sections 

were cut and collected onto superfrost slides (Fisher).  

On the day of staining, sections were warmed at 370 F for 30 minutes, washed three times in 

phosphate buffered saline (PBS), fixed in 0.2% PFA, washed three times in PBS, and immersed in 

a low concentration of glycine solution for 40 minutes. Slides were then blocked in a solution of 

10% Normal Goat Serum, 1% bovine serum albumin (BSA) in PBS for another 40 minutes. Slides 

were incubated in primary antibody overnight at 40 F. The following day, slides were washed three 

times in PBS, incubated in secondary antibody for an hour, washed again three times in PBS, and 

mounted with a mounting medium containing DAPI (Vectorlabs Inc). One primary antibodies was 

anti-glucagon at 1:400 dilution (AbCam # 133195) as well as secondary antibody goat anti-rabbit 

594 (Invitrogen).  

Some retinal sections from ITX-injected eyes were used for TUNEL staining, which labels 

apoptotic cells. An in situ cell death detection kit (Roche) was used. The protocol from the 

manufacturer was followed. Sections were counterstained with DAPI (Vectorlabs Inc) as an aid to 
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localizing apoptotic cells. Images were collected with a deconvolution fluorescent microscope 

(Axio Vision), from the same dorsal peripheral and central retinal regions as above, using the area 

centralis as a reference.  

 

5.2.7. A-scan ultrasonography and Retinoscopy 

 

Ocular biometry: For experiments involving lenses, ocular axial dimensions were measured using 

high-frequency A-scan ultrasonography, 1 day before lens treatments were initiated as well as.1, 

3 and 5 days after the lenses were attached. Measurements were taken between 12:00 noon and 

4:00 pm. Chickens were placed under gaseous anesthesia (1.5% isofluorane in oxygen) for 

measurement. The A-scan ultrasonography technique is described in detail elsewhere (Chapters 

2,3,4). On-axis dimensions for various ocular components, including the thicknesses of the retina 

and choroid, were obtained using custom software. 

For refractive error and ultrasonography data, mean interocular differences were calculated for 

each measurement time-point and each treatment group. Data are normalized to values recorded 

just prior to the start of lens treatment, i.e., 7 days after intravitreal injections. Two-way repeated 

measures ANOVA were performed using SPSS, with lens treatment having 2 levels (+10, +5), 

injections having 2 levels (SS, immunotoxin). Post-hoc tests were conducted to investigate 

differences between groups (SPSS).  

Measurements were taken using hand-held retinoscopy on the day of the injections, the day that 

the lenses were attached, and finally after 5 days of lens treatment. Chicks were placed under 

gaseous anesthesia for measurement (1.5% isoflurane in oxygen).  
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5.3. Results 

 

5.3.1. Effect of the immunotoxin on retinal structures measured in vivo 
 

We investigated the longitudinal changes in retinal and choroidal structures in vivo using SD-OCT 

combined with 3-dimensional segmentation to visualize the regional distribution of thicknesses 

(See Chapter 4 for method).  

 

In relation to total retinal thickness at the area centralis, there was no significant difference between 

immunotoxin-injected eyes and their contralateral controls (one-way repeated measures ANOVA, 

between-subjects effects F=.614, p=0.451, Figure 5.1). We also found that there were no 

significant differences in the thicknesses of the various retinal sublayers: nerve fiber layer, 

ganglion cell layer, inner plexiform layer and inner nuclear layer (Figure 5.2).  

 

 
Figure 5.1 Effect of the Immunotoxin on Central retinal thickness.  

Reinal thicknesses of immunotoxin injected eyes are not different from control eyes (one-way repeated 

measures ANOVA, between-subjcts effects F=.614, p=0.451 
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Figure 5.2 Effect of immunolesioning of glucagonergic amacrine cells on retinal layer 
and sublayers.  
A.  A slice of the chick eye showing retinal layers. B. . A b-scan cutting the volume of the eye showing sublayers 
C.  Segmentation maps of retina and retina sublayers D. Choroid was also segmented.  

E. Peripheral maps of the NFL, GCL, IPL, and INL.  
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5.3.2. Effect of immunotoxin on choroidal thickness measured in vivo 
 

We tracked on-axis choroidal thickness as well as peripheral choroidal thicknesses in both 

immunotoxin injected eyes and their fellows using SD-OCT imaging. The immunotoxin induced 

generalized choroidal thickening. The choroidal thickness of immunotoxin-treated eyes is 

significantly greater than equivalent values for contralateral control eyes at the area centralis, both 

six and nine days after immunotoxin treatment (p=0.0475 & 0.04097 respectively) (Figure 5.3A). 

The immunotoxin also induced significant, albeit transient peripheral choroidal thickening; it was 

prominent 6 days after injection, but had subsided by day 9 post-injection (Figure 5.3B). 

 

 
Figure 5.3 Effect of immunotoxin injection on the on-axis and regional distribution of 
choroidal thickness. 
A. On-axis measurements of choroidal thickness on injected (red) and contralateral control eyes (blue) 
indicate the choroid to be significantly thicker at the area centralis after neurotoxin injections (p<0.05 
for 6 and 9 days after treatment). B. 2-D maps of choroidal thickness, representing 20,000 points. The 
toxin induced both central and peripheral thickening, which subsided by day 9 post-injections. 
Representative scans showing spatial and temporal changes in choroidal thickness for treated 
(injected) and fellow control eyes are shown here.  
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5.3.3. Effect of the immunotoxin on glucagonergic amacrine cells 

To investigate the effect of the single immunotoxin injection on the distribution of glucagonergic 

amacrine cells, retinas from eyes injected with different doses of the immunotoxin were processed 

for glucagon immunoreactivity and counterstained with DAPI. We looked for regional variations 

in glucagon immunoreactivity, using vertical retinal sections from eyes injected with the different 

doses of immunotoxin. The results are summarized in Figure 5.4 below.  

We found a dose-dependent effect of the immunotoxin on the distribution of glucagonergic 

amacrine cells. The maximum damage was seen with the 1200 ng, with the central retina seemingly 

more affected than peripheral retina, where glucagon immunoreactivity does not co-localize with 

DAPI, some immunoreactivity is seen in the GCL and IPL (Figure 5.4E). Similarly, with the 800ng 

dose, immunoreactivity is seen in the IPL (Figure 5.4F) as compared to the immunoreactivity in 

untreated retina (Figure 5.4D). 

 
 

5.3.4. Effect of the immunotoxin on retina: TUNEL staining 
 

We used TUNEL staining to localize apoptotic cells in the retina of an immunotoxin-injected eye 

enucleated after 1 day after injection. We found immunolabelling in the inner plexiform layer 

(Figure 5.5E, G).  

 

 

5.3.5. Effect of the immunotoxin on the flash electroretinogram 

To investigate the functional changes induced by the immunotoxin, we used flash 

electroretinography. We analyzed recordings from both injected and control eyes to obtain 

amplitudes and implicit times for the a-wave, b-wave, photopic negative response (phNR), and c-

wave components.  

While the a-wave component was not significantly affected at any time point (ANOVA, 

between-subjects time*treatment effect, F=2.521, p=0.163), both b-wave and c-wave 

components were significantly reduced (ANOVA, between-subjects time*treatment effect, 

F=11.654, p=0.014 for b-wave; F=10.661, p=0.017 for c-wave).  

The phnr was significantly reduced after injection (ANOVA between-subjects effects of 

time*treatment f=12.856, p=0.012), Figure 5.6.  
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Figure 5.4 TUNEL staining 
A-D Reference retina showing the location of glucagonergic cell bodies as in Figure 5.4. E. TUNEL staining for 

apoptotic cells shows immunolabeling in the IPL, in the central retina of an eye injected with immunotoxin. Eye 
enucleated 1 day after injection. F. DAPI staining. G. merged TUNEL and DAPI Black scale bars = 50 um, white 

scale bar = 100 um 
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Figure 5.5 Effect of the immunotoxin on glucagonergic amacrine cells. 
A.Untreated Retina of the chick immunolabeled with DAPI (C ) and glucagon (D). E-G:Fluorescence labelling 
indicating glucagon immunoreactivity detected in vertical sections of retinas exposed to varying concentrations (1, 
0.75, 0.5 mM ) of the immunotoxin.   
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5.3.6. Effect of the immunotoxin on retinal function as measured by the 

multifocal electroretinogram (mfERG) 
 

To investigate regional changes in retinal function, multifocal ERGs were recorded one week after 

injections. The average amplitudes of the peaks of traces of the multifocal ERG at the area centralis 

and total retina were used in analyses.  

Two-factor ANOVA, with one factor being area (area centralis versus total average), and another 

factor being treatment (control, immunotoxin-injected) was used to analyze the parameters of  peak 

1, peak 2, latency of peak 1, latency of peak 2.  

Injection alone did not cause any significant differences on the peak2, implicit time of peak 1, and 

implicit time of peak 2, but caused significant effects on  the value of  peak 1 (ANOVA between-

subjects, F= 6.904, p=0.013, Table 5-1). Location alone caused significant changes in peak 1 

(p=.004) and peak 2 (p=.034). Interactions between treatment and location were only significant 

for peak 2 (p=.015).  

 

Table 5-1Summary of statistics for between-subjects effects of immunotoxin on mfERG 

 component F 
Statistics 

p-value 

Treatment (ITX, 
control) 

peak1 6.904 0.013 

peak2 3.613 0.067 

implicittime1 3.769 0.062 

implicittime2 2.762 0.107 

Location 
(central, total) 

peak1 9.636 0.004 

peak2 4.936 0.034 

implicittime1 0.564 0.458 

implicittime2 0.234 0.632 

treatment * location peak1 3.702 0.064 

peak2 6.701 0.015 

implicittime1 3.234 0.082 

implicittime2 0.319 0.576 
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Figure 5.6 Effect of the immunotoxin on retinal function as measured by the multifocal 
electroretinogram (mfERG). The amplitudes for immunotoxin-injected eye is significantly 
different from the control eye at the area centralis (paired t-test, p=0.0184 for peak, 
p=0.016537 for trough).  
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5.3.7. Effect of the immunotoxin on retinal function as measured by the pattern 

electroretinogram (pERG) 
 

To investigate the effects of the immunotoxin on the function of the inner retina, we recorded the 

responses to alternating checkerboard patterns from both immunotoxin-injected eyes and 

fellow control eyes  

 

We found a generalized reduction in the p50 amplitude of the pERG for injected relative to control 

eyes, with differences reaching statistical significance for the 3, 5, 6, and 7 degree check sizes 

(p=0.000556, 0.023299, 2.35E-05 & 0.008588 resp.)(Figure 5.9).  
 
 

 
 

Figure 5.7 Effect of the immunotoxin on the p50 amplitude of the pattern ERG 
P50 amplitudes were obtained by subtracting the value of the peak of the ERG recording (at 50 msec), 
from the baseline value. The spatial frequency of the stimulus recording was varied. ***p<0.01, * 
p<0.05 
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5.3.8. Vitreous chamber depth changes induced by immunotoxin and lens 

(+5 and +10 D) treatments 

 

 

The vitreous chambers of saline-injected eyes treated with +10 D lenses were significantly shorter 

than those of their contralateral control eyes at all time points (paired t-test, p=0.0200, p=0.0008 

& 0.0011,resp.). Likewise, the vitreous chambers of saline-injected eyes treated with + 5 lenses 

were also significantly shorter from than those of their contralateral control eyes, although the 

changes were more short lived and significant only at the 3 and 5 day lens treatment time points 

(paired t-test, p=0.0005 & 0.0589,resp.)  

Eyes injected with the immunotoxin showed similar response patterns to those just described. The 

vitreous chambers of immunotoxin-injected eyes treated with +10 D lenses were significantly 

shorter than those of their contralateral control eyes after 3 and 5 days of lens treatments (paired t-

test, p=0.045444 & 0.042469 resp.). The immunotoxin-injected eyes fitted with +5 D lenses also 

were significantly shorter than those of their contralateral control eyes after 3 and 5 days of lens 

treatments (paired t-test, p=0.001387 & 0.006972 resp.)(Figure 5.10A).  

When the interocular differences in vitreous chamber depth for the ITX groups were compared to 

those of the saline -njected groups for the same lens treatment (i.e., Immunotoxin/+10 D lens 

versus saline/+10 D lens, and immunotoxin/+5 D lens versus saline-+5 D lens), no significant 

differences were found (two-way repeated measures ANOVA, between-subjects effects, effect of 

injection, F=0.368, p=0.549). The effect of lens power also did not reach statistical significance 

(two-way repeated measures ANOVA, between-subjects effects, effect of lens type, F=3.049, 

p=0.093), while duration of lens treatment (i.e., time) did have a significant effect on these 

differences in vitreous chamber depth (F=30.067, p<0.01, within-subjects)(Figure 5.10B).  
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Figure 5.8 Effect of the immunotoxin on the response to imposed myopic defocus (plus lenses): 
vitreous chamber depth 

A: Change in vitreous chamber depth induced by imposed myopic defocus and immunotoxin 

treatments plotted against lens treatment duration. Results are normalized to the pre-lens treatment 

values. The vitreous chamber depths of immunotoxin-injected eyes treated with +10 lenses (red) and 

their contralateral control eyes (black) were significantly different after 3 and 5 days of lens treatment. 

The vitreous chamber depths of immunotoxin-injected eyes treated with +5 D lenses (pink) and their 

contralateral control eyes (grey) were also significantly different after 3 and 5 days of lens treatments. 
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B. Interocular difference in vitreous chamber depths plotted against lens treatment duration. There 

were no significant differences between the immunotoxin- and saline-injected groups subjected to the 

same lens treatments (+10 & +5 D lenses)(two-way repeated measures ANOVA, between-subjects 

effects, effect of injection, F=0.368, p=0.549) 

 
 

5.3.9. Optical axial length (OAL) changes induced by immunotoxin and lens 

(+5 & +10 D) treatments  
 

The optical axial lengths (OALs) of saline-injected eyes treated with +10 D lenses were 

significantly shorter than the OLAs of their contralateral control eyes at all 3 time points (paired 

t-test, p=0.0220, 0.0123 & 0.0017). The OALs of saline-injected eyes treated with +5 D lenses 

were also significantly shorter than the OALs of their contralateral control eyes, after both 3 and 

5 days of lens treatments (paired t-test, p=0.0012 & 0.0035 resp.).   

The OAL of immunotoxin-injected eyes treated with +10 D lenses was also significantly different 

from its contralateral control eye 3 and 5 days after lens treatments (paired t-test, p=0.0500, 

p=0.0087). The immunotoxin-injected eyes with +5 D lenses also had significantly shorter OALs 

than their contralateral control eye after 3 and 5 days of lens treatments (paired t-test, p=0.0012 & 

0.0035 resp.)(Figure 5.10A).  

When the interocular differences of OALs of the immunotoxin groups were compared to the 

saline-injected groups receiving the same lens treatment (i.e., Immunotoxin/+10 D lens versus 

saline/+10 D lens, and immunotoxin/+5 D lens versus saline/+5 D lens), no significant difference 

were found related to injection type (two-way repeated measures ANOVA, between-subjects 

effects, effect of injection, F=0.623, p=0.437), although post-hoc testing revealed a significant 

difference on day 3, between the immunotoxin/+10 D lens and saline/+10 D lens groups 

(independent t-test, p= 0.0467).Lens power also significantly influenced differences in the OAL 

(two-way repeated measures ANOVA, between-subjects effects, effect of lens type, F=4.405, 

p=0.046), as did duration of lens wear, i.e. time (F=17.166, p<0.01, within-subjects)(Figure 

5.11B).  

Overall, the patterns just described for OAL closely mirror the patterns described for vitreous 

chamber depth, indirectly implying that anterior segment structures – the lens and anterior 

chamber, were not differentially affected by any of the treatments. 
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Figure 5.9 Optical Axial Length Changes induced by Lenses and Immunotoxin Treatment 

A. OALs of treated and contralateral control eyes plotted against duration of lens treatment. The OALs of 
Immunotoxin-injected eyes with +10 D lenses (red) were significantly shorter than those of contralateral 
control eyes (black). The OALs of immunotoxin-injected eyes with +5 D lenses (pink) were significantly 
shorter than those of contralateral control eyes (grey). B. Interocular differences plotted against duration 
of lens treatment. Interocular differences in OAL for the immunotoxin-injected/+10 D lens group were 
significantly different from those of saline-injected/+10 lens group after 3 days of lens treatment. *p<.05, 
***p<.01. However, overall, injection type had minimal effect on lens-induced interocular differences in 
OAL (two-way repeated measures ANOVA, between-subjects effects, effect of injection, F=0.623, 
p=0.437) 
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5.3.10. On-axis choroidal thickness changes induced by immunotoxin and 

lens (+5 & +10 D) treatments 
 

Saline-injected eyes treated with +10 lenses exhibited significant thickening of their choroids 

compared to those of contralateral control eyes after both 3 and 5 days of lens treatments (paired 

t-test, p=0.0001 & 0.0055 resp.). Likelwise, saline-injected eyes treated with +5 lenses had 

significantly thickened choroids compared to those of contralateral control eyes after 1 and 3 days 

of lens treatments (paired t-test, p=0.0076 & 0.0182 resp.).  

 

Similar response patterns were observed in immunotoxin-injected eyes. Those treated with +10 D 

lenses showed significant choroidal thickening at all time points when compared to those of 

contralateral control eyes (paired t-test, p=0.013716, 0.0005, 0.0008 resp.). For immunotoxin- 

injected eyes fitted with +5 D lenses, significant choroidal thickening was recorded after 3 days of 

lens treatment but not at the earlier 1-day time point (paired t-test, p=0.042952)(Figure 5.11A). 

 

Analysis of interocular differences in choroidal thickness changes over time reveal no effect of 

injection type (two-way repeated measures ANOVA, between-subjects effects, effect of injection, 

F=0.119, p=0.733). However, lens power significantly influenced these differences in choroidal 

thickness (two-way repeated measures ANOVA, between-subjects effects, effect of lens type, 

F=12.409, p=0.002), as did duration of lens treatment, i.e., time (p<0.01, F=7.628, within-

subjects)(Figure 5.12B). 
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Figure 5.10 Effect of the toxin on the response to lens induced myopia and hyperopia: choroid 
A. Choroidal thicknesses for immunotoxin-injected eyes fitted wit h+10 D lenses (red) and contralateral 

control eye (black) plotted against lens treatment duration; differences significant different at all time 

points (paired t-test, p=0.013716, 0.0005, 0.0008 resp.). Choroidal thicknesses for Immunotoxin treated 

eyes fitted with +5 D lenses (pink) compared to contralateral control eyes (grey) revelaed significant 

differences after 3 days of lens treatment (paired t-test, p=0.042952). B. Interocular differences in 

choroidal thickness plotted against lens treatment duration. There are no differences between the 

immunotoxin- and saline-injected groups fitted with +10 D lenses (red and black), and also no 

differences between the Immunotoxin- and saline-injected groups fitted with +5 D lenses (pink and 

grey)(two-way repeated measures ANOVA, between-subjects effects, effect of injection, F=0.119, 

p=0.733) *p<0.05, ***p<0.01  
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5.4. Discussion 

 

 

For the past 20 years, several lines of evidence has suggested that retinal glucagon serves as a 

stop signal to eye growth. This evidence has come from studies in which myopia was induced, 

and retinal glucagon-containing cells were counted, and other studies in which glucagonergic 

activity in the retina was pharmacologically altered using agonists and antagonists and effects on 

eye growth documented. In the first case, glucagonerigic immunoreactivity was observed to be 

reduced in the retinas of myopic eyes and in the second case, eye growth altered. 

 

For the purposes of the study reported here, single vision plus lenses were used because they are 

known to inhibit eye growth. Also earlier studies using toxins to target glucagonergic cells, albeit 

with less selective actions on inner retinal cell populations, were observed to interfere with 

compensatory eye growth response to plus lenses, but not to minus lenses. 

 

In otherwise normal eyes, plus lenses slow eye growth, as well as induce choroidal thickening, 

thereby inducing a hyperopic shift in refractive errors,. The effect on this response pattern of 

ablating glucagonergic amacrine cells using an intravitreal injection of a glucagon-selective 

immunotoxin was examined in the current study. The main finding was that despite the 

presumed successful ablation of the glucagonergic amacrine cells, eyes showed near normal 

growth changes in response to plus lenses, suggesting that these cells are not critical to the 

decoding of the sign of optical defocus.  

 

5.4.1. Were glucagoneric amacrine cells successfully ablated? 
 

What is the evidence that glucagonergic amacrine cells were successfully and selectively ablated? 

Completed experiments provide several lines of that address this question.  

 

First, functionally, in flash ERG, the photopic negative response was decreased, while the a-, b- 

and c-waves remained unchanged. As discussed in Chapter 3, the photopic negative response is 

believed to reflect inner retinal function, although there are species differences- for instance 

photopic negative response reflects ganglion cell function in the maqaque retina (Viswanathan et 

al., 1999). Pattern ERG recordings also showed attenuation the p50 component, for most spatial 

frequencies tested. Pattern ERGs are also believe to reflect inner retinal function. Nonetheless, 

these results do not speak to the selectivity of the immunotoxin treatment for the subpopulaton of 

glucagonergic amacrine cells. 
 

Ex vivo immunohistochemistry studies provide better insight into the question of selectivity for 

glucagon amacrine cell populations. Specifically, immunotoxin treatments affected the 

distribution of glucagon immunoreactivity across the retina in a dose-dependent manner, with 

higher doses increasing the spread of neurites in the IPL. Ablation appeared complete for the 

highest dose, which corresponded to that used in both functional testing and lens studies. 

Furthermore, TUNEL staining, which was used to localize apoptotic cell loss after the 
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immunotoxin injection, was localized to the IPL, consistent with observations of glucagonergic 

neurites immunolabelling in the off sublamina of the IPL.  
 

The more selective effect on retinal neurons of the immunotoxin compared to the actions of the 

other two neurotoxins studied, quisqualic acid and colchicine, is also reflected in results from in 

vivo SD-OCT structural studies, which showed no major effects on the retinal structure, unlike the 

effects of quisqualic acid and colchicine (see Chapters 2& 3). The immunotoxin appeared to 

minimally affect retinal structure, based on the segmentation analyses of the nerve fiber layer and 

retinal ganglion cell layer, and total retinal thickness, was also unaffected. Retinal layers were also 

well preserved. The utility of this high resolution imaging technology, which can measure changes 

to a resolution of 3 microns, was also well demonstrated in this study. 
  

5.4.2.  Effects of the immunotoxin on other retinal cells? 
 

 

The reduction in the photopic negative response provides evidence that amacrine cells were 

affected but does not provide evidence that only glucagonergic amacrine cells were affected. 

However, the lack of effects on the other components of the flash ERG responses does suggest 

that photoreceptors, bipolar cells, and retinal pigment epithelium cells was unaffected, consistent 

with the lack of TUNEL staining in the outer nuclear layer of the retina.  

 

That the p50 amplitude of the pattern electroretinogram was affected by the immunotoxin 

treatment is also indicative of an effect on inner retinal cells, which are believed to be responsible 

for spatial contrast processing. The less selective ablation techniques involving quisqualic acid and 

colchicine also result in reduced p50 amplitudes of the pattern ERG (see Chapter 3). Interestingly, 

in the turtle retina, it was proposed that glucagonergic cells are presynaptic to dopaminergic 

amacrine cells (Eldred & Karten, 1983), which have also been implicated in eye growth regulation 

(Stone et al., 1989; Iuvone et al., 1991; Li et al., 1992; Schaeffel et al., 1994, 1995; Guo et al., 

1995). Retinal dopaminergic signal pathways have also been linked to spatial resolution and thus 

based on pattern ERG results alone, it is not possible to rule out an effect of our immunotoxin 

treatment on dopaminergic amacrine cells as well as glucagonergic amacrine cells.  

 

 

5.4.3. Intact choroidal thickness mechanism after immunotoxin-

mediated ablation of cells suggest retention of the defocus sign-

detection mechanism in the retina 

 

The choroidal thickness modulation represents a component of the compensatory response to 

defocus, more rapid in onset and more transient that the scleral component that results in more 

permanent changes in eye length and refractive error. First identified in chicks, the magnitude of 

choroidal changes (thickening or thinning) tend to be much larger than those seen in mammalian 

and primate models and so more easily studied (Wallman et al., 1995; Nickla & Wallman, 2010).  

Two findings relating to choroid in the current study warrant further consideration. First, eyes 

injected with the immunotoxin but not treated with lenses, showed choroidal thickening (Figure 

5.2). We can rule out this possibility that this change represents an injection artifact, as eyes 
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injected with saline did not show choroidal thickening. This observation provides further evidence 

that the immunotoxin treatment—although having minimal effect on retinal structure (in vivo), has 

modified retinal signaling, resulting in a downstream effect on the choroid. Nonetheless, the result 

is apparently paradoxical, given the generally accepted view that retinal glucagon serves as a stop 

signal for eye growth.  

 

The second observation worthy on discussion is the finding that the choroidal response to plus 

lenses was minimal affected. Specifically, irrespective of whether eyes were injected with 

immunotoxin or saline, their choroids thickened in response to the imposed myopic defocus. This 

finding is in contrast with that for eyes injected with quisqualic acid (Chapter 2), which showed 

choroidal thinning, irrespective of the sign of imposed defocus; i.e., with both plus and minus 

lenses. Thus the more substantial destruction of retinal cell subpopulations in the latter case 

eliminated the pathway or pathways responsible for decoding the sign of imposed optical defocus, 

while they were preserved in eyes receiving immunotoxin injections.  

 
 

5.4.4. The role of glucagon in eye growth regulation 
 

In designing the study described in this chapter, we hypothesized that glucagon was required for 

retinal decoding of the sign of optical defocus. Thus in our experimental paradigm, we tested the 

effect of selectively ablating glucagonergic amacrine cells on the response of the eye to plus lenses, 

using two 2 different lens powers (+5 and +10 D), to improve the sensitivity of our experimental 

paradigm to subtle changes in responses. That the photopic negative response (phNR) as well as 

p50 component of the pattern ERG were attenuated implies a significant impact on inner retinal 

function, despite that fact that only 2% of amacrine cells are glucagonergic (Fischer et al., 1999). 

Nonetheless, the response of immunotoxin-injected eyes to plus defocus were very similar to those 

of saline-injected eyes (control group), and very different  from the response profiles of quisqualic 

acid-injected eyes (Chapter 2), which showed choroidal thinning instead of thickening, increases 

in axial length instead of decreases and myopia instead of hyperopia. Thus in the latter case, the 

ability of the retina to correctly decode the sign of defocus appears to have been lost, although the 

ability to detect blur preserved while in the former case, both are preserved. Thus the results of the 

current study, considered in combination with the results from the earlier chapters involving less 

selective neurotoxins, support the hypotheses related to eye growth regulation that: 1. 

glucagonergic amacrine cells are not involved in decoding the sign of optical defocus, and 2. inner 

retinal circuits are critical for decoding the sign of optical defocus. They further challenge the 

conclusion of others that retinal glucagon serves as a stop signal in eye growth regulation although 

this conclusion rests on the assumption that the immunotoxin treatment successfully eliminated all 

glucagonergic amacrine cells. Nonetheless, the current findings suggest a re-evaluation of the 

evidence from previous studies implicating glucagon as a stop signal is warranted, along with 

exploration of other retinal signaling models for eye growth regulation.  
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6. Chapter 6: Conclusion 

Chapter 
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The research reported in this dissertation was driven by three aims, as summarized below along 

with main research outcomes: 

 

6.1.  Aim 1: Determine the role of glucagonergic amacrine cells in eye growth 

regulation. 

We investigated the effects of selectively eliminating glucagon amacrine cells with quisqualic acid 

(QUIS), a classic neuro-excitotoxin, as well as an immunotoxin that contains Saporin conjugated 

to a primary antibody to glucagon. We characterized the effects of these toxins on retinal structure 

and function in the living eye and also investigated how ablating this subset of amacrine cells 

affected emmetropization, as reflected in the compensatory changes in eye growth in response to 

plus and minus lenses (myopic and hyperopic defocus respectively). Chapter 2 describes the results 

for QUIS and Chapter 5 describes the results for the immunotoxin.  

 

Our findings indicate the following: 

 

1. Asymmetries in the pathways mediating eye growth inhibition and 

acceleration: Our results confirm results of previous pharmacological and gene 

expression experiments; although the glucagonergic signal appears to be bi-

directional regulated, the time course of changes are different for growth inhibition 

(plus lenses), and growth acceleration (minus lenses).  

2. Site of action might be more than retinal: A novel finding of this study is that 

both choroidal thickness (Figure 1) and anterior chamber depth (Figure 5) were 

significantly affected by the same dose of QUIS, given as a single intravitreal 

injection, previously reported to reduce egr-1 protein expression in glucagonergic 

cells (Fischer 1998), and significantly impair compensation to imposed myopic 

defocus (Bitzer and Schaeffel 2002). While glucagon has been linked to eye growth 

regulation, the pathways involved are poorly understood, although it is assumed to 

involve a retino-scleral cascade. The results of our experiments suggest that the 

choroid may serve as an intermediate relay, and the altered anterior chamber 

development raise the further possibility that retina-derived growth modulatory 

factors also regulate the anterior segment, perhaps reaching  this more remote site 

by diffusion forward through the vitreous chamber or via the uvea.  

3. Glucagon cells themselves are not responsible for the decoding of the sign of 

optical defocus, but appear to have a role in fine-tuning of compensatory 

growth responses: The impact of both the immunotoxin and neurotoxin on the 

inhibitory growth pathway (triggered by plus lenses)—more specifically the 

observation that QUIS eliminated the bidirectionality of the sign-dependent 

response, while the sign-dependence was preserved with the more selective, 

glucagon-specific immunotoxin, both point to the same conclusion that 

glucagonergic cells are not the main decoder of defocus sign. This conclusion 

was further confirmed by the experiments under Aim 2 that investigated the effects 

of single and multifocal lenses. The results also suggest that another presumed 

retinal amacrine cell population affected by QUIS, is responsible for decoding the 
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sign of defocus—since QUIS eliminated the capacity of eyes to the appropriately 

modulate their growth bidirectionally, according to the sign of imposed defocus  

 

6.2. Aim 2: Determine the role of peripheral glucagonergic amacrine cells and 

eye growth regulation.  

We examined the capacity of the peripheral retina to inhibit axial eye growth and asked whether 

ablating the peripheral glucagonergic amacrine cells would abolish the previously reported 

inhibitory effect of custom-designed multifocal lenses. Our hypothesis was that peripheral 

glucagonergic amacrine cells mediate this inhibitory effect on axial growth.  

 

1. In Chapter 3, we investigated the effect of an intravitreal injection of colchicine 

previously shown to eliminate the above cells. We found that the inhibitory 

effects on eye growth of both multifocal lenses incorporating plus power and 

single plus lenses remained intact after the ablation of these peripheral 

amacrine cells (and despite nonselective effects to other cells in the retinal 

ganglion cell layer).  

2. Our findings from these experiments suggest that neither peripheral glucagon 

amacrine cells nor the retinal cells lost from the ganglion cell layer are essential 

for decoding the sign of defocus.  

3. Comparing the inhibitory effects on eye growth of multifocal versus single vision 

lenses, the advantage of multifocal lenses of greater inhibition was lost after 

colchicine treatment, perhaps pointing to a role of peripheral glucagonergic 

amacrine cells in fine tuning the ocular growth response, although this effect may 

also reflect damage to other retinal cells.  

4. One limitation of this study was the inability to selectively target and ablate only 

the peripheral glucagonergic amacrine cells.  

 

6.3. Aim 3: Develop ways of mapping both retinal structural changes and 

functional changes in the living chick across space and time 

As the chick retina is both avascular and afoveate, measuring and analyzing structural and 

functional changes in the living bird, present unique challenges. Protocols were developed 

for imaging and electrophysiological recording, along with novel methods of analysis that are 

now available for use by other researchers.  

 

1. Chapter 4 describes a novel method for quantifying regional changes in retinal 

and choroidal thickness. It represents an advancement in the field as previous 

studies have been limited to assessment of on-axis thickness changes in the chick 

eye, i.e., one dimension. The new approach allows for the creation of thickness 

maps of the retinal nerve fiber layer, ganglion cell layer, inner nuclear layer, and 
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inner plexiform layer, as well as of choroid, with 20,000 unique points obtained 

from SD-OCT scans.  It is also possible to average and compare the thicknesses 

of retinal sublayers (on a resolution of 3 microns), as well as of choroid across 

quadrants. This approach is particularly useful for investigating asymmetries in 

responses, such as in the choroid, in response to visual manipulations that also 

incorporate asymmetries.  

2. Similarly, Chapter 5 describes a novel way of quantifying regional changes in the 

function of the retina, using multifocal electroretinography, Because the spectral 

sensitivity profile of the chick retina is also very different from other animal 

models for myopia as well as human models, being sensitive to UV as well as 

visible radiation, we created a standardized ERG recording protocol suitable for 

detecting small changes in the retinal sensitivity in both amplitude and time 

domains.  
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Figure 6.1 Summary of research findings overlaid on a schematic diagram showing the main 
ocular contributions to refractive error regulation and emmetropization. 
Immunotoxin mediated ablation of retinal glucagonergic cells did not disrupt the defocus sign-detecting 
mechanism in the chick, while less selective toxins (like QUIS) significantly impaired the response to plus 
lenses. 
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