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Abstract

Abnormal ocular growth results in the cornmon vision disorders myopia (nearsightedness) or hyperopia (far-sightedness). Ocular growth must be precisely regulated to
match the combined refractive power of the lens and comea to the distance between the
lens and retina so that distant objects are focussed upon the retina with neutral
accommodation. This regulation of ocular growth is a hinction of the clarity of images to
the eye and of processing of visual information by the retina Several subtypes of retinai
amacrine cells are believed to be required to properly guide the growth of the eye and
promote excessive growth during deprivation of pattemed images. Myopia usually results
fiom excessive axial elongation of the eye, can be induced by fom-deprivation, and can
be prevented by chronic administration of muscarinic antagonists in several species,

including humans. The focus of this dissertation is to investigate the role of cholinergic

amacrine cells and muscarinic receptors in visudiy guided ocular growth. The paradigm
of fom-deprivation myopia (FDM) is studied commonly in chicks, and, accordingiy, was
used in the current work.
Three different isofoms of muscarinic acetylcholine receptor (mAChR) were
,
and ganglion cells in the retina These mAChRs were also
localized to a m a c ~ ebipolar
detected in the retinal pigmented epithelium, choroid, and ciliary body of the chick eye.
The distribution of rnAChRs is consistent with a role for cholinergic pathways in visually
guided ocular growth. 1characterized the effects of neurotoxins upon different
populations of retinal ceils (cholinergic amacrine cells in particular) and upon nomial and
iii

form-deprivation-inducedocular growth. I tested whether the muscarinic antagonist
atropine could suppress FDM in toxin-treated eyes. The selective cholinotoxin,
ethylcholine mustard azindinium (ECMA)and a less-selective excitotoxin, quisquaiic
acid (QA), destroyed most (al1 in the case of QA) cholinergic amacnne cells, yet did not
affect normal ocular growth or FDM. Furthemore, atropine retained its ability to

suppress FDM in both ECMA and QA-treated eyes. In conclusion, it is unlikely that
cholinergic arnacrine cells and mAChRs in the retina are required for visuaily guided
ocular growth, and that atropine suppresses FDM by acting at extrantinal sites or at nonmuscarinic receptors.
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Muscarinie Mechanisms of Visuaiiy Guided Ocdar Growth

Introduction
What is visually guided ocular growth?:

Normal vision, emmetropia, occurs when distant objects are projected ont0 the
retina in focus with the accornmodative mechanisms of the eye at rest. At birth, the eyes
of most vertebrates are ametropic, but grow towards emmetropia during the post-natal or
juvenile penod. To achieve emmetropia there must be a precise regulation of ocular
growth to match the axial length and physical contours of the posterior segment of the eye
to the refractive power of the lens and comea. This process is ~ f e r r e dto as
emmetropization. If the vitreous chamber of the eye grows too much, the image of
distant objects will be focused in front of the ntina, resulting in myopia or nearsightedness, whereas if there is too little growth the image will be focused behind the

ntina,resulting in hyperopia or far-sightedness.
Human myopia is a common disorder, affecthg a significant portion of the
world's population (Curtin, 1985). Myopia typicaily develops early in childhood,
progresses through adolescence and early adulthcmd, and imposes a Me-long need for
corrective spectacles or comeal surgery. The comrnoness and burdens that myopia

imposes upon day-to-day life and heaith care expenses warrant that the mechanisms
underlying its development be investigated and that practical, alternative therapies be
developed.

D u h g growth of the eye, emrnetropization is rnediated by retinal activity that is
driven by the clarity of the incident images. The retina mut receive and respond
comctly to clearly focused images (reviewed by Wallman, 1993). Investigations have
demonstrated that the blockade ofelectrical signais leaving or corning to the retina, by
either optic nerve section (Troilo et al., 1987; Weisel and Raviola, 1977; Wildsoet and
Pettigrew, 1988)or tetrodotoxin-mediated blockade of action potentials dong axons of
ganglion cells (Norton et al., 1994; McBrien et ai., 1995), has no effect on the
development of experimentally-induced myopia Furthemore, ocular growth cm be
modulated in local regions of the eye by sectorial deprivation (Wailman et al.. 1987;
Wallman, 1990; Norton & Siegwart, 1991) and by imposition of heterogeneous focus or
defocus (Hodos & Kuenzel, 1984; Gottlieb et al., 1985, 1987; Hodos & Enchsen, 1990;
Miles & Wallman, 1990; Irving et al., 1992). These studies suggest that locd retinal
activity directly controls the growth of adjacent regions of sclera. Therefore, the feedback
control system which regulates visually guided ocular growth is at least in part inûinsic to
the eye, and is orchestrated by ntind activity.

Emmtropization can be perturbed by lid-suturing, applying translucent goggles,
or plus or minus lenses over the eye, al1 of which deprive the eye of patterned images or

fom vision. Fonn-deprivation has been show to cause rnyopia in tree shrews (Sherman
et al., 1977), monkeys (Wiesel and Raviola, 1977). and chicks (Wallman et al., 1978).

This formdeprivation myopia (FDM) is thought to ~ s u lfrom
t the absence of retinal
responses to a narrow range of spatial fkquencies and contrast (Wallnian, 1993;
Bartmann and Schaeffel. 1994: Schmidt and Wildsoet, 1996). Emmetmpization fiom a

form-deprived state cm be promoted by limiting daily visual experience to a particular
range of temporal (Gottlieb & Wallrnan, 1987; Wallman, 1990; Vingrys et al., 1991) or

spatial frequencies (Schmid & Wildsoet, 1993, 1996). Pmcessing of spatial and temporal
image parameters is a primary function of the inner plexiform layer (PL)of the retina
(Sakuranaga& Naka, 1985 a, b; Sakai & Naka, 1987). suggesting that circuits formed
between amacrine cells or by their inputs to ganglion cells are required for visual
guideance of ocular growth.

Retinal cells involved in the regulation of ocular growth:

Fom-depnvation in chicks results in inmased axial Iength, equatorial
circumference. eye weight, and negative refractive error (Wallrnan et al., 1978; PickettSeltner et al., 1988). These increases in refractive error and ocular size ultimately result

from the growth and rernodelling of the sclera, the outer comective tissue sheath of the
eye. Several signalling pathways between the retina and sclera are thought to participate

in the development of FDM. These pathways may include cells which arr influenced by
dopamine agonists (Stone et al., 1989; Rohrer et al., 1993), opioid compounds (Seltner et
ai., 1994; Seltner et al., 1997), basic fibtoblast growth factor (Rohrer & Stell. 1994).
antagonists to acetylcholine (ACh; Stone et ai., 1991;McBnen et al., 1993). vasoactive
~ nitric oxide
intestinal polypeptide (VIP; Stone et al., 1988; Seltner et al., 1 9 9 5 b),

synthase (NOS; Fujikado et al., 1997), neuroteosia (Seltner, peaonai communication),
and N-methy 1-D-aspartate-receptom (NMDA;Seltner et al., 1996;Fischer et al., 1998g).
Treatment of form-deprived eyes with agents relateci to the factors listed above suppresses

excessive ocular growth and myopia. The resulu of these pharrnacological studies,
accordingly. have suggested roles in myopia for particular subsets of amacnne cells that
have been characterized immunocytochernicaily including those that contain tyrosine
hydroxylase (TH), VIP, choline acetyltransferase (ChAT), niaic oxide synthase (NOS),
enkephalin (ENK) and neurotensin. Additionally, fom-deprivation alters ocular levels of
dopamine and its metabolite dihydraxyphenylaceticacid (DOPAC; Stone et al., 1989),

VIP (Stone et al., 1988), ENK (Ali et al., 1993; Megaw et al., 1994), inducible NOS
(NOS; Fujii et al., 1998), and metabolites of nitric oxide (Fujikado et al., 1997).
However, it remains uncertain whether these visiondependent changes in transrnitter
levels and the enzyme iNOS are causal to accelerated rates of ocular growth, or are
rnerely a few of many changes in ce11 activity or function caused by deprivation of formvision and do not have anything to do with increased rates of ocular growth.
Recently, serious doubt has been cast as to the specificity of pharmacological
agents and, consequently, the conclusions dtawn from studies wherein FDM was
suppressed by a h g . For exampie, evidence supporting a role for ENK-containhg
arnacrîne ceils in the development of FDM in the chick is contmversial. Ndoxone, best
known as an opiate receptor antagonist, prevents FDM in a dose-dependent manner
(Selîner et al., 1994, 1997). However, severd puzzles nmain unresolved regarding the
effect of naioxone on FDM and the involvement of the opiate system in the control of
ocular growth.

F
i
r
s
t
,the &for

naloxone at opiate receptors is in the nanomolar range

(for review see JafTe & Martin,1985), whiîe the calcuiated &for

the FDM-blocking

effect of naloxone was in the picomolar range (Seltner et al.. 1997). Second, naioxone

has been reported to bind preferentially at p and 6 recepton (Martin & Sloan, 1985),
whereas the K receptor is the predominant type in chick retina (Slaughter et al., 1985).
Third, the r antagonist nor-BNI only suppressed FDM by a maximum of M I , whereas
the K agonist U50,488 suppressed FDM (Seltner et al., 1997). Finally, both opiate-active
and inactive enantiomen of morphine-like compounds (levorphanol and detrorphanol,
and L-and D-naioxone) are equally effective in blocking FDM (Fischer et al., 1998g),

and naloxone and other opiate antagonists have been reported to act at NMDA receptors
(Wong & Kemp, 1991; Shulka & Lemaire, 1994). For these reasons, naloxone is not
likely to suppress FDM by blocking the actions of enkephalin at opiate receptors, and
since NMDA-teceptor antagonists prevent FDM (Fischer et al., 1998g), naloxone is likely
to prevent FDM by acting at NMDA-receptors. However, in some mammaiian systems

naloxone does not bind to the NMDA receptor (Ebert et al., 1998).

Of al1 pathways implicated in ocular growth control, cholinergie mechanisms are

of particular interest as they hold the greatest potential as the target of pharmacological
therapies for human ametropias. Antagonists to m u s c ~ n i acetylcholine
c
receptors

(mAChR) reduce the development of myopia in man (Parsons, 1923; Luedde, 1932;
Gostin, 1962; Bedrossian, 1971, 1979; Goss, 1982). one species of monkey (Raviola and
Weisel, 1985). tree shrew (McKanna and Casagrande, 1981), and chick (Stone et al.,
1991; McBrien et al., 1993; Leech et al., 1995). In the cbick, treatment of fom-deprived
eyes with atropine (a non-specific mAChR-antagonist) or pirenzepine (a mammaIian M 1specifc antagonist) has beea shown to prevent FDM (Stone et al., 1991; McBrien et ai,
1993; Leech et al., 1995). Stone et al.. (1991) reported that atropine or pinmepine

rescued FDM at lower doses when applied to the eye subconjunctivally when compared
to the effective doses of intravitreal applications of these compounds by other
investigators. In cornparison, McBrien et al. (1993) and Leech et al. (1995) found that
intravitreal applications of atropine and pirenzepine were more potent than
subconjunctival applications in preventing FDM. These conflicting results rnight be
explained by different dose regimens or perhaps by diffennt abilities of atropine and
pirenzepine to penetrate tissues.
It remains uncertain whether retinal or choroidal sources of ACh ngulate ocular
growth. If choroidal sources of ACh regulate ocular growth, then denervation of
cholinergic afferents to the choroid should suppress FDM just as chronic application of
rnAChR antagonists does. However, the refractive error of open or form-deprived eyes is

only reduced slightly when cholinergic innervation to the choroid and ciliary body has
k e n removed (Wallman et al., 1981;Schaeffel et al., 1988, 1990; Troilo, 1990; Lin and
Stone 199 1;Troilo and Wallman 1991;Wildosoet et al., 1993). It should also be noted
that sectioning of the choroidal nerves may remlt in massive degeneration of the temporal
retina (Reiner et al., 1995), which in itself should abolish cetinal influence upon ocular
growtii. In addition, the sectioning, degeneration and removal of the distal segments of
lesioned choroidal and ciliary nerves could Liberate a number of cellular signals (such as
bradykinins. prostaglandins, and trophic factors) and possibly the release of transmitters
(such as somatostatin, neurotensin, VIP and norepinephrine) which might affect the

normal progression of F M . Taken together, these results suggest that the chohergic
innervation to the choroid and ciliary body does not contribute to the progression of

FDM. Therefore, the possibility remains, and some evidence suggests (McBrien et al.,
1993; Leech et al., 1999, that retinal sources of ACh and mAChRs participate in visually

guided ocular growth.

Toxin-mediated changes in ocular growth:

Another approach by which to examine the role of cholinergie pathways in the
regulation of ocular growth may be to characterize the effects of neurotoxins upon
arnacrine cells and visually guided ocular growth. If glutarnatergic retinal pathways
contribute to the regulation of ocular growth, then the destruction of glutamate-sensitive
cells should affect emmetropization and FDM. Indeed, many studies have shown that the
application of a single toxic dose of selective glutamate receptor agonists prevents both
emrnetropization and FDM.

The most thoroughly investigated excitotoxin is kainic acid, an analogue of
glutamate that preferentially activates ionotmpic non-NMDA glutamate receptors.
Wildsoet and Pettigrew (1988a) showed that a single intravitreal dose of kainic acid
caused age- and dosedependent changes in ocular growth; 200 nmoles increased axial
eye length, flattened the comea, and caused myopic refiaction. Other studies have
confirmed that excitoioxic damage elicited by kainic acid inmases eye size @ut mainly
equatorial diameter) (Barrington et al., 1989; Ehirîch et al., 1990). In contrast, Lauber
and Oishi (1990) found that kainic acid had no e f f on
~ eye weight or corneal curvature,

but suppressed üd-suture myopia and enhanced the enlargement induced by both constant
Light and cyclical dlln light. Ehriich et ai. (1990) dso reported that kainic acid Rduced

the increases in axial Iength nonally induced by a black occluder.
Aminohydroxy methylisoxazole propionic acid (AMPA) and quisqualic acid (QA)

are glutamate analogues, with preference for different ionotropic non-NMDA glutamate
receptoa, subsets different from those that prefer kainic acid. QA also acts at some
metabotropic glutamate receptors (Mody & MacDonald, 1995). The effects of these
excitotoxins differ substantially from those of kainic acid. QA has k e n reported to
increase anterior chamber depth and decrease equatorial diameter (Barrington et al., 1989;
Ehrlich et al., 1990)-with no effect upon the enhancement of ocular growth and negative
refractive error caused by fom-deprivation (Ehrlich et ai., 1990). In contrast, AMPA
reduced anterior chamber depth and reduced the enlargement of the vitreous chamber
normally caused by form-deprivation or negative Ienses (Wildsoet et al., 1995).

NMDA has also k e n shown to affect both emrnetropization and FDM (Fischer et
al., 199%. L998g). The application of a single toxic dose of NMDA to the chick eye

resulted in a transient increase in the rate of ocular growth, myopia that persisted for at
least 35 days d e r treatment, and left eyes non-responsive to form-deprivation (Fischer et

ai., 1997b, L998g). This transient increase in rate of growth occured within 7 days of
exposure to NMDA, during which time it is likely that certain types of growth regulatingcells were damaged or desuoyed (Sattayasai & Ehrlich, 1987; Ehrlich et al., 1990).

The destruction of celk via excitotoxicity:
The specific subsets of retinal celIs affected by kainic acid, NMDA, and QA have
not k e n characterized, but may include those implicated as regdators of ocular growth

by pharmacological studies. Identification of the specific types of cells destroyed by

these toxins might implicate (or exclude) different msmitters and retinal circuits in the
regulation of ocular growth. Therefore, it is important to understand the mechanisms
underlying excitoxicity and identifj not only those cells that are destroyed, but also those
that are damaged and no longer functional following exposure to different growthmodulating excitotoxins. Furthemore, it is important to identiQ the cells that survive
exposure to toxins and continue to maintain visual guidance of ocular growth, as these
cells will remain likely candidates as modulatoa of growth.
Excitotoxicity occurs when an agent causes excessive cellular depolarization,
increased influxes of Na', Ca2+,and Cl-, and ,consequently, cytolysis. Excitotoxicity can
be driven by the over-activation of ionotropic glutamate receptors. Glutamate receptors

activated by N-methyl-D-aspartate (NMDA) are permeable to Ca2+during strong
depolarization and have ken s h o w to be instrumental in some forms of neural
excitotoxicity (Choi et al., 1988; Ankarcrona et al., 1995; Romano et al., 1995).
Similarly. the over-activation of non-NMDAglutamate receptors by quisqualic acid (QA)
can result in excessive depolarization and subsequent cellular dysplasia (Zeevallc et al.,

1989). The destruction of neurons by excitotoxicity occurs through necrotic (acute) and
apoptotic (delayed) cell death (Olney, 1986; Choi, 1988,1992; Simonian et al., 1996).
Necrosis and apoptosis are two distinct f o m of ce11 death which proceed at
different rates after an insult. Necrotic and apoptotic ceils take on different appeamces,
undergo different types of metabolic and biochemical disintegration. and affect

surrounding tissues in dflerent ways. Necrosis is passive, occurs soon after an insuit, and

is chancterized by swelling of cells and organelles, accompanied by the spillage of
intracellular contents. in contrast, apoptosis is thought to be an active, organized process,
is often delayed, and is characterized by cell shrinkage, relocation and compaction of
organelles, condensation and fragmentation of chromatin, and production of vesicular
particles containing cytoplasmic materials known as "apoptotic bodies" (Kerret al., 1972;
Wyllie et al., 1980; Arends and Wyllie, 1991). Necrotic ce11 death is Na* and CI-dependent, but Ca2+-independent(Olney et al., 1986). while apoptotic ce11 death is ca2+dependent and is often associated with activation of the NMDA-receptor (Choi, 1985;
Rothman et al., 1987). The destruction of retinal cells exposed to excitotoxins is thought
to occur predominantly via apoptosis (Romano et al., 1995).
Glutamate receptor-specific agonists have been used to identifi retinal cells that
putatively express glutamate receptors and are susceptible to excitotoxic insult (Coyle et
al., 1978; Morgan and Ingham, 198 1;Gibson and Reif-Lehrer, 1984; Lopez-Colome and

Somohano, 1984; Kleinschrnidt et al., 1986 a,b; Zeevalk and Nicklas, 1990). Kainic acid,
at doses that affect ocular growth, has been reported to: (i) d e m y specific types of
bipo1ar cells (presumably most, if not dl OFF-bipolars); (ii) destroy many amacrine ceils;
and (üi) damage some ganglion, photoreceptor, and horizontal cells (Ingham and Morgan,
1983; Barrington et al., 1989; Ehrlich et al., 1990; Tung et al.. 1990). Amamine cells

af%ectedby kainic acid include those that contain acetylcholine, GABA enkephalin, VIP.
serotonin, and substance P (Schwartz & Coyle, 1977; Imperato et al., 1981; Morgan &

Ingharn, 1981;Morgan, 1983; Golcich et al., 1990; Tung et al., 1990), while those
containing dopamine probably mMve (Zngham & Morgan, 1983: Morgan, 1983).

Because of wide-spread destruction and damage to bipolar, amacrine and ganglion cells,
it is impossible to determine which subsets of cells affected by kainic acid are responsible
for increased rates of ocular growth or unresponsiveness to form-deprivation.
The administration of a large dose of NMDA or QA to the chick retina has k e n
shown to leave photoreceptor, bipolar, and ganglion cells intact, but to destroy many
arnacnne cells (Morgan, 1987; Barrington et al., 1989; Ehrlich et al., 1990; Tung et al.,
1990; Sheppard et al., 1991). However, the specific types of amacnne cells which are
sensitive to NMDA or QA have not been identified. Since NMDA- and QA-induced
excitotoxicity both affect primarily amacnne cells and have different affects upon ocular
growth and the development of FDM,it is expected that these toxins destroy different
subsets of amacrine cells. NMDA should destroy or disable cells required for visuai
guidance of ocular growth, while QA should not affect them. It is possible that toxic
doses of NMDA or QA have different effects upon cholinergic amacrine cells. If
cholinergic retinal amacrine cells are needed to regulate ocular growth, then one might
expect that NMDA destroys these cells while QA has liirle effect upon them.

Hypotheses and strate!gies:

Hypothesis 1: Different isoforms of the chick mAChR are distributed in different tissues
throughout the eye.

Strategy: 1wiU characterize the distribution of rnAChRs in chick retina, RPE,choroid,
ciliary body and ciliary ganglion using affinity-purified type-specific antibodies raised
against 3 different chick mAChR isoforms. Since any immunolabelhg of mAChRs in

the RPE may be rnasked by its dense pigmentation, 1 will isolate the RPE and use
Western blotting to detect mAChRs.

Hypothosis II: QA-induced excitotoxicity does not destroy any retinal cells that are
instrumental in emmetropization or FDM.

Strategy: QA causes increased corneal curvature and consequently myopia, which can
then be enhanced by form-deprivation (Ehrlich et al., 1990). Therefore, it is unlikely that

arnacrine cells required for emmetropization and FDM are af6ected by QA-induced
excitotoxicity. 1 will use immunocytochemistry to identifj different subsets of retinal
cells and then determine whether these immunoreactivities are affected by exposure to
QA. 1 will also use a modified 3' nick-end labelhg (TUNEL) technique to identify cells

containing fragmented DNA in QA-treated retinas, as chromosomal fragmentation is a

hallmark symptom of apoptosis (programmed cell death). The distribution and
abundance of TUNEL-positive cells will serve as an indication of the degree of toxininduced damage that might otherwise go undetected using immunocytochemistry.
Irnmunolabeliing may not identify al1 subsets of cells affected by excitoxicity.

Hypothesis III: NMDA-induced excitotoxicity destroys reaal amacrine celis that
participate in emmempization and FDM.

Strategy: NMDA-induced excitotoxicity causes mild myopia and renden eyes
uoresponsive to fom-deprivation (Fischer et al., 1997b. 1998g). Therefon, it is Likely
that amacrine cells that are required for emmetropization and FDM are damaged or

destroyed by NMDA-induced excitotoxicity. I will use immunocytochemistry to identify
different subsets of retinal cells and then detennine whether these immunoreactivities are
affected by exposure to NMDA. 1 will also use TUNEL to identiQ cells containing
fragmented DNA in NMDA-treated retinas, as chromosomal fragmentation is a hallmark
symptom of apoptosis (programmed ce11 death). The distribution and abundance of
TUNEL-positive cells will serve as an indication of the d e p e of toxin-induced darnage
that might otherwise go undetected using imrnunocytochemistiy.

Hypothesis IV: Atropine rescues FDM by blocking the activity of ACh at mAChRs in
the retina,

Strategy: Atropine may suppress FDM by antagonising mAChRs in the retina, RPE,
and/or possibly choroid. Atropine, acting as an antagonist, should block FDM by
preventing the actions of an endogenous source of Ach. Therefore, atropine should lose
its ability to prevent FDM if endogenous sources of ACh are removed. Ethylcholine
mustard aziridinium (ECMA)and QA wiIi be used to eliminate retinal souces of Ach. 1
will then test whether toxin-treated eyes grow normally, retain the ability to emmetropize
and grow excessively in response to fom-deprivation, and whether atropine can suppress

FDM in the absence of retinal sources of Ach. If atropine suppresses FDM in toxin-

treated eyes. then it wili be concluded that cholinergic macrine cells are not required for
excessive ocular growth tu develop in fom-deprived eyes. If atropine fails to suppress
FDM in ECMA or QA-treated eyes, then it will be concluded that antagonism of
cholinergic activity in the retina is required to prevent FDM.

The results presented in this dissertation indicate that three different isofoms of
rnAChR are expressed by different ce11 types throughout the retina, RPE, and choroid of

the chick eye. This distribution of mAChRs is consistent with their putative role in
modulating ocular growth. However, 1 also show bat the toxin-mediated destruction of

al1 cholinergie macrine cells and most rnAChRs in the retina has no effect upon
emmetropization, FDM, or the atropine-mediated suppression of FDM. Furthemore, the
destruction of other subsets of macnne cells that were previously implicated as
modulatoa of ocular growth, including those that contain VZP or enkephdin, bas no
effect upon normal and fom-deprivation-induced ocular growth. These studies are the
fint to investigate directly the retinal circuitry involved in controlling ocular growth, and
provide the first direct evidence against roles for specific retinal cells and transmitters that
were previously believed to be crucial for the visual regdation of ocular growth. This
work also suggests new candidate cell-types, and adds support in favour of the role of a
former candidate cell-type (the dopaminergic amacrhe celi), as king required for
visually guided ocular growth.

CHAPTER TWO
Identifcation and localization of muscariaic acetylcholine
receptors in the ocular tissues of the chick

Introduction:

Cholinergic innervation to the eye is found in al1 vertebrate classes. Acetylcholine
(ACh) is released from autonornic axon terniinals on vascular smooth muscle and iris and
ciliary muscles, as well as from intrinsic intemeurons that make synapses within the
retina Cholinergic innervation to the choroid, iris and ciliary muscles arises mainly from
distinct populations of parasympathetic neurons located in the ciliary ganglion.
Parasympathetic activity in the eye results in dilation of choroidal blood vessels,
constriction of the pupil, and contraction of the ciiiary muscle. In the retina, choiinergic
neurons have been identified as amacrine cells with somata located at the proximal
margin of the inner nuclear layer (INL) and displaced to the ganglion cell layer (a),
and processes confined to two âiscrete strata in the inner plexiform layer (IPbEckenstein
and Thoenen, 1982; Eckenstein et al., 1983; Farnigiietti, 1983; Ma and Grant, 1984:

Tauchi and Masland, 19% Tumosa et al., 1984; MiIiar et al., 1985,1987b; Codey et
al., 1986; Voigt, 1986; Spira et ai., 1987); in the avian &na at least one additional

subtype of cholinergie amacrine ceLls has been identified (Baughman and Bader, 1977;
Millar et ai., 198%. It is currently believed that these ceHs modulate rrceptive field
properties of ganglion cells ( b e l and Daw, 1982%b; Masland et ai., 1984, Schmidt and

Vijayaraghavan., 1992; Kittila and Massey, 1997). To better undentand the functions of
ocular cholinergic systems, it is necessary to characterize the post-synaptic targets for
cholinergic innervation and to identify the specific ACh ceceptors (AChRs) that mediate
specific post-synaptic responses.
AChRs can be segregated into two categories: (1) ionotropic receptors that are
selectively activated by nicotine-like ligands (nAChR); and (2) metabotropic receptors
that are selectively activated by muscarine-like ligands (rnAChR). Muscarinic AChRs
belong to a family of receptors that contain seven transmembrane domains and elicit
cellular responses via interactions with GTP-binding proteins (reviewed by Nathanson,
1987). In mammals, five distinct mAChR isoforms, representing the products of five
separate genes. have been characterized by both molecular biology (rn1 to m5;Bonner et
al., 1987. 1988; Peralta et al., 1987, 1988) and pharmacology (M 1 to M5; Buckley et al.,

1989; Doj e et al., 1991). Autoradiographic studies, using [3~quinuclidinyl
benzylate

(QNB)or [3~propylbenzüylchoünemustard (PrBCM), revealed muscarinic binding sites
mainly in the P L of human &na (Hutchins and Hollyfield, 1985; Zarbin et al., 1986).
salamanders (Polans et al., 1985; Townes-Anderson and Vogt, 1989). ferrets (Hutchins,
1994), and monkeys (Zarbin et al., 1986).

In the chick, very little is known about the distribution of mAChR subtypes in the
different tissues of the eye. Four avian mAChR subtypes have k e n characterized and

named according to sequence homology with their mammalian counterparts: cm2 (TieQe
and Nathanson, 1991). cm3 (Gadbut and Galpex, 1994). coi4 (Tietje et al., 1990), and
cm5 (Creason et al., 1995). Autoradiographic snidies have revealed muscarinic binding

sites in the P L (Sugiyama et al.. 1977; Large et al.. 1985). but the neurons that express
these receptors remain unknown. in addition, cm2. cm3, and cm4 receptor mRNAs and
proteins have been detected by using solution hybridization, immunoblotting, and
immunoprecipitation techniques in retinal tissue extracts from embryonic and hatched
chicks (McKinnon and Nathanson, 1995), but the precise anatornical distribution of each
isofom remains unknown. Pharmacological techniques have been used to detect
muscarinic binding sites in the chick ciliary ganglion (Schmidt and Vijayarghauan, 1992;
Sorimachi. 1993; Furukawa et al., 1994), iris muscles, ciliary body (Pilar et al., L987),
and choroid (Marwitt et al., 197 1; Merincy and Pilar, 1987). Futhermore,
pharmacological studies have implicated mAChRs in the metabolisrn of retinal pigment

epithelium (RPE) in humans (Osborne et ai., 1991)and rats (Saiceda, 1994),and in the
visual regulation of onilar growth in humans (Bedrossian, 197 1, 1979). monkeys
(Raviola and Weisel. l985), m e shrews (McKanna and Casagrande, 198 l), and chicks
(Stone et ai., 1991; McBrien et al., 1993; Lech et al., 1995).
Therefore, to better understand the roles of ocular mAChRs, we have
characterized their distribution in the retina, RPE, choroid, ciiiary body and ciüary
ganglion of hatched chicks by using type-specific antibodies dîrected against crn2, cm3,
and cm4. We found mAChRs distributed throughout the eye, with unique patterns of

distribution in each tissue.

Methods and Materiais:

Animals:
Newly-hatched male leghom chicks (Gallus gallus domesticus) were obtained
from a local hatchery (Lillydale Hatchery, Linden, Aita) and kept on a cycle of 12 hours
light, 12 houa dark with light onset at 0700. Illumination was provided by lOOW
incandescent light bulbs, resutting in illuminance levels s 0.8 cd/m2, depending on the
direction of gaze. Chicks were held for one week in a stainless steel brooder, at a
temperature of approximately 25OC. Thereafter chicks were kept in groups of s 7 animals
in clear Nalgenem cages with stainless steel mesh covers. Chicks were fed water and

Purinam chick starter ad libitum. The use of animals was according to the Guide to the
Care and Use of Experimental Animals as set out by the Canadian Council on Animal

Care.

Antisera:
Antisera and their working dilutions included: anti-cmî at 1:200, anti-cm3 at
1 :1000, and anti-cm4 at 1500 (affinity-purifed rabbit polyclonal IgGs; McKinnon and

Nathanson, 1995); anti-somatostatin at 1:300 (rat monoclonal IgG #S-10; gift from Dr.
A. Buchan, University of British Columbia); anti-vasoactive intestinal polypeptide at
1:80 (rat monoclonal IgG #VP3 1; gift from Dr. A. Buchan, University of British

Columbia); anti-tyrosine hydroxylase at 150 (mouse monoclonal IgG; Developmental
Studies Hybridoma Bank, University of Iowa); anti-ChAT at 1:1000 (rabbit polyclonal
#1465; gift h m Dr. M. Epstein, University of Wisconsin); and mti-protein kinase C (a

and

p isofocms) at 150 (mouse monoclonal #RPN 536; Amenharn).

Antisera directed

against the chick mAChRs were the same as used previously by McKinnon and
Nathanson ( L 995). Cnide sera from immunized rabbits were affinity-purified, first
through a recombinant glutathione-S-ininsferase(GST)-conjugated affinity column and
then through a recombinant GST-mAChR fusion protein affhity column. The fractions
that bound to GST alone have been shown to produce no irnmunolabelling of cultured
ntinal cells h m the chick embryo (McKinnon and Nathanson, unpublished result).
Controls were treated identically, except that the primary antiserum was excluded from
the second incubation step. The specificity of the antisera raised against the chick

mAChRs was tested by preabsorption with recombinant GST ovemight at 4°C.
Preabsorption of rnAChR antibodies with the immunizing fusion proteins was not
performed as these antisera already had k e n affinity-purified by binding to their
respective immunizing proteins.

Irnmunocytochmis~:

Between 7 and 14 days after hatching, chicks were killed by chloroform
inhalation. Eyes werr enucleated, hemi-sectioned equatonally, gel vitreous removeci, and

tissues placed into fixative (4%paraformaidehyde, 3%sucrose in O. 1 M phosphate buffer
pH 7.4) at r w m temperature for 30 minutes. Tissues were washed 3 times in PBS
(phosphate buffered saline; 0.05 M phosphate buffer pius 195 m M NaCl pH 7.4), and
cryoprotected in PBS plus 30% sucrose for at least 24 hours. Samples were soaked in
embedding medium (O.C.T.Compound; Tissue-TEK,Miles Inc.) for 30 minutes, h z e n

in liquid nitrogen, and mounted onto sectioning blocks. Sections 10 to 14 pm thick were

melted ont0 gelatin-coated slides, air-dried, ringed with rubber cernent, and stored at
-20°C until use. Each slide was washed 3 times in PBS and covered with 150 pl 2%

bovine semm albumin (BSA), 2% glycine, plus 0.3% Triton X-100 (TX-100) in PBS for
at least one hour at room temperature. This solution was then aspirated and the primary
antibody solution applied (100 to 150 pl of antibody diluted in PBS,0.3% TX-100,plus
0.0 1% Nd,) for 24 hours at room temperature in a humidified chamber. Slides were
then washed 3 times in PBS and covered with the secondary antibody solution, LOO to
150 pl of either 1:80 FiTc-conjugated goat-anti-rabbit IgG or anti-mouse IgG (Sigma) or
1:1000 Cyîtonjugated goat-anti-rabbit IgG or anti-rnouse IgG (Biological Detection

Systems Inc.), diluted in PBS plus 0.3% TX-LOO, for 2 hours at rmm temperature in a
humidified chamber. The slides were washed in PBS, mounted in 4: 1 (vh) glycerol to
water, and coverslips added for observation under an epifluorescence microscope.
Photographs were taken on TMAX 400 black and white film (Kodak), and developed in
TMAX Developer (Kodak).

Tissue dissectionfor immunoblots=

The eyes from 4 chicks (8 days after hatching) were enucleaîed, hemi-sectioned
equatoriaiiy, gel-vitreous removeâ, and the remaining eye-cup placed into iceîold PBS.
The lens, iris, and cüiary body were removed together from the ftont of the eye and

placed into ice-cold extraction buffer (0.05 M Tris-HCl plus 1% (w/v) sodium
dodecylsulfate; SDS). The pecten was then cut out of the eye-cup and the retina was

removed with RPE still attached, leaving the choroid adherent to the sclera. The chomid
was then dissected out and placed into 1.5 ml of ice-cold extraction buffer. The RPE was

pulled away from the retina using fine forceps, and the isolated retina placed into
extraction buffer. The fragments of RPE were gathered with a pasteur pipette into a
conical centrifuge tube. The RPE suspension was then centrifuged for 5 minutes at 1000

X G,the supernatant aspirated, and the fragments of RPE resuspended in 1 ml of
extraction buffer. Sarnples were homogenized using a Tissue-Tearor (Biospec Pmducts),
sonicated for 15 min., centrifbged at 4300 X G, the supernatant decanted and the pellet
discarded. The supernatant was stored at -20°C until use.

Pafyacrylamidegel efectrophoresis:
Tissue extracts were assessed for protein content using a modified Bradford assay.

In short, 2 pl of serially diluted (1:2) tissue extract was blotted and dned on filter paper in
parallel with 2 pl of bovine serum albumin standards ( 1.O, 0.1,O.O 1, and 0.00 1 pglpl).
The filter paper was stained in Coomassie blue (O. 1 % wlv Coomassie blue R-250; BioRad; 40% methanol and 10%acetic acid in dH,O) for about 5 minutes on a rotary shaker.
The filter paper was then destained (in 40% methanol and 10% acetic acid). The staining

intensities of samples and standards were compared by visual inspection to estimate the
total protein content of samples to the nearest standard. Tissue extracts were diluted in
sample buf5er (0.6 M Tris-HC1 pH 6.8,4.8% v/v P-mercaptoethanol, 9.6% v/v glyceml,
1.9% wlv

SDS,0.002446 wlv bromophenol blue) to 1 pg/pl to d o w equd amounts of

protein per sample to be loaded ont0 a gel. Fmally,tubes containing diluted samples
were bathed in boüing water for 5 minutes prior to loading onto a gel.

20 pl of sample (equivalent to 20 pg of protein) per lane were loaded and run

through a stacking gel (3.9% acrylamide pH 6.8) at 100 V and a separating gel (7.546
acxylamide pH 8.8) at 80 V. Prestained molecular weight standards (Bio-Rad) were run

in lanes adjacent to tissue samples. The contents of the gel were then blotted ont0
nitrocellulose membrane (NCM;Bio-Rad) ovemight at 30 V. Membranes were washed
three times in PBS pH 7.4, soaked in 5% ( w h ) skim milk powder in buffer B (2.5 mM
Tris-HCI, 14 m M NaCl pH 7.4) for 1 hour ai room temperature, and cut into separate
lanes. The NCM lanes were added to the prirnary antibody solution (700 p 1 1:200 antic d , 1:1000 mti-cd, or 1:500 anti-cm4 diluted in buffer B) and incubated ovemight in

a hurnidified charnber at room temperature. The membranes were washed three times in

buffer B plus 1% BSA, followed by one wash in buffer B, incubated in the secondary
antibody solution (5 ml of 1:1000 alkaline phosphatase-conjugated goat-anti-rabbit IgG,
Sigma) for at Ieast 1 hour at room temperature, and then washed once in buffer B, once in
1% (vlv) TX-100and 5 mM EDTA in buffer B, and twice in buffer B. The membranes
were covered with detection solution (100 mM Tris-HCl, LOO rnM NaCl, 5 rnM MgCI,
pH 9.5 plus 0.033% (w/v) nitroblue tetrazolium, 0.01746 (w/v) 3-brom0-4-chloro-indoly1
phosphate, and 0.69% (vlv) N,N-dimethylforrnarnide)and reacted for 5 to 30 minutes.

The colour reaction was stopped by washing the NCM lanes in PBS.

Stutisttès and measuremmts:

Al1 sample errors are given as the standard deviation of the mean. To express the
distribution of cm3-Unmunoreactive amacrine cells, an index of regularity was calculated

as the sample mean of the distance to the nearest neighbour divided by the standard

deviation (Wiissle and Riemann, 1978). The higher this ratio the more regular the pattern
of distribution (values greater than 7 represent a highly regular distribution, while values
less than 3 represent a randorn distribution). The distance between cells was measured as
the distance frorn the centre of one cell to the centre of the next nearest cell, in horizontal
sections (paralle1 to the plane of the the retina). Sections were thick enough to include dl
cells of the type being analysed. Percentage P L depth was caiculated as the distance
from the IPUINL border divided by the total thickness of the PL,multiplied by 100. Al1
measurements were made from photomicrographs.

Results:
Loculiz~~tion
of mAChRF in the chick eye:
Anti-cm2 weakly labelled celk in the arnacrine cell layer of the inner nuclear layer

(DL)
and in the ganglion ce11 layer (GCL) @3g. 2.la). Cm2-immunoreactivitywas
localized to the outer plexiform layer (OPL)and four thick strata in the P L (Fig. 2. la), ût

O to L5%,40 to 6û%,70 to 85%. and 95 to 100% P L depth (Fig. 2.2). Superimposed
upon the suatum at 4 to 60% P L depth wss a more intensely IabeUed layer at about 50%

P L depth (Fig. 2.2). No detectable staining was pmduced by the anti-cm2 in ciliary
body, choroid, or ciliary ganglion.
Cd-immunoreactivity was localized to about two-thirds of al1 bipolar cells (Le.
cells between amacrine and horizontal cell layers), sparsely distributed amacrine cells,

and a few cells in the GCL (Fig. 2.1 b, 2.3a and 2.3b). The amacrine celIs labelled with

anti-cm3 in the centrai retina were 6.7

* 0.2 pm (N=20) in horizontal diameter, and

Figure 2.1: Vertical sections of retina stained with antibodies to (a)cm2, (b) cm3, (c)
cm4, and (d) ChAT. Abb~viations:P-inner plexifonn layer, IN-inner nuclear layer:
GC-ganglion ce11 layer. Calibration = 50 Pm.

Figure 2.2: Schematic diagram of the retinal distribution of

chohergic innemation (Miilar et al., 1987a). mAChR

.

(muscarinic acetylcholine receptors) and nAChR (nicotinic

acetylcholine receptors: Hamasaki-Britto et al ., 1994).
Abbreviations: PL- inner p l d o m layer; INL-inner nuclear
layer; GCL-ganglion ceii layer.
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distributed at about 1000 cells per mm' with a regularity index of 3.88. These cells
appeared to contnbute their processes to an intensely stained stratum at 20 to 30% IPL
depth. The cells immunoreactive for cm3 in the GCL appeared to be displaced arnacrine
cells, as their somata were relatively small(6.9 I0.5 Fm in diameter; N=IO). They were
distributed randomly, with a regularity index of only 2.3 1. Anti-cm3 produced punctate
labelling in the OPL,but did not stain horizontal or photoreceptor cells. Anti-cm3 also
labelled three strata at O to 30%. 45 to 60%. and 70 to 95% depth of the IPL (Fig. 2.2).
Superimposed upon the two distal strata were two more intensely stained strata at 20 to

30% and 50 to 55% P L depth (Fig. 2.2). In addition, anticm3 diffhely labelled the
muscles and epithelium of the ciliary body (2.4). and the RPE (Fig. 2.5a). and robustly
labelled the walls of most blwd vessels in the choroid (Fig. 2.6a). No cm3immunoreactivity was seen in the ciliary ganglion.
Anti-cm4 robustly labelled most, if not d l , arnacrine cells in the INL and most

cells in the GCL, as well as one thin stratum at about 60% IPL depth (Figs. 2. Ic and 2.2).

In addition, immunoreactive cm4 was detected in the ciliary epithelium (Fig. 2.4), RPE
(Fig. 2.5b), and walls of most choroidal blwd vessels (Fig. 2.6b). Anti-cml was the
only antiserum that labelled ce11 bodies in the ciliary ganglion (Fig. 2.7).

Double-labellhg of retinat neurons:
Anti-cnS was not used in double-labelhg expeiiments, since its weak labelhg

of ceil bodies would have made it difficuk to identify doubly-labelled ceUs. Doublelabelhg experiments were performed to characterize further the cm3- and

Figure 23: Horizontal sections of retina at the level of (a) amacrine cells in the inner
plexiform layer and (b) ganglion ce11 layer, stained with antibody directed against cm3.
Calibration = 50 Pm.

Figure 2.4: Transverse sections through the ciliary body. (a and c) at the lens and (b and
d) just lateral to the lens. These sections have k e n stained for (a and b) cm3immunoreactivity and (c and d) cm4-immunoreactivity. Abbreviation: L = lem.
Cdibration = 100 Pm.

Figure 2.5: Horizontal sections through the RPE which have been stained for (a)crn3immunoreactivity and (b) cm4-immunoreactivity. Calibration = 50 Pm.

Figure 2.6: Cross sections through the choroid stained with antibody d i ~ c t e dto (a) cm3

and (b)cm4. Abbreviation: L = lumen of blood vessel. Calibration = 50 Fm.

Figure 2.7: Longitudinal section through the ciliary ganglion stained with antibody to
cm4. Calibration = 50 Pm.

cm4-immunoreactive cell. using antisera known to label well characterized subsets of
arnacrine and bipolar cells that might be involved in the regulation of ocular growth. The
bipolar cells labelled by antitm3 did not contain PKC-immunoreactivity (Fig. 2.8). The
subset of arnacrine cells labelled with antitm3 did not express any of the other markea
for which we probed.
Some amacrine cells labelled by anti-cm4 were also doubly-labelled with other
antibodies. Cm4-irnmunoreactivity was Found in al1 TH-immunoreactive amacrine cells

(N=75),as well as al1 amacrine cells containing somatostatin-immunorractivity(N=134),
and W-irnmunoreactivity (N= 100).

Immunoblot analysis of rnAChRs in the ocular tissues of the chick:

Cd-irnmunoreactivity was detected in tissue extracts of retina, RPE,choroid,

and ciliary body at an apparent molecular mas of about 65 kDa (Fig. 2.9a). C d immunoreactivity was detected in the retina, EWE, and ciliary body at an apparent
molecular mass of about 90 kDa (Fig. 2.9b). but in the choroid at about 60 and 70 kDa

(Fig. 2.9b). Immunoreactive-cm4, with an apparent molecular mass of about 95 kDa,
was detected in the retina, RPE, choroid, and ciliary body (Fig. 2 . 9 ~ ) .

Figure 2.8: Horizontal section of the retina at the level of bipolar cells in the inner
plexifonn layer which has been doubly-stained for cm3-immunoreactivity (in red) and
PKC-immunoreactivity (in green). The negatives of separate images were digitized,
wigned colour, enhanced for contrast, and ovedayed by aligning fiduciaries using Adobe
Photoshop 4.0. The absence of yellow structures (red + green) indicates that cm3 and

PKC immunoreactivities were not colocalized. Calibration = 50 prn.

Figure 2.9: Protein Mots labelled with antibodies to (a) cm2, (b) cm3, and (c)cm4.
Lanes were loaded with 20 pg of protein extracted from (1) retina, (II) retinal pigment
epithelium, (III)choroid, and (IV) ciliary body. The numbers on the right of each blot

indicate the molecular mass of putative mAChR-immunoreactive bands as calculated

from molecular mass standards run on the same gel.
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Discussion:
Labelling of ce11 bodies with antibodies directed against mAChRs:

The antibodies directed against rnAChRs labelled ce11 bodies in both the INL and
GCL. Similady, antibodies raised to different subunits of the nAChR (Keyser et al.,
1988; Hamassaki-Britto et al., 1991, 1994) and the GABA, receptor (Hughes et al., 1989)
also have been reported to label ce11 bodies in addition to processes in synaptic layers of
the retina The significance of receptor-immunoreactivity in neural somata remains
uncertain. Such immunoreactivity may represent: (i) labelling of cytoplasrnic nonreceptor proteins sharhg homology with antigenic epitopes of the receptor; (ii) newly
synthesized receptor molecules en route to peripherd synapses; (iii) degradation products
or internalized receptors being recycled or down-regulated; or (iv) functionallyexpressed
receptors at the surface of the ce11 body. The fact that some muscarinic binding sites have
besn detected in the INL (Sugiyama et ai., 1977) suggests that hinctional mAChRs might
be expressed at the surface of the ce11 body.

Muscarhic AChRs have k e n detected on isolated retinal celfs, including
ganglion, amacrine, bipolar and horizontal cens, from the tiger salamander (TownesAnderson and Vogt, 1989). Simiiarly, we have shown that ail of these ceU types, except
horizontal ceiis, express rnAChR-immunorractiveproteins in the chick cetina. In situ
hybridization of BAChR mRNAs would be required to connmi that these cells do
synthesize mAChRs.

Distribution of muscarinic receptors in the IPL and OPL:

Previous reports of muscarinic ligand-binding within the retina of chicks
described three distinct bands of rnAChRs within the P L (Sugiyamaet al., 1977). The
results presented here indicate that cm2 and cm3 are distributed into three broad bands

w ithin the IPL, with cm4-like irnrnunoreactivity contributing to the most proximal
stratum. The composite distribution of al1 t h e immunoreactive rnAChR subtypes in the

IPL falls into 3 broad bands at O to 30%,40 to 60%, and 70 to 95% P L depth (Fig. 2.2).
Since the binding afinity of [3H]QNBfor each isofonn of chicken mAChR is roughly
equivalent (Tietje et al., 1990; Tietje and Nathanson, 199 1;Gadbut and Galper, 1994). it

is likely that the autoradiographic localization of mAChRs within the IPL represents
binding to at least these three different isoforms. Furthemore, the distribution of

mAChRs within the P L closely matches cholinergic innervation. In the chick retina,
cholinergic innervation of the P L is supplied by four different subtypes of cholinergic
amacrine cell. Millar et al., (1 987) identified three subtypes of ChAT-immunoreactive
amacrine cells in the chick retina: iype-I cholinergic amanine cells, with ce11 bodies ai the

IPUINL border and neurites stratified at LO to 20% P L depth; type-II cholinergic
amacrine celis, with ceil bodies in the GCL and processes at 55 to 65% P L de@; and

type-III cholinergic amacrine cells, with ce11 bodies near the rniddle of the INL and
processes diffisely distributed at O to 10% and 50 to 9596 IPL depth (Fig. 2.2).

Furthemore, type-UI cholinergic arnacrine cens cm be rmghly divided in haif into 2
subtypes: type-IiIa including ceUs which contain enkephalin, neurotensin, and

somatostarin-üke Mmunoreactivîty, and type-mb celis which do not (Chapter 3; Fischer

et al., 19980. in addition, type-III cholinergic amacrine cells ramify more densely in the
proximal P L at 50 to 55%, 75 to 8596, and 90 to 95% depth (Fig. 2.2; Millar et al,

1987b;Watt and Florack, 1994; Chapter 3; Fischer et al., 1998f).
Assuming that cholinergic synaptic transmission occua within well-defined P L
strata where neurites of cholinergic amacrine cells ramify, then seveml conclusions can be

drawn by comparing the distributions of mAChRs and cholinergic innervation in the PL.
First, cm3 is the only mAChR subtype that can be directly post-synaptic to type4
cholinergic arnacnne cells, whereas cm2, cm3 and cm4 are ail potentially post synaptic to

type-II cholinergic amacnne cells. Second, in the distal IPL, type-iII cholinergic amamine
cells can be presynaptic only to the cm2 and cm3 isoforrns of rnAChR, whereas in the
proximal PL,type-HI cells could forrn synapses involving al1 three types of mAChR.
However, it is dso likely that some ACh escapes hydrolysis by ACh esterase, and diffises
away from its point of release to activate ectopic mAChRs.

The significance of cm3-like immunoreactivity in the OPL remains uncertain.
This locaiization recails that nAChRs have been detected in bipolar cells and in the OPL
of the chick retina (Yazula and Schmidt, 1977; Hrunassaki-Britto et al., 1994). However,
no source of ACh in the OPL is known, as ChAT has not been detected in this layer or in
photoreceptors, horizontal or bipolar cells. While some evidence suggests that
photoreceptors in turtle mina rnight synthesize acetylchoiine (Lam, 1972; Ross and
McDougal, 1976; Sarthy and Lam, 1979). possibly to modulate the activity of bipolar
cells (James and Klein, I98S), there is no evidence that onter retinal neurons release ACh
in the chick. Therefore, cm3-immuno~activityin the OPL may represent: (i) functional

non-synaptic recepton that are activated at a distance by ACh released from cholinergie
arnacrine cells; (ii) synaptic ACh receptoa that are activated by an unidentified local
source of ACh or other unknown mAChR ligand; (iii) non-functional receptors which
have k e n transported or othenvise allocated to non-cholinoceptive sites; or (iv) a cm3cross-reactive protein which is not a receptor. With regard to point (ii), it has been
proposed that dopamine released from neuntes in the P L may escape reuptake and
difise, in substantial amounts, through the INL to activate receptors in the OPL
(Witkovsky and Schütte, 1991). The diffusion of ACh out of the IPL may be largely
prevented by ACh esterase, but the distributions of ChAT and ACh esterase in the P L do
not entirely overlap (Millar et al.. 1985). Therefore, if ChAT-immunoreactive arnacrine
cells are the only reiinal source of ACh, then activation of mAChRs in the OPL might
require ectopic release or transport of ACh into areas devoid of ACh esterase. or
pharmacologically significant arnounts of ACh to escape hydrolysis and difise across the
retina Alternatively, ACh may be produced by a ChAT-independent process in outer
retinal neurons, and released from hem to act upon Ac& nearby in the OPL.

Sign flcance of mAChRs m RPE. choroid and cilUvy body:

In the choroid cm3-immunoreactivity was detected at a lower molecular weight
than in other tissues in protein blots and appeared as intense stalliing of the waüs of blood
vessels in sections of the choroid. Cm3 is 639 amino acids long (Gabut and Galper,
1994). which is equivalent to about 70 kDa Therefore, the cm3-IR band in blotted RPE
and chornidal extracts (Fig. 9b) may represent a fimctional but non-glycosylated form of

the receptor. Pharmacological evidence suggests that mAChRs are expressed in the RPE
of rats (Salceda, 1994) and humans (Osborne et aI., 199l), but to the best of our
knowledge there have been no phor reports of rnAChR-proteins, mRNAs, or mAChRmediated functions in the RPE of chickens.
It has been reported that rnAChR-antagonisis do not interfere with the normal

Functioning of the accommodative mechanisms in the anterior of the chick eye, and that
only nAChRs participate in accommodation (McBrien et al., 1993). Thenfore, it is likely
that mAChRs in the ciliary body have some function other than evoking the contraction
of ciliary and iris muscles. It has also been reported that rnAChRs participate in the
development of form-deprivation myopia in chicks (Stone et al., 1991;McBnen et al.,

1993;Lech et al., 1995). However, the location of the mAChRs that participate in
growth-regulating pathways in the eye remains unknown. It is possible that one or more
mAChR isofoms in the retina, RPE, choroid, or ciliary body may be involved in form-

deprivation myopia and the visual replation of ocular growth.

Interpretation of immunoblots:

The apparent molecular masses of the chick mAChRs closely match those
revealed in retina by previous affinity alkylation and immunoblotting analyses (Large et

al., 1985; McKinnon and Nathanson, 1995). We detected immunoreactive cm2 in tissue
extracts of RPE,choroid and ciliary body despite king unable to detect it in tissue
sections. This likely resuIted in part h m the greater inherent sensitivity of the

immunoblot assay and from having concentrated the antigen through the tissue extraction

and blotting procedures used in this study. We also detected additional immunoreactive

bands in blotted extracts of choroid, RPE and ciliary body. These bands may represent
proteins that contain mAChR-like epitopes, or, in some cases, the degradation products of
proteolytic cleavage. It is also possible that these bands resulted from non-specific
binding of antibody with proteins that were present in high amounts in these
concentrated, whole-tissue extracts. It is noteworthy that the specificity of these
antibodies has been tested previously by McKinnon and Nathanson (1995). who only
reported immunoblots for extracts of membrane from retina, but not choroid, RPE or
ciliary body, while in the present study whole ce11 extracts were used. DiEerences
between the apparent molecular masses of chick mAChRs and banding patterns reported
previously, and those detected in Our expenments, were likely due to variations in
procedures for electrophoresis and detection of blotted proteins. Despite, the presence of
extraneous bands on irnmunobIots, it can still be concluded that immunoreactive
rnAChRs are present at the appropnate molecular masses in extracts of several ocular

tissues.
Previous reports, in which mAChRs were assayed by PrBCM binding, have also
described a shift in the relative abundance of mAChR isoforms in the retina between

embryonic and adult chicks. Large et al., (1985) reported that the Iower moledar mass

rnAChR isoform (likely to be cm2) was Iess abundant than the larger isoforms (likely to

be the sum of cm3 and cm4) in the ~ t i n of
a ernbryonic chicks, while the smaller mAChR
isoform was more abundant than the larger isoform in hatched chicks. In contrast,

McKinnon and Nathanson (1995) reported that cm4 m'NAand protein were mole

abundant than those of other isoforms in both embryonic and hatched chick retina. and
that expression levels decreased as development progressed. However, we deiected
substantial amounts of cm4 protein in the retina of hatched chicks. This discrepancy may
have resulted From differences in tissue extraction, antigen concentration, and
immunoblotting techniques employed in these two studies. In addition, both cm2 and

cm3 rnRNAs in the retina were expressed at low levels eariy in development, but at
higher levels after hatching (McKinnon and Nathanson, 1995). These findings suggest
that the higher molecular weight isofonns of mAChRs are more abundant than the lower
molecular weight isofonn in the retina of hatched chicks. This is in agreement with our
immunocytochemical findings in retina of hatched chicks, that the apparent arnounts of
both higher molecular-mass rnAChR isoforms are greater than the apparent amount of the
lower-mass form. The discrepancy between the results of these two methods for receptor
localization may have ken due to differences in the relative binding affinity of PrBCM or
antibodies for each mAChR subtype, or the presence and developmental regdation of
additional mAChRs for which we do not yet have antixra.

Summary and conclusions:
We have rrported here the localization of three dflennt subtypes of rnAChRs in

the retina, choroiâ, ciliary body, RPE, and ciliary ganglion of the chick. The results
indicate that ail three isoforms of cbick mAChR for which we were able to test are
present in the RPE,ciliary body, and retina Although mixent rnAChR isoforms may be
present in one ocuiar tissue, their distribution within that tissue is variable. For example

in the retins irnmunoreactivity for different mAChR subtypes appeared in unique layers

of the PL. in addition. cm3 was expressed by distinct subsets of macrine, ganglion, and
bipolar cells, while cm2 and cm4 appeared in the vast majority of macrine and ganglion
cells, but were absent from bipolar cells. The expression of different rnAChR isofoms is
tissue-specific,since cm3 was not detectable in the choroid and neither cm3 nor cm2 was
detected in the ciliary ganglion, while cm4 was found in al1 tissues tested.

CEIAPTERTHREE
Immunocytochemicai characterization of q u i s q d c acid- and NMDA-induced
excitotoxicity in the retha of chicks

Introduction:
Ocular growth is regulated precisely by visual experience. Myopia (nearsightedness) resulting fiom excessive ocular growth is cornmonly studied in chicks and
can be induced by depriving the eye of pattemed images; this is called "form-deprivation
myopia" (FDM; reviewed by Wallman, 1993). Myopia can also be induced by
excitotoxins, including kainate, quisqualic acid (QA) and N-methyl-D-aspartate (NMDA)
(Wildsoet and Pettigrew, 1988; Ehrlich et al., 1990; Fischer et al., 199%; 1998g). Both
form-deprivation and excitotoxins are thought to elicit their growth-altering effects by
disrupting the activity of retinal neurons. It is cumntly believed that retinal modulation
of ocular growth is mediated by sub-populations of arnacrine cells, including those which

release or respond to acetylcholine, dopamine, vasoactive intestinal polypeptide (Ml'),
and enkephalin (ENK)(Wailman, 1993; Seltner and Stell, 1995a; Seltner et al., 1997).

The administration of a large dose of NMDA or QA to the chick retina has been shown to
leave photoreceptor, bipolar, and ganglion ceiïs intact, but to destroy maay amacrine cells
(Morgan, 1987; Barrington et al., 1989; Ehrlich et ai., 1990; Tung et al., 1990; Sheppard
et al., 199 1).

The specific subsets of amacrine cells that are sensitive to NMDA or QA

have not been identined It is possible that excessive ocular growth resuiting h m ntinai
exposure to excitotoxins is mediated by the differential destruction of amacrine ceUs that
54

contribute to growth-regulating retinal pathways. Although the degree of myopia caused
by excitotoxins is small (about -2 dioptres) in cornparison to that caused by form-

deprivation (about - 10 dioptres), excitotoxins have different effects upon the growthpromoting pathways in the retina that are actived by fom-deprivation. Growthpromoting mechanisms are disrupted in NMDA-intoxicated retinas, since myopia can no
longer be enhanced by fomi-depnvation (Fischer et al., 1997b. 1998g). In contrast, at
lest some growth-promoting mechanisms are intact in QA-intoxicated retinas, since
myopia can be enhanced by forrn-deprivation (Erhlich et al., 1990; Chapter 4; Fischer et
al., 1998c, d). Therefore, it is expected that NMDA and QA might destroy different subtypes of amacnne cells involved in ocular growth regulation, thereby differentially
affecting growth-enhancing pathways that are activated by visual fom-deprivation.
The purpose of this study was to idenw subsets of amacrine cells that might be
involved in the retinal control of ocular growth and the pathogenesis of myopia. To do
bis, we characterized the effects of NMDA or QA upon cells believed to participate in
the regulation of pst-natal ocular growth and FDM by using antisera raised against

different cytological markers (either transrnitters, enzymes, transporters. or receptors).
We also characterized the time course of ceii damage in retiaal neurons treated with

NMDA or QA by probing i'n situ for DNA fragmentation. We showed that most

amamine cells previously implicated in growth regdation, including those
immunoreactive for ENK,choline acetyltraasferase (ChAT) and VIP. are destroyed by
QA as weU as NMDA, thereby making unlikely the participation of these celis in the

progression of FDM. However, dopaminergic arnacrine celis survive expomre to both

NMDA and QA, and therefore these, dong with other unidentified subsets of arnacrine

cells, remain as candidates for growth-modulators.

Methods and materiah:
Animais:

Animals were maintained as descnbed in Chapter 2.

Intraocular injections:

Chicks were anesthetized with 1.5% halothane in 50% N,O and 50% O2prior to
injection. Injections were made into the vitreous chamber using a 25 pl Hamilton syringe
with a 26 gauge needle. Penetration of the needle was consistently made into the dorsal
quadrant of the eye. The Ieft eye (control) was injected with 20 pl of sterile saline and the
right eye (treated) was injected with 20 pl of 0.1 M (2,ûûO nmol) NMDA or 20 pl of 0.01

M (200 nmol) QA dissolved in sterile saline. Doses of NMDA and QA were similar to
those used in pnor shidies in chick eyes (Sattayasai and Ehrlich. 1987: Ehrlich et al.,
1990; Tung et ai., 1990; Sheppard et al., 1991). Assurning that the volume of üquid
vitreous within an eye was 150 pl, the initial maximum concentration of NMDA

p~sentedto the &na

was about 11.7 m M and that of QA about 1.17 mM. All dmgs

were obtained from Research Biochemicals International, Natick, MA.

Tissue dissection,fixation. und sectioning:

Tissues were fixed and sectioned as descnbed in Chapter 2, with the following

exceptions. Samples to be labelled with antisera to serotonin, y-amino butyxic acid
(GABA) or glutamic acid decarboxylase (GAD)which were fixed for 24 houa ai 4°C.

Sections from control and treated eyes from the same individual were placed together in
pairs on each slide to ensure equal exposure to reagents.

Immunocytochemistry:
Immunocytochemistry was CRrformed as descibed in Chapter 2. Antibodies used
in this section are Iisted in Table 3.1.

Histobgy:

Slides were warmed to 2 K , washed three tirnes in PBS, and incubated under 200
pl O. I % (wlv) toluidine blue for about 2 minutes. The stain was drained, slides were

washed three times in PBS and mounted, as described above, for rnicroscopy in
transrnitted white light.

Labeiling offragmented DNA:

Retinal sections were obtained as described above from chicks 1.3, and 7 days
after NMDA or QA-treatment. Slides were warmed to 200C and washed once in PBS,
followed by one wash in PBS plus 0.39 Triton X-LOO, and two more washes in normal

PBS. Sections were then covered with 100 p1of incubation medium (OS m o l Cy3conjugated d m , 20 units of 3Qerminal deoxynucleotidyltransferase (Amersharn), 100

mM sodium cacodylate, 2 mM CoCl, and 0.25 mM B-mercaptoethanol, in sterile saline
at pH 7.2) and incubated for 1 hour in a humidified chamber at 37OC.

The sections were

Table 3.1. List of antisera, their antigens, sources, and working dilutions

Table 3.1
Antiserum
and Antigen

Speciesnype

1465
rabbit polyclonal
choline acetyltmnsferase (ChAT)
a-GABA
rabbit polyclonal
y -arninobutyric acid (GABA)
R24
rabbit polyclonai
GABA transporter (GAT- 1)
8305034
rabbit polyclonal
glucagon
634
rabbit polyclonal
glutamic acid decarboxylase (GAD-65)
9T
rabbit polyclonal
glutamate receptor 1 (GluR 1)
25-7
rabbit polyclonal
glutamate receptor 2/3 (GluW3)
LEP 100
mouse monoclonal
lysosomal membrane glycoprotein
1473
rabbit polyclonal
Met-enkephaiin (ENK)
3A10
mouse monoclonal
neurofilarnent-associatedantigen (NAA)
aPA
mouse monoclonal
parvalbumin
RPN536
mouse monoclonal
protein kinase C (PKC)a and P isoforms
S-HT
rabbit polyclonai
serotonin (5-Hl')
S- 10
rat monoclonal
somatostatin
#I6
rabbit polyclonal
tyrosine hydoxylase (TH)
VP31
rat moooclonal
vasoactive intestinal polypeptide (VIP)

Source

Working
Dilution

Dr.M.Epstein
(U. of Wisconsin)
Chemicon
(Temecula, CA)
Drs. R,Jahn & L,Edelrnan
(Yaw
Dr. J. Walsh

1:1000
1: 100
1:1000

1: 1000

W U )
Dr, C.Brandon
1: 1000
(Chicago School of Medicine)
Chernicon
Chemicon
Hybridoma Bank

(u.Of Iowa)

Dr.J.Wdsh
Hybndoma Bank
Sigma
(Mïssissauga, Ontario)
Amersham
(OakvilIe, Ontario)
Inc Star
(Stillwater, MN)
Dr,ABuchan
(U. of British Columbia)
Dr-W.Tank
(U. of Rochester)
Dr.A.Buchan

then washed three times in PBS, mounted in 4: 1 (v/v) glycerol to water, and coverslips
added were for observation by epifluorescence with a rhodamine filter combination.

Measurements, ce11 counts, and statisticalanalyses:

Errors were calculated as the standard deviation of each sample which was
comprised of at lest six individuals per group. To compare data from ~ a t e and
d control
eyes, statistical significance was assessed by using a paired two-tailed Student t-test.
Percentage inner plexiform layer (PL) depth was calculated as the distance from the
border of the P L and inner nuclear layer (INL) divided by the total P L thickness,
multiplied by 100. Al1 thickness measurements were made from photomicrographs of
central retina, while al1 ce11 counts were made from central retina under the microscope of
at least 100 cells per individual on at least 4 different sections.

Results:
Histology:

The appearance and thickness of retinal layers did not change significantiy in
control eyes over the course of the study. In contrast, the appearance and thickness of
retinal layen treated with QA or NMDA varied dramatically. One day after treatment
with NMDA there was a large increase in the thickness of the IPL, whereas the thickness
of other retinal layea was unchanged (Table 3.2; Fig. 3.1 b). Three days after NMDA-

treatment, there were areas of reduced thickness in the P L accompanied by folding and
detachment of the retina, between which the retina remained attached and the thickness of
the P L was not significantly different from that in the control (Table 3.2; Fig. 3. lc). In

contnst, in mas of retinal folding the thickness of the INL was not si-cantly

affecteci,

but between folds the thickness of the INL was reduced (Table 3.2; Fig. 3. lc). Seven
days after NMDA-treatment the thicknesses of both the IPL and INL were severely
reduced while that of the optic fibre layer (OFL)was increased (Table 3.2; Fig. 3. Id).
One day after retinal exposure to QA the thickness of the IPL was signiticaotly
increased, while that of the INL was reduced (Table 3.2; Fig. 3.1 b). Three days after
exposure to QA, the thîckness of the P L remained slightly increased and the thiclmess of
the INL remained reduced (Table 3.2; Fig. 3. lc). Seven days afterQA-treatment, the

thicknesses of both the P L and INL were substantiaüy reduced (Table 3.2; Fig. 3.ld),
whereas the ihickness of the OFL was neady double that of the control (Table 3.2; Fig.

3. Id). Twenty-one days after exposure to NMRA or QA the reduction in thickness of the

Table 3.2: Percent thickness of the control of the PL,iNL. and OFL, 1,3 and 7 days
after treatment with NMDA or QA. The percent thickness was derived by dividing the
treated by control, and multiplying by 100. Each sample is comprised of measurements

from 6 individuals.

Table 3.2

Treatment
NM~A

Retinal
Layer

PL

174.5 I26.8****

INL

94.9=t 4.0*

7

94.5 19.3

PL

*
169.1 * &O****

105.3 I6.3
37.4I7.0****
'66.0 I1 I.2****
68.6k 12.0****
74.2 8.4****
*94.8 I12.6
102.4 I32.9
207.7 A 33.2****

INL
OFL

81.8 I5.6****
124.5 I21.8*

123.4 9.5***
84.8 8-4""
109.9 I21.0

OFL
QA

1

Time after treatment (days)
3

*

*
*

55.8 4.8****
82.7 k 3.2****
194-9I30.5****

(# rznal fold; 2 ISD;*p < 0.05;**p < 0.005;***p < 0.0005;**** p < 0.0001;

significance assessed using a one-tailed Student t-test to compare differences between
treated and control conditions at each time interval and for each treatment; Abbreviations:
PL-inner plexiform layer;INL - inner nuclear layer; OFL - optic fibre layer, NMDA - Nmethyl-D-apartate; QA - quisqualic acid )

Figure 3.1: Vertical sections of retina stained with toluidine blue, taken from chicks at
different times after treamient with N-methyl-D-aspartate (NMDA) or quisquaiic acid
(QA): (a) before injection; (b) one day after treamient; (c) three days after treatment; and

(d) seven days after treatrnent. There was no apparent difference between control retinas
1,3, and 7 days after treamient in cornparison to the pre-injection control (a).

Abbreviations: iP - inner plexiform layer, IN - inner nuclear layer; GC - ganglion ce11
layer, OF - optic fibre layer. Scale bar = 50 Pm.

P L and INL rernained unchanged from 7 days after treatment, while the thickness of the
O n approached that of control retinas (results not shown).
In ail cases, QA or NMDA-induced thinning of the iNL appeared to result fiom
reduction in numbers of amacrine cells in the proximal DL.Amacrine cells were
distinguished from other cells in the INL by their relatively intense staining with toluidine
and the known location of amacrine cells in the proximal half of the iNL. In addition, the
number and density of ce11 bodies in the ganglion ce11 layer (GCL)appeared to be reduced
by both QA and NMDA-treatments. The loss of amacrine and ganglion ce11 bodies was
not uniform across the retina. The loss of arnacrine cells, in particular, was greatest in the
nasal half of the retina near the site of the injection. In addition, 1 and 3 days after QA or
NMDA-treatment, significant numbers of irregularly shaped ceil bodies were scattered
throughout the PL,which was practically acellular in control retinas (Fig.3.1).

NMDA and QA-induced changes in ENK, CIiAT, VïP atrd TH immunoreactivity:
Immunohistochemical changes in retins were tested only 7 days after exposure to
either NMDA or QA, as excitotoxin-induced lesions have been shown to become
stabiiïzed within I week after treatment (Dvorak and Morgan, 1983).
(a) Enkephalin:

Antiserum to ENK labeiled many cells having somata near the middle of the

and dendrites in several distinct sublaminae of the IPL (Fig.3.2a). These cells are the
gnkephalin-newtensin-somatostatin-likeimmunoreactive (ENSU amamine cells which
have been described previously (Brecha et ai., 1979; Watt et al., 1985; Morgan et al.,

Figure 3.2: Vertical sections of retina obtained from eyes 7 days after treament with
saline (top), NMDA (middle), or QA (bottom). These sections have ken labelled with
antisera raised against (a) Met-enkephaiin (ENK), (b) choline acetyltransferase (ChAT),
(c) tyrosine hydroxy lase (TH),and (d)vasoactive intestinal polypeptide (VP).Figure 3.2 b
(bottom) shows QA-treated retina at the m a centralis (left) and temporal region (right).
Abbreviations: IP - inner plexiform layer, IN - inner nuclear layer. GC - ganglion ce11
layer. Scale bar = 50 Fm.

1994; Watt and Rorack, 1994. After NMDA-treatment, ENSLI cells disappeared alrnost

entirely, with only 13.2 I 7.4% (n=6) of their ce11 bodies remaining detectable. ENKimmunoreactive (IR) neurites in the P L were aimost entirely disintegrated, with nmnants

no longer clearly stratified and fonning only short, nanow arbors extending into the
proximal P L (Fig. 3.2a). M e r retinal exposure to QA fewer than 1% of these ENK-IR

amacrine cells remained (Fig. 3.2a). in al1 cases of QA-treatment (N=6), a small patch of

ENK-IR amacs-ine cells (5 to 10 cells per section) remained near the central retina, medial
to the optic nerve head. The denciritic &ors of these residual cells were nanow, but
retained their stratification in the P L (Fig. 3.2a).
(b) ChAT:

Antiserum directed against ChAT revealed numerous cells in the INL and GCL,

as well as 2 robustly-Iabelled strata in the P L (Fig. 3.2b), exactly as desaibed previously.
Millar (et al., 198%) identified 3 subtypes of ChAT-IR amacrine cells in the chick retina,
which included: type4 cholinergic macrine cells, with ce11 bodies at the IPUINL border
and processes in stratum 2 (15 to 25% depth) of the PL;type4 cholinergic macrine

cells, with celi bodies in the G U and processes in stratum 4 (65 to 75%depth) of the

PL;and type-IiI cholinergic arnacrine ceiis with ceU bodies near the middle of the INL
and processes difksely distributed in strata 1 (O to 10% depth) and 3-5 (45 to 85% depth)
of the PL. In the present study, we found that nearly half (46.28 r 9.1%; 937 ceiis
counted fiom 7 individuais) of the type4II ChAT-IR arnacrine cells were also
immunoreactive for somatostatin, i.e. ENSLJ cens mg. 3.3), and that aIl ENSLI cells
(N=433) also were M T - I R . ENSLJ and non-ENSLI type-III cholinergic macrine cells

Figure 33: Vertical section of retina From an untreated eye which has been doublylabelled with antisera raised against (a)ChAT and (b) somatostatin. Arrow heads in
figure 3.3a indicate cells thai contain both ChAT and somatostatin-immunoreactivities.

Figure 3 . 3 ~is a psuedocolour composite image in which the negatives of the images in
figures 3.3a and 33b were digitized, enhanced for contrast, assigned colour (green for

ChAT-irnmunoreactivity and red for somatostatin-immunoreactivity), and overlayed
using Adobe Photoshop 4.0. Scale bar = 50 Pm.

could be distinguished hrther by structural and immunoreactive criteria. The type-&
cholinergic amacnne cells (non-ENSLI, ChAT immunoreactivity only) were weakly
immunoreactive for ChAT and had smaller, irregularly shaped ce11 bodies, with a thin
layer of cytoplasm surrounding the nucleus, and a slender primary neunte. In contrast,
the type-IIi, cholinergic arnacrine cells (ENSLI) were strongly immunoreactive for ChAT
and had Iarger, rounder ce11 bodies, a larger cytoplasmic volume, and a thick primary
neurite. These findings indicate that ENSU amacrine cells as well as a fourth,
unidentified type of amacrine cell, may also utilize acetylcholine as a neurotransmitter.
After NMDA-treatment, there was a significmt reduction in retinal ChAT
immunoreactivity. In al1 cases (N=7) type-& type-&

and type-mEcholinergicamacrine

ceIl bodies and neuntes were almost entirely destroyed. In contrast, type4 cholinergic
amacrine cells appeared to be only rnoderately affected (Table 3.3; Fig. 3.2b). ChAT-IR
neurites in the proximal P L were nearly nonexistent, while those arising from type4
cells in the distal IPL appeared only moderately Iess abundant when compared to those in
control retins (Fig. 3.2b).
FoiIowing exposure to QA neariy al1 type4 cholinergic amacrine cells were
destroyed or entirely depleted of ChAT immunoreactivity (Table 3.3; Fig. 3.2b).
Similarly, d l type-lïl& cholinergic amamine cells. and most of the type-IIIEcelis w m no
longer detectable (Table 3.3; Fig. 3.2b). In ail cases (N=7). most type-II cholinergic
a m d e ceiIs were lost; the residual type-II ceus were scattered across the retina (Table

3.3; Fig. 32b), except in the temporal ntina (region farthest h m the site of injection)
where they were more abundant and their proc&ses in the IPL appeared nearly normal

Table 3.3: Percentage of ChAT-IR arnactine cells remaining 7 days after retinal
exposure to NMDA or QA.

Table 3.3
Type of cholinergic ce11

NMDA-treated

Type 4

78.8 I13.9"

QA-treated

3.8 A 5.9**

(S ignificance of difference from control retinas: *p < 0.01, **p < 0.0005, C=central

ntina, P=peripheral retina; ChAT-IR - choline acetyltransferase-immunoreactive)

(Table 3.3; Fig. 3.2b).
(c) TH:

Antisemm to TH labelled sparsely distributed ce11 bodies with neurites in 3
different strata in the PL,at O to 108,3596, and 75% depth (Fig. 3.2c), exactly as
described previously (Su and Watt, 1987). In d l cases (N=8), matment with NMDA
caused little or no loss of TH-IRmacrine cells and some depletion TH-IR neuntes in the
distal PL, while neurites in the more proximal layers were less abundant and were
compressed into the remaining P L (Fig. 3.2~).Following exposure to QA there was
some loss of TH-IRneurites and cells, mostiy from the cenaal retina (Fig. 3 . 2 ~ ) .

(d) VIP:
Antiserum to VIP weakly labelled many ce11 bodies near the border of the INL and

PL,in addition to sparsely distributed neurites at O to 10%,35%, and 70% IPL depth, as
described previously (Fig. 3.2d; Breda, 1983; Seltner and Stell, 1995). After NMDAtreatment, more than 90% of the VIP-IR amacrine cells were no longer detectable, and the
residuai neurites in the P L were aimost entirely disintegrated (Fig. 3.2d). Similarly, VIP-

IR amacrine cells in the INL and neUntes in the P L were no longer detectable after
retinal exposure to QA (Fig.3.2d). Depletion of ChAT, EN& and VIP

imrnunoreactivities was evident as swn as 24 hous after treatment with NMDA or QA
(results not show).

NMDA and QA-induced changes in other amacrine cell markers:

(a) GABA:

Numerous GABA-IR ce11 bodies were present in the amacrine and horizontal ce11
layers of the INL,and in the GCL (Fig. 3.4a). Immunoreactive GABA was also detected
in neurites throughout the PL,in sparsely distributed processes in the outer plexifom

layer (OPL),and in the nerve fibers extending vertically through the INL to the OPL (Fig.
3.4a). NMDA-treatment destroyed many GABAergic amacrine cells in the iNL, while
GABA-immunoreactivity in the OPL, horizontal cells, and cells in the GCL appeared
unaffected (Fig. 3.4a). Although the labelling intensity of GABA-IR dendntes in the P L
was unchanged by exposure to NMDA. stratification was no longer evident (Fig. 3.4a).

Similarly, after retinal exposure to QA there was a substantial loss of GABA-IR amacrine
cells and cells in the GCL, no apparent loss of GABA-IRhorizontal cells, and a
significant depletion of GABA immunoreactivity in the P L from O to 85% depth (Fig.
3-4a).
(b) GAD:

Some amamine cells, many celis in the GCL, and strata at O to 20%. 35 to 60%.

and 70 to 100% P L depth were GAD-IR(Fig.3.4b). NMDA-treatment greatiy ~ d u c e d
nurnbers of GAD-IRmacrine cell bodies and aboiished most GAD immunoreactivity in
the P L

3.4b). In contrast, then was Little loss of GAD-IRamacrine cells in QA-

treated rrtllias, and only partial loss of GAD-IRneurites, mostly in the 2 proximal strata
of the IPL mg. 3.4b)

Figure 3.4: Vertical sections of retina obtained 7 days after treatment with saline (top),
NMDA (middle), and QA (bottom). The sections have k c n labelled with antisera

directed against the following: (a) y-aminobutyric acid (GABA); (b) glutarnic acid
decarboxylase (GAD);
(c)GABA transporter (GAT- I ); (d) parvalbumin. Scale bar = 50
Pm*

(c) GAT-I :

Immunoreactivity for GAT-1 was seen in many amacrine cells, in some cells in
the GCL,and in 2 broad strata at 20 to 35% and 50 to 55% IPL depth (Fig. 3.43.
Following treatment with NMDA, little GAT- 1 immunoreactivity remained in the IPL
and most GAT-1-IR amacrine cells were no longer detectable (Fig. 3.4~).After treatment
with QA, GAT- 1-IRstrata remained in the PL, while many GAT-1-[R amacrine cells
were lost and those remaining appeared hyper-immunoreactive (Fig. 3.4~).
(d) Parvalbumin:
Parvalbumin immunoreactivity was present in numerous amacrïne cells, densely
innervated strata at O to 10%and 70% IPL depth, and a weakly innervated stratum at
about 40% IPL depth (Fig. 3.4d). NMDA-treatment resulted in the destruction of many

(43.08 t 14.796; N=6) parvalbumin-IR amacrine cells and most neurites in the proximal

PL,but left processes in the distal IPL intact (Fig. 3-43. After QA-treatment,
parvalbumin was detected in only a few (<1%) weakly imrnunoreactive arnacrine cells
and in neurites at the IPL/INL border (Fig.3 . 4 ) . These neurites were also

imrnunoreactive for neurofilarnent-associatedantigen (results not shown). and therefore
likely originated fiom disptaced ganglion cells.
(e) Serotonin:

Serotonin imrnunoreactivity was present in sparsely distributed amamine ceus,
with ce11 bodies located near the midde of the INLand neurites r

e

g in seata at O to

15%and 65 to 85% IPL depth, as well as some weakly immunoreactive bipolar ceiis (Fig.
3 . k ) . as d d b e d previously (Millar et al., 1988). M e r exposure to NMDA, rnost

Figure 3.4: (Continued) Vertical sections of retina obtained 7 days after treatment with
saline (top), NMDA (rniddle), and QA (bottom). The sections have been labelled with
antisera directed against the following (e)serotonin: (0protein kinase C (PKC); (g)
glutamate receptor 1 (GluR 1); (h) GluR2-3; and (i) glucagon. Scale bar = 50 Pm.

serotonin-IR arnacrine cells (73.6 t 25.0%; N=6) were undetectable, and the density of
serotonin-IR processes within the P L was severely reduced (Fig. 3.4e). Afier QAT
serotonin-IR amacrine cells in the INL and their neurites in the P L were entirely absent
(Fig. 3 . k ) . Both QA and NMDA had little or no effect upon serotonin-JR bipolar cells.
(B M C aYP:

Antiserum to PKC labelled 2 different types of bipolar cells. The first, weakly
immunoreactive bipolar ceIl type had small somata in the distal INL, while the second,
stmngly immunoreactive bipolar cell type had larger somata near the middle of the INL
and sent axon tetminals mainly into the distal (O to 10% depth) and proximal (80 to 90%
depth) levels of the P L (Fig. 3.49. PKC irnmunoreactivity was also present in 3 weakly
immunoreactive strata at 45%. 65% and 75% IPL depth (Fig 40. In addition. some
amacrine cells were also weakly immunoreactive for PKC (Fig. 3.49. This distribution
closely matches that descibed previously (Negishi et al., 1988). NMDA and QAtreatments did not significantly affect the abundance and distribution of either type of

PKC-IRbipolar cell, except as a consequence of the reduction in INLand IPL thickness
(Fig.3.40. However, following exposure to NMDA or QATPKC-IRamacrine cells were
l e s abundant.
(g)AMPA-ope glutamate recepfors:

Antiserum to GluRl labelled some ganglion and amacrine cells and weakly
labeiled strata at O to 15%.40 to a%,and 70 to 100% IPL depth (Fig. 3.4g). After
treatment with NMDA, immunoreactivity remained in the PL,but lamination was no
longer evident, and GluRl-IR amacrine and ganglion cells both appeared unchanged (Fig,

3.4g). In contrast, QA-treatrnent abolished most GluRl irnrnunoreactivity in the retina
(Fig. 3.4g).
Antiserum to GluRU3 labelled most, if not dl, amacrine and ganglion cells, and
diffhsely labelled the P L with irnmunoreactivity concentrated at O to 10%,40%, 55%.
and 75% P L depth (Fig. 3.4h). Anti-GluRu3 also weakly labelled the OPL and
produced punctate labelling in the OEX (Fig. 3.4h). M e r NMDA treatment stratification
of GluRu3 immunoreactivity in the P L was lost and many GluR2/3-IR amacrine cells
also disappeared from the N L (Fig. 3.4h), while G l W imrnunoreactivity remained in
the GCL, OPL,and in putative displaced ganglion cells in the INL(Fig. 3.4h). QAtreatment resulted in the loss of many cells immunoreactive for GIuR2/3 and the loss of
immunoreactive strata from the IPL (Fig. 3.4h).
(h) Glucagon:

Antisenim to glucagon robustly labelled sparsely distributed amacrine cells
having large somata at the IPYINL border, one densely imervated stratum at O to 10%

P L depth, and one sparsely innervated stratum at 35%IPL depth (Fig. 3.4i), as described
prewiously (Kiyama et al., 1985). M e r exposure to NMDA or QA the abundance and
labelling intensity of glucagon-IR somata and processes at O to 10% level of the P L were
unaffected, while there was a slight reduction in the abundance of glucagon-IR neurites at
35% P L depth (Fig. 3.4i).

CelLF responding to QA or NMDA byfiagmentation of nuclear DNA:

No nuclei were labelled for DNA hgmentation in mtinas from control eyes at any

iime following treatment (Fig. 3.5a). Four hours after injection of NMDA many scattered
nuclei in the iNL, rnostly in the amacrine ceIl layer, contained fragrnented DNA (nsults
not shown). One day after exposure to NMDA, DNA fragmentation was detected in
increased nurnbers of nuclei in the arnacrine ce11 layer of the INL, as well as few nuclei in
both the ganglion and bipolar ce11 layen (Fig. 3.5b). About 45% of al1 amacnne cells
were nick end-labelled one day after NMDA-treatment, with the greatest density near the
site of injection (nasal retina), and lower densities farther from the injection site (toward
temporal retina). Three days after NMDA-treatrnent, DNA hgmentation was still
detectable, rnosdy in amacnne cells. Less than 10%of the remaining amacrine cells, as
well as a few cells (c1%) in the bipolar ce11 layer of the INL, contained fragmented DNA

(Fig. 3.5~). Seven days after NMDA-treatment, fragmented DNA was present in less than
1% of the residual amacnne cells, rarely in bipolar cells, and never in ganglion cells (Fig.

3Sd).

Four hours after exposure to QA, no retind cells were labelled for DNA
fragmentation lresults not shown). However, 24 hours after QA-treatment, most nuclei in
the amacrine ce11 layer of the INL and a few nuclei in the GCL were intensely labeiIed
(Fig. 3.5b). Three days after QA-treatment, nuclei of most amamine cells were weakly

labelled, while a few were robustly labelled (Fig. 3%). There were also some weakiy
labelled nuclei in the GCL and bipolar ce11 layer of the N L (Fig. 3%). Very few of the
residual amacrine ce11 nuclei were weakly IabeIIed 7 days after treatment (Fig. 3Jd).
Nuclei in the outer nuclear layer were never labeiIed at any tirne following retind
exposure to NMDA or QA.

Figure 35: Vertical sections of retina which have been labelled for DNA fragmentation

in (a) control eyes, and (b) 1, (c) 3 and (d) 7 days after matment with QA or NMDA.
Abbreviations: iP - inner plexiform layer; IN - inner nuclear layer; GC - ganglion ce11
layer. Scaie bar = 50 pm

Accmula~ionof cells NNnunoreactivefor Iysosomal membrane in NMDA and QAtreated retinas:

In control eyes, antisera raised against lysosomal membrane (LM, a marker for
phagocytes) labelled very thin, sparsely distributed fibers scattered throughout the retina,

as we11 as the apical haff of the retinal pigmented epithelium (Fig. 3.6a).
Irnmunoreactivity for LM was dramatically increased in toxin-treated retinas. Three days
after exposure to NMDA or QA, LM-immunoreactivity was detected in numerous fibers

and cells spread throughout the OFL,GCL,PL,and amacrine ce11 layer of the INL (Fig.
3.6). LM-immunoreactivity was detected in several morphologically distinct ce11 types
including: (i) sparsely distnbuted fusiform cells with somata near the middle of the INL
(possibly Mülier cells); (ii) amacrïne-like cells with ce11 bodies present in the proximal

INL and thin neurites extending into the PL;(iii) small rod-shaped cells, with liale
nucleoplasm, found mostly in the P L (possibly activated microglia); and (iv) larger cells
with large nuclei and few peripheral processes found mostiy in the IPL (possibly
macrophages).

Figure 3.6. Vertical sections of retina which have been labelled for lysosomal membrane
in (a) control eyes and 3 days after treatment with (b) NMDA or (c) QA. Scale bar = 50
Pm

LOO

Discussion:
Destruction of amacrine cells involved in ocular growth- regululion:

NMDA-treated eyes do not grow further in response to form-depnvation (Fischer
et al., 1997b, 1998g), while QA-treated eyes retain this ability (Ehrlich et al., 1990;
Chapter 4; Fischer et al., 1998c, d). An important goal of the present study was to
identiQ underlying mechanisms that might be responsible b r b i s difference. NMDAtreatment resulted in a broad spectrum of degenerative changes in the chick retina (Table
3.4). Since many immunoreactive strata of the IPL were lost, and the contribution of

neurites of many types of amacrine cells to the IPL was severely reduced, it is likely that
signal processing by macrine cells in the P L was severely disrupted. It is also likely that
at least some of the residual arnacnne cells had k e n deprived of normal input from other

amacrine cells and therefore were unable to carry out their normal functions. It is not
surprising that this might result in the disruption of retina-dependent ocular growthreplation in NMDA-treated eyes (Fischer et al., 1997b, 1998g), since amacrine cells are
likely to play important roles in the spatiotemporal processing of visual information that
is crucial for emmetropization (Wallman, 1993). In contrast, QA resulted in more
selective retinai damage, with less thinning of ntinal layers and greater persistence of
immunoreactive strata in the PL. For example, QA had a Iesser impact than NMDA

upon amacrine cells immunoreactive for GAD-65,
GAT-1 and GluR2B (Table 3.4). The
survival of amacrine cells responsible for growth-regdation wodd permit QA-treaîed
eyes to respond to fom-ckpnvation (Ehrlich et ai., 1990, Chapter 4; Fischer et al., 1998~.

4-

Table 3.4. Summary of the effects of NMDA or QA upon different retinal cells.

Table 3.4.
MarkedCell Type

NMDA

TH/AC
VIWAC
Type4 cholinergic AC
Type-IIcholinergic AC
Type-ma cholinergic AC
Type-W cholinergic/ENWAC
PKCBP
PKC/AC
glucagon/AC
serotonidAc
parvalbumin/AC
GABNAC

GAD/AC
GAT- [/AC
GluR VAC & GC
GluR2-3/AC

-

-

-

(AC amamine cell; BP bipolar cell; GC ganglion cei; little or no effect; + some l o s ~
of

irnmunoreactivity;++ moderate disruption;+++ substantial disruption; ++++complete
ablation)

QA-treatment destroyed amacrine cells that putatively participate in the
progression of FDM, including those immunoreactive for ENK, VJP and ChAT. This
suggests that amacrine cells that release ENK,VIP or acetylcholine are not required for
the progression of FDM,since QA-treated eyes still respond to fonn-deprivation (Ehrlich
et al., 1990; Chapter 4; Fischer et al., 1998c, d). Pharmacological antagonists to opiate
receptors, VIP, and muscarinic acetylcholine receptors are capable of suppressing FDM
(reviewed by Wallman, 1993; Seltner and Stell 1995a; Seltner et al., 1997). The absence
of cells that produce and release VIP, ACh, or ENK in QA-treated eyes might be expected
to have consequences sirnilar to those of antagonizing of receptors to these tmsrnitters.
Therefore, not only are VIP, ACh, or ENK-containhg arnacrine cells not needed for the
progression of FDM, they likely do not participate in the antagonist-mediated suppression
of D M . If this hypothesis were me, then antagonists to opiate, VIP, or muscarinic
receptors should suppress FDM in QA-treated eyes. This hypothesis will be tested for the
muscarinic cholinergie system in the following chapter of this dissertation.
Somehow the retinal pathways that mediate form-deprivation-induced ocular
growth remain intact after QA-treatment, despite the destruction of numerous sub-types

of amacrine cell. It is possible that QA-insensitive amacrine cells, including those
immunoreactive for TH, are required for the progression of FDM or prevention of
excessive ocular enlargement during normal vision. For example, it has k e n reported
that the destruction of TH4R celis by 6-hydroxydopamine prevents the progression of

FDM in chicks (Li et al., 1992;Scbaeffel et al., 1994). Other candidates for growthregulatory pathways would include GABAergic and glucagon-IR amadne ceiis, since a

substantial fraction of these cells appear to be spared by QA-matment.

E m s of NMDA and QA on subpopulations of amacrine cells:
NMDA and kainate have k e n shown to stimulate loss of immunoreactive

neuroactive substances, including glucagon, neurotensin and ENK, from specific
amacrine ce11 populations in tunle retina in vitro (Yaqub and Eldred, 1993). In chick
retina we observed that glucagon-IR amamine cells were unaffected by both NMDA and
QA, while ENSU arnacrines were sensitive to them. We found that serotonergic

arnacrine cells in chick are sensitive to NMDA and QA, whereas serotonergic cells in the
turtle retina were found to be affected only by kainate (Yaqub and Eldred, 1993). Thus,
serotonergic amacrine cells in chick retina are sensitive to NMDA and QA, while those in
turtle retina are not. In contrast, glucagonergic cells in the chick retina are sensitive to

NMDA, unlike those in the turtie. It is possible, however, that these apparent differences
are due, at lest in part, to differences in method (acute, in vitro vs chronic, in situ) rather

than differences in species.
Both QA and NMDA have been shown to evoke the release of GABA and

acetylcholine from isolated chick retina (Campocûiaro et al., 1985; Zeevalk et al., 1989;

Ferreira et al., 1994). Similarly, we have shown that both GABAergic and cholinergic
amacrine cells are destmyed in significant numbers foiiowing exposure to NMDA or QA.
These findings suggest that GABAergic and chohergic amacrine ceils express recepton
that are activatecl by NMDA and QA. However, not all GABAergic and cholinergic

arnacrine cells were destroyed by NMDA or QA-treatments, suggesting that not all of

these cells are affected by NMDA or QA.
Subtypes of cholinergic amacrine cells differed in sensitivity to NMDA and QA.
Type4 cholinergic amacrine cells were the most tolerant to NMDA-treatment, while type-

II cells were the most tolerant to QA-treatment. This may have resulted from a difference
in the relative abundance of glutamate receptor isoforms expressed by these ce11 types.
For example, type4 cells may express fewer NMDA-recepton, while type-II cells express
fewer QA-selective receptors. Altematively, different ceIl death programs in these ceIIs
rnay be activated by NMDA or QA-selective glutamate receptors, thereby endowing them

with different tolerances to NMDA or QA.
The receptor-specificity of NMDA- and QA-induced ceIl death is a complicated
issue. The high doses of dmgs we applied could decrease specificity for receptor
subtypes, and the specificity of these dmgs for glutamate and non-glutamate receptors in
chick tissues is not well characterized. Therefore, the results presented in this shidy
should be considered primarily as examples of excitotoxic rather than receptor-specific
effects.

Suntivui of retinal tells Mer exposure tu Q A or NMDA:

Most horizontal celis, ganglion celis, photoreceptors, Müller cells (nmlts not
ts
shown), and bipolar cells swived exposure to either QA or NMDA. Similar ~ ~ s u lhave

been described in other studies on chick retina using a single dose of NMDA or QA
(Sattayasai and EMich, 1987; Barrington et al.. 1989; Sheppard et al., 1991). There are

several possibiiities to explain the tolerance of these cells. Fust, an absence or low level

of expression of relevant glutamate ncepton could render cells insensitive to NMDA or
QA. Second, some cells that express NMDA andor QA-selective receptoa may possess

a p a t e r ability than others to cope with sustained depolarization and ionic fluctuations.

For example, excitatory glutamate receptors, including NMDA receptors are expressed by
ganglion cells in the chick retina (Fischer et al., I998g;and the present work), yet most of
these cells survive exposure to toxic levels of kainate or NMDA (Sheppard et al., 1989;
Ehrlich et al., 1990; and the present work). It has been suggested that the larger cytosolic
volume in ganglion cells might buffer the accumulation of intracellular Ca2+,thereby
rendering these cells less susceptible to extitotonicity than intrinsic retinal intemeurons
(Sheppard et al., 1989). Ganglion cells rnight also nsist excitotoxicity because they are

adapted to large ion fluxes associated with bursts of action potentials, or because voltagegated calcium channels are absent fiom their somata

Changes in the fhickness of rerinnl loyersfollowing treatment with NMDA or QA:
Large changes in thickness of the P L werr seen after treatment with NMDA or
QA. The swelling of the IPL one &y after matment was likely caused by excessive

depolarization of processes, build-up of ions (probably Ci>,and consequent osmotic
swelling. Such sweiLing of the IPL has k e n seen in as Little as 2 minutes following
retinal exposure to kainate (Kleinschmidt et al.. 1986% b), and can be prevented by pre-

treatment with chloride-channel blockers (Zeevalk et al., 1989). Thm was no apparent
swelling of the INL. even though swelling was observed in the IPL which contains
neuntes from ceils whose somata are Located in the INL. It is possible that by 24 hours

after treatment substantial numbers of amacrine cells became pyknotic, white othea
conversely became swollen, tesulting in littie net change in the thickness of the iNL. In
fact. there was a significant decrease in INLthickness 24 hours after QA-treatrnent (Fig.
3.3b). suggesting that some cells within the INL had already perished. This thinning of

the ïNL may result frorn the acute death of some horizontal and amacrine cells. This
hypothesis is supported by the findings of Sattayasai and Ehrlich (1987) who reported that
QA caused swelling and death of horizontal cells, and thinning of the [NL, 2 days after

treatment.
Thinning of the IPL 7 days after treatment was probably due to the destruction
and removal of neurites of amacrine cells and possibly ganglion cells. This retinal

degeneration closely matches qualitative aspects of NMDA or QA-induced IPL
degeneration reported previously in the chick eye (Sattaysai and Erhlich, 1987;
Barrington et al., 1989; Erhlich et al., 1990; Sheppard et al., 1991). Similarly, Dvorak

and Morgan (1 983) reported that kainic acid-induced retinai thinning due to the
permanent removal of neurons is stabiiized one week after treatment.

Accumufationof cells Vi the P Lfoilowing retinal exposure IO NMDA or QA:

The identity of the cells that appeared within the PL 3 days after treatment, and
the mechanisms underiying their appearance, remains somewhat uncertain. These ceiîs

contain immunoreactivity for LM and therefore likely are phagocytic glial ceiis (activateci
micropiia) &or

macrophages that have entend the rebina to remove cellular debris.

Attempts to fiuther characterize and Iabel these ceifs wirh antisera directed against güd

fibrillar acidic protein (Sigma), vimentin (H5,AMF-17b and ME-C; Hybridoma Bank),
quai1 haematopoietic stem cells (QH-1; Hybridoma Bank; Cuadros et al., 1992), NN-1
and NN-2 (Dr. P.Rapond), hurnan lysozyme, human CD68 OAK0 Corporation), and

H386F and H38 lB4B5 (Dr. N. Tumosa), were unsuccessful, perhaps because of speciesspecific differences in epitopes for these mostly mammaiian microglial marken.

Regional retinal sensitiviîy tu QA and NMDA:

It remains unclear why less DNA fragmentation and more type-Iï choiinergic
amacrine cells were detected in temporal than in other ngions in treated retins. It is
possible that lesser amounts of QA and NMDA reached the temporal retina because of
p a t e r dilution at a distance from the nasodorsal injection site. 1t is also possible that
temporal retinal regions are sirnply less susceptible to excitotoxicity, for unknown
reasons. Indeed, Zcevaik et al., (1989) reported that temporal regions of isolated
embryonic chick retina were afkcted less than nasal regions by exposure to kainate in
vitro, suggesting that inninsic rather than microenvironmental factors could be

responsible for these regional merences.

QA and NMDA-induced DNA fragmentation:

Most of the amacrine cells desaoyed by NMDA or QA appear to undergo
apoptosis, assuming that the DNA fragmentation detected in our study is representative of
prognunmed ceil death. The number of ntinai c e k showing fragmentation of DNA was
maximal at 24 hrs and was completcd 3 to 7 days after treatment with either NMDA or

QA. In cultured cerebellar granule cells, excitotoxin-induced apoptosis has been shown

to produce DNA fragmentation that is maximal at 4 hours and completed by 12 hours
after treatment (Sirnonian et al., 1996), whereas apoptosis caused by low extracellular
potassium is maximal at 24 hours and completed by 4 days &ter treatment (D'Me110 et al.,
1993). These results suggest that excitotoxin-induced apoptosis in cerebellar granule
cells and ce11 death in retinal macrine cells occun at different rates, and possibly by
different mechanisms. In addition, many retinal cells contained fragmented DNA only 4
hours after exposure to NMDA, whereas QA elicited no such effect. This suggests that
different ce11 death pathways, in which DNA fragmentation begins soon after insult, are
activated by exposure to NMDA than QA in some populations of retinal neurons.
DNA fragmentation was detected in the vast majority, if not d l , amadne cells

following exposure to QA. However, clearly not d l amacrine cells were destroyed,
because the thickness of the amacrine ceIl layer was ceduced by only 60% after QA.
Similarly, although many bipolar cells contained fiagmented DNA following exposure to

NMDA, there was no detectable loss of PKC-IRbipolar cells. These results suggest that
some cells damaged by QA or NMDA, although labelled by the 3' nick end-Iabelling
technique, were not committed to apoptosis. These non-apoptotic cells that contained
f+agrnentedchromatin rnay have sustained Iimited DNA darnage (notenough to become
committed to apoptosis) or may ultimately have been rescued by DNA repair.

Conclusions
NMDA-induced excitotoxicity resulted in widespread disnrption of many subpopulations of retinal amacrine ceils, accompanied by general disniption of the IPL.
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whereas QA-induced excitotoxicity resulted in more specific destruction of restricted subsets of retinal amacnne cells with less loss of neurites from the PL. Damage within the
QA-treated P L appeared to be restricted enough to allow FDM to develop, whereas
damage within the NMDA-treated P L was either too widespread, or directed to critical
cell types involved in the regulation of ocular growth. These results support the
hypothesis that retinal control of ocular growth is dependent upon signal processing
involving amacrine cells in the PL. We propose that amacrine cells containing
acetylcholine, ENK, or VIP are not required for the progression of FDM, while those
containing dopamine, GABA and glucagon may be. We observed that DNA
fragmentation is evident in many arnacnne cells and some bipolar cells exposed to QA or
NMDA, but conclude that it rnay not be an accurate cnterion for cornmitment to
apoptosis.

CHAPTER FOUR
Choliwrgic amacrine ceUs are not required for the progression and

atropine-mediated suppression of formdeprivation myopia

Introduction:
Visual experience is required to properly guide ocular growth. Image featuns a .
processed and translated by retinal neurons into biochemical signals that precisely control
the growth of the sciera (the outer, shape-detemiinhg sheath of the eye) so that the length

of the vitreous chamber is matched to the combined ref'ractive powers of the comea and
Iens. Normally, visual processing regulates ocular growth so that with neutral
accommodation distant objects are focussed upon the retina. This state is refemd to as
emmetropia. The process of emrnetropization can be perturbed by attenuating contrast

and high spatial frequencies with light difising goggles or eye lid-suture, causing
elongation of the vitreous chamber of the eye and myopia (near-sightedness; Wallman,
1993; Bartmann & Schaeffel, 1994). For example. myopia can be induced early in life

(while the eye is growing) by blurring images incident to the retina with iranslucent
goggles or suturing the eye-lids together. This experimental paradigrn is cornmonly
studied in chicks and has been temexi form-&privation myopia (FDM).

In chicks, FDM results from the dimption of visual processing and growthcontroiling pathways that are intrinsic to the eye (Wallman. 1987). Regulation of 0cuia.r

growth requires spatiotemporal processing, probably at the level of the amaccine celis
(WaUman, 1990.1993). Pharmacological studies have implicated several signalhg

pathways in the progression of FDM. These pathways include cells that release or
respond to dopamine (Stone et al., I989),vasoactive intestinal polypeptide (VIP; Stone et

ai., 1988; Seltner & Stell, 1995a), basic fibroblast gmwth factor (Rohrer & Stell, 1994),
enkephalin (Seltner et al., 1997), N-methyl-D-aspartate (Seltner & Stell, 1996, Fischer et
al., 1998g), and acetylcholine (ACh; Stone et al., 1991). The contribution of cholinergic
pathways to the regulation of ocular growth is of particular interest, as it holds the
greatest potential as the focus of dmg therapies aimed to correct ametrupias. Topical
application of the muscarinic antagonist atropine has k e n used for decades to retard the
progression of human myopia (Parsons, 1923; Luedde, 1932; Gostin, 1962; Bedrossian,
1971, 1979; Gimbel, 1973; Dyer, 1979; Goss, 1982). Antagonists to rnuscarinic
acetylcholine receptors (rnAChRs) have also been shown to suppress FDM in one species

of monkey (Raviola & Weisel, 1985). tree shrews (McKanna & Casagrande, 198l), and
chicks (Stone et al., 199l), and US Patent protection has been granted for the treatment of
human myopia with muscarinic agents (Laties and Stone, 1992).
The source(s) of ACh and subtypes of muscarinic recepton that participate in the

regdation of ocular growth remain unknown. Cholinergic systems in the eye comprise
both inainsic retinal macrine ceils and the parasympathetic nervous system. Cholinergic
innervation to the choroid, iris sphincter, and ciliary body arises primarily h m p s t ganglionic parasympathetic murons in the ciliary gangiion (Meriney & Pilar, 1987).
MiUar et ai. (1987b) identified 3 subtypes of CIiAT-immunoreactive macrine ceiis in the

chick retina, which included: type4 cholinergic amacrine cells, with ceiI bodies at the

proximal border of the i ~ enuclear
r
layer (NL)and neurites in sublamina 2 of the d e r

plexiform layer (PL);type-II cholinergic arnacrine cells, with ce11 bodies in the ganglion
ce11 layer (GCL)and neuntes in sublamina 4 of the PL;and type-IIIcholinergic amacrine
cells, with ceII bodies near the middle of the INL and neurites distributed in sublaminae 1
and 3 to 5 of the PL. In addition, type-iiI cholinergic amacrine cells can be Further

segregated into type-&

that contain only ChAT-irnmunoreactivity, and type-III,

(ENSLI cells) that dso contain enkephaiin, neurotensin and somatostatin
immunoreactivities (Watt & Florack, 1994; Chapter 3; Fischer et ai., 1998f).
Furthemore, at lest 3 different isoforms of mAChRs are expressed in the retina, retinal
pigmented epithelium, and choroid (McKinnon & Nathanson, 1995; Chapter 2; Fischer et
al., 1997a; 1998b).
The purpose of these studies was to test whether retinal sources of acetylcholine

and their rnuscarinic targets contribute to normal ocular growth, the progression of FDM,
and the suppression of FDM by rnuscarinic antagonists. We ablated cholinergic amacrine

cells with ethylcholine mustard azindinium (ECMA) or QA and tested whether treated
eyes grew normally, became myopic in response to fom-deprivation, and were prevented
from becoming myopic by treatrnent wÎth atropine. The resu1ts presented here suggest
that cholinergic arnacrine ceils and mAChRs in the retina do not contribute to visually

guided ocular growth, and that they are not responsible for the enhanced rates of growth
caused by formdepnvation or the prevention of FDM by atropine.

Methods and materials:
Animais:

Animals were maintained as described in Chapter 2, with the following exception.
Australian animals (White leghom-black australorp cross) were used for the ChATactivity assays, and were treated identically to the Canadian experimental animals. They
were also used for a less complete set of studies on eye growth. Sirnilar results were
obtained in the Australian and Canadian experiments.

Preparation of ECMA:

ECMA was prepared ftom acetylethylcholine mustard-HCI (Research
Biochemical International) as described by Millar et al. (1987a). In short, 5 mg of
acetylethylcholine mustard-HC1 was dissolved in O. I M phosphate buffer (PB), pH 1 1.7,
and de-acetylated for 1 hour at 20°C. The pH of this solution was adjusted to 7.4 with

4M HCI,and the volume adjusted to a working dilution with PB pH 7.4, and left for 1
hour at 20°C to fom a solution of activated ethylcholine mustard aziridinium ion. The
doses injected are expressed in ternis of the stariing matenal, since rates of conversion to

ECMA are difficult to deterrnine (BarLow & Marchbanks, 1984).

Intraocular injections:

Intraocular injections were made as described in Chapter 3. At 6 days of age,
under common fluorescent Lights at mid-day, the ieft eye (control) was injected with 20 pl
of vehicle (steriie saline for QA-treated chicks or O. 1 M phosphate buffer pH 7.4 for

ECMA-treated chicks) and the right eye (treated) was injected with 20 pl of sterile saline,
20 pl of 1.2 m M (25 nmol or 5.8 pg) ECMA,or 20 pl of 10 rnM (200 nmol or 37.8 pg)
QA. We tested the effects of atropine and fom-deprivation on chicks treated at only one

dose of QA, which 1 have found to have devasting effects upon cholinergic amacrine cells
(Chapter 3; Fischer et al., 19980, but still leaves eyes responsive to form-depnvation
(Ehrlich et al., 1990). We tested the effects of atropine and fom-deprivation on only one
dose of ECMA,as previous reports (Miiiar et al., 1987a) and prelirninary dose-response
studies (Stell et al.. 1997) suggested that a dose in this range would destroy substantial

numbers of cholinergic arnacrine cells without darnaging non-cholinergic cells. Six days
after exposure to ECMA or QA, treated eyes were covered with a translucent goggle and
left alone or injected every 24 houn for the next 6 days with either 20 pl of saline or 20
pl of 1.95 rnM (45.3 nmol or 40 ug) atropine sulphate (Sigma) dissolved in saline.

Assuming that the volume of liquid-vitreous within an eye was about 150 pl, the initial

maximum vitreal concentration of QA was about 1.17 mM, that of ECMA about 0.16
mM, and that of atropine about 0.26 mM. After 6 days of fomi-deprivation and daily

injections, Le. at 19 days of age, eyes were refracted (to the nearest dioptre) by using a
streak retinoscope and trial lenses. Chicks were then killed by chloroform inhalation,
eyes removed from the orbit, and most of the attached comective tissues and muscles

eimmed away. Equatorial diameter (at the most narrow part of the eye) and axial length
(at the apex of the comea to the base of the posterior eye) were measured using digital

Fixation and sectioning:

Tissues were fixed and sections as described in Chapter 2.

Immunocyrochemis~ry:

immunocytochemistry was perfomed as described in Chapter 2, with the
exception of some antibodies that were applied. The antibodies that were used in this
section are listed in Table 4.1

Choline ace~ltransferaseactiviv assay:
Eyes of chicks were injected with different doses of ECMA or 200 nmol QA.
Seven days later, chicks were killed by ether inhalation, decapitated, and eyes were
enucleated. Eyes were bisected equatonally, vitreous removed, and the remaining tissues

of the eye dissected into retins RPE plus choroid, and antenor segment (iris plus ciliary
body). Dissected tissues were homogenized in dH20and incubated with [14C]acetyl-Co~
and choline chloride for the determination of ChAT activity (?Iaywood et al., 1975). The
radioactivity of extracts was measured using a scintillation counter and enzyme activity
expnssed as nmol of ACh formed per eye per hour.

Table 4.1: List of antisera, their antigens, sources, and working dilutions

Table 4.1
Antibody
and Antigen

Isotype/Species

Source

1465
IgG - rabbit polyclonal
Dr.M. Epstein
Choline acetyltransferase (ChAT)
cm2
IgG - rabbit polyclonal
Dr.N. Nathanson
Chick muscarinic acetylcholine receptor (m2 isoform)
cm3
IgG - rabbit polyclonal
Dr.N. Nathanson
Chick muscarinic acetylcholine receptor (m3 isoform)
cm4
IgG rabbit polyclonal
Dr. N. Nathanson
Chick muscarinic acetylcholine receptor (m4 isoform)
8305034
IgG-rabbit polyclonal Dr.J. Walsh
Glucagon
MC5
IgG - mouse monoclonal
Amersharn
Protein kinase C (a@ isofom)
5-HT
IgG - rabbit polyclonal
Inc Star
Serotonin
S- IO
IgG - rat monoclonal
Dr.A. Buchan
Somatostatin
#16
IgG - rabbit polyclonal
Dr. W. Tank
Tyrosine hydroxylase (TH)
VP3 1
IgG - rat monocionai
Dr. A. Buchan
Vasoactive intestinal polypeptide (VP)

-

Working
Dilution

Labelling of fagmented DNA :

Retinal sections were obtained as described above, 1.3, and 7 days after ECMA
or QA-treatment. Fragmented DNA was detected in situ as described in Chapter 3.

Measurements, cell counts, and statistical analyses:

Errors bars were calculated as the standard deviation of each sarnple. To compare
data between treated and conml eyes from the sarne experimental group, statistical
significance was assessed using a paired, two-tailed Student î-test. To compare data
between experimental conditions, statistical signifîcance was assessed using a two-way
ANOVA. Al1 ce11 counts were made from centrai retina under the microscope.

Results:
Survival of cholinergic amacrine cellsfollowing exposure to ECMA or PA:

Antiserum directed against ChAT labelled nurnerous cells in the INL and GCL,as
well as 2 prominent strata in the P L (Fig. 4. la), exactly as desdbed previously (Millar et
al., 1987b;Chapter 3; Fischer et al., 1998f). Cholinergie macrine cells were assessed
irnmunocytochemically only in ECMA-or QA-treated eyes that had ken formdeprived
and not injected, or form-deprived and injected with atropine. In ali cases (n=20),after
exposure to ECMA ali type4 and moa t y p e d cholinergic amacfine cells were destroyed

or entirely depleted of detectable ChAT-immunoreactivity, while most type-&

and

type-& cells appeared intact (Table 42, Fg. 4. lb). Only m l y (2 of 20 retinas) more
thau 3046 of the type-II cells d v e d exposure to ECMA. ECMA-treatment did not

Table 4.2: Effects of ECMA or QA and fom-deprivation upon the abundance of
different types of cholinergie amacrine cells and refractive error.

Table 4.2

Percentage of remaining celis
type-I
type-II
type-m

Treatment

ECMA
010
+ no injection

14.7125.0

93.1k17.2

ECMA

18-1 I28.8

103.1

O*O

+ atropine
QA

3.8

* 5.9

QA

0.7

1.1

+ no injection
+ atropine

12.4 I7.8

4.3

* 2.5

* 10.4

Refracti ve
emr

-4.411.3

O*O

3.2 2 4.1

-5.4 I
1.O

1.3 11-1

-0.8 I1 .O

(percentage vaiues given as mean Istandard deviation)

Sarnple
size
7

Figure 4.1: Vertical sections of retina and choroid labelled with antiserurn to ChAT,
from eyes treated with (a)saline, (b) ECMA, (c) QA (central retina), and (d) QA

(peripheral retina). Abbreviations: IP - inner plexifom layer; [N -inner nuclear layer, GC

- ganglion ce11 layer. Scale bar = 50 Pm.

affect subsets of amacnne or bipolar cells immunoreactive for PKC,VIP, somatostatin
(ChAT type-III,), TH, glucagon, or serotonin (results not shown).
AFter exposure to QA nearly al1 type4 cholinergic arnacrine cells were destroyed
or entirely depleted of ChAT-immunonactivity (Table 4.2; Fig. 4. lc). Similarly, al1 typeIII, cholinergic amacrine cells, and most of the type-& cells were no longer detectable
(Table 4.2; Fig. 4. Ic). in al1 cases (n=20), residual type-II cholinergic amacrine cells with
abnomal, narrow dendritic arboun were scattered across the retina (Table 4.2; Fig. 4. lc),
except in the peripheral retina where these cells were more abundant and their processes
in the P L appeared nearly nomal (Fig. 4. ld). This confirms previous reports of QAinduced depletion of ChAT-immunoreactive arnacrine cells in the chick retina (Chapter 3;
Fischer et al,. l998f).

The distribution, abundance, and staining intensity of ChAT-immunoreactive
fibres in the choroid appeared unchanged after exposure to ECMA or QA (Fig. 4.1).

nAChR-Munoreacrivity remaining after tteatment with ECMA or QA:

A n t i d weakly labelled cells in the amacrine ce11 layer of the INL and GCL
4.2a). Cm2-imrnunoreactivity was locaiized to 4 strata in the PL,at O to 15%, 40 to

60%,70 to 85%, and 95 to 100% P L depth (Fig.4.23. Cm3-immunoreactivity was

localized to many bipolar cells, sparsely distributed arnacrhe cells, a few cells in the
OCL, as well as 3 strata at O to 301,45 to a%,
and 70 to 95% depth of the IPL (Fig.
4.2b). Superimposed upon the two distal strata weR two more intensely staiiied strata at

20 to 30% and 50 to 55% P L depth (Fig. 42b). Anti-cm4 robustiy labeiled most

Figure 4.2: Vertical sections of control (top), ECMA (middle), and QA-treated retinas
(bottom) Iabelled with antisera raised against (a)cm2 ,(b)cm3, and (c) cm4.

Abbreviations: IP - inner plexiform layer, IN -inner nuclear layer; GC - ganglion ce11
layer. Scale bar = 50 Pm.

amacrine cells in the iNL and GCL as well as one thin stratum at about 60% P L depth
(Fig. 4.2~).The distribution of cm2, cm3 and cm4 immunoreactivities was exactly as 1
have described previously (Chapter 2; Fischer et al., 1997% 1998b). There was little
change in the distribution and abundance of rnAChRs in ECMA-treated retinas. After
exposure to EMCA, both cm2 and cm3 immunoreactivities appemd unchanged (Figs.
4.2a and 4.2b), while the cm4immunoreactive stratum at 60% IPL depth was absent (Fig.

4.2~).After treatment with QA, the expression of rnAChRs was severely disrupted.
Many cm2-immunoreactive cells in the INL and GCL and most cd-immunoreactivity in
the P L were destroyed by QA (Fig.4.2a). QA had little or no eftect upon cm3-

immunoreactive bipolar cells, while many amacrine cells and cells in the GCL became
hyperimmunoreactive and most cm3-immunoreactivity in the P L was absent (Fig.4.2b).
QA-treatment destroyed many cm4-immunoreactive cells in the GCL and in the macrine
ce11 layer of the INL, and ablated the m4-immunoreactive straturn at 60% IPL depth
(Fig. 4.2~).

ECMA and PA-Uiducedfrogmentationof nuclear DNA:
Fragmented DNA was not detected in saline-treated retinas at any time after

treatment. Twenty-four hours after ECMA-treatment, many nuclei of retinal neurons
contained hgmented DNA. The majority of labeiled nuclei were those of amacrine ceils
(in the INL and displaced to the GCL), but there was also labelling of bipolar, and

possibly ganglion ceiI nuclei (Fig. 4.3b). Three days after exposure to ECMA,
fragmented DNA was detected in the nuclei of some bipolar and arnacrine cells, while
132

Figure 43: Vertical sections of retina which have been labelled for DNA fragmentation
in (a)control eyes, and (b) 1, (c) 3 and (d) 7 days after treatment with ECMA or QA.

-

Abbreviations: IP inner plexifonn layer; IN - inner nuclear layer, GC - ganglion ce11

layer. Scale bar = 50 pm

very little fragmented DNA was detected in the GCL (Fig. 4.3~).Seven days after
ECMA-treatment, fragmented DNA was not detected anywhere in the retina (Fig. 4.3d).
Twenty-four hours after QA-treatment, most nuclei in the amacrine ce11 layer of
the INL and a few nuclei in the GCL were intensely labelled for fragmented DNA (Fig.

4.3b). Three days after treatment, nuclei of most amacrine and some ganglion cells were
weakly labelled, while a few were robustly labelled (Fig. 4.3~).Then were aiso some
weakly labelled nuclei in the bipolar ce11 layer of the fNL (Fig. 4.3~). Rarely occuring
residual amacrine ce11 nuclei were weakly labelled 7 days after treatment (Fig. 4.3d).
These results confirm previous reports of QA-induced DNA frôgrnentation in the chick
retina (Chapter 3; Fischer et al., 1998f).

The &ects of ECMA and QA upon ChAT activity:

ECMA caused a dose-dependent decrease in ChAT activity of ocular tissues. The
ChAT activity in retinas treated (at P6) with 6 m o l ECMA was reduced to about 75%
that of controls (Fig. 4.4a). ChAT activity in retinas treated with 20 nmol ECMA was

reduced to about 42%, while that of retins treated with 60 nmol was reduced to 14%
(Fig. 4.4a). ECMA had iittie effect upon ChAT activity in the choroid or anterior
segment (Fig. 4.4b and 4.4~). Only at a 600 nmol dose, ECMA signincantly decreased

ChAT activity in the choroid and anterior segment (data not shown).
The activity of ChAT was severely attenuated in retinas exposure to 200 m o l
QA. Ody 16% of the ChAT activity remained in treated retiaas (Fig.4Aa). In

comparison, QA had only slight effects upon ChAT activity in the choroid or the anterior

Figure 4.4: Activity of ChAT in extracts of (a) retina, (b) choroid plus RPE,or (c)

anterior segment that have ken treated with ECMA or QA. The control is equal to
100%. Significance (*p<0.01 ;**p<0.005;***p<0.000
1 ) between treated samples and

the mean of the control was assessed by using a one-tailed Student t-test.

(a) retina

I

t

m o l ECMA

nmol QA

(b) choroid plus RPE

m l ECMA

nmol QA

(c) anterior segment

m o l ECMA

segment of the eye. The ChAT activity in the choroid was reduced to about 7 1%, while
that of the anterior segment was reduced to about 8 2 2 (Fig. 4.4b and 4.443.

The effect of atropine upon F M :

Atropine suppressed FDM in a dose-dependent manner. Daily intravitred
application of atropine at 2.0 pg had no significant eftect upon the refractive error, axial
length. or equatorial diarneter of form-deprived eyes (Fig. 4Sa, b, c respective1y).
However, atropine at 20 ,40 and 80 pg per day prevented the excessive ocular elongation
and negative refractive error that normally resulted f'om form-deprivation (Fig. 4.5).

These results confirm the suppression of FDM by atropine as reported previously (Stone
et al., 1991; McBrien et al., 1993).

nie tffect of atropine and toxin-treatment upon normal and fonn-deprivedeyes:

ECMA and QA had little effect upon normal ocular growth or the excessive
growth and myopia caused by form-deprivation. Injections of ECMA,QATand atropine
had no effect on refraction of contralateral saline-treated eyes. which were consistently
ernmetropic. Twelve days after toxin marnent, ECMA and QA-treated ungoggled eyes
remained ernmetropic mg. 4.6a) and had normal equatoriai diameter and axial length

(Fig.4.6b,c respectively), as weil as nomai wet weight (data not shown). Fomdeprived ECMA and QA-treated eyes became signincantiy myopic (pcû.000 1;paind ttest between control and contraiateral treated eyes). but less so than saline-treated formdeprived eyes (p<o.ûûû 1; ANOVA cornparison between groups; Fig. 4.6~).In addition,

Figure 4.5: Dose response functions for the effects of atropine (2,20,40, and 80 pg/day)
upon the (a) refractive ermr, (b) axial length, and (c)equatonal diameter of fomdeprived eyes. Significance (*p < 0.005; n = 6) between treated and control (salinetreated) groups was assessed by using a two-way Student t-test.

(a) rekactive error
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Dose atropine (microgramdday)
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Dose atropine (micrograms/day)

(c) equatorial diameter
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control

Dose atropine (microgramslday)

Figure 4.6: The effects of atropine, ECMA, and QA upon (a) axial length, (b) equatorial
diameter, and (c) refractive error of form-deprived eyes. The two empty lanes in figure
6a (QA and ECMA alone) represent means and standard deviations equal to zero.
Significance (*p<0.0001; **p<O.ûûS; ***p<0.01;****@.05)

between treated and

control eyes from the sarne experimental group was assessed using a one-way Student ttest, while significance of difference between non-injected, saline-injected and atropineinjected eyes was assessed using a two-way ANOVA. Abbreviations: FD - formdepnved; QA - quisqualic acid; ECMA - ethylcholine mustard aziridinium; Atr- atropine;
Sa1 - saline.
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form-deprivation of ECMA and QA-treated eyes caused significant increases in axial
length (pc0.0001 ;t-test between control and treated eyes; Fig. 4.6b). However, the
increases in axial length resulting from form-deprivation of saline-, ECMA-, or QAtreated eyes did not differ significantly (Fig. 4.6b). Form-deprivation of eyes treated with
saline, ECMA or QA at P6 caused significant increases in equatorial diameter
(p<O.O 1 ;paired t-test between treated and coneralateral control eyes; Fig. 4.6a). Fom-

deprivation of eyes treated with ECMA or QA at P6 and daily saline injection caused
significant increases in equatorial diameter (pç0.05; t-test between control and treated
eyes), but no significant difference from daily injection with atropine (Fig.4.6a).
Atropine significantly suppressed the refractive error and increases in axial length that
normally result from form-deprivation in ECMA-treated eyes (p4.0001; for both t-test
between control and treated eyes and ANOVA comparison between groups; Fig. 4.6).
Atropine also significantiy suppressed the refractive emr (p<0.000 1; ANOVA
comparison between groups), the increase in axial length ( ~ ~ 0 . 0 10;0ANOVA
comparison between groups), and the increase in equatorial diameter ( p 4 . 0 1 ; ANOVA
comparison between groups) that normally result from form-deprivation in QA-treated
eyes.

The merence between the size or refractive state of eyes that received daily
injections of saline and those bat did not receive daily injections was not significant.

There was no comlation between the nurnbers of type-II cholinergie arnacrine ceus that
survived exposure to QA and the amount of refractive e m r that resulted fimm formdeprivation (data not shown). Similady, there was no comlation between the numbers of

type4 or type-LU cholinergic arnacnne cells that survived exposure to ECMA and the
amount of refractive error that resulted from form-depnvation.

Discussion:
n e role of retinal cholinergic pathways in visually guided ocular growth:

ECMA and QA induced massive losses of ChAT-immunoreactive amactine cells
in the chick retina. The majotity of cholinergic amacrine cells (except type-III cells) were
ablated from (or undetectable in) ECMA-treated retinas, while essentially al1 cholinergic
cells were ablated from the central retina of QA-treated animals, and many noncholinergic cells were also affected at least transiently (as suggested DNA fragmentation
labelling). The residual ChAT activity that was detected in QA-treated retinas likely
resulted mainly from the large numbers of type-II cells that survived at the periphery of
the retina, as well as (perhaps) immunocytochemically undetectable levels of ChAT in
residual, damaged cholinergic cells in central retina. It is udikely that these residual
type4 cholinergic arnacrine cells in the retinal periphery contributed to the progression of

FDM or atropine-mediated rescue of FDM, as they should be unable to influence the
growth of the posterior pole of the eye that is associated with FDM (Wallman, 1993).

The remaining type-II cells in central retiaa that survived exposure to QA were also
unlikely to participate in the regdation of ocular growth because of their severely nduced
numbers and the considerable damage to their dendritic arbours. Furthemore, QAinduced massive loss of rnAChRs, and widespread DNA fragmentation shoaly after
treatment (this paper), and destruction of amacilne ceils immunoreactive for VIP,

serotonin, PKC,GluR 1 or parvalbumin (Chapter 3; Fischer et al., 19980. QA caused
little or no loss of cholinergic fibers or ChAT enzyme activity from the choroid or
antenor segment of toxin-treated eyes. Nevertheless, toxin-treated eyes remained
emmetropic, grew excessively in response to form-deprivation, and were rescued from

FDM by atropine. We expected that the QA-treated eyes would grow excessively in
response to form-deprivation, because of pnor reports that form-deptivation induces
increased axial length in QA-intoxicated eyes (Ehrlich et al., 1990). Assuming that

atropine acts only as a mAChR antagonist at the doses used in this study, Our results
indicate that: (i) cholinergic retinal amacrine cells do not contribute to the processes of
emmetropization or growth-enhancement that are activated by fom-depnvation; (ii)
atropine does not suppress FDM by antagonizing the actions of ACh released from
cholinergic retinal amacrine ceiis; (iii) atropine does not suppress FDM by acting upon
mAChR's in the retina; and (iv) atropine may suppress FDM by antagonizing ACh
nleased from parasympathetic axon terrninals in the choroid or anterior segment of the
eye.

Three different isofoms of mAChR have k e n detected in the retina, RPE,
choroid and ciliary body (Chapter 2; Fischer et al., 1997%Fischer et al., 1998b).

Muscarhic AChRs may also be present in scleral chondrocytes, since atropine has been
reponed to suppress the production of proteogiycans by scleral chondrocytes (Marzani et
al., 1994; Lind et al., 1997). Therefore, the activation of mAChRs in the RPE choroid, or
sclera by ACh released h m choroidal innervation couid promote vitreous chamber
elongation during fom-deprivation. On the other hanci, it has k e n s h o w that ablation of

cholinergic innervation to the choroid has little effect upon the FDM (Lin & Stone, 199 1;
Reiner et al., 1995).
It is unlikely that cholinergic innervation to the anterior segment of the eye

participates in the visual modulation of ocular growth. Neither atropine nor the subtype
selective antagonist pirenzepine have any detectable effects on pupillary responses and
accommodation in chicks (McBrien et al., 1993), and the removal of cholinergic
innervation to the ciliary body and iris sphincter has no affect upon emmetropization or

FDM (WalIrnan, et al., 198 1;Schaeffel et al., 1990; Wildsoet & Howland, 1991;
Wildsoet et al., 1993; Schmid & Wildsoet, 1996).
Alternat ive1y, atropine might influence non-cholinergic growth-modulating
pathways in the eye. The only evidence that cholinergic pathways are involved in the
regulation of ocular growth cornes from studies on the effects of muscarinic antagonists
on FDM (Stone et al., 1991; McBrien et al., 1993; Leech et ai., 1995) and on the effects
of forrn-depnvation on ChAT activity in the ciliary ganglion and choroid (Pendrak et ai.,
1995). The results of these studies suggest contradictory roles for chotinergic pathways

in the visual regulation of ocular growth. The suppression of FDM by muscarinic

antagonists suggests that activation of mAChRs causes excessive growth, and it has been
argued that this pathway resides in the retina (Stone et al., 1991; McBrien et al., 1993;

Leech et al., 1995). However, Pendrak et al. (1995) reported bat ChAT activity was aot
altered in the retins, but its activity was reduced in the choroid and ciliary ganglion of
form-depnved eyes, suggesting that a decrease in chohergic transmission in the choroid
might be respoosible for FDM. Both choroidal neurectomy and chernical lesioning of

cholinergic retinal cells do not affect emmetropization or the development of FDM, while
reduced ChAT activity in choroid is likely to result from fom-deprivation and a
reduction in release of ACh from choroidal nerve endings probably causes the reduction
in choroidal blood flow observed in forrn-depnved eyes (Reiner et al., 1995). These
findings would seem to suggest that cholinergic pathways in the eye are not required for:
(i) growth towards and maintenance of emmetropia; (ii) the excessive ocular growth that

results from form-deprivation; and (iii) the atropine-mediated suppression of FDM.
Therefore, it remains uncertain where in the eye and through which receptor systems
atropine elicits its growth-modulating influence. Further experimentation is required to
test whether cholinergic innervation to the choroid plays any role in visudly guided
ocular growth or atropine-mediated suppression of FDM,and whether atropine and
pirenzepine may act via mechanisms other than mAChR antagonism.
QA and ECMA did not cause any changes in the size (axial length and equatorial

diameter) of either open or form-deprived eyes (Fig. 4.7). ECMA and QA did, however,
cause a greater reduction in FDM (refractive error) than that caused by injection of saline

alone. In addition, 12 days after treatment, neither ECMA nor QA caused any detectable
change in comeal curvanire @y visual inspection), contrary to previous reports that QA
causes significant inneases in corneal curvanire and anterior chamber depth 3 weeks after
intravitrral injection (Barrington et al., 1989; Ehrlich et al., 1990). However, it is
possible that these QA-induced changes in the anterior chamber occurred between 12 and
2 1 days after treatment, and that any decreases in the refiactive error of fom-deprived
toxin-treated eyes resulted h m mdetected changes in the anterior segment.

Persistence of ChAT-immunoreactivefibers and ceilsfollowing exposure to QA or
ECMA:

The cholinergic neurotoxin, ECMA, is an analogue of choline that specificaily
dkylates and inactivates transporters and enzymes that utilize choline as a substrate
(Sandberget al., 1985; Allen et al.. 1988; Hanin 1990, 1996). The primary target of
ECMA is the high-affinity choline transporter that is strongly expressed by cholinergic

neurons (Fisher et al., 1982; Hanin, 1990, 1996). Previous reports have s h o w that this
toxin is capable of destroying cholinergic amacrine cells, while apparently sparing other
retinal neurons (Millar et al., 1987a; Estnda et al., 1988; Gomes-Ramos et al., 1990).
This is consistent with our results of immunolabelling, but not of DNA nick-endlabelling. We detected widespread DNA fragmentation, a symptom of apoptosis, 1 and 3
days after retinal exposure to ECMA,while only the loss of type-1 and type-II cholinergic
arnacrine cells was detected. In contrast, QA is an excitotoxin that destroys cells by
over-stimulating subsets of ionotmphic non-NMDA glutamate receptors. QA also
induces DNA fragmentation in most amamine celis, while only destroys limited subsets
(Chapter 3; Fischer et al., 1998f). These results indicate that both ECMA and QA cause
widespread fragmentation of genornic DNA,and that labelled cells are not necessarily
comrnitted to apoptosis, but may instead be undergoing DNA repair and ncovery.
Moderate doses (s 25 mol) of ECMA preferentidy destroyed type4 and type-II
cholinergic amacrine cells, leaving the majority of type-IIIcells intact, and resutted in
substantial decreases in cetinal ChAT activity (see Fig. 45a). This is consistent with

results reported previously. However, Our findings are inconsistent in some respects with
those of Millnr et al. (1987a). who reported substantial amounts of ChAT activity after
retinal exposure to high doses (> MO nmol) of ECMA that were reported to destroy the
entire retina. Millar et al. (1987a) also reported that ECMA elicited no effects upon cells
immunoreactive for enkephalin, while those immunoreactive for somatostatin were
affected. This is not possible, as somatostatin and enkephalin are colocalized in the same
sub-set of arnacnne celts (Watt & Florack, 1994), which are also immunoreactive for

ChAT and comprise about one-half of the type-JlI cholinergic cells (Chapter 3; Fischer et
al., 19880. This discrepancy likely resulted from the capricious actions of ECMA,

differences in sensitivity of immunocytochernical detection of somatostatin and
enkephalin, and sampling errors.
Not only are typeIII cholinergic amacrine cels Iess susceptible to ECMA-

treatment than other ChAT-immunoreactivecells, but cholinergic fiben in the choroid are
aiso resistant, except as measured by ChAT activity assay at the 600 nmol dose (results
not shown). The tolerance to ECMA of cholinergic fiben in the choroid and type-IU cells
in the retina may have resulted from: (i) an absence or low level of expression of choline
transporters; (ii) reduced exposure to ECMA due to diffusion barriers and dilution
(appücable only to cholinergic fibers in the choroid); or (iii) differences in transporter
kinetics or avaiiabïiity due to dif5ereaces in üght-moduiation of neuronal activity.

Similady, cholinergic fibers in choroid and some type-II cholinergic amacrine ceiis
survived exposure to QA. This may have resulted b m : (i) an absence or low level of
expression of QA-sensitive glutamate receptors (partidarfy in the case of choroidal

fibers); (ii) increased tolerance to excitotoxicity; or (iii) relative exposure to QA from a
distant source due to difision and dilution (applicable only to cholinergic fibers in the
choroid).

ECMA-induced reduction of c d levels in the retina:
No loss of cm2 or cm3 was detected in retinas treated with ECMA. However,

cm4-immunoreactivity was obviously lost from ECMA-treated retinas. After exposure to

ECMA,crn4-immunoreactivity was absent from the P L stratum coincident with the
neurites of type41 cholinergic arnacrine cells. Since there was no apparent destruction of
arnacrine cells other than type4 and type41 cholinergic cells, and of ChATimmunoreactive arnacrines only type4 cells send neurites to sublamina 4 of the IPL, then
it is likely that the ECMA-induced depletion of cm4-immunoreactivity in the P L
represents the loss of cm4 autorecepton expressed by type41 cholinergic cells.

Surnmary and conclusim:

The ablation of most ChAT-immunoreactivity in the retina did not prevent
emmetropization or FDM. This suggests that none of the 4 types of cholinergic macrine
ceils contributes to visudly guided ocular growth. Furthemore, since atropine prevented

FDM in retinas depleted of muscarinic receptors and cholinergic cells, cholinergic
pathways in the retina are udikely to participate in atropine-mediated suppression of

FDM. These results suggest that cholinergic growth-modulatory pathways are
extraretinal, or that atropine prevents FDM b u g h non-cholinergie mechanisms.

CELAPTER F M 3
Summaries and Conclusions

Visually guided ocular growth is a complicated process that requires image
processing by the retina. in particular, subsets of retinal arnacrine cells are required to
process information regarding the contrast and spatial hquency content of images, and
translate this information into growth-modulating signals. Several distinct subsets of
amacrine cells have been implicated indirectly in this process. These cells include those
that release andor respond to dopamine (Stone et al., 1989; Rohrer et al., 1993). ENK
(Seltner et ai., 1997), ACh (Stone et al., 1991; McBrien et ai., 1993), VIP (Stone et al.,
1988; Seltner et al., 1995%1995b), nitric oxide (Fujikado et al., 1997), neurotensin
(Seltner, personai communication), and glutamate acting at NMDA-receptors (Fischer et
al., 1998g). Evidence supporting roles for these cells in growth regdation has been
provided mostiy by pharmacologicd studies.
The purpose of this dissertation was to investigate the role of cholinergie
pathways in visual guidance of ocular growth. Since the muscarinic antagonist atropine
suppresses FDM,the localization of mACbRs might provide insight into where atropine
acts to block form-deprivation-induced ocular growth. Therefore, the first hypothesis

tested was that different isoforms of mAChR are expressed in growth-regulatingcircuits.
Tndeed, mAChRs were detected in most tissues throughout the chick eye. At legst 3
different isoforms of mAChR are expressed by bipolar, amacrine, or ganglion cefls in the
retina Furthemore, mAChRs were detected in the RPE,choroid, and ciliary body.

These localizations of mAChRs are consistent with a role in visually guided ocular
growth, since any of these tissues could, in theory, modify ocular growth.

Since the M I -selective antagonist pirenzepine prevents FDM in chicks (Stone et
al., 1991;McBrien et al., 1993), activation of M 1-type mAChRs is believed to promote
excessive ocular growth during fom-deprivation. However, an avian rn 1 homologue has
not been cloned and characterized because it either does not exist or is expressed at
extremely Iow levels (Neil Nathanson, personal communication). Regardless,
pirenzepine has been shown to bind preferentially to cm2 and cm4 isofoms of the chick
muscarinic receptor (Tietje et al., 1990; Tietje and Nathanson, 1991). This indicates not
only that the pharmacological characteristics of chick mAChRs differ substantidly from
those of marnmalian recepton, but also that cm1-mechanisms are not necessary for the

pirenzepine-mediated suppression of FDM.
Atropine has k e n shown to elicit a number of effects upon retinal activity,
including flattening of the pattern ERG (Schwahn et al., 1997) and increasing retinal
dopamine content (Kayrnak et al., 1997). Furthemore, atropine has been reported to

block changes in the resting potential of the RPE elicited by muscarinic agonists in vitro
(Schwahn and Schaeffel., 1998) and block muscarinic vasodilation and thereby cause
vasoconstriction to decrease chornidal blood flow (Menney and Pilar, 1987). It remains

uncertain whether any of these effects itseif suppresses FDM,and even whether these
effects are elicited through rnAChRs. However, evidence offered in this dissertation

suggests that these atropine-mediated effects do not suppress FDM by antagonizing
the action of ACh, released by amacrine cells in the retina

Lind et al. (1997) and Manani et al. (1994) have suggested that atropine and
pirenzepine suppress FDM by directly modifying the activity of isolated, cultured scleral
chondrocytes, because these muscarinic antagonists reduce their production of
proteoglycans. However, it is unlikely that these affects are elicited through antagonism
at muscarinic receptoa. By definition, an antagonist blocks the actions of an agonist, and
elicits no effect in the absence of agonist. However, in the studies showing that
muscarinic antagonists affect the activity of chondrocytes, no rnuscainic agonist was
added to the preparation. Furthemore, cm2,cm3 and cm4 were not detected in scleral

cells (Chapter 2; Fischer et al., 1998b). However, it is possible that an isoform of
mAChR that was not assayed (i.e.,c m 3 is expressed by scleral chondrocytes.

Regardless, action of atropine as an antagonist at cm5 expressed by chondrocytes remains

an unlikely mechanisrn of FDM-suppression, since: (i) choroidai sources of ACh are not
required for ernmetropization or the development of FDM, and thereby seem uniikely to
regulate scleral growth dnven by visual cues (Wailman et al., 198 1;Schaeffel et al., 1988;
Troilo, 1990;Lin and Stone, 199 1;Troilo and Wallman, 199 1); (ii) atropine suppresses
the production of proteoglycans by chondrocytes in the absence of an exogenous agonist
(Marzani et ai., 1994; Lind et al., 1997); and (iü) Ian Morgan (personal communication)
was unable to detect a pirenzepine-induced decrease in proteogiycan synthesis using

similar assays of scleral activity. The sclera mains a candidate for the site of atropine's
FDM-suppressing affects, but it is unlikely that these affects are elicited through

muscarhic receptors.

The second hypothesis tested in this dissertation was that a subset of a m d e

cells is required and sufficient for visual guidance of ocular growth. This hypothesis was
tested by exarnining the cells destroyed by different arnacrine cell-selective toxins that

have different effects upon emmetropization and FDM. QA-induced excitotoxicity
destroys many different subsets of arnacrine cells (Chapter 3; Fischer et al., 19980, while
allowing visual guidance of ocular growth (Ehrlich et al., 1990; Chapter 4; Fischer et al.,
1998c, d). Therefore, the cells destroyed by QA are not necessary for ernmetropization or

FDM. Surprisingly, QA destroyed many subsets of cells previously implicated as
modulaton of ocular growth by pharmacological studies. These cells include those that
contain VIP, ENK, or Ach. In addition, QA depletes retinal stores of dopamine (Frank
Schaeffel, personal communication), although it spares TH-immunoreactive cells
(Chapter 3; Fischer et al., 1998f). These findings suggest that fom-depnvation-induced
reductions in ntinal levels of ENK (Ali et ai., 1993; Megaw et al., 1994), dopamine
(Stone et al., f 989), and ViP polypeptide (Stone et al., 1988) and mRNA (McGlinn et al.,
1998) are epiphenomena. In other words, these vision-dependent changes in levels of
ENK, dopamine, and VIP are caused by form-depnvation but do not cause the excessive
ocular growth that results from it. While form-deprivation-induced ocular growth does
not necessarily arise fiom the same mechanisms as from nomal visually guided ocular
growth, the cells lost to QA-induced excitotoxicity cm be considered nonessential to

visually guided ocular growth because treated eyes remain emmetropic (Chapter 4;
Fischer et al., 1998~.
d) and remain susceptible to growth-modulation by plus or minus
defocus (FrankSchaeffel, persona1 comm~cation).

Like QA, NMDA destroyed many different subsets of d

e celis (Chapter 3;

Fischer et al., 19980, but unlike QA it caused a transient increase in the rate of ocular
growth and subsequently prevented emmetropization and FDM (Fischer et al., 1997b.
1998g). The purpose of characterizing the cells destroyed by NMDA was to identiQ cells
required for visually guided ocular growth. Unfortunately, the damage caused by
NMDA-induced excitotoxicity was widespread and somewhat generalized, and
overlapped subsiantially with the darnage caused by QA, thereby making it impossible to
identify a few, specific sets of cells required to regulate ocular growth. However, since
NMDA-treatment abolishes and QA-treatment allows visually guided ocular growth, the
subsets of cells destroyed by NMDA and not by QA are candidates for controlling ocular
growth. Subsets of amacrine cells that appeared unaffected by QA, but were destroyed or
darnaged by NMDA include GAD-65- and GAT-1 immunoreactive cells (see Table 5. l),
which are presumably GABAergic amamine cells. A summary of the effects of different
toxins upon visual guidance of ocular growth and histologically distinct subsets of
amacrine cells is given in Table 5.1. Some of the histologically distinct subsets of
amacrine cells identified irnmunocytochemically in this dissertation are illustrated in
Figure 5.1.
Undoubtedy, ooly a fraction of the ceils damaged or destroyed by NMDA and
QA were identified by immunocytochemistry. It seems Likely that many more subtypes of

ceils are present in the retina than those distinguished with a limited number of
histological markers. This has two implications for understanding the roles of particular
populations of cells in visual guidance of o d a r growth. Fkt, NMDA-induced

excitotoxicity may prevent emrnetmpuation and FDM by damaging or destroying

Table 5.1: Summary of the effects of toxins upon ocular growth and different subsets of
retinai arnacrine cells. Data on the darnage caused by different toxins and effects of
toxins upon ocular growth came from:( 1 ) Chapter 3; Fischer et al., 1998f; and Frank
Schaeffel (personai communication) for NMDA and QA; (2) Chapter 4 and Fischer et al.,
1998~.d for ECMA; and (3) Fischer et al., lW8e and unpublished observations for
colchicine.

Table 5.1:
Amacrine ce11
type or growthmodulating stimuli

Toxin

NMDA

QA

ECMA

colchicine

Candidate
for growth
modulation

emmetropization
minus lens
plus lens
fonn-de privation

ChAT type-I
ChAT type-II
ChAT type-m
(non-ENSLI)
ChAT type-m
(ENSLI)

No
No
No

VIP

No
No

TH

No

Glucagon

Yes

NOS type-1
NOS type-2
NOS ry~e-3
NOS type4

No
No

Serotonin
GABA
GAD-65
GAT- I
GIuRI
GluRu3
Parvalbumin

PKC

Yes
No
No
Yes
Yes
Yes
No
Yes
No
No

( - littie or no effect; + some loss of celis or affect on ocular growth; ++ moderate
dismption; +++ substantiai disniption; + complete
t ~ ablation; ND not done)

Figure 5.1: Illustrations of histologically and morphologically distinct amacnne cells
b a t have been identified imrnunocytochemically. These arnacrine cells include those

described previously as (a) ChAT type-1, (b)ChAT type-D, (c) ChAT type-m non-

ENSU (d) ChAT type-III ENSLI, (e) VIP,(0TH, (g) glucagon, (h) serotonin, (i)
parvalbumin, and ü) cm3.

IPL
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unidentified subsets of retinal cells. Second, some unidentified subsets of retinal cells
that were not affected by QA-induced excitotoxicity might be responsible for visual
guidance of ocular growth. Furthemore, immunolabelling was used to assay for the
survival of histologically distinct cell-types following exposure to toxins, and this
technique is not a test for viability. The peaistence of immunoreactivity in a cell-type
(eg. TH) in toxin-treated retinas does not necessarily indicate that the ceIl is fully

functional, responsive to visual stimuli, or still capable of acting on target cells that are
required for emmetropization (i.e., targets rnight be destroyed). For example, while I
have shown that TH-immunoreactive cells survive QA-treatment, Frank Schaeffel
(personal communication) has shown that retinal levels of dopamine are depleted by QA.
Therefore, despite the persistance of TH-immunoreactivity in arnacrine cells exposed to
QA, dopamine spthesis and release could be severely impaired. Conversely, faiiure to

detect ce11s by imrnunocytochemistry does not gaurantee that they are destroyed andor
non-functional.

Like NMDA, colchicine has ncently been reported to induce excessive ocular
growth, but to a much greater extent than that caused by NMDA (Fischer et al., 1998e).
Colchicine was s h o w to destroy not oniy most ganglion cells, but also particular subsets
of amamine cells. It has k e n proposed that colchicine-induced ocular growth results
from the destruction of TH- andor glucagon-containing amacrine cells (Fischer et al.,
1998e).

It could be argued that several redundant pathways control visually guided ocular
growth. and that despite QA-induced destruction of opiate. VIPergic and cholinergie

retinal pathways (that putatively regulate ocular growth), other growth-controlling
pathways in parallel with them remain intact. However, if this were true then a single
pharmacological agent acting at one set of recepton in a growth-controlling pathway
should not be able to suppress FDM. In theory, an antagonist or agonist that prevents
FDM is acting upon only one signailing pathway.

Conclusions:
Currently, it is impossible to determine where in the eye atropine acts or to
characterize all of the effects that it might elicit. Furthemore, it remains uncertain where
and how muscarinic antagonists suppress FDM. Evidence offered in this dissertation has.

however, indicated that retinal sources of ACh are not required for emmetropization or
the development of FDM, and that atropine does not suppnss FDM by antagonizing the
actions of ACh in the retina. It is unlikely that FDM is suppressed by atropine's
antagonism of ACh released in the choroid, because removal of cholinergic innervation
arising from the ciliary ganglion has little effect upon normal or fomi-deprivationinduced ocular growth (Wailman et al., 1981; Schaeffel et al., 1988; Troilo, 1990; Lin
and Stone, 199 1; Troilo and Wdlman, 1991). Therefore atropine may suppress FDM by

acting directiy upon scleral chondrocytes (via non-mAChRs) to reduce the synthesis of
proteoglycans, or (more likely) by acting at non-muscarinic signalhg pathways in the
retina, M E or choroid.
Evidence offered in this dissertation excludes a number of retinal amacrine cell
types and the transmitters that they produce as being crucial components of growth-

controlling rnechanisms. Subsets of amacrine cells thût were previously thought to
control ocular growth, but are no longer candidate growth-replators in light of evidence
offered in this dissertation, include those that produce ENK and neurotensin, ACh, and

VIP. It remains uncertain which amacrine cells are critical for growth regulation.
Arnacrine cells that contribute to the regulation of ocular growth may include those that:
(i) are responsive to NMDA (Fischer et al., 1998g); (ii) are resistant to QA and ECMA
(Chapten 3 and 4; Fischer et al., 1998c, d, f); (iii) are destmyed by colchicine (Fischer et
al., 1998e); and (iv) differentially accumulate or express Fos (McGuire and Stell, 1998).

Egr- 1 (Fischer et al., 1998a),cGMP (cyclic guanidine monophosphate; Fischer and Stell,
l998b), or phospho-ERK (Fischer and Stell, 1998~)
in response to growth-regulating
visual stimuli. The effects of growth-modulating visual stimuli and NMDA upon
activity-dependent markers expressed or accumulated by amacrine cells are listed in
Table 5.2. Potential growth-modulating pathways in the eye are summarized by the
schematic diagram in Figure 5.2.
Glutarnatergic transmission at NMDA, AMPA and metabotropic recepton is
somehow involved in the retinal pathways that control ocular growth. We have recently
reported that antagonists to NMDA receptoa prevent FDM (Fischer et al., 1998g). Since
NMDA receptoa are expressed only by amacrine and ganglion cells in the chick retina

(Fischer et al., 1998g), it seerns likely that activation of NMDA receptors expressed by

amacrine cells somehow plays a d e in ocular growth control. Sirnilarly, the OFFchanne1 glutamate receptor antagonist cis-2,3-piperdine-dicarboxylicacid (PDA), which
is known to be selective for kainate receptors on chick OFF-bipolars (Morgan, 198Tb),

Table 5.2: Affects of different growth-rnodulating visual stimuli upon rates of ocular
growth and numbers of arnacrine cells that express or accumulate different activitydependent markers.

Table 5.2

Activity-dependent marker
Visual
Stimuli

Affects on rates
of ocular growth

Fos

7 dioptres
plus defocus

7 dioptres
minus defocus
(1 increase, 1 decrase,

-

no change, ND not done)

Egr- 1

PERK

cGMP

Figure 5.2: Schernatic diagrams of growth-enhancing pathways in (a) open and (b) foimdeprived eyes.

F i S.Za: Gronth-slowhg pathways m open eyrs

F i i 5.2b: Growth-enhancingpathways m form-deprived eyes

has no effect on open eyes, but suppresses FDM (Xie et al.. 1992; Crewther et al., 1996).

In contrast, the ON-channel antagonist (mGluR6 agonist) L-2-arnino-4phosphonobutyrate (APB or L-AP4) causes hyperopic rehctive error and decreased axial
lengths in the open eyes of kittens (Smith et al., 1985) and chicks (Xie et al., 1992;
Crewther et al., 1996), while having no effect on FDM. Taken together, these results
might suggest that normal "grow" and form-deprivation bbgrow"signals originate
independently from ON and OFF channels, respectively, in the retina (Fig. 5.2).
Glucagon-containing arnacrine cells are prornising candidates as modulators of
ocular growth because these cells are destroyed by colchicine (Fischer et al., 1998e), are
resistant to QA and ECMA (Chapters 3 and 4; Fischer et al., 1998c, d, f), accumulate
phospho-ERK during form-deprivation (Fischer and Stell, l998c), and upregulate Egr- 1
in response to NMDA or growth-slowing visual stimuli, but down-regulate Egr- 1 in

response to growthenhancing visual stimuli (Fischer et al., 1998a). However, the ability
of glucagon to modulate ocular growth has not been tested. It is possible that a
neurotransmitter other than giucagon, dso deased by gfucagon-immunoreactive celis,
might regulate ocular growth. Further investigations are required to test whether
glucagon-immunoreactive amacrine cells regdate ocular growth and whether visiondependent changes in Egr-1 in these cells are crucial to visually guided ocular growth.
Altematively, NOS type-3 cells may be candidate growth-modulators, since these
cells are resistant to QA (Fischer and Steil, 1998a). The NOS inhibitor L-NAMEhas
been reported to suppress FDM (Fujikado et al., 1997). However, recent studies in our

lab have been unable to confiuni these resuIts using the NOS-inhibitors L-NAME,L-

NMMA, or L-NI0 (Gudgeon et al., 1998). Therefore, NO seems unlikely to be a ntina-

derived growth modulator. However, the NOS type-3 cells that survive exposure to QA
cannot be excluded as candidate growth-modulators, because a non-NO transmitter
released by these cells could regulate ocular growth.

Future directions in rnyopia research:

Research directed toward identifying the retinal cells, circuitcy and transmitters
that regulate ocular growth will have to adopt new strategies and techniques (other than
conventional pharmacological approaches) to obtain meaningful answea. Conventional
pharmacological approaches have proven useful in demonstrating that dnig therapies
could be applied to control abnormal ocular growth, but have proven useless for
identiwng the endogenous transmitters and circuitry required for the visual guidance of
ocular growth.

One technique that is producing promising data to identim candidate growthmodulating cells is activity-dependent labelling. In theory, growth-modulating visual
stimuli (i.e., form-deprivation, plus or minus defocus) should alter the activity of many
retinal cells, some of which should be crucial componeats in the control of growth.
Recently, 1 have found that retinal Ievels of cGMP, phospho-ERK, and Egr-I are
modulated by growth-rnodulating stimuli (Fischer et al., 1998% b; Fischer & Steil,

1998~).

Vision-dependentaccumulation of cGMP:
Among the many characterized functions of cGMP is its action as the intracellular
ligand to a subtype of ion channel (cGMP-gated cation channel) that modulates the
electncal activity of photoreceptors and ON-bipolar cells. It remains uncertain whether
similar mechmisms are used by other cell-types in the retina, but it seems likely that

cGMP participates in other signalling pathways (e.g. cGMP-dependent protein kinasemediated pathways). We have shown that cGMP-immunoreactivity is present in a few
subsets of macrine cells in the un-ated

chick retina (Table: 5.2; Fischer and Stell,

1998b). This Iabelling is abolished by two hours of plus-lens Wear, while minus-lens

Wear has no effect. The effects of goggling and removal of a goggle on cGMPimmunolabelling in the retina remain to be determined.
cGMP is produced by the enzyme guanylate cyclase (GC) whose activity is
enhanced directly by the labile free radical nitric oxide (NO; reviewed by Zhang &
Snyder, 1995). Retinal levels of cGMP can be enhanced in different cell-types by the NO
donor SNP (Gudgeon et al., 1998). Co-application of 40 nmol S N P with the PDE
(phosphodiesterase) inhibitor IBMX (isobutylmethylxanthine)causes a ciramatic increase
in cGMP-immunoreactivityin bipolar cells 2 hours after ûeatment. These cGMPimmunoreactive bipolar cells do not contain M3 or cdbhdin-immunoreactivities. It
seems iikely that these cens are ON-bipolars, since ON-bipolars are hown to express GC

and accumulate cGMP in the Light. Lower doses of SNP (4 mol) cause a differential
accumulation cGMP in at l e s t 3 different subsets of amamine cells, with only low levels
of cGMP in bipolar c e k Since plus-lens Wear (that slows ocular growth) reduces levels

of cGMP in arnacrine cells, it is possible that SNP plus IBMX-induced accumulation of

cGMP prevents FDM or lens-induced myopia. Chronic adminstration of toxic doses
( 1000 nmol) of

SNP prevents FDM and results in severely Rattened eyes with drastically

shortened axial lengths (Gudgeon et al., 1998). Even lowet doses of S M ,that cause
cGMP to accumulate in arnacrine cells, may suppress FDM,by damaging photorecepton
of other retinal cells (Gudgeon et al., 1998). Further studies are required to determine

whether modulation of cGMP synthesis in amacrine cells plays a role in modulating
ocular growth.

Vision-dependentaccumulation of phospho-ERK:

The pERK (phospho-ERK or p44/42 MAP kinase) pathway is a protein kinase
cascade that links growth and differentiation signals at the ce11 surface to transcriptional
activation in the nucleus. Growth factor receptors (in particulai receptors to FGF),
increased concentration of intracellular calcium ions, and tyrosine kinases activate Ras,
which in tum causes the sequential activation of c-Raf, MEK,and ERK (Sturgill et al.,
1988; Payne et al., 1991;Cowley et al., 1994; Hunter, 1995;

HU& Triesman, 1995;

Marshall, et al., 1995;). Once ERK has been phosphorylated by MEK, it is translocated
to the nucleus and promotes transcription by phosphorylation of transactivators such as
Ek-1 and Stat3. Recentiy, a selective and potent inhibitor of this MAP kinase cascade,

PD98059,has been identified (Payne et al., 1991). This compound binds to MEK,
thenby inactivating it by preventing phosphorylation by c-Raf.

In the untreated chick retina, pERK immunoreanivity is present in at lest 5

different subtypes of amacrine cells (Fischer and Stell, 1998~).Two hours of formdepnvation or intravitreal NMDA cause a drarnatic accumulation of pERK in the distal

P L and in the ce11 bodies of additional subsets of amacrine cells, including those that
contain glucagon. It would be interesting to test whether ERK transduction cascades are
activated in sclerai chondrocytes following the onset of fodepnvation, since Rohrer et
al. ( 1995) found that growth factors such as bFGF and TGF-p modulate ocular growth,

possibly through direct actions on the sclera after intraorbital injection. It remaiw
uncertain whether form-deprivation-induced increases in pERK result from decreased
illumination imposed by the occluder or by the absence of sufficient contrast and required
spatial frequencies. It is possible that increased excitatory stimulation through OFFpathways in the distal PL,resulting from reduction of illumination by goggles, could be
responsible for activation of the ERK cascade. For example, in goldfish retina the distal

P L (or OFF-sublamina) contains the axon terminais of OFF-bipolar cells (Farniglietti &
Kolb, 1976). Furthemore, it remains uncertain whether this vision-dependent
accumulation of pERK contributes to the enhanced rates of form-deprivation-induced
ocular growth, or is merely caused by the lack of visual stimuli without decting rates of
ocular growth. It would be of interest to test whether the ERK cascade-inhibitor
PD98059 prevents FDM and the fom-deprivation-induced inmase in pERK.

Vision-dependentexpression of Egr- 1:

Recently, we have examined the vision-depemdent expression of an ùnmediate
early gene, Egr- 1, using affinity-purifid antibodies applied to sections of retïua (Fischer

et al., 1998a). The number of Egr- 1expressing arnacrine ce11 nuclei was reduced by
rom-deprivation or minus-defocus. while such expression was increased by recovery
from form-deprivation. plus-defocus, or intravitreal application of NMDA (Table 5.2).
These vision-dependent changes in Egr-1 labelling were prevented by intravitreal
application of the NMDA receptor antagonist MK-801. Among the arnacrine cells that
differentially expressed Egr- 1 were those that contain glucagon. The proportion of
glucagon-immunoreactivearnacrine cells that expressed Egr- 1 was decreased by rninusdefocus, while plus-defocus had the opposite effect. Egr-1, an inducible nuclear protein
with zinc-finger DNA-binding domains similar to those of the Sp 1 transcription factor

(Lemaireet al., 1988). may suppress genes whose expression is normally promoted by
Sp 1 by competing with Sp 1 for binding at overlapping sequences of upstream regulatory
elements. Visually guided ocular growth may be controlled by retinal changes in Egr- 1
expression in arnacrine cells, possibly in those that contain glucagon. However, it
remains unknown whether increases in Egr- l result in decreases glucagon gene
transcription. Currently, studies are underway to test whether antisense-rnediated knockdown of Egr-1 expression affects visuai guidance of ocular growth.

Gene trader and retinal control of octdar growth:
Virus-mediated gene transfer is another technique which holds great promise as a
powemil experimental tool. Recombinant adenovirus has been used to transfer
exogenous DNA into cebal cells including those of mouse (Bennet et al., 1994; Li et al.,
1994; Bundeaz et ai.. 1995). rabbit (Abraham et al., 1995), and embryonic chick

(Yamagata et al., 1994). In the embryonic chick retina, what appear to be Müller cells
(but were reported to be midget bipolar cells) are efficiently iransfected with exogenous

DNA in adenoviral vectors (Yamagata et al., 1994). In hatched chicks, however, retinal
cells becorne less susceptible to transfection by adenovirus than in embryos. and
transgene expression is limited to RPE and Müller cells within 1 mm of the site of
injection (Fischer et al., 1998h). Furthemore, adenovirus preferentially tranfects cells
that express recepton for fibronectin and/or laminin (Belin and Boulanger. 1993), and, in
the chick retina, these receptors are expressed only by Müller and RPE cells (Fischer et
al., 1998h). These results suggest that, in the chick retina, gene tnuisfer via adenoviral

vecton may be limited to Müller cells and the RPE.
Recombinant sindbis virus is another vector system by which genetic
manipulations might be elicited in many different cells (Xiong et al., 1989). However,
preliminary results indicate that sindbis is incapable of transfering genes into cells of the
chick retina (Fischer et al., 1998h). Since adenovirus and sindbis virus vectors wiIl be of
Little use to transfect genes into post-mitotic neurons of the chick retina, retroviruses may

be a successful alternative; but these will requirr in ovo manipulations since retroviruses
only m s f e r genes into dividing cells (Morgan & Fekete, 1996). in theory, these genetic
manipulations could allow for ceil-specific changes in phenotype, such as suppressed
expression of an enzyme or a receptor isofonn. Future work in myopia reseacch should
include these new ceil-specific manipulations to avoid the many problems of nonspecificity and unknom side-effects associated commonly with pharrnacological and
toxicological techniques or wholecell ablation. This work should dso aspire to separate

neurochemical changes responsible for ocular growth-regulation from those changes that

are casual by-products of growth-regulating visual stimuli.
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