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INTRODUCTION

Many aspects of the retinal structure snd visual function of fishes are
typical of all vertebrates. Trichromatic color vision, based on the presence of
three primary conc pigmeénts (Marks, 1965) and on the color-opponent
organization of retinal ganglion cells (Wagner, MacNichol and Wolbarsht, 1965)
is perhaps the best known example. While research on such typical propertics
has contributed greatly to our understanding of the neural basis of vertebrate
vision, thers—arc other propertics that deserve cqual interest because they are
wot typical. The development of the visual system is an example of this kind
of property.

Unlike most other vertebrates, mewrogenesis continues to occur in adult
telcost fishes. This continued "development® must occur while the fish is
performing its usual daily repertoire of visual tasks: finding food,
participating in reproductive or aggressive behavior patterns, and so forth.
The puzzle of how this can be done -- and, as will become clear below, there
arc some very ;erious puzzles -- has yet to be solved, but attempts to do so
have provided mf‘;‘lzes about the rules by which synaptic connections are
made (sce Easter, 1983).

This chapter reviews the current literature on the devclopment of the
visual system in relcost fishes, with an emphasis on those aspects that seem
most relevant for behavior. Space limitations preclude an exhaustive review;
instead we have attempted to highlight selected topics which to us are the
most interesting or have the most potential (or future progress. The first
topic is optics, because the amount and geometry of ocular growth is obviously
relevant to the quality of the image received by the retina and thus to the

visual process. Next the development of the ncural retina itself will be



considered, followed by development of the primary visual projection area in
[ish, the optic tectum. There is unfortunately almost no information about the
development of any of the other brain targets of retinal axons; we suggest at
the outset that this is an area where more research is badly needed. Finally,
visual functions will be considered separately under each heading because we
still know more about the anatomy and the physiology in isolation than we do

about how they subserve the mechanisms that allow the fish to see.
THE OPTICS OF THE EYE

The eyes continue to grow even In adulthood in meny teleost species, but
the growth of the ocular components it generally balanced so that optical
propertics do not change dramaticatly. In fact, as-we-wiH-vo¢, In many arcas
of visual devclopment the teleost pervous system is exquititely engineered for
continued growth. One example I8 the constancy of visval field size (Easter,
Johns and Baumann, 1977) goldfish between 6 and 20 cm sbl (lens diameters
of about 2 to 4 mm) all Méviaual fields that subtendgd about 185 deg, despite
a nearly 9-lold fmtfn retinal area. This property results from the precise
scaling of all ocular componenis with body size: the lens diameter, pupit
diameter, axial length etc. all incroas¢, but they do so in proportion to one
another.

The mechanisms that control ocular growth are not well understood, but
several lines of evidence suggest that the size of the ¢eye is reguinted
autonomously, at least in part. For e¢xample, in several mutant strains of
goldfish the eyes grow excessively large; of these, the Black Moor has received

the most attention. In Black Moors, the posterior chamber is enlarged but the

lens is of normal size, and the eye is therefore myopic (Easter and Hitchcock,

The defect can be expressed to a variable degree in the two eyes of a
g al, such that one eye may grow larger than the other (Raymond,
et al, ivbk). The rcason Tor the excessive ocular growth is not certain, but it
may be a result of abnormalities in fluid dynamics in the eye because the
intraocular pressure in Black Moor eyes tends to be elevated compared to
normal, size-matched goldfish (Raymond et al, 1984). This interpretation is
reasonable since intraocular pressure is thought to play a role in determining
vertebrate eye sizer in classic experiments by Coulombre and associates (50's
and 60's} early embryonic chick eyes were cannulated to release pressure
before the stage at which intraocular pressure began to rise, and the
cannulated eyes friled to grow. Intraocular pressure may also be one of the
factors that regulate ocular growth in young mammais and birds { ).

Fernald and Wright have studied the postembryonic development of the
lens (Fernald and Wright, 1985a) and of accommodation (Fernald and Wright,
1985b) in the African cichlid, Haplochromis burtonl (sce Chapter 12, this
volume). They found that for fish between 0.5 and 20 g (lens diameters of
about 2 to 3 mm), chromatic aberration was constant at about 1.9% of focal
length % 656 :-:nt 486 nm. [In addition, the limit of resolution by the
lens was alwayy about 10 times better than the retinal limiy ﬁs will be
discussed below, retinal acuity increases with [ish size, and Fernald and Wright
found that optical resolution seems to increase in parallel, and resclution
approaches diffraction-limited values for all sizes of Fish they tested. This
interesting observation--that the lens is many times better optically than the
retina can resolve--implies that the phenomenon of aliasing (Williams, 1985)

should occur under ordinary viewing conditions in small and large fishes where



the cone mosaic is regular enough (Yellott, 1982) and ecnough high frequency
e
componenlgtm in the visual world.

DEVELOPMENT CF THE RETINA

One of the unique features of the visual system of [ishes is that its
structure changes throughout life, even into adulthood. This property means
that the functioning visual system must somehow recruit new necurons on a
daily basis and integrate them into existing circuitry. The dynamics of these
changes and how they relate to the ability to function visually have been the
subject of a growing number of studies wimed at undersianding the
ncurobiological principles of visual development.

Three general categories or stages of ncural development cam be
identified in teleost Cishes, and this section of the chapter will be organized
accordingly. The first could be called Early Development, and includes the
initial formation of the retina and brain. The end of this phase is somewhat
arbitrary, but for our purposes we will use the appearance of an "adult-like"
morphology as the mark of the end of early development. This phase would
include embryonic, larval and early juvenile stagh. The second stage will be
referred to as Adult Development, to indicate thar the changes observed are
characteristic of animals that arc approaching or have reached sexual maturity.
Finally, the remarkable property of neural Regeneration, which has allowed
scientists to study pathway formation and the factors that control cell-to-cell
contacts, will be considered ay a separate category because examination of the
similaritics and differences it shares with the other two catcgories may provide

important clucs to the regulation of developmenial events.

Early devclopment

To a first approximation, the retina develops from inner to outer layers,
with the photorcceptors last. The presumptive ncural retina in the embryo is
8 sheet of dividing, undifferentiated neuroepithelial cells.  Ganglion cells are
the carliest neurons lormed, and as soon as they cease mitotic division they
scgregate from the mass of immature, still mitotic cells and establish a
separate layer on the vitreal surface (Hollylield, 1972; Grun, 1975; Sharma and
Ungar, 1980). As development proceeds, other retinal cells become
morphologically distinguishablc and segregate into their appropriate layers.

In most species of teleost lish, formation and diffcrentiation of the
photorcceptors follows a similar pattern (Ali, 1959; Blaxter and Jones, 1967;
Blaxter, 1968; Sandy and Blaxtcr, 1980; Sharma and Ungar, 1980; Branchek and
BreMiller, 1984; Raymond, 1985). One of the most striking features is that rod
development lags behind that of cones, and production of new rods continues
long after cones arc mature,

Until recently the general belief was that teleost fish with duplex retinas
scquired rods very latc in development--al metamorphosis--and that during
larval stages there were only cones (reviewed by Blaxter, 1975). This idea was
based on light microscopy of developing retinas from several species of mostly
marine teleosts. As a resule of recent obscrvations with electron microscopy,
this idea has been revised somewhat. Larval stages of, for example, guppy
(Poecitia reticulata), zcbrafish (Brachydanle rerio), and goldfish (Carassius
auratus) do have rods (Kunz, ct al, 1983; Branchek and BreMiller, 1984;
Raymond, 1985), but not very many. Rods are added continuously in the larval

animal, and they slowly accumulate by a mechanism to be discussed below.



Thus, it is more accurate to say that the retinas of larval teleost fish are
cone-dominated than to say they contain only cones.

Just before hatching in zebrafish and goldfish, a layer of immature cone
nuclei appears along the outer surface {external limiting membrane) of the
ncural retina (Branchek and BreMiller, 1934; Raymond, 1985), Quter segments
of cones are discernible in electron micrographs at or - 1ly before hatching,
and synaptic components are apparent within the next day, The several
morphological types of cone, including double and single cones, ¢an be
recognized from carly on (Kunz, ct al, 1983; Branchek and BreMiller, 1984;
Raymond, 1985). As stated above, in general, rod nuclei begin to sppear after
cone differentiation has commenced, but there arc some exceptions. In guppies
both cones and a few rods are evident at the earliest stages (Kunz, et al.,
1983). Furthermore, Kljavin (1987) has described a specialized region in the
ventral retina of zebrafish embryos, where photoreceptor differentistion js
precocious and rods develop early compared to other retinal regions. In the
adult retina this area has a higher density of rods. The functional signilicance
of this specialized region is not clear, except that prc:{:mably visual sensitivity
woutd be higher here (cf Powers et al,, 1988a, 1988b).

Although the precise details of timing and the rate of development of
photoreceptors differ among species, the rule seems to be that by the time a
fish becomes free-swimming and begins to feed, diflerentiation of cones {and
some rods) has been completed. However there have been only a few attempts
to examine specifically the visual capacities of larvat fish. Branchek (1984)
recorded clectrorctinograms (ERG's) of zebrafish from day 2 through adulthood,
to determine the relative sensitivity of zebralish to lights flickering at

different rates, Cones can resolve higher temporal frequencies than rods, so

this test can determine which classes of photoreceptor are functional. The
correlation between Branchek's functional results and the slrucu;ral changes
during development m strong. Until onter segments were present (about day
3 after fertilization) no ERG responses could be recorded. Between days 4 and
12 the ERG could be elicited, but it was smaller in amplitude and less sensitive
overall than in adulthood. Up to 12 days the flicker fusion curves were
approximately cone-like. Adult ERG amplitudes were approached but not
reached by 15-24 days, when the [licker fusion curves became 2-branched,
indicating that duplex vision had been attained. These times correlate with
the initial appearance of cone-related synapses (by 4 days) and with the clear
presence of both rods and cones (after [2 days) {values from Branchek and
BreMiller, 1984).  Blaxter and Jones (1967) have also demonstrated that
retinomotor movements, as assessed by the position of the melanin granules
within pigment epithelial cclls (Ali, 1959), do not occur uatil rods appear in
the photoreceptor sheet,

Behavioral studies of visual function in larval fish are also rare, but
those that exist suggest that the developing retinal structure and physiological
connections are rapidly available to the young Tish to aid it in visual tasks.
This is especially true lor spectral sensitivity, where the Purkinje shify is
absent initially and threshold is generatly high, but at about the same time as
the rods appear in the rctina threshold drops and spectral seasitivity changes
between dark- and light-adapted states (Blaxter, 1968, 1969). However, in
terms of spatial vision, function scems to lag behind structural maturity,
insofar as matority is indicated by the presence of certain cell types.
Specifically, in the zebrafish, acuity for following striped fields in an

optomotor task develops more slowly than would be predicted il the intercone



spacing were the solc limiting factor in detection (Clark, 198)). Whether this
is due to the necessity for the wiring to be more complete after the receptors
appecar awaits further ¢xperimentation, but the phenomenon brings to mind the
question of whether more complex tasks in the color vision domain (i.c., ones
that would presumably invoke interactions between scparate eone mechanisms,
like wavelength discrimination} also lag behind.

The recent psychophysical demoastration of ultraviolet sensitivity in the
adult goldfish (Hawryshyn and Beauchamp, 1983) led Hawryshyn ¢t al (1987) to
investigate the development of the cone mosaic and of UV sensitivity in trout.
They found a corrclation between the presence during early development of
presumptive UV cones and high UV sensitivity; the disappearance of this cone
type, the so-called additional single cone at the corners of the square cone
mosaic (Lyall, 1957a, b), was accompanicd by a decline in sensitivity to very
short wavcitengths (Hawryshyn et al, 1987). Why young trout should be
selectively more sensitive to UV wavelengths remains & mystery, as does the
mechanism by which a certain class of cone drops out of the mosaic as the
snimal approaches maturity.

The mechanism whereby rods continue to be generated during larval
retinal development {(and also in adults, sec below) is less mystcrious, having
first been suggested by Schales (1976) and Sandy and Blaxter (3980). Their
results were confirmed and cxtended by Johns and Fernald (1981) and Johns
{1982) (see also the chapter by Fernaid, this volume). By using the technigue
of thymidine autoradiography to label mitotic ccls and follow their
differentiated progeny, it was discovered that scattered mitotic cells persist in
differentiated regions of retina, long after cones and other retinal ncurons are

no longer being producced in those regions. These mitotic cclls (called rod

precursors), give rise to rods, which arc inserted into the photoreceptor
mosaic. This results in 1 continuous accumulation of rods and a gradual shift
in the ratio of rods to cones in favor of the former. In the carly larval
reting of goldfish, before rods first appear, rod precursors are located in the
inner nuclear layer in association with Mulier glia; they later migrate along
the radial processes of the glial cells to the outer nuclear layer, where they
persist in the adult retina (Raymond and Riviin, 1987). The [functional
consequences of continucd production of rods in adulthood will be addressed
below,
Adult Development

The adult fish retina increases in area by two mechanisms. The first is a
simple stretching, as in the skin of a balloon being inflated (Ali, 1964; Johns
and Easter, 1977); the second is by adding rings of new cclls at the margin
(Muller, 1952; Blaxter and Jones, 1967; Johns and Easter, 1977; Johns, 1977;
Meyer, 1978; Rusoff and Easter, 1980; Johns and Fernald, 1981; Negishi, et al,
1982). Most of the new cells soon differentiate and become intcgrated into
the existing retina, immediatcly flanking an annular cohort of ceils born
slightly earlier and therefore only slightly more mature than the most recently
added ones. The peripheral growth zone in adult animals has ail the features
of a larval retina, including & paucity of mature rods and an active population
of milotic rod precursors (Johmns, 1982). In the center of the retina, rod
precursors are more scarce, but prescnt nonetheless.

The effect of the addition of rods to the central, mature retina is two-
fold. First, the planimetric density of the rods (w per mm? retinal surface)
remaina approximately constant or cven increases slightly with growth, whercas

the density of other rctinal ncurons, including cones, decreases due to



stretching of the eye (Muller, 1952; Ali, 1964; Johns and Easter, 1977, Kock,
1982; Powers, et al, 1988b). Second, as a consequence of the lack of cone
addition, the ratio of rods to cones increases dramatically with growth (Johns
and Easter, 1977). With regard to the first point, we have reécently shown
that the pattern of development of dark-adapted sensitivity, as messurcd
psychophysically in adult goldfish, reflects the relstive constancy of rod
density in that larger fish are approximately ms sensitive ax smaller fish
{Powers et al, 1988b). [Interestingly, this pattern is also observed in OFF-type
retinal ganglion cells in cxtraccllular recordings (Falzett et al., 1988). Results
from ERG studies on goldfish of different sizes also indicate that the changing
rod:cone ratio is visuvally functional because spectral sensitivity reflects an
increasing influence of rods in larger fisk (Chen and Powers, 1988).

Whereas the density of rods remains nearly constant with adult growth,
a3 mentioned above, the demsity of all other retinal neurons declines, For
panglion cells, the lower density is compensated by incressed dendritic Field
size (Kock and Reuter, 1978; Hitchcock and Easter, 1986; Hitchcock, )
which has the effect of maintaining a constant overlap factor throughout life.
This compensation is apparently reflected in the relatively constant receptive
lield size of light-adapted retinal ganglion cells with growth (Macy and Easter,
1981).

Other changes occur in the retina as well: examples are that synaptic
densities in the inner plexiform layer increase (Fisher and Easter, 1979;
Marotte, 1980) and the number of synapses between rods and rod bipolar ccHs
increases (Kock and Stcil, 1985). The functional consequences of these

changes are unknown, although we have postulated that in the dark adapted

retina the changing rod:bipolar cell synaptic ratio may be an important
determinant of the signal-to-noise ratio at threshold (Powers et al., 198}).
Another consequence of continued retinal growth is that the density of
cone photoreceptors per degree visual angle jincrcases (Easter, Johns and
Baumann, 1977; Johns and Easter, 1977, Fernald, 1985). In blucgill sunfish this
increase correlates with the ability to detect smaller prey with growth
(Hariston, et al, 1982). These observations suggest that intercone spacing is a
primary limit for acuity, as several authors have suggested (Tamura, 1957;
O’Connell, 1963; Brindley, 1970, Schwassmann, 1975; lohns and Easter, 1977,
Hariston, ¢t al, 1982). Taken together with the apparent lack of change in
receptive field size of goldfish retinal ganglion cells (Macy and Easter, 1981),
the results would also suggest that the role of ganglion cells in regulating

spatial vision at its limits should be re-examined.

ELI [ Envi LLighi

R ingReti

Retinal regeneration has been extensively studied in amphibians, but it is
not widely known that teleost [ish can also, regenerate retinal tissue. Most of
the studies of teleost retinal regeneration have used goldfish and have
employed neurotoxins to destroy the rctina. When the Na+-K* pump inhibitor,
ouabain, is injected intravitreally in micromolar doses, the ncural reétina
degencrations (rom inner to outer layers and over the lollowing several weeks
the neural retina regencrates (Maier and Wolburg, 1979; Raymond, ct al, 1988).
The source of regenerating retina appcars to be the mitotic rod precursor

population, which in the normal retina gives rise only to rods (Raymond, ct al.,

i



1988). Rcegencration is initiated at moultiple loci scattered across the retina,
and therefore, in marked contrast to normal development, maturation takes
place in a dysnchronous pattern. On the other hand, the sequence of steps in
retinal differentiation during regenerating at any given locus mimics larval
development, with rods formed last. Kastner and Wolburg (1982) have shown
that the regenerated retina is (unctional as measured by return of the
optokinetic nystagmus reflex. For reasons unknown, retinal regencration in
adult trout following intraocular ouabain injections is not as vigorous as in
goldfish (Kurz-Isler and Wolburg, 1982). Regeneration of retinal neurons in
goldlish has also been observed following administration of other neurotoxins
such as 6-hydroxydopamine or 5, 7-dihydroyxatryptamine (which preferentially
destroy catecholamincrgic ncurons) and Kkeinate (a glutamate analogue),
provided these drugs are given at dosages high enough 1o produce a large
smount of retinal destruction (Negishi, et al., 1987, 1988). In these
experiments, only the regencration of dopaminergic celis are monitored using a
histolluorescent. Although to our knowledge there are no published studies of
visual function during or after retinal regeneration, we submit that the ability
of the adult teleost retina to rcgencrate offers s unique opportunity for the
experimentalist to study retinal development and maturation of visual function
in a robust adult snimal.
DEVELOPMENT OF THE OPTIC TECTUM

In teleost fish, the major target of optic nerve libers from retinal
ganglion cells is the midbrain optic tectum (for reviews of tectal anatomy??
and physiology, sce NT?%, 1983; Vanega, 1983; also chapter by Gu??? and mn,
this velume). In contrast to the relatively recent discovery that the entire

retina can regencrate, it has been known for some lime that teleost optic

nerve fibers will regencrate following axotomy and that functional vision is
restored as u result. The classic experiments of Sperry and colleagues in the
1940°s introduced the regenerating retinotectal projection in fish (and
amphibians) as & model system in which to study the mecchanisms underlying
the cstablishment of specific ncuronal connections {reviewed by Easter, 1985).
Sperry's work stimulated four decades of intense and profitable experiments
that have had & significant influence om general theories of necuronal
specificity.  Other important and unique aspects of the teleost retinotectal
projection in addition to its capacity for regeneration that make it an
appealing system for study are: 1) the high degree of topographic order in
the projection, 2) continuous proliferation of retinal and tectal neurons, and 3)
conlinuous remodeling of the terminal arbors of optic fibers as & consequence
of growth (Easter, 1985).

The optlc tectum is & hemispheric structure, and new ncurons are added
from a peripheral germinal zone, topologically equivalent to the retinal
germinal zone, except that the germinal zome in tectum is an incomplete
annulus, with & gap at the rostral tectal pole where the optic nerve fibers
enter (Mcyer, 1978; Raymond and Easter, 1983). Because the topography of the
optic projection remyins constant during growth, whercas the sites of cell
addition in retina and tectum are not completely equivalent, the terminal
arbors of the optic fibers are constantly shilting (Easter, 1985) at a rate of
several micrometers per day (Raymond, 1986), The remarkable anatomical
fluidity of this ncurona! circuit is of great theoretical interest in light of the
fact that most theories of development, learning and memory invoke synaptic

alterations to explain persistent changes in ncural activity,



Another interesting phenomenon, the significance of which is not.cntir:ly
understood, is the modulation of ccli proliferatior . the optic tectum by
ingrowing retinai afferents. When regencrating optic fibers begin growing into
the tectum following axotomy, the rate of cell proliferation increases in the
tectal germinal zone, which supplies new tectal neurons (Raymond, et al,
1983). Cell proliferation is also stimulated in the periventricular zone
underlying the tectal neurons, from which an important type of teetal glial cell
arises (Stevenson and Yoon, 1978; 1981). It is possible that the regulation of
tectal cell proliferation by optic Fibers is important in coordinating retinal and
tectal growth during normal development.

The development of the tectum and the retinotectal projection in teleost
fish has received less attention than regeneration of ontic fibers in the adult
Two recent studies (Stuermer, 1988; Stuermer and Raymond, 1988) have
examined the early stages in the development of the retinotectal projection in
zebrafish and goldfish. In embryonic zcbralish, growing optic fibary leave the
cye at 34-36 hours after fertilization, and reach the synaptic layers of tectum
by 70-72 hours (Stuermer, 1988). From the earliest stages, the projection is
topographically ordered. Although it is not known in this specics when the
first synaptic connections arc made, the earliest opportunity is when the fibers
First arrive, at about 3 days after fertllization, Zcbrafish hatch at about 3
days and become free-swimming at 4 days. Note that in the development
retina the [irst outer segments are teen on photorcceptors and ERG responses
can be recorded at about 3 days (Branchek, 1984; Branchek and BreMiller,
1984). Thus, optic Tibers traverse the optic nerve and arrive at their target
before photoreceptors are capable of responding to Jight stimuli; the final

stages of maturation of retina and tectum occur simultancously and

synchronously with the achievement of coordinated swimming behavior, the
ability to feed, and the achievement of duplex rerinal Tunction. A similar
synchrony of rctinal and tectal development is seen in larval goldfish
(Stuermer and Raymond, 1988).

Rahmann and Jeserich (1977) combined a morphometric study of
synaptogenesis in the optic tectum of the rainbow trout ($almo gairdneri) with
a behavioral analysis of acuity mecasured with an optomotor/optokinctic task,
They showed that the main period of synaptogenesis begins about one week
after hatching and continues to one month, when the larval trout start
swimming frecly. During this period, visual acuity improves steadily from 30
to 10 degrees of arc. A further period of slow improvement follows until the
adult value of sbout 14 to 18 min of arc is reached.

Since the tectum, like the retina, adds neurons continuously in the
growing adult Fish, it is not surprising that the tectum is capable of
regencration following wounding or partial extirpation, provided that the
germinal zone survives (Kirsche and Kirsche, 1960; Richter and Kranz, 1977),
We gro not aware of any behavioral studies to assess the functional visual
capacity of the regenerated optic tectum, although Segasr (1965) has
investigated the ncuronal regenerstion and recovery of aggressive, sexual and
patental behaviort in the three-spined stickleback (Gasterosteys aculeatus)
following lesions of the forcbrain. To the cxtent such behaviors require visual

input, the functional capacity to see must be restored.
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