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ABSTRACT

The visual acuity of a cichlid fish, Astronotus ocellatus

Ageasiz, wee measured by meane of a conditioned visual discrimination
response., The average minimum separable visual angle was 5.3", as
noasured in 16 fish with at least one normal eye; this corresponded
closely to the fineness of grain of the retinal receptor mosaie.

In 12 fish, acuity of one experimental eye was measured after
the optic nerve had been transected and allowed to regenerate. The
value for postregenerative aculty was then compared with a previous
value for acuity of one normal eye inm one and the same fisk, in eash
case, Restoration of acuity by regenerative processes averaged 78,4%.
This high figure shows that formation of functional, specific synaptic

contacts probably does not occur en a chance basis.



INTRODUCTIOR

Regensration of the optic nerve with recovery of vision was
conclusively demonstrated in 1925 and 1926 by Matthey (1,2,3,4) for
adult urodeles, After recovery, the experimental animals were able not
only to detect light, but also were able to see small objects and
localize them correctly. This recovery of response te visual stimula-
tion suggests that there had been a high dagree of regrowth of nerve
fibers; and, further, that thers had been good functional recovery of
conneations between nerve fibers and central brain areas. Since the ex-
perimentzl animals were ahle to localize objects in the visual field
corractly, these experimsnte suggest that fibers from specific retinal
rreas must re-establish connections with correspoading visual areas in
the brain,

Restoration of localization of objects in the visual field was
later observed also by Stone (5), in urodeles, and in urodeles, anurans,
and fishes by Sperry (6,7) and other workers (8,9,10,11). Furthermore,
Sperry showed (12) that when the eye of amphibiane and fishes is rotated
180°, the regenerating nerve fibers re-sstablish central relations ac~
cording to their original, "pormzl" position im the eye, instead of the
artificially created inverted position. After regeneration, the animals
ware able to perceive objects discrately (not as a blur), but directed
their reactions in the wrong direction. These rotatlon experiments thus
showed conclusively that learning was not responsible for the recovery
of normal field orientation, and hence indicated the presence of orderly
growth processes whigh resulated re-sstablishment of previous anatomical
connections, Sperry concluded that

"The optic fibers differ from cne another in guality according
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tc the particular locus of the retina inm which the ganglion cells

~ are located, The retina apparently undergoes a polarized, field-
like differentiation during development, whioh brings about local
gpecification of the ganglion cells and their optic axomns. The
functional relations established by the optic fibers in the brain
centers are patterned in a systematic manner on the basis of this
retinal apecificity.” (13)

To explain these and related results (14,13,16,17,18,19,20,21,
22,2%), Sperry concluded (24) that

"The formation of aynaptic connsctions must he regulated on
some sort of chemo-affinity basis, We may picture the optie
fibers, ss they iavade the optic lobe, encountering many dlfferent
slements: capillaries, glia cells, axons of other afferenta, and
the numerous dendrites =nd cell bodies of the tectal neurons, Not
all contacts made by the growing fiber tips result in the formstion
of synaptic endings. In moast cases the grewing tips continue to
push on and beyond the various elements they sucounter., It is
only when a fiber happens to contact a nerve dendrite or =zoma, the
chemical constitution of which specifically matches that of the
invading fiber, that a specialized synsptic ending is formed and a
further growth of that fiber tip ceases, For each retinal locua
we agsume a corresponding focal area in the optic lobe, Fibers
arising from & given point of the rotina have a predetermined,
selective affinity for the neurons of the corresponding central
locus."”

The Marchi method has been used by Akert (25,26), Strder (27,28),
and Leghissa (29) to detect and localize degenerating optic tract fibers
in the optic lobe of fish., Results of their studies were in agreement
with results of behavioral (30,31,32,33,34) and elestrical (35,36,37)
inveastigationa, which support the view that nsurons from any givem
retinal area project to specific tectal regions. Recent electrical
studies of Gaze (38) have also lent physiological support to the view
that the regenerating nerve fibers form conneotions with the areas of
their origiasal tectal projection. When the optic nerve iz cut and ro-
tatead 90°, the optic fibers form connections according to their "mormal®,
eriginal position, so that the projection of a given fiber is unchanged,

but the projection of the artificial "dorsal" guadrant on the tectum,
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for examplo, has besn rotated 90° compared to the normal projection of
fibera from the original dorsal quadrant. Thus its position in the eye
has had no influence on the central projection of any given fiber, in
these experimentis on regeamsration,

These results were gqualitative, in showing that regenerating
fibers form ceantral connections in a specific way, but do nmot give
quantitative information, However, the eye also seems to be & promising
organ for the investigation of the extent of restoration effected by
the processes involved in formaticn of ¢entral coanections,

The retina is a mosalc of receptor cells communicating, via the
neurons ol the optie tract, with loci in the optic centera of the brain.
For detecting amall objeots, the best performance is yielded (under
optimal lighting conditions) by the cells in the foverl area (when
present), where each retinal receptor may be connected, via one optic
nguron, to the appropriate central locus. The astual performance of the
eye in detection of small objects will be influenced by the light avail=-
able (39,40), and by physical factors such as function of the light-
foousaing apparatus. One car predict a value for maximum visual aculty
under optimal conditions from the simple geometrical factors of number,
size, and arrangsment of the retinal receptor cells, and the ratios be-
tweon numbers of regeptor cells, optic axons, and central loci, provided
that no other mechanisma are present (as seems likely at least in lower
vertebrates), In higher vertebrates (4l), there are in addition dynamic
neural mechanisms, such as physiological tremor (42,43), which may coa-
tribute to provide a higher value for visual acuity in actual tests.

However, if accessory factors remain constant, any decrease in
the optimal ratio between optic axons and central loci should theoreti~

oally be detectable in measurements of visual acuity eof an animsl., By
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uoauuriﬁg visual acuity before and nftuf optic merve regeneration, we
might obtain a quantitative estimate of the efficiency of re-establish-
ment of functional connections betweem optic axons and their correspond-
ing leoel in the optic tectum,

Vigual acuity is definad in terms of the "minimum wisible" or
"minimum saparable”: 'the visuzl angle subtended by the smallest ob-
Ject whose prezence can he detected, or by the smallest separation
which can be perceived between two objects" (44), In man, typical tests
for determining thie value employ detection of siugle amall objects,
resolution of gratings, or the detection of the fine separation between
the two arms of the Landolt ¢. The best value obtainad for acuity in
man, using a single line as teat objeect under conditicns of optimal il-
lumination, has been 0.%" of visual arc (45); more typical is 30", and
i' ia defined as normal. Visual acuity is thus simply defined as the
reciprocal of the minimus separable visual angle in minutes (hence normal
acuity, by definition, is 1/1). BSince the cones of the human fovea have
a minimum diameter of about 1 p (46), corresponding to about 12" of
visuwal angle, the higher walues for acuity actually measured must be
attributed to other factors such ae the effects of dynsmic central and
retinal neuronal mechanisms. Under conditions of optimal lighting, the
experimentally established value for visual aculty of lower vertebrates
and invertebrates has in general been lound to correspond to that which
would be predicted from the size and spaciang of the retinal regeptors
(44 ,47,48,49,50)., The morphological cousiderations predict a minimum
separable wvisual angle of 2' 10" for the dove (Columba), for ;xanpla;
the value established physiologically is 2' L2", Ian the frog rods

(Bapa) the morphological walue is 6' 48", the physiclogical value is
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6' 53" (data susmarized in (49)).

The behavioral tests for measuring the acuity of lower verte-
brates are of two kinds. The first was developed by Hesht (47,48),
who found that several animals will respond to the movement of stripes
past the eye, with motions of their eye or body. Assuming that an ani-
wal will not respond when itm eye is unasble to resclve the stripes, he
progressively reduged the size of the large moving stripes and the
spacing between them, to see when the animal ceases to respond. With
this method, Hachi measured the visual acuity of the honey bhee and
Drosorhila, and obtained ¥slues which agree with the size of the recep~
tor units in these insects (1° of visual angle, in bees), For fish,
this method is of questionable applicability (50).

The second type of behavioral method used for asculty measure-
ments depends on learning of discriminations between standard and vari-
able visual stimuli, This type of test hae also been used successfully
for fish. Herter and othera (for literature see Herter, 51) have shown
that fish are able to learn to discriminate between visual patterns of
considerable complexity. Many varieties of patterns have been used in
these experimenta., Herter once displayed to marvelling audiences, in
Berlin, experimental fish whieh could be seen to search for food only
in containers labeled "WURM", ignoring those labeled “LEER", This ap=
parent ability of the fish to read reveals their high ability to dis-
tinguish and remember optical contours,

Rowley (32) used a simple visual disorimination test to measure
visual acuity in Garassius guratug. The standard stimulus was a cirecle
3.0 em in diameteri the variable stimulus was a ¢ircle of larger or
smaller diameter. The threshold value for size discrimination was

found to be a difference in diameter of 0,3 em, when both stimuli were
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viewed from an average distance of about 8 em., Thie corresponds to a
minimum separable visual angle of 2° 10', which is surprisingly large.
However, the just-discriminable size difference measured might well be
dependent on the absclute size of the test objects used, in application
of the Weber-Fechner law (44), Therefore, this measurement would probe
ably not supply a reliable measure of the minimum separable visual
angle,

Brunner, investigating the changes in visual acuity with light
intensity in mimnows (Fhoxinus lasvis) (53), cbtained a result for
maximum visuaml aouity which correaponds more ¢losely to the value ex-
pected on the basis of Wunder's (54) measurements of cone diameter,
Brunner taught minnows to feed at a striped pattern, as opposed to &
plain gray. Under optimum light intensity, they were able to detect
stripes with a minismum spacing of 0,25 mm, at a distance of 8 om, This
corresponds to a visual angle of about 11! and a retinal image subtend-
ing about 6.25 p. Acoording to Wunder, the cone diameter of the minnow
is about 5 P' 80 the visual acuity in these fish corresponds well with
the value predicted from the fineness of the retinal receptor mosaic,
This type of method thus seems appropriate for testing the visual acuity
of fish,

In addition to this ability to distinguish and remember optical
contours, fish poasess the capécity for optie nerve regeneration, Suc-
cassful regeneration of the optic tract in various teleost fish has been
reported by Sperry (19,20) and other workers (55,56,57), leading to the
conclusion that the "ability of the optic nerve to regenerate and to re~
etore vision after ite complete transection seems to be widespread”

among fish (58). In the work concerned with recovery of directional
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vision, no attempts were made tc measure the regovery of acultyj but
because of thoir abllity to make visual discriminations, fish.would be
appropriate subjeects for such measurements,

A high degree of quantitative restoration of vision in operated
fish was suggested by unpublished observations of Sperry and Deupree
{(59) and of Arora., Arora trained a cichlid fish, Astromotus ogellntus,
to jump from the water to obtain food {rom a dotted plaque, asz opposmed
to plagues of various shades of gray varying from white to blackj the
size of the dots was then progressively degreased until the fish was
unable to distinguish between the two plaques, Fish with regenerated
optic nerves performed mo well that Arora was unable, with this method,
to measure a differsnce in acuity between them and normal fish,

In the present inveatigation, the experimental subjects were
the same species of cichlid fish, A type of discrimination problea like
that typleally used as a standard for measuring human visual acuity was
applied for visual acuilty measurements in the fish, Comparisons of
aguity were made in each case batwoen the normal eys and the eye with
operated, regenerated optic nerve, in one and the same fish. It was
hoped to obtain in this way a quantitative measure of the effectiveness
of orderly restoration of functional central coanections between retinal

flelds and cemtral optic projection areas,

MATERTALS AND METHODS

sSublegte
A tropical eichlid fish, Aptromotus ocellstus Agassiz, was used
in these studies, Subjeets were kept in aerated three~ to five-gallon

tanks at a temperature of 26~28° C,j the tanks were cleaned and the
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wvater partially replaced every 2«3 days. The fish were fed daily., The
subjects tested ranged from 4 to 12 om in length, the average for ex-
perineatal cases being 6-8 om., Twelve of the final group of subjects
were from the same spawn.
Qperative technique

Operations were performed under a 5inoculnr dizsegting mioro-
sgope, The fish was wrapped in wet gnuze and held in a plasticine
cradle which could be moulded to fit the individual fish and to hold
it, firmly but gently, with the head in an elevated position, The fish
were snesthetized in a 0.005% sclution of HS222 (tricaine methane sul=-
fonate, Sandoz Pharmaceuticals). During the operation, the anesthetic
solution was dripped continuously into the mouth and over the gills
through a tube leading from an elevated vessel. This kept the fish
narcotized and at the same time supplied a flow of oxygenated water
over the gill area during the operation, Sanitary precautions were ob-
served but sterile procedure was found to be unnecessary.

To reach the optic nerve, a small piece of skin, with a part
of the soft supraorbital crest, was removed above the eye, The eye was
then gently extruded from the orbit and rolled slightly ventrad, bring-
ing the optic nerve into view. In some preliminary cases, the optig
nerve was then cut with fine seisscrs, leaving no bridge between the
cut ends of the nerve; regeneration did not succeed in these cases,

In four of the final 12 cases, fine jewelers! forceps were inserted be~
tween the nerve and the retinal blood vessels, and the optic nerve was
repeatedly pinched until complete divieion of the nerve substance was
visible, This could be accomplished without damaging the fine strands
of ciliary nerve and the optic blood vessels supplying the retina,
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while at the same time leaving the outer nerve sheath partially intaet
as a guide for the regenerating fibers, It seemed possible, however,
that crushed remnsnts of former delicate connective timsue paths within
the sheath could be used again, by growing tips of some of the severed
nerves, as a path to their previous central projection aress. To
aveid this criticism, the nerve sheath was slit lengthwise with & rino_
needle in eight subjeots, and a small sharp knife wam used to gut the
nerve fibers, ao that each part of the pleated nerve strand could be
seen to be smevered although the tough outer nerve sheath still remained
intact (except for the lengthwise slit), and therefore bridged the
ssparated stumps. This more drustic method insured complete interrup-
tion of all former nerve and connective tissue pathways.

After sestion of one optic nerve, the subject was trained to
make the visual discrimination using the normal eye. Aculty was tested
in the normal eye, which wue then in turn blinded, By this time, vision
had in most cases partially raturned in the first-operated oye. The
onset of return of vision was determined by the following behavioral
eriteria: (1) ability of the fish to see and react to chjects pre-
sented ocuteide the tank, and (2) prompt localization and seizure of
food in the aguarium, even when the food was presented on the operated
side (these fish were not able to detect food quickly using only ol=-
factory or tactile cues, as they wers forced to do when completely
blind), |
Iraiping methods

For the present investigation speclal epporatus and testing
methods ware designed, comparable to devices used for diascrimination

training of mammals (60,61).
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An opague partition, shown in Pigure 1, divided half of the
fish tank into two alleyways. The test semple plagues wers suspended
in these alleyways. A movable plexiglas gate separated this divided.
half of the tank from the remainder. This gate was wasked with plastic
tape so that only & vertical three-centimeter medial strip was trans~
parent; the fish was thus obliged to view both sample plagues frow a
central position before choosing one alleywuy and its plague., A light
bulb clamped to the wall of the tank behind the fish provided a con-
stant illumination on the plagues {250 footecandles at the water sure
face) during the tests.

¥Yor the tests of acuity, the subject wne required to discrimi-
nate betwson dotted and uniform-gray surfsces. A series of dots of
graded sizes was chtained from the Craf-Tint M{g. Co.; and a series of
gray plagues, including gray values lighter and darker than those of
the dotted samples, was prepared photographiezlly, The dots used (with
measurements of their dismeter) are shown in Figure 2.‘

Gray plagues of varylng iantensities were distributed irregularly’
through various parts of the testing series. The tests maude on dif-
ferent days and at different distances included grays of seéveral in-
tensities, distributed randomly so that the fish could not use simple
light intensity cues as & bosis for discrimination,

The pattern "targets" were mounted between thin 2" x &' lantern=-
sliﬁa cover glasses, sealed with clear Tygon plastic sealer, and held
in $dentical, interchangeable aluminum frames which could be suspended
in the water at any distance from the figh,

Subjects were trained once a day, with 10=25 trials, and were

not fed at other times., In preliminary training procedure, after they
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Fig. 1: Diagram of testing arrangement. Dotted
figures: position of fish, etc. at begin of trial.
Solid: positions just before gate 1lifted.
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had learned to take food from forceps, the fish were fed at the positive
{dotted) plaque for 2-% days. As the plaques became familiar, intro-
duation of the food was progressively delayed until the fish started
to snap at the plague in antlcipation; food was then given as a reward.
During testing, food was not in the water, or visible to the fish; it
was then pressented lmmediately after the correct response had been mada.
There was no punishment for incorrect responses,

When the fish had learned to make a correct choice between the
larger dots and gray, the size of the dots was progressively reduced.
This could be acoomplished, within a considerable range, by using the
prepared series of dotted plaques., Since the available gradation of
dot sizes allowed only = rough estimate of visuel acuity, the final
acuity tests were performed by another method. The saue dotted plague
was used in all tests, and the grays were changed every 5-10 triale,
as praviously. The distuppge at which the fish must distinguish the
dots from the gray was thoen waried, thus altering the size of the
visual angle subtended by the dot Qn the retina, Acscesesory facters,
such as opacity of the water and the diffevence in eye accommedation
which may be necessary, may prevent an ideal absolute measuremsnt of
agulty with sueh a method. However, zu these factors must influence
the figh's performance to ahout the same extent im all trials, compari~-
sons can still be wade between the fish's performances in acuity before
and after optic nerve segiion aand regeneration,

In testing, the plexiglaoe gate was umed to hold thQ fish at
any desired distance from the end of the partitioned space. The two
test plagues were then lowered intc the water in the middle of the tank,

at the end of the partition., Distances between gate and partition
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{plagues) were marked both on the tank bottom and on the rim of the
tank, so that they could be continuously and closely controlled, The
fish was now permitted to view both plagues through the gate for 3-5
aegonds, and then the plaques were moved slowly back into the two
alleyways,. The restraining gate, with fish following, was also moved
at the name speed toward the end of the partition. At the partition,
the gate was lifted, and the fish was permitted to eanter cone of the
alleyways, If it approached and snapped at the correct pattem, it
wvas rewarded with food. The interval betwgen presentation of plagues
and opening of the gate was timed, and constant for esch fish, (It was
necessary to show both plagques bafors they were moved into the alley=
ways, as a monocularly blinded fish when hungry showed a tendency to
swin quickly toward the first plaque it saw, in case the plaque in the
other alleyway was momentarily not in view, This was onﬁecially im-
portant in oritical tests near the limits of resolving power.) A seriecs
of measurements showed that from the time of presentation of the plaques,
through the coordinated movement backwarde, to the opening of the gate,
the arrer involved in distance measurament was not more than 0,3 em,.
In the trials near the limits of perception, this meant an error on
the order of 0.1' of wvisual angle, whick will be seen later to be
small, compared to the experimental uncertainty involved in estimating
the nminismum visual angle resolvable by the fiash,

The two zluminum frames were used alternately for holding posi~-
tive or negative plaques, in different groups of trials, The poasition
of the two plaques was alternated randomly between right and left,
with the restriction that the correct plaque appeared egually often in

each of the tw positions every 10 trials., Each fish was given 10-25
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trials per day. BRach day, dots of two to four different effective
sizes were among those presented. But in initlial trials, oaly larger
dots were presented; and smaller dots were used regularly oanly later
in the testing period.

Each fish was first trained to take food from the forceps, then
elther the right or left eye was blinded by cne of the methods described
above. During the period required for regeneration, the normal eye of
the fish was tested for acuity. After an acuity value had been es-
tablished for this eye, the normal eys was blinded in turn., In most
6aaos. the first-gperated eye had already recovered vision, and the
fish could be tested immediately. The regenerated eye was then like-
wise uased for a series of tests, with dot size heing continuously de-
creased, As the fish was already familiar with the problem, the test-
ing could progress quite rapidly, and thus possible acuity variations
due to size or age of the fish could be eliminated., Acuity was tested
continucusly after first signs of return of vision in the regenerated
eye, until no improvement in performance could be detected.

As an additionnl test, five fish were trained to distinguish
a plaque with uniform, regularly-spaced dots from a plague with dif-
ferent sizes of dots randomly scattered on a white background (Fig. 3).
The "mottled" plaque was rotated 90° between trials, The speed of
learning on this problem for thres normal fish was then compared with
that for two fish with regenerated optic nerves, to test whether optic
nerve section and rsgeneration affected the fish's ability to distinguish
a regular pattern from a random one (Fig. 4).

A mock operation was performed on two fish: the eyeball was

extruded, as in the usual operation, but the nerve was not cut. These
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fish wers tested for acuity before and after the operation to determine
whether the surgical procedures, exclusive of the cptic fiber section,
had any waladjustive effects on the eyeball or the fooussing apparatus,
Blstology

Measurements of the retinal recsptor cells were made as fol-
lows: the eye was removed from an anesthetized or freshly killed fish
and immersed in physiological saline. The sclera was then slit open,
and the retinal cell layer separated from the pigment layer. The thin
sheet of retinal tissue was placed in =saline on a glass elide and oh~
gerved under the oil immersion ok jective of a phase contrast microscope,
Two fish, one 5 cm and the other 6.7 cm in length, were used; 84 and
117 cells were measured, respectively, with a calibrated ocular micro-
meter,

A protargol stain, performed according to the Bodian method (62),
was applied to the regenerated optic nerve and brain of 13 fish, for
general observatiocn of the appearance of nerve fibers. In addition,
longitudinal secticns of one goldfish and one Astyronotus optic nerve,
after being pinched by the method described sbove, were stained both
with protargel and with the azan method for copnnective tissue, in order
to investigate the possible occurrence and extent of tissue hridges of

connective tissue nerve sheaths.

RESULTIS.

Provided that some kind of bridge oxisted between the two stumps
of the optic nerve, there waa alwsys regeneration., In the specimens
examined histologically, the regenerated nerve was similar in ap-
pearance to the normal nerve; both appeared as relatively broad bands

of nerve fibers, accordion-pleated into a bundle which is round in
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sross-se¢tion., ILongltudinal sections of freshly pinched optie nerves,
stained with protargol and azan, showed some remmants of connective
tiasue within the nerve sheath. However, the degree of regenerétion.
as measured behaviorally by aculty tests, was about the same for nerves
severed by the two methods, pinching and cutting within the sheath,

The data from the discrimination teats could be most aimply
presented in terms of a single curve for each eye, in which percentage
of correct choices was plotted against the visual angle subtended by a
dot. As observation showed that the fish responded correctly almoat
100% of the time after the problem was learmed (and when the dots were
large enough to be seen easily), a eriterion of 80% correct choices
was arbitrarily adepted for assigning a visual angle representing thcr
subject's visual acuity. An example of this type of curve is given for
fish #74, for the normal {(right) eye before operation, in Figure 5.

The left eye had previously been blinded., When the test dots subtended
a visual angle of 5.4' on the retina, the subject chose the correct
plague 80% of the time; thus, 5.4' would arbitrarily be chosen as a
measursment of this fish's visual acuity, using one normal eye, when

a similar curve is drawn later for the regenerated aye (the normal eye
having been blinded in turn), one can compare the visual angles at which
the fish performs with 80% correctness, using the normal or the regene-
rated eye, and thus arrive at an estimate of the extent to which visual
acuity is restored during regeneration.

This nothod; however, fails to take into account learning om
the part of the fish, After the fish has learmed to take fcod from the
dotted plaques, it will perform with nearly 100¥ acouracy as long as

the dots are relatively large; but when suddenly presented with dota
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near the limits of its visual resolution, its performance will drop to
a chance level. Only graduslly, as the test dots are slowly made
smaller, will the fish learn to pay attention in o:der to make the
fine visual discriminations demanded of it, Finally a point is reached
whers no more improvement oan be elicited. If, now, all the trials are
expressed in a single curve, the process of learning which has gone on
during the testing period will have the effect of lowering the standard
of performance below the maximum which the fish finally attains., This
effect 1s especially deleterious in that it occurs primarily in the
original learning, with the normal eye, Habits of attention learned
by the fish while using one eye are available to the fish when it uses
the newly regenorated eye, in agreement with results of Arora on trans-
fer, Thus the normal eye is put at an unfair disadvantage in the come
parison.

It is, however, difficult to separate the learning pericd from
the period when perform=nce is based alone on the wmorphologieal limits
set to visual resolution.

A statistical method suggested by Professor P. G. Hoel can be
applied to separate the learning pericd from the later trials,

Assume that the performance of the fish in reseclving dots of
a given vigual angle improves at firat, and then reaches a constant
lovel which represents the true ability of the fish to raesolve dots of

this size,

Then the data could be expressed in terms of a series of per-
centages (of correct choices) at a given visual angle.

For example, in the cape of fich# 80, the overzll percentages

of correct choices at the various visual angles tested are as followe:
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Percent correct cholces

Visusl magle Normal aye Regenerated eye
11 21/3%6 = 86 31/38 = 8l.%%
10,2 20/20 = 100%

8,81 61/83 = 73.%  110/132 = 83.3%
7.5 104134 = 77.5%
6.30 62/72 = B&w 93/127 = 73.2%
35" 91/118 = 7%
b,9? 23/38 = 60.5%

‘The corresponding curves are shown in Fig, &, Interpolated
values for visual aguity, based on the usual arbitrary 80% ecriterion,
are 6.,6' for the normal eye and 7.8' for the regencrated eye.

Now the trial data were arranged as successive groups, of 20
trials each ai each of the visual angles tested (provided enough trials

were present to be worthwhile):

Hormal eye: Percentages, in successive groups of 20 trials
Visual angle TFirst Segond Third Fourth Fifth Sixth Seventh
8.8¢ 7% 65 79 83
7.3 7% 75 55 70 €0 80 g0
6.3! 90 7 90 95
5.5° 8o 75 70 8o 8o 30
Regenerated eye: Groups of 20 triels
Visual angle lst 2nd 3rd 4th S5th 6th 7th 8th
8.8 9% 70 8 9 8 8 8 9
73! % 80 75 6 8 65
6.3 7?0 % 0 B P

Thess data are presented graphically in Figs. 7 and 8.

Now, let us split the total series of trials at a given visuz=l
angle into two groups--for example, into 2 egual halves, and assume
tentatively that learning has occurred oaly during earlier trisls, and

has stopped, so that the second half of the trisls do not include data
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collected during the learning period, We caloulate the percventage for
the last half of the trials, and asaume that this ls the true percent-
age for the fish at this viauai angle, after lsarning has ceased, If
this percentage iz 85% or higher, one may use the Poisson approximation
to ealculate the probability cf various numbers of failures in 20
trials,

In the trisls at 6.3', using the normal aeye, the average pere
centage of correct choices made by the fish is 92.5% during the last
half of the trials. Thie means an average of 1.5 mieses in each 20

trials.

-A _X

The Poisson function f£(x) = indicates the probability

x!
of exactly x misses in 20 trials when the average number of misses per
20 trials is n. The probability of more than y misses is given by sub-

tracting from 1 the sum of the probabilities for each number of misses

x=0
tromx=0tox=y: Fy) =1~ 5 f(x). The probability of more
X=Yy

than 4 misses is 0.02, given an average number of misses n = 1,5, This
is very small; hence, if we find any point among the first groups of
trinle where more than 4 misses have cccurred, this point is incom-
patible with the assumption that learning hss ceased, and therefore
corresponds to the learning periocd.

In the second group of trials at 6,3', the number of errors made
by the fish was 5, Since it 1s improbable that this could occur after
learning has ceased, we assume that the fish was still learning at the
time when this group of trials was made., If we now eliminate from con-
sideration all trials previous to and including this group, we obtain

the following datat



-23-

Percentage of correet choices

Visual angle Normal eyse Regenerated aye
8.8 92/105 = 87.5%
7.3¢ 97/123 = 77.5%
6.3? 37/40 = 92.5% 88/120 = 73.0%
5.3° 85/108 = 78.6%

&4,9¢ 23/38 = 60.5%

Curves are shown in Figure 9, The revised percentages showm
here for the regsnerated eye were obtained by similar calculations:

Average percoentage of correct choices in last half of trials
at 8,8¢ was 86.2%, Average number of errors per 20 trials at 8,8' was
2,76, Hemce the probabdility for more than & misses per 20 trials is
only 0.02., Any point in the first half of trials where more than six
errors per 20 trials occcur, is incompatible with the thesis that learn~
ing is completed and a steady state has been reached where there is a
probability of 0,978 that € or fewer srrors will be made, Since this
occurs in the second group of trials, all trials up to and including
this group were omitted from consideration in compiling the revised
percentages,

Using the usual arbitrary 80% eriterion, visual acuity in this
fish {as interpolated from these revised curves) is 5.6' for the normal
oye and 7.4' for the regenerated eye.

Data and calculations for fish#81 (Figure 10) are as follows:

Percent correst eholces

w"uﬂ? angle Hormal eys Regenerated eye
11! _ 95 .5%
8.8¢ 87.5%
8.6¢ 100%
7.3 9% 68.5%
6.3 91, 9% 75.7%
545? 9%

bobe 708
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Trial data (Figs. 11 and 12) arranged as successive
groups of trials at each visual angle:

Hormal eve
Visual Groups of 20 trials
Angle 1 2 3 & s .6 7 8 9 10 11 12 13 14 15
6.3 95% 80 90 100
5.5 80 9 9 90 100
4,9 9 9 9 95 80 100
ted gye
6.3 80x 8 75 70 65 85 65 80 80 70

7.3 8 75 & 75 75 8 75 8 8 75 8 70 8 80 75
8.8 8 8 8 8 8 95 8 % 9 8 9

Caloulations for normal eye: Average % for last half of trials
at 5.5%: 95%, Average number errora per 20 trials at 5.5': 1. After
learning, there 1s a probability of only 0.02 that more than > errors
will be made in 20 trials, However, in the second group of 20 trials,
four errors were madej hence this pericd still includes learning,

Caloulations for regenerated eye: Average % for last half of
trials at 8,8': 88.% . Average number errors per 20 trials at 8.8%:
2.3%., The probability is only 0.032 that more than 5 errors wiil h§
made in 20 trials, More than five errors were never made by the fish
at 8.8%; hence, during the period in which a dot subtending 2 visual
angle of 8.8' was being tested, scores are all compatible with the
hypothesis that learning is complete. The revised data, omitting trials

obtalned while learning was going on, is as followsi
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Percent correct choicea

Yimel angle Normal eye  Regenerated eye
8.81 86.5%
73! 79 %
6.3" 00 % 75 5%
5.5 93.7% 65 .5%
h,9? 91.6%
b, 4 6he5%

Revised eatimates of visual ascuity, based on curves shown in
Fig. 13: 4.7' for the normal eye, 7.1% for the regenerated eye.

411 data presented in this atudy were treated with this method
(ses Figures 14-27).

The visual angle subtended by a given object at a given distance
was calculated according to the figures given by Brumner (53),

a) Aguity of Normal Eye

Table 1 summarizes the values for acuity for fish used in this
study, Fish #87 had two values for the normal eye (a value with both
eyes used at once, and the second value with only one normal eye); all
other fish were using only one normal eye for the tests, the other eye
having previously been blinded,

The average value for visunl zouity in the normal eye of thease
fish wae 5.3' of visual angle (5.E. 0.09).

The measurements of fresh fish cones, in physiclogical saline,
gave the following results: the mean diameter of all cells meaau;ad
wag 2.92 (S.E. 0.0h4) B. Lens diameter in these fish was about 2 mm;
about the same as in Phoxinus. Brunner (53) has calculated that 1
minute of visusl angle subtends 0.58 P ia these fish, In fish eyes of
this size a single cone, therefors, corresponds to about 5 of visual

angle, The actual cone dimensions are thus elose to those predicted
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from the upper limits of aculty measured experimentally.

TABLE 1
Fish No. Eye Acuity (minutes of
visual angle)

L R 5.5
75 R G 3
76 L 5.1°
78 R 5.0
79 L b,7!
8o L 5.6¢
81 L h,7°
82 R 5471
8k R 4,80
85 L 5.5"
86 R 5.7
87 Both eyes 543"

Left sye 33!
89 R 5.0"
90 L 5.57
28 L 5.9°
92 R 53¢

A'emg’l So}' & 5,.E. .09

bl Restoration of Aculty after Rogeperation

Several factors might operate to lower the acuity of an eye
after the operation involved in blinding, aside from the pure effects
of interruption and regeneration of the nerve fibers themselves, It
was conceivable that a mechanical disturbance (distortion of the eye-
ball, or damage to ocular muscles) could have ocourred. Also, the
ciliary nerve supply might have been accidentally interrupted and not
successfully repaired by growth proceases.

It is generally stated that fish eyes at reat are myopic (50)

and the eye at rest is focussed for a distance of about five inches.
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Accommodation in fishes is thus for far vision; as the tests were per-
formed at 2 short distance, focussiang would therefore seem to be a relae
tively unimportant factor. Unlike ageommodation in mammals, focussing
in fishes is achieved by retraction of the lens (63,64) or by distortion
of the oyeball by contraction of fibers in the eiliary body (65). In
either ¢ase the nerveus impulses responsible are supplied by the cil_.iary
nerve, Branches of this nerve run through the orbit separately from
the optic nerve (63)1 and might conceivably be damaged during the operaw
tion. For this reason, a mock operatloa, including all manipulations
except the actual cutting of the optioc nerve, was performed on two fish,
after they had reached a plateau in test performance., Following the
moek operation, the perfomaxwe of these two fish was not impaired,

The time required for regeneraticn varied with asize and age of
the fish, In c;na group of four 3imonth old fish of the same spawn
{(uniform 4,5 cm in length) the first signs of visual recovery were ob-
served in each case 28-29 daye after operation. In older fish, of
varylag size although from a single spawn, there was more variations
larger fish generally required longer for regeneration,

In the majority of fish observed in this study, regeneration
of the coperated eye was complete and may have been mAfor one to two
weeks before the normal optic nerve was severed. This was of no con-
sequence te asulty comparisons, since {a) transfer was not being tested,
and (b) performance in aculty tests of a fish with two normal eyes was
indistinguiehable from that of the same flsh (#87) with only one normal
eye.

Since, however, the first signs of vision can be detected reli-~
ably only in a fish which has previously been completely ¥lind (it re=
acta first to light, then to food and the feeding situation), the values



- B -
obtained for regemeration tim; were only rough estimates. The meamn
time for recovery of vision in the operated eye, based on these estiw
mates, was recorded for 19 fish, betwsen six and eight em in lengthi
77 £ 29 days.

No abnormality was noted in the behavior of the experimental
animals after regeneration of the optic nerve, They were able to loca-
lize food accurately and promptly, and ronpohded correctly to the test
situation. A series of tests wes performed pre- and post-operatively
with the "mottle" discrimination problem, to test for the guality of
restored vision. Normal and operated (regenerated) fish were trained
to discriminate between uniform dots and randomly-arranged dots of -
various sizes (see fig., 3). If the reatoration of central connections
~ were not orderly, and if various areas ¢f the eye differed signifi-
cantly in degree and quality of restoration, it might be expected that
the fish could not distinguish a uniform from o mottled pattern., The
' learning curves of both groups of animals are shown (Fig. 4); speeds
of learning for the two groups did not differ significantly. This is
a gross indication that restoration of central coansetions is orderly,
and probably fairly evenly distributed among all areas of the retina,

For visual scuity determinations, date were treated as for the
aormal eye. In most cases, little or no effect of learning was to be
found in these data.

In fish #84, the normal optic nerve was cut before regeneration
had been completed on the operated aide. The fish was then completely
blind. The first aigns of wvision in the firsteoperated eye then ap-
peared 9 days later, 64 days after the original transection (by cute
ting). At 69 days after operation, the fish waa‘taking food from the

forceps; on successive days it responded correctly to the test situation,
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and finally, 100«110 days after the original operation, the fish was
giving a performance in acuity tests which was not surpassed in a total
of 500 subsequent trials. As explained under "methods", the finest dota
were not used at first in the testing series, So, in addition to the
two~week lapse of timo between first signs of vision and beginning of
testing, another week aelapsed between beginning of testing and the
achievement of th;s high degree of performance, This three-week period
is not long, relative to the total time required for regeneration. Thus
it appears that under favorable conditions a high degree of restoration
of aculty may be achieved rapidly,

In table 2, the data for the regenerated eyes, and the percent=

age of restoration of acuity, are sumsarized. The average percentage

TABLE 2

Fish HNormal Acuity Operation Post-op Percent
acuity Restoration

74 55! cut 6.6 83,3
(%) 5.3 pinch 7.2 735
78 . 5.7 cut 6.2 92,0
80 5.6 cut 7.k 75.6
81 L7 cut 7.1 - 86.1
82 5.7 cut 6.9 82,6
84 4.8 cut 6.3 76.1
85 545 out 7.2 76.4
86 5.7 pinch 7.0 81.4
89 5.0 pinch 6.9 72.5
90 5.5 pinch 6.8 81,0
92 5.3 cut 6.6 80,3
Average %
78.4 &

8.E. 1.9




- 3 -
of rostoration of acuity was 78,4, The average percentage of restora-
tion in fizh whose optic nerve was pinched was 77.1%) in cases vhere
the nerve was ¢ut, leaving the shsath intact, average restoration was
79.05%. Thus fish with opaerations performed by the two methods did not
significantly differ in the extent of rscovery achieved,

DI5CUSSION

When level of performance of the fish was plotted as a runction‘
of the number of trials, an initial improvement in performance wes ob=-
served, followed by a platsau which was then maintained for long periods
of time (300-700 trials in some fish, over 3=k months), The initial
improvement in performance in tests of normal-eys agulty was net a
function of size or age of the fish, for the following reasons: (1) The
curve reached a plateau which was maintained over a period of weeks or
months, although the fish continued to grow, (2) When training was
interrupted for two weeks, values obtained after resunmption of teating
corvesponded to the normal course of the curve; that is, either points
remained on the plateau level, or showed an ilmproved level of performe
ance compatible with previous rate of improvement. (3) Individual
fish showved different rates of improvement of performance. (4) No
correlation was observed between age (or size) and the final level of
performance achieved in acuity tests, This improvement in performance,
therefore, did not seem to represent 2 true improvemant in acuity. It
may have represented, rather, an lmprovement in the fish's abllity to
concentrate on the problem snd an increased attention to the difficult
task of resolution presented by the smallest dots and the vardable
gray negative plaques. A statistical method was described for sepaw
rating results from the learning period from the final resulis presented,
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In agreement wvith the findings of Arora on interccular transfer, the
fish showed little or no learning period when performing with the re-
generated eye alons, after the trained normal eye had been blinded,
In this study, it has been assumed that visual aculty will
depend upon a retinal mosaic of nerve cells, reporting to specific

central tectal neurons or mroupa of neurous, It has been assumed that
if this mosaic ie made coarser, by Qliminating aoma of the neurons,
acuity will be decreased; and so a comparison of acuity in a normal
eye and eye with regenerated optic nerve should give an estimate as to
the extent of restoration of the retinal mosaic.

Cone diameter is not the only determining factor in visual
acuity. Acuity may be less than predicted from receptor diameter, if
there is multiple innervationi and it may be more, if certain kinds of
neural networks are in operation, 23 in man, For example, in man (66)
a shadow which causes a 5% decrease in the light falling on a recepter
may be detectable. Even in this case, however, the recsptor size has
some importance, because the relation of cone size to the highest op-
tical gradient in a moving pattern may determine whether the pattern
is detected. Spacing of the receptors determines the rate at which
different cells respond to a pattern mo’rixig at a given speed across
the retina; and if this spacing is changed, visual resolution should
be affected.

It may be objected that the central nervous system might ree
act to neural sigials indicating = ghanged excitation, as one celi and
then another 1s affected by the light-dark alternation., In this case,
regensration might restore visual resclution without perfect restora=-
tion of an organized mosaio, Leaving the guestion of spstial organie-

zation aside momentarily, 1t would appear that a certain minipup number
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of "changed exeitztion”" reports must be received by the CNS before it
will react as if to the information "dotted patterm'. The size of the
dots required tc exceed this threshold in the CNS is then a measure of
how many cells are available to report "changed excitation"™, as com=-
pared with that established on the baalas of the neurons of the normal
optic nerve.

Assuming the simplest relation between acuity and retinal
mosaies in the figh, the acuity before and after optic nerve section
and regeneration has been measured, Acuity after regeneration was
slightly decreased, with respect to the normal eye. Is this decrease
siganificant, or can it be considered to denote practically 100¥% re-
covery?

Two factefs would be expected to lower the degree of restora-
tion of visual acuity below the maximum theoretically attainable, 100%
of the original acuity:

First, s certain percentage of the nerve fibers may fall to
penstrate the soar tissue formed at the point of transeotion, or may
reverse their direction of growth on the way; some ganglion cells might
fail te regan;rate at all; and some regenerating fibers might never
form connsctions in the optic lebe. These factors make it improbable
that 100% regrowth would be attained in most cases. More small nerve
fibers can be counted in a regenerating peripherzl nerve trunk thaa in
the original stump (67), because each axon sends out a group of fine
fibers, only part of which will establish functional connectiocn=,
(Thus fiber counts cannot be used to determine how many ganglional
cells send axons which successfully reach the optic lobe,) This multiple
sprouting might conceivably compensate for part of the losaes by

blockagding sear tissue or reversal of direction of growth.
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Segond, after part of the nerve fibers have successfully growm
to the optioc lobe and spread fan-like through the surface layers, the
appropriate connections must be found and formed between optic axons
and cells in the lobe. As Sperry has inferred, nerve specificities
must somehow operate to ensure that the connections which are formed
and continue to function are those compatible with previocus patterns
of optic projection and existing patterns of central nervous organiza-
ticn. 7The efficiency with which such processes might operate is not
known,

The number of connections finally successfully formed should
then be reflected in the percentage of restoration of visual acuity,
as measured by behavioral testa.

We may imagine two mechanisms which might operate to restore
central nervous connections in such a way that the animal shows recog-
nition of discrete cbjects and accurate spatial localizaticn (or else
the systematically disoriented response patterns analyzed in cases of
experimentally rotated syeballs). These two mechanisms would differ
with respect to the efficiency of restoration which they effect, and
80 could be distinguished experimentally by a quantitative measurement
such as visual acuity,

a) The optic axons might, upon entering the optic tectum, form
synaptic connections randomly with whichever central nouroﬁs happen to
lie in the path of their growth, Only those connectloas which by chance
happened to correspond to the old terminations, however, would be
functional (or behaviorally observable). Thus the number of success-
fully restored connections would be determined purely by the number of

regenerating fibers which by chance made the proper central connections.



w B0 -
The animal might then =still manifest appropriate bsehavioral orientation;
but as only a small fraction of the connections would participate in
behavior, one would expect a merked reduction in the animal's visual
aguity, as compared with normal.

b) The optic axons might enter the tectum at random, as above;
but in the course of growth, each axon might give rise to a large num-
ber of exploratory processes., Many of these growing f{iber tips would
encounter an unfavorable chamicai milieu; others, however, would push
into more favorable regions and direct the growth of the entire fiber
into this direction. If a fiber then happened to contact a nerve den=-
drite or soma of the appropriate specific chemical constitution, & -
functional synaptic ending would be formed. Only then would fiber
growth cease. No long-range chemical guidance need be postulated here;
nevertheless, if each fiber is thus able to sample z relatively large
area of tectum throughout its course of growth, if growtﬁ continues
until synaptic connections are formed, and if asynaptic connections are
formed only when the specific chemical conditlions are favorable, a much
larger fraction of fibers would be expscted to form the appropriate
functional central connections by this "searching” mechanism than by
the postulated mechanism (a), In this case, one would expect to measure
a fairly high order of restoration of visual aguity, in addition te the
gross behavioral orientation already previously observed,

Considering the many possibilitieas for loss of fibers, a 78%
restoration is high, under thess experimental conditions, and seoms to
indicate that almost all optic nerve fibers which have reached the optic
tectum are able to make specific functional central connections, Thus
we are forced to assume that there exists a mechanism which provides a

better efficiency in establishment of functionsl synapses than that
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provided by mechaniea (a).

If nerve fibers actually "search" for their specific destina-
tions, as pictured under mechanism (b), then we must inquire whether
the construction of the experiment allowed sufficient time for this
process to achieve its maximum degree of restoration., Since nerve
fivers may enter the cptic tectum at random, growth processes may con-
tinue for a conasidsrable length of time before the nerve fiber has suc-
cenafully made contact with an esppropriate central neuron.

The distance from the back of the retina to the caudal tip of
the optic tectum, in a 9 cm fish, is at most 20 mm, It is known that
peripheral regenerating nerves may have a rate of growth of 0.2«1.4 mm
per day (68,69,70,71) but the regencration time in a 6~8 om fish was
77 £ 29 days (based on behavioral c¢riteria); in 9 om fish, about 100
days. This could allow time, in these experiments, for a slow advance
of the growlng nerve fiber through tectal tissue, sending out many ex-
ploratory fibers to sample the surrounding chemical milieu, and to
atrophy or else guide fiber growth in a favorable direction.

If time were & severe limiting factor, one might have expectoq
to observe a steady, noticeable iuprovement in performance during the
course of 3-k months of post-operative testing. As mentioned above,
this improvement cccurs to only a slight extent, when it occure at all,
It may be that the mjority of fiberas grow syaschronously toward the
optic lobe, reach it almost simulianeously, and then are growing through
the tectum and "searching” also at the same time, The tectum is saall,
in terms of poseible growth rate; and one might imagine that most
fibers succeed in maiking connections within the space cof 1-2 weeks.

Thus, when vision becomes apparent behaviorally, many of the ccnnecticns
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which are to be formed are already present, and most of the remaining
connections will be formed within a short psriod of time thereafter-e
too short to be reliably measured by slow psychological testing methods,

It may be questioned whether measuremsent of visual acuity can
ever give an pverall picture of the ability of the optic fibers to
find thelr specific central connesgtions, if one assumes that the mea-
sured visual acuity is always that of the restricted retinnl area with
the finest receptor mosalc and moet successful central innervation.
The comparison is perhaps being drawn between arezs of maximum aouity
in pre~ and post-operative eyes; it ﬁay be th#t some retinal areas re-
main unrepresented, and never find central coanections. These "holes”
might be overlocked by hehavioral tests; post-operational measurements
of aculty might thus be based on relatively small, isolated islands of
the retina where a high degree of recovery had been achieved,

Behavioral clues hint that this objection is probably not a
serious one, Visual reactions of the fish with regenerated nerves,
to objects approaching from all directions, could not be distinguished
from those of normal fish; they were also able to learn the "mottle"
problem just as readily as normal fish. The breeding and fighting be=-
havior of post-operational fish, when mature, was identical with that
of normal fish (72). Even if such restricted "islands" of high re-
solving power should exist, they would not alter the maln conclusion
which is to be drawn from these experiments; that there exists a very
fine pattern of overlapping gradiente of nerve specificlties, which is
operative in formation of connections betwaen rac;ptors and central
associative areas--as shown in those parts of the eye with 78% re-

govery of visual acuity.
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Mechanism (b) does not postulate long-range chemical guidance,
But when functional synaptic connections are formed, they are deter-
mined and regulated by celluiar specificities (perhaps of a chemieal
nature). A type of "searching' mechaniam, such as that described above,
would provide the high degree of specificity in synaptic arrangements
found to conform to the neuronal patterns already laid down in the
course of individual embryonic development; und it could provide a high
degree of reatoration of detailed vision, such as that observed in

theso experiments,
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