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ERG in Fish, with Ecological Aspects 409

Chapter | Some aspects on the electroretinogram
of a dog fish, Mustelus manazo BLEEKER

Though there are many investigations on electrical response of fish retina to light
(DEwAR et M'KENDRICK 1874, Day 1915, ADRIAN et al. '27, GRANIT ’47, SVAETICHIN
53, Tomita 57, TaAMURA ’57 and others), we have not yet any information on
electroretinogram ( ERG ) of elasmobranch fish. Tke retina of Elasmoclranchii,
phvlogenetically the lowest among fishes, is known as rod retina and reveals the
peculiar structure (BavLiss et al. '36, DETWILAR ‘43 and others).

In the present paper the general properties of the ERG obtained from Mustelus
manazo are described and these properties are ecologically considered on the tehaviour

of the fish.

Material and method

A dog fish, Mustelus manazo BLEEKER, used in this work was caught some
five miles off the coast of Yamaguchi Prefecture in the Japan Sea. Before the experi-
ments, the fish was preserved for several days in a crawl near the coast. Body
length of these fishes was 80 to 100cm. Experiments were made during the period
of November ’58 to January ’59,

Experiments were carried out with an eye excised. The eye was excised from
the head cut from off the fish tody, and tke cornea, lens and vitreous humor were
removed to expose the retina. This preparation was made under a dim red lamp
after about one hour of dark-adaptation of the fish. The optic cup obtained in such a
way was placed in a dark chamber which was shielded electrically. The light
obtained from the projector lamp stimulated the whole retina through the shutter
fitted at the hole on one side of the chamber. The intensity of stimulating light was
controlled by neutral filters. The intensity of stimulating light applied directly is
referred to as a 100 % or unit intensity (500 lux).

As an active electrode was used a slender cotton wick moistened with a saline
solution, which was in contact with the inner surface of the retina. The other end of
the wick was immersed in one arm of a U-tube containing saline solution. From the
opening of another arm of the U-tube the action potential was picked up with Ag-
AgCl electrode leading off to the input of an amplifier connected with a cathode ray
oscilloscope. Ag-AgCl plate covered with a moistened cotton sheet was used as an
indifferent electrode, on which the eye was set. The amplifier was CR-coupling and
the time constant was about one second. The shutter-release was controlled by
thyratron-relay connected with a single sweeper of the oscilloscope. The method for
recording the ERG was diagrammatically shown in Fig. 1.

— 19 —_—
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Fig. 1. Diagram showing the msthod for recording the ERG from the excised fish
eye. L, light source ; M. A., main amplifier ; P. A., post amplifier; S.S,,

single sweeper; s, shutter; T.R., thyratron relay; Osci., oscilloscope.

The details of the method used for the determination of spectral sensitivity of
the retina were described elsewhere (¢f. Chapter [|). Experiments were carried out

under a room-temperature ranging from 10°C to 15°C.

Results

(1) Structure and dimension of the dog fish retina
The excised retina was fixed with Carnoy’s solution for | hour, washed by abso-
lute alcohol and then imbedded with paraffin by the usual method. Sections were
stained with haematoxylin and eosin.
In the retina of Mustelus, the average thickness in the region of the fundus was
approximately 120 # and that in the ora serrata was about 60#. The thickness of

pigment epithelium is about 10 # and it comprises a single layer of regularly arranged

Fig. 2. Photomicrographs of dog fish rétina. A, adult fish; B, young fish.
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prismatic cell, which contains a spherical nucleus. The receptor layer comprises only
one type of visual cell. The average length of their outer segments, ellipsoids and
myoids were 15#, 4# and 6#, respectively, and the average breadth of the ellipsoids
and outer segments were 2.5/ and 2#, respectively. The thickness of the external
nuclear layer was from 20# to 12# and that of the internal nuclear layer was about 12 #
(Fig. 2, A). In the young fish (less than 30cm in body-length) the thickness of the
entire retina was about 450 # in fundus and about 110 in ora serrata; the thickness

Fig.

3. Typical wave-forms of ERGs in dog-fish. The
stimulus duration is 20 msec. in A, and about 3
sec, in B, except B—5,7 in which it is | sec.
1,2, 3 and 4, ERGs of the fast type; 5, 6, 7 and
8, ERGs of the slow type. 1 and 5, responses to
weak light stimulus in light-adapted retina. 2 and
6, to intense light stimulus in light adapted retina.
3 and 7, to weak light stimulus in dark-adapted
retina. 4 and 8, to intense light-stimulus in .dark-
adapted retira. 9, signal of stimulus duration.
Polarity of the record is upward positive, and
calibration voltage is 0.1 mV, through this study,
except for the case described in particular. Time

marking: 1/6 sec.

of pigment epithelium was about
50 #; in the visual cell the
average length of their outer
segments, ellipsoids and myoids
were 9.5 #, 7.2 # and 54, re-
spectively. The thickness of the
external nuclear layer was from
204 to 60# and that of the
internal nuclear layer was 50«
to 180 #; the latter was almost
two or three times as thick
as the former (Fig. 2, B). 1In
the wave-form of the ERG,
however, no differences seemed
to be found between the adult
and the young fish retina.

(2) Wave-form and polarity
Two types of the ERG are
found in Mustelus, the fast type
of diphasic form and the slow
type of negative monophasic
form. The fast type seemed to
have a tendency to be led from
the ventral region of the retina
and on the contrary the slow
one seemed to be led from the
dorsal side of the retina.
Typical ERGs of the fast
type obtained from the light-
and the dark-adapted eyes are
reproduced in Fig. 3 together
with those of the slow type.
The ERG from partly the
dark-adapted eye elicited with
weak light stimulus of short
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duration was a positive monophasic wave -with a latency of approximately 50 msec.
and about 60 # V in amplitude, but in-the completely dark-adapted eye the wave
was followed by a small slow- negative one, taking as a result the diphasic form
ds shown .in 3-A of Fig. 3. In the case of :stimulation - with long duration the
response was a positivé monophasic- form, and did not elicit off-response (Fig. 3,
3—B). In the case .of stimulation with intense light the positive potential was
preceded by a fast negative potential, the amplitude. of which was nearly equal to
the positive one (Fig: 3, 4—A), and "also in this case the stimulation with long
duration elicited unroticeably a diphasic off-potential (Fig. 3, 4—B). In the light-
adapted eye a small negative potential preceded the positive one (Fig. 3, 1- A and
B); in particular it was distinct in the case of stimulation with intense light (Fig.
3, 2- A and B). And also in this case the response to the long stimulation did not
elicit the off-effect (Fig. 3, 2—B), irrespective of light intensity.

On the other hand, the response of the slow type revealed generally the negative
deflection, which increased with the intensity of stimulus light, In the thoroughly
datrk-adapted -retina, however, the response to the weak light stimulation had the
tendency to show the slow diphasic form (Fig. 3, 7). The off-effect was never

observed in this type of response.

4%) Effect oi the st1mulu" intensity on the amplitude and the latency of the
response ‘ ‘

The respon:e to var1ous 1ntens1ty of stimulus light ranging from 0.5lux ‘to 1,400
lux, were recoxded 1n sequence "of five minutes in a dark-adapted eye. The duration
of stimulus was 5 msec. As to the slow type response, the amplitude of the negative
potentlal augmented with the increase in stimulus intensity, until it reached plateau

t 200 lux (Fig. 4). From the diagram of Fig. 4, the rate of increase in the
response amplitude is in linear relation against the logarithm of the stimulus intensity
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Fig. 4 Relation between the amplitude of negative potential and the stimulus
*intensity, in the slow type respomses. -Abscissa,” intensity of - stimulus
light in log scale. Ordinate, the amplitude of the negative potential to

maximum one.
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in the moderate stimulus range. The latency is shortened and the rising rate of the
potential is accelerated with the increase in stlmulus intensity.

In the case of the fast type response, the wave-form of the ERG was changed
in accordance with the intensity of light stimulus. The form of ERG elicited by
weak stimulus was positive monophasic (Fig. 3). In the case of intense light
stimulus a fast negative wave appearcd preceding to the positive potential which was
followed again by a slow negative potential. . Amplitude of the initial negative wave
and also the positive one following it augmeniéd together with the increase in
stimulus intensity. With the further increase in stimulus -intensity, however, the
positive potential came to be covered by the initial negative potential and it could be
detected only as a hump on the falling phase of the negative potential in the case of
stimulat‘io‘n with intense light.  As shown in Fig. 5, the am”plitude of the negative
potential (filled circles) increases in linear relation against the. logarithm ‘of stimulus
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F|g 5. Relation between the amplitude helght and the stxmulur_ mtens:ty, in
the fast type responses. Filled' circles, the negative potential 1 open
circles, the positive potential; crosses, the magnitude of the positivity

over the base line. Other legends are same as in Fig. 4.

intensity in the entire range of the st1mu1at1on used. The height of positive deflec-
tion, measured from the tip of the negative potential’ (open circles) increases also
with the rise of stimulus intensity. Such positive potential seems to be similar to
that obtained from the retinae of batoid fishes (Holorhinus, Urolophus or Narke)
and Scorpaenodes or Saurida (cf. Chapter [| and V), and it may be assumed to be
a rod potential. The positive potential of the fast type response can be caused by far
lower illumination, in other words the threshold of the positive wave in the fast

type response is far lower than that of the negative one in the slow type response.

(4) Relation between the response and the. duration of stimulus light
Using the stimulus of constant mtensuy, the changes in shape and amplitude of
the response were investigated varying the dura‘uon of stimulus hght Rather weak
stimulus was used for this experiment, for it was shown in both types of response,

o
bo)
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Fig. 6. ERGs for various durations of light stimulus: A
and B, the slow responses; the durations of stimu-
lus light with intensity of 500 lux (A) and of 5
lux (B), in 1—9 are 1/300, 1/100, 1/50, 1/25,
1/25, 1/10, 1/5, 1/2 and 1 sec., respectively:
C and D, the fast type; the durations of stimulus
light with intensity of 50 lux (C) and of 2 lux
(D), in 1—4 are 1/100, 1/25, 1/5 and 1 sec.,
respectively.

J. Shimonoseki Coll. Fish., 11 (3)

that in the intensity range of
light stimulus where increase in
the light intensity causes no
more increase in the magnitude
of response, the change in the
duration of stimulus light also
does not exert any influence on
the magnitude or shape of the
response (Fig. 6, A and C).
With the increase in du-
ration of stimulus light the
amplitude of the response in-
creased slightly in the slow type
response (Fig. 6, B), and the
positive component decreased
and the negative component aug-
mented in the fast type response
(Fig. 6, D). These results seem
to be interpreted after Bunsen-

Roscoe’s law.

(5) Effect of potassium chlo ride and ethylalcohol on the ERG

It is well known as a general feature that the potassium jon depresses the posi-
tive component of ERG whereas ethylalcohol depresses the negative one. In Mustelus
also the positive potential disappeared within one minute after the application of a

10 % solution of potassium chloride (Fig. 7, A).

In this case the latency of the

Fig. 7. A, effect of 10% KC! sol. on ERG : 1, control; 2, a few minutes after the appli-

cation; 3, the same as 2, but in fast sweep; 4,

five minutes after the application. B,

effect of 10 % ethylalcohol sol, on ERG: 1, control; 2—3, immediately after the appli-
cation; 4—35, thres and five minutes after the application. The stimulus light is 50 lux

and 20 msec. in duration.

— 24 —
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' negative wave was not affected in any way, and the falling phase of the potential
was shortened. This negative potential, however, disappeared rapidly with the lapse
of time (Fig. 7, 4—A).

It was also observed that the application of ethylalcohol caused the selective
extinction of the negative potential within a few ininutes, and only the positive
potential remained. But the positive potential also disappeared soon after that (Fig.

7, B).

(6) Light and dark adaptation
Two kinds of index were used for the determination of the grade of dark- or
light-adaptation in Mustelus retina; i) the amplitude of the ERG elicited by flash
stimulation with constant duration and intensity, and 1ii) threshold -intensity of

stimulus light for eliciting ERG.

(i) After the exposure of the dark-adapted retina to weak light (about 0.5 lux),
the test flash was applied every 2 to 5 minutes to record the fast response, and the
amplitudes (filled circles in Fig. 8) and the latencies (crosses in Fig.8) of the positive
potential thus obtained were plotted against the time after the beginning of the
light-adaptation. The magnitude of the positive potential decreased rapidly with the
progress of the adaptation and it attained the steady state 25 minutes later. The
change of the latency of response followed the similar course as the amplitude, but
it seemed to reach the plateau about 10 minutes later.

Light adaptation Dark adaptation

40F XL
/\; d \;F‘N-x,
wA T T
o 20F
-‘5:3
A i
[-hi'_]
fj% 0 10 ' 10 20

20 0
TIME IN MINUTE

Fig. 8. Changes in amplitude and latency of positive potential in ERGs of the
fast type in the course of light- and dark adaptations. Test flash is 0.5
lux and 20 msec. in duration. Filled circles, amplitude (uV): crosses,

latency (msec.).

After the exposure to such weak light for 30 minutes, the illumination was put
out, and the change of the response to the test flash during the course of the dark-
adaptation was investigated. The result is shown in Fig. 8. The amplitude of the

— 25 —
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positive potential of the response increased with the progress of the dark adapta‘uon,
and after about 20 minutes it reached the plateau The latency of the response was
prolonged in the dark-adaptation. : ,

In the experiments of the light- adaptatlon with intense 11ght (about 30 lux) the
test flash was given after a provisional cessation of the adaptation light. The result
is shown in Fig. 9. The transient increase in amphtude of the negative potential is
seen at the beginning of the light-adaptatién, but thereafter the amplitude begins to
decrease and reaches a steady state 30 minutes later. However, the amplitude of the
negative potential in the final state was slightly larger as compared with the initial
value. The latency of the negative potentlal tended to prolong a little in the l1ght—
adaptation (Fig. 9, left).

After the exposure to such intense light for 30 minutes, the illumination was put
out, and the change of the response to the test flash during the course of the dark-
adaptation was investigated. The amplitude of the négative potential decreased gradu-
ally a little within 10 minutes, and thereafter it was left unchanged. Though the
change in the latency of the response was not noticeable, it was somewhat short in
the dark-adaptation (Fig. 9, right). Moreover the rising and falling phases of the
response were clearly prolonged with the progress of the dark-adaptation.

Light adaptation = * Dark adaptation
200¢
L]

- 150f
~5
v = N
E i -100¢
>
OF e
Z e . e
[} = X an
& & £ L ) : . L s L 1
2 0 10 22 30 4 0 10 20 30 40 50

TIME IN MINUTE

Fig. 9. Changes in amplitude and latency of negative potential in ERGs of the
slow type in the course of light- and dark-adaptations. The intensity of
test flash is 250 lux. Other legends are same as in Fig. 8.

(ii) In this case the course of the light- and ’the dark-adaptation was investi-
gated using the threshold intensity o‘f. light stimulus‘,'eliciting ERG as the indices.
The response of the fast type was used for the investigation.

When the retina was exposed to a weak light (0.2 lux) the threshold of the
retina rose rapidly at first, thereafter slowly and attained the steady state 10 minutes
later (filled circles in Fig. 10). If the retina was exposed .to extremely weak light
(0.05 lux) no remarkable change in the threshold was seen (open circles.in Fig. 10).

— 26 —
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Fig. 10. Change in threshold intensity of
stimulus light for eliciting the fast
type ERG, in the course of light- and
dark-adaptaticns.  Filled circles, light
intensity of adaptation light is 0.5 lux;

open circles, 0.05 lux.

and attained the steady state about
20 minutes later. Even if the intensity
of the preadaptation is (.05 lux, the
course of the following dark-adaptation
was not noticeably different from that
of the previous case, although the rapid
decrease in the threshold was not seen
in the initial phase of the dark-adap-
tation.

From these results mentioned
above, it is found that the process of
dark-adaptation consists of the initial
rapid process.and .the secondary slow
one.  Therefore, it is assumed that
Mustelus retina contains two kinds of
photo-labile pigment.

{7) Effect of intermittent light stimu-
lation

It was observed that the inter-
mittent light projected on the retina
elicited the response which was dif- Fig.
ferent from that in teleost fish. A part
of the results obtained in the response . .
of the fast type is shown in the records
of Fig. 11. In the intermittent stim-
ulation of weak light, the response

— 27 —

After the exposure: tb; such
a weak light, the illumination
was put out, and the change
in -the threshold of ERG was
investigated during the course
of the dark-adaptation (Fig.10).
The threshold decreased rapidly
within 3 minutes in the initial
phase of the dark-adaptation, and
thereafter it decreased slowly

11. The fast type responses to
intermittent. light stimuli. Intensity
of stimulus light in A—D are
0.005 lux, 0.05 lux, 0.5 lux and °
50 lux, respectively. Numeral .on
each series of records represents
the frequency (cfs) of the inter-
mittent -stimuli. o
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showed the large positive potential followed by a succession of positive ripples

(Fig. 11, A and B). And the fusion of the ripples occurred at relatively low
frequency of the intermittent stimuli, for example, at about 7 ¢/s in the stimulus
intensity of 0.05 lux. With the increase in the light intensity of the inter-

mittent stimuli, the amplitude of the initial positive potential was augmented,
its duration was prolonged, and the amplitudes of the following ripples decreased
(Fig. 11, C). In this case the fusion frequency of the ripples seemed to be
decreased. With the further increase in the stimulus intensity, the initial response
showed a large diphasic deflection, namely a small negative potential preceded a
large positive potential followed by a succession of negative ripples (Fig. 11, D),
the fusion frequency of which was above 10 ¢/s in the stimulus intensity of 50 lux.
Therefore, it follows that the ERG elicited by the intermittent stimuli of weak light
is a succession of b-wave -whereas that elicited by intense light is a succession of
a-wave. And this may be also assumed from the records shown in Fig. 12, where
in A) the retina is subjected to the intermittent stimuli of different intensity with a

Fig. 12. A, the fast type responses to intermittent light ( 2c¢/s) with various
intensity; the intensity in 1—4 are 270, 50, 5 and 0.5 lux, respectively.
B, responses to intermittent light of various frequencies with constant
intensity (270 lux); the frequencies in 1—4 are 6, 3, 1.8 and 1.5

cfs, respectively.

constant frequency (about 3 c/s), and in B) to that of different frequency with
constant intensity (270 lux). Further investigations are necessary regarding to the
effects of the light intensity, temperature, state of light-adaptation and others on
the flicker fusion frequency of ERG.

The slow type ERG responded only to very slowly repetitive stimuli with the
intense light. The responses to the repetitive stimuli with various frequency were
examined. The results shown in Fig. 13 suggest the existence of a long refractory
period in the response. The absolute refractory period may be assumed to be about
one second. The relative refractory period was very long, changing with the intensity

of the stimuli and also with the frequency of the repetition of the stimuli.

-— 28 —
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Fig. 13. Suppression of second response in repetitive stimulation. . Abscissa,
the time interval of repetitive stimuli in sec. Ordinate, the rate of the
height of the second response to that of the first cne. Filled circles,
intensity of stimulus light is 50 lux; open circles, 500 lux. Duration of

stimulus light is about 100 msec.

(8) Spectral sensitivity _
The spectral sensitivity curves were obtained as to the response of both types.
The results are shown in Fig. 14. The solid line of Fig. 14 is the sensitivity curve
which was determined with regard to the positive potential in the response of the
fast type, and the broken line is that concerning the negative potential of the slow
type. Both curves had the maximum at 500 my of the spectrum as well and f{fall
down rather steeply on both sidés. Both curves were similar to each other in the
shape though the curve for the fast type showed somewhat expansion in the range
from 500 to 580 my of the spectrum,
and the sensitivity in the response of
the fast type was about [0 times as

high as the slow type. And from the <8
diagram the retina was almost insensi- o
tive to the light of above 650 m#. The EGOL
maxima of the sensitivity curves men- 240
tioned just above, seem to correspond 7

to the maximum (505 mg) in the

absorption curve of visual pigment that R TR
. . WAVE LENGTH fmu)
Bavriss et al. (’36) obtained in the

retina of Sevllium canicula.

Fig., 14. Spectral sensitivity curve of a dog fish
retina. Filled circles represent the sensitivity
curve investigated in the fast type response;

open circles, that in the slow type response.
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Discussion

Two different types of ERG, fast and slow type, were recorded in Mustelus.
Judging from the following facts the slow type response can not be assumed to be
degenerated one of the fast type; . i) the fast type response is apt to be recorded
from the dorsal side of the retina, ii) the slow response can be obtained even in the
fresh preparation, iii) the fast response is observed to be transformed easily into the
slow response by the slight displacement of the electrode on the retina, vice versa.
According to the histological observation, however, any differences in the retinal
structure were not found among all the regions of the retina. Different types of ERG
such as found in Mustelus retina have not hitherto been observed in the retinae of
other fishes, although it seems that there is unnoticeably a tendency to show such
different types of ERG in some batoid fishes or plaice (¢f. Chapter || and Wo.

The nature of the fast type response in Mustelus is similar to ERG of batoid fish
(¢f. ‘Chapter J|), and it seems to belong to Group-] according to the classification
of the ERG in teleost fishes (¢f. Chapter V). ERG of Group-] in the classification
is suggesting the benthonic life, and in fact,, the fish is known»r to be caught from
the deep sea.of about 200 fathoms, though it swims actively at surface water in the
daytime.

On the other hand, the threshold of the positive potential of the fast type re-
sponse was considerably lower than that of the negative potential in the response of
the slow type. In the dark-adapted retina, the response to extremely weak light
was the positive potential followed by the negative potential (Fig. 3, 3-A), and then
such potential seemed to correspond to rod potential that was obtained by SVAETICHIN
(’531) from the retina of Perca by the aid of a micro-electrode. Therefore such
positive potential obtained from the Mustelus retina will be assumed to have resulted
in either rod or rod-paths. The fact that such positive potential is suppressed by
light-adaptation, supports this assumption. It is interesting that these results match
well the vision of a dog fish from its behaviour described above. According to GRANIT
(°’57) the ERG of rod retina is a succession of b-wave in the response to flicker
stimulation, hence the Mustelus retina is considered to reveal the character of rod-
retina in the case of stimulation by weak light at least. The response of the positive
potential to the intermittent stimulation of weak light was a succession of b-wave
and showed low fusion frequency (6—7 c/s). While, the response to the stimulation
by intense light showed a succession of a-wave following the initial diphasic response.
Such peculiar response to intermittent stimuli was not yet found in the retinae of
other fishes, because the ERG of cone retina was a succession of a-, b-, a-, b-wave
------ . In future, the response to intermittent stimuli must be investigated in detail in
this species.

In the response of the slow type, the threshold of light intensify eliciting the
negative potential was about 10 times as high as that of the positive potential in the
fast type. With the increase in stimulus intensity the negative potential also increased,
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and the steady state was attained by a relatively higher stimulus intensity as compared
with that for positive potential in the fast type.  This result seems to suggest the
great capacity of the fish in adapting itself to intense light. SvAETICHIN (’53) and
Mrtarat et al.(’56) have described that there. is no adaptation to darkness or illumi-
nation in the cone of fish retinae. Almost no influence of the adaptation on the
negative potential was found in the response of the slow type, although the potential
-brought the transitory augment of the amplitude in the initial course of light-
adaptation (Fig.. 9). These facts seem to suggest the photopic character of the slow
type response except the curious fact that the negative potential in the response does-
not respond to intermittent stimuli at all.

If it is assumed that the slow type response is photopic while the fast type is
scotopie, it is presumable that the spectral sensitivity curve obtained in the responses
of each type should be different from each other in the position of their maxima. In
the present experiment, however, no difference has been observed between them, and
the spectral sensitivity curves of both types show the maxima together at about 500
my. Position of the maximum of spectral sensitivity at such a shorter wave-length is
suggesting that it is suitable for oceanic or deeper sea behavioural life, because the
licht which most effectively penetrate clear oceanic water is that of 480 mx to 500 m
in wave-length, while in coastal waters the light of 530 mu or longer wave-length
penetrates most easily (UTTERBACK °36).  This assumption is also supported by the
relation, which is described elsewhere, between the maximum of spectral sensitivity
curve and the depth of the habitat of fish (¢f. Chapter [[).

BreTT (’57) has described the existence of cone together with rod in Mustelus
retina, and TArRATSUJI (’34) reported that there might be no differentiation toward
rod and cone.in the development of visual cells in elasmobranch fish, and the author
could recognize only one type of visual cell in the histological investigation of the
retina (Fig. 2) as well as DeETwiLer (’43). However, the physiological results
obtained in the present work seem to suggest the existence of some components
showing the photopic character which may be assumed to be caused from the cell
likeé cone. Therefore, it may be regarded as appropriate that the receptor cells in
Moustelus retina should be differentiated into rod and cone physiologically, even

though there are no morphological differences between them.

Summary

(1) The electroretinogram (ERG) of a dog fish, Mustelus manazo, was investi-
gated. ERG was taken from the exposed retina directly, and the results were con-
sidered ecologically.

(2) In the ERG of Mustelus two types of the response were found; the fast type
showing a fast initial negative potential followed by a positive potential, and the slow
type of monophasic negative potential. And the threshold of stimulus light was one

log unit lower in the former than in the latter.
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(3) In the fast type response, the response to weak light (below 0.5 lux) was
positive monophasic, and that to intense light was negative potential followed by
positive potential. ~ With the increase in stimulus intensity the amplitude of both
positive and negative potentials increased in the linear relation to stimulus intensity,
but the negative potential had a tendency to cover the positive potential in the case
of stimulation of extremely intense light.

(4) In the response of the slow type, the amplitude of the negative potential aug-
mented with the increase in stimulus intensity, and it attained the steady state only
in relatively high intensity.

(5) The ERGs of both types were not almost affected by the stimulus duration,
therefore the ERG of the dark-adapted retina did not elicit the off-response.

(6) Although the amplitude of negative potential increased temporarily by light-
adaptation in the response of the slow type, the potential was not almost affected by
the adaptation.

(7) In the response of the fast type, the time-course of light- or dark-adaptation
was investigated by the threshold intensity and the size of ERG, respectively. The
light-adaptation with weak light (0.5 lux) was completed in about 10 minutes and
the following dark-adaptation was accomplished in about 20 minutes.

(8) In the fast type the ERG to intermittent stimuli of weak light (below 0.5 lux)
was a succession of b-wave, and the maximum value of the fusion frequency was
6—7 c¢/s. The ERG to that of intense light was a succession of a-wave, and the
fusion frequency was above about 10 c¢/s.

(9) The response of the slow type did not follow the intermittent stimuli, and the
refractory period of the potential was found to be considerably long.

(10) The spectral sensitivity curves obtained from the ERGs of both types had the
maxima at about 500 m#, coincidentally. ,

(11) It was considered that the response of the slow type revealed the photopic
characters and that of the fast type, scotopic ones dominantly. In addition, the con-
sideration on the retinal structure was described.

(12) From the characters of the ERG mentioned above, it is assumed that a dog
fish has the retina applied to photopic and scotopic vision, and the fish is behav-
ioural in deeper sea and has such noticeable disposition as the vertical movement.
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Chapter | Electroretinogram of rays and skates, Batoidei,

with reference to ecological aspects

The study of the electroretinogram (ERG) in vertebrate has not yet been thor-
oughly extended to the Elasmobranchii. In Chapter | the author described that a
dog-fish, Mustelus manazo, showed the ERG consisting of negative and positive
deflections in spite of its rod retina, and he further considered the ecological signifi-
cance of the character of the ERG in connection with the behaviour of the fish. Com-
parative studies on the eye of Batoidei were carried out in this chapter. The batoid
fishes are usually known to have pure rod retina (BAYLISS et al. 36, DETWILER '43),
although the eagle ray, Myliobatis, has a few cones in its retina (BRETT ’57). As
regards the habits of these fishes, it is also known that the rays and skates are
typical benthonic fishes and live on the bottom of the sea most of the time, some-
times are buried in the sand or mud of the bottom, and in the case of a certain species
the depth of the habitat extendes down to 1,000 fathoms (BiceLow and SNYDER '53).

It is worthwhile not only from the comparative physiology of vision but also
from the ecological view point to investigate the ERG of the fishes having such a

peculiar habit.

Material and method

Rays and skates covering 6 species were used as materials in this work, and
their names were shown in Table |, together with their disc-lengths and the period
during which they were used. The fishes were caught either with a small trawl net
or with a set-net, off the coast of Yamaguchi Prefecture facing the Japan Sea. Before

the experiment, the fishes were preserved for a few days in the aquarium of our

laboratory.

Table 1. Species of Ffishes used in the experiment of this chapter, its disc-length and period

through which it is used.

Experimental

Family Species Common name Dis(c-le;gth period
em (month)
Torpedinidae Narke japonica (_TEMMISI\ECHKLEetGEL) electric ray 25—30 XL VT
Myliobatidae Holorhinus tobijei (BLEEKER) eagle ray 25—35 W
Dasyatidae Dasyatis akajei (MULLER et HHENLE) | sting ray 15—25 v. v
” Urolophus fuscus GARMAN o 25—30 I
- 4 ; inensi LOCH
Platyrhinidae Platyrhina sinensis (B SCHN;;DER) fan ray 35—40 L}
Rajidae Raja porosa (GUNTHER) skate 45 X
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Experiments were carried out with an eye excised. Active electrode, Ag-AgCl
type, was in contact with the inner surface of the opened eye from which cornea,
lens and vitreous humor had been removed. Indifferent electrode was the Ag-AgCl
type and it was put to the outside of sclera through the moistened cotton sheet. The
arrangement for recording the ERG was principally the same as that described in
Chapter [. Intensity of stimulus light was controlled by neutral filters, and narrow
bands of spectral light were obtained by the interference filters (cf. Chapter ),
although in the experiments of Narke and Raja, Erma’s monochromatic filters were
used. The details of the methods used for the determination of spectral sensitivity
of the retina were described in Chapter [[. |

The method. used for the investigation of threshold intensity in the course of
light- and dark-adaptation was as follows. The measurements of the threshold
intensity in the course of light-adaptation were carried out with interval as near to
Zminutgs as possible until the light-adaptation was judged to be completed. To
make tlie measurement, -the neutral filter was initially set at a level of illumination
estimated to be below the threshold intensity for the retina, and then the stimulus
light was projected through the filter. If no action potential was elicited, the
stimulus intensity was increased by about 0.5 log unit, and the stimulus was again
given at an interval of about a quarter of a minute. This procedure was repeated
until discernible action potential was elicited, when the total concentration of the
neutral filter and the time that had elapsed since the beginning of the adaptation
were recorded. In this way, the change of the threshold intensity was obtained in
progress of the light-adaptation with a definite illumination. ~ After that’ the retina
was brought in darkness, and the change of the threshold intemsity of the retina
was obtained in the course of the dark-adaptation, in the same manner mentioned
above until the retina recovered the sensitivity of the initial level in dark-adaptation.
Therefore, the retina had been left in darkness as it was for least several minutes

before starting the measurement under illumination with the next level.

Results

(1) Wave-form of ERG

. Narke japonica The shape of eyeball (bulbus oculi)is semi-cylindrical, and the
outside of the eyeball is extremely calcified and it shows the so-called cartilaginous
sclera.

In dark-adapted retina the ERG elicited with flash stimulus was a small slow
negative potential followed by a large positive one, and moreover few fast deflec-
tions were superimposed on the rising phase of the large positive potential (Fig. 15,
A). The fast component seemed to be prominent in the experiments made in winter.
With the increase in stimulus intensity the amplitude of the slow response augmented
slightly, while the latent period of the response was shortened considerably. In this
case the latent period of the fast deflection was also shortened, but the amplitude
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of that was not affected noticeably. The response of dark-adapted retina to the
stimulus of long duration (one second) was the same in wave-form with that to flash

stimulus; the off-effect did not appear.

Fig. 15. ERGs recorded from Narke. A, obtained from the dark-adapted retina; B and C, from
the light-adapted. Arrows indicate the stimulus signal, which is 1/50 sec. in A, B and
about 3 secs. in C. Numeral on each series of the records represents the stimulus intensity
in percentage of unit intensity, 500 lux. Time mark: 1/6 sec.

In the retina light-adapted with about 30 lux illumination, the ERG elicited with
stimulus flash was shown in the records of Fig. 15, B; the slow positive potential
was remarkably suppressed, whereas the fast deflection superimposed on the slow
potential was not affected noticeably. The latent period of the whole response
underwent remarkably prolongation. In the case of stimulation of the duration of
about 3 secs., the response did not.cause off-effect even if any intense light was
projected. In this case the change in wave-form of on-response was not found over the
wide range of stimulus intensity, although the latent period and the amplitude of the
initial negative potential changed remarkably with the stimulus intensity (Fig. 15, C).

In order to know the relation between the slow and the fast responses, the dark-
adapted retina was subjected to a series of stimulus flash with different degrees of
the intensity (Fig. 16). The amplitude of the slow response decreased with the
lowering of stimulus intensity as mentioned above, while the amplitude of the fast
response was seen to increase with the decrease in stimulus intensity. The increase
in amplitude of the fast response may probably be due to the release from being
balanced by the slow response. When the stimulus intensity was extremely brought
down (below 0.1 % of unit intensity), the negative potential of the slow response
disappeared, while the fast response remained still, being followed by the slow
positive potential. The fast response remained took diphasic form at first, but with
the further lowering in stimulus intensity the response became a positive momnophasic
wave (0.006 % in Fig. 16). In this case the time duration of the fast response
prolonged remarkably. As the lowering in stimulus intensity proceeded further, the
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positive wave mentioned above came to be followed by a slow negative wave, and
' with the further lowering all the response disap-
peared. From these results it may be assumed
that the slow response represents photopic com-
ponents, whereas the fast deflection scotopic
ones, because the threshold of the fast deflection
is lower than that of the slow response.

The fast potential superimposed on the slow
response, was not so striking in the ERG obtained
in the summer experiments. A few types of
these ERGs was shown in Fig. 17. In the re-
sponse to intense stimulus, the negative potential
was dominant, and a notch was observed to be
superimposed on the response, instead of the re-
markable fast deflection obtained in the above-

mentioned winter experiment. The site of the

) ) y notch on the response was different as the case
Fig. 16. Change in wave-form of . .
ERG in Narke, according to may be, and in some occasions the notch pr-

the variation in stimulus inten- eceded the negative slow response (Fig. 17, A
sity. Test flash is 1/50 sec.
Other legends are same as in
Fig. 15. the decrease in stimulus intensity, as in winter

and B), and also the notch became distinct with

experiment. Moreover, the latency of the notch
was reduced noticeably with the increase in stimulus intensity in any case. From
these results it is assumed that the notch is homologous with the fast deflection in

the winter experiment.

Fig. 17. Different types of ERG in Narke, observed in summer experiments.
A, C, obtained from the dark-adapted retina; B, D, from the light-adapted

one.  Numeral on each series of the records represents the stimulus
intensity in lux. Test flash, 1/50 sec. Other legends are same as in
Fig. 15.

In the application of 10 ¢ KCI solution on the retina, the positive potential of
the slow response disappeared within about 5 minutes, whereas the negative potential

[}
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appeared remarkably. Even in the case where the stimulus intensity was so low that
it could not cause the negative potential of the slow response in normal retina, a
negative potential appeared soon after the application of KCl. The fast deflection
superimposed on the slow response seemed to have been not at all affected by the
application of the KCI solution.

Holorhinus tobijei Typical wave-
forms of the ERG are shown in Fig.18. In
the dark-adapted retina, the stimulus flash
with extremely weak light elicited a small
positive monophasic potential with the latent
period of about 150 msec. (Fig. 18, A-3).
If the strength of the stimulus flash in-
creased [0 times, a small negative potential
preceded the positive one (Fig. 18, A-2).
The response to the flash with intense light
was the negative potential followed by the
slow positive potential, and a hump occurred
on the falling phase of the negative potential,
and also the length of time-duration of the
response became longer (Fig. 18, A~1). In
stimulus of comparatively long time (about
one second), the response was the same as
that of the flash stimulation, except for the
increase in amplitude of the slow potential
(Fig. 18, B). In this case the stimulus
with intense light did not cause the off-

Fig. 18. Typical wave-forms of the ERG

recorded from Holorhinus. The
ef:EeCt, Whlle that W]th Weak light Seelned stimulus duration is 1/300 sec. in A
and 1 sec. in B;1—3, obtained from
. the dark-adapted retina; 4—7, from the
tial (Fig. 18, B- 2, 3). light-adapted. Other legends are same

When the retina was light-adapted under as in Fig. 15.

to cause the unnoticeahle positive off-poten-

about 3 lux illumination, the sensitivity of
the retina decreased and many wave-lets appeared on the base line even if the test
flash was not projected (Fig. 18, A-7). Under such illumination, the wave-form
of the ERG elicited by stimulus flash was essentially the same with that of the
dark-adapted retina, except that the time-course of the response became short (Fig.
18, A-4—7). In the stimulus of long duration, off-effect appeared remarkably; in
the response to intense stimulus light on-effect was the negative potential whereas
off-effect was the positive potential followed by the negative one, and also in the
response to wealk light both on- and off-effects were positive potential (Fig. 18, B-
4—7).

As shown in Fig. 19, the threshold of the protrudent potential occurring on the
rising phase of the slow positive potential in the dark-adapted eye is lower than that
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of the slow positive potential, and therefore it is assumed that the response to
stimulus with extremely weak light may be constructed of another potential, of which
the origin is different from that of the large slow positive potential elicited by intense
light. With the increase in stimulus intensity the amplitude of the protrudent
potential increases, too, while the potential seems to be balanced by the negative
potential which develops at the same time. Hence, the response to the stimulus with
intense light seems to be a simple negative potential followed by a positive potential

(Figs. 19, 40 and 110).

Fig. 19. Change in wave-form of the Fig. 20. ERGs recorded in Dasyatis. A, B, obtain-

ERG in Holorhinus, according to ed from the dark-adapted retina; A/, B/, from the
the variation in stimulus intensity. light-adapted. The stimulus duration is 1/300
Test flash is 1/50 sec. Other sec. in A, A’ and { sec. in B, B/, Other
legends are same as in Fig. 15. legends are same as in Fig. 15,

Dasvatis akajei The typical wave-forms of the ERG obtained in the fresh
preparation are shown in Fig. 20. In dark-adapted retina, the response to stimulus
flash was a large negative potential followed by a positive potential, and both
negative and positive potentials increased the amplitude with the increase in stimulus
intensity (Fig. 20, A). The response to stimulus light of long duration was almost
the same as that to the flash; the off-effect was never caused by the long lasted
stimulation, irrespective of the strength of the stimulus light (Fig. 20, B). Moreover,
as observed in the ERGs of Holorhinus or Narke, the notch or the fast deflection
superimposed on the response was not found in this species.  Thus, the negative
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potential was dominant in the ERG of dark-adapted retina of Dasyatis. However,
on some occasions the positive potential was apt to occur noticeably in fresh material.

In the retina light-adapted with about 3 lux illumination, the response to stimulus
flash with weak light was a small positive monophasic potential, and with the increase
in stimulus intensity a negative potential came to precede the positive one, and also
the positive potential came to be followed by some slow deflections (Fig. 20, A').
And the response to intense stimulus light decreased the rising rate of the positive
potential and it elicited few crests on the rising phase of the positive deflection
(Fig. 20, A’-60).

In the case of stimulation of long duration the response of the light-adapted
retina showed remarkable off-effects (Fig. 20, B’); the off-effect was large positive
potential followed by the slow negative potential, and also the positive potential was
divided into two positive potentials by the stimulus with intense light. In this case

on-response was the negative potential and the positive on-potential was suppressed.

Urolophus fuscus The wave-forms of the ERG seem to be essentially the same
as those of Holorhinus and Narke. Typical i i

In the dark-adapted retina the response
to stimulus flash with weak light was a
positive monophasic wave-form (Fig. 21,
A-3), though that to the extreme weak
light was a slow positive-negative diphasic
wave-form as shown in Fig. 22. With the
light stimulus of moderate intensity a
small negative potential preceded the po-
sitive potential and further, the latter
was followed by a further slow positive
potential (Fig. 21, A-2). With the increase
in stimulus intensity, the amplitude of
the negative potential augmented consider-
ably. Thus the positive potential which
occurred noticeably in the stimulation by
weak light, came to be balanced by the

increasing negative potential and became

the hump appearing on the falling phase Fig. 21 ERGs recorded in Urolophus.
of the negative potential which occurred 1—3, obtained from the dark-adapted
in the stimulation by intense light (Fig. retina; 4—7, from the light-adapted
21, A-1 and Fig. 22). The response to (3 lux). The stimulus duration is

1/100 sec, in A and | sec. in B.

long lasted stimulation by weak light was Other legends are same as in Fig. 15.

the positive potential followed by the
negative potential and did not cause the
off-effect (Fig. 21, B-3). And also the response to intense light was the remarkable
negative potential followed by the slow positive potential alone (Fig. 21, B~1). In this
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case it was noticed that many wave-lets occurred on the phase of the slow positive
potential (Fig. 21, B-1). :

In the retina light-adapted with about 3 lux il-
lumination the positive potential which was remarka-
ble in the dark-adapted retina, was suppressed. In
the stimulation of long duration, the positive off-
potential occurred in the response to weak light
(Fig. 21, B~ 6, 7), and the response to intense
light seemed to be the same as that obtained in
the short flash, except for the remarkable wave-let
which appeared on the rising phase of the slow
positive potential (Fig. 21, B- 4, 5).

The change in wave-form of the ERGs of the
dark-adapted retina according to the various stimulus
intensity is shown in Fig. 22. The records indicate
that the positive potential which is remarkable in
the response to weak light is clearly found to be
canceled by the large negative potential followed
in the stimulation by intense light.

As shown in Fig. 23, the negative potential of
the response soon disappeared by the application of
10 % ethylalcohol on the inner surface of the retina

and then only positive potential remained.  The

‘ s zedt positive potential remained did not change in the

Fig. 22. Change in wave-from of long lasting stimulation of the same intensity (Fig.
the ERG in Urolophus, ac- 23, 3). With the decrease in stimulus intensity,
cording to the variation in the positive potential disappeared and any other

stimulus intensity. Test flash
is 1/100 sec. Other legends

are same as in Fig. 15.

positive potential wsa not found in the stimulation
by weak light (Fig. 23, A- 4—6, B). From these
results, the positive potential evoked remarkably
in weak stimulus light is assumed to be suppressed with the application of ethylal-
cohol, and it may be considered to be different from the positive potential occurring

in intense stimulus light.

Platyrhina sinensis In the dark-adapted retina the response to stimulus flash
with weak light (about 0.5 lux) was positive potential and the time-duration of the
response was relatively long (Fig. 24, 0.1). With the increase in stimulus intensity,
the amplitude of the positive potential decreased. ~ With the further increase in
stimulus intensity the rather fast negative potential occurred preceding the positive
potential, which increased in its amplitude with the increase in the low range of
stimulus intensity.  The slow positive potential which occurred noticeably in the
stimulation by weak light decreased with the increase in stimulus intensity and it

almost disappeared in the stimulus of a unit intensity (500 lux).
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Fig. 23. Effect of application of ethylalcohol sol.
on ERG of Urolophus. Test Flash is 10 lux
and 1/100 sec. in duration. A : 1, before
the application; 2, 2 minutes after the appli-

cation; 3, duration of stimulus light is pro-

longed to 1 sec.; 4, 5, 6, the response of

Fig. 24. ERGs recorded in Platyr-

the remained positive potential according to . )
P P 9 hina. Change in wave-form of

variation in stimulus intensity, B : Change the ERG according to the
in the remained positive potential according variation in stimulus intensity.
to light stimuli of various intensity. Other Test flash is 1/50 sec. Other
legends are same as in Fig. 15. legends are same as in Fig. 15.

ERG for the stimulation of long duration is shown in Fig. 25. In the weak light
stimulation (about 1 lux), the retina evoked dominantly the positive potential re-
gardless of the duration of stimulus (Fig. 25, A). The positive potential tended to
be followed by the slow negative potential, and some small crests were found on the
falling phase of the positive potential. With the prolongation of stimulus duration
the initial positive crest became noticeable (Fig. 25, A- 4—7) and further, the crest
seemed to change into slow positive plateau potential. =~ Thus, in the stimulation of
long duration, the response was the fast positive potential followed by the slow
positive plateau potential. = The amplitude of the fast positive potential was almost
the same irrespective of the duration of the stimulus, but the time-course of the
slow plateau potential was prolonged with the increase in ‘stimulus duration (Fig.
25, A- 1—4). '

On the other hand, the response to the stimulus with intense light was always

initiated with the negative potential (Fig. 25, B), the amplitude of which was almost
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the same regardless of the stimulus duration, except in the case of stimulation of
extremely short duration.  The off-effect did not occur even in the stimulation of
long duration of one second. From the records shown in Fig. 25, it may be assumed
that the magnitude of the response is determined by the stimulus intensity in the
main, and the positive potential is scotopic and the negative potential photopic in
character.

Fig. 25. Influence of stimulus duration with Fig. 26. ERGs recorded in Raja. A, obtained

a constant intensity on the ERG of from the dark-adapted retina; B, from
Platyrhina. The stimulus intensity is the light-adapted. Stimulus duration is

0.2 % of unit intensity in A and 20 %
in B, respectively, The durations of.
stimulus in 1—8 are 1, /2, 1/5,
1/10, 1/25, 1/50, 1/100 and 1/300

sec., respectively.

1/50 sec., except for the record of C,
in which it is about 5 secs. . Other

legends are same as in Fig. 15.

Raja porosa In the dark-adapted retina, the response to stimulus flash with
weak light was also a slow positive monophasic potential, having rather long time-
course (Fig. 26). With the increase in stimulus intensity, the amplitude of the
positive potential augmented, and a small negative potential came to precede the
positive one.  In the stimulus light over 50 lux, however, the amplitude of the
positive potential remained in constant height, although the magnitude of the negative
potential and the latency of the response still changed obviously (Fig. 26, A) In
the case of stimulation of long duration (about 5 seconds) on-response was the same
with that of the flash stimulus, and any off-response did not occur even by the
intense light stimulus (Fig. 26, C).
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In the light-adapted retina (Fig. 26, B), the response to stimulus flash with
weak light was the negative potential followed by the positive potential. = With the
increase in stimulus intensity, the falling rate of the negative potential came to be
larger, and the positive potential was suppressed. In the stimulation with intense
light, the large slow positive potential changed to a small fast one.

(2) Relation between the magnitude of the response and the stimulus intensity

In Narke, the relation between the amplitude of the slow response and the
intensity of stimulus light (A-—I relation) was investigated in the dark-adapted retina.
The amplitudes of the positive component (filled circles in Fig. 27) and negative one
(open circles in Fig. 27) were measured, respectively. The result is shown in Fig. 27,
in which the abscissa represents the stimulus intensity (percentage of unit intensity)
in logarithmic scale, and the ordinate represents the height of each amplitude in the
per cent of the maximum one. From the diagram, it is understood that the amplitude
of the positive potential, height of b-wave, increases in linear relation to the stimulus
intensity, but the increase attains the steady state in relatively low stimulus intensity.
And also the amplitude of the negative potential, a-wave, changes noticeably with
the increase in stimulus intensity, but the amplitude does not attain the steady state

within the stimulus intensity used in the present experiment.
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Fig. 27. Relation between the amplitude height and the stimulus intensity in ERGs of
Narke. Abscissa, the stimulus intensity graded in log scale; ordinate, the height
of the amplitude against the maximum one. Filled circles, height of b-wave; open

circles, of a-wave, Test flash is 1/100 sec. in duration.

In Holorhinus, the A—I relation is also linear over the wide range of the
stimulus intensity as is shown in Fig. 28, and the amplitude height does not attain
the final steady state within the range of the intensity used in the present experiment,
being different from the relation in other species of Batoidei. Moreover, it was found
in the same figure that the increasing rate of the positive potential (b-wave) investi-
gated in complete dark-adaptation (filled circles in Fig. 28), was smaller than that



434

Hiroshi KOBAYASHI J. Shimonoseki Coll. Fish., 11 (3)

investigated in the semi-dark-adaptation following the preliminary faint illumination

(semi-filled circles, in Fig. 28., and ¢f. p. 110 in Chapter V).
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Fig. 28. Relation between the amplitude height and the stimulus intensity, in

ERGs of Holorhinus. Filled and partially filled circles, height of b-wave;
open and double circles, of a-wave, Other legends are same as in Fig. 27.

In Dasyatis, the same relation as mentioned above was obtained in the fresh
and dark-adapted retina. The result is shown in Fig. 29. The change in the negative

potential (open circles) was more remarkable than that of the positive one,

attained the steady state at 50 lux.

and it

On the contrary, the amplitude of the positive

potential (filled circles) augmented very slowly with the increase in stimulus intensity

and it attained

In Urolophus, the A—I relation is shown in Fig. 30.

a final steady state at the stimulus light of about 20 lux.
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Fig. 29. Relation between the amplitude height and the stimulus
intensity, in ERGs of Dasyatis. Other legends are same
as in Fig. 27.

Though some individual

varieties were observed, the amplitude of the negative potential increased in linear

relation, and that of the slow positive one increased also but it attained a steady state

in relatively low stimulus intensity, for example, in about one lux in the present

experiment.

with weak ligh

in Fig. 30).

The amplitude of the potential that occurred noticeably in the stimulus

t, tended to increase also by a linear relation, too (dotted-broken line
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. 30. Relation bztween the amplitude height and the stimulus intensity, in
ERGs of Urolophus. @&, ®, (P, the height of slow positive potential
(b-wave); O, ©, (D, the height of negative potential (a-wave); x,

&, *, the magnitude measured from the tip of initial negative potential

T
)

to base of the notch on the rising phase of positive potential. Test flash
is 1/100 sec. In abscissa, stimulus intensity in 2, of unit intensity (110
fux),

In Raja, the A—I relation is also found to be similar to that of other batoid
fish, as is shown in Fig. 3]. The amplitude of the positive potential attained the
final steady state in relatively low intensity, for example, in the light intensity of
about 5 lux. However, the amplitude of the negative potential increased in linear
relation to logarithm of the stimulus light, and also the latent period of the potential
seemed to shorten in the range of such stimulus intensity as that in which the
amplitude of positive potential increased no more with the increase in stimulus

intensity.
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Fig. 31. Relations between the amplitude height, the latency of the
response and the stimulus intensity, in ERGs of Raja. Double
circles, latency of the response. Other legends are same as in

Fig. 27.
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(3) Response to colour light and spectral sensitivity of retina

Narke japonica As the retina was exposed to equi-energy monochromatic light
of various wave-lengths, latent period and wave-form of the response changed in
accordance with the wave-length (Fig. 32). Monochromatic light was obtained with
Erma’s monochromatic filter and light energy was controlled with neutral filter,
although the energy of the light for wave-lengths of 420 m# and 700 m# was not
controlled in this case. The change in wave-form was similar to that caused by the
different stimulus intensity (Figs. 15 and 16). These changes in the response caused
by the monochromatic light are assumed to be due to the spectral sensitivity of the

retina.

100}
3 &
= 8ot
2 60r
Fig. 32. ERGs of Narke, =
elicited by the stimulus o 40r y
=
light of various wave- w
lengths. The intensity 5 200
of each flash is equi- Ny ) N .
400 500 600 700

energy in the stimulus

light of the wave-lfength WAVE LENGTH (mp)

except 420 mzt and 700 Fig. 33. Spectral sensitivity curve of Narke,

mt. Test flash is 1/50 in the dark-adapted retina. The sensitivity
sec, Time mark : 1/6 is represented as per cent of the maximum
sec. value.

The spectral sensitivity curve of Narke is shown in Fig. 33, The spectral sensi-
tivity was represented as the reciprocal of minimum light intensity required to cause
the response in the stimulation of monochromatic light. The curve has the maximum
at 500 myu of the spectrum, and falls away steeply on both sides of the spectrum.
The retina is almost insensitive to the light of the wave-length longer than 650 my.
The shift of the maximum of spectral sensitivity by light adaptation could scarcely
be found.

Holorhinus tobijei As was previously stated, with the decrease in stimulus
intensity the retinal response to the illumination lost the initial negative potential at
first, and with the further decrease in the intensity the positive potential disappeared
finally (Figs. 18 and 19). Therefore, the spectral sensitivity of negative and positive

— 4_‘5 —



ERG in Fish, with Ecological Aspects 437

components in the ERG was investigated, respectively. Both scotopic spectral sensi-
tivity curves mentioned above are shown in Fig. 34, A. Although the sensitivity of
the positive component (filled circles in Fig. 34, A) was higher than that of the
negative one generally (open circles in Fig. 34, A), both components were almost
insensitive to the light of the wave-length longer than 650 myu.  The spectral sensi-
tivity curve of the positive component had the maximum at 500 my. The sensitivity
curve of the negative component showed the maximum at 525 myu and seemed to have
a hump at 575 my.

100 A e 100 2
S gt 4 S 80 i
ol >
& 60 1 £ 60 Lo
= = -.
= 40- £ 40 o
% | ’ N B L) “‘\
b 20F e/ o \O 5 20 . \\\
m . LA 1 . | \\
0 1 . 1 T\\-m v 0 r I} . T O\\“n
400 500 600 700 400 500 600 700
WAVE LENGTH (mg) WAVE LENGTH (mg)

Fig. 34. Spectral sensitivity curve of Holorhinus retina. A, the sensitivity curve of .
the dark-adapted retina, investigated by positive (filled circle) and negative (open
circle) components as indices, respectively. B, effect of light-adaptation on the
sersitivity curve investigated by positive comporent as index.  Filled circle, in
dark-adaptation; open circle, in light-adaptation.

When the retina is exposed to the light of about 3 lux, the positive potential is
dominant in the threshold response (Fig. 18, A-6). Therefore, the spectral sensi-
tivity in the light-adaptation was investigated with the positive potential as index
(open circles and broken line in Fig. 34, B). Such photopic spectral sensitivity curve
shifted the maximum to 575 my of the spectrum and had the submaximum at 500 mg,
and further the sensitivity to the light of longer wave-length was higher than that
of scotopic one.

It is moreover noticed that the wave-length of the maximum in the photopic curve
well correspondes to that of the hump in scotopic curve of the negative component,
and that of the submaximum correspondes also to that of the maximum in scotopic
curve of the positive component.  Therefore, it may be assumed that the negative
potential in the response of the dark-adapted retina shows a photopic character and
the positive potential shows a scotopic character. It may be also inferred from the
results mentioned above that the retina of Holorhinus retina has two visual pigments,

Dasyatis akajei As shown in Fig. 35, the response showed different wave-
forms for different wave-lengths of the stimulus light. It may be assumed from the
record that various kinds of component are involved in the response and each com-
ponent is dominant for a certain definite wave-length of the illumination. But the
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components could not be analyzed from the present experiment. It is necessary to
analyze them by the aid of a micro-electrode, and the experiment will be made

further on.
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Fig. 235. ERGs of Dasyatis, elicited by Fig. 36. Spectral sensitivity curve of Dasyatis
the stimulus light of various wave- retina. Solid line, scotopic; broken line,
photopic; partially filled circles, the sensiti-
vity determined in completely dark-adapted
in Fig. 32. retina; filled circles in semi-dark-adapted;

open circles, in light-adaptation of 3 lux.

lengths. Other legends are same as

Since it can be assumed from the former experiment that the various components
involved in the response have different spectral sensitivities, it is necessary first to
investigate the sensitivity of the whole retina. Using the ERG as index, the scotopic
sensitivity curves were obtained from both complete dark- and semi-dark-adapted
retinae (partially-filled and filled circles in Fig. 36), and the photopic sensitivity curve
was obtained under the illumination of 5 lux (open circles in Fig. 36). The scotopic
spectral sensitivity curve had the maximum at the blue-green, being close upon 525
m# of the spectrum, and fell away steeply toward both sides of the spectrum. The
steepness of the curve was remarkable in that obtained from the complete dark-adapted
retina. According to the sharpness of the curve, the sensitivity was about 1—57% of
the maximum at the wave-length of 430 my and at 650 mg of the spectrum, re-
spectively. In the photopic sensitivity curve the maximum shifted to 575 myg of the
spectrum, and a submaximum appeared in 500 mg. And also the curve fell away
comparatively slowly toward the short end of the spectrum as compared with the
scotopic one. It was 6% of the maximum at 430 my and 4% at 700 mgu. Since it is
supposed that the component showing the submaximum of the photopic sensitivity
curve will probably correspond to that having the maximum shown in the scotopic
sensitivity curve, the duplicity theory may be applied to the retina of Dasyatis, too.

Urolophus fuscus The spectral sensitivity curves of the retina are shown in
Fig. 37. As was the case with the retina of Holorhinus, the spectral sensitivity of
negative and positive component in the ERG was investigated, respectively (Fig. 37,
A). Both curves peaked sharply at 500 myg of the spectrum and the curves rapidly
fell toward both sides of the spectrum, and the retina was almost insensitive to the
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light of the wave-length longer than 650 my.

The photopic spectral sensitivity
curve of the retina light-adapted with
3 lux light,
around 525 my of the spectrum (Fig.
37, B),

light of longer wave-lengths increased

shifted the maximum
and the sensitivity for the

greater than that of scotopic one.
The response in this species caused a
negative potential with the decrease
in stimulus intensity, under the light-
adaptation, and therefore the curve
measured with the negative potential
in dark-adaptation was used for the
comparison with the scotopic one.
From the above findings it seems
that the “Shift of Purkinje” exists
slightly in the retina of Urolophus
species.

As the vitreous humor of the

retina was imperfectly removed, the

response was dominant in - negative -

potential, and positive potential could
hardly be found. Using such negative
potential as index, the spectral sensi-
tivity of the retina was investigated
(Fig. 37, C). In both of them
the spectral sensitivity curve hardly
changed with the adaptation and the
curve had the maximum in 525 my.
This result agreed well with that of
the photopic curve in Fig. 37, B.
Therefore,

is assumed to represent the photopic

the negative component

character.

As

the negative potential

Raja porosa it is shown
in Fig. 38,
elicited in the dark-adapted retina
does not suffer any remarkable in-
fluence by different wave-lengths of
the stimulus light, but the amplitude

of positive potential changes with
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37. Spectral sensitivity curve of Urolophus
retina. A, scctopic spectral sensitivity curve:
partially filled circles, the sensitivity deter-
mined by negative component of the ERG; filled
circles, by positive component, B, effect of
light-adaptation on the sensitivity curve: broken
line and open circles, photopic curve deter-
mined by negative component; solid line and
filled circles, scotopic curve, by negative com-
ponent. C, the sensitivity curve investigated
in nagative monophasic response. Legends are

same as in B.
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the wave-lengths, and it shows the maximum height at 500 myu, and the retina is
almost insensitive to the light of the wave-length longer than 600 mg (Fig. 38, B).
In the light-adapted retina the negative potential was elicited most distinctly with
the stimulus light of 500 mx (Fig. 38, A), and the splitting of the positive potential
occurred in the wave-lengths of the
range from 500 to 530 myu, too. These

records suggest the existence of some 3

components specifically sensitive to a Tight Dark adapt.
certain definite wave-length of the 2+ adapt. | |

spectrum. However, the analysis of S

the components must be deferred to
further experiments by the aid of a

micro-electrode.
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A . Fig. 39. Changz in threshold intensity (lux) of
[ o my : stimulus light for eliciting ERG of Nartke,

Fig. . EGS of Raj, eicite by the in the course of light- and dark-adaptations.
stimulus light of various wave-lengths,
A, recorded in the light-adaptation; B,
in the dark-adaptation. Other legends

Numeral on each curve indicates the light
intensity (lux) of adaptation light, Ordinate,
log threshold intensity. Abscissa, time elapsed
in the adaptation. Tricircles, the initial level

in Fig. .
ore same as in Fig. 32 of the threshold intensity.

(4) Light and dark adaptation

Narke japonica The change in sensitivity of the retina was investigated in the
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course of light- and dark-adaptation, using the threshold intensity of the retina. The
complete dark-adapted retina was at first exposed to the illumination with a certain
level of the intensity, and the change in the threshold intensity of the retina was
recorded in the course of the light-adaptation. After several minutes, the retina was
removed to darkness and the change in threshold intensity of the retina was again
recorded in the progress of the dark-adaptation. Such test was repeated in several
levels of the intensity of adaptation light. As soon as the retina was exposed to the
illumination, the threshold intensity of the retina rose rapidly, and of course, the
stronger the illumination that was applied, the more remrakable was the rising of the
threshold. However, the rapidly rising threshold which occurred transitorily in the
initial period of the light-adaptation, began to fall down within a few minutes after
the beginning of the light-adaptation, till it attained a definite threshold intensity in
several minutes later. The intensity of the adaptation light used in this experiment
was the range from 0.0] to 15 lux, because the retina exposed to the illumination
exceeding 15 lux did not recover the sensitivity in the following dark-adaptation.
These results are shown in the left of Fig. 39.

The retina subjected to the preliminary light-adaptation for several minutes re-
covered the sensitivity rapidly in darkness, and the change in the sensitivity in the
course of dark-adaptation proved to be a simple process, and was completed in 3—7
minutes. Although the recovery from the weak light-adaptation was more rapid, the
dark-adaptation was established comparatively fast as compared with that of the
human eye. Thus, it was difficult to find any sign of a break, or sudden change in
the slope of the dark-adaptation curve. These results are shown in the right of Fig. 39,

DIFFERENTIAL THRESHOLD (log ds5)

|
=
b

0 5
TIME IN MINUTE

Fig. 40. Change in differential threshold of stimulus light for eliciting ERG
of Narke, in the course of light-adaptation,  MNumeral on each curve
shows the light intensity (lux) of adaptation light.
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The increase in sensitivity was small as compared with the range of dark-adaptation
of the human eye, being only about 3 log unit.

In the retina of Narke the differential threshold, log ds/s, was plotted with the
lapse of time in the light-adaptation, in which the intensity of seven levels was used
for adaptation light (Fig. 40). It is found from the figure that the values of the
differential threshold in each level are all large in the initial stage of the adaptation
regardless of the strength of the adaptation light, but the value attains a constant
level in a few minutes after the beginning of the adaptation. And the constant level
settles to the same extent in the case of the moderate intensity of adaptation light, for
example, at about .1 to 10lux. The relation mentioned above was also clearly shown
in Fig. 41, in which the value of ds/s was plotted to the logarithm of the intensity
of adaptation light. The relation seems to be confirmed closely to the Weber-Fichner

Law, log ds/s=constant at moderate intensity of the adaptation light.
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LIGHT INTENSITY (log lux)

Fig. 41. Relation between the differential threshold (ds/s) and light intensity
of adaptation light, in the retina of Narke. Ordinate, log ds/s; abscis-
sa, light intensity in log lux.

Holorhinus tobijei The results obtained in the retina of Holorhinus are shown
in Figs. 42, 43 and 44. The investigation was made in the same manner as in the
case of Narke, but the light intensity of the range from 0.6 to 12 lux was applied to
the adaptation light in this case. Although the result was similar to that of Narke,
the changing range of the sensitivity in light-adaptation was small as compared with
those in other species of Batoidei, being about 2 log units of intensity (Fig. 42).
And also the differential threshold was found to be almost constant when the illumi-
nation of moderate intensity was applied as the adaptation light, for example, in the
range from 10 lux to 1 lux, which was small as compared with that of other species.

In this case the value of ds/s was 0.006 (Figs. 43 and 44).
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Fig. 42. Change in threshold intensity of stimulus
light for eliciting ERG of Holorhinus, in
‘the course of the light- and dark-adaptation.

Other legends are same as in Fig. 39,
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ig. 43. Change in differential threshold of
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Fig. 44. Relation between the differential threshold (ds/s) and the light in-
tensity of adaptation light, in Holorhinus. Other legends are same as in
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Dasyatis akajei The process of the adaptation was investigated from the change
in wave-form. The results are shown in the records of Fig. 45. The record of Fig.

Fig. 45. Change in wave-form of the ERG of Dasyatis, in the course of the dark- and light-
adaptations. Test flash is 10 lux and 1/50 sec. in duration. A, ERG recorded in the
course of the dark-adaptation after the light-adaptation of 200 lux. B, recorded in the
course of light-adaptation of about 3 lux.  C, recorded in the course of dark-adaptation
after the B-records. D, recorded in the course of light-adaptation of 25 lux. Numeral on
each record represents the time in minute after the beginning of the adaptation, respec-

tively., Time mark: 1/6 sec. Calibrate voltage: 0.1 mV.

45, A is the course of dark-adaptation following the preliminary light-adaptation with
the light intensity of about 200 lux, in which the preparation of the retina was made.
With the progress of the dark-adaptation, the increase in amplitude and the prolon-
gation in time duration of the response were found and those attained a steady state
in 20 minutes later, although the falling rate of the positive potential increased, and
the positive potential was followed by the slow negative potential, within several
minutes. The record of Fig. 45, B is the change in response caused by the light-
adaptation to 4 lux. In the initial stage the magnitude of the response decreased
rapidly and thereafter it again increased, and thus the light-adaptation was completed
in 2 to 2.5 minutes. The dark-adaptation following the preliminary light-adaptation in
the records of Fig. 45, B was completed in 15 minutes, and the change in wave-
form was the same as that of the records of Fig. 45, A (Fig. 45, C). When the
retina was again exposed to the light of about 25 lux (Fig. 45, D), the response was
not obtained in the initial stage of the adaptation on account of the rapid decrease of
the sensitivity. However, the oscilatory potential was found in that stage. After 1.5
minutes the oscilatory potential disappeared and the response to the test flash was a
small negative potential followed by a positive potential. And the response settled to
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the steady state in 3 to 5 minutes. The records mentioned seemed not to represent
the process of the adaptation plainly, because the amplitude of the response attained
the maximum rapidly.

On the other hand the sensitivity of the retina in the course of the adaptation
was investigated using the threshold intensity. The results are shown in Fig. 46. At
first, in this experiment the complete dark-adapted retina was illuminated with ex-
tremely weak light (about (.03 lux). In a few minutes after the beginning of the
adaptation, the threshold of the retina rose to the level of about 100 times higher;
however, it decreased upon the level of about 20 times of the initial stage in five
minutes later, when the differential threshold, ds/s, was 0.66. Thereafter the retina
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Fig. 46. Change in threshold intensity of Fig. 47. Change in differential threshold
stimulus light for eliciting ERG of of stimulus light for eliciting ERG of
Dasyatis, in the course of the light- Dasyatis, in the course of the light-
and dark-adaptations. Other legends are adaptation. Other legends are same as
same as in Fig. 39. in Fig. 40.

was returned to darkness, and the change in the threshold was again recorded with the
lapse of time until the initial threshold was obtained. The course of dark-adaptation
following the such preliminary light-adaptation for 10 minutes showed a simple process
and it was completed in 7 minutes after the cessation of the illumination.

Next, the same retina was again exposed to the illumination of about 4 lux, and
then the course of the light-adaptation was completed in about 7 minutes, and in this
case the differential threshold, ds/s, was 0.045. The dark-adaptation following the
preliminary such light-adaptation, was completed in above |5 minutes. In Fig. 47,
the change in the retinal sensitivity in the light-adaptation is represented with the
differential threshold.

Urolophus fuscus The results of Urolophus, which is obtained in the same
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manner as that of Narke or Holorhinus, are shown in Fig. 48. Although the result
is similar to that of Narke, the rising and falling rates in the threshold intensity in
the initial stage of the light-adaptation are larger than those of Holorhinus, and the
decrease in sensitivity caused by the light-adaptation extends to a wider range, being

3—4 log units, changing with the intensity of the adaptation.
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Fig. 48. Change in threshold intensity of stimulus light eliciting ERG
of Urolophus, in the course of the light- and the following dark-
adaptation. Other legends are same as in Fig. 39.

The dark-adaptation of the retina after the preliminary illumination for several
minutes shows a simple process.  Dark-adaptation is completed in about 5 to 10
minutes in the present experiment.

Moreover the differential threshold, ds/s, was computed in the experimental
results of the light-adaptation and it was plotted to the intensity of adaptation light
(Fig.- 49). The value of the differential threshold was about 0.07 and it was kept

nearly constant in the range between | and 0.1 lux of the adaptation light.
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Fig. 49. Relation between the differential threshold (dsfs) and the light intensity
of adaptation light in the retina of Urolophus.  Other legends are same as
in Fig, 41.

(5) BResponse to flicker stimulation

When the flicker stimulation with equal durations of light and dark phase were
given on the eye of Narke, the response differed much according to intensity of the
flicker light: In the intensity of about 0.015 lux, the response was a succession of
small positive potential corresponding to the flicker light, and in moderate intensity
of the light the response showed initially the large diphasic deflections (negative-
positive) and then about [0 sec. later, it began to elicit a succession of ripples. The
ripple consisted of both positive and negative deflections and had a small notch on
the tip of the positive deflection. The ripple showed the maximum amplitude in the
flicker light of about 1.5 lux. In the flicker light of about 9 lux the initial response
showed the largest deflection and about 20 sec. later, it began to cause a succession
of ripple, of which the amplitude was rather lower and the notch disappeared. In
the flicker light above 15 lux the response was the initial deflections only and did
not cause any following ripples even in the flicker light of any frequency and any
intensity.  Of course, the fusion of the ripple occurred with the increase in flicker

Table 2. Flicker fusion frequency determined in the retina of Narke japonica. Explanation in text.

Intensity (lux) 0.015 0.15 1.5 9 15

Fusion frequency

(cfs) 4 4 6 - 3 no flicker response
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frequency. The relation between the frequency of the fusion and the intensity of the
flicker light is shown in Table 2.

Thus, it becomes obvious that the retina of Narke responds only to the flicker
light of low intensity and have relatively low flicker fusion frequency.

The flicker response of Urolophus’ retina was investigated in the same manner
as that used in Narke, and the result was similar to that of Narke. Part of the
result is shown in the records of Fig. 50, in which the flicker stimulations of the

Fig. 50. The response to Flicker stimulus light with equal duration of light and dark phase,
in the retina of Urolophus. Numeral on each record indicates frequency of the flicker
light (c/s). Intensity of the flicker light in A, B, C and D are 100, 10, 1 and 0.1
lux, respectively. In E-group the duration of the light-phase is decreased to about 1/10
of the dark-phase, though the intensity of the light source is the same with that of D,

Time mark : 1/6 sec.
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various frequency with different intensity were used. As the flicker response reveals
the complicated wave-form, the details will be described elsewhere. In brief the
response seems from the Fig. 50 to be a succession of the positive potentials and
the fusion of the response is apt to occur in the frequency with 4.4 to 6 c/s, varying
with the stimulus intensity.  Moreover, it is noticed that the retina seems to elicit
both on- and off-responses in each flash of the flicker light with low intensity,
whereas it seems to cause the response attributing to either on- or off- effect in that
of high intensity.  Consequently the fusion frequency tends to rather increase in
the low intensity of the flicker light. It is necessary in future to investigate in
detail the change in the wave-form in relation to the intensity and the frequency of
the flicker light.

The retina did not respond to the flicker stimulus light with the intensity of
about 0.5 lux, and it was assumed that the refractory period of the preceding response
was long. Then the duration of “light” in the flicker stimulation was shortened for
that of “darkness”, namely the flash with the duration of about 1) msec. was repeti-
tively projected. 1In this case, the retina responded remarkably to the flicker light
as shown in Fig. 50, E; however, the fusion frequency of the response was found
in about 6 c¢/s. From the fact it may be assumed that the flicker response in this
species occurs noticeably in the low intensity of the flicker light, and one of the
factors eliciting the flicker response would be related to the duration of the flash in
the flicker stimulation.

Discussion

Generally the wave-form of the ERG in Batoidei changes markedly in accordance
with the change in the intensity of stimulus light. In the low stimulus intensity
slow positive monophasic wave was observed distinctly in all species except for
Dasyatis, and with the further lowering of the intensity the potential was followed
by slow negative potential, as may be seen in the examples given in Figs. 16 and 22.
The positive potential obtained in the extreme weak stimulus showed a latent period
of 70 to 100 msec. and it seemed to be corresponding to the rod potential that was
obtained by SvaeTicHIN (’533) with the aid of a micro-electrode in the enough dark-
adapted retina of Perca, with a very low stimulus intensity. And the fact that such
potential is easily recorded without the aid of micro-electrode, may be due to the
peculiar structure in the retina of elasmobranch fish that is known as rod retina or
rod dominant retina (BAYLISS ef al. ’36, BRETT ’57).

Though the amplitude of such rod-potential appears to augment with the increase
in stimulus intensity, the potential is canceled by the negative potential increasing
at the same time. Consequenty it is assumed that the hump that is observed on the
falling phase of the initial negative potential in the ERG obtained in the stimulus
light of moderate intensity, is also related to rods. Such rod potential was most
vividly observed in the retina of electric rays, Narke, as shown in Fig. 16. It is
known that electric rays usually bury themselves in mud or sand at the bottom of
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the sea and can swim only sluggishly (BiGELow and SCHROEDER ’53), and so the
assumption mentioned above is also ecologically supported by their behaviour. Since
such a hump was also observed on the rising phase of b-wave in the ERGs of hagfish,
eel, plaice and others (KoBavasn1r ’62, cf. Chapter [V), the occurrence of such
potential may be characteristic of the ERG in the fishes living benthonic or nocturnal
lives, in which rods play an important role.

The relation between the amplitude of the response and the logarithm of the
stimulus intensity was found to be linear, and the graded response of the retina was
also confirmed, as described by many investigators. However, it was found in the
retina of these fishes that.the amplitude height, particularly of the positive potential
(b-wave), attained its final steady state in relatively low intensity of stimulus light.
As pointed out by TaMmura et al. (’57) in S-potential of teleost fish, if the intensity
that makes the amplitude of the potential attain its final steady state is useful as a
measure of the environmental illumination which is suitable for the fish to live in,
the skates and rays are inferred to have a retina well fitted to a dim illumination.
The lowest value of the intensity was found in Urolophus. In Holorhinus, the
amplitude has not attained the steady state even with the highest intensity of stimulus
light used in the present experiment. It may perhaps be an adaptation to their lives,
for it is well known that the fish often swims actively at middle layers or near the
surface of the sea, occasionally leaping clear out of the water.

On the other hand, the positive potential or the notch which cccurred in extreme-
ly low stimulus intensity was evidently covered by another large positive potential
in the stimulation with intense light, and so it is assumed that the large positive
potential (b-wave) caused by the intense light represents photopic character in the
species such as Narke, Urclophus and Holorhinus, at least.  This will support
the assumption that the component of the cone is also included in b-wave of ERG
(GraniT 37, GoTo and Torpa ’54). Therefore, the measurement with the amplitude
of the large positive potential will have an ecological meaning that the lowest
stimulus intensity attaining the steady state of the amplitude serves to indicate the
upper limit of the intensity of the suitable environmental illumination of the fish.

Retina has the ability of discriminating the intensity of the illumination only
when the stimulation is made within the range of the intensity eliciting the graded
response, that is, in the final steady state of the response all visual receptors may
be fully excited, because there is no additional increase in the amplitude, even
though with the further increase in stimulus intensity. When the retina is illuminated
with an intensity greater than that in which the amplitude of the response shows the
steady state, it is assumed that the fish can hardly discriminate objects within its
visual field. This assumption is supported from the results obtained in the experiment
of brightness discrimination; the differential threshold (ds/s) increases distinctly with
the intensity (about 20—30 lux) of adaptation light, in which the amplitude of the
response attains the steady state (Figs. 41, 44 and 49). In nature, the regulation of
incident light will be probably made in the bright scene, because the contraction of
the pupil has been noticed in batoid fish (BRETT ’57).
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In the ERG of batoid fish the off-effect did not occur usually with the stimulus
of about one sec., even though it -was observed in the stimulation of longer period or
in the stale preparation. Therefore, if the retina evokes the duplication of the image,
the visual accuracy of the retina decreases; consequently it may be considered that
the batoid fish is inferior to pelagic or shallow water fish in visual accuracy. On
the other hand, however, it has been described that the effect of image duplication
acting reversely compared with that above-mentioned occurs through the component
of inhibition in the retina (GRANIT ’47), and so the fact that the negative potential,
inhibitory component in ERG, occurs noticeably in these fishes, will be considered
to show no lowering of visual accuracy. Then, it is inferred that the batoid fish is
able to have usual visual perceptive function even in very dim light intensity as at
the bottom of the sea. .

The transitory rapid decrease of retinal sensitivity which was observed in the
initial stages of the light-adaptation, was mostly distinct in Narke, and this seems
to be an adaptation to its habits. They lie flat in the bottom of the sea or buried
in the mud and perceive usually only dim light in nature. On the contrary, the
decrease of the sensitivity by light-adaptation, is found to be small in Holorhinus
(Fig. 42), and this seems to be advantageous for the life swimming often near the
surface of the sea. . ’ ,

Among species of batoid fishes there is a little difference in ability of brightness
discrimination. In Narke, the value of ds/s is about 0.6, whereas in Holorhinus
0.006. The latter is the same order as that of the human eye (ca. 1/100—1/120,
Kato ’53). If the range of light intensity, in which the value of the differential
threshold (ds/s)is constant, is considered to be a suitable brightness of the habitat, the
depth of the habitat may be inferred; for example in the present result the depth of
the habitat increases in the following orders; Holorhinus, Narke and Urolophus,
and the inference seems to be supported by the knowledge from the practice of
fishery, according to the private communications from Drs. Takai and Ochiai.

Spectral sensitivity curves of dark-adapted ret'inae peaked sharply in all species
and had the maxima at 525 myu of the spectrum in Dasyatis and Holorhinus, and
also 500 m# in Narke and Urolophus. In Raja, the maximum was estimated at
500 m# from the action spectrum (Fig. 38), and it agreed approximately with the
absorption maximum (510 my) in the visual pigment of Raja clavata (BAYLISS et al.
’36). The relation between the maximum of spec’Eral sensitivity and the habitat of
fish will be described in Chapter J. From the result it is assumed that Raja, Narke
and Uroelophus live in deeper bottoms than the others. This assumption is consistent
with the observations of many authors (BIGELOW and SCHROEDER ’53, and others) and
also with the assumption from the results of experiments on brightness discrimination
(Figs. 41, 44, 47 and 49).

In light-adapted retina, the peak of the sensitivity curve shifted toward :long
wave-lengths; 575 m# in Holorhinus and Dasyatis, and 525 m# in Urolophus. The
Purkinje’s phenomenon was confirmed in these fishes, too. In Narke and Raja,

however, the shift was not clearly found. The fact suggests that these fishes have
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a retinal luminosity mechanism only, and this supports the assumption described by
SvaeTicuiN and MacNicaoL (’58), that fish inhabiting deep places (30—70 metres)
is colour-blindness or cone monochromats. On the other hand, the complex wave-form
eliciting the splitting was quite noticeably observed in the ERG of Dasyatis (Fig. 32),
and then in this species the existence of some components dominant in the definite
wave-lengths may be suggested from the consideration described by Goro and Toipa
(’58). It is necessary, however, to analyze in detail the colour component by the aid
of a micro-electrode, in future.

On some species, the spectral sensitivity of dark adapted retina was investigated
with negative component'and positive component respectively, and it was observed
that the sensitivity curve of the negative potential was similar to that of the light-
adapted retina. The negative potential of the ERG was of the character of photopic
response, as was described by SVAETICHIN (’53,). The sensitivity of the retina
was very low to the light of wave-lengths longer than 650 mg in all species, and it
was quite insensitive to the light above 700 mg in the species except Dasyatis and
Holorhinus. These facts are also understood from the consideration as to the depth
of their habitats.

Flicker fusion frequency was measured in Narke and Urolophus. It became
clear in these fishes that the flicker response occurred in only the low intensity
of stimulus light, and the fusion occurred in low frequency; it was about 6 c¢/s as
compared with 30 to 55 c¢/s in teleost fish (SVAETICHIN '53., TAMURA ef al. ’59,
WoLr ’36 and others), and also it was smaller than about 10 in a dog fish (¢f.
Chapter [). This is again significant in connection with their sluggish habits.

The retina of elasmobranch fish excepting some species has been known to consist
of rod only (DETWILER ’43, BRETT ’57). And also TakaTsuji (’38) described that in
the receptor cell of Raja kinoije, rod and cone did not become differentiated from the
original cell. The author also investigated the retinal structure of the species used
in the present work and identified receptor cells as rod cell like in all species.
However, the present physiological results suggested the existence of some components
showing the photopic character, which may be assumed to be caused by the cell like
a cone cell. Therefore, it may be regarded as appropriate that the receptor cells
should be differentiated into rod and cone physiologically, even though they are
indiscernible from each other morphologically.

Summary and conclusions

(1) Electroretinogram (ERG) of rays and skates, Batoidei, was investigated. The
ERG was taken from the opened eye excised, and the results were considered ecolo-
gically,

(2) In dark-adapted retina of Holorhinus, Urolophus and Narke the ERG showed
a slow positive potential followed by a negative one in the response to extremely
weak light, and the positive potential was covered with another large positive po-
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tential (b-wave) in the stimulation with the light over moderate intensity and it
appeared as a notch on the rising phase of b-wave. The notch is assumed to look
rod potential.  In Platyrhina the slow positive potential was quite suppressed by
the intense stimulus light. In Dasyatis and Raja the notch was not clearly found.

(3) In all species, dark-adapted retina did not cause off-effect in the stimulation
of the duration less than several seconds.

(4) In light-adapted retina the negative potential was dominant generally in the
stimulation with intense light. In Holorhinus and Dasyatis, the light-adapted retina
elicited the remarkable off-effect with the stimulus light of long duration. In the
other species the off-effect was not clearly found.

(5) The change in amplitude height of the ERG according to variation of stimulus
intensity showed the linear relation against the logarithm of stimulus intensity.
However, the increase in amplitude height of positive potential (b-wave) attained to
a plateau state by relatively low stimulus intensity in the species except Holorhinus,
in which the plateau state of amplitude height was not yet attained within the range
of stimulus intensity used in the present experiment.

(6) The time-course of light- and dark-adaptations was investigated by the threshold
intensity of stimulus light eliciting the ERG.

In the initial period of light-adaptation the threshold intensity rose rapidly,
however it began to decrease immediately in the progress of the light-adaptation and
attained a steady state within a few minutes. The extent of the change in the
threshold tended to become broader in the species inhabiting deeper seas than those
inhabiting shallow seas. The dark-adaptation was completed in relatively short time
(within about ]0 minutes) in most cases.

(7) The ability of brightness discrimination was investigated at the several levels
of light intensity of adaptation light. The values of differential threshold, ds/s, were
as follows; 0.006 in Holorhinus, 0.6 in Narke, 0.045 in Dasyatis, 0.07 in Uro-
lophus. The intensity of adaptation light at which the value of ds/s was constant,
was considered ecologically. From the results it is suggested that the light sense of
batoid fish is functional value.

(8) Spectral sensitivity curves of dark-adapted retina had the maxima at 500 m# in
Narke, Urolophus and Raja, and at 525 m# in Dasyatis and Holorhinus, respective-
ly. The retina was almost insensitive against the light of wave-lengths longer than
650 m# in the species except for Dasyatis and Holorhinus.

(9) By light-adaptation, the curve shifted the maximum toward 575 m# in IHolor-
hinus and Dasyatis, and toward 525 m# in Urolophus. In Narke and Raja, the
shift was not found clearly.

(10) Above-mentioned results assume that the retina of Narke and Raja may have
only luminosity mechanism for the vision of their fishes, while in other species
the retina may have some components dominant for the definite wave-length of the
spectrum.

(11) The flicker response occurred in only low intensity of the stimulus light, and

the fusion frequency ranged from 4.4 to 6.0 ¢/s, varying with the stimulus intensity,

—_— 6'2‘ I
S



454 Hiroshi KOBAYASHI J. Shimonoseki Coll. Fish., 11 (3)

in Narke and Urolophus.

(12) From the experimental results obtained in this chapter, it is concluded that the
retina of batoid fish is well developed in spite of the dim illumination of the environ-
ment in which the fish lives, and the particular responses found in the ERG are
considered to be adaptive to their behaviour having a deeper or benthonic habitat and
conducting sluggish locomotion. And moreover, it is evidently assumed that the depth
of the habitats in Holorhinus and Dasyatlis is shalloweg than that of the rest. '
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Chapter I Spectral sensitivity of fish retina and its

ecological aspects

GRANIT (’4]) investigated spectral sensitivity in Carpio, Tinca and Anguilla
depending upon the impulses of single optic fibre and found that the maximum of the
sensitivity curve coincided with that of the absorption curve of the visual pigments.
SvaeTicuiN and MacNicuoL (’58) determined the action spectrum of the so-called
S-potential in several kinds of marine fishes and found that the maximum of action
spectrum in shallow water fishes did not coincide with that of fishes living in
deeper sea.

The distribution of solar energy in the sea water shows a noticeable difference
according to its depth; blue-green light penetrates into the sea water distinctly,
while red light reveals the marked reductoin in strength even in a depth of 10
metres. Therefore, it is significant and interesting not only from the physiological
but also from the ecological view point to study comparatively the spectral sensitivity
of fishes inhahiting various depths.

Material and method

Involving the species having no rod in their retinae, 20 species of {ish were
used as materials in this work. Most of them were caught with a small trawl net
about 5 to 10 miles off the coast of Yamaguchi Prefecture along the Sea of Japan.
The rest were caught by angling about 2 miles off the coast or with a hand-net by
the sea shore, or in ponds and rivers.

These fishes are listed in Table 3, with their body-le.ngths, the period during
which they were used in the experiments and the method of the induction of ERG.

Preceding the experiment, the fishes were preserved for several days in the

C~type I~type R-type
cotton wick
“\ exposed
> cornea inner surface receptor
RS 3y surface of optic cup layer

saline solution
Ag .Agel Zelectrode

Fig. 51. Various sites of the active electrode in the induction of ERG.
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Table 3. Species of Fishes used in the experiment of this chapter, its body-length, period during
which it is used, and the method of induction of ERG. R, action potential is induced from
the receptor side of the retina; C, from the cornea surface; I, from the inner surface of the

opened eye.

Species Body-length Exp.erimental Methosi of
(cm) period (month) induction
1. Acanthogobius flavimanus 15—20 X R
2. Anguilla japonica 30 X C
3. Carassius auratus 20 Vil !
4. Chrysophrys major 15—20 X R
5. Cyprinus carpio 30—40 X R
6. Dictyosoma burgeri 20—25 X R
7. Gymnothorax reticularis 60—70 Vil C
8. Halichoeres poecilopterus 15—20 X R
9. Hoplognathus fasciata 17 X R
10. Inegocia crocodila 20 X R
11. Lagocephalus lunaris 25 X R
12. Misgurnus anguillicaudatus 10—15 X C
13. Mustelus manazo &0~100 X I
14, Narke japonica 25 X |
15. Pseudorhombus cinnamoneus 15—20 X |
16. Scorpaenodes guamensis 20—25 Xt R
17. Stephanolepis cirrhifer 15—20 X R
18. Trachurus japonicus 10—15 Vi !
19. Argyrosomus argentatus 20 v R
20. Chelidonichthys kumu 15—20 v R

aquarium of the laboratory. Experiments were made with the eyes excised from the
head cut off from the body under dim red light after about one hour of dark-adapta-
tion. The arrangement for recording ERG was principally the same as that described

Table 4. Characteristics of interference filters used in the present experiment and ratio of radiant

energy (%) of tungsten filament lamp transmitted through the filters.

No. of Filter Central(:;;e-length Transmi(s;gc;n ratio \ p (mzs) Enili_]gey Fri?::: ig;}oo)ugh
430 428 43.0 20 30.0
470 466 40.0 12 24.5
500 501 43.0 11 20.9
525 523 41.0 11 32.3
550 545 38.0 9 31.0
575 577 41.0 10 26.5
600 598 41.0 14 19.7
650 651 41.0 15 26.9
700 695 42.0 18 27.6
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in Chapter |. But the site of the active electrode was slightly modified with the
different species (Fig. 51). The active electrode was in contact with the retina in the
area of the fundus and the measurement of the action potential was made under dark-
adaptation. Interference filters (made in Shonan Optical Thin Film Co., Ltd.) were
used for getting monochromatic light, characteristics of which are listed in Table 4.

The reciprocals of the threshold intensity of different monochromatic light were
used for the determination of spectral sensitivity. The intensity of stimulating
light was controlled with the neutral filters. The relative energy output through a
given filter was determined by means of thermocouple and the value was shown in
Table 4. The threshold intensity of stimulating light were determined as follows.

Fig. 52a. ERGs recorded in the investigation of the spectral sensitivity of Anguilla retina.
Each series shows the change in size of ERGs caused by various intensity of monochro-

matic light.  The numerals on each record indicate the relative intensity of the light and
the parettheses indicate the threshold intensity. ERG was induced from the cornea
surface.
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The retina was first stimulated only through the interference filter, then the intensity
was decreased in steps of one logarithmic unit until the response diminished. Next
the light stimulus was increased in steps of (.2 logarithmic unit until the response
appeared. Fach test was done after about three minutes of dark-adaptation. The
examples of the recording are shown in Figs. 52a, v and c. Each value of the threshold
intensity thus obtained was corrected in reference to the relative value of energy
transmitted through the interference filter. The threshold intensity obtained in
three retinae were averaged, and the sensitivity curve was constructed as shown in

Figs. 53 and 54,

Fig. 52p. ERGs recorded in the investigation of the spectral sensitivity of Stephanolepis
cirrhifer. ERG was induced from the receptor side of the retina. Legends are same as
in Fig. 52a.
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(0.2)

Fig., 52¢. ERGs recorded in the investigation of the spectral sensitivity of Scorpaenodes
guamensis. ERG was induced from the receptor side of the retina. legends are same as

in Fig. 524.

Results

(1) Spectral sensitivity curve in each species

1. Acanthogobins flavimanus  Action potential was directly induced from the
receptor side of the retina, though it was rather difficult to remove the pigment
layer even in the state of dark-adaptation. Negative potential was used for the
determination of the sensitivity.

The spectral sensitivity curve is shown in Fig.53a2—1. The maximum is at 575 m#
and the sensitivity decreases rather sharply toward both sides of the spectrum.

MUNz reported recently that the visual pigment of Gillichthy mirabili, which
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belonged to the same family with and had similar habits to the species used in the
present work, showed the maximum absorption at 512 mg, whereas in ‘the present

experiment the ERG showed no maximum in the spectrum range between 500 myu and

525 mu.

2. Anguilla japonica  The potential ‘was induced from the cornea surface of
the eyeball, and positive potential, b-wave in ERG, was used for the investigation.
The spectral sensitivity curve is shown in Fig.53a—2, in which the maximum lies at
500 my and the curve is steep in shape. It may be assumed that the fish is almost

insensitive to the light of the wave-lengths longer than 650 mpy.
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Figs. 53a. Showing the spectral sensitivity curve of scotopic retina. The name of each species
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Bayriss, LyTHGOE and TANSLEY (’36) showed that the eye of Anguilla vulgaris
had absorption maximum at 505 m#. WaLD (’37) also showed that Anguilla anguilla
had the maximum at the same wave-lengths. These results seem to coincide with
those of the present work. GRANIT (’41) described that it was very difficult to
obtain the photopic sensitivity curve in a light-adapted .eel, although he found that
the curves tended to give secondary maximum between 500 my and 560 my. In the
present experiment the sensitivity curve with light-adaptation could not be obtained,
since the adaptation of the eye tended to depress the sensitivity below the threshold
of the energy available in the spectrum.

3. Carassius auratus  Action potential was induced from the inner surface of
the opened eye and positive potential, b-wave in ERG, was used for the determi-
nation of the sensitivity.

The spectral sensitivity curve is shown in Fig. 5333, The curve has a maximum
at 525 myu. The maximum of the sensitivity agrees well with the absorption maximum
of porphyropsin. The sensitivity slowly decreases toward both ends of the spectrum;

its reduction is greater in a short wave-length than in a long one.

4, Chrysophrys major  Action potential was directly induced from the receptor
side of the retina, but the polarity of ERG differed in various wave-lengths of
stimulus light. Irrespective of the polarity, however, the sensitivity was determined
by the threshold intensity which elicited the response.

The spectral sensitivity curve is shown in Fig. 53a —4. The curve has a
maximum at 470 m# and has submaxima at 550 m# and 600 m#. It is assumed that
the so-called blue-sensitive elements are strikingly dominant in this species. The
sensitivity curve having its peak at 525 myu, as shown in Fig. 54—3, 5‘3&7215 obtained
from the eye adapted to weak light (about 3 lux). Moreover, the retina was almost

insensitive to the light of the wave-lengths longer than 650 m# in this species.

5. Cyprinus carpio  The potential was induced from the receptor side of the
retina and the negative potential was used for the determination of the sensitivity
curve. '

The spectral sensitivity curve is shown in Fig. 53a—5, in which the curve has a
maximum at 550 my and a submaximum at 600 mu. With the light-adaptation the maxi
mum of the curve decreases gradually, and the submaximum comes to increase. And
so it seems that the element which shows a submaximum in the dark-adapted retina
becomes the most sensitive one in the light-adaptation. These results agree well with
the sensitivity curves obtained in carp and tench by GraniT (’4]). It may be assumed
that the red sensitive element showing the increasing sensitivity with light-adaptation
has photopic character, and this supported by the fact that the fish is known as a
diurnal animal and has relatively many cones in the retina (WUNDER 25 and others).

6. Dictyosoma burgeri  The potential was picked up from the receptor side of
the retina, though it was rather difficult to remove the pigment layer. The negative



462

Hiroshi KOBAYASHI

Gymnothorax reticularis

Inegocia crocodila
L -}

J. Shimonoseki Coll. Fish., 11 (3)

__loot 100 10
SR S
N 80 o 8o+
e = |
> 60t > 60
= ¢ =
el , .
% 40t 2 40
(L;)_] ] g_,x_‘l) @ \
20: ./ 20t .
ol A . 0 - s ™
400 500 g0 700 400 500 600 700
WAVE LENGTH (mpu) WAVE LENGTH (mpu)
Halichoeres poecilopterus Lagocephalus lunaris
100} o 100k 1
8ot S ol
>‘ 80 [
2 - v
2 60r e = 60t
7 z -
| 2 40 \\/
z S 40 .
9 90l /. ® (L;)J 20 ¢
[ @
2;)0‘ 1’./5.('):_’.' g0 7('\)0\ o ’ : -
) 400 500 600 700
WAVE LENGTH (mpu) WAVE LENGTH (mg)
_ Hoplognathus fasciata Misgurnus anguillicaudatus
~100F ® @ 100} e
S [\_/ S ’
> 80t 7 e N
= bl 'Y
= =
2, 60 = 60
3 = :
w02 | L
2 4 D 40 \
@ 99 & , f .
I 0.
o\ / \.\
o . .. , o~ oL, \ \ \
400 500 600 700 400 500 600 700 °

WAVE LENGTH (mg)

Fig. 53p. Showing the spactral ssisitivity curve of scotosic retina. The name of each species

is entered in the upward corner of each graph.

WAVE LENGTH (mp)

potential was used for the determination of the sensitivity curve.

The spectral sensitivity curve is shown in Fig. 53a~—6. The facts that the semnsi

tivity curve has the maximum at 600 my and that the curve covers a relatively broad

range in the spectrum, are interesting from the ecological view point, since the fish is

usually found among rocks near the sea shore. The sensitivity curve has submaximum
at 525 mu.

7. Gymnothorax reticularis

The potential was induced from the cornea surface

of the eyeball, and positive potential, b-wave in ERG, was used for the determi-

nation of the sensitivity curve. The fish is known as a typical nocturnal animal.

.._‘72 J—

The spectral sensitivity curve is shown in Fig. 535—7. The curve has the maxi-
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mum at 500 my and falls away rapidly toward both sides of the spectrum. With
light-adaptation, however, the maximum shifts a little toward long wave-lengths
(about 530 mu), as shown in Fig. 54—4, The fish was almost insensitive to the
light of the wave-lengths longer than 650 mx.

8. Halichoeres poecilopterus The potential was picked up from the receptor
side of the retina, although it was rather difficult to remove the pigment layer. Nega-
tive potential was used for the determination of the snesitivity curve.  The curve is
shown in Fig. 531,—8. The maximum sensitivity is at 600 mu of the spectrum and the
small submaximum, at 500 myg. The retina has the extremely low sensitivity to light
of the wave-lengths shorter than 550 myu. And also it is found that this curve is con-
siderably similar to the curve obtained from the light-adapted retina in Cyprinus
(broken line in Fig. 54—1). Such a type of spectral sensitivity curve as was
obtained in the retina of Halichoeres has not yet been recorded from the retina of
any other fish. It may be assumed that the red sensitive elements such as seen in
the retina of tortoise (GRANIT ’4]1), are dominant in the retina af Halichoeres. This
is very interesting in relation to the facts that the fish living near the sea shore has
red coloured retina as described by WaLD (’53), and also that the Halichoeres retina
is constituted of cone only (Takarsuzi ’39).

By light-adaptation the sensitivity curve does not show the shift of the maxi-
mum, but the curve expands slightly toward the shorter wave-length, and it has the
tendency to show the submaximum at 525 my (Fig. 54—5).

9. Hoplognathus fasciata The potential was induced from the receptor side of
the retina, and negative potential was used for the investigation.

This fish is also an inhabitant near the sea shore. The spectral sensitivity curve
is shown in Fig. 53p—9. The curve has the maximum at 525 my and moreover the
secondary maximum at 600 my, and then the curve shows the almost equal sensitivity
in the range from 500 my to 600 mu of the spectrum. Therefore, the spectral sensi-
tivity diminishes rapidly both in the wave-lengths shorter than 500 mg and in those

longer than 600 my.

10. Inegocia crocodila  The potential was picked up from the receptor side of
the retina and negative potential was used for the investigation.

This fish is benthonic near the coast and is not an active swimmer. The spectral
sensitivity curve is shown in Fig. 53,—10. The curve is steep in shape and has the
maximum at 550 mg. It also shows low sensitivity both in the wave-lengths shorter
than 500 mg and in those longer than 575 my.  When the retina was adapted to
weak light of about 10 lux, the maximum of the sensitivity curve did not change,

though the curve expanded somewhat on both sides of the spectrum.

11. Lagocephalus lunaris The potential was induced from the receptor side of
the retina. The response was diphasic (negative-positive) in the case of stimulation

with monochromatic light of the wave-lengths shorter than 525 my, while it was
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negative monophasic in the case of the wave-lengths longer than that. Irrespective
of the polarity, however, the sensitivity was determined by the threshold intensity
which elicited ‘the response.

The spectral sensitivity curve is shown in Fig. 535,—11. The curve has the
maximum at 525 myu and two submaxima at 600 mg and 470 mg. The sensitivity

decreases more slowly in the longer wave-length side than in the shorter one.

12. Misgurnus anguillicaudatus  The potential was induced from the cornea
surface of the eyeball and b-wave in ERG was used.

The fish has a habit to hide itself in the mud. The spectral sensitivity curve
is shown in Fig. 53,—12. The curve has the maximum at 550 my and shows the
almost equal se:nsitivity‘ in the range from 500 mg to 550 my, and also shows a

rather slow fall toward both ends of the spectrum.

13. Mustelus manazo The potential was induced from the inner surface of the
opened eye and positive potential, b-wave in ERG, was used.

The spectral sensitivity curve is shown in Fig. 53¢—13. The maximum sensitivity
is at 500 m# and the decrement of the sensitivity is more remarkable in longer wave-
lengths than in shorter ones. The peak of the sen51t1v1ty curve seems to coincide
with the peak: (505 mgu) of the absorption curve of visual pigment obtained by
BavLiss et al. (’36) in- Scyllium canicula. With the adaptation of weak light (about
3 lux) the threshold of the eye response rose higher than the light intensity level
available in the spectrum. Therefore, the investigation of the sensitivity in light-
adaptation was not made in the present work.

Two types of the ERG have been fonud in the retina of Mustelus (cf. Chapter
1); one is the fast type of scotopic character, the other is the slow type of photopic
one and it has been observed that the mode of spectral sensitivity of both types is

almost the same.

14. Narke japonica The potential was induced from the inner surface of the
opened ‘eye and positive potential was used. The spectral sensitivity is shown in Fig.
53(:—]4 The curve has the maximum at about 500 my, and the curve falls away
more steeply on either side of the maximum than that obtained in shallow water
fish. Moreover, the retina was insensitive to the light longer than 700 mgz in wave-
length The light-adaptation caused no change in the spectral sensitivity curve.

15. Pseudorhombus cinnamoneus Action potential was induced from the inner
surface of the opened eye and n‘egative potential, a-wave in ERG, was used for the
determination of spectral sensitivity.

The fish is known to inhabit rather deeper sea near the coast. The spectral
sensitivity curve is shown in Fig. 53¢—15. The curve has its maximum at 500 my and
it falls away rather steeply on both sides of the maximum. The sensitivity to the
light of the wave-length longér' than 650 m# diminishes distinctly.

: ‘
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Fig. 53c. Showing the spectral sensitivity curve of scotopic retina. The name of each species
is entered in the upward corner of each graph.

16. Scorpaenodes guamensis Action potential was induced from the receptor
side of the retina. The positive potential was investigated in the dark-adapted retina,
while the negative one in the light-adapted retina, since the positive one was sup-
pressed by the light-adaptation. The spectral sensitivity curve is shown in Fig. 53¢—
16. The maximum sensitivity is at 525 my and the sensitivity to the light of the
wave-lengths longer than 650 my is remarkably low. By the light-adaptation, the maxi-
mum shifted to 575mu and the sensitivity to the light of 600 m# of the spectrum rose
considerably (Fig. 54—2).

17. Stephanolepis cirrhifer  The potential was induced from the receptor side



466

-
<
[eo]

SENSITIVITY (%)

oo
o (=]
™

Fig. 54. Effect of light adaptation on the spectral sensitivity curve.

SENSITIVITY (%) ..
5 3 &

.“‘\
///////i;*/

o
. o

>
<)

Hiroshi KOBAYASHI

Cyprinus carpio

[
<
T
4
o
)
—

o ® 3
20r / i \
/. - //o \.
0 o.-2-0" , o
400 500 600 700

WAVE LE GTH (mg)

-Scorpaenodes guamensis

100+ NN 2
S A
> 80 & !
ol S
o i
= 60r ! i
- \
= 40r LR
2 AQ
= g0r ¥ \
0 L 1 §\S‘-{ﬂr
400 500 600 700

WAVE LENGTH (mg)
Chrysophrys major

[22]
=)

500 600 700
WAVE LENGTH (mpu)

sensitivity investigated in scotopic retina; open circles,

Gymnothorax reticularis

100F 4
Ngor
S
= 6o}
=,
& 40+
Z
1 20
[42]
0 . . .
400 500 600 700
WAVE LENGTH (mu)
Halichoeres poecilopterus
100 2 5
L HoA
X 80F I
R I %
£ 6ot RN
= /o
o 40 I
(‘;)“ - .--O/’ \\\
Z 20¢ ST NN
B o e AN
O_:Q'/"‘ 1 1 L Q \"Q‘
400 500 600 700

WAVE LENGTH (mp)
Chelidonichthys kumu

s T i
§ 80 :
1 '
E e ‘-.
= ;
£ a0t
nol \
A y
51) 20F o ' 2
0 ¢ f L .,\p N R
400 /|, 500. 600 700
WAVE LENGTH (mpg)
Filled circles, spectral
in photopic retina.  Species

name is entered in the upward corner of each graph.

J. Shimonoseki Coll. Fish., 11 (3)

of the retina and negative potential was used for the determination of spectral

sensitivity.

The fish is known as an inhabitant near the sea shore and is also known to have
the retina without rods (Taxartsuzi '39). The spectral sensitivity curve is shown in
Fig. 53c.—17. The curve has a maximum at 550 my and submaxima at 470 mgu and
6500 m«. Therefore, the curve is broad in shape, but the sensitivity to the light of
the wave-lengths longer than 650 my and shorter than 430 my is considerably low.



ERG in Fish, with Ecological Aspects 467

18. Trachurus japonica  Action potential was induced from the inner surface of
the opened eye, and negative potential, a-wave in ERG, was used for the investi-
gation. This fish is a swimmer in the middle water and never comes up to the
surface of the water.

The spectral sensitivity curve is shown in Fig. 53c—18. The curve has a maxi-
mum at 500 my and has a submaximum at 575 myu. It was noticed that the retina
was insensitive to the light of the wave-lengths longer than 650 mg. In the light-
adaptation the sensitivity of the retina considerably decreased so that the investiga-

tion of the spectral sensitivity was impossible.

19. Argyrosomus argentatus Action potential was induced from the receptor
side of the retina and positive potential was used.

The fish is known to live on the bottom of the sea near the coast and is also
known as a bottom feeder and a nocturnal animal. The spectral sensitivity curve has
a maximum at 500 my and the sensitivity decreases rather sharply toward both ends
of the spectrum. The retina was almost insensitive to the light of the wave-lengths

longer than 650 mg.

20. Chelidonichthys kumu  Action potential was induced from the receptor side
of the retina and positive potential was used.

The fish is known as an inhabitant in deeper sea, but it has remarkable vertical
movement in its swimming. The spectral sensitivity curves are shown in Fig. 54—6.
The curve has a maximum at 500 mg and it falls down rather sharply toward both
ends of the spectrum. In the light-adaptation, the maximum of the curve is shifted
to 575 mu, and the fall of the sensitivity becomes more sharp in the longer wave-
lengths than the shorter ones. The retina was insensitive to the light longer than

700 my in wave-length.

(2) Ecological aspects on the spectral sensitivity of fish retina

As the spectral distribution of the solar energy penetrated into sea water changes
according to the depth of the sea (CLARKE ’54), it is necessary to consider the charac-
teristics of spectral sensitivity of fish vision with regard to the depth of their
habitat. The characteristics of the spectral sensitivity described in the part (1) were
drawn from the maximum depth in which the fishes were found (Fig. 55). The data
of the depth were obtained from “The investigation of benthos around Hyuganada in
1950”7 made by the Nankai Regional Fisheries Laboratory and also from the author’s
own experience. As shown in Fig. 55, an obvious correlation was found between
the maximum of the sensitivity (filled circles in Fig. 55) and the depth, except in
the case of a few species. Namely, the maximum of the sensitivity tended to shift
toward the shorter wave-length with the increase of the depth. The fish having the
maximum at 500 my of the spectrum, absorption maximum of rhodopsin, can be as-
sumed to be the species able to live in a depth deeper some 100 metres. Fishes

usually found near the sea shore have the maximum of sensitivity in the wave-
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Fig. 55, Showing the relation between the characteristics of spectral sensitivity
curve of fish and the maximum depth of their habitats. Explanation in text.

lengths longer than 550 m# and the coastal fishes have it between 500 and 550 mg.
The fact that DENTON et al. (’57) and others found several deep-sea fishes having
the visual pigment with absorption maximum at 480 my, supports the tendency shown
in Fig. 55, And also the present results showed the same tendency as the maximum
sensitivity of I -response obtained by SvarTicHIN and MacNicwor (’58), that the
maximum of the fish caught at depths of 30 to 70 metres was at about 500 to 530 mu
of the spectruma and that of shallow water fishes was in the region from 550 to
600 mu.

The maxima of fresh water fishes were all found in the spectrum ranging from
525 to 550 my and the maxima coincided with the absorption maximum of porphyrop-
sin. If the wave-length of the maximum is considered with regard to the depth of
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their habitats, it seems to be independent to the relation obtained in marine fishes.
In Fig. 55, horizontal lines drawn across the filled circles indicate the spectrum
region in which the sensitivity is kept higher than 10 and 50 per cent of the maxi-
mum, respectively. In the length of these lines under comparison it is clear that the
sensitivity curve is broad in shallow water fishes, while it is narrow in the fishes
found in the sea deeper than 100 metres and in typical nocturnal fishes such as
Anguilla and Gymnothoraz. Moreover, the sensitivity curve does not show the shift
of its maximum in light-adaptation in the fishes found in deeper sea, but in the case
of shallow water fishes the maximum of the curve is shifted noticeably in light-

adaptation and the curve tends to have the submaximum.

(3) Threshold intensity of the retina in each species

The threshold intensity of the retina obtained through another series of experi-
ment is shown in Fig. 56 together with those of other batoid fishes. The threshold
intensity is represented by the percentage of unit intensity (500 lux) required to elicit
the response by the white light stimulation with the duration of 10 msec. In the same
diagram the open circle indicates the average of the threshold intensity obtained in
several individuals and the straight line across the circle shows the extent of standard
deviation. The names of the species are arranged in the order of the depths of

their habitats.

© Species Relative threshold intensity (log lux.)
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Fig. 56. Showing the threshold intensity of the retina of the fishes used in the present work,
Open circles show the average value, and the length of the straight lines through the circles

shows the standard deviation in the determinmation of the threshold intensity.
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As shown in Fig. 56, the threshold intensity of shallow water fishes is higher
than that of the fishes inhabiting the sea deeper than 100 metres, and the threshold
intensity obtained from the former fishes was about ten times as high as that in the
latter fishes. Among the shallow water fishes, except in the case of Halichoeres, no
remarkable differences are seen in threshold, while in the deeper sea fishes the
threshold intensity tends to become lower with the increase of the depth of their
habitats. '

Discussion

It is well known that the visual pigment of marine fish is rhodopsin with its
wave-length of maximum absorption at about 500 m# and that of the fresh water
fish is porphyropsin with the maximum at about 520—530 m#, although the crysopsin
with the maximum at 480 m# has recently been found in deepsea fish (DENTON and
WARREN '55, Miinz '57). On the other hand, it has been known that the maximum
of the spectral sensitivity of dark-adapted retina coincides with that of the absorption
of the visual pigment in the case of frogs, carps and others, though the expansion
of the sensitivity curve exists in the short wave-lengths (GRANIT ’41, '47).

In the present work the results in Carpio and Anguilla agreed with those
obtained by GrawniT (’41). But the marine fishes caught in the water shallower
than 30 metres, such as Halichoeres and Dictyosoma, showed the maximum sensi-
tivity in longer wave-lengths of the spectrum than in the case of the investigation
by GraNIT. According to GRANIT (’41) the photopic sensitivity curve is composite
consisting of narrow and broad elementary sensitivity bands. And maxima of those
elements seem to be found over the wide range of the spectrum. Therefore it is
assumed that the maximum and the submaximum of the sensitivity curve appeared in
the present work suggest the existence of several kinds of elements. From above
consideration, red seusitive elements which are assumed to be photopic elements, are
dominant in the retina of shallow water fishes. It may also be assumed that the
spectral sensitivity curve having the maximum in the range of long wave-lengths,
has some correlation with the characteristics of the fishes having life-long habitat in
shallow water or having the typical diurnal nature. In fact, it is said by many
fishermen that Halichoeres sleeps at night, and also the observation in the aquarium
shows that the fish lies hidden motionless under the sand of the bottom at night.

Here, fears are not to be entertained that the element of scotopic character may
have been removed by the experimental procedure in the case in which the photopic
character seemed to be dominant, since the experiment was done under dark-
adaptation and the pigment layer of the retina had been removed with careful pro-
cedure to avoid loss or destruction of rods. The retina which showed clearly photopic
character in this experiment, will be the cone retina in some cases. In fact no ex-
istence of rods has been histologically found in the retina of Halichoeres and

Stephanolepis (TARATSUII "39).
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WaALD et al. (°57) have investigated the absorption curve of the visual pigment
in six species of marine fishes involving lancet fish, Alepisaurus ferox, and have
described that the maximum spectral absorption of the visual pigment of the fishes
varied with the depth of their habitats. Although the spectral sensitivity of so-called
deepsea fishes ordinarily found below 200 fathoms could not be investigated in the
present work, the tendency pointed out by WALD et al. was confirmed hy the
present result obtained from the retinal sensitivity investigated in many species of
fishes inhabiting the continental shelf of the sea, as shown in Fig. 55. And also the
fact that the result obtained in Fig. 55 is corresponding to the change in the
spectral distribution of solar energy penetrating the sea water, is important in regard
to the fish vision.

Of the species which slip out remarkably from the relation curve shown in Fig.
55, considerations as follows may be given. In Gymnothorax, the reason may be
found in the fact that the fish is a typically nocturnal animal and is well caught by a
trawl net at night, although the fish conceals itself in the cave or among rocks near
the sea shore in the daytime. In Chrysophrys, it is difficult from ecological view
points to understand the fact that the sensitivity curve has its maximum at about 470
m# of the spectrum, since the fish is usually found in shallow water and even the
deepest place in which the fish is found, is only about 60—70 metres. And the facts
that submaxima are found in 550 m# and 600 m#« (Fig. 52a2—4) and that sensitivity
for wave-length of 470 m#« decreases distinctly with light-adaptation (Fig. 54—3),
suggest the complicated construction of its retinal elements. However, it is interesting
that the blue-sensitive element responds dominantly to light in dark-adapted retina
in this species. In Anguilla, it is a well-known fact that the fish migrates to the
extraordinarily deep sea for spawning, and so the spectral sensitivity of Anguilla
having the maximum in 500 myu, is understood to the point from the ecological views
mentioned above.

In fishes found in the sea deeper than some 100 metres, the spectral sensitivity
curve has a narrow spread against the spectrum. It is probably due to the fact that
the spectral distribution curve of solar energy penetrating the sea water becomes
narrower at the deep places of the sea, since the most effective wave-length in terms
of their stimulating capacity is just that in which the sea water is most transparent.

The results that the shift of the maximum by light-adaptation usually appears in
most of the shallow water fishes and that the submaximum appears in their sensitivi-
ty curve, while not in fishes found in the sea deeper than some 100 metres, suggest
the chromatic vision of the former and the achromatic vision of the latter. SVAETICHIN
and MacNicuoL (°58) described that the fishes caught at the depths of from 30 to
70 metres might possibly be cone monochromats, since both R-G and Y-B responses
were not found in those fishes. Then, the results obtained from the present work
support the assumption made by SVAETICHIN ef al., putting aside the strict limit of
the depths.  On the other hand the threshold intensity of the retina in fishes inhab-
iting the sea deeper than some 100 metres, was found to be obviously low as com-
pared with that of shallow water fishes (Fig. 56). In consequence, it is assumed
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that in these fishes the retina may be so designed as to strengthen the sensation of
the brightness, instead of the development of chromatic vision. From the present
experiments, however, the problem of the colour perception of fishes cannot be solved.
The thorough research of colour-sensitive components is necessary to be made by the

aid of micro-electrode technique.

Summary

The spectral sensitivity of the retina was investigated in 20 species of fishes, using
the size of electroretinogram (ERG) as index and it was ecologically considered from
their behaviour, particularly at the depth in which the fishes live. It was found that
the maximum sensitivity tended to shift toward shorter wave-lengths with the depth
of habitat of fishes.

In shallow water fishes the spectral sensitivity curve had the maximum in the
range of longer wave-length, and had submaximum in the curve. Particularly, in
Halichoeres, Dictyosoma and Acanthogobius, red sensitive element or photopic
element was found to be dominant. The shift of the maximum was usually found
noticeably by light-adaptation.. . .

In fishes inhabiting a sea deeper than some 100 metres the sensitivity curve had
the maximum in shorter wave-length and had generally no submaximum. Moreover,
in these fishes the sensitivity curve had a narrow spread against the spectrum and
showed slightly or not the shift of the maximum by light-adaptation.

From these results it may be assumed that the fishes inhabiting deeper seas have
achromatic vision, and shallow water fishes have chromatic vision.

The tendency was obviously shown that the threshold intensity of the retina
obtained in shallow water fishes was higher than that of the fishes inhabiting deeper

places.
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Chapter V Electroretinogram in teleost fish, with

reference to ecological aspects

Recently, the retina of fish has been often used as material for the investigation
of sensory mechanism of vision. However, the fishes used for those studies seem to
be restricted to some species of Teleostei, particularly of fresh water fish. Various
types of behaviour are found in fishes; diurnal or nocturnal, pelagic or benthonic,
deeper habitable or on-shore habitable and others. The characteristics of the light
penetrated through sea water are different according to various conditions, especially
to the depth. It is significant not only from physiological but also from ecological
view point to investigate comparatively the electroretinogram (ERG) of various
species including marine and fresh water fishes.

In Chapter | and Chapter J[ the author described the characters of the ERGs of
a dog fish, Mustelus manazo, and rays and skates, Batoidei, and considered them
with relation to ecological meaning of the fish-vision. In the present chapter the
general properties of the ERG obtained from various species of teleost fish are

described.

Material and method

Through this work, 25 species of teleost fish used as the material: Most of the
materials were caught with a small trawl net about 5 to 10 miles off the coast of
Yamaguchi Prefecture along the Sea of Japan; some fishes with angling about 1 mile
off the coast; some fishes were caught by the set-net about .5 miles off the coast;
some others were caught with a hand net by the seashore, or in ponds and rivers.
The species of these fishes are listed in Table 5, with their body-lengths.

Before the experiment, fishes were preserved for several days in the aquarium
of the laboratory or in a crawl near the coast. Experiments were made with the eyes
excised from the head, cut off from the body under dim red light after dark-adap-
tation of some hour or so.

The eye prepared in such a way was situated in a dark chamber which was
shielded electrically. The light obtained from the projector lamp stimulated the
whole retina through the shutter fitted on one side of the chamber. The intensity
of stimulus light was controlled by the neutral filters and the intensity of stimulus
light without the filters was referred to as a 100 per cent or unit intensity. Spectral
light was made by the interference filter.

As an active electrode was used a slender cotton wick moistened with the saline
solution, which was in contact with the eye, although the site of the electrode was
a little modified with the difference of the species (¢f. Chapter []). The other end
of the wick was immersed in one arm of a U-tube containing the saline solution.
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Table 5. Species of fishes used in the experiment of this chapter
and its body-length.

Species Body-length (cm)
Saurida undosquamis 25—30
Cyprinus carpio 30—40
Carassius auratus 15—20
Misgurnus anguillicaudatus o 10—15
Anguilla japonica 30
Gymnothorax reticularis 60—70
Trachurus japonicus 15—20
Sillago japonica 15—20
Chrysophrys major : 15—20
Hoplognathus fasciata 15—20
Halichoeres poecilopterus 15—20
Argyrosomus argentatus 15—20
Dictyosoma burgeri 2025
Epinephelus sepremfasciatus 10
Lagocephalus lunaris 25—30
Fugu niphobles 15—20
Stephanolepis cirrhifer 1520
Scor paenodes guamensis 20—25
Inegocia crocodila 20
Chelidonichthys kumu 15
Acanthogobius flavimanus 16—20
Pseudorhombus cinnamoneus 15—20
© Kareius bicoloratus 15—20

From the other arm of the U-tube, Ag-AgCl electrode led to the input of an amplifi-
er connected with a cathode-ray oscilloscope. Ag-AgCl plate covered with moistened
cotton sheet was used as an indifferent electrode, on which the eye was set. The
amplifier was CR-coupling and the time constant was about one second. The shutter-
release was controlled by a thyratron relay connected with a single sweeper of the
oscilloscope. In the case of the experiment by the micro-electrode, a capillary glass
electrode filled with 3 Mol KCIl with a tip diameter of ca. 1y was positioned on the
inverted retina by the special micromanipulator.  The retinal action potential caused
by stimulus light was picked up by a 6AK5 type tube served as a preamplifier (Fig.
57), which was followed by a D.C. amplifier. The other apparatus was the same as
that described previously.

The method measuring the threshold intensity of light stimulus eliciting the ERG
during the course of dark- or light-adaptation was also the same as that described in
Chapter .

The experiments were carried out at room temperature ranging from 15 °C to 20

°C, except for the case described in particular. Under these experimental conditions
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Fig. 57. Schematic representation of the method for recording the ERG by
micro-electrode. M, micro-electrode; E, inverted retina; C, calibrator;
6AK5, R,R!, circuit of pre-amplifier.

the preparation showed normal response (i.e. an ERG showing the typical wave-
form) during the period of about 2 hours. _

Histological preparation was made from the eye used in the physiological experi-
ments. The eye was fixed with Carnoy’s solution for 30 minutes. Thereafter, the
eye had a good wash in absclute alcohol, and then lens, cornea and vitreous humor
were removed from the eye. The retina prepared by such manner was imbedded in
paraffin according to the usual method. Then sections were cut at the thickness

of 8 x. The section was stained with haematoxylin and eosin.

Results

(1) Wave-form and polarity in ERG

Saurida undosquamis

Action potential was induced from the receptor layer of the retina. Typical ERGs
in Saurida are shown in Fig. 58,A; the ERG from dark-adapted eye elicited by
weak light stimulus (about .02 lux) of short duration is a positive monophasic wave,
and with the increase in stimulus intensity the potential comes to be followed by
slow negative potential. With further increase in stimulus intensity (more than | lux)
the positive potential decreased and it is preceded by fast negative potential. The
amplitude of the initial negative potential augments with the further increase in
stimulus intensity. But sometimes the fast initial negative potential was not observed
in the ERG elicited with intense light stimulus as shown in Fig. 58, B and C.

In this case the time-course of the response prolonged and the amplitude of the
response decreased a little with the increase in stimulus intensity (Fig. 58,B). In a
certain case, only slow negative potential was observed, and the time-course of the
potential prolonged also with the increase in stimulus intensity. The amplitude of
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B
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Fig. 58. ERGs recorded from the receptor layer of Saurida eye. Test flash

is 1/25 sec.

Numeral on each series of records represents the stimulus

intensity in the percentage of unit intensity (500 lux). Time mark : 1/6

sec. Calibration voltage :
negative.

Fig. 59. ERGs from the receptor layer of Saurida

eye. Stimulus intensity is 10 % of unit intensity
in A and 0.19% in B. The durations of stimulus
light in 1—8& are 1, 1/2, 1/5, 1/10, 1/25,
1/80, 1/100 and 1/300, respectively. Other
legends are same as in Fig. 53.
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0.1 mV,

Polarity of the record is upward

the response was the largest in the
case of the stimulation with moderate
intensity (Fig. 58,C).

The ERGs elicited by stimulus
light of various durations with con-
stant intensity are shown in Fig. 59,
In the case of stimulation with intense
light (50 lux) the amplitude of the
initial fast negative potential was
unchanged irrespective of the various
durations of stimulus light except for
the stimulation of extremely short
duration of 3.3 msec. But the ampli-
tude of the slow negative potential
which followed to the positive poten-
tial, decreased with the increase of
and finally the
slow potential was suppressed com-

stimulus duration,

pletely at the duration longer than
1/5 sec.
in the stimulation of about |
at least (Fig. 59, A).

Off-response did not occur

sec.,
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In the case of stimulation with weak light (about 0.5 lux) the amplitude of
positive potential was almost unchanged regardless of the duration, but the amplitude
of the slow negative potential following to the positive potential, increased with the
prolongation of the stimulus duration and it attained a plateau at the duration above
1/50 sec. In the case of stimulation of the duration above [/2 sec. a small negative

off-response was found unnoticeably.

Cyprinus carpio

The active electrode was in contact with the receptor layer of the retina. Typical
wave-forms of the ERG are shown in Fig. 60. The records shown in Fig. 60,A were
obtained from the light-adapted retina, and the polarity of the ERG showed to be
cornea negative. Oscillation of the resting potential was noticeably observed from the
ERGs recorded. Even in the case of stimulation with weak light, remarkable positive
monophasic wave was not elicited. With the increase in stimulus intensity, however,
the negative potential was followed by slow positive potential. In dark-adapted retina
(Fig. 60, B) the response was positive potential followed by negative one in the
stimulation with weak light. While, with intense light, the positive potential was
preceded by a small negative potential and the positive potential was remarkably
suppressed. In the case of stimulation of long duration (Fig. 60,C), the respouse to
weak light was almost the same with that of short duration in the dark-adapted
retina, but the response to intense light showed the decrease of the positive po-
tential. In this case the response seemed to elicit the slow positive potential as off-

effect.

Fig. 60. ERGs recorded from the receptor layer of Cyprinus eye. A, From
light-adapted eye; test flash, 1/25 sec. B and C, from dark-adapted eye;
test flash, 1/25 sec. in B and | sec. in C. Other legends are same as

in Fig. 58.

The records shown in Fig. 61,A were the ERGs elicited by a series of light
stimuli of various intensity. From the records it is assumed obviously that the ERG
contains two kinds of component, each of which occurs dominantly in the stimulations
with intense and weak light respectively, and then two components are canceled
each other in the stimulation with moderate intensity. And from the records it is
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clearly seen that the notch on the rising phase of the positive potential shifts to
negative potential with the increase in stimulus intensity. In Fig. 61,B the same
ERGs with that of A were recorded in fast sweep.

Misgurnus anguillicaudatus

Action potential was led from the corneal
surface of the eyeball. Typical wave-forms
of the ERG are shown in Fig. 62. The
ERG elicited from the dark-adapted eye

+ was a small negative potential followed by
a large positive potential in stimulation of
short duration, but it was positive potential
in the case of stimulation with extremely

lsec. 45 sec.

4 [N e —
LA _\A S
DA~/ '\/‘\

Fig. 61. ERGs from the receptor layer Fig. 62. Typical wave-forms of ERGs recorded

of Cyprinus eye. A, showing the from the cornea surface of Misgurnus
change in wave-form according to eye. Upper line of the records represents
the variation in stimulus intensity. the stimulus signal. Stimulus intensity is
B, ERGs recorded by fast sweep. 300 lux. L. A., in light-adapted eye;
Other legends are same as in Fig. D.A., in dark-adapted.

58.

weak light as shown in Fig. 63, A and B. In the stimulation of long duration,
off-response showed a small positive potential unnoticeably (Fig. 62).

In the light-adapted eye, negative potential became remarkable, and positive
potential was suppressed slightly (Figs. 62 and 63,C). In the stimulation of long
duration the response showed remarkable negative on- and positive off-effects, and
positive potential of on-effect was completely suppressed in thoroughly light-adapted
eye. The ERGs of dark- (A) and light- (B and C) adapted eyes elicited by a series

of light stimuli of various intensity are shown in Fig. 63.

Anguilla japonica

Action potential was induced from the corneal surface of the eyeball. The typical
ERGs recorded in various light conditions are shown in Fig. 64. In dark-adapted eye
the ERG elicited by weak light stimulus of short duration showed a positive mono-
phasic wave, but by intense light a small negative wave preceded to the positive one
(Fig. 64,A). Sometimes a notch was found on the rising phase of the positive
potential. In the case of stimulation of long duration the off-response was hardly
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Fig. 63. ERGs recorded from the cornea surface of Misgurnus, according

to the variation in stimulus intensity,

A, ERG recorded from dark-

adapted eye; B, from slightly light-adapted eye; C, from light-adapted

eye. Duration of test flash is 1/50 sec. Time mark: 1/6 sec. Calibration

voltage: 0.1 mV. Polarity of the recoerd is upward positive.

found irrespective of the stimulus
intensity (Fig. 64,B).

The ERG from light-adapted eye
showed negative potential remarkably,
and also showed a positive off-response
unnoticeably in the stimulation with
intense light of long duration, although
the retinal sensitivity decreased re-
markably (Fig. 64, L).

Effects of various reagents on the
ERG: In order to investigate the
effect of pottasium ion, 10 % solution
of KC1 was applied to the cotton sheet
contacting with the sclera of the eye.
After the application of the solution
the latency of the positive potential
of the ERG prolonged immediately.
Thereafter, the amplitude of the posi-
tive potential decreased rapidly, and
only a negative monophasic wave was

left to occur 5 minutes later (Fig. 65).

Fig. 64. Typical wave-forms of ERGs recorded

— 89 —

from the cornea surface of Anguilla.
Stimulus duration is 1/50 sec. in A and
1 sec. in B. D, from dark-adapted eye;
L, from light-adapted eye., Other legends

are same as in Fig. 63.

479
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Fig. 65. Effect of KClon the Fig. 66. Effect of 10 9% alc. Fig. &7. Effect of 0.0l %
ERG of Anguilla. Test Ringer sol. on the ERG strychnine on the ERG
flash is unit intensity and of Anguilla. Test flash of Anguilla. Test
1/50 sec. in duration. is 60% of unit inten- flash is unit intensity
Numerals show the time sity and 1/50 sec. in and 1/50 sec. in du-
elapsed after the appli- duration. 10!, stimulus ration. Other legends
cation of KCI t.f., intensity was lowered in are same as in Fig.
before the application. one sixth. Other legends 65.

Other legends are same are same as in Fig. 65.
as in Fig., 63.

As 10 % Ringer alcohol was applied to the eye by the same manner as in the
case of KCI, the positive potential of the ERG increased transitorily 2 minutes later,
but it began to decrease soon after that. The suppression of negative potential of the
ERG was not complete in 5 minutes after the application, except in the case of stimu-
lation with weak light (Fig. 66).

In the application of 0.0 % strychnine the responses caused by the test flash
were as follows; the positive potential of the ERG was transitorily suppressed,
immediately after the application. Two minutes later, however, the positive potential
recovered the amplitude, and thereafter increased slowly and attained to the value
of about 2 times as high as the initial amplitude. On the contrary, the negative
potential was not affected at all (Fig. 67). One per cent strychnine suppressed the
response at all.

As the solution of urethan was often used for the anesthesia of fish, the effect
of urethan was investigated. When 5 % solution of urethan was applied to the retina
by the same manner as in the case of KCl, the response to the test flash was as
follows; the amplitude of the response decreased a little immediately after the appli-
cation, thereafter the hump on the rising phase of b-wave became remarkable. Five
minutes later, however, the amplitude of b-wave began to increase and came to
involve the hump several minutes later. Finally, the response returned to the initial
magnitude 20 minutes later. The negative potential transitorily decreased but it
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seemed to recover the normal response in half hour after the application (Fig. 68,A).
On the contrary, in application of 20 % wurethan the response began to decrease
immediately after the application and it disappeared 15 minutes later (Fig. 68, B).
From the results it is concluded that
the ERG is suppressed in high concen-
tration of urethan but is augmented
transitorily in low one, presumably of
less than 5 %.

Fig. 69. Typical wave-forms of ERGs recorded
from the cornea surface of dark— (D) and
light=(L.) adapted eye, in Gymnothorazx.
The durations of test flash in 13 are 1
sec., 1/10 sec. and 1/100 sec., respec-

Fig. 68. Effects of 5% (A) and20% (B) tively. The intensity of test flash is 19
urethan sol. on the ERG of Anguilla. of unit intensity. Other legends are same
Other legends are same as in Fig. 65. as in Fig. 63.

Gymnothorax reticularis

Action potential was induced from the corneal surface of the eyeball. The ERG
was composed of only positive wave, irrespective of the stimulus intensity.

As illustrated in Fig. 69 the ERG from the dark-adapted eye was a positive
monophasic wave and it was only on-effect in the case of stimulation of the duration
less than 1/10 sec. In the case of stimulation of longer duration than 1/5 sec., the
ERG showed positive off-potential, and the amplitude of the off-potential was always
lower than that of on-potential. In the light-adapted eye the sensitivity of the retina
decreased, and positive off-response was caused by the stimulus light of shorter
duration than that in the case of the dark-adapted eye. In this case the amplitude
of off-potential was always larger than that of on-potential.

The ERGs for a series of various stimulus intensity are shown in Fig. 70.
Though the amplitude of the positive potential increased with the intense stimulus
light, rate of the increase in amplitude was relatively small. The rising and falling
rates of the potential became large with the increase in stimulus intensity, but no
remarkable changes in latency were found. The effect of potassium ion on the ERG is
shown in Fig. 71. As illustrated in the figure, a small negative potential came to
occur preceding to the positive one with latent time of about 30 msec. as soon as
10 % solution of KCl was applied to the sclera. Thereafter, the positive potential
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disappeared within a few minutes after the application of the solution. And moreover
the negative potential elicited by KCl solution was observed to be apt to augment
with the increase in stimulus intensity. Consequently, the ERG of Gymnothoraz,

positive monophasic wave, is inferred to involve negative component.

Fig. 71. Effects of KCl sol. on the ERG of
Gymnothorax. Test flash is 10 % and

Fig. 70. ERGs recorded from dark-adapted 1/50 sec. in A, and 60 % and 1/25
eye of Gymnothorax according to sec., in B. 1, before the application; 2
varying the strength in stimulus light. immediately after that; 3, 3 minutes after
Test flash is /50 sec. in duration. that. Other legends are same as in Fig.
Other legends are same as in Fig. 63. 63.

Trachurus japonicus

Action potential was induced in two ways, from the inner surface and from the
receptor side of the retina.

In the case of the induction from the inner surface of the retina, the ERG from
the dark-adapted eye elicited by the stimulus light of short duration was a negative
potential followed by a slow positive potential, and the amplitude of the positive
potential was considerably low. With the increase in stimulus intensity, the amplitude
and the rising rate of the negative potential were increased. In the case of stimu-
lation of lqhg duration the ERG showed a negative on-potential and a small positive
off-potential. In the light-adapted eye, the ERG showed a positive off-potential
noticeably although the sensitivity of the retina decreased remarkably.

In the case of the induction from the receptor side of the retina, various types
of the ERG were obtained as shown in Fig. 72. The ERG of the dark-adapted eye
in the response to weak stimulus light of short duration was a negative potential
dominantly.  But, with the increase in stimulus intensity another potential came
to occur, and so that the ERG showed two humps on the negative wave. With the
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intense stimulus light the splitting of the negative potential became remarkable, and
the amplitude of the initial negative potential became larger than that of the secon-
dary potential (Fig. 72, A and B). In the case of stimulation of long duration,
however, the ERG showed negative on-response and negative-positive off-response.
Namely, the remarkable off-response appeared. With the intense stimulus light the
amplitude of off-response augmented noticeably, while that of on-response did not
show any change in wave-form, irrespective of the increase in stimulus intensity
(Fig. 72,C).

On rare occasions, the positive potential preceded to the negative one, and the

splitting of both potentials occurred in the intense stimulus (Fig. 72,D).

Fig. 72. Various types of ERG recorded from the receptor layer of dark-adapted
retina of Trachurus. Stimulus duration is 1/50 sec. in A, B and D, and 1
sec. in C. Other legends are same as in Fig. 58.

In the case of stimulation of various durations two types of the response were
found; one was the same response with that mentioned above (Figs.72,D and 73, B),
the other was the response consisting of negative plateau on-response and remarkable
off-response (Fig. 73,A). And the off-response was negative potential followed by
positive potential, and the response to stimulus light of short duration showed the
same wave-form as that of off-effect occurred in the response to the stimulus. of long
duration.

There were no effects of the state of dark- or light-adaptation on the response

induced by such way, as shown in Fig. 74,

Sillago japonica
The ERG was recorded by the aid of micro-electrode. The electrode was inserted
into the inverted retina until the maximum amplitude of the response to stimulus
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Fig.

Fig. 75. Various types of S-potential recorded in

73. ERGs recorded from the recepter
layer of the retina of Trachurus.
The stimulus durations -in 1—6 are
t/2, 115, 1/10, 1/50, 1/100 and
1/250 sec., respectively. Stimulus
intensity is 50 % of unit intensity.

Other legends are same as in Fig. 58,

n

Sillago. Stimulus duration is 1 sec. in A,
1/10 sec. in B, C. Numeral on each series

of records represents stimulus intentity in %

of unit intensity. Calibration voltage: 3 mV.

Time mark : 1/6 sec.
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74.. Qn- and off-responses in the ERG of
Trachurus.
about 5 secs. and the intensity is 50 %
of unit intensity, The ERG was induced
from the receptor layer of dark-(D) and
light-(L) adapted eyes.
are same as in Fig. 58.

The stimulus duration is

Other legends

Fig. 76. S-potential in Sillago, according

to variation in stimulus duration. Numer-
al on each record shows the stimulus
duration in msec. Time mark : 1/6 sec.

Fig. 77. Effect cf the state of dark-(D) and

light-(L.) adaptations on S-potential, in
Sillago. Stimulus duration is short
(1/250 sec.) in A and is long (1/10
sec. ) in B. Stimulus intensity is unit
intensity. Time mark : 1/6 sec.
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light was obtained. The ERG elicited from the dark-adapted retina showed typical
S-potential as shown in Fig. 75,A. On the other hand, peculiar forms of the ERG
as mentioned below in Chrysophrys were also observed in this species. In the records
of Fig. 75,B, the ERG showed positive off-potential remarkably. With the increase
in stimulus intensity the latency of off-potential prolonged, and the amplitude of off-
potential augmented somewhat. In the case of stimulation with low intensity light
the response was positive slow potential, while with high intensity, negative slow
potential superimposed with spike potential appeared, preceding the positive potential.
In the records of Fig. 75, C the ERG seemed to be composed of the ERGs of A and
B in the same figure. And also in the case of stimulation with weak light slow
spontaneous deflections are superimposed on, or followed to the response (Fig. 75, B
and C). In varying duration of light stimulus with constant intensity, change in shape
of negative potential was obtained as illustrated in Fig. 76. A spike-like response
was recorded in stimulus light of the duration than about 100 msec. After the
exposure of the retina to light of about 10 lux, no influences of the light adaptation
on the ERG were found, except for the reduction of off-latency (Fig. 77).

Chrysophrys major

i) In the case of the induction of ERG
from the inner-surface of the retina, the
ERG from the dark-adapted eye elicited
by stimulus light of short duration was a
large negative potential followed by a slow
positive potential, as shown in Fig.78,A.
With the increase in stimulus intensity,
the ERG showed the similar change to that
described on the former species. In this
species the amplitude of the slow positive
potential was extremely low. In the case
of stimulation of long duration on-response
was negative, and off-response was no-
ticeable positive potential (Fig. 78, B).

With the increase in stimulus intensity Fig. 78. ERGs recorded from the inner
surface of the retina of Chrysophrys

the amplitude of on-response (negative or b ;
according to light stimuli of various

potential ) augmented, while the amplitude intensity.  Stimulus duration is short
of off-response was the largest in moder- (1/50 sec.) in Aanj is long (1 sec.')
ate intensity of stimulus light (Fig. 78, ;:”IQB' 63 Other legends are same as i
B). T

ii) In the case of the induction from the receptor side of the eye, several types
of the response were obtained as shown in Fig. 79, The records represented in A of
the figure were the ERGs elicited by stimulus flash in the dark-adapted eye, and
they were just the mirror image of Fig. 78,A. These were most common responses.
The records of B were the ERGs obtained from the light-adapted retina, and the time-
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course of the response was found to prolong noticeably with the increase in stimulus
intensity, though the remarkable change in amplitude of the ERG was not found.
In the records of C, the positive potential preceded the negative potential, and the
amplitude of both potentials decreased with the increase in stimulus intensity. In
these cases, moreover, the fluctuation (about § ¢/s) of potential was found to be
superimposed on the ERG elicited by stimulus light with very low intensity.

Fig. 79. Various types of the ERG recorded from the receptor layer of the
retina of Chrysophrys. A, C, from dark-adapted eye; B, from light-
adapted eye, Stimulus duration is 1/250 sec. Other legends are same
as in Fig. 58,

In the case of stimulation of long duration (about 5 seconds) on- and off-effects on
the ERG were investigated under various intensity of stimulus light and under dark-
or light-state of the adaptation. The records shown in Fig. 80 were obtained from
the dark-adapted eye.

On-response was negative potential and the amplitude of the negative potential
increased with the increase in light intensity. The off-response was negative potential
followed by slow positive one, and the amplitude of the negative potential was not
almost changed with regard to stimulus intensity, although the negative off-potential
was decreased by the extremely intense light.

The records shown in Fig. 81 were obtained from the light-adapted eye. On-
response was negative potential, too and the rising and falling rates of the potential
were small relatively.  Off-response was only negative potential and it appeared
remarkably as compared with that of the dark-adapted eye, although the off-response
to stimulus light with very low intensity was positive monophasic wave. In this case,
moreover, the fluctuation of the potential was found superimposing or following the
off-response.
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80. Effect of stimulus intensity on the
on- and off-responses of dark-adapted
retina of Crysophrys. Stimulus dura-
tion is about 5 secs, The response was
recorded from the receptor laver, Other

legends are same as in Fig. 58,
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Fig. 81. Effect of stimulus intensity on the
on- -and off-responses of " light-adapted
retina of Crysophrys. Stimulus duration
The response was rec-

Other

is about 5 secs.
orded from the
legends are same as in Fig. 58.

receptor layer.

iii) By the aid of micro-electrode, action potential was induced from the inverted
retina. The ERG elicited by the stimulus light of unit intensity (about 200 lux) and
duration of 100 msec. showed the various forms as shown in Fig. 82 ; 1) the ERG

Fig.

82. Various types of S-potential
The

lowest line shows stimulus duration.

recorded from Crysophrys.

Timz mark : 1/6 sec.

was negative potential and the maximum level
of the potential remained unchanged as long
as the stimulus lasted. The amplitude of the
potential was about 1.5 mV; 2) at the cessation
of the stimulus light, the negative steady
potential was followed by positive off-response
which ran over the resting level; 3) the off-
response mentioned above was still followed
by few wave-lets of spontaneous electrode nega-
4) the spontaneous response
continued for several minutes after the ces-
sation of the stimulus light; 5) such repeated
were blocked

tive deflections;

deflections ‘
during the period of the stimulus light; 6)

slow spontaneous
only positive off-response rarely occurred irre-
spective of the stimulus duration. Among these
responses the form |) seems to be similar to
that of the S-potential (SVAETICHIN ’53).

The records shown in Fig. 83 were the ERGs elicited by stimulus light with
various intensity of constant duration from the dark- and light-adapted retinae. Though

there was no influence of the the state of light-adaptation on the amplitude of the

negative steady potential, off-latency of the potential prolonged remarkably in light-
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adaptation. And also positive off-deflection appeared noticeably, and the rising rate of

the negative potential became great in the dark-adapted retina. The time-course of the
response prolonged remarkably with the increase in stimulus intensity (Figs.83 and 84).

Fig. 83, Influence of the state of light-
(L) or dark- (D) adapiation on S-
potential in Chrysophrys.
legends are same as in Fig.

Other
75.

Fig. 84. S-potential reccrded from Chrysophrys
according to variation in stimulus intensity.

A, normal form; B, unusual form.

legends are same as in Fig. 75.

Topographic variation of the ERG:
structure is different according to the localities of the retina.

Other

Fig.

Posterior side

Anterior side

side

Ventral

85 . Showing the various wave-forms of

the ERG recorded from different local-
ities of Crysophrys retina.  Numeral
at each record represents the location
of the point at which the tip of the
electrode is set, as shown in lower
schema. The response is recorded from
receptor layer of the retina. Test Flash

is 1/50 sec. and unit intensity.

It is well known in fish that the retinal

Therefore,

it was
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investigated whether the ERG elicited in one region of the retina differed or not
from that in the other region.  The results are shown in Fig. 85. In ora serrata
the ERG is generally small potential, while in the anterior part of the retina it is
the large potential of relatively simple form (6, 7 and 12 in Fig. 85). On the
other hand in the posterior and ventral regions of the retina the response shows the
complicated wave-form. It is known generally that fish has many twin cones or
great density of the receptor cells in the ventral and posterior regions of the retina
(WUNDER 25, DETWILER ’43, TaMURraA ’57, et al. ).' So that it is supposed that
the complicated wave-form of ERG mentioned above will be related to the local
differences of the retinal structure, and it is assumed also that the regional differ-
ences observed in the electrical response from the visual center (KoNisHI ’59) concern

with in any way with such local differences of peripheral responses found in retina,

Halichoeres poecilopterus

Action potential was induced from the receptor side of the retina. The ERG from
the dark-adapted eye elicited by stimulus light of short duration was a negative
potential followed by a positive one. The change in wave-form with the increase in
stimulus intensity is shown in Fig. 86,A. In the case of stimulation of long duration
the ERG showed negative on-potential, and no off-potential. In the stimulation with
extremely intense light, however, the off-potential appeared as a small negative one

(Fig. 86,B).

Fig. 86. ERGs of Halichoeres. ERG is recorded from the receptor side
of the retina. Stimulus duration is short (1/50 sec.) in A and is long
(about 3 secs.) in B, Other legends are same as in Fig. 58.

There was no remarkable effect of light- or dark-adaptation on the wave-form of
the ERG, although the amplitude of the ERG slightly increased, and the time-course
of the ERG was apt to shorten a little by light-adaptation (Fig. 87).
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Lagocephalus lunaris

i) Action potential was induced

from the receptor side of the retina.
The ERG from the dark-adapted eye
elicited with light of short

duration (40 msec.) was a negative

stimutus

potential followed by a positive poten-
Although
the ERG showed the negative mono-

tial, as shown in Fig. 88.

phasic wave in the stimulation with
weak light, it came to be followed by
the positive one with the increase in
stimulus intensity, and it was seen in
the stimulation with the high intensity
light that both potentials were almost
the same in amplitude. Other changes
in the wave-form caused by the increase
in stimulus intensity were observed as
In the stimulation of longer
than 1/10 sec. the marked

positive off-response appeared, andthe

usual.
duration

positive on-potential came to be sup-
pressed with the prolongation of stim-
ulus duration thereafter (Fig. 89).

Fig. 88. ERGs recorded from the receptor
layer of the retina in Lagocephalus
in accordance with variation in stimulus
intensity. Test flash is 1/25 sec.
Other legends are same as in Fig. 58.

Hiroshi KOBAYASHI

Fig.
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87. Showing the ERGs of Halichoeres
obtained in the course of light-(L) and
dark-(D) adaptations. The ERG was
recorded From the receptor layer of the
retina. Test flash is 1/250 sec. of unit
intensity. Numerals in left side of the
records indicate the time elapsed in the
adaptation. Other legends are same as in

Fig. 58.

Fig. 89. ERGs recorded from the receptor

layer of the retina in Lagocephalus.
Stimulus durations in 1—4 are 1/2,
1/10, 1/50 and 1/300 sec.,
tively. Stimulus intensity is 0.1 % of
Calibration voltage :

respec-

unit intensity.

0.1 mV.
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ii) Action potential was induced from the receptor side of the retina by the aid
of micro-electrode. Though the ERG from the dark-adapted eye elicited by stimulus
light was a negative steady potential, typical S-potential was not obtained in this
species. In general, the rising and falling rates of the negative potential were vari-
able with the change in stimulus intensity. It is found in the records of Fig. 90 that the
change of stimulus intensity affects the time-course of the ERG as well as the ampli-
tude of the ERG. The ERG was apt to
show the square shaped potential in the
stimulation with intense light. In the
records of B and C of the figure the
impulse superimposed on the ERG was
seen. In this case it was observed
that the impulse was easily recorded

by low stimulus intensity.

Fig. 91. Change in wave-form of S -potential
recorded in the course of dark-adapta-
tion, Numeral on each record represents
the time elapsed in the adaptation.

Fig. 90. S-potential in Lagocephalus. Stimulus duration Square wave of lower record shows the
is 1/10 sec. in A, B and 1 sec. in C. Other legends stimulus duration. Calibration voltage :
are same as in Fig. 75. 3 mY. Time mark : 1/6 sec.

With the progress of dark-adaptation the falling rate of the negative potential
decreased. This phenomenon was remarkable during the first 5 to 7.5 minutes of the
dark-adaptation. The response showed a slight increase in amplitude during 15 to 20
minutes after the beginning of the dark-adaptation (Fig. 91). '

Fugu niphobles

i) Action potential was induced from the receptor side of the retina. In the dark-
adapted retina (Fig. 92,D), the ERG elicited by stimulus light of short duration was
positive potential followed by negative potential, and both potentials were almost
same In amplitude. And with intense stimulus light, a small negative potential
preceded the positive potential. In the case of stimulation of long duration the ERG
elicited by weak light showed positive on- and negative off-potential, while in the
ERG elicited by intense light on-potential was a fast small negative one and moreover

no off-potential was seen.
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In the light-adapted retina (Fig. 92,L), the wave-form of the ERG was almost
similar to that from the dark-adapted one, but the time-course of the response was
usually shorter, and in the case of stimulation of long duration the noticeable positive

off-potential was seen.

ii) ERGs were recorded by the aid of micro-electrode from the inverted retina.

Magnitude of the ERG showed no
B change according to the depth of
the electrode tip, within a range
about 50/ from the surface.

Fig. 92. ERGs recorded from the receptor layer of Fig. 93. S-potential recorded in dark-(A)
dark- (D) and light- (L) adapted retinae in and light-(B) adf.’Pted retinae‘in Fugu.
Fugu. Stimulus duration is 1/250 sec. in A Numerals show stimulus intensity (100=

. x nd the square wave shows
and about 3 secs. inB. Other legends are same 50,0 lux), @ ) s
stimulus duration. Time mark : 1/6 sec.

as in Fig. 58. Calibration voltage : 1 mV.

The ERG elicited by the stimulation with unit intensity was quite similar to the
typical S-potential. The potential was frequently followed by a small positive off-
deflection, which ran over the resting level in the dark-adapted retina, while not in
the light-adapted one (Fig. 93).

With the increase in stimulus intensity the following changes were seen in the
ERG. In the dark-adapted retina, the ERG was positive monophasic wave when the
stimulus light was weak, negative on- and positive off-responses appeared in mederate
light stimulus, and in intense light stimulus the ERG was negative square shaped
potential followed by positive off-deflection (Fig. 93,A).

The similar changes were also observed in the light-adapted retina (Fig. 93,B),
however the positive off-deflections were not so remarkable. From these records it is
suggested that the ERG in Fugu is composed of positive and negative monophasic
components and the negative potential occurs dominantly in intense stimulus and the
positive potential is dominant in weak stimulus. In moderate intensity both potentials
are canceled each other, and spike like on- and off-deflections occur according to the
difference in the latency of both components. Positive component is inhibited by light-
adaptation. '

As the stimulus duration decreased, the square shaped response became a spike
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like deflection in the stimulus duration of less than about 10 msec. and the amplitude
of the response decreased in that case (Fig. 94).

Stephanolepis cirrhifer

i) The ERG induced from the inner surface of the retina was large negative
potential (a-wave) followed by slow positive potential (b-wave), as illustrated in
Fig. 95. With the decrease in stimulus intensity, the amplitude of the response de-
creased, and in the stimulus of weak
light (below 20 lux) the positive com-
ponent did not appear. In the case of
stimulation of long duration, the ERG
showed a small positive off-potential.

i
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Fig. 94. S-potential recorded from Fugu Fig. 95. ERGs recorded from the
according to light stimuli of various inner surface of the retina

durations.  The duration in 1—8 is

1/300, 1/100, 1/50, 1/25, 1/10, in Szfepl%anole{bzs. Stimulus
1/5, 1/2 and 1 sec., respectively. duration is 1/25 sec. Other

Calibration voltage : 1 mV. Time mark : legends are same as in Fig.
1/6 sec. 63.

The ERG induced from the receptor side of the retina was just the mirror image
of that induced from the inner surface of the retina as shown in Fig. 96,A, and the
negative potential and the time-course of the response increased with the increase in
stimulus intensity.

In the case of stimulation of long duration, negative on- and positive off-potential
appeared in the ERG, and the amplitude of the off-potential was the largest in the
stimulus of moderate intensity (Fig. 96,B).

ii) ERGs were induced from the inverted retina by the aid of micro-electrode. The
ERG elicited by stimulus flash with unit intensity was the typical S-potential (Figs.
97 and 98). No peculiar forms of the responses shown in Chrysophrys and Sillago
were found in this species. ERGs for a series of light stimuli with various intensity
were illustrated in Fig. 97, In this case the latency of off-response did not change
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Fig.

Fig.

Hiroshi KOBAYASHI J. Shimonoseki Coll. Fish., 11(3)

96. ERGs recorded from the receptor
layer of the retina in Stephanolepis.
Stimulus duration is 1/300 sec. in A
and 1 sec. in B. Other legends are

same as in Fig. 38.

ool

98. S-potential in Stephanolepis
in accordance with the variation of
stimulus duration. Numeral on each
record shows stimulus duration in
msec. Stimulus intensity is unit

intensity.

Fig. 97. S-potential in Stephanolepis
in accordance with variation in
strength of stimulus light. Other

legends are same as in Fig. 75.

with the increase in stimulus intensity,
although the increase in amplitude was
found remarkably. In the records of
the same figure, the retina kept in
darkness for 10 minutes showed a slight
increase in amplitude as compared with
that light-adapted with the illumination
of the test flashes (100 and 100 D. A.,
in Fig. 97).

The ERGs for a series of various
durations of stimulus with constant in-
tensity are shown in Fig. 98. In the
case of stimulation of duration less than
20 msec., the ERG shows a negative
spike like response.

Scorpaenodes guamensis

Action potential was induced from
the receptor side of the eye. Typical
wave-forms of the ERG are shown in

Fig. 99. .In the ERG from the dark-
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adapted eye the response elicited by weak light stimulus of short duration was a
positive potential followed by a negative potential, although it was only positive
potential in stimulus of extremely weak light. By the stimulation of intense light the
fast negative potential preceded the positive potential (Fig. 99, A-D and Fig. 100,
A). In the response to illumination of
long duration the wave-form of the
ERG was the same with that of short
flash stimulus; off-response did not -

occur in the stimulation of about ] sec.
(Fig. 99, B-D).
+
Fig. 99. Typical wave-forms of the ERG Fig. 100. ERGs recorded from the receptor

recorded from the receptor layer of layer of the semi-dark- (A) and
dar‘k-' (D) and light- (L) adapted complete dark-(B) adapted eyes of
retinae of Scorpaenodes. Stimulus Scorpaenodes. Stimulus duration is
duration is 1/100 sec. in A and Other | 4
1 sec. in B.  Other legends are 1/1.00 %ec. ther legends are same
same as in Fig. 58, as in Fig. 58.

In the light-adapted retina, the response to stimulus flash is simple negative
potential and that to stimulus of long duration (] sec.) is shown to consist of negative
on- and positive off-potentials (Fig. 99,L). It is found, moreover, in Fig. 99 that a
number of noticeable small deflections are superimposed on the ERG obtained from
the light-adapted eye.

ERGs for varying the intensity of stimulus light of constant duration are shown
in Fig. 100. The positive component is dominant in the response to weak light, and
it develops with the increase in stimulus intensity, but with the further increase in
stimulus intensity it is assumable that the positive component is balanced with the
development of the negative component.

In application of 10 % solution of KCI, positive component of the response dis-
appeared and negative wave was remained only. The latency of the potential was the
same with that of the initial negative potential of the response before the application
of the reagent (Fig. 101). The remained negative potential responded to stimulus
intensity independently.
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Fig. 102. ERGs recorded from the cornea
surface of intact eye in Acantho-
gobius anesthetized. A, recorded im-
mediately after the anesthesia; B, about
5 minutes later. Other legends are
same as in Fig. 63.

Fig. 101. Effect of KCl sol. on the ERG induced from the receptor layer of the retina of
_Scorpaenodes. Test flash is 1/100 sec. in duration and 10 % of unit intensity. 1,
before the application; 2, immediately after the application; 3, 1 minute later; 4, 3

minutes later; 5. induced from another position 3 minutes later.

3>

Acanthogobius flavimanus
Induction of ERG was most difficult in this species among those used through

the present work. It was almost impossible to induce the action potential from the
cornea surface or from the inner surface of the retina of excised eyeball. The ERG

shown in Fig. 102 was induced from the intact eye.

Fig. 103. Various types of the ERG induced from the réceptor layer in the retina of
Acanthogobius. Stimulus duration is 1/25 sec. Other legends are same as in Fig. 58.
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The fish was anesthetized with urethan, and active electrode was made contact
with the cornea surface and indifferent electrode was placed at the site of the
removed orbit of anothlerreye. The ERG obtained thus was a negative potential
(a—wave)followed by large positive potential (b-wave). The decrease in the po-
tential was remarkable with the lowering of the stimulus intensity. After about 10 to
15 minutes anesthesia of the fish, the positive potential of the ERG was suppressed
remarkably (Fig. 102,B). The time-course of the ERG obtained in such way was
relatively short in general (Fig. 102).

Although it was rather difficult to remove the pigment layer, various types of
the ERG were induced from the receptor side of the eye as shown in Fig. 103. These
ERGs were .recorded under the same conditions.

In Fig. 103, A: The response to stimulus flash with moderate intensity is positive
potential followed by negative potential '
and that of low intensity is negative
potential. B: The response is bositive
potential, splitted with negative com-
ponent. With the increase in stimulus
intensity, the amplitude and the time-
course of the response increase. C and
D: The response is negative potential,
which is splitted with negative com-
ponent in stimulation with high inten-
sity light. With the increase in stimulus

intensity, the timeé-course of the res- . : .
ponse shortens in the records of D Fig. 104... ERGs recorded from the ‘retinal

whereas prolongs in those of C. layer of Acanthogobius in accordance
: with various stimulus durations, in 1—

4 which is 1, 1/10, 1/25 and 1/100
sec., respectively. Stimulus intensity

ﬁ is 19 of unit intensity.

In the stimulation of long duration the respoﬁse elicited a small negative off-
esponse as shown in Fig. 104. meg to the remarkable decrease in sens1t1v1ty of
th@ retina, the ERG could not be’ plcked up under hght adaptatlon ‘

Pseudorhombus cinnamoneus

" Action potential was induced from the inner-surface of the retina. In the ERG
elicited by stimulus light of short duration the negative potential was :dominant. - The
ERGs for varying stimulus intensity dre shown in Fig. 105. The response to weak
light was a negative potential followed by a slow -positive potential, but that to intense
light often consisted of negative potential only (Fig. 105,A). In the case of stimu-
lation of long duration the ERG was only a négative on-potential (Fig. 105,B).
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Fig. 105. ERGs recorded from the inner ' o
Fig. 106, ERGs recorded from the inner

surface of the retina of Kareius

light stimuli of various intensity, in according to stimulus light of wvarious
Pseudorhombus. Stimulus duration intensity. Stimulus duration is 1/50

is 1/50 sec. in A and 1 sec. in B. sec. in A and 1 sec. in B. Other
legends are same as in fig. 63.

surface of the retine according to

Kareius bicoloratus

Action potentials were induced from the inner surface of the retina. The ERG
from the dark-adapted eye elicited by stimulus light (about 40 msec.) was negative
potential followed by positive potential. Both potentials were same in amplitude
(Fig. 106, A—D). In the reSponée to stimulus light of long duration (about 1 sec.)
on-response was negative, and the amplitude of the negative potential increased
considerably with the increase in stimulus intensity. And the positive potential of on-
response was not almost found irrespective of the change in stimulus intensity. Off-
response was positive potential followed by negative one and showed the largest
amplitude of positive potential in the stimulation with moderate intensity light,
although the off-response was only positive potential in the stimulation with low
intensity (Fig. 106, B—D). In the eye light-adapted with 30 lux light for 10 mi-
nutes, no remarkable change in wave-form was observed as compared with that of
the dark-adapted one, although in the response to stimulus flash of high intensity
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it was seen the prolongation of time-course of the positive potential on which few

knobs were often found (Fig. 106, A—
L), and the response to stimulus light
of long duration did not show a positive
on-potential at all (Fig. 106, B—L).
On the other hand it was observed .
that the negative potential was domi- i 1=
nant in the ERG, irrespective of any , e :
intensity and duration of the stimuli.
The ERG of such type tended to be Fig. 107. ERGs recorded from the inner surface
usually recorded from ora serrata (Fig. of marginal region (M) and fundus (C)

107). of the retina in Kareius. Underline indi-
cating the duration of stimulus light which
is 1/25 sec. in A, and | sec. in B,

(2) Relation between the magnitude of response and the stimulus intensity

The relation between the amplitude of b-wave in ERG and the stimulus intensity
was investigated on various species.  The responses to stimulus light with various
intensity ranging from 0.07 lux to 500 lux were recorded in sequence of five minutes
in a dark-adapted eye. A few series of the records which are made by three kinds

of the induction is shown in Fig. 108.

Fig. 108. Showing some records of the ERGs used for the investigation of the relation
between the amplitude height of the ERG and the stimulus intensity. A, the ERG
induced from the inner surface of the optic cup in Raja; B, induced from the
cornea surface of the ayeball in Gymnothoraxr; C, induced from the receptor
layer of the retina in Stephanolepis. In only C, polarity of the record is upward
negative. Other legends are same as in Fig. 63.
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The magnitude of the positive potential (b-wave) was plotted against the logarithm
of stimulus intensity. = The magnitude was represented with the percentage to the
maximum amplitude. As shown in Figs. 109 and 110, the linear relation was general-
ly obtained between the amplitude of the positive potential and the logarithm of
stimulus intensity. This linear relation did not seem to change at all with the differ-
ences in the way of the induction of ERG.
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Fig. 109. A : Influence of the distinction of method in the induction of ERG on the relation
betwean amplituds height of ERG and the stimulus intensity, in Stephanolepis. Filled
circles, induced from the inner surface of the retina. Open circles, from the receptor
layer. Ordinate, amplitude height of b-wave in % of maximum one. Abscissa, intensity
of stimulus light inlog scale.

B : Influence of the state of light- and dark-adaptations on the relation between the
amplitude height of ERG and the stimulus intensity, in Anguilla. Filled circles and solid
line, relation obtained in dark-adaptation; open circles and broken line, in light-adaptation;
Single circle, stimulus duration in 1/50 sec.; double circles, in | sec. Other legends are

same as in A,

For example, in the case of Stephanolepis cirrhifer (Fig.' 109,A) the relation
obtained in the induction from the inner surface of the retina showed the same result
as that obtained directly from the receptor side of the retina. On the other hand,
the relation seemed to be affected by the state of dark- or light-adaptation of the
retina (Fig. 109,B); in the linear relation obtained from the dark-adapted retina the
gradient of the straight line against the abscissa was rather small, while in that from
the light-adapted one it was large, although the sensitivity of the retina decreased
noticeably by the light-adaptation. Therefore, the relation shown in Fig. 110 were
all obtained from the dark-adapted retina in order to make comparison.

In some species such as Halichoeres and Epinephelus, the magnitude of the po-
sitive potential increased in the exponential relation to the logarithm of stimulus
intensity. Moreover, in Chrysophrys, Trachurus, Hoplognathus and Kareius, the
amplitude of the response augmented with the increase in stimulus intensity, but the
increase of the potential attained to a plateau state within the limit of the stimulus
intensity used in the present experiments. The fishes showing this phenomenon are

assumed to have a benthonic life, because it is well-known facts that Trachurus
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Fig. 110. Relation between the amplitude height of b-wave in ERG and the stimulus intensity,

in various species examined. Open circles, the average. Other legends are same as in Fig.

109.
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never comes to the surface, scups take their {food on bottom of the sea and Kareius
lies flatways on the bottom in nature.

In the results obtained in Fig. 110, the changing rate in amplitude of positive
potential caused by the increase in stimulus intensity seems to be different from
species to species, even if the experiment is made under the same condition. If Ly
represents the percentage of the increase in amplitude caused by ten times increase
of stimulus intensity, it is found that the value of L,, is generally large in diurnal
fishes and small in nocturnal ones. And also the value seems to have the correlation
with the index of the nuclear layer of the retina which, will be described later on

(Table 11).
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Fig. 111. Relation between the amplitude height of ERG and the stimulus intensity.
Filled circles, amplitude of b-wave; open circles, that of a-wave. A, Saurida;
B, Scorpaenodes; C, Cyprinus. QOther legends are same as in Fig. 109.
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On the other hand, in Scorpaenodes, Saurida and Cyprinus the wave-form of the
ERGs changed in complicated manner with the increase in the strength of stimulus
light, and so the relation between the magnitude of the response and the stimulus
intensity was hard to obtain all over the wide range of the intensity. In these fishes
the response to low stimulus intensity consists of positive potential only, but negative
potential appears with the increase in stimulus intensity, and the negative potential
becomes dominant in the stimulation of relatively high intensity.

Therefore, for the investigation of the relation of the magnitude of the response
with stimulus intensity, the positive potential was used in the case of response to
low stimulus intensity as the index, whereas the negative potential was used in-
the case of high intensity. The results are shown in Fig. 111. The changing rate
of the negative potential (open circles in Fig. 111) was the largest in Cyprinus and
was about the same in both Scorpaenodes and Saurida. And also the intensity at
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Fig. 112. Relaticn between the amplitude height of S-potential and the stimulus intensity. Filled circle
is average value of three individuals. A, Sojori: B, Stephanolepis; C, Chrysophrys; D,
Lagocephalus; E, Sillago; F, Fugu. Other legends are same as in Fig. 109.
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which the magnitude of positive potential attained to a plateau sate, increased in the
following order of specie; Saurida, Scorpaenodes and Cyprinus. These results seem
to have correlation with the depth of the habitats of the fishes.

Using the amplitude of S-potential as an index the ‘magnitude of the. response
was investigated in relation to the stimulus intensity in several kinds of fishes. As
shown in Fig. 112, the same linear relation was obtained between them as that of
the previous experiments (Fig. 1.10). And further, in benthonic fishes such as
Chrysophrys and Fugu the amplitude of S-potential was found to attain to a plateau
state in relatively low stimulus intensity, whereas in other fishes which are %nowr_lu
.as‘shallow water or surface {ishes in the sea, the amplitude of S-potential did not
attain the plateau within the limit. of stimulus intensity used in the preﬁsent .ex-
periment. It is also observed from the figure that the gradient of the stralfgh1.: _11ne._
in the linear relation, the changing rate of S-potential in relation to the variation o»fv
stimul.us intensity, is large in the latter fishes. Therefore, it seems that these
results obtained by S-potential are the same with the relation obtained from the
amplitude .of ERG.

(3) Light and dark adapatation

It is a well-known fact that the retinal sensitivity decreases with the light-
adaptation and increases with the dark-adaptation. The qhange of the retmal.sensy
tivity in the course of the adaptation was investigated on number of fish species by

measuring the size of ERG or the threshold intensity of stimulus light for eliciting
ERG. ‘ :

Misgurnus anguillicaudatus ‘

As shown in Fig. 113, in the experiment of light-adaptation with about 3 lux, the
retina rose the threshold intensity to 0.3 log unit of the value obtained in the dark-
adapted eye, within a few minutes after the beginning of the adaptation and remained
in this value thereafter. The retina exposed to such preliminary illumination for 15
minutes was then returned to darknesé, and the threshold intensity returned to the
initial level at once.

In the light-adaptation with about 30 lux, the threshold intensity rose considerably
immediately after the beginning of the adaptation and then it continued to increase
slowly until it attained to a plateau state several minutes later. The increment of the
threshold intensity was about 3 log units. The retina thus light-adapted showed the
rapid recovery of the sensitivity within a few minutes in the dark. In the light-
adaptation with 200 lux, the change in the threshold showed the same tendency as
that in the former experiment, and the threshold intensity was the highest of the
three.  In the following dark-adaptation the .threshold_ returned to the initial level
within about 10 minutes.

When the change in the threshold intensity caused by the light-adaptation (30

lux) is compared with that of the wave-form éhown in Fig. 114 in which the records
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Fig. 113. Change in threshold intensity of stimulus light eliciting ERG of Misgurnus
during light- and dark-adaptations, Numeral on each curve, intensity (lux) of the
adaptation light, Empty and filled underlines show the duration of light- or dark-

adaptation, respectively. Test flash, 1/100 sec. in duration,

were obtained in the course of light-adaptation with the same intensity, the time at
which the rapid rising of the threshold is caused by the light-adaptation seems to
correspond to the time at which the maximum amplitude of off-response is attained,

Fig. 114. ERGs recorded from the cornea
surface of Misgurnus in progress
of the light-adaptation (30 lux).
Numeral on each record, the time
elapsed in the adaptation. Time mark
2 1/6 sec.

and also the time at which the threshold
attains a maximum state seems to correspond
to the time at which the positive on-response

(b-wave) disappears.
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Fig. 115. Change in differential threshold of stimulus
light eliciting ERG in the course of light-adap-
tation, in the retina of Misgurnus. Numeral on
each curve, intensity (lux) of adaptation light. -
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In Fig. 115 the change in the sensitivity caused by the light-adaptation was
represented in the differential threshold (ds/s). When the light intensity of the

adaptation was about 3 lux, the minimum value of ds/s was (.8.

Anguilla japonica

The response to test flash (1/50 sec., unit intensity) was recorded every few
minutes in the course of dark-adaptation (Fig. 116). Aside from the question of the
change in wave-form, the magnitude of the positive potential increased slowly but
clearly in the progress of the dark-adaptation and it attained to a plateau state in 40

minutes after the beginning of the

dark-adaptation. S i
Light 35 | Dark
adapt. adapt.
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—
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{
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- o
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d i . 0 5 0 5 o« 1o
Fig. 116. Change in wave-form of ERG TIME IN MINUTE
during the dark-adaptation, in An- Fig. 117. Change in threshold intensity of stimulus light
guilla. Numeral on each record, eliciting ERG in Anguilla, in the course of light- and
the time elapsed in the dark-adap- dark-adaptations. Numeral on each curve, intensity
tation. Test flash is unit inten- (lux) of adaptation light. Test flash is 1/100 sec.
sity, 1/50 sec. in duration, in duration.

On the other hand, the course of dark- or light-adaptation was investigated by
using a threshold intensity of the stimulus light eliciting ERG, the results of which
were shown in Fig. 117. In this case, the change in the threshold intensity caused
by light-adaptation showed the same tendency as that in Misgurnus, and it seemed
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to become constant within about 5 minutes even in the adaptation with high intensity.
When the retina exposed to high intensity light was returned to darkness, the retina
recovered the sensitivity within a few minutes.

The change in retinal sensitivity caused by the light-adaptation was also repre-
sented with the differential threshold (ds/s). The relation between the value of ds/s
and the light intensity of adaptation light was shown in Fig. 118, in which the value
was found to be nearly unchanging over the wide range of the intensity of adaptation
light.
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Fig. 118. Relation between the differential threshold (log ds/s) and the intensity
(log lux) of adaptation light, in the retina of Anguilla.

Gymnothorax reticularis

The amplitude of the ERG for the constant flash light was used for the determi-
nation of the grade of dark- or light-adaptation. Even when the retina was illumi-
nated with a weak light (about 3 lux), the sensitivity decreased noticeably, and the
positive potential was almost indistinguishable. Therefore, the test flash (about 50
lux, 1/10 sec.) was given after a provisional cessation of the background illumination.
Although the prolongation of time-course of the ERG was marked in the progress of
the light-adaptation, the magnitude of the response remained almost unchanged (Fig.
119, A).

The retina exposed to such preliminary light for 30 minutes, was brought back
into darkness. Then, the retina recovered the sensitivity noticeably within 1 minute
after the beginning of the adaptation, and thereafter the amplitude increased slowly
and then attained to a plateau state 20 minutes.later (Fig. 119, B). The retina a-
dapted by the intense light (about 300 lux) for 10 minutes required a longer time
(about 80 minutes) in the recovery of the sensitivity in the following dark-adaptation,
in which the amplitude of the ERG increased slowly.

Chrysophrys major
After the exposure to preliminary light of about 10 lux for 7 minutes, the optic
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119. ERGs of Gymnothorax recorded
in the course of light-(A) and dark-
(B)adaptations.  Intensity of adap-
tation light is about 3 lux, Numeral
on each record, the time elapsed in
the adaptation. Test flash is 5 lux
and 1/10 sec. in duration. In A, the
test flash is given after the pro-
visional cessation of the background
illumination, except for the case of
the parenthesized numeral.

Fig. 120. Change in wave-form of the ERG
in Chrysophrys in the course of dark-
{ A)andlight-(B) adaptations. Intensity of
adaptation light is about 3 lux, Numeral
on each record, the time elapsed in the
adaptation.,  Test flash is 50 lux, 1/50
sec. (A) and 1 sec. (B) in duration.
Calibration voltage : 0.1 mV. Time mark :
1/6 sec.

cup was brought into darkness, and the response to test flash (50 lux, 1/10 sec.) was

recorded in the progress of dark-adaptation, during which the amplitude of the re-

sponse scarcely changed, but the falling rate of the negative potential increased, and

the latent period of the positive potential prolonged. These changes began to occur in

10 minutes after the beginning of the adaptation and attained to a plateau state in 30
minutes (Fig. 120, A). As the dark-adapted optic-cup was exposed to light of 10 lux,
the response to test flash (50 lux, 1 sec.) was a small negative on-potential and a

large positive off-potential, and the positive off-response became noticeable in one

minute after the exposure and attained to the maximum amplitude 10 minutes later

(Fig. 120,B).
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Fig. 121. Change in threshold ‘intensity of stimulus light eliciting ERG of Chrysophrys
in the course of light- and dark-adaptations. Other legends are same as in Fig. 117.
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Fig. 122. Change in differential thrashold (log ds/s) in the course of light-adaptation, in
the retina of Chrysophrys. Other legends are same as in Fig. 115.
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Result obtained by using threshold intensity is shown in Fig. 121. In this case,
the action potential was directly induced from the receptor side of the retina. The
threshold rose rapidly with the on-set of the light, and thereafter began to decrease
slowly and then attained to a plateau state within several minutes. Intense light-
adaptation caused more remarkable rise of the threshold and the threshold in the
final state was also high in intense light-adaptation.

In Fig. 122, the change in the sensitivity in the light-adaptation was represented
with the differential threshold (ds/s). The value of ds/s attained to the plateau
within about five minutes and it seemed to be constant at the range from 3 to 15 lux
of the adaptation light. The minimum value of ds/s was 0.36.

Trachurus japonicus

The threshold intensity of stimulus light eliciting ERG was used for the investi-
gation. In this case action potential was induced from the inner surface of the retina.
As shown in Fig. 123, the change in the sensitivity through the light-adaptation with
a weak light (0.02 lux) was the same as that in Misgurnus. As the retina was
exposed to the light of about 3 lux, the recording of the retinal sensitivity became
impossible because of the rapid decrease of the sensitivity. As scon as the retina was
brought into darkness, however, the recovery process began immediately and attained
the sensitivity of the initial level 5 minutes later. Even in the retina so intensely
light-adapted that no more response could be obtained, the sensitivity was recovered
completely in the following dark-adaptation.
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Fig. 123. Changed in threshold intensity of stimulus light eliciting ERG of Trachurus in
the course of light- and dark-adaptations. Other legends are same as in Fig. 117.
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Chelidonichthys kFumu

Threshold intensity of stimulus light eliciting ERG was used for the investigation.
In the adaptation with light of about (.02 lux the threshold rose slowly about 0.5 log
unit. In the adaptation with light of about 3 lux, the threshold rose rapidly within
first 1 minute and thereafter it continued to increase slowly until it attained a plateau
state several minutes later.  These changes were represented with the differential

threshold in Fig. 124.

2k o000
T o) 0.
2
3 |0
an
S
o1
A
o
T
:égj 0 3
[_Z_.QE'-: /O O O
5 0F0 o
m /
25|
[
B
a
-1 | : 1 1
0 5 10 15

TIME IN MINUTE

Fig. 124. Changs in differential threshold (log dsfs) in the course of
light-adaptation, in the retina of Chelidonichthys. Numeral on
each curve, intensity (lux) of adaptation light.

Stephanolepis cirrhifer

The threshold intensity was used for the investigaton. In the course of the light-
adaptation, the change in the threshold showed the same process as that of
Chrysophrys, but the time for attaining a plateau state was shorter in this species.
The degree of the rising of the threshold was rather small (about | log unit). These
changes were represented with differential threshold (ds/s) in Fig. 125, in which it
was found that the value of ds/s in the plateau was closely similar irrespective of the
intensity of background-illumination, and showed the range from about .8 to about
0.9. The result implies that the ability of brightness discrimination is constant within

relatively wide range of the illumination.

Kareius bicoloratus
The threshold intensity of stimulus light eliciting ERG was used for the determi-

nation of the grade of light-adaptation. The process of the light-adaptation was

shown in Fig. 126, in which the change in the retinal sensitivity was represented
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Fig. 125. Change in differential threshold (log ds/s) in the course of light-adaptation,
in the retina of Stephanolepis. Other legends are same as in Fig. 115.
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" Fig. 126. Change in differential threshold (log ds/s) in the course of light-adaptation,
in the retina of Kareius. Other legends are same as in Fig. 115.

with the differential threshold. The threshold intensity rose rapidly at first and
thereafter it decreased a little slowly and then it attained to a plateau state about 10
minutes later. Although the change in the sensitivity in Kareius shows the same
tendency as that in Chrysophrys, the range of the change is wider and the time for
attaining the plateau is longer than those of the latter. The value of the differential
threshold was smaller in the adaptation with light of 3 lux than that of 15 lux, and
the value was about 0.02.
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Judging from the results mentioned above, it can be safely said that the recovery
of the amplitude of ERG during the dark-adaptation requires a long time in general,
while the recovery of the threshold intensity is completed more rapidly. No dis-
tinctions were found in the process of the change in retinal sensitivity brought about
by the dark-adaptation among the various species examined. The retinae of nocturnal
fish such as Gymnothoraxr and Anguilla showed the wide range of the change in
threshold intensity, in spite of the indistinguishable increase in amplitude of the ERG.

On the other hand, in process of the light-adaptation two types of response were
seen; in one type the threshold intensity increased with the progress of the adap-
tation until it attained a plateau state, and in another type the rapid increase of thresh-
old intensity occurred transitorily at the initial phase of the adaptation and then the
threshold decreased slowly until it attained a plateau state. Threshold in the plateau
state is higher than that in the initial state, not to mention. The former type was
found in Misgurnus, Anguilla and Chelidonichthys, which were usually known as
nocturnal, burrowing fishes. The latier type was found in Kareius, Chrysophrys and
Stephanolepis, which were usually known as diurnal fishes and shallow water ones.

With regard to the species examined, the smallest value of the differential
thresholds obtained from various intensity of the adaptation light, was listed in Table
6 together with the corresponding intensity of the adaptation light. The values of
differential threshold obtained from some other animals are added for the comparison,
in the lower part of Table 6. It is assumed from Table 6 that the benthonic fishes
generally have small values of ds/s, some of which can be close to that in human at

least.

Table 6. Differential threshold of stimulus light for eliciting the ERG in the light-adaptation and
the intensity of the adaptation light in which the smallest value of the differential threshold

is determined, in various species of fish examined.

Species ds/s Intensity (lux) Species ds/s Intensity (lux)
Mustelus 14 0.2 Narke 0.6 0.2—10
Anguilla 5.4 0.2—15 Chrysophrys 0.36 3 —15
Trachurus 3.2 10 Dasyatis 0.05 4
Chelidonichthys 1.8 3 Urolophus 0.07 0.1— 1.2
Stephanolepis 0.9 15 Kareius 0.02 3
Misgurunus 0.4 3 Holorhinus 0.006 1 —12
Soft clam (Mya) O LERTREIREIRPEY: HecHT (/36)

Lamprey dorerrieniiiiins STEVEN (/50)
Human 0.01—0.008---KATO (753)

(4) Response to flicker stimulus light

The criterion of the flicker fusion frequency (f.f.f.) was the disappearance of
responses to flicker light in the ERG, and in the case of experiments with the micro-
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electrode it was disappearance of fluctuation following {licker light in the negative
potential. All f.f f. determinations were made with a light: dark ratio of 1, at a
temperature of 20°C—21°C, except for the cases described in particular.  In all
species except for Gymnothoraz, the action potential was induced from the inverted

retina by the micro-electrode.

Gymnothorazx reticularis

In the response to flicker light, the retina elicited the initial large positive
deflection (b-wave) followed by a succession of ripples as shown in Fig. 127. In the
stimulation with flicker light of low intensity (about 3 lux), the response of the
dark-adapted retina showed a succession of b-wave; with that of high intensity
(about 300 lux), the response showed a succession of b-, d-, d—-, - d-wave (Fig.
127,A). When the retina was adapted with the light of about 3 lux, b-wave in the
response to the intense flicker light was obviously suppressed by the light-adaptation,
and the amplitude of the ripple increased (Fig. 127,B). The tendency mentioned
above was more obvious in the records of Fig. 127,C, in which the light intensity of
the adaptation was about 30 lux. In this case the response to the intense flicker

light is considered to be a succession of the d-wave.

Fig. 127. ERGs of Gymnothorax in the response to flicker light with
frequency of 4.4 cfs. A, dark-adapted retina; B, light-adapted (3
Jux) retina; C, light-adapted (15 lux) retina. Numerals on left side,
intensity (lux) of the flicker light. Time mark : 1/12 sec.

The fusion frequency of the ripples was determined at the various intensity of
the flicker light (Fig. 128). As shown in Fig. 129, the fusion frequency increased
with the linear relation to the logarithm of flicker light intensity in the range of
stimulus intensity of less than about 25 lux and it was almost unchanged (16—17 c/s)

in the range of higher intensity than 25 lux.

Carassius auratus _
As it was shown in Fig. 130, the regular fluctuation of the negative potential
was obtained in the response to the flicker stimulation of low frequency. With the

increase in stimulus frequency, the fluctuation of the negative potential fused in
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10

ig. 128. ERGs of Gymnothorax in response to flicker stimulus light with various intensity.

Numeral on each record, frequency of the flicker light and that on upper side, intensity

of the flicker light. Time mark : 1/6 sec.
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-~ - Fig. 130. Records of S-potential used for
0,
LIGHT INTENSITY (/0) f.f.f. —determination in Carassius.
Fig. 129. Relation between f.f.f. and intensity Numeral on each record, frequency

of flicker stimulus light, in Gymnothorazx.

Temperature, 20 °C.

certain frequency of the stimulus light. Of course,

of the Fflicker light.  Temperature,
10 °C. Time mark : 1/6 sec.

the fusion frequency is affected

by various experimental conditions such as are mentioned below.
The dark-adapted retina was exposed for few seconds to the flicker light with

constant intensity every | minute in the dark,
sponse was successively determined at each exposure.

— 126 —
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Table 7. The increase in F.F.E. in the case of stimulation in which Carassius retina is exposed
for Few secords to the Flicker light with constant intensity every one minute in the dark-
adaptation (D.A.) and in the light-adaptation of about 3 lux (L.A.). Temperature, 10°C.

Order of the experiment elapsed
in the adaptation L 2 3 4 5 6
D. A, 10 10 15 18.3 10 19
f.ELE.
L. A, 14.3 13.2 21.0 24.0 23.6 28.0

As is shown in Table 7, the increase in the fusion frequency is obviously found

in the succession of the flicker stimulation. In order to investigate the influence of
the state of dark- or light-adaptation on the {flicker fusion frequency, it was de-
termined in the retina adapted directly to the background illumination (about 10 lux)

for [0 minutes.

Table 8. Influenzes of the stimulus intensity and the state of dark- or light-adaptation on the f.F.F.

dstermined by m=ans of S-potential in the retinas of Carassius and Trachurus.  Tempera-
ture, 10°C.
ntensity of Flicker light f.£.F, in Carassius F.EF in Trachurus
(lux) D. A * L. A w* D. A. L. A
500 9.3 13 9.3 14.3
250 9.3 14.3 13 17
120 11 13 9 13
50 7 9.3 9 10

*D, A., dark-adapted retina.  **L, A., light-adapted retina.

From the result shown in Table 8 it was evident that the f.f.f. increased in the
state of light-adaptation and the influence of the light-adaptation was independent of
the intensity of flicker stimulus light. In order to avoid the effect of the light-
adaptation owing to the flicker light, the flicker light of one second duration was
given with few minutes intervals in the determination of f.f.f.
The relation between the fusion frequency and the stimulus intensity of the
flicker light was investigated in the dark-adapted retina, as shown in Fig. 131, The
f.£.f. (open and filled circles in Fig. 131.) increased with the increase in stimulus
intensity, reaching the maximum (20 c¢/s on the average) in the intensity of above

200 lax.

however, in this retina in which the fusion frequency decreased in the range of high

Another group of the receptors (double circles in Fig. 131.) was found,

intensity of the flicker stimulus light. This is not to be considered as the injury of

the cells, since the result is reversibly obtained.

Trachurus japonicus
In the same manner as with Caraisius, the flicker fusion frequency was de-
termined at a temperature of 10°C. A series of the records is shown in Fig. 132, in
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Fig. 131. Relation between f.f.f. and intensity of Flicker

stimulus light, in Carassius. Explanation in text.
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Fig. 132. Records of S-potential used
for £,F.F, —determination in Tra-
churus. '
as in Fig. 130.

Other legends are same

© Fig. 133. Relation between f.F.f. and intensity of

flicker stimulus light, in Trachurus. Filled

circles, the average.
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which the fusion appears in the flicker light of 23 c¢/s. The relation between the
fusion frequency and the stimulus intensity is shown in Fig. 133. The fusion frequen-
cy increased with the intensity of stimulus light, but did not attain the maximum
level within the limit of the intensity used in the present experiment.

The group of the receptors showing no increase in frequency with high stimulus

intensity, was also observed in this species as well as in Carassius.

Halichoeres poecilopterus
The f.f.f. determination was made at the temperature of 10°C. The relation

between the fusion frequency and the intensity of flicker light, was shown in Fig.
134, The value of {.f.f. was 13 ¢/s in the flicker stimulus of unit intensity.
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Fig. 134. Relation between f.f.f. and intensity of flicker
stimulus light, in Halichoeres.

Sillago japonica

The response to the flicker stimulus light was the same as in the case of Cara-
ssius. One series of the records is shown in Fig. 135. In this species the highest
value of the fusion frequency was 22 ¢/s in the flicker stimulus light of unit intensity.

Chrysophrys major

Some of the records obtained in the determination of fusion frequency are shown
in Fig. 136. The increase in fusion frequency with light-adaptation was observed to
be the same as that of Carassius, as shown in the records of the same figure and
Table 9, although the amplitude of the response decreased a little in the light-
adaptation. From the relation between the fusion frequency and the intensity of the
flicker light, it was seen that the highest value cf f.f.f. in the dark-adapted retina

was determined in about 18 ¢/s.
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Fig. 135. Records of S-potential used for f.f.f.-—determination in Sillago.
Numerals on each record, frequency of the Flicker stimulus light and

that on upper side, intensity of the Fflicker stimulus light. Time mark :

1/6 sec.

Table 9. Influences of the stimulus intensity and the state of adaptation on the f.f.f. determined
by means of S-potential in Chrysophrys retina. The potential is induced from the same

position on the retina, Temperature, 20°C.

. Intensity of flicker light (%)
e B 1 5 10 54 100
7—\‘;\“\
o, | D. A * 12 — 13 5 3
© L. A, — — 15 13 12
D. A. 15 20 — 6
F.EF. No. 2
° L. A. — — 1 13 13
o 5 D. A. 5.5 9 11 9 —
O.
L. A. — — 11 15 16

*D. A., dark-adapted retina.  **L. A., light-adapted retina.

Lagocephalus lunaris

A series of the records used for the determination of the f.f.f. is shown in Fig.

137. In moderate intensity (300lux) of the flicker light, the highest fusion frequency
was 20 c¢/s. In this species the increase in value of the f.f.f. seemed unlikely to be

found in the light-adaptation.

Fugu niphobles

Series of the records used for the determination of the fusion frequency is shown
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Dark adapted retina

 Light adapted retina
(30 lux)
100 50

Fig. 136. Records of S-potential used for F.f.f.—determination in dark- and
light-adapted retinae of Chrysophrys. Other legends are same as in
Fig. 135.

Fig. 137. Recerds of S-potential used for f.f.f. —determinaticn -
Lagocephalus. Other legends are same as in Fig. 135.
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in Fig. 138. The response to flicker stimulus light was remarkably suppressed in the
stimulation of high intensity. The highest value (about 16 ¢/s) of the fusion frequen-

cy was obtained in the stimulus intensity of about 25 lux.

S ( N (R (1)

Fig. 138. Records of S-potential used for f.f.f.-—determination in Fugu.
Other legends are same as in Fig. 135,

Stephanolepis cirrhifer

The response to the flicker light of
various intensity is shown in Fig. 139,
From the records, it was seen that the
highest value of the fusion frequency
was 15 c/s, but it became greater with
the increase in stimulus intensity.

The highest f.f.f. determined in
each species of fish was listed in
Table 10. In this case, the f.f.f. which
was determined at 10°C was converted
into the value of 20°C in order to make
comparison under the definite condition,
according to the relation between temper-
ature and f.f.f., which was obtained
from TAMURA’s experiments (TAMURA
et al. ’59). From Table 10 it was
found that the f.f.f. of benthonic and
nocturnal fishes showed generally the
low value of less than about 20 c¢/s,
whereas that of active swimming fish
such as Trachurus showed clearly the

higher value.

Fig. 139. Records of S-potential used for £.f.f.
—determination in Stephanolepis. Other
legends are same as in Fig. 135.
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Table 10. Flicker fusion frequency in fish retina. Temperature, 20°C.

Species EEE (cfs) Light intensity (lux)
Trachurus 32 600
Carasstus 28 4
Sillago 22 ”
Lagocephalus 20 250
Halichoeres ‘ 18 600
Chrysophrys 18 250
Stephanolepis 15 600
Fugu 16 ’ 25
Gymnothorax 15 50
Mustelus above 10* 50
Narke 6 1.5
Urolophus 4.4—6 i

*Experimental temperature, 10°C.

(5) Some aspects of the retinal structure

Although number of studies on retinal structure have been made in fish, most of
them seem to have been restricted to the receptor layer, such as the ratio of cone to
rod, size of the receptor cell, and their density or arrangement. Recently the neuro-
layer of the retina has been known as the origin of ERG (Towmita 57 and others).
Therefore, some characteristics of the retinal structure involving the neurolayer were
investigated comparatively through this study. '

i) Thickness of the entire retina: The distance from the base of the pigment
layer to the inner limiting membrane was measured in the three regions of retina,
fundus, ora serrata and the region located midway between them. The results are
shown in Table 11.

The thickness of the retina was investigated in relation to the depth of the habitat
of the fishes. In most of the fishes, the thickness of the retina varied considerably
according to the locality of the retina, and so the comparison among the species was
made by the thickness in the region near the midway between the fundus and ora
serrata in the retina. The data of the depth were obtained from the report of “The
investigation of benthonic fish” made by Nankai Regional Research Laboratory and
through the private communications from Drs. R. Ismrvama and T. Taxar.  The
result was shown in Fig. 140. Thin retina tended to be found in the fishes inhabiting
deep sea and having a nocturnal or burrowing behaviour, whereas thick retina in the

fishes inhabiting shallow water near the sea coast.

ii) External nuclear layer and internal nuclear layer: WaLLS (’42) observed that

the external nuclear layer was much thicker than the internal nuclear layer in
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Fig. 140. Relation between the thickness of entire retina and the depth of
the habitat, in various species of fish. Explanation in text.

nocturnal animals while the relation was reversed in diurnal ones. In order to research
the characters of both layers in various species of fish, the ratio in thickness of both
layers (Tini/Text), which were measured in the region near the midway between
the fundus of the retina and the ora serrata, was computed. And also the ratio was
compared with the value of Ly, mentioned previously as the indicator of the changing
rate in the amplitude of ERG. From the results shown in Table 11, it was found
that the ratio (Tint/Text) was larger than | in the fishes having large value of Ly,
which naturally led to the conclusion that the ratio was larger in the diurnal fishes
having their habitats in shallow water or having the pelagic behaviour, whereas in
benthonic and nocturnal fishes the ratio was generally observed to be less than 1,
Particularly in nocturnal fish such as Gymnothoraxr the ratio was the smallest (0.2).
In Fugu, Kareius and Rhina, however, the ratio was found to be more than 1, in
spite of their benthonic lives.

The fish showing a larger ratio than 1, tended to have compactly arranged

nuclei of small size in the nuclear layer of their retina.
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Table 11. The changing rate (Lyg) obtained in amplitude of ERG according to various intensity of
stimulus light, and various characteristics in the retinal structure of fish. Explanation in text.
Number of ganglion]  Approximate

Species Ly Thickr.wess'oi: e’n’cire Tint/ Texs cells found in diameter of j:he

(%) retina in 4 the range of 30 # | largest ganglion

| in the section | cell in n ¥

F M O |F M O

Oryzias 180 172 1.1 15 3
Halichoeres 30—65 150-—204—336 1.8—1.2—1.3 7 3
Epinephelus 22—55 204-—144—108 0.6—1.0—2.0 3.5 3
Acanthogobius 50 211—198—135 {.1—1.6—1.4 4.5 8— b
Trachurus 46 288—234—120 0.7—1.7—1.3 2.5 14— 9
Stephanolepis 44 211—179—122 0.9—1.1—2.2 3.5 9— 7
Hoplognathus 38 348—324—252 2.1—1.4—1.5 4.5 10
Sillago 35 264—240—144 0.6 5 4
Lagocephalus 32 396—348-—147 0.9—0.8—0.5 3.5 7
Gymnothorax 30 105 0.5—0.2 2 3
Pseudorhombus 28 204 1.1—1.0 2 6
Chrysophrys 20 283—228—115 0.2—0.7—1.4 5 9— 6
Misgurnus 20 150--120 3.3—1.3 2.5 5
Anguilla 18 117—109— 93 0.7—0.6—1.1 3 4
Saurida 276—220—144 0.5—1.2 6
Cyprinus 288 —240 1.1 —1.1 4 6
Mugil 350—296-—300 0.8—1.1—1.7 2 6
Scomber 348—336—300 1.0—1.0—1.5 3.4 8
Argyrosomus 225—187—157 0.5—0.8—1.0 4.5 6
Dictyosoma 135—120 2.2—3.3 3.5 6
Detrema 355—314—180 1.1—0.8—1.5 6 3
Scorpaenodes 160—144—120 1.1—0.2—0.2 2 9— 6
Inegocia 168—140— 84 1.6—4.3 5—12 5
Chelidonichthys 266—188—123 | 1.1--0.8—0.8 3.5 6
Fugu 289—244—132 2.2—3.1—2.6 7 6
Kareius 396—312—119 2.0—2.4—1.3 22 2
Rbhina (young) 265—188—123 1.9—1.6—1.6 1.8 9
Raja ( » ) 160—140—120 1.5—3.3 1.2 8
Holorhinus 132— 96— 84 0.7 1.8 9
Urolophus 120— 96— 60 0.5 0.3 9
Mustelus 84— 70 0.4 0.5 7

*The range of the variation is represented only in the noticeable variation of size.

F, t O ; F:UﬂdUS mrdwa between Func’us and ora serrata ora Sert? ata, in where the
14 Y
14 [

measurements were made, respectively.

iii) Character of the tertially neuron layer: In order to know the density and
the size of the ganglion cell, the number of the ganglion cells arranged in single
layer was counted in the range of 30 # in the ganglion cell layer of the retina, and

the approximate diameter of the cell was measured. The ganglion cell of the retina
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was usually observed in the arrangement of one layer, and the density of the ganglion
cells did not seem to differ according to the locality of the retina in most fishes
except for Kareius, in which the density in the ventral side of the retina was found
to be higher than that in the dorsal side of the retina. Measurements of the ganglion
cell density were made in three parts of the retina, and the size of the ten cells in
each part was averaged. The density of ganglion cells in the region of fundus was
adopted to give the comparison among various species. The results were also shown
in Table 1.  The obvious correlation was not found between the character of the
ganglion cell layer and the characteristics found in the ERG, although the fishes
having the large ganglion cell in their retinae showed the tendency that the negative
on-potential occurred remarkably in their ERGs.

iv) Size and shape of the receptor cell: Although the size of the receptor cell in
various fish has been already described in detail by Wunbper (’36), TaraTsujr (’39)
and others, but the description concerning the outer segment of the cell was insuffi-
cient because it was covered with the enlarged retinal pigment. The author obtained
the histological preparation of the retina from a semi-dark-adapted eye or depigmented
retina and measured the size and shape of the receptor cell, mainly of the cone cell.
For the measurement, he employed the large cell as carefully as possible in the
regions midway between fundus and ora serrata of the retina in a horizontal section
of the eye. These schemata are shown in Fig. 14], in which those of tuna,
Neothunnus albacora, and elasmobranch fishes are added for comparison.

From the illustration, the receptor cell is roughly classified into the following
types:

Type A, the outer segment of the cone is long; Kareius, Scomber, Fugu,
Lagocephalus, and Argyrosomus.

Type B, the outer segment is not long, but the ellipsoid is rather wide, and then
the receptor cell seems to be a stocky cylinder.

Type B-1, the ellipsoid is very large; Scorpaenodes, Saurida.

Type B-2, the ellipsoid is very small; Anguilla, Gymnothoraz.

Type B-3, the ellipsoid is middle sized; Acanthogobius, Sillago, Cyprinus,

Epinephelus and Carassius.

Type C, the ellipsoid is comparatively long, and the width of the ellipsoid is
small; Halichoeres, Dictyosoma, Hoplognathus, Stephanolepis,
Chrysophrys, and Pseudorhombus.

The fishes of type A have been known as benthonic fishes and their motions are
known to be rather active. It is also well considered that most of them migrate from
deep place to shallow one for spawning. The fishes of type B-2 are typical nocturnal
fishes. The fishes of type B-3 are known to have both diurnal and nocturnal behav-
iours. It is noticed that the retina is usually thin in the fishes belonging to types
B- T and 2 (Fig. 140). Most of fishes of type-C are usually found in diurnal fishes
living in shallow water. In these fishes the retina is thick and usually has high
threshold intensity of stimulus light for eliciting the ERG.
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Fig. 141. Size and shape of the receptor cell in the retina of various species of Ffish. F, fundus;
O, ora serrata; M, midway region between - and O, in where the measurements of the
receptor cell are made, respectively,
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Discussion

GraNIT (’47) described that the fish retina was an unsuitable material for the
investigation of ERG. In fact, it was difficult and unstable to induce the ERG from
marine fishes. By the modified method, however, the author has found it possible to
record the ERG from many species including marine and fresh water fishes.

Although the characters of the ERG in fish were not essentially different from
those in other higher vertebrate eye, particularly of the frog’s eye, it was found in
general that the ERG of fish showed in light-adaptation, noticeable negative potential
(a~wave), off-response and the supression of positive potential (b-wave), and also
the form of off-response was found to be specific according to the various species,
differing from one another in their behaviour. It is well known that the ERGs of
vertebrate eye are classified into E-type and I-type, and the ERG of fish is sub-
jected to the latter (GraniT ’47). The ERGs recorded in the present work showed,
of course, the characters of I-type, but it was possible to subdivide according to the
characteristics of off-response. The classification based on these characteristics was
found to be related to the behaviours of the species.

Classification of the fish depending upon wave-form of ERG and its relation to
ecological aspects

As described previously, various forms of the ERG were obtained from various
species of fish. Two kinds of classification of species were made according to
various characters found in the wave-form of the ERG, and some considerations were

made from the ecological view points.

(A) Classification according to off-response of the ERG obtained in dark-adapted
eye.

Group | The response to the stimulus light of long duration (1—3 seconds) does
not elicit the off-response remarkably.

Anguilla, Halichoeres, Misgurnus, Pseudorhombus, Dictyosoma.

Moreover also Kareius shows the response of this type occasionally. Among these
species the retina of Misgurnus shows the remarkable off-response in light-adap-
tation, and Anguilla also shows a small off-response in light-adaptation only by
intense stimulus light.

Group I The response to the stimulus light of long duration (1—3 seconds)
elicits a small off-response.

Saurida, Scorpaenodes, Cyprinus, Gymnothoraz, Fugu and Argyrosomus.

Group | The response to the stimulus light of long duration (1 second) shows
the remarkable off-response.

Trachurus, Chrysophrys, Stephanolepis, Lagocephalus, Hoplognathus,

Kareius.
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The fishes subjected to Group | seem to have benthonic habit in general and
burrow into sand or mud of the bottom. It is well known that in the culture pond
Anguilla burrows under bottom-ground except in the feeding times, and Halichoeres
hides itself motionless in the sand of the bottom at night, and also Misgurnus burrows
into mud in winter. Pseudorhombus and Kareius are well found covered with the
sand in the aquarium. It is noteworthy that these fishes have small eyes in general.

The ERGs obtained in the fishes of Group |, may be considered to be closely
related to the E-type. Though the ERG of Anguilla shows an off-effect as the case
may be, the behaviour of Anguilla is typically nocturnal, and the retina consists almost
of rods (Bavriss ef al. ’39). On the other hand, in Halichoeres the off-response
is not found either, but the retina is known to consist of a cone cell only (Taxka-
TsUJI '39).  Therefore both rod-dominant and rod-free retinae may be hard to elicit
off-response.

The fishes subjected to Group ]| have the habitat in deeper sea or in turbid water.
They are known as the fishes which feed at night rather than in daytime, in general
(UcHIiHASHT "53), except a few speciés. Further, in these fishes except for Gym-
nothorax, the negative potential of the ERG was particularly remarkable in the
stimulation with intense light, although off-response was similar to that in the fishes
of Group [. By light-adaptation, the positive potential of the ERG was considerably
suppressed in these fishes. In most species of this group the retina showed noticeably
low threshold. Therefore, these fishes will be assumed to be able to adapt their eyes
to the dim-illuminated environment. This assumption coincides with the ecological
situation that the fishes are easily caught in the sea at a depth of 100 metres or so.

The fishes subjected to Group [[ are typical coastal fishes and are mostly known as
diurnal fishes. These fishes are relatively active in their swimming, and usually found
in shallow water. Further, in these fishes off-response was elicited remarkably,
particularly in the light-adapted eye, and also even in the dark-adapted eye it was
caused evidently by the stimulus light of short duration, for example of 1/10 second.
And in most species of this group, too, negative potential was dominant without
regard to stimulus intensity. These facts mean that the component parts having
relation to the inhibition play the role of visual mechanism. Therefore, the ERG
obtained in the fishes of Group [[ is considered to be a typical “inhibitory-form?”,
I-type. Besides, these fishes generally have the high threshold of the retina as
compared with that of the fishes in other groups (¢f. Chapter [[). Furthermore, the
chromatic vision has been suggested in the fishes of this group (¢f. Chapter [[), and
so the ERG accompanying the remarkable off-response may involve the complicated

sensory mechanism in relation to colour vision.

(B) Classification according to the special characters found in the wave-form of
the ERG '
(i) In the response to intense light, the fast negative potential (a~wave) occurs
initially, and the succeeding positive potential is remarkably suppressed.
Scorpaenodes, Saurida, Fugu and Cyprinus.
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The most of these fishes belong to Group [ in classification in (A) and are
assumed to have the habitat in relatively deeper sea or turbid water. And also these
fishes show a low threshold intensity (cf. Chapter [[).

(ii) ERG consists of positive potential only.
Gymnothoraz.

This fish is well known as a typical nocturnal animal, then the characteristic of
the ERG seems to suggest the rod-retina, although cone cells are obviously found in
the histological observation of the retina.

(iii) The negative potential is dominant in the ERG.
Halichoeres, Stephanolepis and Pseudorhombus.

These fishes are known as typical diurnal animals, and the characteristic of the
ERG will suggest cone retina. Lack of rod is known in the retina in some of them
(TagATSUJI *39).

(iv) The positive potential (b-wave) is remarkably suppressed by the light-
adaptation.
Trachurus, Chrysophrys, Scorpaenodes, Cyprinus and Kareius.

These fishes are known to be active in both daytime, and night and to perform
their feeding action depending upon vision. These fishes are assumed to have the

sharpness of visual accuracy.

Rzalation between the magnitude of the response and the stimulus intensity

It was found that the magnitude of the response attained a plateau state in
certain definite stimulus intensity. TAMURA et al. (’57) assumed that Sparidae had
a deeper habitat than Serranidae, since the minimum intensity which showed the
maximum amplitude of cone action potential (S-potential) was lower in Sparidae
than in Serranidae. And they pointed out that this minimum intensity might indicate
the environmental illumination that was suitable for the fish to live in. In the present
work, the amplitude of positive potential of the ERG (b-wave) was used for the
investigation, since b-wave was considered to represent the excitation of the retina in
dark-adaptation (GRANIT '47). Consequently, the significance of the present investi-
gation may be essentially different from that of TaMURA’s experiment. As shown in
Fig. 110, however, the intensity at which the magrﬁtude of positive potential
attained to the maximum one, was found to exist within the range of stimulus
intensity used in the present work, in some species such as Trachurus, Chrysophrys,
Raja and -Narke. From the ecological situation of the fishes, it is evident that the
brightness of the environment in which these fishes live or seek bait, is lower than
that in the case of the other fishes investigated, and furthermore among those 4
species Raja and Narke, in which the plateau of b-wave height is attained in es-
pecially low intensity of stimulus light, live in environment of lower brightness than
the rest. Consequently, the assumption advanced by TAMURA et al. (’57) concerning
the character of cone action potential seems to have been applicable for the result
obtained by b-wave of the ERG in this work.
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In Scorpaenodes, Saurida and Cyprinus the remarkable suppression of positive
potential of the ERG was found in the stimulation of the intense light, but the
intensity that caused the decrease of positive potential was extremely low (Fig. 111).
Therefore, the environmental illumination in which the fishes live or move about, may
be also assumed to be noticeably low. This assumption seems not to be inconsistent
with the depth of the habitats of these fishes. Moreover, the results obtained by
means of S-potential in this work supports also the opinion described by TAMURA et
al. (’57). However, the present results obtained with regard to many species will
show from the ecological situation that the minimum intensity producing the maximum
potential is considered to be the brightness of the feeding place of the fish rather
than the environment where the fish live.

On the other hand, it was found that ERG showed the linear relation to the
logarithm of the stimulus intensity in the range of adequate stimulus (Fig. 110), and
the gradient of the streight line against abscissa in the relation was found to be
different among the species. The fact that L, appears to correlate with the depth
of the habitats of the fishes, is showing the possibility that Ly, value is available as
the indicator of the environmental illumination. In fact, the fishes showing large
value of Ly, such as Acanthogobius, Sajori and Oryzias are typical diurnal fishes
and have generally high threshold intensity of the stimulus light, whereas the fishes
showing small value of Ly, such as Anguilla, Misgurnus, Mustelus and Batoidae
are known as nocturnal or burrowing fishes and generally have the threshold in

relatively low intensity.

Light adaptation and brightness discrimination

Of the two types found in the course of light-adaptation, one type showing only
the rise of the threshold intensity during the adaptation, is encountered in those
fishes as Anguilla, Misgurnus and Chelidonichthys, and it is assumed from the
ecological view point that those fishes may have an inferior capacity to adapt them-
selves to light. As the value of differential threshold (ds/s) is considered to express
the ability of brightness discrimination, it is significant to compare the values
obtained from various species of fish, from the ecological view point of the fish
vision. In the fishes showing above-mentioned type, the value of ds/s is not found to
be so large as those of shallow water fishes or batoid fishes (Table 6), and it seems
to suggest that those fishes do not depend so much on vision. In fact, it is assumed
by Ucuizasu: (°’53) from the external structures of the brain that those fishes search
the bait by smell or taste.

Another type found in the course of light-adaptation seems to permit greater
activities in light environment. This suggestion is supported ecologically by the
fact that the fishes, showing this type, such as Chrysophrys, Stephanolepis and
Kareius are known to be diurnal or sight-feeding fishes. Moreover, the ability of
brightness discrimination that is found to be rather superior in these fishes (Table 5),
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may be assumed to be advantageous for their behaviours. Furthermore, it seems to
be noticeable that change in the threshold of the retina by light-adaptation, is
generally large in the former type, while it is small in the latter type.

Flicker fusion frequency

High flicker fusion frequency (f.f.f.) indicates high “temporal resolving power.”
This assumption has been studied in detail in terrestrial animals for example in
insects (AUTRUM ’52), and it has been confirmed that significantly high f.f. f. is
characteristic of diurnal or active moving animals, while low f.f.f. is that of
nocturnal and sluggish animals. In the case of fish retina, a few of {.f.f. determi-
nations have been investigated through the electro-physiological technique, although
f.f.f. of some fishes has been studied by means of behavioural experiments (BENIUC
33, WOLF et al. ’36). SvareTicHIN (’53) reported the f.f.f. of the perch being
33 ¢/s determined by S-potential, and Tamura and Hanvu (’59) investigated the
relationships between f.f.f. (in terms of half of the maximum amplitude) with
temperature or light intensity in the intact eye of Cyprinus. In the present work
the comparative studies were made on f.f.f. of fish, and from the results summarized
in Table 10, it was also found that the f.f.f. of fish tended to correlate with the
ecological situation described above. And the results seem to coincide with the
opinion represented by AuTruM (’52) that the sensitivity of insect retina is generally
lower in the eyes showing high f.f.f. than in those low f.f.f. Because, it has been
evidently confirmed that the fishes showing low f.f.f. value have generally high
sensitivity in their retinae (cf. Chapter [[). High f.f.f. was seen not only in active
swimmers but also in benthonic ones such as Halichoeres, Chrysophrys, Fugu eic.
High f.{.f. may be useful also for benthonic fish in avoiding a predatory ememy, for
example, sharks.

The value of {.{.{. was clearly found to increase by light-adaptation, despite the
decrease in amplitude of the potential. The results may suggest that the fish can
follow the moving object better in light environment.

Retinal structure

The individual retina in teleosts is known to vary in thickness from about 100 #
to more than 500 # (WaLLs ’42). The schemata drawn in Fig. 140 show a tendency
that the variation in thickness of the retina has some relations to the fish habit,
particularly to the depth of the habitat. The same tendency was obtained also in the
relation of the threshold of the retina of various species with fish behaviour (cf.
Chapter J[). In future, it is necessary to investigate the sensory mechanism in the
relation between the threshold and the thickness of the retina.

Most of the teleost fish have the dual retina, and the ratio in number of cones and
rods varies according to species (WUNDER '23). A part of the differences in specific
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characters found in the ERG is assumed to be due to the difference in this ratio as
well as to the difference in the cytological structure of the receptdr cell (GRANIT ’56).
In the measurement of this ratio, however, there is technically difficulty in calculat-
ing the number of rods. Being, however the nucleus of a cone connects with one
bipolar cell whereas the nuclei of some rods correspond to one bipolar cell, the ratio
in thickness of the internal nuclear layer and the external nuclear layer (Tint/Text)
is considered to represent the ratio in number of cone to rod. Therefore, this ratio
may have a significance for interpreting diagonostically the fish behaviour and the
fish ERG. In fact, the ratio thus obtained well correlated with L;,. In most fishes,
this ratio varied slightly according to the locality of the retina, but in some fishes it
varied considerably, being smaller or larger than 1. The latter was the case that the
fishes might be of both diurnal and nocturnal characters. The fact seems to agree with
the ecological situation of the fish to some extent, as was observed in Chrysophrys,
Trachurus and others.

From Table |1, it is seen that the fishes in which the number of the ganglion
cells is large or the ganglion cells are moderate in size in their retinae, tend to have
the following behaviours; they are shallow water inhabitant and are diurnal in activity,
Halichoeres, Hoplognathus, Acanthogobius, Stephanolepis and Chrysophrys being
examples. In these fishes the ability of colour discrimination has been suggested from
the investigation of the spectral sensitivity curve (c¢f. Chapter [[), in spite of the low
sensitivity of their retinae.

It has been well known that the light projected on the retina is absorbed at the
surface of the outer segment of the receptor cell. Therefore, it is assumed that the
receptor having a long outer segment can utilize a faint light very well. The as-
sumption is supported by the fact that the remarkable elongation of outer segment of
the receptor cell is found in the retina of so called deepsea fish inhabiting down to
about 2,000 metres (MaRSHAL ’57). Hence, the fishes belonging to Type A of the
author’s classification may show the possibility that they can behave in the bottom of
a rather deep sea. Moreover, the result that a number of twin cones and rather
many ganglion cells are found in the retinae of these fishes, suggests that they
develop a vision suited to the life in shallow water as well. Consequently, these
fishes may be assumed to be active in movement in shallow waters as well as in the
deeper sea.

The fishes inhabiting shallow waters not more than 50 metres or the diurnal fishes
have the external nuclear layer thinner than the internal one, and also these fishes
have a high density of ganglion cells. On the other hand, the fishes inhabiting
greater depths, nocturnal or burrowing, fishes, and the fishes conducting remarkably
vertical movement show entirely opposite characters to those mentioned above. And
further, the thickness of entire retina tends to be smaller in the latter fishes. As is
described above, the fact that there is difference in the retinal structure between
the fishes inhabiting deeper sea (more than 50—100 metres) and the shallow water
fishes, is assumed to be one of the morphological ground accounting for the physio-
logical finding that the spectral response of the retina in the former fishes differs
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from that in the latter.

Summary and conclusions

1) Various inductions were made in order to record the electroretinogram
(ERG) of teleost fish including 24 species of marine and fresh water fishes, and the
wave-form of the ERG and the visual functions investigated by use of the ERG were
considered on the basis of the ecological situation of the fish species.

2) The wave-form of the ERGs were classified into three groups according to
the character of off-potential in the dark-adapted eye: Group [, the ERG showed
positive potential dominantly and was hard to elicit the off-response. This form was
found in nocturnal fishes, such as Anguilla, Misgurnus and others. ~ The ERG of
this group seemed to resemble the excitatory form of vertebrate ERG. Group [,
the ERG showed positive potential dominantly in the case of stimulation with weak
light, but the remarkable negative potential in that with intense light. Off-response
was also unremarkable. This form was found in Saurida, Scorpaenodes and Cyprinus.
These fishes are usually known to inhabit deeper sea or turbid water. Group [, the
ERG showed negative potential dominantly, and also showed the remarkable off-
potential. This type was found in Chrysophrys, Stephanolepis, Lagocephalus, Ho-
plognathus, Kareius and others. These fishes are usually known as inhabitants in
shallow water and diurnal fishes.  Above-mentioned classification seemed to be sup-
ported by the visual functions investigated by the ERG.

3) In some species, the effects of potassium chloride, alcohol, urethan and stry-
chnine on the ERG were investigated, results of which were the same with those of
the past investigations.

4) By the aid of micro-electrode the ERGs were recorded from the inverted
retina in several kinds of fish. Typical S-potential was obtained in Chrysophrys and
Stephanolepis, but some unusual forms of S-potential were found, too. Moreover,
it was seen that the impulse superimposed on the S-potential was easily recorded in
Fugu and Lagocephalus.

5) Relations between the magnitude of the ERG response and the stimulus
intensity were investigated. In benthonic and deeper sea inhabiting fishes, with the
increase in stimulus intensity the amplitude height of the ERG attained a plateau
state at rather low stimulus intensity. In particular, in the fishes belonging to
Group || such as Saurida and Scorpaenodes, the intensity which caused the sup-
pression of the positive potential was found to be considerably low. Therefore, such
intensity as is mentioned above will be considered as an ecological indicator repre-
senting the depth of the habitat.

6) A distinction was found in the gradient of the straight line obtained in the
linear relation between the logarithm of stimulus intensity and the amplitude height
of the ERG, in various species. The gradient of the line (called temporarily L)
usually showed a larger rate in diurnal fishes or shallow water inhabitants and tended
to show a smaller rate in accordance with the increase in the depth of the habitat,
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7) By using the threshold intensity of stimulus light for eliciting ERG or a ‘size
of ERG as index of the retinal sensitivity, the process of light- or dark-adaptation
was investigated.

Two types of the process of light-adaptation were found: In one type the thresh-
old intensity increased in progress of the adaptation and finally attained to a plateau
state. This type was found in nocturnal fishes such as Anguilla, Misgurnus and
Chelidonichthys. In another type the threshold intensity increased rapidly transi-
torily at the initial phase of the adaptation, and thereafter-the threshold decreased a
little slowly, and finally attained to a plateau state. This type was found in diurnal
fishes such as Kareius, Chrysophrys and Stephanolepis. Such differences seemed to
be related to the ability which adapted the eye to light. -

8) Differential threshold of stimulus light for eliciting ERG was investigated in
the light-adaptation with various infensity of adaptation light, in several species,
from the results of which a rather great ability of intensity discrimination was found
in benthonic fishes, while an inferior ability was found in the fishes of burrowing
habit, such as Anguilla, Misgurnus. ' - .

9) During dark-adaptation the recovery of the amplitude of ERG required a long
time in general, while that of the threshold intensity was completed more rapidly.
~10) The flicker fusion frequency was investigated in several species by using E‘R'G
or S-potential. There was a tendency to show a high flicker fusion frequency (ca.
33 ¢/s) in diurnal and actively swimming fishes, but a low one (ca. 15¢/s) in benthonic
and nocturnal fishes. The flicker fusion frequency increased evidently by light-
adaptation, in spite of the decrease in amplitude of the potential. In such benthonic
fishes as Fugu and Gymnothorazx, the highest value of flicker fusion frequency was
obtained in a relatively low illumination, for example, of about 30 to 60 lux.

11) Some aspects on the retinal structure were given. The shallow water fishes
and the diurnal fishes tend to have a thick retina, though in those fishes the threshold
intensity is usually high. The fishes inhabiting deeper sea and the nocturnal fishes
tend to show the reverse phenomenon.

12) It was found that the external nuclear layer of the retina was much thicker
than the internal in nocturnal and deeper sea fishes, and the internal nuclear layer
was much thicker than the external in diurnal and shallow water fishes. The ratio of
the thickness of the external nuclear layer to that of the internal nuclear layer
corresponded to the value of L,; to some extent.

13) In diurnal fishes or shallow water fishes, they have a tendency to show the
ganglion cells large in size or a large number of cells in tertially neuron layer of
their retinae.

14) According to the size of the outer segment of visual receptor, the species
were classified into some types. This classification was discussed from the ecological
situation of the fishes.

15) Above-mentioned distinctions of the retinal structure between the shallow

water fishes or diurnal fishes and the deeper inhabitant or nocturnal fishes, are con-
p
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sidered to be the morphological basis accounting physiologically for the distinctions
of the responses to spectral light in the fishes of both types.
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