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The Site of Visual Adaptation

Recent experiments suggest that the main site of visual
adaptation is in the bipolar-cell layer of the retina.

One of the striking features of vis-
ual systems is their ability to adapt
and function over an enormous span
of light intensity. The human eye, for
example, can visually discriminate over
a luminance range of about 10 billion
to 1. The possible mechanisms in-
volved in visual adaptation have long
puzzled and fascinated students of vis-
ual physiology.

One obvious mechanism to explain
adaptation is regulation of the amount
of light entering the eye by the pupil.
In bright light the pupil closes down
rapidly; but, in the human eye, the
diameter of the pupil varies only be-
tween 2 and 8 millimeters, allowing a
change in area of 16 times. This can
account for adaptation only over a
range of about one log unit. Thus,
the major part of adaptation must be
attributable to changes in sensitivity
in the retina or elsewhere in the visual
pathway.

Since the formulation of Hecht’s clas-
sic photochemical theory in the 1920,
one persisting idea has been that
changes in the sensitivity of the visual
system are related to the bleaching and
regeneration of the visual pigments
/). The primary evidence for this view
came from observations that the time
course of dark adaptation follows
roughly the time course of regenera-
tion of visual pigment in the eye (I, 2).
However, numerous experiments (some
of them dating as far back as the

The author is an associate professor of ophthal-
mologv at the Wilmer Institute, Johns Hopkins
University School of Medicine, Baltimore, Mary-
land 21205,

20 JANUARY 1967

John E. Dowling

1930’s) have shown that factors other
than loss and resynthesis of pigment
must also be involved in visual adapta-
tion. The evidence for this has come
from experiments that showed that
there may be large changes in visual
sensitivity without significant changes
in the concentration of visual pigment
3.

In recent years, several studies have
clarified the contribution of the photo-
chemical and non-photochemical factors
in visual adaptation. Other experiments
have related these factors and suggest-
ed mechanisms to explain adaptation,

In this article, I shall review a number.

of these experiments and present some
evidence and speculation regarding the
site and the cells involved in visual
adaptation.

The Process of Adaptation

Figure 1 illustrates adaptation by the
rat eye to both light and dark over
a considerable range of adapting
(background light) luminances (4). In-
cluded are the concentrations of rhodop-
sin remaining in the retina after a 5-
minute exposure to the various adapt-
ing intensities. The sensitivity of the
rat eye was determined by measure-
ment of the light necessary to evoke
an electroretinogram of constant size
(50-microvolt b-wave); concentrations
of rhodopsin were determined by di-
rect extraction. In the rat, the visual
receptors are probably all rods; hence
the relations described here are for a
rod system. However, similar relations
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have been shown to hold also for the
cones of the human eye (5).

When a background adapting-light
is turned on, the sensitivity of the eye
is quickly reduced. Except at the low-
est intensities of background light, the
increase in threshold (or the decrease in
sensitivity) is linearly proportional over
a wide range of intensities to the adapt-
ing luminance, the slope of the line
being almost 1. This is the well-known
Weber-Fechner relation in  which
Al/lI = C, where Al is the increment
intensity, I is the background intensity,
and C is a constant value. Increment
(or contrast) thresholds, which are the
terms given to thresholds measured
against background illumination, are
established exceedingly quickly when
the light is first turned on—too quickly,
in fact, to be accurately measured by
the wusual electroretinographic tech-
niques. However, with human subjects,
numerous experiments in which psy-
chophysical techniques are used for esti-
mation of threshold have shown that
most of the change in light adaptation
is completed within 0.1 second (5, 6),
although it takes several seconds for the
threshold to settle to its final value.
Thus, the first point to be emphasized
is that the main process of adaptation
to light is very fast, requiring only the
time needed for a peural (or synaptic)
process to occur.

This leads to the next observation,
that the loss of sensitivity during
adaptation to light is virtually unre-
lated to the amount of bleaching of
visual pigment (Fig. 1). In fact, no
measurable bleaching of pigment oc-
curs in the eye until the background
light is 5 to 6 log units above the
threshold of the electroretinogram.
This happens because the eye responds
readily to very low intensities of light
(1 quantum per 200 rods to elicit a
measurable b-wave, for example); but
at the same time it contains enormous
amounts of visual pigment (about 30,-
000,000 molecules per rod) (7). At
high adapting intensities that substan-
tially bleach pigment, the increment
threshold rises only at about the same
rate as it does with lower, nonbleach-
ing intensities (Fig. 1). Thus, the sec-
ond important point is that the eleva-
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Fig. 1. Visual adaptation in the rat eye as determined by sensitivity of the b-wave
of the electroretinogram. During light adaptation (open circles, heavy line; increment
thresholds) the increase in the logarithm of the threshold is linearly proportional to
the logarithm of the background luminance, except at the dimmest background

luminances. Dark adaptation (crosses, thin
background luminances bright enough to
(filled circles, dotted line) in the 5-minute

lines) is rapid until the eye is adapted to
bleach significant quantities of rhodopsin
adaptation period. With bright background

luminances, a slow component of dark adaptation is observed, the extent of which
depends on the amount of rhodopsin bleached (4).

tion of threshold during adaptation to
light depends almost entirely on the
intensity of the background or adapt-
ing light, not on the amount of visual
pigment bleached. It is true that if a
substantial fraction of the pigment is
bleached, fewer quanta can be ab-
sorbed and the threshold will cor-
respondingly increase; but this increase
in threshold is small compared to the
total change of threshold during light
adaptation. For example, with half
the pigment gone the threshold would
be doubled, but this is a change of
only about 0.3 log unit, compared
to a total increase of some 4 to 5
log units induced by that adapting in-
tensity.

Adaptation to the dark, on the other
hand, is somewhat more complicated;
two distinct phases of recovery of sen-
sitivity can ordinarily be distinguished
(Fig. 1). With dim adapting intensities
that do not measurably bleach visual
pigment, dark adaptation is extremely
rapid, being mostly completed within
seconds (6) (Fig. 1). This rapid rate of
recovery seems comparable to the rapid
loss of sensitivity during light adapta-
tion. At adapting intensities bright
enough to measurably bleach visual
pigment, a slow phase of dark adapta-
tion is also observed. The extent of
the slow phase of adaptation is re-
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lated to
bleached.

When virtually all the pigment is
bleached, the slow component ac-
counts for almost all of dark adap-
tation, and complete dark-adaptation
requiress 2 to 3 hours in the rat.
Parallel measurements of the recovery
of visual pigment and of the logarithm
of the threshold during slow dark-
adaptation show they are closely cor-
related (4). In the human eye during
dark adaptation, a similar relation be-
tween the recovery of the log thres-
hold (measured psychophysically) and
the regeneration of visual pigment has
been demonstrated by Rushton (8, 9)
to hold for both the rods and cones
after they have been exposed to light
bright enough to bleach most of the
visual pigments.

Thus, during dark adaptation we
can distinguish both fast and slow pro-
cesses. Slow dark-adaptation, which is
related to regeneration of visual pig-
ment, is frequently termed photo-
chemical or bleaching adaptation; fast
adaptation, not related to pigment re-
generation, is often termed neural or
field adaptation (4, 8). Fast dark-adap-
tation seems the converse of the rapid
course of light adaptation, and thus we
can simply say that the eye possesses
rapid neural mechanisms for changing

the amount of pigment

sensitivity (or gain) of the visual sys-

tem, these mechanisms being independ-

ent of pigment concentrations.
Although it may appear that the two

" types of adaptation (neural and photo-

chemical) are vastly different, there
is reason to suppose that they may be
related and perhaps may even have a
common mechanism. Crawford (5)
was the first to point out the similarity
of raised thresholds during slow (pho-
tochemical) dark-adaptation and raised
thresholds when dim background light
is shining on the eye. Barlow (/0) has
argued that the elevation of threshold
during photochemical adaptation is
caused by an increase in “noise” or
“dark light” (maintained activity) in
the receptors and that bleached rho-
dopsin gives rise to this increased
activity. Thus, it is suggested that the
outer segments of the receptors may
signal during photochemical dark-
adaptation, perhaps as they do when
dim light is falling on the eye, and
this may account for a possible equiv-
alence of the two situations.

Impressive evidence supporting these
ideas has been presented. First, it is
well known that after monocular light-
adaptation, the pupil of the contralat-
eral (dark-adapted) eye is constricted
like the pupil of the light-adapted eye.
Recently, it has been shown that sub-
sequent dilatation of the pupil of the
dark-adapted eye follows the course
of slow dark-adaptation of the eye
that was light-adapted, even if the
light-adapted eye had been temporarily
blinded during the period of light
adaptation by firm digital pressure on
the eyeball (/7). Since slow dark-
adaptation is related to the con-
centration of visual pigment, a signal
indicating the amount of bleached
rhodopsin must arise in the retina of
the light-adapted eye, and it seems
most likely that this comes from the
outer segments.

Second, after adaptation to a bright
light, a positive afterimage can be seen
for several minutes during dark adap-
tation, and it has been suggested often
that the afterimage is the sensation
associated with the signal from the
bleached pigment. Recently, Barlow
and Sparrock (7/2) presented evidence
that the signal giving rise to the after-
image is also the one that raises the
visual threshold during photochemical
dark-adaptation, by demonstrating that
the decrease in threshold during dark
adaptation exactly matches the fading
of the stabilized afterimage on the
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retina. That is, the elevated threshold
during photochemical dark adaptation
is simulated in a dark-adapted eye
when presented a light that matches
in luminance the brightness of the
stabilized afterimage.

Finally, Cone (I3) has shown an
equivalence of electroretinographic re-
sponses during light adaptation, fast
(neural) dark-adaptation, and slow
(photochemical) dark-adaptation; so it
would seem reasonable to suggest that
one mechanism accounts for all visual
adaptation. Recently, however, Rush-
ton (14) has described a complex ex-
periment which suggests that there may
be a slightly different mechanism for
neural and photochemical . adaptation;
thus, at the present time, this point
remains uncertain.

One might suppose that the site of
the mechanism that decreases sensitiv-
ity (or gain) in the visual system is in
the receptor cells themselves, perhaps
close to the visual-pigment molecule in
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Fig. 2. Electroretinograms evoked from the
rat eye with flashes of light (1/50th sec-
ond) over a range of 7 log units of inten-
sity, with no background (dark) and back-
ground light attenuated with a 4.0 or 2.0
neutral-density filter. At low light inten-
sities, only the corneal positive b-wave is
observed; higher intensities are required
to elicit the corneal negative a-wave. With
dim background light (logarithm of back-
ground luminance equal to —4), the bo-
wave shows more adaptation than the a-
wave, With higher background light (log
background of —2) the a-wave disap-
pears and only the b-wave can be elicited
from the eye. Oscillations of the peak of
the b-wave are often seen when a back-
ground light is on and intense stimuli are
used to elicit the electroretinogram.

20 JANUARY 1967

1.6, O
. 108 :
BACKOROUND
K o . *\_\
b~-WAVE oAk
- 04l
X
; e =6
£ o3}
w 4
g osfp 4
- g
-— 0.24-
E os) /
< -
o) J -t o2
; — o}
0.2 . / . . {-f
of~* // . - 0/ o} / /O—-—-i——-——.——-'—o/
] 1. A ' A Ao 1 1 4 L A A 1 1
[ 1 2 3 4 s [ T [ ] 2 3 4 k] [ 7 1 ]
LOG INTENSITY

Fig. 3. Intensity-response curves of a- and b-waves of the electroretinogram with
background light of graded intensities. With increasing background luminance, the
b-wave intensity-response curves are shifted to the right in proportion to the added
background intensity. The a-wave intensity-response curve shows only a small shift
to the right with dim background luminances, but above a log background of —2,
the a-wave saturates such that no further a-wave response can be elicited regardless

of the stimulating intensity.

the outer segments. Recent experi-
ments, however, suggest that this is
probably not the case. Lipetz (I5)
first demonstrated that, when one part
of the receptive field of a frog gan-
glion-cell was adapted to light, the sen-
sitivity also diminished in other parts
of the field. That is, parts of the
ganglion-cell receptive field that did
not receive light had, nevertheless,
been adapted. This result suggested
that mechanisms subserving adaptation
are located more centrally than the re-
ceptor outer-segments, at a locus
where at least lateral interaction in the
retina can take place. To account for
these and similar observations, Rush-
ton (16) has proposed that the retina
possesses “pools” onto which large
numbers of receptors converge and
which are responsible for adaptation.
Rushton and his co-workers have per-
formed a number of ingenious experi-
ments providing evidence for the con-
cept that adaptation in the visual sys-
tem is primarily in a pool and not
in the individual receptors. I wish to
note only one here, and that is the
experiment in which a portion of the
retina was bleached with a striped pat-
tern such that some receptors were
strongly bleached while others were
spared (/7). When this was done and
sensitivity was then tested over the en-
tire area, the results were the same
as if the retinal area had been bleached
with a slightly dimmer light evenly
spread. Subsequently, dark adaptation
also proceeded evenly over the entire
test field; this finding showed unequiv-
ocally that the sensitivity of an area of

retina not directly illuminated is re-
duced almost as much as a nearby
area that is strongly bleached.

The problem before us is to iden-
tify the site of visual adaptation.
Many years ago, Craik and Vernon
(I8) demonstrated that visual adapta-
tion is retinal in origin, by showing
that adaptation proceeds normally in a
human subject even if the eye is tem-
porarily blinded by pressure on the
eyeball during the period of light adap-
tation. That the site of adaptation in the
visual system is more peripheral than
the ganglion cells of the retina also
was indicated by numerous studies
showing that the b-wave of the elec-
troretinogram has adaptation proper-
ties comparable to those observed in
psychophysical adaptation (19, 4). It
is well known that one can record a
normal electroretinogram in eyes from
which the ganglion cells have been
lost; thus the ganglion cells cannot con-
tribute to the electroretinogram. Re-
cently we have looked into this fur-
ther and have found that adaptation,
as measured by the b-wave of the elec-
troretinogram, is also perfectly normal
in eyes from which the optic nerve
has been severed and in which most
of the ganglion cells have degener-
ated (20). Thus, neither ganglion cells
nor centrifugal fibers (if they exist in
all vertebrates) appear involved in vis-
ual adaptation.

It now seems quite well established

- that the b-wave of the electroretino-

gram arises in cells of the inner nu-
clear layer; and although direct identi-
fication has not been made, it also
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seems most likely that the b-wave arises
from the bipolar cells (27-23). How-
ever, the a-wave of the electroretino-
gram appears to arise more peripheral-
ly in the retina than the b-wave, prob-
ably in the outer plexiform layer
(21-23). ;

Does the a-wave also have adap-
tation properties comparable to those
of the b-wave and of psycho-physical
adaptation? Some recent experiments
indicate that the a-wave does not
adapt in the same way; but how it
does adapt is not entirely clear. For
cxample, Brown and Watanabe (24)
have recently shown that during weak,
repetitive stimulation with light the a-
wave does not show much adaptation
as compared with the b-wave. How-
ever, Cone and Ebrey (25) have found
that the a-wave disappears when the
background intensity is raised beyond
a certain level, so that no a-wave can
be elicited regardless of the stimulat-
ing intensity. In a more recent paper,
Cone (26) has extended this work and
has shown that the a-wave does not
change much in amplitude with dim
background illumination that signifi-
cantly reduces the size of the b-wave,
but that the a-wave is sharply attenu-
ated with brighter background illumi-
nation, and it eventually falls below the
b-wave amplitude. To clarify further
this important point, I have measured
adaptation of the a-wave over a wide
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Fig. 4. The isolated a-wave of the rat
electroretinogram elicited with a range of
intensities, in the dark, and with a back-
ground light attenuated with a 4.0 or 2.0
neutral-density filter. The isolated a-wave
was produced by clamping of the optic
nerve with a small forceps which inter-
rupted the retinal circulation. With dim
background illumination (log background
of —4) the a-wave shows little adaptation;
with higher background illumination (log
background of —2) no a-wave can be
elicited regardless of stimulus intensity.
Flash duration, 1/50 second.
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range of background intensities and
have compared its properties of adap-
tation with those of the b-wave.

Experimental Results

In our first experiment, a- and b-
waves from the same animal (albino
rat) were recorded and measured over
a wide range of stimulus and back-
ground intensities (4). Figure 2 shows

typical electroretinographic responses
recorded from a rat in the dark,
and in background light attenu-

ated with either a 4.0 or 2.0 neutral-
density filter. At low stimulating inten-
sities in the dark-adapted eye, only
the corneal-positive b-wave is seen.
The corneal-negative a-wave is first de-
tected in a gross recording when the
stimulus intensity is about 2.5 log units
above the threshold of the b-wave.
For measurement of the size of the
potential, the a-wave is measured
from the base line to the start of the
b-wave, and the b-wave is measured
from the trough of the a-wave to the
peak of the b-wave. Figure 3 shows
curves (in which the size of the re-
sponse is plotted as a function of the
stimulus intensity) of the b-wave elic-
ited from a dark-adapted retina, and
from a retina adapted to light when
graded neutral-density filters were in-
terposed in the adapting beam. With
background illumination, the intensity-
response curves of the b-wave are
shifted to the right; the amount of

the shift is related to the intensity of ..

the background light. At the higher
background intensities the amount of
the shift is about equal to the amount
of the added background light. For b-
waves with lower amplitudes of poten-
tial (0 to 200 microvolts), the inten-
sity-response curves are quite parallel
at all background luminances, but at
higher amplitudes they are not parallel.
As Cone has demonstrated (73), with
increasing background illumination the
intensity-response curves reach a max-
imum size more quickly.

Compared with the b-wave, the a-
wave shows a distinctly different be-
havior in response to background il-
lumination (Fig. 3). At lower back-
ground intensities (6.0 and 4.0 neutral-
density filters in the adapting beam),
the intensity-response curves of the a-
wave are shifted slightly to the right,
but they show much less shift than
those of b-waves at comparable back-
ground luminances. At higher back-
ground luminances, however, no a-

wave response can be elicited with
any stimulus intensity. Thus, the a-
wave shows little evidence of adapta-
tion with low background luminances,
but then it saturates and is lost with
moderate background light. Figure 2
demonstrates clearly the difference, with
repect to adaptation, between the a-
and b-waves of the electroretinogram.
With the background light attenuated
with a 4.0 neutral-density filter, for ex-
ample, the a-wave adapts much less
than the b-wave; thus, the electroret-
inographic response shows a promi-
nent a-wave potential. With higher
background intensities (that is, a 2.0
neutral-density filter in the adapting
beam) the a-wave of the electroretino-
gram disappears, so that no negative
component of the -electroretinogram
is seen with any stimulus intensity.
One of the difficulties in measuring
magnitudes of the a- and b-waves of
the electroretinogram is that they are
of different polarities; thus, it is diffi-
cult- to determine the true amplitude
of one wave when the other is present.
However, it is possible by various tech-
niques to isolate the a-wave and study
it independent of the b-wave. In an-
other experiment, I used Cone and
Ebrey’s technique (25) of isolating the
rat a-wave by recording after clamp-
ing the optic nerve with a small for-
ceps inserted behind the eyeball, to
shut off retinal circulation. The b-
wave originates in the nuclear layer,
which depends on the intraretinal cir-
culation accompanying the optic nerve,
and the b-wave is lost when the nerve
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Fig. 5. Intensity-response curves of the iso-
lated a-wave with background light of
graded luminance. With dim background
(that is, log background of —4), the
a-wave shows little adaptation. At higher
background Iuminances (that is, log back-
ground of —2.5), the a-wave saturates and
no response can be elicited with any stim-
ulus intensity.
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Fig. 6. (left). Adaptation of a- and b-waves of the electroretinogram to background light. Except at lowest background Ilumi-
nances, the decrease in the logarithm of the sensitivity of the b-wave is linearly related to increase in the logarithm of the back-
ground luminances. The a-wave shows little adaptation to dim background luminances, but sharply saturates with brighter back-

ground luminances (that is, greater than log background of —3).

Fig. 7. (right). Adaptation (to background light) of ganglion

cell (open circles) and L-type S-potential (closed circles) in the carp retina. The curves to which the points are fitted are from
Fig. 6 of a- and b-wave adaptation to background light. Data from Witkovsky (30). Response criterion for ganglion-cell sensitivity
was three action potentials; for L-type S-potential, 5 and 10 millivolts (lower and upper points respectively).

is clamped. The a-wave arises more
distally in the retina, in cells apparent-
ly maintained by the choroidal circu-
lation, which is not appreciably af-
fected by this procedure. Figure 4
shows isolated a-waves elicited with a
wide range of intensities from a prep-
aration dark-adapted and then illumi-
nated with background light attenu-
ated with either a 4.0- or 2.0-neutral-
density filter. (This response might be
more properly termed Granit’s P-III
wave (27) rather than the a-wave,
since only its leading edge is the a-
wave of the electroretinogram of an
intact retina.) The isolated a-wave of
the rat is a sustained potential that
lasts the duration of a prolonged stim-
ulus and then slowly decays (25).
The results of experiments on the ef-
fect of background light on the iso-
lated a-wave confirm the effects of
background light on the a-wave of the
intact electroretinogram. With low in-
tensities of background light the a-
wave shows little adaptation, and then
it saturates and is lost with moderate
background luminance (Fig. 4 and 5).
In the experiment described in Fig. 5,
the background intensity was in-
creased by half-log-unit steps to show
the sharp saturation point of the a-
wave (between 3.0 and 2.5-log atten-
uation of the background light).

A comparison of adaptation of the
a- and b-waves to background light is
shown in Fig. 6. Except at the lowest
background intensities, the loss of log
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sensitivity of the b-wave is linearly re-
lated to the increase of the logarithm
of background intensity. The a-wave,
on the other hand, when measured ex-
ternally from the eye, as here, has an
apparent threshold higher than the b-
wave by about 2.5 log units; but since
the a-wave shows little adaptation to
background lights of lower intensity,
it approaches the sensitivity of the b-
wave when the background light is at-
tenuated by a 4.0 or 5.0 neutral-den-
sity filter. At higher background in-
tensities the a-wave sharply saturates,
and from then on only the b-wave
can be elicited from the eye.

Conclusions

These experiments demonstrate that
the a-wave of the electroretinogram
shows properties of adaptation differ-
ent from those of the b-wave or of
psychophysical adaptation. The b-
wave arises in the bipolar-cell layer
(21-23), whereas the a-wave arises
more peripherally in the retina, in the
region of the outer plexiform layer
(21-23). The precise locus of origin
of the a-wave in the outer plexiform
layer is not yet clear. Evidence has
been presented that the a-wave arises
in the receptor terminals (23), and
thus, presumably, it would be related
to the generation of the b-wave. How-
ever, this does not seem consistent
with the observation that the a-wave

saturates with moderate background
illumination (25). The b-wave repre-
sents an event subsequent to receptor
processes, and it is difficult to see how
the a-wave can be related to the genera-
tion of the b-wave since the a-wave
is lost with moderate background in-
tensity but the b-wave is not. Thus, it
seems to me that the a-wave may
arise elsewhere in the outer plexiform
layer, possibly = in the horizontal
cells (22). Intracellular responses have
been recorded from cells in the outer
plexiform layer in retinas of certain
vertebrates, and evidence has been
presented that some of these record-
ings are from the horizontal cells (28).
These responses, the L-type S-poten-
tials, have many properties similar to
the a-wave (or P-III) of the electro-
retinogram (23, 22). For example, the
S-potentials, like the a-wave, are sus-
tained potentials in response to light
(28) and, like the a-wave, remain when
the retinal circulation is clamped (23).

For this discussion, the most perti-
nent similarity is that .the response of
the L-type S-potentials to background
light is very much like that of the a-
wave (30). The L-type S-potentials
saturate with moderate background il-
lumination, much as the a-wave does,
and at an intensity at which one can
still record responses of the ganglion
cells. Figure 7 shows data sent me by
Witkovsky (30) on the adaptation to
background light of a ganglion cell
and an L-type S-potential from the
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carp retina., The curves to which the
points are fitted are those (from Fig.
6) of the adaptation of the a- and
b-waves to background light. The fit
of the S-potential responses to the a-
wave curve, and of the ganglion cell
responses to the b-wave curve, is ex-
traordinarily close.

Some arguments have been pre-
sented that there are differences be-
tween the a-wave and S-potentials, so
it is not yet clear whether the two re-
sponses have the same origin {(37).
However, the fact that they show a
similar response to background light
leads me to conclude that the b-wave
is the first response of the visual sys-
tem to show typical adaptation to
background light—that is, adaptation
similar to psychophysical adaptation.
Thus, it seems likely that the main
site of adaptation in the visual system
is located in the bipolar-cell layer
(see 32).

Speculations

The evidence outlined above sug-
gests that the main site of visual adap-
tation in the vertebrate retina is as-
sociated with the bipolar-cell layer.
Can we speculate about a possible
mechanism of adaptation of the bi-
polar cells? One of the attractive pos-
tulates put forward to explain adapta-
tion in the visual system is that of a
feedback system such that the signal
at one stage feeds back onto a previ-
ous stage, reducing the latter’s sensitiv-
ity or gain. Fuortes and Hodgkin (33)
have formulated such a feedback or
gain-control system to account for re-
sponses in the eye of Limulus; Rush-
ton (I4), with the collaboration of
Hodgkin, has shown how such a sys-
tem can account for adaptation in man
and other vertebrates.

Recently, Boycott and I (34) have
examined with the electron micro-
scope the synaptic organization of the
primate retina. One of the striking
findings was that there are reciprocal
synapses between the terminals of the
bipolar cells and the amacrine cell
processes. Similar reciprocal contacts
between amacrine and bipolar cells
have now been seen in all other types
of vertebrate retinas we have exam-
ined, including that of the rat. Figure
8 is a diagram of the typical complex
synaptic arrangement of bipolar termi-
nals, amacrine processes, and ganglion-
cell dendrites in the inner plexiform
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Fig. 8. A diagram of the reciprocal synap-
tic contacts between bipolar-cell terminals
(B) and amacrine-cell processes. (4) in
the primate retina. At the synaptic ribbon
(r), the bipolar terminal makes a dual
synaptic contact with a ganglion-cell
dendrite (G) and an amacrine-cell process
(A). Just lateral to the ribbon (0.5 to 1 u
away), the amacrine cell makes a recip-
rocal synaptic contact back onto the bi-
polar cell (wide arrow) (34).

layer. At presumed points of synaptic
contact, synaptic ribbons that are di-
rected between the amacrine process
and ganglion-cell dendrite are found
in the bipolar terminals. Associated
with the ribbons are specializations
consisting of some thickening and den-
sification of the membranes; these spe-
cializations are similar to those seen
at most synapses in the central nerv-
ous system. The membrane thickening
on the amacrine process and ganglion-
cell dendrite is greater than that of
the bipolar cell, which suggests that at
the ribbon the bipolar cell is making
synaptic contact with both elements
and that the polarity of the junction
is from bipolar cell to amacrine pro-
cess and ganglion-cell dendrite. A
short distance from the ribbon, the
amacrine process can often be seen
making a clear synaptic contact back
onto the bipolar terminal, thus com-
pleting the reciprocal junction. This
reciprocal contact has the characteris-
tics of most synapses in the central
nervous system: a dense aggregation
of synaptic vesicles on the presynaptic
amacrine side, a widened extracellular
synaptic cleft, and thickenings of both
the pre- and post-synaptic membranes.
It appears that these reciprocal syn-
apses are present at all junctions of
bipolar cells with amacrine cells, and
thus this synaptic arrangement would
seem to serve admirably for a feed-
back system on the bipolar cell. We
might postulate that stimulation of the
amacrine process by the bipolar ter-
minal results in an inhibitory synaptic

feedback on the bipolar terminal by
the amacrine process; this would re-
duce the sensitivity or gain of the bi-
polar cell in proportion to the amount
of excitation of that bipolar cell. This
arrangement could perhaps provide a
mechanism for the adaptation of bi-
polar cells.

Amacrine cells extend processes
throughout the inner plexiform layer
and make reciprocal contacts with bi-
polar cells over wide areas (0.5 to 1
mm) (34). The amacrine cells also
make synaptic contacts with each
other. Thus, the amacrine cells would
seem also to fit well the spatial re-
quirements for Rushton’s adaptation
pools, for these cells apparently link
bipolar terminals in the inner plexi-
form layer in a reciprocal fashion such
that activity in one bipolar cell would
affect adjacent bipolar cells via the
amacrine cells. Thus, when sensitivity
of one bipolar is reduced, sensitivity
would be similarly reduced in adjoin-
ing bipolars by means of the ama-
crine contacts on the bipolar ter-
minals.

It is worth noting that reciprocal
synaptic contacts similar to those be-
tween bipolar and amacrine cells in
the vertebrate retina have recently
been noted in an invertebrate visual
system (35) and in the olfactory bulb
(36). Thus, reciprocal synaptic con-
tacts appear to be a feature of affer-
ent pathways and may account for
adaptation in sensory systems in gen-
eral.

Summary

In response to background ilumina-
tion, the adaptation properties of the
b-wave are similar to those observed
in the human eye with psychophysical
methods. With increasing background
luminance the b-wave sensitivity is
diminished; except at the lowest back-
ground intensity the elevation of the
log threshold is linearly related to the
increase of background intensity, the
relation having a slope of almost 1.
The a-wave, however, behaves quite
differently. At low background lumi-
nances it shows little adaptation. With
higher background luminances the a-
wave saturates, and no a-wave poten-
tial can be elicited with any stimulus
intensity. The L-type S-potentials
respond to background light in much
the same way as the a-wave does.
Thus, the b-wave is the first of the

SCIENCE, VOL. 155



known responses in the visual system
to show typical adaptation properties.
This suggests that the site of visual
adaptation may be in the bi-polar-
cell layer, the presumed locus of
b-wave generation. Recent electron
microscopic studies have demonstrated
reciprocal synapses between the bipolar
terminals and amacrine processes, and
it is suggested that such a synaptic ar-
rangement could account for visual
adaptation by a mechanism of inhi-
bitory feedback on the bipolar cells.
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Construction of Phylogenetic Trees

A method based on mutation distances as estimated
from cytochrome ¢ sequences is of general applicability.
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Biochemists have attempted to use
quantitative estimates of variance
between substances obtained from
different species to construct phylo-
genetic trees. Examples of this ap-
proach include studies of the degree
of interspecific hybridization of DNA
(1), the degree of cross reactivity of
antisera to purified proteins (2), the
number of differences in the peptides
from enzymic digests of purified homol-
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tions of the proteins (3), and the
number of amino acid replacements
between homologous proteins whose
complete primary structures had been
determined (4). These methods have
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(i) the portion of the genome examined
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simple photocell circuit whose output saturates
at a set light intensity (illustration below).
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Thus, like responses from such a circuit,
the maximum a-wave potential that can be
obtained while a background light is on is
simply the difference between the potential
evoked by the background light and the
maximum a-wave response. When the back-
ground light is bright enough to give the
maximum- a-wave potential, no further a-wave
response can be evoked with any stimulus
intensity, The b-wave behaves quite differently,
however. For example, with background lights
bright enough to evoke the maximum b-wave,
one can still elicit a b-wave with sufficiently
bright stimuli. Thus, there is clearly some
‘““adapting” mechanism associated with the
b-wave that does not appear to operate on
the a-wave.
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was often very restricted, (ii) the vari-
able measured did not reflect with suf-
ficient accuracy the mutation distance
between the genes examined, and (iii)
no adequate mathematical treatment
for data from large numbers of species
was available. In this paper we suggest
several improvements under categories
(ii) and (iii) and, using cytochrome c,
for which much precise information on
amino acid sequences is available, con-
struct a tree which, despite our exam-
ining but a single gene, is remarkably
like the classical phylogenetic tree that
has been obtained from purely biologi-
cal data (5). We also show that the
analytical method employed has gen-
eral applicability, as exemplified by the
derivation of appropriate relationships
among ethnic groups from data on
their physical characteristics (6, 7).
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