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BUMMARY

I. The common dark adaptotion curve exhibits two branches; the
conrse of the rod branch eunnot normally be measured at enrly times
sinee it lies above the observed cone thresholds, In this paper we measure
ik,

2. This is done by observing the negative after-image ngainst a uniform
bielegronnd eritically adjusted in lnminanee,

G Adjacent to the bleached arca to be studied is & second aren more
strongly bleached, 1f the background intensity is below threshold for the
less bleached arca it will not be seen there; but if the background is above
thut threshold, this area will be seen brighter than the other.

4. The dark adapted threshold on the less bleached area is therefore the
background luminance which just permits the two areas to be distin-
entishedd in the after-imago,

Ao Aer & min eones have quite recovered, and thus have no after-
e Lo contuminate Lhe rod nage,

. The rod curve measured by after-image is traced over 5 units of log
throshold: it is an exponential with half life of 4:5 min, and eoincides with
the time course of regeneration of rhodopsin in man,

INTRODUCTION

This paper concerns the mensurement of the familine dark adaptation
curve by an unfamiliar technique, v

The black eireles of Fig. 1 show the familiar recovery of the log threshold
following a light exposure that bleached away 609, of the 1hodopsin in
the annular region of the retina shown in the inset. After the light exposure,
the eye remained in the dark and a 2° test light was flashed on to the
annulus. The test fash was adjusted in intensity so that it could only

* Preaont alilress: Payveliology Departmont, Tniversity of Californis ot San Thiego,
Lav Jualli, Clan, 020058,
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just be detected (threshold), and the black ecircles plot log threshold
arainst time in the dark.

The hlack cireles lie on a two-branched curve, the early branch recording
cone excitability that recovers fast and corresponds exacily to the re-
ceneration of cone pigment (Baker & Rushton, 1905, Fig. 4). The later
braneh records rod exeitability which corresponds to the regeneration of
rhiodopsin (Rushton, 1961, Fig. 1).
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Fig. 1. Inget, The observer's view of the bleaching stimulua { = allor-imapge).
Amounts of rhodopsin blenched pro indiented. Foveal contro shiown by =.
[nterruptod lines ahove indiento the lovel of log threshold on snnulus (A)
and eentre (B) ot some stage of dork adaptation. Curees. Black cireles plot
tho usual dark adaptation eurve, obtained by flashing a 2° test on to the
annulus. White eireles plot the log backiround flash just suflicieat to reveal

the hole around the black eentre in the resulting negative after-image.

Fods and cones respond to the test flash independently, so the threshold
observed 15 that which is lowest at the moment - that of cones at first
because they are less incapacitated by bleaching and recove: faster, that of
rods later because their dark adapted threshold is much the lower,

Since this familiar threshold technique measures only the lower mem-
ber of the two curves, it cannot define the course of either curve when it
erosses the other and becomes the upper member, There seems no doubt
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that the cone ecurve, which has already fully recovered in Fig. 1 before
the erossing peint, will continue to run horizontally to the right indefi-
nitely, and on the fovea (in the absenece of rods) this is seen to be the case.

With rods, on the other hand, two views have been entertained as to
what happens above the cone threshold, Some have held that the rod
curve continues to rise ever more steeply at shorter times like the white
circles of Fig. 1, maintaining throughout the coincidence with the rho-
dopsin regeneration curve, as may be seen in the ‘rod monochromat’
with no cones to obscure the picture (Rushton, 1961, Tig. 1). But it is
known that these subjects are “dazzled’ by daylight at about 1000 td,
and some hold that lack of dazzlement in normal eyes is due to execessive
rod signals being eut off by active cones. If this were true we might
expect the rising branch of the rod curve to be cut off a little way above
cone threshold. But we find (white circles of Fig. 1) that at short times the
threshold continues to rise smoothly along the exponential curve, just
as it does in the rod monochromat,

Tlhe new technique

This is a rather small modifieation of the old technigque. Tnstend of the
test flash being a small luminous pateh presented upon some point in the
bleached arca to be studied (e.g. on the annulus in Wiz, 1), it is a large
uniform luminous pateh covering the whole of the bleached area,

A seeond essential feature is that in addition to the bleached region
stidied (which in our experiment was the annulus with rhodopsin 60 9,
bleaehed) there must be o neighbouring region more stronely bleaclhed
(in our experiment tho contre which was nearly Tully hleached),

Considor the effect on vods of Dushing upon the Bleaehed wrea nouni-
form fickl of adjustable lominwnee. In our experiment this el exnetly
upon the blesched wrea and did not overlap on to the unbleached area
outside the annulus,

Above the inset of Fig. 1 the interrupted line indicates for some moment,
in dark adaptation, the log threshold for rods, high at centre (B), lower on
the annulus (A).

Suppose the log intensity of the large test field were less than A4, the rod
threshold for the annulus; then none of the rods that had been bleached
could *see’ the flash (and none except those received the flash), Henee that
flash would go undetected by the rod system. If the log flash intensity lay
between A and B, the rods in the annulus would be excited but the centre
not. The flash would therefore exhibit a black centre surrounded by a
luminous halo. It is plain that the threshold for rod-perception of the halo
is the dark adaptation threshold for rods there.

We must also consider the contribution of cones to the visual effect, and
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this is simplified by the fact that our measurements do not start until
after some 5 min of dark recovery. At this time cones have completely
recovered and the uniform test field faulls on a uniform eone population.

Late in dark adaptation when the rod threshold lies Lelow the cone
threshold, naturally cones contribute nothing and rods only are involved,
as usunl. The advantage of the new technique appesrs when the test
field lies above the cone threshold. Here the uniform cone field does not
interfere with the detection of the rod halo, and =0 we measure the
threshold for rods above that of the cones.

Ior these readers who have not themselves been subjeots in this kind of
experiment, the foregoing objective account may be readily understood,
but the same thing can also be stated in the subjective language of after-
images, which is more vivid for those who have experienced the sensation
of after-images.

When a partly bleached region of retina is suddenly exposed to a uni-
form luminous field, a negative afler-image is seen, This is o picture similar
to that of the original bleaching light (c.g. the centre and annulus of
Fig. 1) but with reversed contrast like a photographic negative. The lumi-
nanee of the field required to reveal the contrast in various pacts of the nega-
tive image was studied by Rushton (197 1a, b), with experimental results
as expected from the foregoing considerations, namely, in order that a
contour dividing two differently bleached regions be visible in the nega-
tive after-image, at any stage of dark adaptation, the field luminance
must exceed the threshold of the less bleached region at that stage of dark
adaptation.

We measure the threshold of rods by finding the wealest field that will
reveal such a contour in the rod after-image (the halo threshold), and after
5 min the fully recovered cones no longer have an after-image to con-
taminate that result.

METHODS

In faet, this experiment was part of a sorics to be deseribed in o later paper and
we used the rather complex areangements of that work. Bleaching and viewing
were with a stabilized image produced by & target borne on o contact shell, Sinca,
however, most of the complication is irrelevant to the requirements of the present
experimont, wo shall here simplify the deseription. r

Bleaching. The blenching light was presontod in Maxwellian view to the subject
with head clamped by dental impression with target position adjusted so a3 to
bring the bleachod area to a retinal region 8° away from the fovea. The light passed
through a gelatine sheet of neutral density 0-8 with s hole punched in it; the sheot
wns 80 placed that the hole was seen in sharp foeus. The bleaching energy delivered
through the hole was 7-7 log td see, through the filter 6:9, The tabls giva on p, 1078
of Rushton & Powell (1972) shows that these exposures bleached 097 and 609
of rhodopsin respectively. The resulting after-imnge had the form shown by the
insot of Fig. 1.
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Our cleetronie flush was not strong enough to deliver these energies. We used o
steady light with 2 sec exposure, tho stabilized target avoiding sinudging by eye
moveinent.

Dork aduplaiion enrves were obtained (o) by the conventionn] method and (8)
by nfter-image diserimination.

fa) A testllash of arca 27 Insting 0-2 sec waos projeeted on to the region blenched by
the annulus, and was repeated ot 1seo intervads, The subject wdjusted the light
intensity throughout the courso of darlk adnptation so that 1t was just at theeshold,

(h) In other runs this amall flash was not used but instead & uniform background
was repeatedly presented 145 see on, 145 see off and the subjeet pradually inereased
tho intenaity to tho level I whero the altor-inage Grst sliowesd D05 aeeadier strnetarg,
Tl boeligrommd wiss r_._:m.m..“-.._._n..: o eolove (Mol 603 Gltee), aod was o stabilized
cirelo conconbric ..E.n._._ _n.__n.__ _._.____._L""_._“I e _.__H_.n...___::_.q_ "___.._:|_....._ Lab 1l condar _.m_:. s Lh 1=
blenehed area boyond was not illuminated. The backgrownd threshold, plotted na
log £ against time, gives the second kind of dork adaptation curves.

RESTLTS

Fig. 1 shows the two dark adaptation curves (a) black cireles by the
conventional method, (b) white eireles by after-image diserimination (halo
detection).

At times greator than 10 min, white and black cireles coincide. Conse-
guently, when rods only wre concerned, our conjecture is justilicd: the
nnnulus ean be seen distinet from the centre if and only il the threshold
of the annulus is exceeded. The after-image measurements began after an
interval of 5 min. As ean be seen from the blaek cireles, by 5 min cones
had fully recovered, and attained a threshold well below that of the rods
so that rod thresholds cannot now be measured by the conventional pro-
eecdure (black circles) which only plots cones. But fully recovered cones
present no after-image so they cannot at this time contaminate rod
thresholds measured by the new procedure. The only after-image now to
be seen is from rods.

To confirm that the late after-image originated from rods and not from
cones, we bleached the foven with a sealed-down version of the centre-
annulus display, in which the centre subtended 1° 30" and fell upon the
fovea. In the resulting econe after-image, centre and annulus were at first
distinguished only faintly, and were never distingnishable after 2 min,
The indistinetness and short life-time of the cone after-image are partly
due to the cones’ greater photosensitivity, which allowed even the less
intense annulus to bleach about 99% of the cone pigment; Brindley (1059)
has previously observed that when two areas have had nearly all their
pigment bleached, their after-images are indistinguishable. In parafoveal
vision, the rod origin of the prolonged after-image with which we are here
coneerned has also been demonstrated by MocLeod & Hayhoe (1974)
using a ‘silent exchange’ technique,
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The white eireles (Iig. 1), show the time course of log threshold, mea-
sured through a range of 5 log units from its starting point at more than
& hundred times cone threshold, and lying throughout eclose to the ex-
ponential eurve shown, of half-life 4-5 min. This is the normal recovery
curve for human rods (Hecht, Haig & Chase, 1973, half-life 4-75 min,
measured over 3 log units; Rushton, 1965, half-life 4-5 min, measured over
4-3 log units; Alpern, Rushton & Torii, 1970, half-life 4-5 min, measured
over (i log units, with rhodopsin regeneration coinciding).

We conclude that after-imape discrimination is o valid method of
measuring the dark adaptation curve,

DISCUSSION

The white eircles of Fig. 1 plot the dark adaptation curve for rods using
the *halo” in the after-image. The results show that late in dark adaptation
these thresholds coincide with the black cireles, the log theeshold oblained
in the usual way. These lic on an exponential curve of half-deeny time
4:5 min, which corresponds to the course of regeneration of rhodopsin,
measured by retinal densitometry,

Towards early times in dark adaptation, this exponential rises rapidly
and the rod thresholds (white cireles) are seen to follow it, and henee to lio
much above the log threshold for cones (black cireles at 5 min).

Thus, though in this domain the rods have just the threshold expected
from their rhodopsin content, it cannot be measured by the usual tech-
nique. For that notes the threshold for the most excitable mechanism
which here is cones not rods,

However, the continuous regular rise in rod threshold above the cone
level shown in Fig. 1 confirms results by three other methods,

(1) Rod-monochromats whose cones are few and rhodopsin-filled, may
show the rod-branch only, in the darl adaptation eurve, running as
indieated by the white civeles of Tig. 6 (Rushton, 1961),

(ii) If the rod threshold is measured by a green flash on a red back-
ground as Aguilar & Stiles have shown, the cone threshold is elevated, and
rod thresholds may be measured above the level whers cones normally
intervene. Rushton (1965) applied this to the rod dark adaptation"curve,
which in this way was measured over 4-3 log units, and exhibited a ewrve
like the white cireles of Fig, 1.

(iii) Using Alpern’s (1965) contrast-flash technique, Alpern et al. (1970)
measured the dark adaptation in normal man over a range of 6 log units
and showed that the log threshold-rise throughout was proportional to
the fraction of rhodopsin bleached. The same exponential curve was again
obtained.
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Here wre four methods of preventing the cones from ‘underse fing " the
rod threshold, In (i) there are no low threshold cones: in (i) the cone
threshold is raised by a strong steady red background; in (iii) the cones
wre strongly exeited by the contrast flash which is seen coloured, but on
account of the high specificity of contrast-flash internetion, these cones do
not raise the threshold for rods. Consequently, when a flash at centre that
exeites only rods has its threshold raised, it must be the result of rod
excitation in the surround, independent of cone netivity there.

(iv) The results of Fig. 1 are similar in principle to (iii). The background
excites cones, but since that exeitation can produce only changes in the
cone after-image, and sinee that has com pletely faded after 5 min of re-
covery, the eonces eannot affeet the appearanee of the vod image that is the
bisis of the measurement.

The curve of white eireles runs up to 5 log units above rod absolute
threshold. It stops here not beeause stronger flashes were unavailable, but
heeause ab earlier times no stronger lashes seemed effective, This confirms
cirlior measurements both on normal eyes (Alpern of al. 1970, g 4)
and on o rod monochromat {Rushton, 1961, Pie 2). When bleaching has

e =

rivised the threshold about 6 log units, which means about 50 94 rhadopsin
bleached, the rod meehanism seems to have become totally unresponsive,

We have :.._.Tu__.:____ that sines the recovered cones Peavwe vuer sl 1..-::__.“:_ ._._.1._.._.
cannot contaminate thresholds measured on the after-image of rods. It
might be objected that the cones still *see” the bright uniform field, Might
not this perception raise the threshold for halo-detection by rods in the
same way that a bright uniform backsround raises the rod threshold for a
superimposed flash?

But, as Stiles (1939) has shown, the threshold for rods is raised by a
background only to the extent that this excites rods; its excitation of cones
is without effect upon the rod threshold. Alpern (1965) showed the same
rod-cone independenee in his after-flash interaction, and Hallett {1968)
showed it using flashed backgrounds (though sce Malkous & Doothe, 1974).
We thus should expect in our experiment that the thresholidl for halo-
tetection by rods should depend upon the stimulation of rods by the test
background, and that the stimulation of cones should not affect it. That is
what we have argued above.

Like the earlier measurements of rod dark adaptation in the normal eye,
Fig. 1 shows recovery in the normal eye following exaetly the same course
as in the rod monochromat {Rushton, 1961), even though in the conditions
of Fig. | cones were excited at up to 100 times threshold while rod
threshold was measured. This does not support the conjecture that active
cones "turn off’ rod signals.

Why, then, are rod monochromats dozzled in Bright light, Lut normals
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not! We know from Aguilar & Stiles (1954) that at a background lumi-
nance of about 1000 td rods saturate, i.e. even o very strong superimposed
flash is not detected. Ividently there is an upper limit to the rod output,
anid if this is reached already by the background, the added flash can do
no more, Consequently a daylight scene in which the less bright regions
already execed 1000 td must saturate rods everywhere, and all rod contrast
will vanish. A subject whose retina contains only rods will experience
gsomething like entering o bright, homogeneous, thicl;, luminous mist
through which no detail ean be made out. He is sometimes described as
‘photophobic’ but he does not find light painful; he is just irritated not
to be able to see things in the scene before him, and he ‘serews up his
eyes’ (nearly closing the paplebral fissure) to reduce the retinal illumina-
tion. Better still, he puts on the dark glasses he generally carries, and by
reducing the illumination to below 1000 td he restores contrast,
Doubtless the rods of normal eyes behave just like this in sunlight, but
we ean ignore their empty and uniform glare, for through it we can seo
what interests us — the contrasted and eoloured picture fiom the eones,

This worle was supported by grant number 0874 from the Medizal Researeh Coun-
eil, The poaper was fiest deafied while W, AL L TBoshton wos o Fognrty Seholare-ine-
Hesidones ol the Notional Listitates of Health, Bethosdn, Marylamd, T.S.A.
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