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THE KINETICS of the normal human red and green cone pigment chlorolabe and erythrolabe
have been extensively studied by Rushton in three important papers (RUSHTON, 1958, 1963,
1965). With his retinal densitometer he measured the fraction p of foveal pigment left
unbleached by a 10 sec flash of intensity I,. This was done by suddenly substituting for I,
at the end of the 10 sec a smaller value 7, chosen so that further photolysis was exactly
balanced by regeneration and p was seen to remain steady indefinitely. This gave plenty of
time for a good measurement of (1-p), the fraction bleached by the 10 sec exposure to /.

Assuming that in vivo (as in vitro) the photolysis rate is proportional to the quantum
catch Lp, and that during the 10 sec exposure regeneration is negligible (as was confirmed
experimentally),

- dp/dt = Ip/Qe, (1)
or, when bleaching is applied to the fully dark eye where p =1
—Inp=101/Q.. 2

The experiment was done, p plotted against (10 7,), and the results found to coincide well
with the theoretical curve (2) when this was suitably displaced along the log (10 1,) axis. The
shift gives the value of Q, (the energy needed to bleach to 1/e of the initial value). @, is
known as the photosensitivity.

Knowing Q,, Equation (1) gives the photolysis rate if I and p are also known. These
Rushton knew in the equilibrium state under I, at every p level; hence at every level he
could calculate the photolysis rate and consequently the rate of regeneration which exactly
neutralized it. The regeneration rate in these special conditions was found to be proportional
to (1 — p), the fraction of pigment bleached.

Now the regeneration rate in the dark at any p level is easily measured by drawing a
tangent to the curve plotting the time course of dark recovery following a full bleach. The
rate so measured was found also to be proportional to (1 — p), and the constant of propor-
tion was the same in the two cases. It thus appeared that regeneration restored the bleached
rhodopsin at a rate simply proportional to the amount still to be restored and independent
of any bleaching that might be superimposed upon that process. The full kinetic equation
which represents this superposition is thus

— dpjdt = (Ip/Qc) — (1 — p)/to, 3

where ¢, is the time constant of regeneration in the dark.

To avoid the ambiguity of the expression *“bleaching rate”, — dp/dr is called “‘net
bleaching rate” (or net regeneration rate when of opposite sign). It is the difference (Equa-
tion 3) of Ip/Q, which is the “photolysis rate”, and (1 — p)/t, the “recombination rate”.
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The kinetic equation was derived from measurements on a single cone pigment found in
protanopes’ and deuteranopes’ fovea, but RUSHTON (1958) and RuUsHTON and HENRY
(1968) found that because the two red green cone pigments regenerated with very nearly the
same time constants it was also valid (though with a slightly larger Q,) for the mixed
pigment of the normal fovea, provided “white” light was used for bleaching. Hence the
results of measurements of the two red green pigments of the normal fovea could be treated
as though only a single pigment was involved.

Although Equation (3) successfully accounts for a variety of facts regarding cone pig-
ments kinetics there are considerations which suggest it may be an oversimplification.

It is known that the pigments are synthesized by a combination of the free opsin (1 — p)
and 11-cis retinal (»). This reaction

free opsin -+ 11-cis retinal — cone pigments
(1—p) y
should proceed at a rate proportional to the products of the components of the reaction

dp/dt = K(1 — p)y,

in which X is the rate constant of the reaction. To account for the fact (RUSHTON, 1964)
that regeneration following long full bleaches proceeds about twice as slow as regeneration
after short full bleaches, RUSHTON and HENRY (1968) proposed that in the former the store
of 11-cis retinal (y) had been exhausted but in the latter it was not. Thus the value of ¢, in
Equation (3) (1/Ky) is not a constant in this view but varies with the level of 11-cis in the
store. It leads to the expectation that #, will be shorter for the recovery from prolonged
weak bleaches than from prolonged strong ones.

A second way Equation (3) may conceivably break down is in the presence of early
colored photoproducts of the bleaching which disappear before regeneration. If they
absorb the densitometer measuring light they might cause the value of the rate of photolysis
at equilibrium estimated from the initial rate to differ from the actual value.

In this paper we have tested how far Equation (3) is accurate in describing cone pigments
kinetics in a normal retina by measuring the rate of initial photolysis to prolonged ex-
posures at a variety of different intensities and observing regeneration after these bleaching
lights are extinguished. We find it entirely accurate.

MATERJALS AND METHOD

Apparatus

The apparatus is a modification of the Florida model of the retinal densitometer described by Hoop and
RussTON (1971). In brief two beams from a vertical tungsten coil filament are brought together by a mixing
giass plate reflecting light at the Browster angie so that with a properly placed Polarcid in the tragsmitted
beam the mixed beams are orthogonally polarized. One light is attenuated by a Wratten No. 70 gelatin which
wmywamwmmmmmmmummmwm
visual pigments. The other beam is attenuated by one or the other filters of & variety of colors transmitting
wavelongths which are more or less strongly absorbed by visual pigments. In all the present work an Iiford
625 (Bright Spectrum Yellow Green) was used in this beam. The two beams are flickered by a common
rotating Polaroid which in our experiments produced a sine wave oscillation at the rate of 17-1 Hz. This
light is reflected into the eye by Maxwellian view off a first surface ophthalmoscope mirror immediately in
front of the widely dilated pupil. The light reflected from the fundus (by-passing the ophthalmoscope mirror)
is gathered by a lens and an image of the illuminated patch of retina is formed in the plane of an iris dia-
phragm immediately in front of an EMI 9558B photomultiplier tube. The output of the tube is proportional
to the light transmitted twice through the retina. If the pigment density in the cones (by single traverse) is
less than O-1 then the photocell signal which is linear with pigment absorption will be proportional to the
amount of cone pigment present. We assume this to be the case.
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The sinewave output of the photomuitiplier is detected by a PAR (JB4) Lock-in amplifier tuned to the
frequency of the rotating polaroid and nulled by a wedge in the beam which passes through the Wrat_ten
No. 70 filter (i.e. “the red wedge”). A bleaching light of any desired color (in these experiments always white)
is also refiected into the eye. A carefully positioned episcotister in a light trapped housing alternately exposes
the bleaching light or the photomultipliet tube in such a way that no light from the bleaching field ever gets
into the photomultiplier tube. In all these experiments we exposed the bleaching light at a frequency of
250 Hz; it appeared continuous.
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FiG. 1. The electronic circuit which provides the interface between the densitometer photo-
multiplier tube and the tuned amplifier. This is the only modification made of the retinal
densitometer described by Hoobp and RusaTON (1971).

The ratio between the sampling (250 Hz) and the measuring light (17-1 Hz) frequencies is large. The
tuned amplifier therefore will reproduce the original signal output from the photomultiplier tube as shown
in Fig. 1. The impedance interface between the EMI 9558B and the PAR Lock-in amplifier is accomplished
using a simple source follower. The 0-001 xF capacitor in parallel with the 100K EMI 9558B lead resistor
filters out most of the high frequency noise present in the photomultiplier tube.

Procedure

The subject was accurately aligned in the densitometer by adjusting the bite bar and the ophthalmoscope
mirror. He then removed his head from this position and dark adapted for 10 min, a duration long
enough for all measurable foveal pigments to regenerate completely. After the subject was repositioned in
the instrument in full dark adaptation the red wedge was adjusted to balance the photomultiplier output
produced by the fundus reflection of the red and green measuring lights. This measurement was repeated
five times. The red beam usually required an additional 2-0, the green an additional 0-5, neutral to obtain a
proper balance in the useful range of the wedge. No measurable amount of pigment was bleached by the
measuring light under these conditions. Once the dark adapted values had been obtained the bleaching light
was exposed at a predetermined intensity. Measurements were made at successive moments after the onset
of the bleaching, initially as rapidly as possible, then more slowly until equilibrium was reached. The bleach-
ing light was then extinguished and the regeneration followed until achieving the full dark adapted value
once more. Next the pigments were fully bleached and the wedge settings measured first under this condition
and then during subsequent regeneration in the dark.

Occasionally a second repetition of the partial bleach-regeneration sequence was obtained at the same
sitting. Bleaching at only one intensity was ever undertaken in one given sitting and usually only a single
sitting was ever tried on any given day. The subject for all these experiments was N. Oxpa, who used his left
eye which is about 3 diopters myopic.

THEORY
Figure 2a shows the amount of pigment remaining as a function of time (¢) after the
onset of a light which bleaches about 46 per cent of the cone pigments at equilibrium. At the
start (¢ = 0) the eye was fully dark adapted so that all pigment was regenerated and the
rate of recombination may be assumed to be zero. According to Equation (1) the initial
photolysis rate is
dpjdt = — I/ Q,, 4)
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FiG. 2. Principle of the analysis (a) bleaching, (b) regeneration in the dark. The initial photolysis

rate is given by the slope of the line A8 and the photolysis rate at any other moment is the

product of this and the level of unbleached pigment. Hence at equilibrium level 2, the photo-

lysis rate is given by the slope of the line PB. The recombination rate at equilibrium is given by

the tangent to the curve at the moment the bleaching light was extinguished. In the actual

experiment run (b) foliowed immediately after (a), though for convenience in plotting the time
scale has been reset to zero at the moment the bleaching light was extinguished.

and this is the slope of the line AB. In general at any moment ¢ the rate of photolysis will be
the amount of unbleached pigment p times this value. Specifically, the value of the estimated
rate of photolysis at equilibrium is the slope of the line PB. It can be computed by mul-
tiplying the equilibrium value of P (0-545) by the slope (— I/Q. = 1/OB = 1/142 sec ~!).
The product is 0-545/142 = 0-00384 or 0-384 per cent/sec. This, of course, rests on the
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assumption that there are no early colored photoproducts which disappear prior to re-
generation. This is an assumption we wish to test. We do so in the following way:

At equilibrium the rate of photolysis must be equal and opposite to the rate of recom-
bination, by definition. We measure the rate of recombination at equilibrium and compare
this value to that estimated from the initial rate of photolysis as illustrated in Fig. 2a. The
method is shown in Fig. 2b which is reset at # = 0, though in the actual experimental run it
was a continuation of the same experiment illustrated in Fig. 2a and followed it immediately.
At t = 0 the bleaching light was extinguished and the pigment regenerated in the dark
along the curve as shown. The initial rate of recombination in the dark (which is also the
final rate of recombination at equilibrium in the light and by definition therefore exactly
equal and opposite to the final rate of photolysis at equilibrium in the light) is given by the
tangent to the regeneration curve at £ = 0 in the dark. The rate may be computed by dividing
the value (1 — p) at equilibrium (0-455) by the value of ¢ at which the tangent to the curve
at t = 0 strikes the line p = 1-0. Since the regeneration follows an exponential curve
(RusHTON, 1958) this value is 7, the time constant of regeneration. In Fig. 2b, 7, = 122 sec
so that the rate of regeneration at equilibrum is 0-455/122 = 0-00373 or 0-373 per cent/sec,
a value very nearly the same as that estimated for the rate of photolysis at equilibrium from
the initial rate in Fig. 2a.

SOURCES OF ERRORS

With very bright bleaches the estimate of the rate of photolysis at equilibrium is at best
only approximate since a very small error in measuring the point B in Fig. 2a leads to a
large error in the estimation. An analogous difficulty occurs in the calculation of the rate of
recombination after very small bleaches in which the value of the time constant of regenera-
tion t, is difficult to estimate exactly. These estimations were made in the following way:
It has been shown (RUSHTON, 1958), and we confirm, that these bleaching and regeneration
data are adequately described by simple exponential curves. In the case of each set of
bleaching measurements we first identified the ordinate asymptote for infinite time and
computed the differences between the ordinate for the measurement at time ¢ and this
asympotote value. The log of this difference was plotted as a function of (linear) time and
the best fitting straight line was drawn by eye through the points.

A second source of errors related to the finite size of the bleaching beam aperture stop.
The diameter of its image in the plane of the subject’s pupil was 2-5 mm. With the pupil
fully dilated to 7-5 mm, the apparatus precisely aligned, and the fixation perfectly steady,
this was well inside the temporal half of the pupil and served as a proper aperture stop for
the bleaching field. However, the safety factor is only 1-25 mm, a rather small limit.

Occasionally (usually near the end of a prolonged experiment) either because the
mydriasis gradually waned, or fixation wandered, or the head shifted slightly (or perhaps
some combination of these), one edge of this image was occluded by the temporal margin of
the iris. This, of course, reduced the intensity of the bleaching light reaching the retina and
resulted in a variable (rather than a constant) amount of bleaching intensity if-—as a result,
say, of eye movements during fixation—the iris sometimes occluded, sometimes did not.
Sometimes the errors so introduced could be readily identified by the loss of mydriasis at
the end of the experiment, but this was not always the case.

RESULTS

A. Early color bleach products. The results in Fig. 2 show that in that case the estimated
equilibrium rate of photolysis computed from the initial rate of photolysis was in fairly
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FiG. 3. Photolysis rate at equilibrium estimated from the initial rate in the way shown in Fig. 2a,
compared with the recombination rate at equilibrium estimated in the way shown in Fig. 2b.
The line shows the theoretical expectation from the general kinetic equation.

good agreement with the equilibrium rate of recombination computed from the initial rate
of regeneration after the bleaching light was extinguished. This is hardly surprising since the
example was selected to illustrate the principle of the test. To what extent is this generally
true?

Figure 3 answers this question by illustrating the results of 37 repetitions of this experi-
ment with a variety of bleaching intensities. In this figure the equilibrium rate of photolysis
estimated from the initial photolysis rate in the way shown in Fig. 2a is plotted as a function
of the equilibrium rate of recombination computed as in Fig. 2b. If there were perfect
agreement, the points would al] fall on the solid line drawn in Fig. 3 which has a unit slope
and passes through the origin. The agreement is fairly good, in view of the sources of errors
already described. We interpret this to exclude the possibility that color products of bleach-
ing, which do not appear in regeneration, mislead application of kinetics described by
Equation (3).

B. Loss of the store of 11-cis retinal. Though Fig. 3 is useful in excluding distortions
from colored bleached products, it cannot be decided from this plot whether or not changes
in the store of 11-cis retinal occurred after different intensities of prolonged bleaching. For
that we need to know whether the constants Q, and ¢, of Equation (3) are independent of
the size of bleach. Figures 4 and 5 answer this question. In Fig. 4 the estimated rate of
photolysis at equilibrium as calculated in the way shown in Fig. 2a (open circles) and the
rate of recombination at equilibrium as calculated in the way shown in Fig. 2b (black
circles) are plotted as a function of the equilibrium amount of unbleached pigment p. The
resuits predicted from Equation (3) should fall on a sloping straight line passing through the
point p = 1-0, dp/dt = 0, with a slope of 1/t,. The straight line in Fig. 4 is such a line and
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Fic. S, The equilibrium fractions of unbleached pigment as a function of the bleaching
intensity of retinal ituminance (trolands). The smooth curve is theoretical prediction if log
Q.fte = 4-53,



546 MATHEW ALPERN, FRODE MAASEIDVAAG AND NORIO OHBA

has a slope such that ¢, = 118 sec. The scatter of points around this line is regarded as
reasonable in view of the sources of error and the value for 7, is in good agreement with
the value of 130 sec for mixed pigment (RUSHTON, 1958), 125 sec for chlorolabe (RusHaoON,
1963), 130 sec for erythrolabe (RUSHTON, 1965) and 120 sec for mixed pigments (RUSHTON
and HENRY, 1958). The differences are probably as much due to individual differences as to
experimental error.

Another way in which these results illustrate the accuracy of Equation (3) is shown in
Fig. 5 where p, the fraction of pigment left in equilibrium under steady exposure is plotted
against Jog I,, the bleaching intensity. In equilibrium the net bleaching rate dp/dt is zero;
hence Equation (3) becomes

Ite/ Q. = (1 — p)/p, (5)

or
log I = log (Q./t,) + log[(1 — p)/pl. (6)

The curve of Fig. 5 is this theoretical expectation slid horizontally to give a good fit.
When p = 1/2, log 1, is seen to be 4-53 which from Equation (6) is the value of log (Q./t,).
Since ¢, is 118 sec (Fig. 4), log O, = 66 (in td sec). This is in good accord with value of
6-7 found by RusHTON (1958) and 6-56 and 6-38 using two different methods found by
RusHTON and HENRY (1968).

DISCUSSION

These results show that after prolonged bleaches of varying intensities the amount of
unbleached pigment at equilibrium can always be described by Equation (3). This result
would be improbabie if the regeneration after a long full bleach required the replenishment
of the 11-cis store while the regeneration after a short full bleach did not, according to the
suggestion of RUSHTON and HENRY (1968). For the prolonged weak bleach is unlikely to
exhaust the store, and if it did not then regeneration after prolonged weak bleaches should
have a shorter time constant than regeneration after prolonged full bleaches. In fact we
find that the regeneration time constant ¢, is independent of the size of the (prolonged)
bleach.

Figure 6 illustrates this once more. It shows representative bleaching curves to equilibrium
at five different levels and regeneration curves from six (including from prolonged full
bleaching—a process which occurs too quickly to measure by this method). The smooth
curves drawn through these results are all according to Equation (3) with fixed value for
to (2 min) and with values for Q, fixed within the range (6:6 + 0-08 log #d sec) that it can be
accurately estimated. It is clear that the results for weak bleaches fit the theoretical curves
just as well as those for the strong bleaches.

The possibility remains, however, that even the very weakest prolonged bleaches ex-
hausted the 11-cis store. This possibility can be excluded by the result of the following
experiment which was suggested to us by Professor W. A. H. RusHTON: after full dark adapta-
tion the eye was exposed to a weak light which bleached about 20 per cent of the pigment at
equilibrium after 10 min as shown by the open circles in Fig. 7. We know from the results
shown in Fig. 6, and in fact from all the other experiments described in this paper, that if we
had after 10 min of this bleaching allowed the subject to remain in the dark his pigment
would regain the fully dark adapted value following an exponential recovery with a time
constant of about 2 min. However, we did not immediately submerge him in darkness, but
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Fic. 6. Representative individual bleaching and regeneration curves. The smooth curves are
theoretical according to Equation (3). The values for log Q. are from above down: 6:68, 6:62,
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F1G. 7. The triangles show regeneration in the dark following 10 min of weak (20 per cent)

bleaching (open circles illustrating this partial bleach) followed by full bleach for 5 sec. The

smooth curve drawn through the triangles has a time constant of 1 min. The solid circles shows

regeneration following prolonged full bleach; the smooth curve has a time constant of 2 min.
These results are all from a single experimental session.
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first exposed him to a light sufficient to bleach all cone pigment for 5 sec and only then
followed regeneration in the dark. If the 10 min 20 per cent bleach had exhausted the
11-cis store, then the regeneration after a 5 sec full bleach should have followed a recovery
with a time constant of 2 min such as follows a prolonged full bleach (filled circles Fig. 7).
In fact the regeneration after 20 per cent bleach for 10 min followed by a full bleach for
5 sec (triangles, Fig. 7) follows an exponential recovery curve with a time constant of only
1 min (rather than 2 min). The slow recovery from the prolonged weak bleach cannot be
attributed to the exhausted 11-cis store, for how then can the quick recovery from the short
full bleach which followed the long weak one be explained ?

Though our results are clear in showing that the depleted store of 11-cis retinal cannot
account for the RusHTON and HENRY (1968) resuit we have no alternative explanation for
the fact that regeneration after long full bleaches follows an exponential recovery with a
time constant of 2 min, but recovery from short full bleaches occurs about twice as fast.
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Abstract—Rushton’s general kinetic equation for human cone pigmeats is tested by estimating
the photolysis rate at equilibrium from the initial photolysis rate and comparing it to the
equilibrium rate of regencration measured immediately after the bleaching light is turned off.
Thirty-seven experiments carried out at a variety of intermediate bleaches confirm the validity
of this equation. The hypothesis that the regeneration rate depends upon the store of 11-cis
retinal leads to the expectation that recovery from a prolonged weak bleach will proceed with a
shorter time constant than recovery from a long intense bleach, and this is not found. This
could happen if even the prolonged weak bleach depleted the 11-cis store but this possibility is
excluded by an experiment in which recovery is measured following § sec full bleaching which
follows straight on a prolonged weak one. Why recovery from short full bleaches proceed
twice as fast as recovery from long full ones remains unexplained.

Résumé—On soumet & lépreuve 1'équation cinétique générale de Rushton pour les pigments
des cdnes humains en évaluant le taux de photolyse a I'équilibre & partir du taux initial de
photolyse et en le comparant au taux d’équilibre de régénération mesuré immédiatement aprés
extinction de la lumiére décolorante. Trente-sept expériences réalisées & diverses décolora-
tions intermédiaires confirment la validité de cette équation. L hypothése que le taux de régén-
ération dépend de la provision de rétinal 11-¢/s fait prévoir que la récupération aprés une
faible décoloration prolongée se produira avec une constante de temps plus courte que la
récupération aprés une décoloration intense, ce qui n’a pas licu. Cela pourrait s’expliquer si la
faible décoloration prolongée elle-méme épuisait Ia réserve de 11-cis, mais cette possibilité est
exclue par une expérience ol la récupération est mesurée aprés une décoloration compiéte de
5 sec qui suit immédiatement une faible décoloration prolongée. On ne s’explique pas pourquoi
la récupération aprés de bréves décolorations totales procéde deux fois plus vite qu’aprés de
longues décolorations totales.
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Zusammenfassung—Rushtons allgemeine kinetische gleichung fiir die menschlichen Zap-
fensehstoffe wird gepriift, indem die Geswindigkeit des Photolysengleichgewichtes auf Grund
der Anfangsphotolyse geschidtzt und mit der sofort nach Ausloschung des Bleichlichtes
gemessenen Gleichgewichtsgeswindigkeit der Wiederbildung verglichen wird. Siebenund-
dreissig Versuche, welche bei verschiedenen Zwischenbleichungen ausgefiihrt worden waren,
bestatigen die Giiltigkeit der Gleichung. Die Annahme, dass die Wiederbildungsgeschwindig-
keit vom Speicher des 11-cis-Retinals abhange, fithrt zur Erwartung, dass die Erholung nach
einer langen, schwachen Bleichung schneller vorgehe als die Neubildung nach einer langen,
starken Bleichung: dies wird nicht beobachtet. Dies konnte geschehen, falls sogar die lange,
schwache Bleichung den 11-cis-Speicher leeren sollte, aber diese Moglichkeit wird durch einen
Versuch ausgeschlossen, in welchem die Erholung nach einer 5 Sekunden langen Bleichung,
welche einer langen, schwachen Bleichung folgt, gemessen wird. Es ist unerklirt, warum die
Erholung nach kurzen Totalbleichungen zweimal so schnall als pach langsamen Total-
bleichungen vorgeht.

Pessome — Vpasrenne ob1mell KEUHETAKHE KOAG0YKOBLIX IMIMEHTOB 4€N0BEKA, IPEAIOKEHHOES
Rushton nopeeprnock NpoBepke HyTeM ONpenenieHus Ckopocredl ¢OTOMM3a DpH pas-
HOBecHH; OpanH nepBOHAYANBHYIO CKOPOCTH GOTONM3Aa B CPaBHHBAM e¢ C PAaBHOBECHOM
CKOPOCTLIO PEreHepalHd, H3IMEPEHHOM Cpa3y NOCJe BBIKTIOYEHHS OTOENMBAIOMIETO CHETA.
TpUOaTh CeMb IKCIEPAMEHRTOB OBINO BLIIONHEHO MPH Pa3HOOOPA3HBIX HPOMEXYTOMHBIX
3acBeTax, KOTOPbIC IOATBEPAAAIOT OOGOCHOBAHHOCTh 3TOTO YpaBHEHES. [HIOTe3a O TOM,
YTO XOJ pereHepalMy 3aBECHAT OT ll-cis peTHHans HO3BONANA OXHIATH, YTO PEreHepaus
B pPe3ynbTaTe DPOJIOHTHPOBAHHOTO OTOemmBaHMA cjabbM cBeTOM OyleT OPOHCXONMTH C
6onee xOpOTKOI MOCTOAHHOM BPEMEHH, YEM BOCCTAHOBIICHHE B PE3YJLTATE IUTHTENBLEOTO
HHTEHCHBHOTO OTOe/MBAHMs, HO 3TOTO HE HalimeHo. D10 MOrnoO Gb1 NPOMCXOINTL, eCH Obl
IHTENLHEOE ObeciBeuMBaHRe CMabbIM CBETOM MCTOMANO 3anace! 11-cis ofHAKO, 3Ta BO3-
MOXHOCTh RCKJTIOYAeTCs 3KCUIEPHEMEHTOM, I'Je BOCCTAaHOBNICHEE ObIII0 M3MEPEHO nocne 5 cek.
NOJIHOrO O0ecuBeyHMBAHWA, KOTOPOE Cpa3y CIENOBANO 33 IATENBHRIM OOeclBeYdBAHHEM
cnabeM cBeroM. IToWeMy percHepauds MHICMEHTOB Nocie OpicTporo monHoro obecu-
BEYHBAHMS MPOMCXOOAT B ABA pa3a OpiCTpee, 4eM BOCCTAHOBIEHME NOCHE MJATEILHOIO
MOJHOTO O0ECIBEYMBAHAA—OCTACTCH HEOOLACHEHHBIM.
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