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Heat Generated by the Dark-Adapted Squid Retina in 
Response to Light Pulses 

Abstract. A rapid increase in the temperature of the dark-adapted squid retina 
evoked by a brief light pulse was detected with a pyroelectric detector. The amount 
of heat generated by the retina in response to a pulse of blue light of moderate 
intensity was far greater than that produced by direct conversion of the stimulating 
light by the retinal pigments into thermal energy. D-Glucose in the medium was 
required to maintain the ability of the retina to produce light-evoked thermal 
responses. 

In a variety of invertebrate eyes, 
readily detectable electrical responses 
can be evoked by a very small number of 
photons absorbed by visual pigments (I). 
It is generally believed that the photo- 
chemical reaction initiated by absorption 
of light by visual pigments is followed by 
a succession of biochemical reactions 
that amplify the effect of light stimulation 
and eventually lead to the generation of 
electrical responses (2). How this ampli- 
fication takes place is not precisely 
known. 

We report here that exposure to a brief 
light pulse evokes a rapid increase in the 
temperature of the dark-adapted squid 
retina and that the amount of heat gener- 
ated is far greater than that associated 

with the stimulating pulse itself. We also 
present evidence in support of the view 
(3) that the process of energy transduc- 
tion in the retina is dependent on the 
oxidation of sugar. 

To detect heat production we used a 
pyroelectric detector constructed with 
poly(viny1idene fluoride) (PVDF) film 
(Kureha Chemical). PVDF is a synthetic 
polymer that becomes highly pyroelec- 
tric when heated and stretched in the 
presence of a high electrical field (4). The 
film we used was about 9 ym thick and 
had a 10-nm layer of aluminum deposited 
on each surface; a 1°C change in the 
temperature of this film produces a 
change of about 5 x c/cm2 in the 
electrical charge on the aluminum layer. 

Radiant heat of about 1 psec in duration 
has been detected by PVDF film (5). We 
have measured the heat generated by the 
crab nerve during excitation with a time 
resolution of about 1 msec (6). 

A piece of PVDF film about 0.4 by 1 
cm2 in area was glued to a thin (25-ym) 
platinum plate and was attached to a 4- 
ym-thick sheet of Mylar; it was connect- 
ed to an operational amplifier (Analog 
Devices model 515) with a high (2 X lo9 
ohm) load resistance and a small (about 
3 x 10-l2 farad) capacitor (Fig. 1). The 
output of the operational amplifier was 
led to a signal averager (Nicolet Instru- 
ment model 1072) through an a-c-cou- 
pled amplifier with a gain of 200. 

The magnitude of the signal recorded 
under these conditions is proportional to 
the rate of change of the temperature of 
the film (7). When the heat capacity of 
the sample under study is far larger than 
that of the temperature-sensitive portion 
of the detector, the rate of increase in the 
temperature of the sample is given by V/  
apR), where V is voltage at the output of 
the operational amplifier, a is the area of 
the PVDF film (in square centimeters), p 
is the pyroelectric coefficient of the 
PVDF film (in coulombs per square cen- 
timeter per degree Celsius), and R is the 
load resistance (in ohms). The validity of 
the relation was substantiated by mea- 
suring the heat generated by pulses of 
green light of known intensities absorbed 
by a slice of 2 percent gelatin gel that was 
stained with a mixture of chlorphenol red 
and phenol red and that absorbed 95 
percent of the transmitted light. The time 
resolution of the detector, determined 
primarily by the time constant of the 
operational amplifier, was approximate- 
ly 6 msec. 

- 
200 rnsec 

Fig. 1 (left). Schematic diagram of the experimental setup used for measuring the rate of increase in the temperature of the retina caused by 
stimulating light pulses. L represents a bundle of optical fibers for guiding light from an incandescent lamp; Pt, a thin platinum plate; and PVDF, a 
sheet of poly(viny1idene fluoride). The potential difference across PVDF film was recorded with an operational amplifier. Platinum was inserted 
to ensure a spatially uniform increase in the temperature of the PVDF film and to prevent possible mechanical changes in the retina from affecting 
the PVDF film. Fig. 2 (right). Records showing the temperature increase (expressed in degrees centigrade per second) of the dark-adapted 
squid retina evoked by light pulses (indicated by traces 4). The light used was 500 nm in wavelength, 25 p,Wicm2 in intensity, and 50 msec in dura- 
tion. Trace 2 in (A) was taken 10 minutes after switching oxygen to nitrogen; trace 3 , 7  minutes after the resumption of oxygen flow. Trace 2 in (B) 
was taken 40 minutes after immersion of the retina in artificial seawater free of D-glucose; trace 3, 10 minutes after addition of D-glucose (2 mM) 
to the medium. Trace 2 in (C) was obtained 18 minutes after application of 1 mM sodium azide; trace 3, 12 minutes after removal of azide. All the 
records were taken after averaging the signals over 16 trials repeated at 9-second intervals at 20°C. 



Eyes of the squid Loligo pealeii Le- seen repeatedly that the thermal re- (containing D-glucose) applied to the 
slices in the detector. Azide reversibly sueur were excised under dim red light. sponses are reversibly suppressed by 

mild light adaption. Anoxia resulting 
from circulation of nitrogen above the 
retina also suppressed the thermal re- 
sponses within 5 to 10 minutes (Fig. 2A). 
These findings indicate that the heat gen- 
erated by the stimulating light itself is 

The sclera was removed in artificial sea- 
water containing tris(hydroxymethy1)a- 
minomethane (0.2 mM at pH 8) and D- 

suppressed the production of thermal 
responses. A similar reversible suppres- 
sion was observed with cyanide (0.3 to 1 

glucose (2 mM) and the retina was cut 
into slices approximately 400 pm wide. 
The heat-sensitive area of the detector 

mM). Dinitrophenol, an uncoupler of ox- 
idative phosphorylation, had a similar 
effect of 0.2 mM. Iodoacetate, a classical 
inhibitor of glycolysis, suppressed the was covered with about six slices (ap- 

proximately 20 mg), with their cut sur- 
faces making direct contact with the My- 

negligibly small compared to the heat 
associated with the response triggered 
by the stimulus. 

responses at about 1 rnM; the effect was, 
however, irreversible. The effects of 
these inhibitors on cells and tissues are lar sheet. A plastic cover with a glass 

window at the top was placed above the 
detector and a flow of oxygen, moist- 
ened by passing through seawater, was 
maintained above the slices. A light- 
emitting diode or a 100-W quartz-iodine 

By increasing the light intensity after 
suppression of the thermal responses or 
by choosing red light for stimulation, it 

more complicated than their effects on 
isolated enzymes (13). Nevertheless, the 
results strongly suggest that oxidation of was possible to detect the heat generated 

by the stimulating light itself. By extrap- 
olating the results obtained, we found 

organic fuels underlies the process of 
amplified energy transduction in the reti- 
na. It should be noted that all the re- lamp (in conjunction with an interference 

filter, neutral density filters, and an elec- 
tromechanical shutter) was used for 
stimulation. Precautions were taken to 

the heat produced by the stimulus to be 
slightly smaller than one-tenth of the 
maximum rate of heat production associ- 
ated with the thermal responses shown 
in Fig. 2. Thus, we find that the total 
amount of heat associated with the pro- 
duction of a single thermal response is 

agents that suppressed thermal respons- 
es also suppressed electrical responses 
of the retina at about the same concen- 
tration. suppress mechanical disturbances reach- 

ing the detector (6).  
Figure 2 shows typical examples of the 

Further studies are required to clarify 
the interrelations among the mechanical 
(14), thermal, and electrical responses. 

ICHIJI TASAKI 
TOSHIO NAKAYE 

Laboratory of Neurophysiology, 
National Institute of Mental Health, 
Bethesda, Maryland 20205, and 
Marine Biological Laboratory, 
Woods Hole. Massachusetts 02543 

thermal responses recorded from slices 
of the dark-adapted squid retina. With 
brief (about 50-msec) pulses of light 5 to 
50 y ~ i c m 2  in intensity and about 500 nm 
in wavelength, a fairly rapid increase in 
temperature was found to start approxi- 
mately 20 msec after the onset of the 
light pulse at 20°C. The rate of the in- 
crease in temperature reached a maxi- 
mum usually 70 to 110 msec after the 

far (at least 25 times) larger than the total 
amount of heat generated by the retinal 
pigments during the 50-msec period of 
stimulation. In all probability the pig- 
ment granules located in the vicinity of 
the rod base (11) play a dominant role in 
the process of direct conversion of light 
into heat. It is evident, therefore, that 
there is a large amplification of energy in 
the production of a thermal response. References and Notes 
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