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SUMMARY 

The non-radiative decay of an excited chromophore can be measured 
by photoacoustic spectroscopy, but the application of th is  techniqu e to 
the study of visual pigments is complicated by the l i g h t - s e n s i t i v i t y  of 
the rhodopsin molecule. We succeeded in measuring photoacoustic spectra 
of native visual pigment. Our results provide experimental evidence that 
the internal conversion process is an important deactivation pathway in 
the early intermediates of rhodopsin's bleaching cycle. Moreover, the 
par t icu lar  detection system of photoacoustic spectroscopy makes possible 
measurements on a whole ret ina. 

Despite considerable importance, l i t t l e  experimental attent ion has 

been paid to photophysical processes in the visual pigment molecules in 

recent years. Among dissipat ive processes which could allow the excited 

rhodopsin's chromophore to return to the ground state, exciton formation 

and energy transfer have been ruled out ( I ,  2). Emission from rhodopsin 

and some of i t s  intermediates has been observed (3) but the quantum y ie ld  

of th is process, previously reported to be around 5 x 10 -3 (4), was recently 

proposed to l i e  below 10 -5 (5). While t r i p l e t  state population is s t i l l  

a matter of conjecture (6), the poss ib i l i t y  remains for the occurrence 

of non-radiative t rans i t ions.  The experimental technique for d i rect  mea- 

surement of thermal decay of excited molecules was lacking unt i l  photo- 

The abbreviations used are : PAS (photoacoustic spectroscopy); PA (photo- 
acoustic);  ROS (rod outer segments). 
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acoustic spectroscopy (PAS) was revived and developed (see re f .  7 for  

comprehensive review). We have measured, for  the f i r s t  time, PA spectra 

of native visual pigments. Our resul ts provide experimental evidence 

that internal conversion is an important deact ivat ion pathway in the early 

intermediates of rhodopsin's bleaching cycle. 

PAS does not measure energy absorption by a molecule but only the 

absorbed energy which undergoes thermal decay. This is achieved by 

i r rad ia t ing  a sample in a closed chamber with monochromatic l i g h t  modu- 

lated at an acoustic frequency. Due to l i gh t  modulation, periodic tempe- 

rature rises are induced upon thermal decay of the exci ted molecules and 

resu l t  in heat flow detected as pressure waves in the surrounding gas by 

a sensi t ive microphone. High l i g h t  in tens i ty  (N 1 mW cm -2) is required 

to produce a measurable photoacoustic signal.  Thus PAS measurements on 

rhodopsin cannot be performed at room temperature as the sample is rapid- 

ly bleached. The present report  describes the low temperature PA spectra 

measured with ca t t le  visual pigment. 

MATERIAL AND METHODS 

In order to perform PAS measurements at low temperature, the 
photoacoustic cel l  previously described (8) has been modified in the f o l -  
lowing manner : The microphone was spaced from the cel l  body by a hollow 
Teflon cy l inder.  I t  permits to cool the cel l  body by immersion in l i qu id  
nitrogen without changing the microphone performance. Once equi l ib ra ted 
to 77 K, the cel l  body (2 kg) warmed back very slowly (0,2 degree min "I)  
and thus permitted recording of PA spectra at any temperature between 77 
and 300 K. Temperature was monitored by a Cu-Constantan thermocouple in- 
serted in the sample. 

The whole ret ina can be d i rec t l y  examined by PAS. For these expe- 
riments, samples were prepared as fol lows : Fresh bovine eyes, from a 
local slaughterhouse, were dissected wi th in a few hours a f te r  the death 
of the animal. A c i rcu la r  quartz s l ide was placed at the bottom of an 
hemisected eye ba l l .  The ret ina was care fu l ly  detached from a periphe- 
r i c  point and ripped o f f  at the same time onto the quartz s l ide ,  the rod 
outer segments (ROS)lying then at the top of tee sample. The sl ides were 
stored for  two hours in a dry a i r  chamber at 4 C pr ior  to measurement in 
order to remove excess water so that signal to noise is enhanced. 
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Fig. 1 
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Photoacoustic spectra of part ial ly delipidated rod outer segments 
measured at -165°C ( . . . .  ); -I05°C ( . . . . . . . .  ) and -25°C ( - - . ' ) .  
Chopping frequency: 500 Hz. Temperature does not vary by more 
than 2°C during recording. All spectra are normalized for inci- 
dent energy at each wavelength by using a carbon black reference 
spectrum. 

The ROS were prepared according to Makino et al .  (9). They could 
be p a r t i a l l y  del ip idated by washing twice in hexane or petroleum ether. 
The method y ie lds a dry ROS powder from which pur i f ied  sol id rhodopsin 
can be obtained by a sa l t ing out procedure (9). The samples prepared in 
this manner are highly sui table for  PAS measurements. 

RESULTS AND DISCUSSION 

Figure 1 shows the photoacoustic spectra obtained with p a r t i a l l y  

del ip idated rod outer segments. Similar behavior is observed with e i ther  

pur i f ied  rhodopsin or fresh rod outer segments. In each case, PA spectra 

coincide with the known absorption propert ies of ca t t le  visual pigments. 

At -165 o , the spectrum presents a band centered at 515 nm, s imi lar  to the 

absorption spectrum reported for  a photostationary mixture of rhodopsin 

(498 nm), bathorhodopsin (543 nm) and isorhodopsin (485 nm) which can be 

attained at this temperature ( I0,  I I ) .  In the PA spectrum, th is photosta- 

t ionary state is maintained by the incident chopped l i gh t  beam. The shape 

and posit ion of the spectrum remains unaltered even a f te r  3 to 5 scans 

(~ 45 min). As the temperature r ises,  thermal reactions become allowed. 

Above -135°C, lumirhodopsin is formed from bathorhodopsin as the PA spec- 

trum sh i f t s  towards 495 nm. This spectrum remains unt i l  the temperature 

reaches -40°C. Even i f  rhodopsin or isorhodopsin can be photochemically 
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reformed from lumirhodopsin at these temperatures, their concentrations 

should remain low as the sample is continuously irradiated by the incident 

l ight beam. Above -40°C the spectrum centers at 480 nm, showing the pho- 

toacoustic effect in metarhodopsin I. 

The spectra recorded with homogeneous samples (rhodopsin or rod 

outer segments) do not show any particular frequency dependence. Such 

is not the case when whole retina is measured. Due to anisotropic mole- 

cular distribution of the retina, i ts spectrum should show a frequency 

dependence because the sample depth probed in photoacoustic spectroscopy 

corresponds to a thermal diffusion length (~) defined as ~ = (2~/~) ½, where 

is the thermal di f fusiv i ty and m the modulation frequency (12). Mole- 

cules located within sample's characteristic u contribute to signal gene- 

ration while the heat pulses generated upon thermal decay of molecules 

located deeper than ~ are damped out before reaching the sample surface. 

Retinae are slipped upside down on a quartz slide during preparation and 

rod outer segments should locate at top of the sample, provided structural 

integrity is maintained at least part ial ly. One would then expect to 

measure only the ROS spectrum at high frequency while the low frequency 

spectra should reveal photoacoustics signals arising from other cellular 

components. I t  can be seen in figure 2A that at 465 Hz, the photoacoustic 

spectrum of a whole retina is different from the spectrum of the ROS. 

Even i f  the previously observed rhodopsin bands are the most important, 

significant signals exist in the 350 and 420 nm region. The appearance 

of such non-rhodopsin bands at high frequency is probably due to mecha- 

nical disruption during preparation since their amplitude varies from 

sample to sample. However, considerable growth is observed in those 

nen-rhodopsin signals when frequency is lowered at lO0 Hz, indicating 

that they arise from molecular species located below the rod outer segments 

layer. Many cellular components, including retinal, could be responsible 

for the appearance of photoacoustic signals in the 350 nm region, so, 
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Fig. 2 
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Photoacoustic spectra of whole retina. Only the 500-600 nm 
region of the photoequilibrium mixture observed at -165°C 
( . . . . . . . . . . . .  )hand of the lumirhodopsin at -IO0°C ( ) is 
shown. At -25~C, the metarhodopsin I spectra recorded at 
465 Hz ( . . . .  ) and I00 Hz ( . . . .  ) are traced. Both metarho- 
dopsin I spectra were normalized at 480 nm. 

Photoacoustic spectra of whole retinae, careful ly spread 
( . . . .  ) and homogenized ( . . . .  ). Temperature: 20°C. 
Frequency: 450 Hz. At this temperature, rhodopsin bleaches 
rapidly and the 420 nm band clear ly appears in the spread 
retina spectrum. Shoulder also exists at 410 nm. In the 
homogenized retina spectrum, the most important band is 
located at 410 nm. Purif ied hemoglobin shows such a 410 nm 
band. 

any band a t t r i b u t i o n  in th is  spectra l  region would be only specu la t ive .  

On the other hand, i t  appears reasonable to a t t r i b u t e  the 420 nm band 

to mitochondr ia l  cytochromes as i t  occurs in spectra probing la rger  depth. 

According the the equation given above, the 420 nm component occurs at  a 

of  20 um. However l i t t l e  q u a n t i t a t i v e  s ign i f i cance  should be paid to 

th is  value which is ca lcu lated taking m as 10 -3 cm 2 s - I ,  an average value 

fo r  b io log ica l  mater ia l  a t  room temperature (13). The value of  ~ fo r  r e t i -  

nian rods might d i f f e r ,  espec ia l l y  at  low temperatures. In no case could 

the 420 nm band be a t t r i bu ted  to the hemoglobin of  r e t i n i a n  c a p i l l a r i e s  

which gives r i se  to band located at  410 nm when spread re t ina  is replaced 

by homogeneized re t i na ,  as depicted in f i gu re  2B. 

The importance tha t  should be given to the i n t e n s i t y  of  a photo- 

acoust ic spectrum is somewhat puzzl ing since i t  depends on photophysical ,  

thermal and absorption propert ies spec i f i c  to each sample. However, i t  is  
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convenient to relate a sample's photoacoustic signal amplitude to carbon 

black's signal amplitude. The re lat ive in tens i t ies  range from 0,055 to 

0,065, depending on temperature and the nature of the sample (rhodopsin, 

ROS, re t ina) .  This might to be due to the variance of any of the photo- 

physical, thermal or environmental factors determining signal amplitude. 

However, none of the visual pigments photoacoustic spectra can be referred 

to as having weak in tens i ty .  Spectra recorded with the non-fluorescent non- 

photosensitive hemoglobin show re lat ive in tens i ty  comparable to visual 

pigments spectra. Thus, we can say that non-radiative t ransi t ions are 

very important in cat t le visual pigment, whatever the nature of the sample 

and whatever the intermediate looked at. On this basis, the photoacoustic 

spectra presented here can be considered as ref lect ing the absorption 

properties of the last  layers of cat t le  ret ina.  
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