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ABSTRACT Double-barreled 02 microelectrodes were used to study 02 diffu- 
sion and consumption in the superfused drone (Apis mellifera) retina in darkness 
at 22~ Po2 was measured at different sites in the bath and retina. It was found 
that diffusion was essentially in one dimension and that the rate of 02 con- 
sumption (Q) was practically constant (on the macroscale) down toPo2s < 20 
mm Hg, a situation that greatly simplified the analysis. The value obtained for 
Qwas 18 +_ 0.7 (SEM)/~1 O2/cm 3 tissue �9 min (n -- 10), and Krogh's permeation 
coefficient (aD) was 3.24 + 0.18 (SEM) X 10 -5 ml O # m i n  �9 atm �9 cm (n -- 10). 
Calculations indicate that only a small fraction of this Q in darkness is necessary 
for the energy requirements of the sodium pump. The diffusion coefficient (D) 
in the retina was measured by abruptly cutting off diffusion from the bath and 
analyzing the time-course of the fall in Po~ at the surface of the tissue. The mean 
value of D was 1.03 + 0.08 (SEM) X 10 -5 cm2/s (n ~ 10). From aD and D, the 
solubility coefficient a was calculated to be 54 _ 4.0 (SEM) #1 02 STP/cm 3 �9 
arm (n -- 10), ~1.8 times that for water. 

I N T R O D U C T I O N  

T h e  d rone  (Apis mellifera) re t ina  has features tha t  make  it a tissue in which it 
is par t icu la r ly  interest ing to measure  the degrada t ion  of  the stores of  metabol ic  
substrate ,  the p roduc t ion  o f  A T P ,  and  the ut i l izat ion of  energy in p u m p i n g  
ions or synthesizing b iochemical  molecules.  T h e  re t ina  is compr ised  o f  on ly  
two, essentially un i form,  cell popula t ions:  the photoreceptors ,  which  respond 
direct ly  to light s t imula t ion  (Baumann ,  1968 and  1974), and  the glial cells. 
T h e  former  conta in  mi tocho n d r i a  and  no histologically de tec tab le  glycogen,  
whereas  the la t ter  con ta in  m u c h  glycogen and  few, if  any,  m i to ch o n d r i a  
(Perrelet ,  1970). This  a r r ang em en t  indicates a c o m p a r t m e n t a t i o n  o f  metabo-  
lism. T h e r e  is exper imen ta l  evidence tha t  in the isolated head  p repa ra t ion  
used in electrophysiological  exper iments  (and also in the  present  work),  the 
glycogen in the glia is the main  store of  metabol ic  substrate,  and  it has been 
shown that ,  when  the photoreceptors  are s t imula ted  by  light, the  glycogen 
tu rnove r  in the glia increases (Evfiquoz et al., 1978). Par t  o f  the energy  is used 
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to sustain t ransmembrane ion fluxes, and fluxes of one of the major ions, 
potassium, have been measured with ion-selective microelectrodes (Coles and 
Tsacopoulos, 1979). The present paper is intended as a first step toward 
relating the energy produced or used by these processes to the 02 consumption 
in the photoreceptors. 

In addition, a more specific question might be answered by an analysis of  
retinal 02 consumption: it has been suggested that phototransduction (the 
generation of a receptor potential after absorption of light by the photopig- 
ment molecules) might require ATP beyond that necessary for the mainte- 
nance of t ransmembrane ionic concentration gradients. The evidence comes 
primarily from experiments in which the effect of blocking oxidative metab- 
olism on the receptor potential was studied. Such experiments have been 
performed not only on the drone (Baumann and Mauro,  1973) but  also on 
Drosophila (Wong et al., 1976), the ventral and lateral eyes of Limulus, and the 
lateral ocelli of Balanus (Borsellino and Fuortes, 1968; Lantz and Mauro,  
1978). 

In the superfused drone retina preparation (Baumann, 1968), stimulation 
with a single flash of  light causes a fall in Po2 in the tissue, within 1 s, that can 
be as great as 40 mm Hg (Tsacopoulos and Lehmenkiihler, 1977). However, 
a quantitative analysis of  such a change can be made only if the rate of 02 
consumption (Q) in the dark and also the coefficients of  diffusion (D) and 
solubility (a) of 02  in the tissue are known. The present paper provides this 
basic information. 02 consumption in a worker bee retina has already been 
measured (with a micro-Warburg technique) by Autrum and Tscharntke 
(1962) and H a m d o r f a n d  Kaschef (1964), but  it seemed necessary to remeasure 
it in the drone under our experimental conditions. In our work in progress on 
the kinetics of change in Q, the rapid response of  the 02 microelectrode makes 
it the tool of choice, and we have chosen to use it also for the steady-state 
measurements. The macroscopically uniform nature of  the drone retinal tissue 
and the simple pattern of diffusion that we impose on it make it possible to 
calculate Q and aD from the Po 2 profile within the tissue and the bathing 
medium. D was measured by following the decay of  the Po~ at the surface of  
the retina when the 02  supply was abrupt ly suppressed. The value that we 
find for a is considerably greater than that generally assumed for biological 
tissues. 

M E T H O D S  

Measurement of Q and aD 

With Po2-sensitive microelectrodes, steady-state Po2 was measured at intervals along 
a line perpendicular to the tissue surface, in the medium above the tissue and within 
the tissue itself. Q and aD were derived from these Po2 profiles as described by 
Ganfield et al. (1970) (cf. Theory section for details). Qwas calculated from the flux 
of 02 at the tissue surface and the depth of tissue oxygenation. For the measurement 
of aD, a major requirement of this technique is the validity within the tissue, on the 
macroscale, of the one-dimensional diffusion equation for the Po 2. If this condition is 
met, Q/aD can be calculated from the Po2 profile. The analysis made by Connelly et 
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al. (1953) and Mahler (1978 a and 1978 b) is not directly applicable to our experi- 
mental situation. In their study moist gas was used to oxygenate the nerves and 
muscles, but in our study the 02 was dissolved in flowing Ringer's solution, and 
consequently the Po 2 at the surface of the tissue could be varied. Ringer's solution, 
instead of gas, was used so that it would be possible to study the effect of  changing the 
ionic environment on the Q of the photoreceptors. 

02 Microelectrode 

The technique of making double-barreled O2-sensitive microelectrodes has been 
described (Tsacopoulos and Lehmenktihler, 1977). The technique was slightly modi- 
fied to make Pt double-barreled microelectrodes with recessed tips, which, in principle, 
allow quantitative measurements of local Po~ in tissue, since the 02 diffusion field is 
restricted to the recess (Schneiderman, 1975; Fatt, 1976). For recess-type microelec- 
trodes, the etched Pt (tip diameter < 1 #m) is passed through melted Elephant brand 
shellac (Thew Arnott, Wallington, Surrey, England) so that a ball of shellac forms 
over the tip. Thus protected, the Pt is pushed down one barrel of a micropipette 
(borosilicate " theta"  tubing) until it is stopped by the constriction of the taper of  the 
micropipette. Then, while viewed through a microscope, the shellac is heated and 
melted (Tsacopoulos and Lehmenkiihler, 1977). By trial and error, a temperature is 
found at which the shellac melts, but remains viscous, so that it does not run toward 
the tip but retreats a little, leaving free the extreme tip of the Pt. Then, under 
continuous heating, the Pt is pushed through the melted shellac. While the Pt moves 
towards the tip, the melted shellac flows slowly with the Pt. When the Pt is at the 
desired distance from the tip (30-40 #m), heating is stopped and the shellac hardens 
around the Pt leaving only the extreme tip uncovered (Fig. 1 : inset). The other barrel 
of the micropipette is filled with Ringer's solution and used as a reference electrode. 
These microelectrodes were found to have the 02 currents predicted by theory 
(Sehneiderman and Goldstick, 1976) for a recess of 30/~m and a tip diameter of 1 #m 
(0.032 p A / m m  Hg of Poz). 

The electronic setup for measurement of  Po2 with double-barreled microelectrodes 
has been described in detail (Lehmenk/ihler et al., 1976; Tsacopoulos and Lehmen- 
k/ihler, 1977). The voltage between the Pt tip and the immediate surroundings 
measured by the reference barrel is clamped to a constant value. With this technique, 
the existence and stability of a well-defined "polarization plateau" is not critical 
because voltage perturbations often occurring in excitable tissues are compensated in 
~20 ms (Lehmenk/Jhler et al., 1976). The polarization voltage was always - 5 8 0  mV. 

Performance of the 02 Microelectrodes 

STABILITY The isolation of the Pt with shellac and borosilicate glass appeared 
good, since the 02 current remained stable for many days or even months (Fig. 1) (see 
also Tsaeopoulos and Lehmenk/ihler [1977]). During the experiments the 02 current 
measured in air-equilibrated solutions reached a stable value in about 20 min after 
the polarization voltage was turned on (see also Whalen et al. [1967]). However, when 
the microelectrode was used in intratissue Po~ measurements, after the first tissue 
penetration, there was a 2-8% (n -- 50 microeleetrodes) decrease of the slope of its 
initial calibration curve when it was rapidly withdrawn to the bath. This phenomenon 
was probably not related to the Pt itself, because it has been observed also with gold 
"Whalen-type" microelectl~des (Whalen et al., 1967) made in this laboratory. I f  the 
electrode was kept in the bath after the tissue penetration, the lost 02 current 
recovered in about 10 min. It was also observed that: (a) the lower the 02 current of 



604 T H E  J O U R N A L  OF G E N E R A L  P H Y S I O L O G Y  �9 V O L U M E  77 �9 1 9 8 1  

the electrode, the less the drop of the slope after tissue penetration (relatively fine 
microelectrodes were used [0.035-0.10 p A / m m  Hg of Po2]) and (b) penetrations in 
the superficial layers of  the tissue (relatively high Po2) did not cause any substantial 
02 current drop. To explore more factors that could affect the stability of Oz 
microelectrodes used repetitively in intratissue measurements, we made special recess- 
type microelectrodes with a polystyrene membrane.  The membrane  was applied to a 
column of 50% glycerine and 5% gelatine in tris(hydroxymethyl)aminomethane 
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FIGURE i. Calibration curves o fa  microelectrode. There is a linear relationship 
between Po~ (abscissa) and current (ordinate). Curve 1 was obtained on the day 
of fabrication of the electrode. Then, the electrode was repeatedly used in 
experiments and calibrated several times before and after tissue penetration. 
Curves 2-4 are samples obtained 1 wk, 1 mo, and 3 mo later than curve 1, 
respectively. The inset is a schematic representation of a typical double-barreled 
recess-type microelectrode. In some experiments the recess was filled with a 
membrane  (see also text). 

(Tris)-buffered Ringer's solution that filled the recess. The polystyrene membrane  
and the material trapped inside the recess reduced the 02 current by only ~20%, but 
it prevented a hypothetical contamination of the Pt by macromolecules. The results 
obtained with these microelectrodes in some experiments were identical to those 
obtained with uncovered recess Pt or Au (Whalen-type) microelectrodes. However, 
since the technique for the membrane application is laborious, the bulk of the 
experiments were performed with uncovered recess-type Pt microelectrodes. 
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CALIBRATION These electrodes were calibrated repeatedly during an experiment 
and showed excellent linearity in Ringer's solution at 22~ over the Po2 range of 0-  
700 mm Hg (Fig. 1). An easy way to obtain the current at zero Po~ (the so-called 
"dark current"; Davies, 1962) was to place the electrode at the beginning and at the 
end of the experiment deep inside the tissue and then superfuse the retina with N2- 
equilibrated solution under light stimulation (see Results). A similar method has been 
used in other tissues (Takahashi et al., 1966; Mahler, 1978 a). The value obtained 
with this technique was compared with that obtained by dipping the microelectrode 
into zero Po2 solutions made by adding either 0.2 M NaHSO3 (Davies, 1962) or 
buffered Ringer's solution containing 20% glucose and the enzyme glucose oxydase 
(Wiernsberger et al., 1976). Since these techniques gave identical results to within 0.1 
pA, only the former was regularly used. Most of the microelectrodes tested had a dark 
current that ranged from 0.0 to 0.4 pA. When the dark current was for unknown 
reasons higher than that, the electrode was discarded. The electrodes used in this 
study were, as expected, insensitive to changes in flow (Fatt, 1976), and negligibly 
little oxygen was consumed by the electrode. 

Preparation of the Retina 

The drone was decapitated, the antennae were cut off, and the head, with the 
posterior surface up, was put in a concave well in a stainless steel head holder (Fig. 2 
B): the well had been filled with a low-melting-point (37~176 wax (Eicosan, Fluka 
A. G., Buchs, Switzerland). The orientation of the head in the well was carefully 
adjusted so that the dorsal part of the cornea protruded about 100 /~m above the 
edge. Then the protruding part  was sliced offwith a new razor blade vibrating at 300 
Hz to expose a layer of ommatidia  lying flush with the floor of the chamber (Fig. 2 
B). 

Perfusion Chamber 

A chamber  was built fulfilling certain hydrodynamic requirements. Fig. 2 A is a 
schematic representation of this chamber. The  main body is of  Plexiglas. The floor is 
covered by a sheet of polished stainless steel, thoroughly cleaned with alcohol. The 
width of this chamber  (40 mm) is much larger than the diameter of the drone head, 
and the distance from the input to the output is 80 ram. The head in its holder was 
fitted in a circular hole (diameter, 7 mm) in the floor of the chamber,  40 m m  from the 
inlet. By means of a screw in the base of the hole, the upper surface of the head holder 
could be brought flush with the chamber floor (Fig. 2 B), so that turbulent flow over 
the head could be avoided. At the outlet of the chamber  the stainless steel floor curved 
downward and a glass cover slip was propped against it (Fig. 2 A); because of this, the 
level of fluid remained constant to within a few micrometers over the range of flow 
between 0.5 and 20 ml/min.  A bolus of fluorescein injected before the input of the 
chamber showed a parabolic profile, indicating that the flow was laminar. In addition, 
when the flowing fluid in the chamber was scanned with a Po~ microelectrode, 
starting from the middle (where the retina is normally located) and going toward the 
sides of the chamber,  the Po2 was constant (for any given flow rate and depth) to 
within 1 mm of the sides. 

Perfusion Medium 

The retina was superfused with oxygenated Ringer's solution of the following com- 
position (millimolar): NaCI, 283; KCI, I0; CaCl2, 1.8; MgC12, 5; Tris-HCl, 10; pH 
7.4. The Ringer's solution was pumped to the chamber  by a peristaltic pump. On the 
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basis of  experimental results, two flow rates of 8.7 and 11.2 ml /min  were chosen for 
the measurements. Given the cross section of the chamber,  it can be estimated that 
for these two flow rates the mean velocity of the flow is ~2 and 3 mm/s ,  respectively. 

,'D 

A 

FIGURE 2. (A) Exploded diagram of the perfusion chamber together with the 
system for the measurement of D. When the shutter cable (S) is operated, the 
Plexiglas plate in which the surface Oz electrode is mounted rotates, as indicated 
by the arrow, and covers almost the entire width of the chamber,  including the 
retina, without leaving any visible space between the lower surface of the 
Plexiglas plate and the floor of the chamber (see also text). (B) Schematic 
representation of the superfused cut-head preparation seen from above. The 
heavy line ring represents the head holder (diameter 7 ram) in which the head 
is fixed by wax (W). The retina (R) of one eye is oriented so that some 
ommatidia  are perpendicular to the lines of flow. Black arrow indicates the 
cornea; white arrow the basal membrane;  and B the brain. 

120/tm from the retinal surface, the estimated velocity is -0 .5  m m / s  when the flow 
rate is 10 ml /min.  Before reaching the chamber,  the flow passed through a Teflon- 
membrane  gas exchanger (Dfiinnschicht Dialysator, L. Eschweiler and Co., Kiel, W. 
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Germany). The efficiency of this oxygenator was satisfactory, because the values of 
Po2 obtained in 100% O2-equilibrated solutions flowing in the perfusion chamber 
were those expected from the calibration curves of the electrode (~703 mm Hg at 
22~ in Geneva). 

Movement of the Electrode and Measurement of Electrode Position 

The electrode displacement was measured by a 20-turn potentiometer connected to 
the fine screw of a Leitz (Wetzlar, W. Germany) micromanipulator by a rubber O- 

OUT IN 

P 
ring. For 1,000-/~m movement, the total error was ~1% (10/lm). Precise step move- 
ments down to 20 ~m (usually made in this study) were possible. The vertical 
displacement of the micromanipulator made a 60 ~ angle with the bottom of the 
chamber. The electrode was advanced in a direction opposite that of the flow; this 
had the advantage that the tip of the electrode measured the P% in a region 
undisturbed by the physical presence of the electrode. 

Measurement of D 

The method was similar to that described by Takahashi et al. (1966) in their 
determinations of D and Q in rabbit corneal stromata and by Evans and Constable 
(1976) in their measurements in bacterial suspensions. Basically, the method consists 
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of abruptly sealing the retina from the 02 of the perfusion medium and then 
measuring the time required for it to consume all of its dissolved O2. The tissue 
preparation and the perfusion chamber are described above. The exposed retinal 
surface was sealed by two methods. 

METHOD 1 The Ringer's solution flowing over the retina was rapidly replaced 
by a paraffin or silicon oil by means of the pneumatic valves described by Coles and 
Tsacopoulos (1979). The subsequent time-course of Po2 was measured by an Oz 
microelectrode previously positioned below the exposed retinal surface. Various tests 
have revealed that these oils have a D more than 10 times lower than the water. 
However, since we could find no liquid completely impermeable to O2, this method 
was replaced by Method II. 

METHOD II A plate of Plexiglas was abruptly dropped onto the retinal surface, 
possibly trapping a very thin layer of fluid but no air bubble. The upper part of Fig. 
2 A is a schematic representation of the system. The 02 electrode consisted of a 125- 
/tm Pt wire etched at the tip to 1 ~m and insulated with shellac inside a 0.5-ram glass 
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r 

FXOURE 3. Test of sealing by the surface electrode. The surface electrode was 
in the chamber about 0.5 mm above the head holder (Fig. 2 A), the space for 
the retina being filled with wax. Ringer's solution equilibrated with air was 
flowing. The record is the oxygen current. (a) The electrode was dropped over 
the head holder. No change in the 02 current was observed. (b) The perfusate 
was switched to a Ringer's solution equilibrated with 100% Oz. This 02 did not 
reach the electrode surface. (c) The surface electrode was abruptly raised by a 
few tens of micrometers. Oxygenated Ringer's solution was now able to reach 
the electrode and the current increased. 

capillary. The electrode was polished on a beveller until its measuring surface was 
-2 -3 / t i n  2, and, when immersed in air-equilibrated Ringer's solution, it gave a current 
of 1.5-2.0 nA. These electrodes usually had a linear calibration curve, and the dark 
current measured with the glucose oxydase technique (see above) was between 30 and 
150 pA (10 electrodes). Bare electrodes were used in this study, because the fastest 
response time of the electrode was required. Indeed, when the 02 electrode was 
covered with a polystyrene sheet as thin as 1-2 #m, even though its response time was 
reasonably short ( t ~  ~ 1 s), the electrode was not fast enough to measure accurately 
the rapid drop of Po2 (see Results). Theoretically, the major problem arising from the 
use of bare 02 electrodes would be the stirring effect (Davies, 1962). However, this 
effect was relatively small (2-5%), probably due to the smallness of the sensing surface 
of the electrode (see Fatt [1976] p. 20). There were two other reasons for making the 
electrode so small: to diminish the electrode's oxygen reduction rate to a minimum 
and to make the measurements as local as possible (see calculations made by 
Takahashi et al. [1966]). The calibration curve of the electrode was not affected by its 
location in the Plexiglas plate, whose presence in the bath, - 1  mm from the retina, 
did not affect the characteristics of the Po2 curve obtained with the recess-type 02 
microelectrode. Another control experiment (Fig. 3) demonstrated the effectiveness of 
the sealing of the retinal surface with the Plexiglas plate. 
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The typical experimental procedure of Method II was the following: when the 
P02 distribution reached a steady state (generally ~ 1 h after the retina was sliced) the 
P02 was measured with the 02 microelectrode along an axis normal to the surface of 
the retina, in the bath and in the tissue. Then the Plexiglas plate (with 02 electrode 
in place) was oriented under microscope control so that, when the plate was dropped 
over the retina, the sensing surface of the electrode tightly occluded the retina in the 
middle of the ommatidia at about the same place as the depth of the O2-supplied 
layer had been measured. One measurement of D per retina was made. 
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FIGURE 4. Sample recording of Po2 as a function of distance (x); the position 
of the exposed retinal surface is indicated by zero, the bath being to the left and 
the retina to the right. The dotted line is the mean slope through the first five 
intraretinal points. It shows that the Po2 gradient barely changed when the 
electrode passed from the bath into the retina. 

R E S U L T S  

Steady-State Po2 Measurements 

W h e n  the Po2 microe lec t rode  was advanced  by steps of  20 p m  from the bulk  
o f  the ba th  toward  the exposed surface o f  the ret ina,  Po2 was cons tant  for a 
long distance.  T h e  first changes  a p p e a r e d  at ~240  # m  above  the ret inal  
surface. T h e  amp l i t ude  o f  the change  per  step increased for ~ 120/~m, bu t  it 
r ema ined  app rox ima te ly  cons tant  in the last 120-140/~m above  the exposed 
ret inal  surface. This  appears  in the plot of  Fig. 4 as a s traight  line. Inside the 
tissue, Po2 values decreased as a funct ion o f  dep th  and  reached  zero ~400  # m  
from the surface. Ganf ie ld  et al. (1970) have  o b t a in ed  a similar curve  in 
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experiments made on superfused brain slices, and they concluded that the 
straight part of  the curve indicates the existence of a boundary  layer equivalent 
to 40 /.tm of nonflowing solution. Since their calculations depend on the 
important  assumption that in the boundary  layer transport is only perpendic- 
ular to the surface, we decided to explore this in detail. 

Theory 
The geometry of the system is presented schematically in Fig. 5. Symbols x,y, 
and z denote the three space-coordinate axes: x is perpendicular to the exposed 

FIGURE 5. Schematic representation of the cut-head preparation, to facilitate 
the understanding of the theoretical analysis. The perfusate flows along the axis 
z while some of the ommatidia are lying almost along the axis y. The cornea 
(some facets are indicated by circles) is practically impermeable to 02, but in 
spite of that, in the experiments, the eyes were surrounded by wax (hatched 
area; see also Methods). The experimental evidence suggests that the 02 diffuses 
only along the axis x, i.e., from the bath to the retinal 

surface of tissue and z is the direction of flow of the perfusion medium. In the 
experimental conditions of  this study (Fig. 5), there are at least three factors 
affecting the concentration of 02 in the system, namely, (a) diffusion of  the 
free oxygen molecules, (b) transfer of molecules resulting from the convective 
flow in the bath, and (c) chemical reactions consuming 02.  Consequently,  the 
local concentration of free oxygen, C(7,t), will change according to the 
equation (see, e.g., Levich [1962]) 

OC _ V. (DVC) - -  V.VC-  Q. (1) 
at 

Or, replacing C with aP, 

a( P) = - P.v( P) - Q, 
at 

where ~7 is the differential 

(2) 

0 0 
operator(~x;~y;-~z),V(7,t ) the vector field 
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describing the collective movement  of the medium, P the Po2, D the diffusion 
coefficient, and a the solubility coefficient of oxygen in the medium. 

For the present experimental conditions, Eq. 2 can be simplified using 
reasonable assumptions, namely, that D and a are constant with values Da 
and_aB in the bath, and DR and aR in the retina; that the x a n d y  components  
of V are negligible (laminar flow, see Methods); and that, since the chamber  
is much wider than the preparation, Vz is independent o f y  and z over the 
retina. 

Under  these conditions and since Q = 0 in the bath and V = 0' in the 
tissue, Eq. 2 becomes 

fiP fiP 
fit - 1)BV2P - Vz ~z (3 a) 

in the bath and 

OP _ / ~ 7 2 p  _ ~ (3 b) 
fit aR 

in the retina. 
Using these equations together with the equation given by the continuity 

of  the diffusion flux -Da(f iP/ f ix)  across the interface, it is possible to estimate 
the values of Q, aR, and DR, provided the values of  P, Vz, DB, and aB are 
known. We found it suitable for our experiments to consider two situations: 
(a) when steady state is reached and (b) when the interface is suddenly 
occluded with an impermeable boundary  (interruption of  oxygen exchange at 
the interface). 

STEADY STATE [(fiP/fit) = 0] The exact resolution of Eqs. 3 a and 3 b 
depends on the boundary  conditions applying to the system. Instead ofchosing 
arbitrary boundary  conditions for the steady state, we decided to measure the 
values of  fiP/fiy and fiP/Oz over the retina (see below). We found them to be 
vanishingly small compared with fiP/fix, thus indicating that: (a) the one- 
dimensional model can satisfactorily describe the diffusion of  02  in the 
superfused retina; (b) Q does not noticeably vary, on the macroscale, along 
the axesy and z in the retina; and (c) since Vz vanishes at the surface of  the 
retina, there is a region in the bath, close to the retina, where the term Vz(fiP/ 
fiz) can be neglected. 

Thus, Eqs. 3 a and 3 b become 

fi2 p 
DB fix--- f = 0 (4 a) 

in the bath close to the retina and 

Q 
- (4 b) 

 RDR 

in the retina. 
The solutions of Eqs. 4 a and 4 b are a straight line in the bath,  and in the 
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retina a curve with a shape that depends on the value of Q/aRDR. Since both 
solutions are linked by the conditions of continuity of the flux and of P, 
it is possible to infer from them the mean value of Q(Q) together with the 
value of the product aRDR, as we show below, provided the values of 0tB and 
DB are known. 

Since the one-dimensional model applies over the major part of the retina 
and since the flux (F) normal to the interface is only due to diffusion, the 02 
flux entering the retina has the following value: 

F = aBDsA (5) 

where --A is the slope of the straight line in the bath (Fig. 4). Consequently, 
the mean value of Q in the oxygenated part of the retina is 

(~ -- F aBDBA 
l - l ' (6) 

where l is the depth of tissue supplied with Oz. 
If Q is uniform throughout the consuming tissue, P is a parabolic function 

o f x  (Hill, 1928), so that the plot of  4 ~  vs. x is a straight line with a slope y 
given by (see Appendix): 

~ -  Q (7) 
Y = -- 2aRDR" 

Thus, using Eqs. 6 and 7, we find for aRDa: 

Q aBDBA 
= = ( 8 )  

As we show in Appendix,  thc same results apply to certain other cases of 
Q(x), provided that Q is replaced by Q. 

OCCLUSION OF THE INTERFACE AFTER STEADY STATE 
expression of Eq. 3 b is 

OP 02P Q 
- D .  - 

The one-dimensional 

(9) 

When the flux of oxygen through the interface is abruptly stopped, if Q is 
independent  of P, Eq. 9 turns into a moving boundary problem, the resolution 
of which is difficult. However, the particular case of uniform Q has been 
investigated in detail by Crank and Gupta  (1972). They showed that (a) the 
depth of the oxygenated layer changes very little at first and then abruptly 
comes to zero when all the available oxygen has been consumed in the tissue 
and (b) the exact value obtained numerically for the time-course of P at the 
interface, Po(t), is very closely fitted by the following expression: 

Po(t) ~- Po(0)- 1 - ~ / - - - - ~  �9 'd~ (10) 

According to Eq. 10, a plot of Po versus 4~ should yield a straight line. In 
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this way, calling to the time at which Po comes to zero and using Eq. 10, we 
can estimate DR from the following equation 

r 2 
DR = 16t-"--~" (11) 

In conclusion,-since we already know from Eqs. 6 and 8 the values of (~and 
aRDR, we have a method of estimating Q, DR, and aR from Po~ recordings in 
the cut-head preparation. 
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FIGURE 6. Measurement of P(x) in the bath at different positions along the 
axisy. In the scheme presented in the inset the positions are indicated by different 
symbols: �9 position 1; 4,, position 2; *, position 3; and 0 ,  position 4. In 
these experiments the ommat id ium was oriented perpendicular to the 
lines of flow. 

Validity of the One-dimensional Model 

Eqs. 6, 8, and 11 are valid only if Q does not vary on the macroscale along the 
y and z axes in the retina and P is independent o f y  and z in the retina and 
over it. This has been tested by recording P at different sites along the exposed 
retinal surface in the steady state. 

The insets of Figs. 6 and 7 show schematically the experimental protocol 
followed in these experiments. First, measurements were made at four sites 
along they  axis, i.e., the length of a given ommat id ium situated in the middle 
of the eye and oriented perpendicularly to the direction of the lines of flow. 
Fig. 6 shows a sample experiment, and Table I summarizes the values of A 
and Po obtained from eight experiments at sites 1-3. A was lower at the 



614 THE JOURNAL OF GENERAL PHYSIOLOGY. VOLUME 7 7 .  1981 

pigmented zone of the ommat id ium close to the cornea (site 1) than in the 
remaining sites along the ommatidium. In contrast, there was no significant 
difference between the slope measured - 5 0 # m  proximal to the pigmented 
zone of  the ommatidium (site 2) and sites 3 and 4. Po was somewhat more 
variable, but  there was virtually no difference among sites 2-4. However,  
there was a small but  clear difference between site 1 and the other sites along 
the axis of  the ommatidium, Po being higher close to the cornea. This 
phenomenon could be due to a lower oxygen consumption locally at the level 
of the pigmented zone of the ommat id ium or to the transition from consuming 
to nonconsuming regions of the chamber. In the presence of  this ambiguity, 
the experiment was repeated but  with the ommat id ium oriented parallel to 
the lines of  flow with the corneal part of  the ommat id ium situated down- 
stream. Even under these conditions, Po was lower at site 3 than at site 1 and 
A was higher at site 3 than at site 1. Qualitatively identical results were 
obtained in six retinas. 

T A B L E  I 

M E A S U R E M E N T  O F  Po A N D  A A L O N G  T H E  y A X I S  

Po A 

Exp. Posit. 1 Posit. 2 Posit. 3 Posit. 1 Posit. 2 Posit. 3 

mm Hg mm Hg/Izm 
I 400 381 380 1.52 1.85 1.85 
2 410 396 367 1.60 1.75 1.66 
3 425 365 360 1.60 1.94 1.94 
4 412 380 370 1.67 2.15 2.12 

5 396 313 307 2.25 2.55 2.55 
6 410 310 308 1.51 2.35 2.29 
7 455 405 396 1.55 1.82 1.85 

8 461 392 383 1.60 2.20 2.20 
.~ 421.1 367.7 358.9 1.66 2.08 2.05 
SD -I-24.4 "t-36.7 :t:33.6 +0.24 -t-0.28 "t-0.28 

SEM +8.6 ::1:: 13.0 + 11.9 :t:0.09 +0.10 :1::0.10 

Consequently, we conclude that the pigmented region of the ommat id ium 
has a lower Q than the rest of  the ommatidium. This finding fits with the 
histology, which shows that at the pigmented part of  the ommat id ium the 
pigment cells (which have few mitochondria) have a much larger volume than 
the mitochondria-rich photoreceptors (Perrelet, 1970). However,  the impor- 
tant finding is that along the greatest part of t hey  axis over the retina, P was 
practically constant, i.e., OP/Oy ~- O. 

In other experiments, the exposed retinal surface was scanned with the 
microelectrode along the z coordinate, the ommatidia  being oriented perpen- 
dicularly to the lines of  flow (inset of Fig. 7). As shown in Fig. 7, there was 
negligible variation of  A and Po over a large part of  the z axis, so that aP/az 
-~ 0. In addition, in four experiments, P(x) was measured at two or more sites 
inside the retina. The curves from each retina were almost indistinguishable, 
the oxygenated depth being the same to within 20 #m. 
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In conclusion, OP/Oy and OP/Oz are negligible in the region of interest, 
justifying the use of  Eq. 6. 

Measurement of Q and Permeation Constant ctRDR 

Fig. 8 shows on an expanded scale the right part of Fig. 4, as well as a plot 
of 4P(x). As expected from Eq. A5 (Appendix), this plot is closely fit by a 
straight line, so that we can consider Q as uniform inside the tissue. Conse- 
quently, it is possible to use Eqs. 6 and 8 to estimate Q and aRDa. The results 
of  10 experiments are presented in Table  II. The pooled value of Qwas  18 _+ 
0.7 (SEM) ~l O2/cm a tissue.min. Using the value 3.32 • 10 -~ ml O2/cm �9 
atm �9 min for aB/)B (Goldstick and Fatt, 1970; Ahman  and Dittmer, 1971), 
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FIGURE 7. Measurements of P(x) in the bath along the axis z at a position 
corresponding to the middle of the ommatidium (site 3 of Fig. 6). Inset shows the 
experimental protocol and the corresponding symbols. Distance between the 
two extreme sites (/~ and *) was ~ 1 mm. 

the value obtained for artDa was 3.24 __. 0.18 (SEM) • 10 -5 ml O J m i n . a t m .  
cm, i.e., very close to that reported for pure water. In 10 other experiments, Q, 
measured under a perfusion flow of 8.7 ml/min,  was very close to that 
measured under 11.5 ml /min  (see Table III). 

Immediately after the head was sliced to expose the ommatidia  and starting 
perfusion, the slope --A was steep, but  it progressively decreased until a steady 
value was reached. Usually, with 100% oxygenated Ringer's solution and in 
darkness, it took ~ 1 h of perfusion to reach a steady value of  A. This value 
remained stable at a given location of  the retina and in good preparations for 
up to 6 h. The values of  Q presented in Tables II and III were obtained at 
between 1 and 5 h of  perfusion and dark adaptat ion and from tissue penetra- 
tions made exclusively in the middle of the ommatidia.  



616 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  �9 V O L U M E  77 �9 1981 

In some experiments, the plot x/P(x) was fitted by a linear regression as 
satisfactorily as in Fig. 8. In other cases, there were conspicuous periodic 
fluctuations around the straight line (Fig. 9 A). We show in the Appendix 
that if this arises from periodic fluctuations in Q related to the structural 
heterogeneity of the drone retina (Fig. 12), then the results of the analysis are 

t I I 

300 15 

s 2OO 10 E g 

10(: 5 

I I 
0 100 200 300 400 

X(pm) 

FIGURE 8. Shows the right part of the Fig. 4_(intraretinai) on an expanded 
scale (C)). The straight line (A) is a plot of ,fP(x). Zero distance corresponds 
to the exposed retinal surface. The solid, straight line is the best linear fit of 
x/fi, and the corresponding value of P(x) is indicated by the solid curve. 

T A B L E  I1 

V A L U E S  O F  Q, aD, D, A N D  a 

Exp. A l --Y to Q aD, 105 D. 105 ct 

~m Hgl mm Hg'l~l 
I#m #m I#m 

I 2.024 478 0,041 
2 1.826 414 0,050 

3 1,520 526 0.038 
4 1.720 430 0.048 
5 1.539 386 0.051 

6 2.041 456 0.043 

7 2,122 440 0,049 
8 1,426 368 0,053 

9 1.670 392 0,045 
10 1.733 434 0,045 

SEM 

#l 02/ ml 02/ cm2/ btl 02/ 
s /cm 3. rain /cm.atm.min /s /cm3,atm 

39 18.5 4.16 1.15 60 
32.5 19.3 2.94 1.04 47 
45.5 12.6 3.35 1.19 47 
26.5 17.5 2.85 1.37 35 
40.5 17.4 2.60 0.72 60 
35 19.6 4.01 1.17 57 

40 21.1 3.32 0.95 58 

40 16.9 2.31 0.67 58 
40 18.6 3.53 0.75 78 
29.5 17.4 3.28 1.25 44 

17.9 3.24 1.03 54 
• +0.18 • +4.0 

still valid. In still other experiments, after a depth of ~300 #m, there was a 
significant deviation from the expected straight line (Fig. 9 B). A number  of 
explanations can be proposed to account for this, e.g., decreased Q at low 
Po~ (Hill, 1948), facilitated diffusion (Wyman, 1966; Ganfield et al., 1970), or, 
less probably, changes in electrode sensitivity. To calculate Q in such cases, 
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the straight portion of the curve was extrapolated to zero, and the distance 
thus obtained was used for the estimation of Q (see also Gore and Whalen 
[1968]). As shown in Table III, the mean Q calculated from complete linear 
plots of ~ vs. x is the same for all three cases. 

Measurement of D in the Dark-adapted Retina 

From the steady-state measurement of P inside the tissues, we have concluded 
that Q is uniform (perhaps with a slight periodicity). Therefore, the value of 
P at the interface, Po(t), is expected to change according to Eq. 10 from the 
moment  when the surface is occluded. The method used for this study is 
described in Methods. Fig. 10 shows a sample recording of the electrode 
current as a function of time: the ordinate is labeled with Po2 values obtained 
from calibration of the electrode. The Po2 fell in two distinct phases, (the 
transition is indicated by the dotted line in Fig. 10). The first phase corresponds 
to the rapid drop of Po2 from the value existing in the bath to about the value 

T A B L E  I I I  

C O N S U M P T I O N  U N D E R  D I F F E R E N T  C O N D I T I O N S  

Q 

A B C D 

~! 02/cm s tissue �9 rain 

20:t:2.0 SE 18• SE 20•  SE 20•  SE 
n =  10 n =  10 n = 15 n =  15 

A, under  a flow rate of superfusion of 8.7 m l . m i n  -1. 
B, under  a flow rate  of  superfusion of 11.5 m l . m i n  -j.  q'P(x) was a s t ra ight  line. 
C, ,,/-P(x) was a s t ra ight  l ine for more  than  300 ~m, bu t  dev ia ted  at  low P. The  total  

O2-suppl ied dep th  was t aken  for the es t imat ion  of Q. 
D, same as C, but  the s t ra ight  por t ion of  the curve was ex t rapo la ted  to zero, and  the 

dis tance  thus ob ta ined  was used for the es t imat ion  of  Q. 

of Po. During the second phase, the current fell slowly to zero. In this particular 
record, after the completion of sealing, the retina too k about 1 rain to consume 
all its 02 store. Eq. 10 predicts that a plot of  Po vs. Vt should be a straight line 

fi-g-DR 
with slope - ~ / - - - ~  • Po(0). Such a plot is made in Fig. 11 with selected 

values taken on the recording of Fig. 10 starting from the moment  of the 
appearance of the mechanical artifact (t = 0) and continuing to the end of 
the first oscillographic sweep. The straight line of Fig. 11 has been calculated 
by linear regression using values taken between the arrows. In this range the 
experimental points lie on the straight line, but deviations appear at the 
beginning and at the end of the graph. Possible explanations for these 
deviations are given in the Discussion. 

The data  from 10 retinas (one run per retina) ,.tt 21.6~ are shown in Table 
II. In all these experiments, the plot of  Po vs. ~ / t  was at least as linear as the 
one presented in Fig. 11, and the qrp(x) inside the retina, determined with the 
recess electrode before the sealing of the exposed surface, gave approximately 
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FIGURE 9. Plots of intraretinal ff'P(x) vs. x, as in Fig. 8, showing typical 
deviations from linearity. 

I 
700 . . . . .  

v 

FIGURE 10. Oscilloscope record of Po2 change as a function of time after sealing 
of the exposed retinal surface from the 02 source with the Plexiglas plate. The 
mechanical artifact (upward deflexion of the 02 current) indicates the moment 
at which the Plexiglas plate was pushed toward the retina. The dashed line 
indicates the transition from the rapid phase to the slow phase of the fall of 
Po 2. 
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a straight line, indicat ing an almost uni form Q and  the existence of  one- 
dimensional  diffusion. The  mean  value of  DR calculated from Eq. 11 was 1.03 
+__ 0.08 (SEM) • 10 -s cm2/s. The  variabil i ty of  the individual  results listed in 
Tab le  II is perhaps due to the relative imprecision of  the measurements  of  to 
from one exper iment  to another.  

On ly  five experiments  were carried out with paraff in  oil, for the reasons 

A 

O~ 

I= 
l= 

0 
O. 

6 0 0  

t(s) 

1 5 10 15 2 0  25 30  4 0  5 0  
I 1 I I I I I I I 

2 7 s  - -  

4 0 0 -  " �9 �9 �9 �9 - 

2 0 0  

�9 �9 J 

1 2 3 4 5 6 7 

FXGURE 11. Plot of the values of Po2 taken from the recording of Fig. 10 as a 
function of square root of time. The solid line is the best linear fit of the recorded 
values of Po2 taken between the two arrows. The calculated straight line is that 
predicted by the model of Crank and Gupta (1972) (see Theory). The x intercept 
of the straight line gives the value of to, which is introduced into Eq. 11 to 
calculate D. 

given in Methods .  The  fit of  these da t a  by Eq. 10 was less satisfactory than  
when  the ret ina was sealed with the Plexiglas plate, bu t  the best est imate of  
D, 1.0 • 10 -s cm2/s, was similar. 

T h e  values of  the solubility coefficient a a  were derived in each exper iment  
from the estimates of  aRDR and  DR, and  they are listed in Table  n. The  mean  
value obta ined  for aR was then 54 _ 4.0 (SEM) # 1 0 J c m  3 t i ssue .a tm,  which 
is - 8 0 %  higher  t han  in pure  water  at the same tempera ture  ( Internat ional  
Crit ical  Tables).  
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D I S C U S S I O N  

The aim of this study was to obtain values of the steady-state rate of 02 
consumption (Q), and the diffusion (D) and solubility (a) coefficients to be 
used later in a quantitative determination of the kinetics of Q after a single 
flash of light. In control experiments Po2 was measured at different sites in the 
bath and in the retina, and it was found that the Po~ at the exposed retinal 
surface (Po) and the magnitude of the 02 flux (F)  entering the retina 
perpendicularly to this surface were practically uniform over the whole 
superfused retina, a situation that greatly simplified the analysis. A priori we 
did not expect this: the theoretical analysis made by Levich (1962) of a system 
in which a solution flows over an infinite plane absorbing surface, suggested 
that along the z axis, at least, Po would be higher close to the inflow than, for 
example, in the middle of the retinal surface. The experiments showed, 
however, that Po and F are constant in the x-y plane, presumably because the 
retina is narrow compared with the width of the chamber  and balance flux 
occurs from the borders and because along the y axis the high retinal Q 
contributes to the rapid establishment of uniform Po and F. In this study, the 
exact mathematical  solution of the curve P(x) in the bath was not pursued, 
because the precise distribution of the velocities of the fluid along the axis x 
was not measured. This, however, does not invalidate the results presented 
here. 

A second major simplification was discovered: Q was essentially constant in 
the retina down to Po2s <20 mm Hg. This finding agrees with those of Gore 
and Whalen (1968) from work in muscle and Ganfield et al. (1970) from work 
in mammal ian  brain slices. However, when the fine structure of the drone 
retina is considered, it might be expected that Q would not be the same 
everywhere. The mitochondria where Qoccurs are aligned along the periphery 
of the photoreceptor cells, which in turn are surrounded by the mitoehondria- 
free glial cells. From this mitochondrial distribution one would expect the Q 
distribution to be roughly periodic (see Fig. 12 in Appendix). However, the 
mathematical  analysis given in the Appendix shows that the retinal Q, on the 
macroscale, will appear as uniform because ~/P(x) is always close to a straight 
line. 

Q in Darkness 

The value of Q of the completely dark-adapted drone retina appears high 
compared,  for example, with the values of resting sartorius muscle at 20~ 
(Mahler, 1978a) or the corneal stroma (Takahashi et al. 1966). Using a 
microtechnique similar to ours, Ganfield et al. (1970), obtained in mammal ian  
brain slices at 37~ a value of 8 9 . 8 / ~ 1 0 J c m  ~ tissue, min. Assuming Qt0 "-- 2 
for the drone retina (Autrum and Hamdorf ,  1964), our value of Q for the 
drone retina appears only a little lower than that of mammal ian  cerebral 
cortex. More relevant, however, are the values obtained by H a m d o r f  and 
Kaschef (1964) using a micro-Warburg manometr ic  technique. They  found 
the retinal Q of flies (Calliphora e~ythrocephala) maintained in darkness to be 
~60 # 1 0 J c m  ~ tissue-min at 22~ or about threefold higher than in drones. 
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For the worker bee, Autrum and Hamdorf  (1964) give the oxygen consumption 
per eye: if the weight of the retina is taken as 0.5 mg (our unpublished 
measurement) their figure corresponds to a Q of 40 pl O2/cm 3 tissue.min (at 
22~ In most of our experiments, the retina was allowed to dark adapt for 
at least 1 h. In preliminary experiments, Q was measured after only 10-15 
min of dark adaptation after a prolonged illumination with continuous light, 
and the value was 35 -+ 8.0 (SEM) pl O2/cm 3 tissue.min (n = 6), i.e., about 
twice as high as the value obtained under complete dark adaptation. Hence, 
the value obtained by Autrum and Hamdorf  (1964) is close to the value for 
partially dark-adapted drones. 

Considering the value of retinal oxygen consumption obtained in this study, 
the following question arises: which are the cellular metabolic processes 
operating in darkness that use this energy produced by the mitochondria? 
Taking a mean Q = 20/zl O J c m  a tissue.min (see Table III) and considering 
that near the middle of the ommatidia  the photoreceptors occupy about two- 
thirds of the cellular volume of the drone retina and that they are the only 
element of the retina containing significant numbers of mitochondria, we 
obtain Q = 30 pl of O2/cm 3 of photoreeeptor, min. Assuming that the generally 
accepted stoichiometry P / O  = 3 is also valid for the drone mitochondria, a 
production of 8.04/zmol of A T P / c m  3 of photoreceptor, min would be expected. 
There is now general agreement that the stoichiometry 3 Na+/ATP roughly 
applies to (Na + + K+)-ATPases (Harris et al., 1980). Therefore, if all con- 
sumption were used for the work of the pump,  24.1 /zmol of ion/cm 3 of 
photoreceptor- min would be pumped. The resting Na + flux in the invertebrate 
retina is not known, but taking into account measurements made by means of 
radioisotopes in another excitable tissue, the vagal nerve of rabbit (Rang and 
Ritchie, 1968) and correcting for the different surface:volume ratio (Coles and 
Tsacopoulos, 1979), a "leaking" ionic movement of 3.45 #mol /cm 3 photore- 
ceptor .min would be expected. This value is far smaller than that which 
would be obtained if all Qwere used for basal pump work, and, consequently, 
it would appear that only a small fraction of the total energy produced by the 
basal Q is used for the work of the pump in darkness. Presumably, anabolic 
processes operating in the photoreceptors in darkness, such as synthesis of 
proteins, use part of the total energy production of the cell: there is biochemical 
and autoradiographic evidence that the drone photoreceptors, like other 
invertebrate photoreceptors, synthesize appreciable amounts of proteins (pre- 
sumably mainly opsin) in darkness (Pepe and Baumann, 1972; Perrelet, 1972; 
Burnel et al., 1970; Stein et al., 1979). 

Diffusion Coefficient 
In the experiments in which D was measured by occluding the surface of the 
retina, the time-course of the decrease in Po2 at the surface shows a greater 
deviation from linearity than is predicted by the theory of Crank and Gupta 
(1972). Presumably, the experimental situation differed from the ideal theo- 
retical case, and two factors that may have played a role were (a) the oxygen 
consumption of the electrode and (b) the existence of a layer, perhaps only a 
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few micrometers thick, of Ringer's solution or nonconsuming tissue, between 
the electrode surface and the consuming retina. Evans and Gourlay (1977) 
have made numerical calculations of  the effects of  these factors on the Po2 
decay curve. In the cases they consider, they found that the curve deviates 
from linearity at short and long times in a way qualitatively similar to our 
results. At long times a deviation from linearity in the direction observed 
would also arise if Q became smaller at very low Po2s. It would appear,  
therefore, that we can satisfactorily account for the form of the experimental 
curve. As far as the precision of  the value of D reported here is concerned, the 
work of Evans and Gourlay (1977) does not provide specific information. 
However,  a rough calculation suggests that the presence of a nonconsuming 
layer, 10/~m thick (probably not detectable by microscope inspection), would 
not affect the value of  D by more than 10%, although it could account for the 
deviation from linearity. It is relevant that the value of D found in the 
experiment with the paraffin oil was very close to that obtained by occluding 
the surface with the Plexiglas plate. 

The mean value found for D in the retina at 21.6~ was 1.03 • 10 .5 cm2/ 
s, about  half  the value in water. This result may be compared with those of 
Goldstick and Fatt (1970), who show curves of  D in solutions of  bovine serum 
albumin and of  hemoglobin as functions of protein concentration. The drone 
retina contains 47.5 g protein/100 ml retina (mean value from 140 measure- 
ments, unpublished observation), and the observed value of D lies between 
the values for the solutions of  the two proteins studied by Goldstick and Fatt 
(1970) at the same concentration. It seems likely, therefore, that oxygen 
diffuses through the retina less readily than through water  mainly because of  
the presence of  protein molecules. The same conclusion was reached by 
Mahler  11978 a, and 1981), whose value obtained in sartorius muscle (1.08 X 
10 -~ c m / s  at 22.8~ agrees with that expected from the theory of Wang  
(1954) for diffusion through protein solutions. 

Solubility Coefficient 

From the experiments giving D and aD, a was found to be 54 #1 02  S T P / c m  3. 
atm (21.6~ - 1 . 8  times that for water (30.4 #1 02 S T P / c m 3 . a t m  at 21.6~ 
Altman and Dittmer, 1971). We appear to be the first to establish a value of 
a, for an intact tissue, greater than that for water (cf. Ganfield et al. 
[1970]). Indeed, many authors have assumed that a is smaller in tissues than 
in water  because of  the space occupied by proteins that are assumed to exclude 
oxygen (Hill, 1948; Takahashi  et al., 1966; Zander, 1976). A possible expla- 
nation for the high value of a in drone retina is that a substantial part of  the 
oxygen is dissolved in lipids, a possibility also mentioned for muscle by Mahler  
(1978 a). The value we find is equal to that of an emulsion containing 30% 
olive oil (for 100% oil, a = 116 #1 02  S T P / c m 3 . a t m  (BattinG et al., 1968). The 
lipid content of  drone retina is unknown, but, since the dry weight including 
proteins and glycogen is 30% of the wet weight, the lipids present would have 
to have an a much higher than that of  olive oil to account for the overall a. 
Thus, other factors must be invoked. One possibility might be the presence of  
gas in the tracheoles. However,  the tracheoles extend only about  halfway up 
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the  o m m a t i d i a  f rom the basal  m e m b r a n e  (Perrelet ,  1970), a n d  the  s a m e  va lue  
of  a was o b t a i n e d  f rom m e a s u r e m e n t s  m a d e  at  dif ferent  posi t ions a long  the  
o m m a t i d i u m .  F u r t h e r m o r e ,  we have  neve r  obse rved  the  t racheoles  in ou r  cut-  
head  p repa ra t ions ,  even t hough  they  are  descr ibed  as be ing  readi ly  visible 
w h e n  filled wi th  gas r a t he r  t h a n  l iquid (Wigglesworth ,  1931). I t  wou ld  a p p e a r  
tha t  some o the r  factor,  such as adsorp t ion  o f  oxygen  on m e m b r a n e s  or  
prote ins ,  con t r ibu te s  to the  h igh  va lue  o f  or. 

A P P E N D I X  

Generalization of Eq. 7 (See Results) 

When the conditions of continuity of P and of the flux ( - D a - ~ -  P )  

the solution of the steady-state one-dimensional equations 

dzp 
= 0 ifx < 0 (in the bath) 

dx 2 

d2P Q if x >_ 0 (in the tissue) 
-L-r = ,~RDa 

is found to be 

are considered, 

A1 

{ p o - a . x  fo P(x) = aBDBA x 1 x 
Po ~R----~ + (x - u). Q(u) du 

i f x < O  

if x _  0 
A2 

ifx ~ 0 (all symbols are defined in Theory). 
Moreover, if the diffusion flux vanishes in the tissue at some depth x = l, we have 

A =  1 ( '  0d 
aB--~ ~o Q(u) du = - - .  aBD~ 

A3 

In the case of  a tissue with an anoxic core and when Q is constant in the oxygenated 
region (0 --< x _</), Eqs. A2 and A3 yield the particular result: 

f Ql2 Ql x i f x < 0  
P(x) -- ~2 aRDR otBDB A4 

L 2 - ~  (l -- x )' i f0--<x<--I  

Inspection of Eq. A4 shows that in such a case the following relations must hold: 

4-p= 2 a ~ ~  ( t -  x) if 0 _< x _< l A5 

P o - P  Q 
= ~ ( 2 / -  x) i f o _ <  x _ <  l A6 

x 2aRDa 

We now examine briefly what happens to relations A5 and A6 when Q(x) is not 
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constant. Using the identity 

dx 2 -- \ dx ,/ + 2 ~ / P ~  = 23 '2 + 2,4P~-~ A7 

Q' 

\o  ~6~6 
~o  ~6~6 

. . . .  " "  

\O  
\'..,, 

, 

0 

Po-P 
X 

100 

X 

FIGURE 12. (A) Calculated values of P (O) and (Po - P ) / x  (A) when Q is a 
periodical function of depth x, as shown at the bot tom of the figure. These 
values are plotted on an arbitrary scale. Solid lines indicate the values of 4'P 
and (Po - P ) / x  obtained when Q is constant. (B) Schematic presentation of a 
cross section of the drone retina: the flowerlike structures are the photoreceptors 
and the blank space between them is occupied by the glial cells. The 02- 
consuming mitochondria (indicated by dots) are oriented at the periphery of 
the cells close to the cytoplasmic membrane (see Perrelet, 1970 and 1972). 

together with Eq. A1, we get 

y2 _ Q , /~  dy. A8 
2aRDR dx 

If the value of y does not change (on average) over a certain distance in the tissue, 

the mean value of ~/~-~ can be neglected, so that, in that region of the tissue, Eq. A8 
CIX 
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gives 

Q ~ 
--" - 2aR/)R = - 2~aOa '  

A9 

where the bars indicate that  the relation holds only for mean values. 
We have obtained with Eq. A9 a generalization of  A5. In the same way, it is 

possible to show that  the relation A6 is still valid (to a first approximation)  with Q 
replaced by Q, provided that y remains relatively constant on average in the 
oxygenated layer of  tissue. 

B 

Fmu~E 12. 

To  illustrate this result we have drawn the plots of  qrp(x) and Po-P for two 
x 

different cases, namely,  when Q is constant  and when it is periodical, Q being the 
same in both cases. T he  choice of  a periodical form for Qseems reasonable, inasmuch 
as the drone retina is made  up of  ommat id ia  that  form repeating units " 3 0  #m in 
diameter  and because in the ommat id ia  most of  the oxygen is expected to be consumed 
in the photoreceptors because of  the presence of  mi tochondr ia  (see Fig. 12 B). The  
values plotted in Fig. 12 A are those obtained when the length of  one period of  Q(x) 
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is chosen to be 31.4/~m, a n d  they are near ly  ident ical  to those ob ta ined  from Eqs. A5 
and  A6. Therefore ,  we conclude  tha t  the  histological  s t ructure  of  the re t ina  does not 
subs tan t ia l ly  affect the  va l id i ty  of  Eqs. A5 and  A6. 

To  plot  our  results, we have chosen to use re la t ion A5 ra ther  than  A6, main ly  for 
two reasons: (a) it is more  re levant  to have  the var iables  x and  P p lo t ted  independen t ly  
and  (b) the  error  in measur ing  qr~ in the wel l -oxygenated  par t  of  the tissue (Po2 > 50 
m m  Hg; see Results) is relat ively constant ,  so that  the es t imat ion  of  y is s t raightfor-  
ward.  
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