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Abstract
Purpose—Transient changes in intraretinal oxygen tension (PO2) in response to light stimuli were
studied in order to understand the dynamics of light-evoked changes in photoreceptor oxidative
metabolism.

Methods—PO2 changes during illumination were recorded by double-barreled microelectrodes in
the outer part of the perifoveal retina in five macaques (Rhesus and Cynomolgus), and were fitted
to a single exponential equation to obtain the time constant (τ) and maximum PO2 change.

Results—At the onset of light, PO2 increased at all illuminations in all animals. The magnitude of
the light-evoked PO2 change increased with increasing illumination over 3–4 log units, but decreased
in all animals at the maximum illumination. The median time constant of the PO2 change (τ) was 26
seconds and was not correlated with illumination. The time constant for the return to darkness was
similar for illuminations below rod saturation. Since O2 diffusion is fast over the short distance from
the choroid to the inner segments, τ reflects the time course of the underlying change in oxidative
metabolism.

Conclusions—Previous results suggested that two competing processes influence the change in
photoreceptor oxidative metabolism with light, Na+/K+ pumping and cGMP turnover. Because a
single exponential fitted the PO2 data, it appears that these processes have time constants that differ
by no more than a few seconds in primate. In monkeys, τ is longer than previously reported values
for cat and rat. Longer time constants are related to larger photoreceptor volume, possibly because
metabolic rate is controlled by intracellular Na+, and a change in intracellular Na+ after the onset of
illumination occurs more slowly in larger photoreceptors. The “metabolic threshold” illumination
that reduced oxygen consumption by about 10% is approximately the same as the illumination that
closes 10% of the light-dependent cation channels that are open in the dark.
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Introduction
It has been recognized for many years that light decreases photoreceptor metabolism [1,2].
One way to observe this is to record PO2 in the outer half of the retina, where, under normal
physiological conditions, PO2 increases at the onset of light [3]. Because the choroidal PO2
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and inner retinal PO2 at the boundaries of the photoreceptor are affected little if at all by light
[4,5], the increase in PO2 can be interpreted as a decrease in photoreceptor oxygen consumption
(QO2). Most of the information on this metabolic change has compared only darkness and
strong steady illumination. Only two studies, in cat [3] and toad [6] retina, have characterized
the dependence of photoreceptor oxidative metabolism on illumination, and neither attempted
to compare the illumination required for a metabolic change to that required for other light-
dependent retinal processes.

The observed decrease in QO2 is the result of two light-dependent processes. The first is a
decrease in the demand for Na+ pumping in the photoreceptor inner segments [7] when the
outer segment cation channels close and intracellular Na+ decreases. This process decreases
the workload of the Na+/K+ pump, and thus decreases QO2. When the Na+ pump was inhibited
by lowering the extracellular Na+ concentration or poisoning the pump, QO2 increased during
illumination [6,8,9]. The process that increases QO2 is due to increased GTP utilization for
cGMP turnover in the light [6,8,10]. This second process could be blocked with IBMX in toad
retina, which decreased the rate of cGMP turnover, and under that condition, no light-dependent
metabolic processes remained [6].

The dynamics of the light-dependent metabolic change have been studied by recording PO2
changes at the onset of light with intraretinal microelectrodes in intact cat [11] and rat [12]
retina and isolated toad retina [6]. The PO2 changes could be fitted with a single or double
exponential model. In the cat, a single exponential model was adequate, suggesting that the
light-evoked changes in both Na+ pumping and cGMP turnover had similar rates [11].
However, a double exponential model with two time constants was required in the toad, with
the time constant of cGMP turnover (increasing QO2; decreasing PO2) being faster than the
time constant for the change in Na+ pumping [6].

In this work we investigated the time course of light-evoked PO2 changes in the photoreceptors
of the rod-dominated perifoveal retina of macaques. We were interested in the dependence of
QO2 on illumination and how this compared to the illumination required for other light-
dependent processes. We also investigated whether a single exponential model was adequate
to explain the dynamics of the metabolic light response in primates. Finally, we present a model
that can explain why the speed of this transition in QO2 varies across species.

Materials and Methods
Animal Preparation

Experiments were performed in accordance with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research. We also obtained approval from our Institutional Animal
Care and Use Committee. Five adult macaques (4 Macaca fasicularis (cynomolgus) and 1
Macaca mulatta (rhesus)) weighing 4 to 11 kg were used. The animals were from 11 to more
than 25 years old, and had been used previously for skin tests of allergens. These are five of
the six animals for which steady state aspects of retinal oxygenation have already been reported
[4]; data of the type reported in this paper were not obtained from one rhesus monkey.
Designations of the animals are the same in the two papers, where C indicates a cynomolgus
and R indicates a rhesus. The methods for animal preparation and recording were reported
previously [4,5,13,14]. Briefly, in anesthetized animals, two veins and a femoral artery were
cannulated, and a tracheal tube was inserted for artificial ventilation following paralysis.
Arterial blood pressure and blood gases were monitored via the arterial cannula. The two
venous lines were used to deliver the anesthetic during surgery (pentothal) and a muscle
relaxant (pancuronium bromide) during the experimental phase, and to control the blood
glucose level at approximately 100 mg-dl−1 with infusions of insulin and glucose.
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Following surgery on the eye, a 15-gauge needle was inserted to guide the double barreled
oxygen microelectrode [15]. The pupil was dilated with 1% phenylephrine and 1% atropine
topically. Flurbiprofen sodium ophthalmic solution (0.03%) was administered to block
traumatic pupillary constriction [16,17]. During experiments the animal was anesthetized with
a mixture of isoflurane (1 to 2%) and N2O:O2 (0.70:0.30 to 0.75:0.25). After paralysis, arterial
blood gas parameters were examined periodically with a blood gas analyzer (Model 860, Bayer
Diagnostics, New York, USA), and were maintained within the normal range [4]. The body
temperature was maintained at 39oC using a feedback-controlled heating blanket. Heart rate
and arterial blood pressure were also monitored to evaluate the anesthesia.

Measuring Retinal PO2 Responses to Light
Double-barreled PO2 microelectrodes were used to record retinal PO2 changes induced by
illumination. The microelectrode was positioned in or near the inner segment layer in the outer
retina, where the PO2 reached a minimum during dark adaptation. Baseline PO2 was recorded
for 30 seconds in darkness before a light stimulus was delivered, and then during and after 2
minutes of diffuse illumination at 0 to 4.0 log units of attenuation from the maximum, which
was 11.5 log quanta (555 nm)-deg−2-sec−1. The transients presented here were recorded in the
perifoveal retina. The parafovea is defined to be a 0.5 mm wide annular region outside the
fovea, which is the central 1.5 mm diameter area, and the perifovea is defined to be a 1.5 mm
wide annulus outside of the parafovea [18]. During recording, we could not precisely determine
whether the electrode was in the parafovea or perifovea, so the term designating the larger area,
perifovea, is used here.

Modeling Light-Evoked PO2 Responses
An example of the change in PO2 in response to two minutes of illumination is shown in Figure
1. The solid line superimposed on the data shows a single exponential fit. The time dependent
PO2 change was described by:

(1)

(2)

where t=0 is the onset of light. In this model, Pmin is the baseline PO2, and Pmax is the maximum
PO2 at steady state during the light stimulus. The time delay td is the time between the onset
of light and the initial change in PO2, and τ is the time constant of the PO2 change. Pmin was
computed from the initial 30 seconds under dark adaptation, and td, Pmax and τ were fitted to
achieve the minimum root mean squared error (rms). The maximum light-evoked PO2 change
is ΔPO2 =Pmax − Pmin, as shown in Figure 1.

For those illuminations in which the PO2 returned to baseline during the time when data were
being digitized by the computer, the time constant for recovery, τoff, was also obtained with
an equation for a decreasing exponential starting at Pmax. In cases where there might be
confusion, the time constant at the onset of light, τ, is called τon.

Statistics
All values are reported as mean ± standard deviation when the data were normally distributed;
otherwise, median values are reported. Statistical significance was determined with Student’s
t-test or linear regression analysis and was defined as a p-value < 0.05.
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RESULTS
A typical set of individual PO2 responses to illumination in the inner segment layer of the
photoreceptors is illustrated in Figure 2 (Monkey C4). The illumination that produced these
responses varied between 7.5– 10.5 log quanta (555 nm)-deg−2-sec−1, as shown at the right of
the figure. The bold lines superimposed on the data show the fit of the single exponential
function. We chose to position the electrode and to collect the data in the inner segment layer
because this is where the photoreceptor oxygen consumption (QO2) occurs [19], and where
the light-evoked PO2 change is maximal.

At all illuminations, PO2 increased at the onset of light, and then decreased when the light was
turned off. At lower illuminations, 7.5 and 8.5 log quanta (555 nm)-deg−2-sec−1, the PO2
returned to the baseline 30–60 seconds after the light was turned off. However, at higher
illuminations, the PO2 only partially recovered with a rapid time course. It then gradually
decreased, and took more than 15 min after the offset of the stimulus to recover. Before giving
another stimulus, we waited until the PO2 had nearly fully recovered.

Figure 3 shows the magnitude of the light-evoked change in PO2 (ΔPO2) as a function of
illumination in all five monkeys. Plots for each monkey are normalized to the maximum value
of ΔPO2 in that animal. The ΔPO2 increased linearly with log illumination to a maximum over
the lower part of the illumination range, and then, as in the example of Figure 2, decreased
somewhat at the highest illumination in all animals. The illumination at which the maximum
occurred was 8.5 log quanta (555 nm)-deg−2-sec−1 in one animal, 9.5 log quanta (555 nm)-
deg−2-sec−1 in three animals, and 10.5 log quanta (555 nm)-deg−2-sec−1 in one.

As illustrated in Figures 1 and 2, a single exponential equation was adequate to fit all the
transients in the five monkeys, characterized by small rms errors between 0.26 and 2.54 mm
Hg. The time constant varied from 14 to120 seconds with a median of 26.0 seconds, and was
not normally distributed (Figure 4A). A similar distribution was found in the cat [20]. In the
monkey retina, most time constants fell between 15–50 seconds, except for two exceptionally
high values (91.75 and 120.26 sec) in monkey C1. The quality of the fit to these two transients
was good (rms error = 1.18 and 0.58), and the reason for the long τ is unknown.

Figure 4B shows τ as a function of illumination. A linear regression of the dependence of τ on
illumination was done for each animal and had a slope significantly different from zero only
in monkeys C1 and R2 (p=0.02, 0.01). In these animals, τ decreased with increasing
illumination. Note that monkey C1 also was the most different in Figure 3, and its data should
probably be considered atypical. Monkey R2 was older than any cynomolgus monkey, at more
than 25 years, but all the cynomolgus were approximately the same age (10 to 13 years), so
age was probably not a factor. There was no significant dependence of τ on illumination across
all animals.

The time delay, td, for the five animals was 4.6 ± 1.3 seconds (mean ± SEM) and was
significantly different from zero (p = 0.026, n=5).

When the oxygen response recovered rapidly, as illustrated by the responses at lower
illuminations in Figure 2, it was possible to fit a single exponential function to the recovery
(off response), and the fitting error was equally small for both the on and the off responses.
The median τoff was 20.7 sec, similar to the time constant for the response at the onset of
illumination. For responses where both time constants were available, there was no correlation
between the time constant for the increase in PO2 (τon) and the decrease in PO2 (τoff) after an
outlier was excluded from the analysis (p=0.78, n=14) The correlation between τoff and
illumination was also analyzed, and was not significant (p=0.46, n=14).
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DISCUSSION
Light evoked PO2 responses

At all illuminations tested in the monkey retina, light evoked an increase in PO2 in the inner
segment layer of the photoreceptors, indicating that QO2 decreased. A similar change has been
observed in all other vertebrate retinas examined [1–3,6,8,21]. The size of the change in
QO2 cannot be determined from the light responses presented here, but fitting of a model to
oxygen profiles allowed us to conclude that strong illumination decreased QO2 to 72% of the
dark-adapted level [4].

We were interested to know how the illumination required for the metabolic change
corresponded to that required for electrical responses of rods, which has never been analyzed
before. Figure 3 shows a rough extrapolation of the PO2 vs. illumination function to an
illumination that would cause a change in PO2 that is 10% of the maximum. We can view this
as a “metabolic threshold” illumination of about 6.6 log quanta (555 nm)-deg−2-sec−1 (i.e., 4
x 106 quanta (555 nm)-deg−2-sec−1)at the cornea. It can be shown theoretically, using a three
layer model of outer retinal oxygenation [19], that the amplitude of the PO2 increase is linearly
related to the amplitude of the QO2 decrease, so this is also the illumination at which QO2 is
reduced by 10% from the dark-adapted maximum. The question is how this corresponds to the
illumination required for electrical responses of photoreceptors. It is possible to calculate the
fraction of the cyclic nucleotide-gated light-dependent channels that must be closed at this
illumination, and therefore the fraction of the rod’s current response, in the following way.
Assuming 1) that rhesus and human values are similar, 2) that there are approximately 3.3
degrees-mm−1 on the human retina ([22], p. 96), 3) that the perifoveal density of rods is
approximately 1.4 x 105 rods-mm−2 in humans [23], and 4) that approximately 10% of the
incident quanta are absorbed by human rods [24], then 4 x 106 quanta (555 nm)-deg−2-sec−1,
the metabolic threshold, corresponds to an absorption of about 31 quanta-rod−1-sec−1. Data on
the fractional reduction in inward cation current for individual mammalian rods as a function
of steps of illumination as long as 15 sec are provided by Tamura, et al. [25] for cat, and Kraft,
et al. [26] for human. The current responses reach a plateau at this stimulus duration, and are
likely to represent the situation for the longer periods of illumination used in the present work.
We have fitted these data with the function r/rmax = 1 − exp (ksI), where r is the current, rmax
is the maximum inward current (dark current), ks is a constant, and I is illumination [25,26].
The fits (which were not done in the original papers) are good overall, but not at the low
illuminations relevant here. A separate linear fit or polynomial fit is much better for both human
and cat. For human data, the polynomial fit for I < 200 quanta (absorbed)-rod−1-sec−1 is r/
rmax = −8.7x10−6 (I)2 + 2.97x10−3 (I). At 31 quanta-rod−1-sec−1, r/rmax is 0.084. That is, oxygen
consumption changes by about 10% at an illumination that closes 8.4% of the open channels.
This calculation mixes photoreceptor data from isolated human rods and oxygen data from
intact primate retina and may have other approximations, but a corresponding calculation for
cat oxygen data from Figure 5 of Linsenmeier [3] and cat photoreceptor data [25] give a similar
relationship. In cat, about 13% of the channels are closed when Q changes by 10%. The
similarity between the metabolic change and the current change is a new result, but is not
surprising, because channel closure reduces sodium inflow, which in turn reduces the
energetically demanding pumping of sodium.

The “metabolic threshold” illumination is relatively weak in that it does not cause much light
adaptation even if applied continuously [25,26], but it is not near the threshold of vision. The
metabolic threshold illumination (more conveniently expressed as 4 x 106 quanta (555 nm)-
deg−2-sec−1) is more than five log units above the human absolute visual threshold of 23 quanta-
deg−2-sec−1 [27], so over these several log units of illumination, rod metabolism is essentially
the same as it is in the dark. This difference between metabolic threshold and absolute visual
threshold occurs because near visual threshold very few channels are closed per rod.
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The normalized PO2 change increased with illumination until the illumination reached a certain
level, and then started to decrease, a phenomenon that was not observed in cat [3]. It is possible
that the retina had not fully recovered before the highest illumination was used, resulting in a
smaller response at the highest illumination, but an effort was made to wait for full recovery
of the PO2 after each stimulus. The increase and then decrease of ΔPO2 may be attributable to
the way in which the two underlying metabolic processes, Na+ /K+ pumping and cGMP
turnover, change with illumination. At the onset of illumination, some fraction of the cyclic
nucleotide gated channels close, causing a smaller influx of Na+, a reduction of the workload
of the Na+ /K+ pump, as noted above, and a resulting decrease in QO2. The cGMP turnover
rate increases during illumination [10,28], causing an increase in QO2 [6]. The PO2 change at
all illuminations reflects the sum of these two processes, which, unfortunately, cannot be
separated from each other in monkey or cat, because only one time constant is needed to fit
the data. With increasing illumination, the decrease of QO2 due to the closure of the channels
is expected to saturate when all the channels are closed, but the cGMP contribution may
continue to grow. This would lead to a smaller net decrease in QO2 and therefore a smaller
ΔPO2 at the highest illuminations. The smaller change in QO2 during illumination in monkey
than in cat [4], could also be a reflection of a different balance between the two processes in
different species.

The illumination at which the largest response was observed varied somewhat from animal to
animal. The reason for this variation is unknown, but we speculate that this was largely due to
experimental error. The distance between the light source and the cornea may have been
somewhat different in different animals and some of the older animals had partial cataracts. It
is also possible that the electrode was not in exactly the same location with respect to the inner
segments during all stimuli in an animal. If the electrode started in the location of the maximum
amplitude of the light-evoked change, which occurs approximately where the PO2 is lowest in
the dark in the inner segment layer, any movement of the electrode relative to the retina during
the long recording period required to obtain an intensity series would position the electrode at
a point on the oxygen gradient where the ΔPO2 would be smaller. Electrode movement is
expected to have only a small effect, however, based on simulations of the light- and dark-
adapted profiles. The light-evoked change is expected to decrease by 2 mm Hg or less as the
electrode moves ±15 μm away from the location of the maximum ΔPO2, so we do not think
that it can account for the decrease in ΔPO2 at high illumination. The influence of electrode
position on ΔPO2 can be appreciated by inspection of actual or theoretical oxygen profiles
[3,19,29]. (A change in position would not affect τ either, as noted below.)

Recovery from illumination
After the light was turned off, the PO2 recovered. At lower illuminations, such as 7.5 and 8.5
log quanta (555 nm)-deg−2-sec−1, PO2 returned to baseline shortly after the light was turned
off; but at higher illuminations, >8.9 log quanta (555 nm)-deg−2-sec−1, the recovery was very
slow. In some cases reestablishing the baseline took more than 10 minutes after the end of
illumination. The slow recovery is evidence of the rod aftereffect that occurs above rod
saturation, which can be observed in horizontal cells [30], and RPE cells [31]. A metabolic rod
aftereffect has been observed previously in PO2 recordings from cat [3] and indicates that
oxygen consumption continues to be suppressed while the membrane potential is
hyperpolarized.

Dynamics of PO2 changes
Fitting the light-evoked PO2 responses with an exponential was a means of quantifying the
time course of the change in photoreceptor QO2. Some justification is needed for the contention
that τ for the QO2 change is the same as τ that was measured for the PO2 change. The time
course of the measured PO2 change at a point in the retina will depend on two factors: the speed
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of the change in QO2 at that location, and diffusion from the source of O2 when the PO2 in the
inner segment layer is altered by the QO2 change (i.e., readjustment of the gradients). The time
constant for the oxygen to diffuse from the choroid to the inner segments is given approximately
by L2/D, where L is the distance from the choroid to middle of the inner segments, about 30
μm, and D is the diffusion coefficient for oxygen in the retina, about 2 x 10−5 cm2/sec [32].
This diffusion time constant is about 0.5 seconds, which is much shorter than the measured τ
(26.0 seconds), indicating that the time course of the change in PO2 is dominated by the change
in photoreceptor QO2 rather than by diffusion, and also that slight changes in electrode position
would not affect τ.

In monkey, a single exponential was adequate to fit the data, and the most parsimonious
explanation is that the two metabolic processes that change with light, cGMP synthesis and
Na+ pumping, have similar dynamics. However, it may also be possible to fit the data with a
double exponential [6], in which the values of τ for the two processes are somewhat different,
and this needs to be considered. To address this possibility, a simulation was done in order to
determine how different the dynamics of the two processes could be, and still fit the oxygen
transients as well as the single exponentials reported in the results. The double exponential has
6 parameters, but several constraints can be imposed. First, in both toad and rabbit, where the
two processes have been separated pharmacologically, the PO2 change caused by the Na+ -
dependent process is about three times larger in amplitude as the cGMP dependent process,
and in the opposite direction. Second, if there are two different values of τ, the cGMP process
is expected to be faster, as it is in toad. Third, it was assumed that td in the two processes is
the same, because this gives an upper bound on the amount by which the two values of τ could
differ and still fit the data. The analysis showed that the maximum difference in the two time
constants of a double exponential model compatible with a good fit was about 8 sec, which
occurred when the slower τ was 22 sec and the faster τ was 14 sec (compared to the single τ
of 26 sec). Any reduction in the slower τ below 22 sec did not yield a good fit for any value of
the faster τ, and neither did an increase in the slower τ above 26 sec. Thus, a model in which
there are two time constants differing by as much as about 8 sec is also compatible with the
data. It will not be possible to characterize the dynamics further until techniques are available
for isolating each component in primate retina.

Comparison among species
The time constant found here for monkeys, with a median of 26 seconds, is considerably longer
than the 10–13 seconds in cat [11], a little longer than the 21 sec (reported as a half time of 15
sec) in rat [12], and shorter than the 50.5 sec (reported as a half time of 35 sec) in rabbit [8].
There are other data on light-dark transitions in rabbit [33] and monkey [34] that show slower
responses, but the measurements were made in the vitreous, where the distance to the inner
segments is long enough that diffusion influences the time constant. In the toad retina, a double
exponential model with two time constants was needed at high illumination, while at dim
illumination, a single exponential equation was adequate [6]. The time constants in the toad
were 60 and 180 seconds [6], with the faster time constant corresponding to the cGMP process
and the longer time constant corresponding to the Na+-dependent process that increases PO2,
as in cat and monkey. For technical reasons, the best fitting time constant for toad may be an
overestimate [6]. Another estimate of the time constant for slowing the Na+/K+ pump during
illumination, derived from fitting potassium data to a model, was 110 to 170 sec [35] . These
interspecies differences in the metabolic time constants can be at least partially explained by
a model in which intracellular Na+ is the important parameter.

Intracellular Na+ concentration ([Na+]i) is well known to control the rate of Na+ pumping in
many cells [36], including rods [7]. If [Na+]i is mainly responsible for the change in Na+

pumping, and in turn for the time constant of QO2 and PO2, then the differences among animals
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may be related to the way in which Na+ influx influences [Na+]i. The Na + influx is about the
same across dark-adapted mammals, based on the similarity of the maximum dark current,
which is 25 to 35 pA [37,38] in the species where this has been measured. Because in the dark-
adapted steady state all the Na+ that enters the cell must leave it via the pump, the similarity
of dark current means that individual rods in each animal must have approximately the same
pumping rate in the dark. (Part of the dark current is due to Ca+2, but because this is eliminated
by an exchange for Na+, Ca+2 influx just leads to an additional influx of Na+.) As light is
absorbed by each photoreceptor, cation channels close. If a given fraction of the channels close,
the Na+ influx will decrease by that same fraction. The rate at which a change in flux will affect
[Na +]i should then be proportional to the initial pool of Na+ inside the cell, i.e. to the volume
of the photoreceptor. Because the lengths of outer segments are about the same in different
animals [39,40], the time required for [Na +]i to decrease by some amount should be
proportional to the cross-sectional area of the outer segment. The cross sectional area depends
on the radius of rod outer segments (ROS) squared, and these radii in toad, macaque, cat and
rat are about 1.9 – 2.4 μm [40], 1 μm [26,39], 0. 65 μm [25] and 0.7 μm [41] respectively.
Outer segment diameter varies with eccentricity in monkey [39] but not enough to affect the
analysis.

The ROS in rabbits have a radius of about 0.75 μm, based on statements or measurements from
figures in several references [42–44] However, unlike the other mammals, the rod inner
segments (RIS) of rabbits are much larger than the ROS, with a radius of 1.58 μm [45], so an
average of RIS and ROS radii are used in the calculation for rabbits. Because of the presumed
linkage between [Na+]i, pump rate, QO2, and PO2, PO2 should increase with time at the same
rate that [Na+]i decreases. The hypothesis is then that τ for PO2 changes should depend on rod
cross sectional area, or radius squared. Figure 5 shows that the variation in time constant across
animals is well predicted by this hypothesis for the four mammals (R2 = 0.87 ), and even the
toad data are compatible with this explanation, despite the lower metabolic rate in toad. Some
caution is warranted because the dimensions used are from different studies than the time
constants, and may not apply exactly to the regions where time constants were measured, and
several approximations have been made. However, it appears that the rate at which Na+ influx
changes the intracellular Na+ concentration could largely account for species differences in the
rate at which photoreceptor metabolism is adjusted during illumination.
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Figure 1.
An example of the change in PO2 in the distal retina during 2 min of illumination at 8.5 log
quanta (555 nm)-deg−2-sec−1. The solid line superimposed on the data shows a single
exponential equation fitted to the data. Light was on between t =30 and t =150 sec. In this
example, the PO2 returned to baseline 90 sec after the light was turned off. Baseline PO2, the
maximum PO2 during illumination, and the difference between them are defined as Pmin,
Pmax, and ΔPO2 respectively.
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Figure 2.
PO2 changes as a function of time during illumination in one monkey (C4). Each response
corresponds to a single illumination, given in log quanta-deg−2-sec−1 at the right. Solid lines
superimposed on the data show the single exponential fits. The light was on for 120 sec between
30 and 150 sec.
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Figure 3.
The change in PO2 (ΔPO2) as a function of illumination. Plots for each of five monkeys are
normalized to the maximum value of ΔPO2 in that animal. Each line represents a different
monkey. The dashed line is a rough extrapolation to a small response at the “metabolic
threshold” illumination, as described in the Discussion.
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Figure 4.
(A) Frequency distribution of values of τ at the onset of illumination across all responses. The
median value was 26.0 seconds. (B) Time constant τ as a function of illumination. The time
constant was not significantly correlated with illumination in three monkeys, but was
significantly correlated in monkeys C1 and R2 (p< 0.05).
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Figure 5.
The time constant of the PO2 response to light as a function of the square of rod photoreceptor
radius for rat, rabbit, monkey, cat and toad. Outer segment radius was determined from direct
measurements in previous studies as described in the text. For toad, the ranges given in the text
are shown by the error bars (one is truncated so that the graph does not have to extend past 5
μm2), and the circle is the mean. Ranges for the mammalian data are either unknown or are
small. The solid line is a regression through the mammalian data only: τ= 33.45 r2 + 0.28,
where r is in μm and τ is in sec. (R2 = 0.87.) The dashed line is an extension of this relationship
to the toad data.
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