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PURPOSE. To investigate the effects of a hereditary retinal de-
generation on retinal oxygenation and determine whether it is
responsible for the severe attenuation of retinal circulation in
hereditary photoreceptor degenerations.

METHODS. Seven adult Abyssinian cats affected by hereditary
retinal degeneration were studied. Oxygen microelectrodes
were used to collect spatial profiles of retinal oxygenation in
anesthetized animals. A one-dimensional model of oxygen dif-
fusion was fitted to the data to quantify photoreceptor oxygen
utilization (QO2).

RESULTS. Photoreceptor QO2 progressively decreased until it
reached zero in the end stage of the disease. Average inner
retinal oxygen tension remained within normal limits at all
disease stages, despite the observed progressive retinal vessel
attenuation. Light affected photoreceptors normally, decreas-
ing QO2 by �50% at all stages of the disease.

CONCLUSIONS. Loss of photoreceptor metabolism allows choroi-
dal oxygen to reach the inner retina, attenuating the retinal
circulation in this animal model of retinitis pigmentosa (RP)
and probably also in human RP. As the degeneration
progresses, there is a strong relationship between changes in
the a-wave of the ERG and changes in rod oxidative metabo-
lism, indicating that these two functional measures change
together. (Invest Ophthalmol Vis Sci. 2006;47:3683–3689)
DOI:10.1167/iovs.05-1284

Aprogressive attenuation of the retinal circulation is ob-
served with the progression of photoreceptor degenera-

tions in both humans (retinitis pigmentosa; RP)1 and in animals
with hereditary retinal degenerative disease.2–6 We hypothe-
sized that the pronounced vasoconstriction results from de-
creased oxygen utilization by the outer retina after photore-
ceptor loss. Because less choroidal oxygen is used by the

photoreceptors, it should reach the inner retina, where oxygen
is known to cause constriction of retinal vessels.7–9 This theory
is supported by the lack of hypoxia in the inner retinas of RCS
rats after photoreceptor loss.10 Vessels do not simply constrict.
Eventually they are lost in animals with photoreceptor degen-
erations.2,5,6,11 This can be prevented by placing mice with a
hereditary degeneration under conditions of reduced atmo-
spheric oxygen for several days.6 These studies suggest not
only a physiological role of oxygen, but a trophic (or antitro-
phic) one as well.

In the present study, we further examined the hypothesis
that oxygen from the choroid is responsible for attenuation of
the retinal circulation, by characterizing changes in retinal
oxygenation and oxidative metabolism during the progression
of a feline hereditary retinal degeneration in a colony of Abys-
sinian cats.3 The autosomal recessive genetic defect in this
animal is not yet known, but it exhibits a slow rod–cone
degeneration similar to human RP. Using measurements of
intraretinal oxygen tension (PO2) in these animals and our
mathematical model of oxygen diffusion and utilization,12 we
were able to quantify photoreceptor oxygen consumption and
examine retinal PO2 in the different stages of the disease. Our
results offer insight into the effects of photoreceptor loss on
outer retinal metabolism and inner retinal oxygen autoregula-
tion in hereditary photoreceptor degenerations. We were also
able to compare two indices of retinal function in the same
animals, the metabolic aspects presented herein, and the
ERG.13 A preliminary report of these results has been pre-
sented (Linsenmeier RA, et al. IOVS 2000;41:ARVO Abstract
4721).

METHODS

Animals

Eight Abyssinian cats affected by a hereditary retinal degeneration
were studied. These are the same cats in which an ERG study, reported
in this issue, was also performed.13 Figure 1 shows fundus photo-
graphs in each stage of the disease. Three cats were in the earliest
stages of the disease (stage 1), two cats were in the middle stage (stage
2), two cats were in the late stage (stage 3), and one cat was in the final
stage (stage 4). The stage of the disease was determined by ophthal-
moscopic fundus evaluation, as described earlier.3,13 The hematocrit
from one stage 3 animal was low because of surgical complications and
continued to decrease during the experiment. In this animal, the
earlier choroidal PO2 and the inner retinal PO2, which were in the
normal range, are included in the reported data, but oxygen consump-
tion data and later choroidal PO2 data from this animal were not used.
Electrode problems prevented data collection in one stage 2 animal.
Data from animals with retinal degeneration were compared to similar
data obtained from normal cats.14

Experimental Preparation

All efforts were made to minimize the pain and discomfort of the
animals and all procedures followed the guidelines of the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision Research.
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Surgical and other setup procedures as well as histology are described
in the companion paper.13

Electrodes

Intraretinal PO2 was measured, as in previous experiments, with dou-
ble-barreled polarographic oxygen microelectrodes.15 One barrel re-
corded a current proportional to the oxygen tension of the tissue,
whereas the other barrel, filled with 0.9% saline, recorded local in-
traretinal ERGs. An Ag/AgCl wire electrode in the vitreous recorded
vitreal ERGs.

Data Collection

PO2 spatial distributions (profiles) were recorded in regions surround-
ing the superior vessels, where fundus abnormalities were present, and
in the central retina. The electrode penetrated the retina in 3-�m steps
until the choroid was reached. A profile was then recorded while the
electrode was withdrawn from the retina at a rate of 2 �m/s. ERGs
were monitored during both penetration and withdrawal to assess the
quality of the penetration and to determine the position of the elec-
trode within the retina during recording of PO2 profiles.

Modeling of Retinal PO2

A three-layer diffusion model, developed and fully described previously,12

was fitted to the outer, avascular portion of intraretinal PO2 profiles.
Briefly, the outer retina (photoreceptor layer) is divided into three
anatomic layers: the outer segments (OS), the inner segments (IS), and
the outer nuclear–outer plexiform layer (ONL-OPL). Because mito-
chondria are localized to the photoreceptor IS, oxygen is consumed

only in this layer. The solution to the O2 diffusion model (PO2 versus
distance) is derived from Fick’s law of diffusion and is linear in non-
consuming regions (OS, ONL) and quadratic in the consuming region
(IS). In this model we assume a steady state and that the diffusivity and
solubility of oxygen, D and k, are constant throughout the retina.
Figure 2A shows a simulated PO2 profile and the parameters of the
model.

Fick’s Law as applied in this study is

d2P

dx2 �
Q

Dk
. (1)

Solving with the boundary conditions imposed by the model

P1(x) � �1x � �1 0 � x � L1, (2)

P2(x) �
Q2

2Dk
x2 � �2x � �2 L1 � x � L2 , (3)

and

P3(x) � �3x � �3 L2 � x � L , (4)

where �i and �i are constants determined from the boundary condi-
tions, P is the partial pressure of oxygen, L1 is the position of the
photoreceptor IS-OS boundary, L2 is the position of the IS-ONL bound-
ary, L is the position of the inner–outer retinal boundary, Q2 is the

FIGURE 1. Fundus photographs of
each of the four disease stages in
Abyssinian cats. Stage 1 is character-
ized by a subtle tapetal fundus discol-
oration. In stage 2, the discoloration
of the tapetum is more distinct and
widespread, and peripheral vessels
on the tapetal retina appear slightly
attenuated. In stages 3 and 4, vessel
attenuation is prominent, and the dis-
coloration becomes darker and more
mottled. Large areas of the tapetal
fundus are hyperreflective.
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oxygen consumption of the IS layer, between L1 and L2, D is the
diffusivity of oxygen through the retina, and k is the solubility of
oxygen.

In this study, oxygen consumption is reported as outer retinal
oxygen consumption (QOR), a weighted average of the three layers.

QOR � Q2 �
L2 � L1

L
. (5)

The three-layer model could not be adequately fitted to many
profiles from cats in stage 3 and 4 of the disease because of severe
photoreceptor degeneration and therefore near-zero oxygen consump-
tion. We normally assume that the outer retina is approximately 50% of
the normal retinal thickness, but because the outer retinal layers thin
late in the disease progression, this assumption was no longer valid.
We therefore used a two-layer model where the boundary between the
inner and outer retina was a modeled parameter. Layer 1 was the outer
retina, and layer 2 was the inner retina. A schematic of the model with
simulated data is shown in Figure 2B. The inner retina in normal cats
is not described by our one-dimensional model because of the three-
dimensional oxygen gradients created by the capillary network of the
retinal circulation. In the late stages of this retinal degeneration, the
severe decrease in retinal blood flow16 allowed us to assume that the
oxygen supply from the retinal circulation was negligible, which al-
lowed inner retinal modeling. The solution to the general two-layer
model is

P1(x) �
Q1

2Dk
x2 � �1x � �1 0 � x � LOR (6)

and

P2(x) �
Q2

2Dk
x2 � �2x � �2 LOR � x � L , (7)

where LOR is the boundary between the inner and outer retina, L is the
vitreoretinal boundary, and �i and �i are constants dependent on the
boundary conditions.

Assuming that Px� 0 � PC, Px�L � PL, P1 � P2 at x � LOR, and that
the oxygen gradient (first derivative) at x � LOR is equal for the two
layers, �i and, �i are

�1 �
Q2 � Q1

Dk
LOR � �2 �1 � PC (8)

and

�2 �
Q2

2Dk
L �

PL � �2

L
�2 �

Q2 � Q1

2Dk
LOR

2 � �1. (9)

After fitting all data that could not be adequately fitted with the usual
three-layer model, we determined that oxygen consumption by the
outer retina (layer 1), QOR, was not significantly different from zero.
Therefore the profiles fit to the general two-layer model were refitted
to a special two-layer model where consumption in layer 1, Q1, was set
to zero.

Fundus Photography

Fundus photographs were taken on 100 ASA color film with a fundus
camera (Genesis; Kowa, Tokyo, Japan) set at the lowest flash intensity.
A 1-log-unit neutral-density filter was inserted into the camera to
reduce the flash intensity further.

Statistics

Selected parameters in Abyssinian cats were compared with those in
normal cats with unpaired t-tests performed under the assumption that
each oxygen profile gave an independent measurement of each param-
eter tested. This is recognized to be less satisfactory than treating each
cat as independent, but was necessary because of the small number of
cats with late-stage disease available.

RESULTS

Dark-Adapted PO2 Profiles of the Outer Retina

Figure 3 shows examples of profiles recorded in each stage of
the disease. Profiles recorded during dark-adaptation in stage 1
(Fig. 3B) were similar to those recorded from normal cats (Fig.
3A) on a gross level, however only 59% of profiles from stage
1 cats had the typical local minimum PO2 in the outer retina.
Even when a minimum was present, it was significantly higher
in stage 1 cats (8.5 � 4.4 mm Hg) than in normal animals
(5.25 � 5.12 mm Hg; P � 0.026). As the disease progressed,
the outer retinal portion of the profile exhibited less curvature,
a qualitative indicator of decreased QO2, and no local minimum
existed in the outer retina in any profiles from cats in stages 2,
3, or 4 of the disease. This alone means that choroidal oxygen
is reaching the inner retina.

Average choroidal PO2 (PC) was 55.7 � 13.2 mm Hg in
normal cats14 (n � 11 cats, 46 profiles), 46.3 � 8.8 mm Hg in
stage 1 cats (n � 3 cats, 40 profiles), 50.9 � 5.5 mm Hg in the
stage 2 cat (9 profiles), 39.4 � 3.7 mm Hg in stage 3 cats (n �
2 cats, 36 profiles), and 87.1 � 9.5 mm Hg in the stage 4 cat (10

FIGURE 2. (A) Simulated data to show a normal retinal PO2 profile and
the three-layer diffusion model that describes outer retinal oxygen-
ation. (B) Simulated data to show a retinal PO2 profile and the two-layer
diffusion model that describes the entire retina when the photorecep-
tors do not consume oxygen.
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profiles). PC in affected cats was significantly different from
that observed in normal cats (P � 0.05; t-tests), but always in
the range observed in the normal animals (30.3–83.5 mm Hg).

Fitting the outer retinal portion of PO2 profiles to the diffu-
sion model revealed that photoreceptor oxygen consumption
(QOR) progressively decreased as the disease advanced (Fig. 4).

Average QOR was 4.12 � 2.14 mL O2 � 100 g�1 � min�1 in
normal cats (n � 11 cats, 46 profiles; Braun and Linsen-
meier14), 2.62 � 0.75 mL O2 � 100 g�1 � min�1 in stage 1 cats
(n � 3 cats, 35 profiles), 1.71 � 0.60 mL O2 � 100 g�1 � min�1

in the stage 2 cat (n � 7 profiles), 0.97 � 0.46 mL O2 � 100
g�1 � min�1 in the stage 3 cat (n � 13 profiles) and 0.00 mL
O2 � 100 g�1 � min�1 in the stage 4 cat (n � 8 profiles). The
trend was striking and approximately linear.

Effect of Light on Outer Retinal
Oxygen Consumption

Light adaptation caused a decrease in photoreceptor oxygen
consumption by approximately 50% in all Abyssinian cats stud-
ied (with the exception of stage 4 where QOR was not different
from zero). This result agrees with the 50% decrease also
observed in normal cats.12,15

Inner Retinal PO2

The distribution of inner retinal PO2 appeared grossly normal in
stage 1 cats, with the presence of local oxygen peaks corre-
sponding to retinal capillaries (Fig. 3B). Average inner retinal
PO2 in stage 1 cats was 14.0 � 7.1 mm Hg (n � 3 cats, 35
profiles) and was not significantly different from that in normal
animals (15.2 � 9.3 mm Hg, n � 46 profiles, 11 cats).

In stages 2 and 3, the average inner retinal PO2 was 22.0 �
4.0 mm Hg (7 profiles) and 8.5 � 4.0 mm Hg (13 profiles),
respectively. The PO2 measured for stages 2 and 3 were signif-
icantly different from normal, but well within the normal range
(1.0–41.2 mm Hg). Average inner retinal PO2 was 21.5 � 9.1
mm Hg in stage 4 (n � 8 profiles)—again, not significantly
different from that in normal cats.

Of interest, the number of oxygen peaks in the inner retina
decreased progressively, from 1.65 � 0.63 per profile in nor-
mal animals to 0.13 � 0.35 per profile in the stage 4 animal
(Fig. 5). Regression analysis of these data indicated that the
slope was significantly different from zero whether or not the
normal animals were included (slope � �0.32 peaks/stage, r2

� 0.71, P � 2.1 � 10�5, n � 17 cats including normal animals;
slope � �0.30 peaks/stage, r2 � 0.68, P � 0.02, n � 7 cats
without normal animals). These results are consistent with the

FIGURE 4. Photoreceptor oxygen consumption in normal cats and in
cats at various stages of retinal degeneration. Data are averages for
individual cats and the average outer retinal oxygen consumption for
the stage shown on the x-axis. Error bars, SD. The line is a least-squares
fit to the individual cat data, treating normal cats as stage zero: QOR �
(�1.3139) � stage � 4.669; R2 � 0.4866.

FIGURE 3. Spatial distributions of oxygen in a normal cat and in cats at
each stage of the retinal degeneration. Each panel represents a single
electrode withdrawal from the choroid (100% retinal depth) to the
vitreous (0% retinal depth). Vertical line: border between inner and
outer retina. Local maxima in oxygen in the inner retina indicate that
the electrode was close to a retinal capillary. (A) Normal, (B) stage 1,
(C) stage 2, (D) stage 3, (E) stage 4.
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idea that retinal vessels are lost and that the choroid can
maintain almost normal inner retinal PO2.

In the stage 4 cat, we were able to model inner retinal
oxygen consumption, as described in the Methods section,
because of the drastic decrease in retinal blood flow in the final
stages of the disease.16 In this stage 4 cat, inner retinal oxygen
consumption was slightly higher than that observed in normal
cats (4.79 � 1.32 mL O2 � 100 g�1 � min�1; n � 10 profiles
versus 3.77 � 1.59 mL O2 � 100 g�1 � min�1),17 but the differ-
ence was not statistically significant.

DISCUSSION

Effects of Decreased Photoreceptor Metabolism
on the Inner and Outer Retina

The oxygen distribution across the degenerating retina shifted
from nearly normal in the early stages of the disease to mark-
edly abnormal in the advanced stages. We were able to study
only a few animals in these later stages, but the decrease in
metabolism appeared to be progressive and steady. Incorpo-
rating more animals in the study would have allowed us to
refine the shape of the function relating QOR to disease stage,
which might become slightly more concave or convex than the
linearity shown in Figure 4. In this study, the control animals
were not Abyssinians, but domestic short-haired cats that were
presumably genetically diverse. Previous work has shown that
the ERG of such standard cats and unaffected Abyssinians is the
same,18 and we show in the accompanying paper13 that their
photoreceptor numbers are also the same. We have no reason
to suspect that the metabolism of unaffected Abyssinians
would be substantially different from the control animals we
used.

Decreases in QOR altered the oxygen gradients, allowing
oxygen from the choroidal circulation to reach the inner ret-
ina. This, in turn, allowed the inner retinal PO2 to remain
normal when the retinal circulation was attenuated. These
points are emphasized by simulations of oxygen gradients,
based on average parameters obtained from the diffusion
model (Fig. 6). The simulations indicate that the normal oxy-
gen gradient in the ONL, which usually brings oxygen from the
retinal circulation to the photoreceptor IS, reverses in stage 2

of the disease. This gradient reversal demonstrates that choroi-
dally derived oxygen, which is normally all used by the pho-
toreceptors, can now reach the inner retina. From stage 2
forward, the choroid provides more and more oxygen to the
inner retina. Because the central retina did not become sub-
stantially thinner until stage 4 in the cats used in the oxygen
study, the distance from choroid to inner retina was taken to
be the same in all but the stage 4 simulation. In stage 4,
thinning of the retina contributed to increasing the transport to
the inner retina beyond what would have been observed if the
photoreceptors had been totally dysfunctional, but still
present. Some thinning occurred, on average, in stage 3 (see
Fig. 7H of Ref. 13), and so the simulation may slightly under-
estimate the effect of choroidal oxygen at this stage.

Another conclusion that is emphasized by Figure 6 is that,
with the elevation of the minimum PO2 well above zero, or loss
of the minimum completely, the PO2 at the choroid is not the
limiting factor for metabolism, as it is in the normal retina.15,19

Therefore, in retinas with degeneration, any variation of PC

between cats cannot explain the variation of QOR in the differ-
ent disease stages.

The observation that vessels constrict severely in later
stages of the disease provides one piece of information that
oxygen autoregulatory capabilities remain largely intact
throughout disease progression, even though the vessels are
small. This argument is further strengthened by direct measure-
ments of vascular reactivity to hypoxia and hyperoxia (Linsen-
meier RA, et al. IOVS 2003;44:ARVO E-Abstract 543).

Our conclusions on the mechanism of vascular attenuation
are similar to those in previous work. Noell20 first suggested
that vascular attenuation after loss of photoreceptors was de-
pendent on oxygen. After destroying rods in monkey and cat
retina with iodoacetic acid, Noell observed vasoattenuation
essentially identical with that in RP. He reasoned that without
photoreceptors, the metabolic demand of the retina would be
lower, and so it would no longer need two circulations and
would adapt. It made sense to him that the retinal rather than
choroidal circulation would be lost, because retinal vessels
were already known to be more responsive to metabolic fac-
tors, of which he mentioned high O2 and low CO2, than the
choroidal vessels. Penn et al.6 emphasized the importance of
choroidal oxygen in the degeneration of retinal capillaries in a
transgenic mouse retina, in which they found that systemic
hypoxia for several days was able to prevent the loss of capil-

FIGURE 6. Simulations of oxygen profiles based on average parame-
ters derived from the fits to data. Note the reversal of the oxygen
gradient in the ONL in stage 2 of the disease. The thickness of the
retina was the same in all stages except stage 4, where it was reduced,
as shown.

FIGURE 5. Number of local peaks in PO2 per oxygen profile in the
inner retina of cats at different disease stages. Data show the average
number of peaks in one cat and the average for each stage. Error bar,
SD. The line is a least-squares fit to the data from individual cats,
treating normal cats as stage zero: Peaks � (�0.3224) � stage � 1.6128;
R2 � 0.7119.
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laries. Yu et al.10 made intraretinal oxygen measurements in
the RCS rat retina and reached some of the same conclusions
that we did about the flux of choroidal oxygen, but they did
not report QO2 or the correlation with the ERG (see below).
The thinning of the retina in the RCS rat appeared to proceed
at about the same rate as changes in the oxygen gradients,
whereas the percentage of change in thickness was smaller
than the oxygen change in cats. Although there may be subtle
differences among animal models, the feature of attenuation
and loss of the retinal vasculature is common to all animal
models of RP,2–6 is prevalent in human RP1 as well, and
probably has fundamentally the same cause.

An alternate explanation for some of these data is that in the
absence of photoreceptors, inner retinal metabolism de-
creases, and, because the retinal circulation is sensitive to
metabolic demand, it shuts down, whether or not oxygen is
coming from the choroid.1 The fact that hypoxia preserves the
retinal circulation in animals with photoreceptor degenera-
tion6 argues against this explanation and indicates that the
inner retina still needs oxygen from some source. In addition,
the present work provides the only direct evidence of any kind
that the absence of photoreceptors does not change inner
retinal metabolism to any great extent. This is somewhat ten-
tative, because it is based on comparing inner retinal QO2 in
one stage 4 cat to inner retinal QO2 in normal cats with retinal
artery occlusion,17 but it is based on multiple measurements in
that one cat. It may initially be surprising that inner retinal
metabolism would not be affected by the loss of photorecep-
tors, but consider what happens in the outer plexiform layer.
Either all the photoreceptors will behave as if they are in
darkness and release glutamate more of the time, or else they
will become damaged and not release as much glutamate. In
either case, they would produce less modulation of glutamate.
In either case, because of the presence of parallel ON and OFF
pathways, roughly half of the bipolar cells and other inner
retinal neurons would experience steady depolarization, and
the other half would experience steady hyperpolarization. The
metabolic effects of more depolarization of some cells, which
would be expected to increase their metabolism, and more
hyperpolarization of other cells, which would decrease their
metabolism, could well cancel out. It is more difficult to ana-
lyze the situation if and when the bipolar cells’ glutamate
receptors disappear.

Implications for Treatment

The loss of the retinal circulation will become a significant
issue if photoreceptors or retinal progenitor cells can be re-
stored to the retina of RP patients21–24 or if the photoreceptors
become functional via a gene transfer approach,25–27 or if a
prosthetic device is placed underneath the retina.28,29 Natural
photoreceptors would need oxygen again and therefore rob
the inner retina of oxygen. Subretinal devices, no matter how
permeable to oxygen, would increase the separation between
the inner retina and the choroid. Even 100 �m would impair
the delivery of oxygen to the inner retina.19 It is unknown
whether the retinal circulation could regrow after transgenic
therapy or in the presence of a device, but the experience in all
other diseases is that when new blood vessels grow in the adult
retina, they are abnormal.

Mechanisms of Photoreceptor Loss

Stone et al.30 and Walsh et al.31 have shown that hyperoxia can
be toxic to adult photoreceptors. Because the choroid does not
regulate in response to oxygen levels,32–34 as the photorecep-
tor outer segments become progressively less organized and
use less oxygen, relative hyperoxia becomes progressively
more severe. It may be that the initial photoreceptor defect

would not lead to complete cell death in all types of RP if
permanent hyperoxia did not result. Further, hyperoxia may
play some role in killing cones. The prevalent hypotheses for
why cones die in a disease where the rods are affected are (1)
that rods produce a trophic substance that is needed by cones,
or (2) that rods produce some toxic substance when they
die.35 The latter hypothesis is considered to be less likely
because second-order neurons are preserved for a long time.
There is direct support for a trophic factor from rods that
protects cones,36,37 but another factor in cone death could be
increasing relative hyperoxia in a population of cells that is
used to a low PO2 environment.

Correlating the ERG and
Photoreceptor Metabolism

Figure 7 shows that photoreceptor QO2 correlates strongly
with the a-wave of the ERG, another functional measure of
photoreceptor activity. The maximum amplitude of the
a-wave13 and photoreceptor oxygen consumption decline vir-
tually at the same rate during the disease (r2 � 0.956, P �
0.004). This suggests that both measures are declining in Ab-
yssinian cats as a result of the same underlying event. A sub-
stantial part of the functional decline is caused by loss of
photoreceptors, but the functional measures, particularly the
a-wave, tended to change more than the photoreceptor count
in early stages.13 Physiologically, one plausible scenario for the
additional functional change is that if the outer segments are
damaged, fewer of the light-dependent cation channels might
be open in the dark. This would lead to a smaller influx of
sodium, which would reduce the need for sodium pumping in
the dark and thereby reduce oxidative metabolism. The pres-
ence of fewer cation channels would also hyperpolarize the
dark resting potential, so that a smaller maximum excursion in
membrane potential would be possible when the photorecep-
tor is illuminated, and that would reduce the maximum a-wave
without changing transduction mechanisms or sensitivity.13

The genetic event that underlies these physiological changes
remains to be determined.

FIGURE 7. Correlation between photoreceptor oxygen consumption
and the maximum amplitude of the a-wave (from Kang Derwent
et al.13). Symbols show mean and standard deviations for all data in
normal animals and at each stage of the disease. The regression line
(r2 � 0.96) is given by QO2 (mL O2 � 100 g�1 � min�1) � (0.0073) �
A-wave amplitude (�V) � 0.1397.
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