some organs .such as the heart lack the
microsomal ethanol-oxidizing system (7) yet
are targets-of alcohol-induced damage. Al-
though acetaldehyde is highly reactive and
could damage hepatocytes, its concentration
in blood may be markedly overestimated
(11, 23). Indeed, liver-produced acetalde-
hyde has not been demonstrated to directly
injure organs that lack endogenous produc-
tion of this aldehyde. Finally, the genetic
components of the selectivity of organ dam-
age induced by ethanol (2, 12, 13) and the
development of alcohol-induced heart mus-
cle disease in the absence of pancreatitis or
cirrhosis (10) cannot be attributed to acetal-
dehyde in blood because each of the organs
is exposed to similar concentrations of circu-
lating acetaldehyde derived from the liver
(11). Thus there must be gene products
residing in such organs that ultimately pro-
duce or modulate tissue injury and are re-
sponsible for the selectivity of organ dam-
age.

These considerations suggest that other
biochemical mediators are involved in alco-
hol-induced organ injury. Our results indi-
cate that a nonoxidative pathway for ethanol
metabolism exists in the human organs that
are commonly injured by alcohol abuse but
lack oxidative ethanol metabolism. Thus fat-
ty acid ethyl esters could be such mediators
involved in the production of alcohol-de-
pendent syndromes. In organs that lack oxi-
dative pathways, organ specificity of etha-
nol-induced injury may be related to rates of
fatty acid ethyl ester synthesis and degrada-
tion. Of course, interaction between the
oxidative and nonoxidative pathways may
occur.

A potential mechanism of injury by fatty
acid ethyl esters was recently demonstrated
in isolated mitochondria (24). The fatty acid
ethyl esters, acting as a shuttle for fatty acid
between cellular fatty acid binding sites and
the mitochondria, bind to these organelles
where they are hydrolyzed and release free
fatty acids, known uncouplers of oxidative
phosphorylation. Impaired mitochondrial
function has been well established in alco-
holic cardiomyopathy, and the release of free
fatty acids has been proposed as one of the
initial events leading to alcohol-induced
pancreatitis (25) as well as alcohol-induced
heart disease (26). Since the amount of fatty
acid ethyl ester formed in a parenchymal
target organ (Fig. 3) is linearly related to
blood alcohol concentrations, individuals
who ingest large amounts of alcohol will
synthesize more fatty acid ethyl esters.

In summary, nonoxidative ethanol metab-
olism occurs in humans in the organs most
commonly injured by alcohol abuse. Since
some of these organs lack oxidative ethanol
metabolism and because acetaldehyde can-
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not be the sole chemical mediator producing
selective damage, fatty acid ethyl esters and
their metabolism may have a role in the
production of alcohol-induced injury. Thus
fatty acid ethyl esters as well as acetaldehyde
or other as yet unidentified chemical agents
may serve as a link between alcohol intake
and development of alcohol-induced dis-
ease.
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Optical Image Quality and the Cone Mosaic

ALLAN W. SNYDER, TERRY R. J. BOSSOMAIER, AUSTIN HUGHES

Contrary to the orthodox view that optical image quality should “match” the
photoreceptor grain, anatomical data from the eyes of various animals suggest that the
image quality is significantly superior to the potential resolution of the cone mosaic in
most retinal regions. A new theory is presented to explain the existence of this relation
and to better appreciate eye design. It predicts that photoreceptors are potentially

visible through the natural optics.

HE IDEA THAT THE PHOTORECEP-
tor mosaic should “match” the opti-
cal image quality is well entrenched
in the vison literature. It is implicitly as-
sumed that the optical image quality is fixed
and that a photoreceptor grain evolved to
best encode it. Using comparative biological
data, we now show that this classical belief is
wrong. In fact, the data are consistent with
the opposite view, that the retinal grain is set
by biological needs and that it is the optics
that molds itself to best serve the retina. This
simple biological explanation has major new
implications for understanding the design of
photopic eyes, particularly those with highly
differentiated retinal topography such as vi-
sual streaks. It predicts correctly that optical
image quality should be significantly superi-
or to the photoreceptor grain and, in ani-
mals with nonuniform retinas, be adaptively
modulated away from the optic axis rather
than passively deteriorating due to classical
aberrations.
Few biological data are available, but it

appears that cone undersampling is wide-
spread, if not the general rule. Several exam-
ples are shown in Table 1, which gives the
sampling bandwidth or highest spatial fre-
quency v, that can be unambiguously recon-
structed by the cone mosaic; the optical
bandwidth or maximum spatial frequency v,
passed by the optics in bright light (smallest
pupil diameter); the sampling efficiency v/
Vo, Which specifies the amount of undersam-
pling; the posterior nodal distance of the eye
P; and the ratio d/d., where 4 is the cone
diameter and 4. the distance between cone
centers (I). Matched sampling occurs when
the anatomical resolving power equals the
optical resolving power (vs = v,), Or, equiv-
alently (2), when the half-height width Ap
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Table 1. Examples of measurements of P, d/d., vs, v, and v¢/v, for man, cat, rat, and garter snake, taken

from the literature (16, 18-25).

Animal P

1 did, (um) Ve Ve Velvo
(eccentricity) (mm) (cycle/deg) (cycle/deg)
Man (0°) 17 0.85 to 0.9 55 to 60 65 to 70 0.79 to 0.92
Man (10°) 17 04 to 0.6 13 20 to 60 0.22 to 0.65
Cat (0°) 12.5 0.28 20 30 0.66
Rat (0°) 3.33 0.13 2.1 4.6 0.46
Snake (0°) 2.5 0.85to 0.9 2.15 45t072 0.30 to 0.48

of the point spread function (3) obeys
Ap = Ad V3, Ad is the distance between
cone centers for a hexagonal lattice. Thus, an
Airy disk (diameter, ~2Ap) covers an area of
about ten cones in an all-cone retinal region.
Undersampling occurs when v, > v, that
is, a sampling efficiency of 30 percent with
3v; = v, corresponds to an Airy disk slightly
smaller than an individual cone inner seg-
ment in an all-cone retina.

These examples suggest that optical image
quality in vertebrate eyes is significantly
superior to the cone mosaic in at least some
portion of the retina, as in most compound
eyes (4). We propose that the cone mosaic is
set by biological needs while optical image
quality is the comparatively flexible compo-
nent in the visual chain. Thus, we ask what
optical image quality best serves a given
cone mosaic. In engineering terminology
this is equivalent to adjusting the signal to
match a given detector, which is the inverse
of the normally posed problem.

If the visual system were noise-free, then
the optical image quality should match the
cone resolving power (v, = vs) because ex-
act image reconstruction is possible, in the-
ory, for all spatial frequencies (v < vs) po-
tentially resolved by the cone matrix. Be-
cause of noise, however, there is only a finite
contrast sensitivity at each frequency so that
exact image reconstruction is not possible.
Furthermore, natural light is incoherent so
that the optical modulation transfer function
approaches zero as v approaches vs. Thus
with matched optics there is a significant
loss in high spatial frequency detail because
these frequencies are more vulnerable to
noise contamination. There is clearly a sig-
nificant gain in image contrast at the level of
the cone output by improving the optical
image quality beyond matched conditions,
because the optical modulation transfer
function is then flatter over all frequencies
that can be resolved by the cone matrix.

We argue that local cone density has a
definite functional role, otherwise fewer
cones would be required (5). Biological
needs set the animal’s subjective resolution.
Thus the image quality must at least be
sufficient for threshold detection (6) of a
grating at the anatomical sampling frequen-
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¢y vs. This criterion sets the minimum un-
dersampling v/v, possible for a given cone
mosaic (dashed curve in Fig. 1). Additional
improvement in image quality comes at the
expense of image distortion, known as alias-
ing, which may manifest itself as “blind”
spots when the image of a point is confined
to rod regions between cones (7). We use
information theory to assess the trade-off
between gain in contrast sensitivity and the
penalty of aliasing for a given pupil size and
cone mosaic (8). The optimum amount of
undersampling v/v, in an eye then depends
on the properties of natural scenes—the
brightest patches and highest contrasts nor-
mally encountered are about 10* cd/m?* and
30 percent, respectively (I, 9)—and on the
spatial correlation, which tests the limiting
spatial performance of a given cone mosaic
(10). This leads to the unbroken curve in
Fig. 1, and, apart from the human fovea,
gives a reasonable fit to the biological data
in Table 1. Our results assume an achromat-
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Fig. 1. Theoretical optimum sampling efficiency
(unbroken curve) derived from information the-
ory (17) compared with the biological data in
Table 1. The figure assumes that cone inner
segments are equal in diameter, that is, small
values of d/d. result from a high rod and cone
density. The dashed curve (6) gives the minimum
optical image quality to detect a grating of fre-
quency vs.

ic retina and an integration time set by the
cones. However, the human fovea is dichro-
matic, with the capacity for a protracted -
fixation time. Optimizing the optics for
either of these capabilities allows for only a
small amount of undersampling, in agree-
ment with the biological data (11).

The garter snake provides the most direct -
test of the theory in an all-cone retinal
region. First, it is an all-cone retina of nearly
uniform density, so that the same consider-
ations apply equally at all retinal positions.
More important, the snake pupil is about
half the diameter of man’s pupil in bright
light, yet image quality is only about one-
tenth as good (12). In other words, there is
no pressure for diffraction-limited optics in
this snake. Nevertheless, the optical image
quality is about three times better than that
required to match the cone mosaic. This
strategy is consistent with the theory pre-

- sented here.

The fact that visual photoreceptors un-
dersample the optical image (13) may
seem surprising, because electronic commu-
nication devices are often designed to over-
sample (14, 15). The conventional engineer-
ing approach, when applied to the design of
animal eyes, attempts to obtain the mini-
mum density of photoreceptors that will
encode all images on the retina for a speci-
fied image quality and error tolerance. The
solution is then to employ matched sam-
pling. However, in real eyes the cone mosaic
is known to vary across the retina according
to the habitat and life-style of the animal
(16). Thus the biologically relevant question
asks what optical image quality distribution
best serves the specified cone mosaic. The
solution is to vary optical image quality
across the retina in harmony with, but ev-
erywhere superior to, the cone mosaic. This
suggests that photoreceptors are potentially
visible through the natural optics of the eye,
and this has now been demonstrated in two
instances (12).
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The Sympathochromaffin System and the Pituitary-
Adrenocortical Response to Hypoglycemia

Mezey et al. (I) reported that, in rats,
the B-adrenergic antagonist propranolol
blocked the plasma ACTH response to insu-
lin injection, and they suggested that insulin
stimulates ACTH release by a mechanism in
which catecholamines of peripheral origin
act directly on the anterior pituitary. Their
finding that direct application of insulin to
pituitary cells in vitro did not evoke ACTH
release is consistent with in vivo evidence
that the counterregulatory responses, in-
cluding sympathochromaffin activation and
cortisol secretion, which follow insulin in-
jection are the result of decrements in plas-
ma glucose, not of insulin itself (2). There is,
however, substantial evidence that peripher-
al catecholamines do not play a critical role
in the pituitary-adrenocortical response to
plasma glucose decrements in humans. First,
administration of propranolol, with or with-
out the a-adrenergic antagonist phentol-
amine, did not reduce the plasma cortisol
response to insulin-induced hypoglycemia
(3), to the late decrement in plasma glucose
that follows glucose ingestion (4), or to the
decrement in plasma glucose that results
from suppression of glucagon secretion in
the postabsorptive state (5) in humans. Sec-
ond, patients with diabetes who had defi-
cient epinephrine secretory responses to
plasma glucose decrements exhibited plasma
cortisol increments during hypoglycemia
that were similar to those of patients with
normal epinephrine responses (6). Third,
normal increments in plasma cortisol in

response to intravenously administered 2-
deoxy-p-glucose, which is thought to pro-
duce cellular glucopenia, occurred in pa-
tients with cervical spinal cord transections
and no sympathochromaffin response (7).
Fourth, elevations of epinephrine (8) or of
norepinephrine (9) to plasma concentra-
tions that spanned their respective physio-
logic ranges did not stimulate cortisol secre-
tion in normal humans. Although none of
the human studies cited assessed ACTH
secretion as such, stimulation of cortisol
secretion is a direct function of the plasma
ACTH level and is the only action of ACTH
of established biologic importance. Thus,
the suggestion of Mezey et al. from their
studies in rats does not appear to apply to
humans.
Puivip E. CRYER
Metabolism Division, Washington University
School of Medicine, St. Louis, MO 63110
JouN E. GERICH
Endocrine Research Unit, Mayo Clinic,
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