sociable from, the quantitative intake of
food. These data indicate that brain
neurosecretions may be necessary for
boring to occur and are inhibited in the
normal spawning female. The present re-
sults implicate the optic glands in the
control of these neurosecretory pro-
cesses, since their removal in the spawn-
ing female is followed by a resumption of
boring.

A relation between gonadal function,
cessation of feeding, and death was sug-
gested by Sakaguchi (/4) who found a 92
and 96 percent reduction in the level of
proteolytic activity in the posterior sali-
vary glands and digestive gland (hepato-
pancreas), respectively, of postspawning
O. vulgaris (14, 15). It was assumed that
in the absence of digestive enzymes star-
vation, body weight loss, and death en-
sued. However, some normal males and,
in the present study, a significant propor-
tion of the females with optic glands re-
moved live for periods of 2 to 4 months
after the cessation of feeding, a period
far exceeding the postspawning longev-
ity of normal females. These observa-
tions indicate that death in the post-
spawning normal female octopus cannot
be due solely to starvation. It appears
that optic gland secretions are respon-
sible both for the cessation of feeding
and the reduced longevity but that dif-
ferent mechanisms may mediate the two
effects.

The octopus apparently possesses a
specific “‘self-destruct’” system. When
the secretions of the optic gland reach a
quantitative threshold, feeding is inhib-
ited and death ensues (/6). The finding
that removal of an endocrine gland leads
to an increased life-span supports the hy-
pothesis that aging is a function of extrin-
sic effects upon cellular aging phenome-
na (/7). In many species (fishes, insects,
arachnids, and molluscs) the female
ceases to feed, spawns, and dies. The
hormonal control of such processes in
the octopus may provide an excellent
model system for analysis of the mecha-
nisms involved (I8).

JEROME WODINSKY
Department of Psychology,
Brandeis University,
Waltham, Massachusetts 02154
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Regions of Cerebral Ischemia Located

by Pyridine Nucleotide Fluorescence

Abstract. The fluorescence of the reduced form of the endogenous pyridine nucle-
otide nicotinamide adenine dinucleotide was used to map regions of ischemia in cat
brain. A remarkably microheterogeneous pattern of increased fluorescence resulted
Jrom a critical level of incomplete cerebral ischemia. The fluorescence pattern sug-
gests that ischemia occurs initially in microwatershed zones between penetrating

cerebral arteries.

Brain function is altered by hypoxia or
ischemia often before significant meta-
bolic changes can be detected (7). It has
been argued, however, that altered me-
tabolism in a few vulnerable regions
could be responsible for cerebral dys-
function. Thus a method which locates
ischemic regions within the brain would
greatly facilitate studies of the biochemi-
cal substrates of cerebral ischemia. Re-
cently, we have shown that concentra-
tions of the reduced form of nicotina-
mide adenine dinucleotide (NADH),
which increase rapidly in the brain dur-
ing ischemia, can be detected fluoro-
metrically in frozen brain slices 2). Con-
sequently, regions with early ischemic

change can be located by scanning fro-
zen brain sections for areas of increased
NADH. In the experiments reported
here we used this fluorescence technique
to map regions of metabolic alteration
following incomplete cerebral ischemia
(oligemia). In addition, the concentra-
tions of metabolites in various regions
were measured to confirm the presence
of ischemic change.

Cats were anesthetized with ketamine
(Ketalar, Parke-Davis), paralyzed with
gallamine (Flaxedil, Davis & Geck), and
ventilated with 75 percent N,O and 25
percent O,. Cerebral oligemia was pro-
duced by occlusion of both common
carotid arteries followed by arterial
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hypotension. Because collateral circula-
tion in the cat is greater than in other
species, carotid occlusion alone caused
only transient alterations in the electro-
encephalogram (EEG) and had no effects
on the concentrations of adenosine tri-
phosphate (ATP), phosphocreatine, lac-
tate, or NADH in the brain measured 20
minutes after occlusion. Blood with-
drawal from a femoral arterial cannula to
a mean arterial pressure of 30 torr result-
ed in a critical level of oligemia, as evi-
denced by the loss of EEG activity. Af-
ter 20 minutes of oligemia, the brain was
frozen in situ with liquid nitrogen, the
blood pressure being maintained at 30
torr and ventilation being continued for
at least 10 minutes of freezing. The brain
was sectioned at —196°C with a cooled
saw in the coronal plane into slices 1 cm
thick. The NADH in the frozen slices
was fluoresced with excitation light at
366 nm from a 200-watt mercury-arc
lamp fitted with Corning filter 5840. The
fluorescence of NADH (450 nm) was re-
corded photographically through Corn-

Fig 1. Fluorescence of NADH in control brain
(a) and oligemic brain (b). Cerebral oligemia
was produced with bilateral carotid occlusion
followed by systemic arterial hypotension.
After 20 minutes of cerebral oligemia, the
brain was frozen in situ and frozen sections
were fluoresced with illumination at 366 nm.
In the control brain (a) low fluorescence was
present in cerebral cortex (C) and basal gan-
glia (B). High fluorescence was present in sev-
eral cortical sulci (S) and in white matter (W).
In the oligemic brain (b) the increase in
NADH fluorescence exhibited microhetero-
geneity throughout the cortex. The frozen
NADH standards located above both brain
slices were 20, 50, and 100 uM, from left to
right. The 20-uM standard in (b) was not vis-
ible.
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ing filters 3389 and 5562 on Polaroid
high-contrast film (type 51). Tissue levels
of ATP, phosphocreatine, lactate, and
NADH were determined enzymatically
(3) in 2-mg samples, dissected at —30°C
from various regions of the brain slice.

Since the freezing process itself might
induce ischemic change, regional NADH
fluorescence and metabolite levels were
determined in control brain. Figure la
shows the NADH fluorescence in a slice
from control brain frozen in situ. The ce-
rebral cortex and basal ganglia exhibited
low NADH fluorescence and contained
low levels of NADH (0.012 mmole/kg)
and lactate (1.7 mmole/kg), and high lev-
els of ATP (2.5 mmole/kg) and phospho-
creatine (5.2 mmole/kg). Thus in these
regions with low NADH fluorescence,
freezing in situ did not cause significant
ischemic alterations. High fluorescence
intensity was present in white matter and
in the depths of several of the cortical
sulci. In those sulci with increased fluo-
rescence, tissue levels of NADH were
threefold higher, lactate was twofold
higher, ATP was 10 percent lower, and
phosphocreatine was 50 percent lower
than in the surface cortex. The ischemic
change in these sulci presumably occurs
because their blood supply, which origi-
nates at the cortical surface, is occluded
by the freezing front prior to the time of
tissue freezing. The lack of ischemic al-
teration in the basal ganglia indicates
that deep brain regions, which are sup-
plied from the ventral surface of the
brain, continue to be perfused until the
arrival of the freezing front. White mat-
ter, despite high fluorescence intensity,
had low levels of NADH (0.008 mmole/
kg) and lactate (1.5 mmole/kg), and high
levels of ATP (2.2 mmole/kg) and
phosphocreatine (3.2 mmole/kg). Thus in
white matter, high fluorescence is not
due to an ischemic elevation of NADH,
but probably is caused by lower quench-
ing of fluorescence or by nonspecific flu-
orescence.

Figure 1b shows the NADH fluores-
cence in a slice from an oligemic brain.
Within the gray matter there was a strik-
ing pattern of heterogeneous fluores-
cence. The cortex contained numerous
patches of increased fluorescence, rang-
ing in size from 0.1 to 1 mm, and fre-
quently exhibiting a columnar orienta-
tion. In Fig. 2 the columnar pattern of
fluorescence can-be more easily distin-
guished. In regions with a high density of
fluorescent patches (A) there were alter-
nating bands of high and low concentra-
tions of NADH. Regions with fewer
patches (B) contained isolated columns
of fluoréscence which were also oriented
perpendicular to the surface of the cor-

tex. Metabolite levels were greatly al-
tered from control values in areas with a
patchy increase of fluorescence. In re-
gion A (Fig. 2) of cerebral cortex, ATP
was reduced to 1.5 mmole/kg, phospho-
creatine was 0.7 mmole/kg, lactate was
25 mmole/kg, and NADH was 0.034
mmole/kg. Since the sample size (2 by 3
mm) encompassed several fluorescent
patches, the metabolite levels represent
average values for a composite of micro-
regions with high and low fluorescence.
Using the NADH fluorescence tech-
nique, we have found regional micro-
heterogeneity to be a common result of
cerebral oligemia in the cat. Although
the precise location and size of fluores-
cent patches were variable, the cortical
orientation was consistently columnar.
Furthermore, midline cortex (region B,
Fig. 2) characteristically contained fewer
patches of fluorescence and had smaller
ischemic alteration of metabolite levels
than did other gray-matter regions.
There are two fundamentally distinct
explanations for the observed regional
heterogeneity during oligemia: (i) an un-
even reduction of cerebral blood flow or
(ii) a homogeneous reduction of flow,
with regions of higher metabolic rate ac-
quiring greater O, debt, higher concen-
trations of NADH, and earlier energy
shortage. The metabolic rate is known to
vary widely in different brain regions (4).
Moreover, within the striate cortex, col-
umnar variations in the rate of glucose
consumption have been demonstrated
(). However, the columnar orientation
of cortical NADH fluorescence in the
present study does not closely resemble
the regularly repeating pattern shown for
glucose uptake (5). In general, the distri-
bution of brain regions with increased
NADH fails to correspond to any recog-

Fig 2. Columnar orientation of NADH fluo-
rescence in oligemic brain. The midline re-
gions of the brain slice pictured in Fig 1b con-
tained microbands of fluorescence that were
oriented perpendicular to the cortical surface.
In highly fluorescent regions (4), there were
alternating columns of high and low NADH
fluorescence. In regions with fewer micro-
patches (B), isolated stripes of fluorescence
often had a columnar orientation.
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nizable pattern of metabolic or function-
al activity. Thus it is unlikely that the
heterogeneity of NADH fluorescence
can be attributed solely to variations in
metabolic rate.

The alternative explanation for region-
al heterogeneity of fluorescence is
patchy perfusion, which has been sus-
pected in other models of diffuse cere-
bral oligemia (6). The vertically oriented
columns of increased NADH separated
by a column of normal NADH parallels
the orientation of penetrating arteries
that descend through the gray matter
perpendicular to the surface of the cor-
tex. The pattern of microheterogeneity
in cortex suggests either (i) that flow
ceases in individual penetrating arteries,
while neighboring vessels continue to be
perfused or (ii) that there exists between
penetrating arteries a microwatershed
zone analogous to the macroboundary
zone between major cerebral arteries.
These findings indicate that the location
of the initial alterations in cerebral is-
chemia is determined largely by vascular
factors. However, the location of ulti-
mate cellular damage is likely to depend
on additional factors, such as intrinsic
vulnerability, which is poorly under-
stood. By using NADH fluorescence as a
sampling guide, it should be easier to
study the pathological changes in the
precise brain regions where ischemic
damage is occurring.

FraNK A. WELSH
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THOMAS W. LANGFITT
Division of Neurosurgery,
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Melatonin Induction of Gonadal Quiescence in

Pinealectomized Syrian Hamsters

Abstract. Pinealectomized Syrian hamsters were injected thrice daily with 25 mi-
crograms of melatonin per injection. The injections were administered at 3-hour in-
tervals either during the day or during the night of a photoperiodic cycle of 14 hours
of light and 10 hours of darkness. After 6 weeks of treatment with melatonin during
the night, both pinealectomized and intact hamsters had reduced testis weight, and
pinealectomized hamsters showed decreased levels of serum gonadotropins. Injec-
tion of melatonin during the day for 7 weeks either once (75 micrograms) a day or
thrice (25 micrograms per injection) daily caused a reduction in testis weight in
pinealectomized hamsters. Both pinealectomized and intact females injected with
melatonin thrice daily during the day became anovulatory by week 7 of treatment.
These results are similar to those observed when hamsters are exposed to a short
photoperiod, suggesting that melatonin may be acting as a hormone in mediating the
effects of photoperiod on the reproductive system of the Syrian hamster.

The pineal gland participates in the
regulation of seasonal reproductive cy-
cles in the Syrian hamster (/). When
hamsters are maintained in photoperiods
of less than 12.5 hours of illumination
daily, testicular regression in males or a
state of anovulation in females ensues af-
ter 6 to 8 weeks (2, 3). These responses
to short photoperiods can be prevented
by pinealectomy. Therefore, it has been
suggested that in the wild the decreasing
day-length of autumn induces the pineal
to secrete an ‘‘antigonadal’” hormone
which leads to a state of gonadal quies-
cence ().

A physiological response similar to
that observed in a short photoperiod has
been achieved in hamsters kept on a long
photoperiod by the implantation of mela-
tonin-filled Silastic capsules (5). This ob-
servation might be interpreted to suggest
that melatonin is the pineal ‘‘anti-
gonadal’’ hormone. However, it should
be noted that implantation of melatonin
in Silastic capsules or in beeswax pellets
prevented gonadal atrophy in hamsters

1=}
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\ ,'A\ melatonin (N=6)
) o Sham and
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40 -

20

Percentage of animals cycling
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Fig. 1. Effect on estrous cyclicity of daily in-
jections of melatonin (25 wg of melatonin per
injection) or 0.05 ml of oil sesame (vehicle) at
1000, 1300, and 1600 hours in pinealectomized
(PinX) and sham-pinealectomized (Sham) fe-
male hamsters maintained in a 14L: 10D pho-
toperiod. The percentage of females cycling
was determined at the end of each week of
treatment and injections were administered
for 7 weeks.

maintained in short photoperiods (5, 6).
Also, the autoimmunization of hamsters
to melatonin induced testicular atrophy
(7). Thus, the precise role of melatonin is
not clear. The animals used in the mel-
atonin implant studies (5, 6) were not
pinealectomized, so it is possible that (i)
exogenous melatonin is additive to or in-
terferes with the action of endogenous
melatonin, (ii) exogenous melatonin al-
ters the secretion pattern of endogenous
melatonin, or (iii) exogenous melatonin
stimulates or inhibits the release of an-
other pineal product, with this second
product serving the role of an ‘‘anti-
gonadal’’ hormone.

We have reported that daily injections
of melatonin cause gonadal quiescence
when administered to hamsters during
the afternoon or evening but have no ef-
fect when given in the morning (8). How-
ever, this daily injection regimen failed
to inhibit the reproductive systems of
pinealectomized hamsters. Thus, for the
reasons outlined above it became impor-
tant to determine whether exogenous
melatonin could cause gonadal quies-
cence in pinealectomized animals. It
seemed possible that injections of me-
latonin given once daily were effective
when administered in the afternoon or
evening because at those times the exog-
enous melatonin might be temporally ad-
ditive to endogenous melatonin (which is
produced in greatest quantities during
the night in other species). We reasoned
that if this were the case, multiple daily
injections might be effective in inducing
gonadal regression in pinealectomized
hamsters.

Hamsters born and reared in our colo-
ny were housed in groups and main-
tained on a photoperiod of 14 hours of
light and 10 hours of darkness
(14L.:10D). Adult animals were pineal-
ectomized by a modification of the tech-
nique of Hoffman and Reiter (9) and al-
lowed at least 2 weeks of recovery time
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