
the nursing period, or if they begin to feed on solid food only
after weaning. If the latter is the case, do these pups also
undergo a postweaning fast before feeding independently?
Plasma chemistry was monitored during the first 3 months of
life every 2 weeks in 23 pups (through the nursing period, over
weaning and independent foraging) to determine whether
this species undergoes a postweaning fast. The data suggest
that these animals do experience a 1- to 3-week fast following
weaning before feeding independently.

During the same period that plasma chemistry was used
to determine feeding success, values for blood-chemistry oxy-
gen-carrying capacity were determined. Like most other
mammals, Weddell pups are born with a relatively elevated
hematocrit (Hct; percentage of red blood cells in the whole
blood), which decreases during the first few weeks. Their Hct
soon increases, however, as they become better divers. Like-
wise, the rheological properties of the blood (for example, vis-
cosity) alter quickly in these pups as they assume adult pat-
terns. Reactions of the red blood cells to pressure incubation-
simulating deep dives also suggest that pup red blood cells
and adult cells are similar.

In total, these data indicate that Weddell pups mature
quickly in terms of diving adaptation via physiological sys-
tems such as blood chemistry.

Blood chemistry profiles of a subsection of the pup
population

U
sing the patterns of critical blood indexes determined on
intensively studied pups (see above), 89 additional pups

(total number of pups born in 1993 was 417) were captured

once near weaning and profiled for body condition (length,
weight, girth) and for blood metabolites. These data have been
analyzed and archived and will be repeated in 1994. The pups
were also tagged for population studies (see below). The long-
term goal of this section of the study is to correlate the body
and blood chemistry indexes with survivorship of those pups
over the coming years. Consequently, no results are available
at this time other than population-level profiles and distribu-
tions of these parameters. Determining their relationship to
survivorship will take 5 to 6 years of follow-up population data.

Population parameters of the Weddell seals near
McMurdo Station

I
nkeeping with the population database of Weddell seals
near McMurdo Station—a database that has been updated

every year for over 25 years—all new pups (n=417) were
tagged, six weekly censuses were conducted in November and
December, and population estimates were calculated. Based
on these surveys, about 829 Weddell seals (not counting
pups) were in the study area from Scott Base out to the Del-
bridge Islands. Of these, 183 were males, and 646 were
females. Approximately 57 percent of all adult male seals and
61 percent of all adult females in this study group are tagged.
Tests were begun to relate pup survivorship over the last
decade to patterns of good and bad years of reproductive suc-
cess by Weddell cows.

This research was supported by National Science Foun-
dation grant OPP 91-9885 to J.W. Testa and M.A. Castellini. In
addition to the authors, field team members included B.
Fadely, H. Meiselman, R. Wenby, B. Scotton, and I. Fadely.

Thoracic circumference and nitric oxide activity in the
free-diving Weddell seal

KEVIN S. STANEK, JESSE D. ROBERTS, JR., and WARREN M. ZAPOL, Department ofAnesthesia, Massachusetts General Hospital,
Boston, Massachusetts

KONRAD J. FALKE, Universitätsklinikum Rudolf Virchow, Frei Universität, Berlin, Germany
SIR GRAHAM C. LIGGINS and JACQUELINE LIGGINS, Postgraduate School of Obstetrics and Gynecology, National Women's
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T
he Weddell seal (Leptonychotes weddellii) has evolved
mechanisms that permit dives up to 500 meters (m) for

nearly 90 minutes and rapid ascent without developing either
nitrogen narcosis or decompression sickness. At the initiation
of each dive, the Weddell seal forcibly exhales. This exhalation
reduces alveolar gas volume and buoyancy. With subsequent
diving, indirect evidence from arterial blood-gas tensions sug-
gests increased thoracic compression caused by increased
water pressure causes a graded reduction of lung volume.
Kooyman and coworkers, using x-ray examination of a young
Weddell seal in a simulated dive to 300 in a compression
chamber, demonstrated that the bronchioles and trachea
maintained constant diameters (Kooyman 1981). The proxi-

mal airways are resistant to collapse because they are
armored by rings of cartilage and muscle (Scholander 1940).
These observations suggest that as the alveoli collapse during
descent, their gas volume is forced into the reinforced proxi-
mal airways. Our previous studies measuring nitrogen uptake
into arterial blood from alveoli during the free diving of Wed-
dell seals suggest that alveoli collapse at approximately 30-50
in (Falke et al. 1985). It is unknown whether this reduc-
tion in alveolar gas volume is reflected by a fall in thoracic cir-
cumference during free dives of the Weddell seal.

Several additional mechanisms have evolved in the Wed-
deli seal to permit prolonged periods of breath holding. Dur-
ing prolonged dives, the seal releases adrenergic hormonal
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agents into the blood to constrict many vascular beds. This
reduces blood flow to noncritical organs and tissues while
allowing blood flow to continue to the brain and to be partial-
ly reduced to the heart and lung. Nitric oxide (NO), an
endothelium- derived relaxing substance, importantly ele-
vates blood flow to organs in many mammals (Furchgott and
Zawadzki 1980). NO is a gas produced by endothelial cells lin-
ing many blood vessels. NO diffuses into subjacent smooth
muscle causing vascular relaxation, in part, by stimulating
soluble guanylate cyclase to produce cyclic guanosine 3,5'-
monophosphate (cGMP) (Ignarro et al. 1981, 1983; Palmer,
Ferrige, and Moncada 1987). NO production and activity is
modulated by tissue oxygen concentration. NO activity in the
pulmonary arteries of fetal sheep is reduced by low-oxygen
tensions (Shaul, Farrar, and Zellers 1992). In the newborn
sheep, increased oxygen tension in the lungs caused by the
first few breaths after birth elevates lung NO activity and tis-
sue cGMP concentration thereby reducing pulmonary vascu-
lar resistance (Roberts et al. 1993). NO formed in pulmonary
vessels and airways is released into the exhaled gases of
guinea pigs, rabbits, and humans and can be measured by
chemiluminescence (Gustafsson et al. 1991). It is unknown
whether NO synthase activity regulates blood flow in the
Weddell seal or is altered by the low arterial oxygen tensions
encountered during prolonged dives.

Five subadult male Weddell seals were captured near the
Dellbridge Islands, the Erebus Glacier Tongue, and Arrival
Heights, Antarctica (approximately 78°S 168°E), and sledged
to a field research site drilled in the fast ice of McMurdo
Sound for isolated hole studies. The site was chosen to be 5
kilometers from the nearest natural crack in the ice sheet so
that a seal released into a hole at that portable research labo-
ratory could swim freely but would be
obliged to return, and thus we could
retrieve data and blood specimens.	IOU

Following sedation of the seal with
intramuscular ketamine HC1 and
anesthesia with inhaled halothane, a
previously calibrated, 3-millimeter-	150
thick, latex-covered strain gauge was
fitted around the seal's thorax just
caudal to the fore flippers. The strain
gauge produced an electrical resis-	140
tance proportional to the chest cir-
cumference, and the resistance was
converted to a voltage by a wheat-
stone bridge circuit. The voltage was	Q 130
amplified, converted to digital format	C..)
with 8-bit resolution, and stored in the	I
random-access memory of a time-
depth recording computer (Wildlife
Computers, Woodinville, WA). The
amplifier circuit and recorder were
affixed to a patch glued on the seal's
dorsal fur. In addition, a plastic
catheter was placed into the epidural
vein to allow collection of blood. Fol -

lowing recovery from anesthesia, the seal was allowed to
enter the ice hole and dive voluntarily.

During the dives, the chest circumference was measured
every second; the depth was recorded every 5 seconds. Fol-
lowing the seal's surfacing from a dive, serial blood samples
were obtained for later determination of cGMP concentration
using iodine-125 radio-immunoassay (Biomedical Technolo-
gies, Inc., Stoughton, Massachusetts) (Harper and Brooker
1975). The blood samples were stored in heparin and iO M
3-isobutyl-1-methylxanthine (IBMX) to reduce destruction of
cGMP by phosphodiesterases (Kramer and Wells 1979). For
measurement of exhaled NO by chemiluminescence (Fonti-
jin, Sabadell, and Ronco 1970), an acrylic chamber was placed
over the ice hole to capture exhaled gases from the seal sur-
facing between dives. At the conclusion of the studies, the seal
was resedated, and the monitors and catheter were removed.
The patches were left to fall off during the animal's molting.
Following recovery from sedation, the seal was released near
the area where it was collected.

We analyze a representative dive to a depth of 170 in
 24 minutes. At the initiation of dives, the seals forcibly

exhaled reducing thoracic circumference (arrow, see figure).
Subsequently, the chest circumference decreased with
increasing depth of the dive. Only upon resurfacing, after the
seal forcibly exhaled to clear its nostrils of ice and mucous (*,
see figure) was the thoracic circumference increased. Fifty
plasma cGMP levels were determined in samples obtained
during the recovery periods from 16 dives lasting up to 22.5
minutes. Plasma cGMP levels did not change during the
recovery period; the initial and final plasma cGMP concentra-
tions during the recovery periods were 14.6±3.5 and 14.8±3.5
picomole per milliliter, respectively. Furthermore, we did not
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Depth and thoracic circumference in a free-diving Weddell seal. Exhalation at the initiation of the
dive (arrow) reduced thoracic circumference to levels near the minimum reached at the maximum
depth of the dive. During the dive, the thoracic circumference was gradually and slightly reduced.
Upon surfacing, the seal again exhaled (*) to clear its nostrils prior to inhalation.
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observe any increase of exhaled NO levels above ambient
concentrations (1-2 parts per million, by volume) during the
recovery period between dives.

Our data show that the reduction of thoracic circumfer-
ence of the free-diving Weddell seal occurs in two phases. The
chest circumference falls during the initial exhalation. Subse-
quently, the thorax is gradually compressed with increasing
diving depth to about 40 m. This two-phase reduction of
chest circumference supports prior suggestions that airway
collapse is graded with depth in the diving Weddell seal. It is
significant that seals did not refill their lungs during ascent
but only upon the first inhalation at the ice hole after surfac-
ing. This delay prevents nitrogen uptake on ascent into arteri-
al blood and may be a mechanism developed to avoid nitro-
gen narcosis or decompression sickness. During the recovery
period of prolonged dives, no indirect evidence was found of
a cGMP increase or modulation of nitric oxide activity in the
Weddell seal. This lack of evidence suggests that the NO-sig-
nal transduction system for vasodilation may not be highly
developed in the Weddell seal.

These studies were funded by National Science Founda-
tion grant OPP 91-18192. They were performed under U.S.
National Marine Fisheries Service Marine Mammal Permit
number 600 and approved by the Massachusetts General
Hospital Subcommittee on Animal Studies.
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