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Summary

In several pinniped species, the heart rates observed
during unrestrained dives are frequently higher than the
severe bradycardias recorded during forced submersions.
To examine other physiological components of the classic
‘dive response’ during such moderate bradycardias, a
training protocol was developed to habituate harbor
seals Phoca vituling to short forced submersions.
Significant changes were observed between physiological
measurements made during naive and trained
submersions (3-3.5min). Differences were found in
measurements of heart rate during submersion (naive
18+4.3beatsmin® versus trained 35+3.4 beats min?),
muscle blood flow measured using laser-Doppler
flowmetry (naive 1.8+0.8mImirr1100g? versus trained
5.8+#3.9mImin1100gY), change in venousPo, (naive

situation, the post-submersion increase in plasma lactate
levels was only rarely significant in trained seals. Resting
eupneic (while breathing) heart rate and total oxygen
consumption rates (measured in two seals) were not
significantly different between the naive and trained
states. This training protocol revealed that the higher
heart rate and greater muscle blood flow in the trained
seals were associated with a lower muscle deoxygenation
rate, presumably secondary to greater extraction of blood
O2 during trained submersions. Supplementation of
muscle oxygenation by blood @ delivery during diving
would increase the rate of blood @ depletion but could
prolong the duration of aerobic muscle metabolism during
diving. This alteration of the dive response may increase
the metabolic efficiency of diving.

—0.44+1.25 kPaversustrained —1.48+0.76 kPa) and muscle
deoxygenation rate (naive -0.67+0.27 mvds! versus
trained -0.51+0.18 mvds!, a relative measure of muscle
oxygenation provided by the Vander Niroscope, where
mvd are milli-vander units). In contrast to the naive

Key words: dive response, heart rate, laser-Doppler, muscle blood
flow, myoglobin, near-infrared spectroscopy, oxygen store, harbour
seal,Phoca vitulina.

Introduction

The dramatic physiological responses of seals to forcedearance rates in foraging Weddell sedlepfonychotes
submersion are well documented (Scholander, 1940; Elsnexeddelli) are consistent with the maintenance of renal and
1965; Zapol et al., 1979; Blix et al., 1983). Often referred tdhepatic blood flow during such dives (Davis et al., 1983).
as the dive response, this combination of severe bradycardisecreased clearances of radiolabeled metabolites during
(often below 10 beats ni#), vasoconstriction and circulatory isolated dives by Weddell seals, however, suggest reduced
isolation of peripheral organs preserves the large blood oxygemgan perfusion during diving (Guppy et al., 1986). Other
store of the seal for use primarily by the obligate aerobic orgarstudies have collected indirect evidence suggesting some
of the animal, the heart and brain. However, studies odegree of muscle blood flow during diving (Guppy et al., 1986;
unrestrained, trained and free-diving seals have shown that tRenganis et al., 1993; Guyton et al., 1995). It is essential to
degree of bradycardia is variable and often not as severe lasow the magnitude of organ and muscle perfusion during
during forced submersions (Elsner, 1965; Kooyman andiving as these may be critical to the depletion rate of the blood
Campbell, 1973; Hill et al., 1987; Fedak et al.,, 19880, store and the duration of aerobic metabolism (Davis and
Thompson and Fedak, 1993; Andrews et al., 1997; Pongarkanatous, 1999).
et al.,, 1997a,b; Hindell and Lea, 1998). In those dives with To examine physiological responses during submersions
higher heart rates, the degrees of peripheral vasoconstrictionth heart rates greater than those observed during typical
and end organ ischemia have not been directly measured. forced submersion studies, we attempted to habituate or train
harbor sealsRhoca vituling, aortic blood flow is markedly yearling harbor seals to short forced submersions, as has been
reduced despite higher heart rates during trained dives (Elsngone with ducks (Gabrielsen, 1985; Gabbott and Jones, 1987).
et al., 1966). However, constant inulin and Indocyanine Greelfi a less intense bradycardia could be elicited during trained
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forced submersions, we wished to determine the effects of this submersion, the draining valve of the helmet was closed
on muscle blood flow, muscle oxygen depletion rates and pogtsisual cue), the air pump was turned off (auditory cue) and
submersion blood lactate levels. This is the first simultaneousesh water, at ambient temperature, was poured into the
measurement of these three variables in breath-holdingelmet. When ending the submersion, the drain valve was
animals. opened and the air pump was turned on. The period from the

initial visual cue to the start of submersion was approximately

15s and that from opening the valve to the first breath at the

Materials and methods end of submersion was approximately 10s.
Four harbor sealBhoca vitulinaL. (two male, two female) _
were brought from the Rehabilitation Program of Sea World Oxygen consumption

Califonia to the holding tanks of the Center for Marine In two seals, the rate of oxygen consumption was
Biotechnology and Biomedicine at Scripps Institution ofcontinuously monitored during naive and trained sessions by
Oceanography under the conditions and guidelines of USampling the exhausted air from the helmet. The open-flow
National Marine Fisheries Service marine mammal permit naespirometry system was similar to the system described by
779. The seals were 6—10 months old and ranged in mass frddavis et al. (1985).

25 to 33kg. They were maintained on a diet of herring (10 %

of body mass per day) and vitamin supplements, and were Heart rate
released at sea following completion of this study. Three surface ECG electrodes were attached to each seal as
described previously (Ponganis et al., 1997b). Recordings of
Submersion training protocol ECG and+ were made during each submersion for all training

Once the seals had acclimated to the holding facilities, sessions with a UFI (Morro Bay, California, USA) EG@G/
submersion training protocol was begun. A submersiomonitor and an Astro-Med eight-channel recorder. Heart rate
duration of 3min was selected for seals lighter than 30kg andas calculated as the total number of ‘grs’ waveforms in a
3.5min for those above 30kg. Both values are lower than thgiven period divided by the duration of that period. Resting or
calculated aerobic dive limits for harbor seals and are withipre-submersion heart rate was measured for a 1 min period
the common dive duration of free-diving harbor seals (FedaB min before submersion. Heart rate during submersion is the
et al., 1988; Kooyman, 1989; Jobsis, 1998). The trainingnean rate during the entire submersion. The post-submersion
protocol consisted of conducting five forced submersions pegreriod consisted of a 1 min period immediately following the
day, each with a 20 min resting period, for approximately 1@nd of the submersion period. After completion of the training
(9-11) days over a 14-day period. The first session was alwagsotocol, the ECG electrodes were removed.
fully monitored (all recorded variables are described below),
and all data collected during this first session were designated Anesthesia and blood sampling
as naive. The last session was also fully monitored, and if the All probe, catheter and electrode placements were conducted
submersion heart ratédf response changed significantly, theunder local anesthesia (2% Xylocaine and 0.25%
data collected were designated as trained. In all intervenirBupivacaine) using aseptic techniques. All insertions were
training sessions, only the electrocardiogram (ECG) fand percutaneous, with a standard catheter-over-needle technique.
were recorded. Data obtained during naive and trained sessidrgr intramuscular probe insertions, the same technique was
were compared using a pairetkst (significance?<0.05) and used with a peel-away catheter; this allowed removal of the
expressed as mean * standard deviat®mn.)(unless noted catheter after insertion of the probe through it. At the time of
otherwise. Following the fifth submersion of the trainedcatheterization, 1g of cefazolin was given intravenously as an
session, one seal was subjected to a final 5min submersionawtibiotic prophylaxis. In addition, oral antibiotics, 1g of
detect changes in the submersion response when taken beyaedalexin per day, were continued for 1 week following a
the trained submersion duration. monitored session. The insertion sites were monitored daily,

At the start of each training session, a seal was weighed aadd no seal showed any symptoms of infection following the
restrained on aU’-shaped restraining board. A clear Lucite procedure.

‘diving’ helmet was placed over the head of the animal and The extradural vein was catheterized at the start of naive and
loosely secured to the restraining board with elastic cord. Theained sessions using a 12.7cm 14 gauge catheter. A
helmet used a two-layer neoprene gasket around the neck lidparinized saline (2 u.i. Mlin 0.9 % NaCl) flush was used to
the seal to prevent leaks. Room air was pumped through tineaintain the catheter. Blood samples (3 ml) were taken 1 min
helmet at 601 mint. To avoid overheating, the seals were keptefore submersion (A), 30 s before the end of submersion (B)
wet and cooled by air from an electric fan. To facilitateand 30s (C), 2.5min (D), 5min (E) and 10 min (F) after the
training, the durations of submersions and resting periodsnd of submersion. At 20 min after the end of submersion, the
remained constant throughout all training sessions; visual amext pre-submersion sample (A) was taken. In seal W, sample
auditory cues were given to signal the beginning and end & during the naive session was omitted. In seal S, the last in
each submersion, and all efforts were made to reduce owur protocol, an additional sample (1 ml) was taken 30s after
eliminate any discomfort experienced by the seals. To initiatthe start of submersion during the trained session. Sampling at
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this time may give a more accurate measure of pre-submersispontaneous apneas, designated in this study as a voluntary
venous oxygenation than sample A, which does not reveal ttepnea greater than 30s. Heart rate, muscle blood flow and
effects of pre-submersion hyperventilation by the seals. Alinuscle oxygenation were recorded during spontaneous apneas
blood samples were analyzed R, with a Radiometer ABL2 and compared with those of naive and trained submersions
blood gas analyzer. Plasma lactate and glucose concentratiass well as resting conditions. Blood sampling occasionally
were determined with a YSI lactate/glucose analyzer (YStorresponded with these spontaneous apneas, but the sampling

model 2300, Yellowsprings, Ohio, USA). protocol was not altered. If a scheduled submersion occurred
during a spontaneous apnea, the seal was ‘awakened’ and
Muscle blood flow allowed to resume a normal respiratory pattern before the

Muscle blood flow was measured using two laser-Dopplescheduled submersion. Results are presented as meams *
blood flow (LDBF) meters. The first was a Transonics (Ithacaynless stated otherwise.
New York, USA) ALF-21 LDBF monitor used for all four
naive sessions and two trained sessions. Since this monitor was
unavailable for two trained sessions, an Oxford Optronix Results
(Oxford, UK) MPM 35 LDBF monitor was used. The catheter- Submersion training protocol
like fiber-optic probe of the LDBF monitor was percutaneously Three of the four seals modified their response to
placed into the ilioicostalis lumborum/longissimus dorsisubmersion with training. The three seals that did modify their
(ILLD) muscle group 5cm to the left of the spinal column,responses appeared to do so gradually over the training period.
2.5cm above the crest of the ilium. Since two dissimilar LDBFSeal L did not habituate to the submersion protocol. Seal L is
meters were used and because the LDBF meters could notibeluded in results that are not influenced by its lack of
calibratedin situ, muscle blood flow is given both as the habituation to the training procedure; where it is included, it is
absolute value provided by the factory calibrations and as specifically cited (e.g. seals L, A, S and WNzv4).
percentage of mean resting muscle blood flow (%RMBF),
measured over 1 min, 3min prior to each submersion. Muscle Oz consumption
blood flow during submergence was measured by averaging The mean oxygen consumption rate of two seals during a
over the entire submersion period. The post-submergencmive submersion session was 8.0+1.7 pri1kg21. After
muscle blood flow was measured over the first minutéraining, the oxygen consumption rate of these two seals was
following the submersion period. 7.8£0.7mlQ@min"1kg™ (N=2), which was not statistically

significantly different.
Muscle oxygenation

Muscle oxygenation was monitored during naive and trained Heart rate response
sessions by near-infrared spectroscopy (NIRS) (Jobsis- Heart rate during submersion showed a marked increase
VanderVliet et al., 1987). The Niroscope (Vander Corp.with training in three of the four seals (Fig. 1). In these three
Durham, North Carolina, USA) uses NIRS to provide trenchabituated seals, the me&nduring naive submersions, 18+
monitoring of combined oxyhemoglobin (HbO) and 4.3 beats mint, was significantly different from the meémn
oxymyoglobin (MbO), combined deoxyhemoglobin (Hb) andduring trained submersions, 35+3.4 beatst(ffable 1). The
deoxymyoglobin (Mb) and total hemoglobin (tHb). The dataonset as well as the over#l of the submersion bradycardia
provided by the Niroscope show the change in the amount showed differences between naive and trained submersions.
HbO(+MbO), Hb(+Mb) and tHb in milli-vander units (mvd). During naive submersions, the drop I was nearly
The milli-vander unit is a measure of the relative change in thimstantaneous, often with the lowé&searly in the submersion.
amount of HbO, Hb and tHb within the volume of tissueDuring trained submersions, thedecreased more gradually,
measured by the optical probes of the Niroscope. The standaadd the lowestH values were usually recorded at the end of
surface probes of the instrument were replaced with a 17 gaugfee submersion. This is demonstrated by comparing the mean
catheter-like fiber-optic probe with four emitter fibers at the tigfH during the first 30s of submersion. In naive submersions,
and eight detector fibers recessed 0.5cm from the tip (Jobsthe fH for this period was 18+4.8 beats minand in trained
1998). The probe was percutaneously placed 5cm to the rightibmersions the rate was 47+12.3beatshiThe mean
side of the spinal column and 2.5cm above the crest of treibmersionfH increased steadily over the training period
ilium into the ILLD muscle group. The blunt tip of the probe (Fig. 2), with the first submersion of each training session often
was used to puncture the fascia of the muscle group and whaaving the lowestH. ThefH while resting prior to submersion
inserted approximately 1cm into the muscle. To reduce thand the tachycardia observed after submersion showed no
possibility of interference between the Niroscope and LDBFstatistical difference between naive and trained sessiongj and
light-emitting probes, the probes were placed on opposite sidegs 111+22 beats mihwhile resting and 154+6.1 beats min

of the spinal column. during the post-submersion tachycardia. Seal L, which did
not significantly change itsfH with training, had a
Spontaneous apneas submergedfn of 20+2.4beatsmift during naive sessions

During resting periods, the seals voluntarily performedand 21+2.7 beats mid during trained sessions. This seal
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50 Table 1.Physiological variables during submersion of three
naive and trained harbor seals
451
Naive Trained
r-"; 401 Heart rate (beats ni#)
g 5 | Resting 111422 110+13
g 7] gi Submerged 18+4.3 35+3.4*
S gl '.E First 30 s submerged 18+4.8 47+12.3*
L " g Post-submersion 156+5.8 152+5.8
= 251 s L s Spontaneous apnea 60£7.5 56+4.2*
§ ﬂ Muscle blood flow
201 B .
A % Resting
151 % %RMBF* 100 100
é s mimin1100g? 14.9+4.9 24.7+9.0*
10 , 'ed Submerged
Naive Train 9%RMBF 12.3+5.8 23.3+15.7*
Fig. 1. Mean heart rate (mearss.) for each of the four seals (S, A, mimin-1100g? 1.8+0.8 5.8+3.9*
W and L) during five submersions during naive and trained session Post-submersion
Seals S, A and W are considered to have adapted to the traini %RMBF 175.4+59 163.6+36.7
protocol and were grouped together for later comparison an mimin~1100g? 25.7+4.2 41.5+13.2*
anaIyS|s_. Seal L did not increase its heart rate and was excluded frc Spontaneous apnea
the habituated group. %RMBF 30.9+14.1  46.6+26.7
mimin~1100g? 5.4+2.1 12.3+6.6*
istentlv sh d the ‘naive’ in oth iabl Other variables
consistently showe € naive response in other varables « y,qcle deoxygenation rate -0.67+0.27 -0.51+0.18*
We” (de S—]_)ii
tt - - *
Muscle blood flow Submerged\Pvo, (kPay 0.44+1.25 1.48+0.76
A[Lactate] (mmoltl) 0.51+0.57 0.31+0.36

There was a significant difference between naive an
trained muscle blood flow for the three habituated seals. Tt Data were collected from five naive and five trained submersion

mean musc]e blood flow during naive submersion; Wafor each sealN=15). Values for spontaneous apneas are the nfean o
1.8+0.8mimin'100g? (12.3#5.8%RMBF), and during 72 occurring during the naive sessions and 173 during the draine
trained submersions it was 5.8+3.9 mImih00 gt session.

(23.3+15.7 %RMBF) (Table 1). Eupneic muscle blood flow Asterisks indicate values obtained during naive and waine
levels as measured by the LDBF meter differed betweesubmersions are significantly differeR&0.05, using a pairedtest.
naive conditions when flow was 14.9+4.9 mImih00g? *Muscle blood flow is given as a percentage of resting muscle
(100% naive RMBF) and trained conditions when it wasPlood flow (%RMBF) and in the factory-calibrated units o
24.7+9.0mimint100g? (100% of trained RMBF). After ™MIMin~1000™ _ o

each submersion, a hyperemic period was observed averagi #h?.mU.SCIe deoxygenation rate is in milli-vandets(see tek
25.7+4.2mImint 100G (175.4+58.8 %RMBF) for naive Choiarcation).

; " 1 0 +HSubmerged change Pvo, from 1 min before the submersion
animals and 41.5+13.2minin100g~ (163.6+36.7 %RMBF) (sample A) to 30s before the end of submersion (sample B) (dee tex

for trained animals. _ for further clarification).
In seal L, no significant differences were found betweer

naive and trained submerged muscle blood flow; muscl

blood flow was 1.2+0.5mImi#100g? (4.8+2.0%RMBF) 45
during naive submergence and 1.1+0.4miThi©0g? ST T T T T T
(6.5+2.4%RMBF) during trained submergence. The post =
submersion muscle blood flow values for this animal wert S 351 ]
unique in that they were lower than the resting level £ 301 A/ /J 'X\ ]
8.8+4.2mImimt100g?! (35.5+16.9%RMBF) during the s 25 |
Py
© 20 1
Fig. 2. Heart rate during submersion for all training sessions of seal
A. Note the steady increase in heart rate and typical pattern of low 3 151 /\/\ |
heart rate for the first submersion of each session. As training T 10/ .
progresses, the heart rate approaches the level found in this animal 5

during unrestrained dives in the holding tank, shown as an 1 2 3 4 5 6 7 8 9
interrupted line marked with asterisk. Training sessin number
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first submersion session and 16.2+4.4mlTi®0g? rate of change in muscle oxygenation during naive and trained
(95.3£25.9 %RMBF) during the last. submersions.
During the reduced muscle blood flow of naive submersions,
small spikes in the muscle blood flow profile corresponded to Extradural veinPo,
individual heart beats. The muscle blood flow was low, Considerable variation was found when analyzing extradural
continuous and variable during trained submersions and dickin samples taken during the naive and trained sessions for
not appear to be intermittently pulsatile (Fig. 3). In the resvenousPo, (Pvo,). This variation appeared to be caused by the
period between submersions, muscle blood flow showerkspiratory state of the animal since some samples were taken
marked oscillations that corresponded to the breathing patteduring spontaneous apneas while others were taken during the
of the animal. Perfusion increased during inspiration andiormal eupneic cycle. Indeed, the lowegd, value (4.12 kPa)
decreased during expiration. The absence of this pattern wabtained occurred during a resting period while the seal was
useful in identifying periods of spontaneous apnea. undergoing a spontaneous apnea and not during a submersion.
_ As a result of this variation, thBvo, values during naive
Muscle oxygenation and trained sessions at rest or at the end of submersion did not
Muscle oxygenation declined steadily during submersiorliffer significantly. However, the difference Fvo, between
and increased promptly after the end of the submersion (Figs Bre-submersion (sample A) and the sample taken during
4). A majority of the submersions were preceded by a smaslubmersion (sample B) was significant. These decreases during
increase in muscle oxygenation (HbO+MbQO). This increassubmersion averagee0.44+1.25kPa for naive sessions and
occurred during pre-submersion hyperventilation (as thel.48+0.76 kPa for trained sessions. This decreaBegnmay
helmet was filled with water) and was quickly reversed at theot represent the full drop in venous oxygen since sample A
onset of submersion. This increase in oxygenation wawas taken before the pre-submersion hyperventilation and
countered by a decrease in the amount of Hb+Mb observethchycardia. In one seal (seal S), a small sample was taken at
The total amount of Mb and Hb (tHb)
measured by the Niroscope showt

slight increase during both naive ¢

Naive sulmersion

Trained submersion

trained submersions. ' ' ' ' ' '
The three habituated seals sho <
a significant decrease in the 1 E 150+ v T — 150 — J’ ) -
of muscle deoxygenation duri %
trained  submersions compa & 100 - 1004 -
with naive submersions. The rate &
muscle deoxygenation during na < 504 = 50— -
submersion measured by %
Niroscope was—0.67+0.27 mvdd; 0 . . | 0 ! ! !
this was significantly different fro
the value 0£0.51+0.18 mvd s found ' ' ' ' ' '
during trained submersions. Sea %, 50 - 50+ B
showed no significant difference in § 40 n 40 L
—
£ 304 - 30 -
S
Fig. 3. Comparison of two submersic £ 20+ B 20+ B
the fourth of the naive session and L 10- N 10— B
third of the trained session, for sea s
Arrows indicate the start and end 0 . . 0 . . .
submersions. A spontaneous apne
shown before submersion during ' ' ' ' ' '
trained session and is indicated by 0+ - 0 -
solid line. Note that heart rate ¢ E
muscle blood flow (MBF) are higher¢ <=
the change in muscle oxygenal Q -404 - 407 B
(oxygenated hemoglobin and myoglol %
HbO+MbO) is lower during traine Q _go . _go- L
submersions. Units for Niroscope ¢ T
are milli-vanders (mvd), which repres
the change in concentration within -120 ' : ' -120 ' ' '
observed volume of tissue (see Mate 0 25 50 7.5 10.0 0 2.5 50 7.5 100
and methods). Time (min) Time (min)
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the start of submersion during the trained session ' 0 2 V a4 6 ro8 10
the Pvo, of these five samples was consistently hir \ \ \ \

than that of the ‘A’ samples.’ 2 100~ 7
= 50 4
Plasma lactate levels 8 o .

Plasma lactate concentrations increased and p -50}- §
early in the post-submersion period (Fig. 5).
significant increase in plasma lactate from the re
level to the post-submersion peak (2.5min ¢
submersion) occurred during naive submersions
each seal except seal S. During trained subme
sessions, only seal W showed a significant incree
plasma lactate levels between resting levels ani
post-submersion peak (30 s post-submersion). Alth
the concentrations were lower than those foun
forced submersion studies with longer submer
durations (Scholander, 1940), the overall appearar
the lactate washout is similar.

Oxygerated
HbO+MbO

Hb+Mb

Spontaneous apneas
During the 20min post-submersion resting pel Time (min)

the s_eals_ perfqrmed |nte_1rm|ttent_ spontaneous af Fig. 4. Representative graph of the Niroscope data obtained during a 3.5min
possibly including occasional episodes of sleep @  sybmersion of seal A during the trained session. Note the slight increase in
as described by Castellini et al. (1994) or quies total Hb (tHb) and decrease in oxygenated hemoglobin and myoglobin
apneas as described by Ridgway et al. (1975). D  (HbO+MbO). Hb+Mb, deoxygenated hemoglobin and myoglobin. Units for
the majority of these events, the eyes were cl Niroscope data are milli-vanders (mvd); see Fig. 3 legend. Arrows indicate
and the seal was completely motionless. In total, the approximate start and end of the submersion.
spontaneous apneas were recorded during the r
periods. For three of the seals (W, S, L), there was n
difference in the duration of these events (50+20s) betwee
naive and trained sessions. In seal A, which had the longe
recorded spontaneous apnea (243s), the mean length ol
spontaneous apnea during the naive session, 102+64s, v
more than twice that found during the trained session, 42+13
In all seals, more spontaneous apneas occurred during trair
sessions, with a mean of 18 per naive session and 43 per trait
session. MQ\§~—Q
The most consistent indicator of spontaneous apnea was 21 &

decrease i+ from the eupneic level of 110 beats mirto
the apneic level of less than 80 beatsThifFig. 3). For the
three trained seals (W, A and S), the mdanduring
spontaneous apnea was 60+7.5beatsituring naive 1 0 3 0 15 20
sessions, which was significantly different from the value o Time (min)
56+4.2 beats mirt occurring during trained sessions. In seaIF. -

. . . ig. 5. The mean plasma lactate concentration in blood samples from
L, fu during _spontaneous apneas_ of thg naive Session Wgegig during and after naive (filled circles) and trained (open circles)
78+4 beatsmin' and 66+6 beatsmM during spontaneous g, pmersions. The cross-hatched area represents a 3.0 min submersion

apneas of the trained session. o _ period. Values are meanss£.M. (N=15). For simplicity, 3.0 and 3.5
Muscle blood flow showed marked oscillations during thémin submersion values are plotted together following the 3.0min

20 min resting periods that reflected the pattern seen in ttime line.

heart rate trace (Fig. 3) and corresponded to the breathir

pattern. Spontaneous apneic muscle blood flow during naiveained sessions were not significantly different. During both
and trained sessions of the three trained seals differethonitored sessions for all four seals, the spontaneous apneic
during the naive sessions, it was 5.4+2.1mI#i®0g?  muscle blood flow was always greater than muscle blood
(30.9+14.1%RMBF) and during the trained sessions it waflow during submersion. Muscle deoxygenation rates during
12.3+6.6 mImin100g? (46.6+26.7 %RMBF). For seal L, spontaneous apneas were lower in the trained sessions than in
the spontaneous apneic muscle blood flows during naive arnlde naive sessions for the three trained seals. There was,

S

Plasma lactate (mmol 1-1)
D—v

25
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however, considerable variation, and muscle oxygenatio 240 . . . ; ; ;
increased slightly during some spontaneous apneic events.
T 200-
. ) m
Discussion 2 160
Heart rate ST
The heart rates during submersion of the trained seals we 5 120l
approximately 100% greater than the corresponding valu "(1;
during naive sessions and approached levels measured dur 2
. . . 80}
spontaneous apneic events in this study as well ds theels 2
recorded during trained and unrestrained diving and reporte 3
by several authors (Elsner, 1965; Harrison and Ridgway, 197 = 40
Ridgway et al., 1975; Williams et al., 1991; Fedak et al., 198¢
Thompson and Fedak, 1993). Theresponse of naive and 0 25 50 75 100 15 180 175
trained seals not only differed in overall mdanbut also in Heartrate (beats min-2)

the fn profile during the submersion, where the naive seals
showed a rapid reduction fa and the trained seals showed aFig. 6. The relationship between muscle blood flow and heart rate
slower drop infd. The f of the trained seals increased ove(; the rar:geblof dC(?Inditions for which these measfurements werle
: . : : made. Muscle blood flow is given as a percentage of resting muscle

e e oy S Hood o, (4RWER) b 1o smasion T second i

. . . regression line was drawn using SigmaPlot with mean heart rate and
reer>§|ve swﬂch from one level to gnother. It is also notable), o4 fiow values for each condition liste?=0.999, P<0.05). N,
that, in both naive and trained sessions, the seals often showaive: T, trained: S, submerged: R, resting condition before
an increase in heart rate immediately prior to the first breaisubmersion; PS, 1 min period immediately following completion of
ending the submersion (as the water level in the helmet withe submersion. Values are mearsnt (N=15).
lowered). This anticipatory tachycardia has been observed
previous studies of unrestrained seals (Fedak, 1986; Fed
et al., 1988; Hill et al., 1987; Williams et al., 1991). Thethat muscle blood flow may persist and allow lactate washout
similarities in thef response of the trained seals in this studyduring the dive. Ponganis et al. (1993) found that muscle
and unrestrained seals suggest that this protocol may servetesiperature during dives was constant or decreased, which
a useful model for cardiovascular responses that occur durirsyggests that the working muscles are not isolated from cooler

short-duration dives of seals at sea. blood in the circulation. Finally, Guyton et al. (1995) measured
lower than expected muscle deoxygenation rates, which

Muscle blood flow suggested some level of perfusion.
Muscle blood flow showed an obvious correlation viith The presence of a dense sympathetic innervation of proximal

over the whole range of me&nand muscle blood flow in this arterioles in pinnipeds (White et al., 1973) and the persistent
study (Fig. 6). Both linear and curvilinear regression analysesiuscle ischemia found in the presence efd®@pletion and
show a highly significant relationshif?<€0.05). A second- lactate accumulation during forced submersions (Scholander,
order regression fitted the data best. This may be due to1840) suggest that regulation of muscle blood flow in seals is
difference between apneic and eupneic stroke volumkargely independent of local tissue metabolite control at the
(Ponganis et al., 1990) and to peripheral vascular regulationapillary level. Gooden and Elsner (1985) have reviewed this
However, the high degree of correlation may be misleading;oncept of an extramuscular throttle for muscle blood flow.
for if one tests the relationship betwefenand muscle blood These authors also proposed that arteriolar smooth muscle
flow taken during just one condition, such as post-submersiopgrfusion and smooth muscle metabolite accumulation might
there is a low degree of correlation and a significantly differerbe more critical regulators of arteriolar tone during intense
regression line. This suggests that other factors, such as tsympathetic vasoconstriction. They hypothesized that local
intensity of local arterial constriction, may modify muscleischemia and metabolite accumulation in the more proximal
blood flow during periods of similar heart rate. vascular smooth muscle wall could result in an intermittent,
The presence of substantial muscle blood flow during trainepulsatile blood flow to the tissues even in the presence
submersions differs from the observations made during typicalf continuous, intense sympathetic nerve activity. Such
forced submersion studies (Grinnell et al., 1942; Murdaugintermittent pulsations were not observed in this study, but
et al., 1966; Zapol et al., 1979; Blix et al., 1983). Thehave been reported in seal myocardial flow during forced
maintenance of muscle blood flow during apnea found in theubmersions (Kjekshus et al., 1982; Elsner et al., 1985).
present study is consistent with past studies of free-divin@Gooden and Elsner (1985) also emphasized that a ‘trickle’ of
Weddell seals, which implied some degree of muscle blooHlood flow to the periphery could maintain perfusion of the
flow during aerobic diving. Guppy et al. (1986) recorded ararteriolar wall during severe (but incomplete) ischemia
increase in lactate levels prior to the end of dives, suggestingduced by sympathetic vasoconstriction. The muscle blood
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flow pattern, especially the persistent low degree of muscl
blood flow found in naive seals with this protocol, is consisten
with this latter mechanism. The even greater degree of musc
blood flow observed during trained submersions should nc
only be adequate for vascular smooth muscle perfusion, b
should also be compatible with some degree of oxyge
transport to skeletal muscle. Although the increased musc
blood flow during trained submersions appears to enhance t
rate of blood oxygen depletion, this may actually maximize thi
duration of whole-body aerobic metabolism during diving, as
suggested by Jobsis (1998) and proposed in a theoretical mo:
of Oy store utilization by Davis and Kanatous (1999).
Remarkable regulation of muscle blood flow is depictec
during the final 5min submersion (Fig. 7) of seal S. This se¢
had been trained for 3min submersions, but on the fine ‘ ‘ ‘ | ‘ ‘
submersion, the duration was extended to 5min. During th 0O 1 2 3 4 5 6
first 3min, fH and muscle blood flow were typical of the \i Time (min) A
trained response. No cues were provided to the seal.
However, at exactly 3min of submersiois, and muscle Fig. 7. R_esponse of muscle _blood flow gnd heart rate_during a 5_min
blood flow were lowered to levels found in the naive statSUomersion of seal S following completion of the 3min submersion
and then maintained at that level until the end of th(tramlng. Muscle blood flow is given as a percentage of resting muscle

b . Such ch . ioheral fl babl chlood flow (%RMBF) prior to submersion. After the standard 3min
submersion. such changes in périphéral Tlow probably alSy; gpmersion (*), heart rate and muscle blood flow return to the

occur whenfi changes abruptly during free dives (Andrews)eyels typically found during submersion of naive seals. Pulsations in
et al., 1997; Thompson and Fedak, 1993). In this situatiolmyscle blood flow during the last 2 min correspond to individual heart
blood & is maximally conserved for aerobic metabolism bybeats. Arrows indicate the start and end of the 5min submersion.

the heart and central nervous system.
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Muscle oxygenation measured variables include higher muscle blood flow and

If muscle metabolic rate remained constant during théower muscle oxygen depletion rates, suggesting a greater
training protocol (as suggested by the lack of change in wholeeliance on blood oxygen during spontaneous apneas than
body rate of @ consumption), then increased muscle bloodduring trained submersions.
flow should be reflected by a decrease in the rate of muscleln conclusion, the training method used in this study was
desaturation. The data from naive and trained submersioesfective in habituating three out of four harbor seals to short
show a 24 % reduction in the rate of muscle desaturation duririgrced submersions in which the heart rate response is more
trained submersions. The reduction in the rate of muscliéke that of free-diving harbor seals than that of typical forced
deoxygenation coincided with an increase in muscle blood flowubmersion protocols. Although application of this technique
and an increase in mixed venous deoxygenation measured frasnvaluable because of the ability to make other physiological
the extradural vein. This suggests greater blop@X@raction = measurements, it must be remembered that it still differs from
and supplementation of the muscle ®&tore during the free diving by not mimicking the energy demands associated
habituated state, which could delay the onset of anaerobigith swimming and foraging and by not duplicating the ability
metabolism, thereby increasing metabolic efficiency whileof the seal to determine submersion duration.
diving (Jobsis, 1998). These findings are consistent with the The seals that modified their responses showed significantly
model proposed by Davis and Kanatous (1999), in whiclgreaterfn and muscle blood flow during trainedrsusnaive
optimal utilization of blood and musclex@tores (maximum submersions, but both variables were still reduced compared
aerobic dive time) requires supplementation of musclevith the spontaneous apneic and eupneic levels. The increased

metabolism with blood © muscle blood flow during submersion found in habituated
seals was associated with a reduced rate of muscle
Spontaneous apnea deoxygenation and an increased rate of venous

Spontaneous apnea provides an interesting comparisaeoxygenation. In free-diving seals, such supplementation of
with the naive and trained submersions and provides t#he muscle oxygen store would delay the onset of anaerobic
monitoring situation in which the apnea duration is under thenetabolism in the muscle and, thereby, decrease the metabolic
control of the seal. Heart rate during spontaneous apneasst of dives within the aerobic dive limit of the animal. These
was consistently higher than that found during trainedadaptations would potentially benefit the seals by increasing
submersions. The measured variables show a pattern thatbigth the metabolic and foraging efficiencies during diving, as
consistent with an even greater peripheral perfusion duringreviously suggested by a mathematical model (Davis and
spontaneous apneas than during trained submersions. Thé&natous, 1999).
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