GENERAL

AND

COMPARATIVE

ENDOCRINOLOGY

The Source of Circulating

80,4147

(I!%@

Catecholamines

in Forced Dived Ducks

A. M. A. LACOMBE AND DAVID R. JONES
Department of Zoology, University of British Columbia, 6270 University Boulevard,
Vancouver, British Columbia, Canada V6T 2A9
Accepted June 29, 1989
Plasma catecholamines have been measured in chronically adrenalectomized (ADX)
ducks, in chronically adrenal-denervated ducks (DNX), and in their respective shamoperated controls (SH-adx, SH-dnx) after 3 min forced submergence. The results showed
that 100% of the plasma epinephrine (EP) and 70 to 80% of plasma norepinephrine (NE)
released during the dive came from the adrenal glands. Only 20 to 30% of plasma NE came
from the endings of the autonomic vascular sympathetic nerves which are strongly stimulated during diving. Adrenal catecholamines were released by nerve activation only; nonneural mechanisms did not play any role in their release. The action of adrenal catecholamines on the cardiovascular system during dives was investigated by measuring heart rate
and arterial blood pressure in operated and sham-operated ducks. Cardiovascular adjustments, associated with 3 min of forced diving, were not affected by any differences in the
levels of plasma catecholamines. 8 1990 Academic press, 1~.

leasing mechanisms could involve inherent
chemosensitivity
of the adrenal gland itself
(Comline and Silver, 1961; Steinsland et
al., 1970; Jones and Robinson, 1975) or humoral mechanisms secondary to the effects
of asphyxia. For example, hypoxia causes a
release of adrenocorticotropic
hormone
which mediates catecholamine
release
(Critchley et al., 1982). Also, during forced
diving, vasoconstriction
of the renal bed
(Jones et al., 1979) associated with hypoxia
and hypercapnia
(Drummond
and Lindheimer, 1982; Rose et al., 1984) would stimulate the renin-angiotensin
system causing
release of catecholamines from the adrenals
(Felderg and Lewis, 1965; Wilson and Butler, 1983a; Corwin et al., 1985). Hence, in
the presence of nonneural mechanisms, the
importance of the adrenal glands compared
with contributions from autonomic sympathetic vascular nerve endings to the increase in circulating catecholamines during
a dive must remain a matter of speculation.
To obtain an estimate of the relative importance of the adrenal glands and autonomic vascular sympathetic nerves to the

Diving animals show a remarkable increase in plasma free catecholamines (norepinephrine, NE; epinephrine, EP) during
forced submergence. In the duck, plasma
catecholamine concentrations double after
a dive of 1 min (Huang et al., 1974) and
increase IOOO-fold after 10 to 14 min submergence (Hudson and Jones, 1982). Tenfold increases in catecholamines have also
been observed in the Harbor seal after 4 to
6 min diving (Hance et al., 1982). Mangalam et al. (1987) showed that catecholamine release was triggered mostly by hypoxia during diving. Acidosis, hypercapnia,
and even a stress component related to the
handling of the animal for the dive itself had
little affect on catecholamine
release. By
comparing adrenal-denervated
ducks with
sham-operated
ducks, Mangalam
et al.
(1987) showed that half of the plasma NE
and 90% of plasma EP released during
dives came from neural activation of the
adrenal glands. They thought that nonneut-al releasing mechanisms could also have
triggered catecholamine
release from the
adrenals during forced dives. Nonneural re41
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catecholamine increase observed during a
forced dive, we compared the plasma levels
of free catecholamines
released in 3-min
dives by adrenalectomized
ducks with their
sham-operated controls. Further, to estimate the imuortance of nonneural mechanisms stimulating the release of catecholamines from the adrenal glands, we also
compared these values with those obtained
in adrenal-denervated
ducks and their
sham-operated controls.
MATERIALS

AND METHODS

Animals.
The 3.5ducks used in this study were 2- to
3-month-old male white Pekins (Anus platyrhynchos)
ranging in mass from 2 to 3.5 kg. They were kept indoors at 22°C on a 12-hr light/dark cycle with food and
water supplied ad lib. Seven ducks were adrenalectomized and six were sham-operated following the procedure used for adrenalectomy. In eight ducks, adrenal glands were denervated while in seven others,
sham-operation was performed following the procedure for adrenal denervation. Seven ducks were left
intact.
Major surgical procedures.
The surgical techniques
used for adrenalectomy and sham-operation were essentially those described by Thomas and Phillips
(1975). A major difference was that the interval between the two laparotomies was 1 week instead of 1 or
2 days. Also, a deeper plane of anesthesia was used (10
mg/kg body wt iv of sodium pentobarbital (Somnotol,
MTC) followed by 8 mg/kg every % hr). Finally, the
bird was tidally ventilated with pure OZ as surgery
violated the air sacs and caused a decrease in respiratory efftciency. Before the second laparotomy, 2
mgikg body wt of prednisone was given orally to the
ducks. Recovery after the end of surgery was at least
2 weeks, which allowed the bird to regain presurgical
body weight. The average body mass of adrenalectomized (ADX) and sham-adrenalectomized (SH-adx)
ducks was 2.9 + 0.2 and 2.8 + 0.3 kg before surgery,
respectively, and 2.6 + 0.3 and 2.7 * 0.2 kg at the end
of the recovery period. Hematocrits were 37.2 2 0.5%
for SH-adx and 35.8 2 0.8% for ADX at the end of the
recovery period. Because the adrenocortex was removed, ADX ducks were given prednisone orally (2
mg/kg body wt daily) and salt water (0.8% NaCl) to
drink after the second laparotomy.
The innervation of the adrenal glands has been described in the fowl by Freedman (1968). The surgical
technique used for adrenal gland denervation and
sham-operations was that used by Mangalam et al.
(1987). In order to facilitate access to the nerves, the
lumbar vein was ligated and cut in both adrenal dener-
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vated (DNX) and sham-denervated (SH-dnx) ducks.
To make certain that all nerves had been sectioned,
the adrenal glands were freed from the surrounding
tissue (connective tissue, vena cava, aorta, and testes), and maintained in place only by the adrenal veins
and arteries. The time for recovery after surgery was 2
to 3 weeks. The average body weight of DNX and
SH-dnx were, 2.6 2 0.1 and 2.7 2 0.2 kg before surgery, respectively, and 2.6 f 0.1 and 2.6 f 0.1 kg at
the end of the recovery period. At this time, the hematocrit was 37.2 f 0.9% for DNX and 36.3 2 1.9%
for SH-dnx.
All the ducks were killed with an overdose of anesthetic at the end of the series of experiments except for
one ADX which was maintained on food and salt water
only and killed 2 years later. The successful removal of
the adrenal glands in ADX and section of adrenal
nerves in six DNX was checked postmortem.
Diving
protocol.
Cannulation of a brachial artery
was done under local anesthesia (Xylocaine 2% Astra)
at least 1 day before any dives. The tip of the arterial
cannula was advanced until it lay near the junction of
the brachial artery and aorta.
The bird was placed in the sitting position and secured with tape to an operating table. The electrocardiogram leads were inserted subcutaneously, one
above the left thigh, the other below the right shoulder, while a ground lead was attached to the tight foot.
The arterial cannula was connected to the blood pressure transducer. This cannula was also used to take
blood samples before and at 3 min submergence,
which interrupted blood pressure recording. The duck
was left undisturbed for 15 min before an experiment
started. Ducks were dived by lowering their head gently into a beaker of cold water (16-20°C). Samples of
arterial blood were taken anaerobically in l-ml heparinized plastic syringes before and after 3 min of forced
diving.
Measurement
ables. Free

and

analysis

of physiological

vari-

catecholamines in the plasma were measured by HPLC, following the technique described by
Mangalam et al. (1987). Plasma levels of dopamine do
not change significantly during the dives (Mangalam et
al., 1987), so only the values for norepinephrine
and
epinephrine are reported.
After the postoperative recovery period plasma
Na+ and K+ concentrations were analyzed in adrenalectomized ducks and their sham-operated controls,
using a flame photometer (Instrumentation Laboratory, Inc., Boston, MA). Plasma Cl- was measured by
isometric titration with a Buckler digital chloridometer
(4-2500, Fort Lee, NJ), and plasma glucose using an
enzymatic assay kit (No. 16UV Sigma, St. Louis,
MO). Arterial pH (pHJ was determined using an Instrumentation Laboratory 813 PH/blood gas analyzer.
ECG and arterial blood pressure signals were displayed on a chart recorder (Physiograph 6, E&M Instrument Co., Inc., Houston, TX).
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Analysis of data. Comparisons were made between
intact ducks and sham-operated controls to estimate
the effects of surgical and postsurgical trauma. Comparison between SH-adx and ADX was made to estimate the effects of the adrenalectomy per se, and comparison between SH-dnx and DNX to establish the
effects of the adrenal denervation per se. A paired t
test was used to test the difference between pre-dive
and 3-min dive blood pressures. For comparisons between more than two values, ANOVA and NewmanKeuls tests were used. A significant difference between two values was assumed ifP < 0.05. In the text
and graphs values are represented by their means +
standard error of the mean.

RESULTS

The main differences in pre-dive levels of
plasma catecholamines among the five
groups of ducks were the absence of plasma
epinephrine (EP) in ADX (Fig. IA) and significantly lower plasma levels of norepinephrine (NE) and epinephrine (EP) in
DNX (Fig. 2A). A significant increase in
plasma catecholamine levels was observed
after 3 min diving in all the five groups
(Figs. IB and 2B) except for plasma EP in
DNX ducks. Furthermore, no EP was detectable in the plasma of ADX ducks after 3
min submergence as was the case pre-dive.
During the dive, levels of catecholamines in
ADX and DNX were significantly lower
than those found in their sham-operated

controls. After 3 min diving, the levels of
NE and EP in SH-adx were significantly
higher than those in the intact ducks, but no
differences were observed between SH-dnx
and intacts. No significant differences in
the diving levels of NE and EP were observed between ADX and DNX. No difference in diving levels of plasma NE was observed between SH-adx and SH-dnx, but
diving levels of plasma EP in SH-adx were
higher than in SH-dnx.
The heart rate dropped significantly during the dive in all five groups (Fig. 3). There
was no significant difference in pre-dive or
dive heart rate between intact, SH-adx,
SH-dnx, and DNX. However, pre-dive and
dive heart rate of ADX were significantly
higher than those of intact, SH-adx, SHdnx, and DNX (Fig. 3).
In all five groups the mean arterial blood
pressure dropped significantly after 2 min
diving. No significant differences in the
pre-dive or dive values were observed
among the five groups (Fig. 4).
There was no difference between ADX
and SH-adx in plasma levels of Naf (138 &
1.4 and 137 ? 0.9 meq/liter, respectively),
K+ (3.7 + 0.2 and 3.1 + 0.2 meq/liter, respectively), glucose (155 ? 18and 197 + 10
mg/lOO ml, respectively), or in arterial pH
(7.38 -+ 0.02 and 7.42 + 0.02, respectively).
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1. Plasma levels of norepinephrine (NE) and epinephrine (EP) in intact (open, n = 5), shamoperated (tilled, n = 5), and adrenalectomized (cross-hatched, n = 6) ducks before (A) and after 3 min
forced diving (B). Signiticantly different from intact ducks, 0; from SH-adx, 0; from ADX, *; from
pre-dive value, + .
FIG.

LACOMBE

*-t
+
*+
L

AND JONES

500- B

3minutes

PRE-DIVE

400
300
200
100

DIVE

l

0
NE

EP

00

NE

EP

FIG. 2. Plasma levels of norepinephrine (NE) and epinephrine (EP) in intact (open, n = 5), shamoperated (ftied, n = 7), and adrenal-denervated (cross-hatched, n = 8) ducks before (A) and after 3
min forced diving (B). Signilicantly diierent from intact ducks, 0; from SH-dnx, 0; from DNX, *;
from pre-dive value, + .

However, the plasma level of Cl- in ADX
(105 * 0.9 meq/liter) was significantly
higher than in SH-adx (102 ? 0.9 meq/liter).

ture, which are strongly stimulated during
the dive (Jones et al., 1979). Adrenal denervation also significantly decreased plasma
catecholamine levels during dives. Plasma
E and NE during the dive fell by 98 and 81%
DISCUSSION
of the sham-denervated values, respecPlasma levels of catecholamines found in tively, which was greater than the 90 and
ADX showed that during the dive 100% of 50% reduction in E and NE found by ManE and most of the NE (70%) were released galam et al. (1987). This discrepancy could
by the adrenal glands. The rest must have be due to a regrowth of adrenal nerve fibers
come from the discharge of autonomic sym- in Mangalam’s adrenal denervated ducks.
pathetic nerves innervating the vascula- This would trigger a small release of adre-
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FIG. 3. Heart rate during forced dives. (A) Intact (open circle, n = 7), sham-adrenalectomized
(open triangle, n = 6), adrenalectomized (open square, n = 7). (B) Intact (open circle, n = 7),
sham-adrenal denervated (tilled triangle, n = 7), adrenal denervated (ftied square, n = 8). Signiticantly different from the other groups, *; from pre-dive value, + .
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FIG. 4. Mean arterial blood pressure before and after 2 min forced diving. (A) Intact (open, n = S), shamoperated (filled, n = 6), and adrenalectomized (cross-hatched, n = 7) ducks before and after 3 min forced diving.
(B) Intact (open, n = 5), sham-operated (filled, n = 7), and adrenal denervated (cross-hatched, n = 8) ducks
before and after 3 min forced diving. Significantly different from pre-dive value, + .

nal catecholamines during forced diving. In
order to prevent any regrowth in the
present study, 3 to 5 mm of the length of the
adrenal nerves was removed. Since DNX
ducks did not release more NE than ADX
ducks during the dive, and there was also
no increase of EP in the DNX ducks during
dives, then adrenal catecholamine release
during dives was neural and nonneural
mechanisms did not appear to play any
role.
Plasma levels of NE and E measured at
rest and after 3 min submergence in intact
ducks were similar to values found in resting and diving intact ducks by others
(Sturkie et al., 1970; Huang et al., 1974;
Hudson and Jones, 1982; Wilson and Butler, 1983a; Mangalam et al., 1987). After
adrenalectomy
E was not detected in the
plasma at rest, which agrees with results of
Butler and Wilson (1985) and Wilson and
Butler (1983b, c). The higher NE and EP
levels during dives in SH-adx compared
with intact ducks may have been due to surgical or postsurgical stress. However, diving NE and EP levels in SH-dnx were similar to those of intact ducks and there was
also no increase in predive NE and EP in
SH-adx, mitigating against any stress fac-

tor. In fact, diving levels of NE and EP in
our intacts and shams were within the usual
range of variability
(Hudson and Jones,
1982). Even so, comparing ADX and DNX
with intact ducks rather than their shams
has little effect on our overall conclusion:
the adrenal glands are a major source of
plasma catecholamines
in dives (100% of
EP and 40 to 80% of NE).
During forced dives, all groups of ducks
showed bradycardia and hypotension. Certainly it is remarkable that, during dives,
such large differences in plasma catecholamines between DNX and SH-dnx were
not reflected by any marked differences in
their cardiovascular performance. Furthermore, diving heart rate of ADX was significantly higher than that of DNX though
their diving levels of catecholamines were
similar. Consequently,
autonomic
nerves
play the main role in the establishment and
maintenance
of the cardiovascular
responses to diving (Kobinger and Oda, 1969;
Butler and Jones, 1971; Wilson and West,
1985). Adrenal catecholamines do not seem
to participate
in cardiovascular
adjustments, at least not during short dives. However, Pekin ducks can be forced dived for
20 min without any physiological
damage
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(Jones and Furilla, 1987) and a possible role
of adrenal catecholamines on maximal underwater tolerance has yet to be investigated .
The difference in cardiovascular adjustments between ADX and the four other
groups of ducks during diving could be due
to the lack of endogenous corticosteroid.
Heart rate in resting ADX was twice that of
SH-adx. The effects of corticosteroids on
the cardiovascular system are not fully understood (Fowler and Chou, 1960; Lefer et
al., 1968; Sevy et al., 1974; Rovetto, 1974;
Lefer, 1974). Cardiovascular collapse, one
consequence of adrenalectomy, can be a result of hypotension
resulting from decreased Naf reabsorption in the kidneys,
caused by a lack of mineralocorticoids.
However, the level of Na+ (and other
plasma ions) and the pre-dive mean arterial
blood pressure in ADX and SH-adx were
similar and in the range of values usually
recorded in ducks (Butler and Wilson,
1985; Roberts and Hughes, 1984; Shimizu
and Jones, 1987) so this difference in heart
rate has to involve some other mechanism.
The effect of adrenalectomy on the cardiovascular system of ducks has been studied
by Butler and Wilson (Butler, 1985; Butler
and Wilson, 1985). They showed that in
ADX there was a significant increase in
heart rate associated with a decrease in
blood pressure and stroke volume. They
did not observe any alteration in peripheral
resistance or blood and plasma volumes.
Injection
of l3-methasone prevented hypotension in their ADX, as did prednisone
in our study. However, these authors did
not give any information about heart rate
and stroke volume in their ADX p-methasone-injected ducks. An increase in heart
rate, associated with a normal mean arterial
blood pressure, may reflect an adaptation
of the cardiovascular system to a decrease
in stroke volume due to a decrease of myocardial performance (Lefer et al., 1968;
Sevy et al., 1974; Rovetto, 1974)) in chronically adrenalectomized
ducks supple-
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mented with exogenous corticosteroid such
as prednisone. In other words, even though
prednisone maintains the ionic balance it
still may not be an adequate replacement
therapy for corticosterone and aldosterone,
the endogenous corticosteroids.
ACKNOWLEDGMENTS
This research was supported by operating and
equipment grants given to D.R.J. by the BC and
Yukon Heart Foundation and NSERC of Canada. Financial support for A.M.A.L. was provided by a grant
from the BC Health Care Research Fundation.

REFERENCES
Butler, D. G. (1985). Adrenalectomy blocks the circulatory and secretory responses by duck nasal salt
glands to a hypertonic saline load. Comp. Biothem. Physiol.
81A (3), 481490.
Butler, D. G., and Wilson, J. X. (1985). Cardiovascular function in adrenalectomised
Pekin ducks
(Anas

platyrhynchos).

Comp.

Biochem.

Physiol.

81A (Z), 353-358.
Butler, P. J., and Jones, D. R. (1971). The effect of
variations in heart rate and regional distribution of
blood flow on the normal pressor response to diving in ducks. J. Physiol. (London)
214, 451-479.
Comline, R. S., and Silver, M. (l%l). The release of
adrenalin and noradrenalin
from the adrenal
glands of the foetal sheep. J. Physiol. (London)
156, 424-444.
Critchley, J. A. J. M., Ellis, P., Henderson, C. G.,
and Ungar, A. (1982). The role of the pituitaryadrenocortical axis in reflex responses of the
adrenal medulla of the dog. J. Physiol. (London)
323, 533-541.
Corwin, E. J., Seaton, J. F., Hamaji, M., and Harrison, T. S. (1985). Central role for angiotensin in
control of adrenal catecholamine secretion. Amer.
J. Physiol.

248 (Regul.

Zntegr.

Comp.

Physiol.

17), R3634370.
Drummond, W. H., and Lindheimer, C. A. (1982).
Plasma renin activity during acute ventilatory
hypoxia in the ewe and foetal lamb. Bioi. Neonate
42, 291-298.
Feldberg, W., and Lewis, G. P. (1965). Further studies on the effects of peptides of the suprarenal
medulla of cats. J. Physiol. (London)
178, 239251.
Fowler, N. O., and Chou, N. H. F. (1960). Potentiation of smooth muscle contraction by adrenal steroid. Clin. Res. 8, 182.
Freedman, S. L. (1968). The innervation of the suprarenal gland of the fowl (Gallus domesticus).
Acta
Anat. 69, 18-25.

CATECHOLAMINES

Hance, A. J., Robin, E. D., Halter, J. B., Lewiston,
N., Robin, D. A., Cornell, L., Caligimi, M., and
Theodore, J. (1982). Hormonal changes and enforced diving in the harbor seal Phoca vitulina. II.
Plasma catecholamines. Amer. J. Physiol. 242
(Regul. Zntegr. Comp. Physiol. ll), R528-R532.
Hung,
H., Suny, P. K., and Huang, T. (1974). Blood
volume, lactic acid and catecholamines in the diving response in ducks. J. Formosan Med. Assoc.
73, 203-210.
Hudson, D. M., and Jones, D. R. (1982). Remarkable
blood catecholamine levels in forced dived ducks.
Exp. 2001. 224,451456.
Jones, C. T., and Robinson, R. 0. (1975). Plasma catecholamines in foetal and adult sheep. J. Physiol.
(London) 248, 15-33.
Jones, D. R., Bryan, R. M., West, N. M., Lord,
R. H., and Clark, B. (1979). Regional distribution
of blood flow during diving in the duck (Anas
platyrhynchos). Canad. J. Zool. 57, 995-1002.
Jones, D. R., and Furilla, R. A. (1987). The anatomical, physiological, behavioral and metabolic consequences of voluntary and forced diving. In
“Bird Respiration” (T. J. Seller, Ed.), Vol. 2, pp.
75-125. CRC Press, Boca Raton, FL.
Kobinger, W., and Oda, M. (1969). Effect of sympathetic blocking substances on the diving reflex in
ducks. Eur. J. Pharmacol. 7, 28%295.
Lefer, A. M. (1974). Myocardial action of corticosteroids. In “Steroids and Shock” (T. M. Glenn,
Ed.). University Park Press, Baltimore/London/
Tokyo.
Lefer, A. M., Verrier, R. L., and Carson, W. W.
(1968). Cardiac performance in experimental
adrenal insutkiency in cats. Circ. Res. 22, 817827.
Mangalam,
H. J., Jones, D. R., and Lacombe,
A. M. A. (1987). Adrenal gland denervation and
diving in ducks. Amer. J. Physiol. 252 (Regul. Zntegr. Comp. Physiol. 21), Rl143-Rll51.
Roberts, J. R., and Hughes, M. R. (1984). Exchangeable sodium pool size and sodium turnover in
freshwater- and saltwater-acclimated ducks and
gulls. Cunnd. J. Zool. 62, 2142-2145.
Rose, C. E., Jr., Godline, Jr., R. L., Rose, K. Y.,
Anderson, R. J., and Carey, R. M. (1984). Role of
arginine vasopressin and angiotensin II in cardio-

IN DIVING

DUCKS

47

vascular responses to combined acute hypoxemia
and hypercapnic acidosis in conscious dogs. J.
Ctin. Invest. 74, 321-331.
Rovetto, M. J. (1974). Myocardial cell function in
adrenal insufficiency. In “Steroids and Shock”
(T. M. Glenn, Ed.). University Park Press,
Baltimore/London/Tokyo.
Sevy, R. W., Harakal, C., and Reidenberg, M. M.
(1974). Cardiovascular function in adrenal insufficiency. In “Steroids and Shock” Cr. M. Glenn,
Ed.). University Park Press, Baltimore/London/
Tokyo.
Shimizu, M., and Jones, D. R. (1987). Acid-base balance in ducks (Anus plutyrhynchos) during involuntary submergence. Amer. J. Physiol. 252
(Regul. Zntegr. Comp. Physiol. 21), R348-R352.
Steinsland, 0. S., Passo, S. S., and Nahas, G. G.
(1970). Biphasic effect of hypoxia on adrenal catecholamine content. Amer. J. Physiol. 218, 995998.
Sturkie, P. D., Poarvin, D., and Ossauo, N. (1970).
Levels of epinephrine and norepinephrine
in
blood and tissue of duck, pigeon, turkey and
chicken. Proc. Sot. Exp. Biol. Med. 135,267-270.
Thomas, D. H., and Phillips, J. G. (1975). Studies in
avian adrenal steroid function. I. Survival and
mineral balance following adrenalectomy in domestic ducks (Anus plutyrhynchos). Gen. Comp.
Endocrinol. 26, 394-403.
Wilson, J. X., and Butler, D. G. (1983a). Catecholamine mediated pressor responses to angiotensin
II in the Pekin duck (Anus platyrhynchos). Gen.
Comp. Endocrinol. 51, 477-489.
Wilson, J. X., and Butler, D. G. (1983b). Adrenalectomy inhibits noradrenergic, adrenergic, and vasopressor responses to angiotensin II in the Pekin
duck (Anas platyrhynchos). Endocrinology 112,
645-652.
Wilson, J. X., and Butler, D. G. (1983~). 6Hydroxydopamine treatment diminishes noradrenergic and pressor responses to angiotensin II in
adrenalectomised ducks. Endocrinology 112, 653658.
Wilson, J. X., and West, N. H. (1985). Role of sympathetic nerves during recovery from submersion
in ducklings. Comp. Biochem. Physiol. 82A, 333337.

