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Vasopressin and oxytocin release during
prolonged environmental hypoxia in the rat
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Abstract

Background - The mechanism causing
peripheral oedema in hypoxaemic chronic
obstructive pulmonary disease has not
been established. Vasopressin, a powerful
antidiuretic hormone involved in salt and
water homeostasis, is released in response
to acute hypoxia. However, the effect of
prolonged hypoxaemia on hypothalamic
and pituitary release of the magnocellular
hypothalamic hormones, vasopressin and
oxytocin, has not previously been studied.
Methods — Male Wistar rats were randomly
allocated to either normobaric, hypoxic
(10% O,) or control (21% O,) environ-
mental chambers. An initial series of ex-
periments examined plasma vasopressin
concentration, osmolality, sodium con-
centration, packed cell volume (PCV), and
weight gain at weekly intervals (n=4-6)
for six weeks. The maximum increase in
plasma vasopressin concentration and
PCV occurred after five weeks. In a second
experiment vasopressin and oxytocin con-
centrations in the hypothalamus, pituitary
gland, and plasma were measured in eight
control and eight hypoxic rats after five
weeks in the environmental chambers.
Results — In rats exposed to environmental
hypoxia PCV increased (p<0.001) and
weight gain decreased (p<0.05) compared
with controls. The plasma vasopressin
concentration increased progressively
from a baseline of 1.36 (0.2) pmol/l (n=6)
to a maximum of 4.38 (0.8) pmol/ll (n=
6; p<0.01) during the first five weeks of
environmental hypoxia (difference 3.02
(95% CI 1.18 to 4.86)). Plasma osmolality
and sodium concentration were unchanged
in hypoxic rats compared with controls
during the six week period. The hypo-
thalamic vasopressin concentration was
increased (p<0.001) after five weeks of
environmental hypoxia (91.6 (4.8) pmol/
hypothalamus) compared with controls
(57.4 (5.1) pmol/hypothalamus), the differ-
ence being 34.2 pmol/hypothalamus (95% CI
21.6 to 46.5). The pituitary vasopressin
concentration was unchanged. In hypoxic
rats hypothalamic oxytocin (59.6 (3.2)
pmol/hypothalamus) was greater (p<0.01)
than in controls (42 (3.8) pmol/hypo-
thalamus), a difference of 17.6 pmol/
hypothalamus (95% CI 8.7 to 26.5). Sim-
ilarly, the plasma oxytocin concentra-
tion was increased (p<0.05) in hypoxic
rats (6.78 (1.2) pmol/l) compared with
controls (3.3 (0.8) pmol/l), a difference of

3.48 pmol/l (95% CI 0.89 to 6.07). The
pituitary oxytocin concentration was
unchanged in the two groups.
Conclusions — These results demonstrate
an increase in hypothalamic production of
vasopressin and oxytocin in rats during
prolonged hypoxaemia. Increased plasma
concentrations of neurohypophysial hor-
mones would be expected to impair so-
dium and water homeostasis in patients
with hypoxaemia. However, the absence
of change in the plasma osmolality and
sodium concentrations in this study and
previous clinical investigations suggests
that compensatory mechanisms modulate
the actions of both vasopressin and oxy-
tocin. A reduction in renal blood flow or
decreased renal responsiveness to the
neurohypophyseal hormones may be in-
volved.

(Thorax 1997;52:84-88)
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Peripheral oedema may develop in a proportion
of patients with hypoxaemic chronic ob-
structive pulmonary disease (COPD).'! The
cause of this fluid retention is unclear but heart
failure is not a factor as cardiac output is
maintained.? Both an increase in vasopressin
concentration and altered renal function have
been proposed as potential mechanisms.?* The
plasma vasopressin concentration increases in
several species including man during acute
hypoxia.”” However, the effect of prolonged
hypoxia on vasopressin homeostasis has not
been established. Early clinical studies in
hypoxaemic COPD reported increased plasma
vasopressin concentrations in oedematous
patients.*® In contrast, a recent study reported
that vasopressin levels and osmolality were not
significantly different in hypoxaemic patients
with or without peripheral oedema although
there was a trend towards an increase in the
oedematous group.’ The antidiuretic and natri-
uretic effects of a raised plasma vasopressin
concentration would be expected to impair
sodium and water homeostasis.*”> However, the
increased vasopressin level may be an ap-
propriate homeostatic response to hypoxia
induced changes in renal function,’’! the
renin-angiotensin system,*!! and the autonomic
nervous system.>'? The role of oxytocin during
hypoxia is unknown but, like vasopressin, it is
a neurohypophyseal hormone with natriuretic
properties.'?

A clear understanding of the role of hypo-
thalamic hormones in water homeostasis
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during hypoxia is an important requirement if
the mechanism that causes peripheral oedema
in some patients with hypoxaemic COPD is to
be resolved. The aim of this study was to
determine the effect of prolonged hypoxia on
hypothalamic production, pituitary release, and
plasma concentrations of vasopressin and oxy-
tocin. A well established rat model for neuro-
hypophyseal studies was used to enable hypo-
thalamic and pituitary hormone measurements
to be made. Plasma sodium concentrations and
osmolality were measured to determine the
functional effects of the plasma concentrations
of vasopressin and oxytocin.

Methods

Age and weight matched male Wistar rats
(250-350 g) were randomly assigned to two
groups and maintained in two identical normo-
baric environmental chambers for periods of
7-42 days. A control group breathed air
throughout the experimental period. The sec-
ond group was exposed to an atmosphere in
which the oxygen content was progressively
reduced over 14 days and then held constant
at 10%. The oxygen content was monitored
continuously (Servomex O, analyser OA 580,
Sybron-Taylor), recorded at 10 minute in-
tervals, and maintained at 10 (1)% by dis-
placing air with nitrogen. The chambers were
opened every two days for cleaning and feeding
but hypoxic conditions were re-established
within 60 minutes. The carbon dioxide con-
centration in the chamber was monitored con-
tinuously (Horiba PIR-2000, Horiba Ltd) and
maintained below 0.5% by soda lime ab-
sorption. A 12 hour light/dark cycle was im-
posed and the temperature controlled at 22
(1)°C by a thermostat and freezer unit. Humid-
ity in the chambers was maintained below 20%
by silica crystal water absorption columns and
the freezer units. The control rats were housed
in the same room in an identical chamber but
were allowed to breath room air (21% O,).
Arterial oxygen tensions in parallel groups from
the same environments were determined from
the tail artery blood and standard blood gas
analysis (ABL3, Radiometer, Copenhagen,
Denmark).

Rats (n=4-6) were removed from the cham-
bers at 08.30-09.00 hours at weekly intervals
and killed by immediate decapitation. Trunk
blood was collected for the determination of
packed cell volume and plasma was separated
for the determination of plasma sodium levels
and osmolality. An aliquot was stored at —20°C
until the vasopressin level was determined by
radioimmunoassay. In the second series of ex-
periments the posterior lobe of the pituitary and
the hypothalamus were dissected free directly
following decapitation of rats (n=38) that had
been in the environmental chamber for five
weeks. The hypothalamic tissue was homo-
genised in 0.4 M acetic acid and the pituitary
tissue in 0.2 M acetic acid and the extracts
were stored at —20°C until assay.

ANALYSES
Plasma osmolality was determined by the
method of depression of freezing point

85

(Digimatic Osmometer Model 3D2, Advanced
Instrument Inc, Needham Heights, Mass-
achusetts, USA). The sodium concentration
was measured using a flame photometer (Corn-
ing, Halstead, Essex, UK) and the plasma
vasopressin concentration was determined by
radioimmunoassay after prior extraction using
Sep Pak C18 cartridges (Water Associates Inc,
Milford, Massachusetts, USA)'* using the first
international standard for vasopressin (77/
501). The lower limit of detection was 0.12
(0.02) pmol/l. The intra-assay and interassay
coefficients of variation were 7.7% and 11.9%,
respectively, for 2.5 pmol/l. The vasopressin
content of the pituitary and hypothalamus was
measured by radioimmunoassay also.”” Oxy-
tocin was determined as described by Balment
et al using the fourth international standard
for oxytocin (76/575)."° The lower limit of
detection was 1.6 pmol/l with intra-assay and
interassay variations of 6.1% and 9.8%, re-
spectively, for 5 pmol/l.

STATISTICAL ANALYSIS

Values are given as means (SE). The difference
between hypoxic and control values with 95%
confidence intervals (95% CI) are also pre-
sented. In the first experiment two way analysis
of variance (ANOVA) was used to compare
changes within and between the hypoxic and
control groups over time. In the second ex-
periment differences between control and hyp-
oxic values were compared using the Student’s
¢ test. Differences were considered to be sig-
nificant if p<0.05.

Results

During the initial six week experimental period
weight gain in rats exposed to environmental
hypoxia was significantly reduced (p<0.05) in
comparison with control animals (fig 1A). The
progressive and significant increase in the
packed cell volume (PCV) in blood from rats
housed in the hypoxic environmental chamber
is compared with that in controls in fig 1B.
The PCV was 42 (0.6)% at week 0 (n=6)
compared with 58 (1.5)% at week 6 (n=6;
p<0.001). The arterial oxygen tension in par-
allel groups of rats from the same environment
was 47 (2) mm Hg in hypoxic rats (n=17) and
91 (1) mm Hg in control rats (n=17). Figure
2 demonstrates the corresponding increase in
plasma vasopressin concentrations in the hyp-
oxic rats compared with control rats (p<0.01)
during the six week experimental period. The
maximum increase in vasopressin occurred
after five weeks when the plasma concentration
was 4.38 (0.8) pmol/l (n=6) compared with
the baseline level of 1.36 (0.2) pmol/l (p<0.01;
n=06) at the onset of the experimental period.
The difference between the baseline and max-
imum vasopressin concentrations was 3.02
(95% CI 1.18 to 4.86). The baseline plasma
sodium concentration (141 (0.4) mmol/l; n=
6) and osmolality (285 (0.8) mosmol/kg; n=
6) did not change throughout the experiment
and were 140 (0.9) mmol/l (n=6) and 288
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Figure 1 (A) Increase in body weight and (B) packed
cell volume of blood (%) during the six week experimental
period in rats maintained in hypoxic ([]) and control (®)
environmental chambers. The change in weight and
packed cell volume was significantly different by two way
analysis of variance in hypoxic rats compared with
controls (p<0.05).

(1.7) mosmol/kg (n=06), respectively, after six
weeks.

The second experiment measured hypo-
thalamic, pituitary, and plasma vasopressin
and oxytocin concentrations following five
weeks of exposure to environmental hypoxia
or control conditions. Hypothalamic, pituitary,
and plasma levels of vasopressin and oxytocin
are reported in fig 3. The hypothalamic vaso-
pressin concentration was greater (p<0.001)
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Figure 2 Comparison of plasma vasopressin
concentrations in rats maintained in the hypoxic ([]) and
control (®) environmental chambers during the six week
experimental period. Plasma vasopressin concentrations
increased significantly by rwo way analysis of variance in
hypoxic rats compared with controls (p<0.05).
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Figure 3 (A) Plasma, (B) pituitary, and (C)
hypothalamic concentrations of vasopressin and oxytocin
in rats maintained for five weeks in hypoxic (H) and
control (C) environmental chambers. *p<0.05 (Student’ t
test).

in hypoxic rats (91.6 (4.8) pmol/hypothalamus)
than in controls (57.4 (5.1) pmol/hypo-
thalamus), the difference between the two
groups being 34.2 pmol/hypothalamus (95%
CI 21.6 to 46.5). Pituitary vasopressin con-
centrations did not differ significantly between
the two groups (1892 (92) versus 1740 (78)
pmol/gland; difference in means 152 pmol/
gland (95% CI —65 to 368)). As in the first
experiment, the plasma vasopressin con-
centration was greater (p<0.05) in hypoxic rats
(4.13 (1.10) pmol/l) than in controls (1.62
(0.54) pmol/l), the difference in means being
3.03 pmol/l (95% CI 0.40 to 5.66). The hypo-
thalamic oxytocin concentration was greater
(p<0.01) in hypoxic rats (59.6 (3.2) pmol/
hypothalamus) than in control rats (42 (3.8)
pmol/hypothalamus) with a difference in means
of 17.6 pmol/hypothalamus (95% CI 8.7 to
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26.5). The pituitary oxytocin concentration
was not significantly different in the two groups
(1902 (84) and 1950 (86) pmol/gland, re-
spectively), the difference in means being —48
pmol/gland (95% CI —264 to 168). Plasma
oxytocin levels were increased (p<0.05) in hyp-
oxic rats compared with control animals (6.78
(1.2) and 3.3 (0.8) pmol/l, respectively) with
a difference in the means of 3.48 pmol/l (95%
CI 0.89 to 6.07).

Discussion

This study is the first to demonstrate that
chronic hypoxia stimulates a persistent increase
in plasma vasopressin and oxytocin con-
centrations in conscious rats. There was a pro-
gressive increase in plasma vasopressin levels
throughout the hypoxic period with peak con-
centrations occurring after five weeks. The in-
creased hypothalamic hormone concentrations
and unchanged pituitary content suggest that
prolonged hypoxia stimulates hypothalamic
production whilst maintaining a constant en-
hanced release from the pituitary gland. The
mechanism by which hypoxia stimulates hypo-
thalamic hormone production has not been
established. Previous studies have demonstrated
that intense hypoxia can activate vaso-
pressin-producing magnocellular neurons of
the hypothalamic paraventricular nucleus,
suggesting a direct effect of hypoxia on the
hypothalamus.!” Alternatively, hypothalamic
hormone production may occur in response to
carotid body and aortic arch chemoreceptor
and baroreceptor stimulation mediated by
changes in gas tension or arterial pressure.'® A
recent study showed that arterial chemo-
receptor denervation inhibited the rise in vaso-
pressin in response to acute hypoxia." In
contrast, the increase in vasopressin levels dur-
ing acute hypoxia has been reported to be
independent of blood pressure changes and
osmolality.?

In this study the increase in hypothalamic
hormones occurred in the absence of changes in
plasma sodium concentration and osmolality.
Vasopressin levels were abnormally high for the
measured serum osmolality. At these elevated
levels the natriuretic properties of both hor-
mones and the antidiuretic effect of vasopressin
would be expected to increase water retention
and reduce plasma osmolality.** > This suggests
that compensatory mechanisms modulated the
actions of these hypothalamic hormones during
prolonged hypoxia. A reduction in renal sensi-
tivity to vasopressin and oxytocin during hyp-
oxia would contribute to the raised plasma
hormone concentrations as a result of the nor-
mal physiological feedback mechanisms.'® This
hypothesis is supported by the observation that,
in hypoxaemic patients with COPD and peri-
pheral oedema, salt and water excretion was
reduced following a saline or water challenge
and vasopressin levels were inappropriately
high compared with the measured serum os-
molality, suggesting that renal sensitivity to
increased vasopressin secretion was reduced.’
However, previous studies have reported that
the increased hormone secretion is an ap-
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propriate homeostatic response to other hyp-
oxia induced physiological changes including
reduced renal blood flow,>° raised aldosterone
levels,*"! reduced glomerular filtration,'’ and
autonomic dysfunction.?'?

The effect of vasopressin on the renal cir-
culation has not been established but it is re-
cognised that renal blood flow is reduced in
oedematous, hypoxaemic patients with
COPD.? Vasopressin has potent systemic vaso-
constrictor effects, acting via V, receptors, and
may cause coronary artery vasoconstriction and
myocardial ischaemia, although this effect is
attenuated during hypoxia.?! Oxytocin also
alters renal haemodynamics and increases the
glomerular filtration rate.”” The role of these
renal effects of vasopressin and oxytocin during
the normal physiological response to hypoxia
requires further examination. The neuro-
hypophysial hormones may have additional
properties that are beneficial during “ac-
climatisation” to prolonged hypoxia. In par-
ticular, vasopressin reverses hypoxic pulmonary
vasoconstriction?” and improves memory and
learning processes that are impaired by hyp-
oxia.?”? Similarly, oxytocin may act as a pul-
monary vasodilator in addition to its natriuretic
effects.

This study utilised a rat model to measure
hypothalamic hormone changes during pro-
longed hypoxia in an attempt to reproduce the
clinical situation in hypoxaemic COPD. The
rat is a standard animal preparation for
neurohypophyseal studies'” ' and has proved to
be a reliable model when examining vasopressin
release in response to acute hypoxia.® In these
experiments rat plasma vasopressin con-
centrations correlated well with those observed
in man under similar conditions.” The increase
in PCV during exposure to environmental
hypoxia was consistent with the development
of severe hypoxaemia and, although the rise in
PCV and vasopressin followed a similar time
course, the relevance of this is unknown. The
value of this model in relation to human disease
may be limited by a number of factors. Firstly,
a significant proportion of oedematous patients
with COPD develop carbon dioxide retention®*
whereas this rat model is associated with normal
or low partial pressures of carbon dioxide. Sec-
ondly, rats rarely develop oedema even fol-
lowing prolonged severe hypoxaemia and
hypercarbia. Finally, the rats may have failed
to drink due to the severity of the hypoxia.
The resulting physiological increase in plasma
vasopressin concentration due to dehydration
would have influenced plasma osmolality and
sodium concentrations.*® Attempts to measure
fluid intake and obtain urinary excretion data
to resolve this question failed because of the
technical difficulties in measuring these para-
meters without excessive evaporation due to the
high circulating gas volumes in the environmental
chambers. To establish the relevance of the results
of this study in man will require further in-
vestigation, but our data suggest that future
human studies should be directed at establishing
whether a reduction in renal sensitivity to hypo-
thalamic hormones or altered renal function are
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responsible for the increases in plasma vasopressin
and oxytocin levels.
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