The Egyptian Journal of Hospital Medicine (April 2013) Vol. 51, Page 346— 360

The Functional Alterations of The Avian Salt Gland Subsequent to

Osmotic Stress
Zeinab M. EI-Gohary, Fawkeia I. El-Sayad, Hanaa Ali Hassan and Aya Mohammed
Magdy Hamoda
Zoology Dept., Faculty of Science, Mansoura University, Egypt

Abstract:

Background: Many terrestrial non-marine birds have functional salt glands. Their salt glands
are usually quiescent. However, such glands show remarkable levels of phenotypic plasticity
both morphological and physiological as a consequence of drinking saline water.

Objective: The current investigation was conducted to reveal in more detail the different
functional alterations of the duck’s salt glands subsequent to high salt osmotic stress.
Material and methods: The selected avian species were the domestic female (Anas
platyrhyncha) and the wild migratory (Anas clypeata ) ducks. Two groups of domestic and
one group of wild ducks were considered in the present study , each of which included nine
adult ducks. The high salt osmotic stress was induced by replacing drinking tap water of the
domestic ducks with 1% sodium chloride solution for two consecutive weeks. The measured
parameters were included some electrolytes in both serum and glandular tissue. Also, Na-K-
ATPase activity and aldosterone concentrations were considered.

Results: The present study elucidated that serum sodium, potassium, chloride and uric acid of
the wild migratory ducks were markedly higher than those of both salt-stressed and control
ducks. In addition, serum aldosterone concentration of the wild migratory ducks was
distinctly higher in comparison with those of the control and the salt-stressed ones.
Moreover, salt gland tissue homogenate electrolyte contents followed the same pattern as
those of serum electrolyte concentrations. In contrast, the activity of Na-K-ATPase of the
salt gland homogenates was higher in the salt-stressed ducks in comparison to both wild
migratory and control groups.

Conclusion: From the above mentioned results, it was concluded that the peculiar functional
status of the salt gland of the experimentally salt-stressed ducks comparing to the control
may be presented as an adaptive features to satisfy its special demands to eliminate the
remarkable increased levels of sodium chloride load effectively.
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Introduction:

The osmotic regulation in vertebrates is Because salt gland provides an elegant
largely the result of controlled movements model of the mechanisms involved in
of water and solutes across epithelial active transport of sodium and chloride,
membranes. In mammals, the kidneys play the physiological efficiency of the gland
the critical role in this process. On the has been exclusively investigated ( 4,5,6).
other hand, in birds the kidneys, intestine, The salt gland removes sodium chloride
and in some species, the supraorbital salt from the blood far more efficiently than
glands all play important roles in does the avian kidney and excretes it as
osmoregulation. Although the presence of brine through a duct into the nasal cavity
the supraorbital salt gland in marine birds and is eliminated in liquid form through
has long been known to ornithologists, the nostrils, often accompanied by
however, its excretory function was not vigorous shaking of the bird's head or
discovered until 1957-1958 when Knut forced "sneezing"(7). The concentration of
Schmidt-Nielsen and co-workers found the secreted fluid is always high, several
that these glands in the herring gulls times as high as the maximum urine
(Larus argentatus) excreted sodium concentration in birds (8).

chloride (NaCl) in concentrated solution All marine birds have salt glands that,
(). Such glands enable marine birds to together with the kidneys, maintain body
drink brackish or full seawater, secrete salt fluid homeostasis, despite the excess
and conserve osmotically free water (2,3). sodium chloride (NaCl) they ingest. They
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have similar total body water, but twice the
daily water flux of birds that lack salt
glands ( 9). Among species that produce
highly concentrated salt gland secretion
(SGS), the salinity of the drinking water
has no effect on drinking rate (10). Such
birds become dehydrated only when they
drink water more concentrated than their
SGS (10).

Drinking sea water and feeding on saline
marine food put physiological stress on
marine birds to reduce the salt load and to
eliminate excess electrolytes. Birds
inhabit  freshwater ~ ponds  possess
significantly small or inactive salt glands
while seabirds who have limited or no
excess to freshwater are equipped with
well developed specialized salt glands
(11,12).

Even in birds, that had never been exposed
to salt water, salt gland secretion can be
elicited by salt loading. Mallard ducks,
Anas platyrhynchos, that have never
experienced sea water can produce nasal
gland secretions containing 35
mOsmol-Kg? when challenged with an
infusion of saline water. However, this
concentration is only 20% of the
concentration achieved by ducks that have
been chronically adapted to sea water (13).
An increase in Na+,K+-ATPase content
and surface area of the basolateral plasma
membrane of the principal cell of the quail
(14), duck (15) and geese (16) salt glands
has been recorded during salt-water
adaptation.

It has been well established that many
species of ducks switch seasonally
between freshwater and saline habitats.
When the drinking water of these species
is changed from freshwater to saline, their
salt gland hypertrophy, enhancing their
capacity to excrete salt (17) and the
fractional reabsorption of sodium is
reduced (17,18). Whether these responses
occur in other terrestrial birds with salt
glands did not reported for domestic ducks
(Anas platyrhyncha).

Aim of the work:

The purpose of this investigation was to
determine whether or not the supraorbital
salt glands of the female domestic ducks
exhibit functional alterations subsequent
to high salt manipulation (drinking 1%
NaCl solution). The migratory wild
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northern shovelers (Anas clypeata) inhabit
brackish water in the Lake Manzala were
considered in this investigation to be
compared with those experimentally
osmotic-stressed domestic ducks (Anas
platyrhyncha).

Material and methods:

I- The selected birds

The selected birds of the current
investigation included two different avian
species which inhabit different habitats;
female domestic ducks (Anas
platyrhyncha) and the female wild
migratory ducks (Anas clypeata). The
domestic ducks inhabit lakes, streams and
nearby grassland and farm crops. The
domestic duck's diet consists of plant
material obtained by grazing or dabbling
in shallow water. On the other hand, the
wild migratory duck feeds on little aquatic
animals, mollusks and plankton captured
in shallow water or filtrated from the layer
close to the surface of the brackish water
of the Manzala lake. Both studied species
are belong to the family Anatidae or
dabbling ducks.

The domestic ducks were bought from a
local duck farm while the wild migratory
ducks were hunted from the lake Manzala
area and transported immediately to the
laboratory for subsequent experimental
investigation. The experimental domestic
birds were housed in special avian farm
under a cycle of 12 h light—12 h dark and
fed commercial duck grower food with
drinking water ad libitum for a further
three days before they were used for the
experiments.

The investigated groups of the present
study included control female domestic
ducks (Anas platyrhyncha), salt-stressed
female  domestic  ducks (Anas
platyrhyncha) and wild migratory female
ducks (Anas clypeata), each of which
contained nine adult healthy ducks.

The treated group of the domestic ducks
(the salt-stressed group) was given 1%
NaCl solution to drink for two consecutive
weeks.  While the control ducks were
maintained exclusively on tap water for
the same period. The two groups of the
domestic ducks were weighed before the
beginning, after the first week and at the
end of the experiment to detect the ability
of the salt-stressed birds to maintain body
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weight while drinking salt water as a
general index of tolerance to saline
conditions.

At the end of the experiment, all the
studied birds were sacrificed by a sharp
knife to collect blood samples, after which
they were dissected to remove out the right
and left salt glands from the eye socket
after pulling out the eye balls. Since the
structure of the medial and lateral
segments of the salt glands of the avian
species are identical, only the medial
segments were considered in the present
study. The glands were immediately
cleaned by filter paper.

I11- Analytical Techniques

1-Collection of the blood serum samples
The blood samples were collected in clean
centrifuge tubes. The samples were
centrifuged immediately for ten minutes at
3000 r.p.m. The serum samples were
collected, labeled and stored at -20°C for
later biochemical analysis.

2-  Determination  of
concentrations and contents
Serum and the homogenate of the right
medial segments of the salt gland of the
different investigated groups were used to
measure sodium, potassium, chloride, and
uric acid concentrations and contents
respectively as follow:

i-Determination of sodium (Na) and
potassium (K)

Colorimetric determination of serum and
salt gland tissue homogenate sodium and
potassium was achieved by using Teco
Diagnostics Kits following the modified
method of Knauff (19).

ii-Determination of chloride (Cl)
Chloride concentration and contents were
measured by using Teco Diagnostics Kits.
iii- Determination of uric acid

Uric acid concentration and contents were
measured by using Bioste- uric acid Kit.

3- Determination of serum aldosterone
concentration

Serum aldosterone concentration was
determined by using Dia Metra company

electrolyte

kits following the competitive
immunoenzymatic colorimetric method
(20). The values of aldosterone

concentrations were expressed in pg/mL.
4- Measurements of Na-K-ATPase
activity
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The procedure of the measurement was
based on the determination of the
inorganic phosphate liberated from the
substrate ATP. Its activity (expressed as
micromoles  pi/mg  tissue/min)  was
calculated as the difference between the
inorganic phosphate liberated in the
presence and absence of potassium as
described in details by El-Bakary (21).

I11- Statistical Analysis

Statistical evaluation of the present data
has been made by using one ways Anova
test whereas the level of significance was
estimated taking the probability (p<0.05)
as a minimal requirement for significance.
All the investigated parameters were
presented as means + standard error.
Results:

In the current study, the salt-stressed and
the wild migratory ducks promptly showed
nasal gland secretion, its discharge came
out through the nares and dripped off from
the tip of the beak. While the control
ducks showed no salt gland secretion.

1- Body weight
The data concerning the body weights of
the different studied groups were
presented in Figure (1). The mean initial
body weight (2.72+ 0.05 Kg) of the
control group of the female domestic
ducks was closed to that of the salt-
stressed ones (2.75+ 0.05 Kg ). However,
their mean body weights were
significantly (P<0.001) heavier than the
body weight (1.11+ 0.03Kg) of the female
wild migratory ducks. The mean body
weights of the salt-stressed domestic ducks
after one week of salt manipulation (
2.85+0.06 Kg ) as well as at the end of the
experiment (3.01x 0.07 Kg ) were
significantly (P<0.001) heavier comparing
to those of the corresponding control ones.
I1- Serum composition
i -Serum
concentrations
Serum sodium (Na), potassium (K),
chloride (CI), wuric acid (U), and
aldosterone concentrations of the different
studied species were illustrated in Figures
(2-6). Serum sodium concentrations of
control (142.0+ 0.8 mmole/L), salt-
stressed (151.8+0.8 mmole/L), and wild
migratory  ducks (175.9+ 2.8mmole/L)
respectively were obviously varied, with

electrolyte
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the salt-stressed group having higher
serum sodium comparing to that of the
control. However, the difference was in-
significant ( P>0.05). On the other hand,
serum sodium of the wild migratory ducks
was significantly (P<0.001) higher than
those of both salt-stressed and control
ducks.

In  addition, serum potassium
concentrations of all studied groups
followed the same pattern as those of
serum sodium concentrations, with the
wild migratory ducks having the highest
serum potassium (5.92+ 0.95 mmole/L)
concentration followed by salt-stressed
(5.41+ 1.2mmole/L), then the control
ducks which had the lowest serum
potassium  (4.36x 0.9 mmole/L)
concentrations respectively.

For all the studied groups, serum chloride
concentrations were distinctly varied,
where the wild migratory ducks (5.2

1.3mmole/L) had the highest value
followed by the salt-stressed (2.2+
0.1mmole/L) then the control (1.8

0.01lmmole/L) ones which showed the
lowest concentrations respectively. The
difference  was  highly  significant
(P<0.001) for wild ducks in comparison
with those of both the salt-stressed and
control ones. On the other side, the
difference was insignificant (P>0.05)
between the salt-stressed and the control
ones.

On concerning  serum uric  acid
concentrations, it was recorded that serum
uric acid (7.3+ 0.4 mg/dl) concentration of
the wild migratory ducks was obviously
higher comparing to the respective values
of the salt-stressed (2.9+ 0.2 mg/dl) and
the control ones (2.2 0.1 mg/dl)
respectively. However, the differences
were insignificant (P>0.05) for the salt-
stressed ducks when compared with the
control ones, and highly significant
(P<0.001) for  the wild ducks in
comparison with the respective values of
both the salt-stressed and control groups.
ii- Serum aldosterone concentration
Referring serum aldosterone
concentrations of the examined groups, it
was observed that wild migratory ducks
had significant (P<0.05) high serum
aldosterone concentration (5341.9+ 820
pg/ml) in comparison with those of the
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control (619.1+96.3 pg/ml) and the salt-
stressed ducks (1110.1+208.6  pg/ml)
respectively. However, serum aldosterone
concentration of the salt-stressed ducks
was insignificantly changed compared
with that of the control ones.
I11- Salt gland tissue
composition

i-Salt gland tissue electrolyte contents
The salt gland homogenate tissue sodium
(Na), potassium (K), chloride (Cl) and uric
acid contents of all the examined groups
were demonstrated in Figures (2-5).
Regarding the salt gland tissue sodium
contents of the investigated avian species,
the data revealed that the wild migratory
ducks showed the highest value
(160.2+2.1 mg/wet @), while the salt-
stressed ducks  had moderate value
(146.0£3.1 mg/wet g) followed by the
control ones which showed the lowest
value (130.6£1.7 mg/wet g) respectively.
The differences were highly significant
(P<0.001) for the wild migratory group
comparing to the salt-stressed and the
control ones.

In addition, salt gland tissue potassium
contents  of all the studied groups
followed the same pattern as those of the
sodium contents; the wild migratory ducks
(77.9£0.4 mg/wet g) had the highest
values followed by the salt-stressed ducks
(52.4£0.6 mg/wet @) then the control

homogenate

group which had the lowest value
(48.1£1.2 mg/wet g)  respectively.
However, the differences were

insignificant (P>0.05) for salt-stressed
ducks in comparison with control ones and
highly significant (P<0.001) for wild
ducks comparing to those data of both salt-
stressed and control ducks.

Moreover, the salt gland tissue chloride
contents of all the investigated avian
groups  followed typically the same
pattern as those of both sodium and
potassium contents. The recorded results
dealing with salt gland tissue chloride
contents  were (12.0+1.0 mg/wet @),
(5.5£0.3 mg/wet g), and (4.9+£0.1 mg/wet
g) for the wild migratory, the salt-stressed
and the control ducks respectively.
Furthermore, the data considering uric
acid contents of all selected avian species
exhibited the same pattern as those of the
sodium, potassium and chloride contents;
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with the wild migratory ducks had highly
significant (P< 0.001) higher values
(13.9+1.4 mg/wet g) than the salt-stressed

ducks (5.3+0.5) and the control ones
(2.7£0.1) respectively.

ii-Salt gland tissue Na-K-ATPase
activity

The activity of Na-K-ATPase of the salt
gland homogenates of the studied groups
was presented in Figure (7). The activity
of the enzyme exhibited variable pattern
among the different examined avian
groups, with the salt-stressed ducks
showed significantly (P<0.001) higher
value (251 pmole pi/mg tissue/min) in
comparison to both wild migratory (18+1
pmole pi/mg tissue/min) and control
(12+0.03 pmole pi/mg tissue/min) groups
respectively.

Discussion:

Fluid and ion homeostasis in birds involve
several organ systems including the
kidneys, cloaca, ceca and the nasal salt
glands (22). Excess salt loads in most non-
mammalian vertebrates are dealt with a
variety of extra-renal salt-secreting
structures collectively described as salt
glands.

The best studied of these glands are the
supra-orbital salt glands of birds. They
have a mechanism of concentrated salt
ions from the blood and work in
conjunction with the kidneys. Such glands
allow marine birds to maintain water and
ion concentration balance by excreting salt
from seawater they ingest with their food.
The concentrating ability of salt can reach
from five to eight times (8).

Many terrestrial non-marine birds have
functional salt glands ( 16,23). Their salt
glands are usually quiescent. However,
such glands show remarkable levels of
phenotypic plasticity both morphological
and physiological as a consequence of
drinking saline water (16, 24).

Two distinct types of response to
osmoregulatory disturbances are shown by
the avian salt glands: a progressive
adaptive response on initial exposure to a
salt load that results in the induction and
enhancement of the secretory performance
or capabilities of the gland; and the rapid
activation of existing osmoregulatory
mechanisms in the adapted gland in
response to immediate osmoregulatory
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imbalance (24).

In the present study, the initial body
weights of the control and salt- stressed
female domestic ducks are approximately
very close to each other. However, their
final body weights followed different
pattern; with salt-stressed group having
significantly heavier body weight
compared to the control ones. While the
body weight of the wild ducks is markedly
lighter when compared to both control and
salt-stressed ducks. Such observation
reflected that the osmotic-stressed ducks
gain more weight in comparison with the
control ones. Thus, the salt-stressed ducks
have low tolerance to saline conditions,
since they did not able to maintain body
weight while drinking salt water. Similar
results have been recorded by Hughes (25)
and El Gohary (16) on experimentally salt-
stressed adult Mallard ducks and domestic
geese respectively. In contrast, Hannam et
al. (26) mentioned that high salinity
resulted in significant body weight loss of
4.4 g by day 3 and dehydration.

It has been well established that osmotic
salt (NaCl) stress stimulated avian salt
gland (24). However, the degree of
stimulation is depended upon the level of
the salinity of the drinking water to which
the bird is exposed (27). When the bird
drinks high salt water, sodium enters the
plasma from the gut and plasma
osmolality  (Osmpl) increases.  This
induces water to move out cells expanding
the extracellular fluid volume (ECFV)
(28).

In the present work, increasing
concentrations of serum sodium and
potassium in the salt-stressed ducks as
well as wild migratory ones in comparison
with the control birds may be due to the
increase of water consumption containing
the high level of NaCl which caused
apparent increase in the blood sodium and
potassium concentrations and
consequently, due to stress on kidney
functions.

In addition, salt gland homogenate sodium
and potassium contents followed the same
pattern as those of serum concentrations;
wild ducks showed the highest value
followed by the salt-stressed ones then the
control which showed the lowest value.
These results are in agreement with those
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obtained by EI-Badry (6) and ElI Gohary
(16) who found a highly significant
increase of the blood sodium and
potassium concentrations accomplished
with increasing water salinity due to
increasing retention of salt and water in
both intracellular and extracellular fluid
compartments.

In the current investigation, serum chloride
concentrations of both the salt-stressed
ducks as well as wild migratory ones were
obviously higher when compared with that
of the control ones. Such results are in
agreement with the findings of Roberts &
Hughes (28) who reported that saline
acclimation increased the plasma sodium
and chloride concentrations of ducks and
gulls. In addition, chloride contents of the
salt gland tissue homogenate of the
different studied groups followed the same
pattern  of the serum  chloride
concentrations. However, there is no
available data concerning chloride content
of the salt gland tissue homogenate to
compare with.

In the present study, serum uric acid
concentrations were markedly different
among experimental birds; the wild
migratory ducks showed the highest level
followed by the salt-stressed ducks then
the control ones. The recorded data go
parallel with the findings of El-Badry et
al.(6) who recorded an elevation in plasma
creatinine and wuric acid of ostrich
subsequent to saline drinking water.
Elevation in serum uric acid may be
attributed to a reduction of glomerular
filtration rate (GFR), since the serum
concentration of uric acid depends largely
on GFR as been mentioned by Gavin (29).

The present data showed an elevated
serum aldosterone in salt-stressed as well
as wild migrated group when compared
with the control. Such findings are
consistent with the work of Sturkie (30)
who mentioned that drinking salt water in
birds stimulate hypothalamo-hypophyseal
adrenal system, where adrenocortictrophic
hormone (ACTH) is released from anterior
pituitary and triggers the secretion of both
aldosteron and corticosterone from adrenal
cortex. This explains the increase of
aldosterone level in bird serum.

351

Further confirmation of the recorded data
comes from the study of Hughes (25) and
El-Badry et al. (6) who reported that birds
drink high saline water recorded higher
levels of aldosteron than the control group.
The level of the hormone was significantly
increased with increasing saline water
level.

Salt glands are typified by their abundance
of ion pumps, including Na+/K+-ATPase
(NKA), a basolateral, transmembrane ion
pump responsible for the maintenance of
cellular electrochemical gradients through
the movement of Na+ and K+ ions against
their osmotic  gradients. NKA s
consistently present in large amounts in
salt gland tissues specialized for active ion
transport (31). Therefore, it is well
established that the avian salt glands are
extraordinary structures for studying the
functional relationship between (Na*-K*)-
ATPase and active transport on the level
of the whole organ. The salt gland
provides an additional advantage in such
study because its primary and perhaps
only function is the concentration and
secretion of electrolytes. Na-K-activated
ATPase enzyme is associated with the
extensive inflodings of the salt gland
secreting cells (32).

In the present work, the recorded elevation
in the activity of salt gland Na-K-ATPase
in the salt-stressed ducks compared to both
control and wild migratory ducks is in
agreement with the findings of
Hildebrandt (33) and El Gohary (16). They
mentioned that chronic salt stress in
different avian species caused an adaptive
increases in the activity of the Na+/K+-
ATPase. Similar changes in Na-K-ATPase
activity and expression have also been
observed in elasmobranch and teleost
models ( 34,35).

In addition, the data concerning the
increment of glandular (Na+-K+)-ATPase
activity in response to osmotic stress in the
present work is consistent  with an
elevation in Na-K-ATPase content in the
principal cell of the salt gland during salt-
water adaptation in ducks as been reported
by Sarras et al. (36).

Moreover, the recorded elevation of Na-K-
ATPase activity in the salt-stressed ducks
as well as migrated ones in comparison
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with the control may be attributed to the
high level of aldosterone which increase
the passive entry of sodium across the
luminal membrane as been suggested by
Petty et al. (37). Support for such
suggestion comes from the observations of
Hughes (25) who stated that during
exposure to saline, marine birds maintain
elevated aldosterone levels despite high
Na intake.

When the organisms subjected to
environmental stress, the regulation of
gene expression in effector organs is
crucial for the initiation of adaptive growth
and differentiation processes that serve to
optimize organ function and to enable the
animal to maintain its homeostasis.
Therefore, in the present work it can be
concluded that the recorded elevated Na-
K-ATPase activity and serum aldosterone
concentrations may be resulted in a much
higher efficiency of salt secretion of the
salt gland in salt-stressed ducks to
maintain water and electrolyte balance of
the body fluid regardless the high salt

manipulation.
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Fig.(1): Initial and final body weights (Kg) of the control, salt-stressed female domestic
ducks (Anas platyrhyncha) and the wild migratory female ducks (Anas clypeata).
{bars=SE}
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Fig.(2): Serum concentrations (mmole/L) and tissue contents (mmole/wet g) of sodium
(Na) of the control, salt-stressed female domestic ducks (Anas platyrhyncha) and the
wild migratory female ducks (Anas clypeata).{bars=SE}
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Fig.(3): Serum concentrations (mmole/L) and tissue contents (mmole/wet g) of
potassium (K) of the control, salt-stressed female domestic ducks (Anas platyrhyncha)
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and the wild migratory female ducks (Anas clypeata).{bars=SE}
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Fig.(4): Serum concentrations (mmole/L) and tissue contents (mmole/wet g) of chloride
(CI) of the control, salt-stressed female domestic ducks (Anas platyrhyncha) and the
wild migratory female ducks (Anas clypeata).{bars=SE}

357



Zeinab EI-Gohary et al

20.00-

15.007

10.00+

5.00

Uric acid (U. A.) conen.(mg/ dl) and U.A. content (mg/wet g)

0.00 =
Control

Saltstressed

[CJUA Conec.
CJUA Content

Wild ducks

Fig.(5). Serum concentrations (mg/dl) and tissue contents (mg/wet g) of uric acid (U.A.)

of the control, salt-stressed female domestic ducks

(Anas platyrhyncha) and the wild

migratory female ducks (Anas clypeata)..{bars=SE}
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Fig. (6): Serum aldosterone concentrations (pg/ml) of the control, salt-stressed female
domestic ducks (Anas platyrhyncha) and the wild migratory female ducks (Anas
clypeata).{bars=SE}
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Fig.(7): Na-K ATPase activity of the right medial segment tissue homogenate of the salt
glands of the control, salt-stressed female domestic ducks (Anas platyrhyncha) and the

wild migratory female ducks (Anas clypeata).{bars

=SE}
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