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Abstract: Hyperplasia and hypertrophy, or their counterparts hypoplasia and hypotrophy, are
elements of the adjustment of organ size and function in animals according to their needs under
altered environmental conditions. As such processes are costly in terms of energy and biomaterials,
it is assumed that they are beneficial for the survival of the individual. The ability of animals to
perform such adjustments and the limitations in the scope of the adjustments are considered to be
adaptive genetic traits which enable individual animals to survive regularly occurring changes in
the environmental conditions in their habitats as long as such changes stay within critical limits.
The restructuring of mono-functional glands in ducklings, which serve the animals in getting rid
of excess amounts of ingested salt from the body, is presented as an example of complex plastic
changes in organ structure. Phenotypic adjustments in these salt glands encompass both reversible
processes, when environmental conditions switch back to the original state (‘phenotypic elasticity’),
and irreversible ones (‘phenotypic plasticity’ in the narrow sense). As more information on genomes
or transcriptomes of non-model animal species becomes available, we will better understand the
biological significance of such phenotypic adjustments in animals in their natural environments and
the underlying molecular mechanisms.

Keywords: hyperplasia; hypertrophy; phenotypic elasticity; phenotypic plasticity; environmental
change; salt gland; salt-tolerance; birds

1. Introduction

Every individual in an animal population differs from the other members in morphol-
ogy, physiology, and behavior. Much of this diversity is due to genetic variability in the
members of a population, i.e., subtle genetic differences between the individuals [1–4].
Genetic variability in animal populations is the prerequisite for evolutionary processes [5].
However, even in clonal organisms, which are genetically fully identical, differences in
trait patterns occur; these are products of either coincidence [6,7] or differences in the envi-
ronmental conditions during the embryonic development or other periods of an animal’s
life span [8]. Furthermore, alterations in environmental conditions during the adult life
of an animal may affect the structure and function of its cells and organs [9]. ‘Phenotypic
plasticity’ is the ability of an animal to adjust the individual phenotype in response to
certain stimuli from the environment or from endogenous sources in the absence of any
changes in its genome [10,11]. Examples of this include the processes of skin tanning by
sunlight (environmentally induced plasticity) or the increase in muscle mass in response to
muscular work in humans (functionally induced plasticity).

In most cases, phenotypic plasticity is of adaptive value and increases the individ-
ual’s fitness under unstable environmental conditions. In such cases, the bandwidth of
phenotypic plasticity with respect to a given trait is genetically defined and is itself subject
to selection [12–21]. However, in some cases the environmentally induced phenotypic
changes may be merely passive consequences of changes in environmental parameters
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(e.g., reduced growth rate when food is scarce and the animals are undernourished). In
such cases, there is no adaptive value of phenotypic changes resulting from environmental
change [22–26]. To judge the ecological significance of observed cases of phenotypic plas-
ticity, it is necessary to determine whether individual fitness is maintained or increased
(beneficial acclimation hypothesis) or not (detrimental acclimation hypothesis) [27]. The
current ecological models consider these possibilities [28,29].

2. Measure for Plasticity in Response to Environmental Change: The Reaction Norm

Most animal species are able to survive and produce offspring in environments which
undergo changes in various abiotic and biotic parameters (salinity or pH of the surrounding
medium, environmental temperature, food availability, etc.). The course and the extent to
which a certain trait is changed in response to such shifts in environmental conditions are
described by ‘reaction norms’ [1,30,31]. Comparisons of reaction norms enable ecologists
to quantitatively describe imminent changes in life cycle parameters in different animals
(body size, motility, fertility, etc.) and their dependency on defined shifts in environmental
conditions (Figure 1).
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Figure 1. Dependence of a life cycle parameter in an animal on the condition of its environment and 
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Figure 1. Dependence of a life cycle parameter in an animal on the condition of its environment and
the potential adjustments during acclimation. The original tolerance curve (A) may change in width
(B) or position on the x-axis (C) (original is a grey shadow for comparison) during acclimation processes.
Such changes result in alterations in the slopes of reaction norms (D) as exemplified by comparing
the resulting reaction norms within the limits of the colored spots in A, B, and C, which represent
the same pair of environmental conditions. cPmin—critical minimum of the environmental parameter;
cPmax—critical maximum of the environmental parameter. Further explanations in the text.
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There is a strong dependence of virtually every life cycle parameter in an individual
animal on the exact value of a given environmental condition. The actual values of this
life cycle parameter over the range of tolerable environmental conditions are represented
by an optimum curve, the ‘tolerance curve’. The ‘optimal range’ is the interval of values
around the maximum of the tolerance curve. In this range, the animal needs to divert only
a little energy or no energy from other bodily functions towards maintaining its internal
conditions, while keeping the life cycle parameter of interest at its maximum. Within the
optimal range, the ‘neutral zone’ marks an interval of values of the external conditions at
which the organism is in equilibrium with its environment. Under these conditions, the
internal parameters do not to have to be defended against the external ones due to a lack
in the gradients between the internal space and the environment or in disturbances of the
physiological conditions within the body. The amount of energy that has to be invested to
keep internal homeostasis, the regulatory workload, is at its minimum within this neutral
zone (Figure 1).

However, if the environmental conditions lie outside the optimal range, increasing
amounts of work have to be invested in homeostatic functions. The energy required for this
purpose is then diverted away from the sustaining of the life cycle parameter of interest
so that its value becomes smaller as we approach the upper or lower critical limits of the
environmental condition (cPmax or cPmin, respectively). Beyond these limits, the amount of
energy required for maintaining internal homeostasis would become so large that sustained
life would become impossible. These limits define the ‘tolerance range’ of an individual.

Theoretically, the reaction norm of an animal for a given life cycle parameter (e.g., the
growth rate) is defined by two or several points within the tolerance curve. Using only two
points of different environmental parameter values results in a linear reaction norm with a
certain slope (Figure 1A,D, blue dots or line, respectively). This type of reaction norm is
only valid for a given interval of the environmental parameter and may be used to compare
the behavior of different individuals from the same or from different populations in their
responses to this particular environmental change. However, the linear reaction norm
derived from the two points on the tolerance curve provides only simplified information on
the response of an animal to environmental change and may miss important alterations in
life cycle parameters when the interval of the environmental parameters has been selected
in an unfavorable manner. The determination of a reaction norm using several different
values of environmental parameters within the tolerance range is more informative. The
best way of understanding the responsive behavior of an animal to environmental change
is by the construction of a non-linear reaction norm which forms an approximation to the
tolerance curve. This requires measurements of different values of the life cycle parameter
of interest in small intervals of the environmental parameter within the tolerance range;
thus, a lot more experimental work is needed.

An animal existing under environmental conditions outside of the optimal range but
still within the critical limits experiences ‘physiological stress’ [32]. The regulatory work
that this animal has to invest to stay alive is larger than that required when the animal’s
environmental condition remains within the optimal range. If energetic resources are
not limited, the animal may live under such unfavorable conditions for a long time. It is
noteworthy that the responses of an animal living under the stress conditions represented
by the left portion of the tolerance curve are entirely different from those that are required
if the animal is exposed to conditions represented by the right portion of the curve.

As energy is usually a limiting factor in an animal’s life, it is unlikely that an ani-
mal will maintain high metabolic rates for sustained periods to cope with physiological
stress. Instead, the animal will activate gene regulatory, biochemical, or physiological
mechanisms [33] to reduce metabolic demands, to protect organs and tissues from dam-
age, or to optimize the functions of regulatory organs to match the increasing regulatory
demands [34–38]. These environmentally induced measures in an animal are summed up
as ‘acclimation’ (in cases when animals adjust to new environmental conditions induced
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by an experimenter in the laboratory) or as ‘acclimatization’ (when wild animals adjust to
changes in their natural environments) [25,39].

3. Acclimation

The exposure of an animal to physiological stress generally alters both the tolerance
limits and the reaction norms for the relevant physiological traits. During acclimation, the
tolerance curve may be broadened (Figure 1B) or shifted on the x-axis (Figure 1C). Such
acclimation processes may result in changes in the position and/or the slope of the reaction
norm of relevant physiological or other life cycle parameters (Figure 1D) when those of
naïve (Figure 1A) or of acclimated animals are compared (Figure 1B,C).

Environmentally induced alterations in gene transcription, in the translation rates
of certain transcripts, in the posttranslational modifications of proteins, or in the epi-
genetic mechanisms may be involved in such responses of animals to environmental
stress [33,40–42]. This usually requires the sensing of the new environmental condition, the
systemic processing of information [34,43–49], and, at the cellular level, the initiation of
signal transduction and activation of transcription factors [50]. In many cases, processes
such as cell differentiation or cell proliferation in tissues or organs are required to enable an
animal to successfully cope with the stressful conditions [51].

The experience of stressful environmental conditions may not only result in acute
changes but may also create an elevated level of resilience which enables animals to respond
quicker or more economically to further periods of environmental stress once they have
successfully dealt with such stress conditions before. These ‘hormetic’ effects, which
may last for different periods of time (’memory´), may play important roles in hardening
animals against further periods of environmental stress [52].

Animal physiologists use the term ‘physiological adaptation’ to differentiate this type
of adjustment in single individuals from ‘genetic adaptation’, which is an evolutionary
process involving several generations of animals, genetic recombination, and selection.
Ecologists, however, avoid the term ‘adaptation’ when discussing environmentally in-
duced alterations in individual animals and prefer to use the term ‘adaptive phenotypic
plasticity’ [53,54]. When such plastic processes in response to changing environmental
conditions occur during ontogenesis (e.g., during embryonic development), the alterations
in the phenotype are subsumed under the term ‘developmental plasticity’ [1,55,56].

4. Reversibility of Plastic Changes

Whether adaptive phenotypic changes are reversible or not depends on the biological
limitations of the respective organ systems in the animals and on the nature of the environ-
mental condition. The organ system that responds to environmental change must have the
ability to respond in different directions, and the direction should be correlated with the
actual environmental alteration. However, the patterning of a certain type of environmental
alteration (frequent or infrequent events) also affects the kind of response in the animal.

Chronic changes in an environmental condition or the expectation that an acute change
may prevail or at least occur frequently in the future may trigger irreversible changes in
cell and organ functions that are maintained for the rest of the animal’s lifetime. Such cases
represent ‘phenotypic plasticity in the narrow sense’.

However, there are also cases in which environmentally induced plastic changes are
reversible once the environmental conditions have returned to the original ones. In such
cases, the plastic changes may be induced and reversed many times during the remaining
lifespan of an animal. Examples include the seasonal changes occurring in inhabitants of
the temperate zones [57], e.g., in hibernators [58] or in animals that change fur thickness
in preparation for summer or winter, respectively. When the environmental alterations
occur in such a way that the animal is affected unexpectedly or if transient changes in such
conditions occur from time to time without a clear rhythm (fluctuation) or take place only
rarely throughout an animal´s lifetime, it is especially important for an animal to be able
to respond to such alterations in a reversible manner. In such cases, it is more economical
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for an organism to react acutely by investing in molecular and cellular reorganization or
organ optimization and to reverse these processes as soon as their effects are not needed
any more, rather than maintaining the altered phenotype even when conditions have
normalized again. This helps to save energy which would otherwise have to be spent on
the maintenance of obsolete traits for long periods.

Some authors call the ability of organisms to reverse phenotypic changes in response
to environmental stimuli ‘phenotypic flexibility’ [6,59–61]. However, this term is rather
general and does not reflect the fact that it needs biological work and energy to reach a new
steady state in an altered environment and to reverse it after the environmental alteration
which had triggered the response is terminated. Thus, we suggest that the term ‘phenotypic
elasticity’ is better suited for describing reversible adjustments in animals to changes in
environmental conditions. This term allows the clear differentiation between reversible
alterations of traits in animals to transient changes in the environmental conditions and
those that can only be induced once in the lifetime of an organism (‘phenotypic plasticity in
the narrow sense’) [62]. In addition, this term allows the differentiation between phenotypic
changes that are advantageous (albeit energetically costly) for an individual (and thus are
of adaptive value for the organism) and all others.

5. The Avian Salt Gland as an Example of Environmentally Induced Irreversible and
Reversible Phenotypic Changes

Vertebrates living in dry or marine environments or consuming salty food face the
challenge of maintaining osmotic, ionic, and volume balances in their body fluids [63].
Excess salt in the body fluids of animals compromises cellular functions. Thus, if a surplus
of ions occurs in the body water of these animals it has to be excreted as rapidly as possible
while retaining as much water as possible in the body. While most mammals eliminate
excess sodium chloride (NaCl) in the form of concentrated urine via the kidneys when
water is available [64], non-mammalian vertebrates living in arid or marine habitats with
limited access to fresh water use extrarenal salt excretory organs to rid themselves of
excess salt in the body. In birds, monofunctional salt glands (Figure 2) excrete a highly
concentrated NaCl solution from the body while saving body water [65,66]. In ducklings
(Anas platyrhynchos), these multi-tubular glands sit alongside the supraorbital bones on
both sides of the skull and drain their products into the nasal cavity next to the nostrils.
When the animals are salt-loaded, these glands produce a sodium chloride-rich fluid that
may be up to four times more concentrated than the blood plasma [65]. The secretory cells
lining the gland tubules produce this fluid by ‘secondary active chloride secretion’ [67].

During the initial exposure of such birds to osmotic stress, the salt glands undergo a
period of cell growth and cell differentiation which results in organ maturation. In geese
and ducklings, these maturation processes encompass the amplification of the number
and deepness of the basolateral plasma membrane infoldings and the upregulation of the
expression and/or activity of enzymes involved in energy metabolism and ion transport, as
well as increases in the number of mitochondria per cell and the aerobic capacity of tissues
and organs [68–72]. This is accompanied by increases in cell size in the secretory cells and in
an increase in organ weight (Figure 2), a process that is called ‘hypertrophy’. The branching
pattern of the secretory tubules gets more complex, and the tubule portions that contain
fully differentiated salt gland cells get larger (Figure 2C) when compared with control
animals of the same age which have not received salt loads (Figure 2B). Cellular differentia-
tion in the secretory cells by exposing the animals to osmotic stress results in increases in
protein abundance and the activity of the sodium/potassium-ATPase, indicating that the
salt secretory potency of gland tissue gets upregulated [72]. The structural and functional
changes occurring in the salt gland upon the initial salt-loading of ducklings optimize the
salt-secretory capacity of the glands and allow the animals to survive for unlimited periods
under unfavorable environmental conditions. Although these adjustments are costly in
terms of building material and energy, they can be considered beneficial [73].



Physiologia 2023, 3 371

Physiologia 2023, 3, FOR PEER REVIEW 6 
 

 

both sides of the skull and drain their products into the nasal cavity next to the nostrils. 

When the animals are salt-loaded, these glands produce a sodium chloride-rich fluid that 

may be up to four times more concentrated than the blood plasma [65]. The secretory cells 

lining the gland tubules produce this fluid by ‘secondary active chloride secretion’ [67]. 

 

Figure 2. Reversible and irreversible plastic changes in salt glands of ducklings under salt stress. 

One-week-old ducklings reared on fresh water upon hatching have slim salt glands (A). Due to fast 

growth at early age, the head of the duckling gets substantially bigger (compared with the initial 

situation: shadow in the back of the duck head) when the animal is further maintained with unlim-

ited access to fresh water for another 2 days (B). The salt gland is quiescent and contains many 

partially differentiated secretory cells lining the gland tubules (B). When the animal is reared on a 

1% NaCl solution instead of fresh water for these two days, the general growth of the duckling is 

severely impaired, but the salt gland grows by a factor of 2–3 in tissue mass (insert, right); this is 

accompanied by hyperplasia (increase in cell number per gland) as well as hypertrophy and cell 

differentiation of the tubular epithelial cells (larger cells, amplification of basolateral infoldings, and 

increase in the number of mitochondria) (C). While the traits associated with cell differentiation are 

reversible when animals are set back on fresh water (phenotypic elasticity), the number of cells in 

the gland does not decrease upon switching the animals back to drinking fresh water. Thus, the 

process of hyperplastic growth is irreversible (phenotypic plasticity in the narrow sense). 

During the initial exposure of such birds to osmotic stress, the salt glands undergo a 

period of cell growth and cell differentiation which results in organ maturation. In geese 

and ducklings, these maturation processes encompass the amplification of the number 

and deepness of the basolateral plasma membrane infoldings and the upregulation of the 

expression and/or activity of enzymes involved in energy metabolism and ion transport, 

as well as increases in the number of mitochondria per cell and the aerobic capacity of 

tissues and organs [68–72]. This is accompanied by increases in cell size in the secretory 

cells and in an increase in organ weight (Figure 2), a process that is called ‘hypertrophy’. 

The branching pattern of the secretory tubules gets more complex, and the tubule portions 

that contain fully differentiated salt gland cells get larger (Figure 2C) when compared with 

control animals of the same age which have not received salt loads (Figure 2B). Cellular 

differentiation in the secretory cells by exposing the animals to osmotic stress results in 

Figure 2. Reversible and irreversible plastic changes in salt glands of ducklings under salt stress.
One-week-old ducklings reared on fresh water upon hatching have slim salt glands (A). Due to fast
growth at early age, the head of the duckling gets substantially bigger (compared with the initial
situation: shadow in the back of the duck head) when the animal is further maintained with unlimited
access to fresh water for another 2 days (B). The salt gland is quiescent and contains many partially
differentiated secretory cells lining the gland tubules (B). When the animal is reared on a 1% NaCl
solution instead of fresh water for these two days, the general growth of the duckling is severely
impaired, but the salt gland grows by a factor of 2–3 in tissue mass (insert, right); this is accompanied
by hyperplasia (increase in cell number per gland) as well as hypertrophy and cell differentiation of
the tubular epithelial cells (larger cells, amplification of basolateral infoldings, and increase in the
number of mitochondria) (C). While the traits associated with cell differentiation are reversible when
animals are set back on fresh water (phenotypic elasticity), the number of cells in the gland does not
decrease upon switching the animals back to drinking fresh water. Thus, the process of hyperplastic
growth is irreversible (phenotypic plasticity in the narrow sense).

Those adjustments that are associated with cellular differentiation in the glands are
reversible when salt loading is terminated or when the animals have unlimited access to
fresh water. This allows the conclusion that environmentally mediated cell differentiation
in the salt glands falls into the category of ‘phenotypic elasticity’. The most likely reason
why the cellular differentiation can be rapidly up- and downregulated within one or two
days according to the momentary needs of an animal is that the sustained maintenance of a
highly differentiated state of cells and tissues in the gland in addition to salt secretion is
energetically highly demanding [74]. This was illustrated by comparisons of the general
growth rates in individual ducklings at 1 week of age upon hatching for another 48 h.
Osmotically stressed animals (replacement of drinking water by a 1% NaCl solution) had
an overall growth rate of only 50–70% of that of their unstressed (‘naïve’) siblings, despite
being offered food ad libitum (unpublished observation). However, as shown in the inset
of Figure 2, the salt glands of the stressed animals were 2 to 3 times bigger than those of the
naïve animals.
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When a duckling is exposed to salt stress for the first time in its life, the secretory
tubuli in its glands are elongated and show increases in branching [70,75]. These alterations
in the structure of the salt gland are based on increases in the cell number per gland.
The amplification of the cellular material is a process that is termed ‘hyperplasia’ [76–78].
In preparation for cell proliferation, partially differentiated cells at the terminals of the
secretory tubules start synthesizing DNA after the animals have been exposed to osmotic
stress for at least 12 h [76]. The elevated rates of DNA synthesis are maintained for a period
of just 12 h (i.e., between 12 and 24 h after the onset of osmotic stress) while the initial
stimulus for DNA synthesis and cell proliferation in the gland, the osmotic burden in the
animal, still prevails. When this period of hyperplasia is terminated, the cell number per
gland will have at least doubled. This contributes substantially to the increase in overall
organ size (see insert in Figure 2). The cell number per gland is then stable and cannot be
reduced by removing the osmotic stimulus or feeding fresh water ad libitum to the animals.
Thus, there is no way of inducing hyperplastic growth in the salt gland more than once in
the lifetime of a duck. This indicates that this aspect of the environmentally driven growth
phenomenon is an irreversible plastic feature of the gland (including in the narrow sense of
the term).

The combination of hypertrophy and hyperplasia in response to salt stress in the
duckling results in a final organ size that is 2 to 3 times larger than that in naïve animals of
the same age (Figure 2). Such an increase in organ size, which is especially impressive in
comparison with the lagging overall growth of the animals under salt stress (see above),
indicates that it aims at optimization of the salt-secreting capacity of the gland.

There is still only limited knowledge on the molecular mechanisms mediating and
regulating cell differentiation and cell proliferation in the gland. There are definitely dif-
ferences in transmembrane and intracellular signaling in the salt gland cells of naïve and
salt-stressed animals, respectively [79]. The salt glands are innervated by the parasympa-
thetic nervous system, and the activation of muscarinic acetylcholine receptors (mAChRs)
on the surface of the salt gland cells (Figure 3) is required not only for triggering salt secre-
tion in the differentiated gland, but also for inducing cell differentiation and proliferation in
the salt glands of naïve animals [80]. Comparisons of the cell surface densities of muscarinic
acetylcholine receptors in isolated salt gland cells of the ducklings revealed that cells from
naïve animals express 3 times more mAChRs compared with the cells isolated from the
animals which had recently experienced salt stress (stressed animals) [81]. However, the
ligand-binding properties of these receptors were identical and resembled those of the
mammalian M3 subtype of mAChRs (coupling to phospholipase C and calcium signaling
via a Gq/11-type heterotrimeric G-protein [82]). Activation of these receptors in isolated
salt gland cells using submaximal concentrations of the stable mAChR agonist carbachol
resulted in substantial accelerations in inositol lipid and inositol phosphate turnover, with
5 times higher inositol phosphate accumulation rates in cells from naïve ducklings com-
pared with cells from stressed animals [83]. Calcium signaling was elicited upon receptor
activation in both cell types. These signals were composed of initial peaks of the cytosolic
free calcium concentration ([Ca2+]i) from the basal level of approximately 100 nmol/L
to 400–500 nmol/L, followed by a sustained phase of elevated [Ca2+]i of approximately
200–300 nmol/L that was stable as long as the receptor activation was maintained. While
the initial transient peak of [Ca2+]i was due to the release of calcium ions from intracellular
stores, the sustained plateau resulted from ‘capacitative calcium entry’ from the extracellu-
lar space through the plasma membrane [84]. Such elevations in [Ca2+]i had previously
been identified as key signals in the triggering of salt secretion from the gland [85].
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Figure 3. Scheme of the signal transduction pathways and cell physiological processes in naïve
(green arrows) or stressed (red arrows) avian salt gland cells activated by the muscarinic acetyl-
choline receptor. The question mark indicates that a causal link between these elements has not
yet been experimentally established. Further explanations are in the text. [Ca2+]i—Cytosolic (in-
tracellular) free calcium ion concentration; DG—Diacylglycerol; ERM—Endoplasmic reticulum
membrane; Gq—Heterotrimeric G-protein of the Gq/11-type; [H+]i—Cytosolic (intracellular) free
proton concentration; InsP3—Inositol-1,4,5-trisphosphate; mAChR—Muscarinic acetylcholine recep-
tor; PIP2—Phosphatidylinositol-4,5-bisphosphate; PKC—Protein kinase C; PLC—Phospholipase Cβ;
PM—Plasma membrane.

The observation that full calcium signals could be elicited by activation of a relatively
low number of activated mAChRs (and low rates of inositol phosphate accumulation) in
cells isolated from stress-experienced ducklings raised the question whether the much
higher receptor density and the higher turnover rates in the phosphoinositide metabolism in
muscarinically activated cells of naïve ducklings may play roles in mediating the adaptive
responses in the glands, specifically cell proliferation and cell differentiation. We raised
the hypothesis that the same type of signals may induce entirely different cellular effects if
applied in different intensities or to cell systems with different properties [86].

These considerations prompted further investigations on the downstream effects
of mAChR activation and calcium signaling in the signal transduction pathways and
cell physiology of naïve salt gland cells (Figure 3). The screening of extracts of the salt
gland tissue of naïve animals acutely exposed to salt stress for immediate early gene
expression revealed that the protooncogene c-fos was transiently active. The Fos protein
could be detected between 1 and 12 h after the onset of salt stress in the salt-secretory
cells, while the Jun protein was constitutively present and quantitatively unaffected by
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salt stress [87]. Fos expression could also be elicited by mAChR activation of the salt
gland cells in vitro, indicating that Fos expression was dependent on inositide and calcium
signaling. Generally, dimers of Fos and Jun form the transcription factor AP-1 [88], which
controls the transcription rate of many of the genes which are important for growth and
development. In search of the missing link in the signaling pathway between sustained
elevation in [Ca2+]i and c-fos gene expression, we identified p38 MAP kinase as an essential
component [89]. It was activated in mAChR-stimulated naïve salt gland cells, and Fos
expression was suppressed in the presence of the inhibitors of this kinase.

However, the increase in cell number by activation of the cell proliferation in par-
tially differentiated peripheral cells in the salt glands of the naïve animals was found
to depend on the downregulation of the cell cycle inhibitor p27Kip1 [90]. p27Kip1 is the
regulatory subunit of a cyclin-dependent kinase (CDK) and arrests cell cycle progression
in proliferation-competent cells at the G0/G1-S checkpoint [91,92]. It is known that Kip1
undergoes site-specific phosphorylation in cells receiving mitotic stimuli (e.g., by growth
factor signaling), marking the respective molecules for polyubiquitinylation and protea-
somal degradation [93]. Western blot studies using extracts of salt gland tissue revealed
that p27Kip1 was abundantly expressed in the glandular tissue of naïve ducklings. It was
downregulated within 5 to 8 h after initially feeding saline to the animals instead of fresh
water [90]. The downregulation of the Kip1 protein was not accompanied by changes in
the mRNA levels, indicating that Kip1 was regulated mainly at the translational (protein
synthesis) or posttranslational levels (protein degradation). In cultured nasal gland tissue,
Kip1 expression was downregulated by activation of the muscarinic acetylcholine receptor,
which indicates that mAChR signaling plays a role in the re-entry of quiescent gland cells
into the cell cycle.

A previous observation might shed some light on a potential mechanism that supports
or mediates Kip1 ubiquitinylation and degradation in mAChR-stimulated naïve salt gland
cells. Exposing salt gland cells to the muscarinic receptor agonist carbachol elicits responses
in cytosolic pH in these cells. The cytosol of cells isolated from salt-stressed animals
undergoes slight and transient acidification, most likely resulting from the production
of additional protons in the activated oxidative carbohydrate metabolism and a short
lag period in the activation of proton extrusion by the sodium/proton exchanger (NHE)
(Figure 3). However, when the cells from naïve animals were treated in the same way, they
showed a sustained cytosolic alkalinization of 0.1 pH units above the previous level [94].
Such prolonged alkalinization of the cytosol has already been described in other cell types
which had been mitotically activated by growth factors [95,96]. Plasma membrane receptors
coupled to the activation of phospholipase C generally mediate the production of two types
of second messengers in the respective cells: inositol phosphates and diacylglycerol [97].
The latter stays in the cytosolic leaflet of the plasma membrane and activates protein
kinase C (PKC). PKC, in turn, phosphorylates an amino acid residue in the C-terminal
region of the NHE, which increases the binding affinity of a regulatory proton binding site
next to the transport site in this transport molecule. This results in sustained transport
activity and cytosolic alkalinization in activated cells [98]. Several authors postulated a
causal relationship between cytosolic alkalinization and the initiation of DNA synthesis
in preparation for cell proliferation in such cells [95,96,98]. Unfortunately, these reports
did not receive much attention. We were able to confirm the relationship of cytosolic
alkalinization and the onset of DNA synthesis using mAChR-activated naïve salt gland
cells [76]. The pretreatment of cultured salt gland tissue with the NHE inhibitor amiloride
suppressed the mAChR-mediated cytosolic alkalinization as well as the increase in the
DNA synthesis rate. These results support the hypothesis that mitogenic stimulation
of cells and the associated cytosolic alkalinization may have a permissive or a signaling
function for the initiation of DNA replication in preparation for cell proliferation, at least in
proliferation-competent cells.

Other than the exocrine glands in mammals (e.g., lacrimal, salivary, sweat, or mam-
mary glands), the avian salt gland is monofunctional, i.e., it secretes a highly concentrated
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sodium chloride solution on demand. All other glands secrete proteins or mucus in addi-
tion to ions and water [99,100], which complicates investigations on signal transduction
because the different secretory processes are often independently controlled and mediated
by different cell types. Most of the mammalian glands are acinar glands, which have
club-like terminal structures containing the secretory cells at the ends of branched tubules,
whereas the avian salt gland is purely tubular with the secretory cells lining these tubules.
Despite these differences, it may be rewarding to consider some findings on signaling and
gene regulation obtained in developing mammalian glands as guidelines for further studies
on the control of cell proliferation and cell differentiation during environmentally induced
organ maturation in the avian salt gland. To mention just one example, the induction of ex-
ocrine gland development and the proliferation of epithelial progenitor cells in mammals is
mediated by fibroblast growth factor-10 (FGF-10) [101–108]. FGF-10 binds to and activates
the FGF receptor 2b (FGFR2b), which induces the expression of the transcription factors
Sox9 and Sox10. These transcription factors are responsible for expanding the population
of epithelial progenitor cells [109] and direct the development of their progeny toward the
secretory phenotype [110]. Moreover, they mediate the elongation of glandular tubules
during gland maturation [111].

As a chromosome-level genome [112] and a transcriptome [113] of the domestic duck
have been sequenced, interested researchers may now follow these lines of investigation
of signaling and transcription regulation in the avian salt gland by comparing the tran-
scriptomes of salt gland tissues from naïve and salt-stressed animals. This may improve
our understanding of the adaptive responses of this organ to salt stress in the animal and
may reveal the molecular and mechanistic details of the elastic and plastic responses in
the gland to environmental stress. As ducklings are easy to maintain and the induction
of these processes is easy to achieve without major animal manipulation, the salt gland of
the duckling will remain a model system and will help to create a better understanding of
environmentally induced cellular growth and differentiation processes at the tissue and
organ levels of vertebrate organisms in general.

6. Conclusions

The mechanisms underlying the regulation of cell sizes and cell numbers in animal
tissues and organs are largely unknown [51]. Whether environmentally driven hyper-
/hypotrophy and hyper-/hypoplasia are really necessary for animals to cope with changing
environmental conditions is still unclear in many cases of elastic or plastic changes. That
such changes are energetically costly may indicate—but not prove—that they are beneficial
for the animal. To decide this, survival or performance tests have to be conducted in
animals under stressful conditions, allowing acclimation processes to occur in one group
while suppressing them in the other.

In addition to those phenotypic adjustments that affect the salt/water relations of ani-
mals, other physiological parameters, e.g., thermal acclimation, metabolic responses to hy-
poxia, or exercise-dependent plasticity in skeletal muscle [114–116] have been investigated.
While we are beginning to understand the evolutionary processes of local adaptation [117],
there are only some initial studies dealing with the molecular mechanisms underlying phys-
iological adaptation or acclimation (sensing environmental parameters, signal transduction,
gene transcription, RNA processing, protein synthesis, post-translational modifications of
proteins, etc.) [114,117–121], including epigenetic phenomena [8,33,122–124]. These studies
are especially important in times of climate and environmental changes as knowledge about
these processes and their limitations may shed light on the ability of individual animals
and animal populations to survive such changes.
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