Microgravity Alters the Expression of Salivary Proteins
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Abstract

Spaceflight provides a unique opportunity to study how physiologic responses are influenced by the external environment.
Microgravity has been shown to alter the function of a number of tissues and organ systems. Very little, however, is known about
how microgravity affects the oral cavity. The rodent model is useful for study in that their salivary gland morphology and physiology
is similar to that of humans. Useful also is the fact that saliva, a product of the salivary glands with a major role in maintaining oral
health, can be easily collected in humans whereas the glands can be studied in experimental animals. Our working hypothesis is that
expression of secretory proteins in saliva will respond to microgravity and will be indicative of the nature of physiologic reactions
to travel in space. This study was designed to determine which components of the salivary proteome are altered in mice flown on the
US space shuttle missions and to determine if a subset with predictive value can be identified using microscopy and biochemistry
methods. The results showed that the expression of secretory proteins associated with beta-adrenergic hormone regulated responses
and mediated via the cyclic AMP pathway was significantly altered, whereas that of a number of unrelated proteins was not. The
findings are potentially applicable to designing a biochemical test system whereby specific salivary proteins can be biomarkers for

stress associated with travel in space and eventually for monitoring responses to conditions on earth.

Background

Production and secretion of saliva, controlled by the body’s
sympathetic and parasympathetic autonomic nervous system,
are essential for oral health and comfortable, daily function.
The cleansing, buffering, and anti-microbial activities of saliva
help to protect the teeth and the oral mucosa. Articulation,
mastication and swallowing would become difficult without
the mucous and serous secretions. The three major salivary
glands, the parotid, submandibular and sublingual glands, are
accompanied by numerous minor glands dispersed throughout
most regions of the oral mucosa. Some of the major proteins
in human saliva are amylase, lysozyme, peroxidase, proline-
rich proteins, histatins, mucins and IgA [1-5]. Hundreds
of others have been identified by proteomic analysis [6,7].
While some of the secretory proteins have specific function
in the mouth, others can be indicators of the organism’s
systemic physiology or diagnostic of disease status [8,9].
Previously, the environmental effects of microgravity on rat
parotid glands [10,11] were studied using animals flown on
SpaceLab 3 and several Russian Cosmos missions, and the
results compared with those of ground control animals. The
present experiments were conducted to test the hypothesis that
cyclic AMP (cAMP)-signaling pathways would be affected by
time in space. Changes in protein expression would be found
in catecholamine hormone regulated protein expression and
longer exposure (to microgravity) has an additive effect on
the expression of secretory proteins regulated by -adrenergic
stimulation in the parotid gland.

Cyclic AMP is a second messenger mediating the action
of catecholamines and several peptide hormones. Extracellular
stimuli such as stress, norepinephrine and numerous other
hormones regulate the activity of other proteins acting
downstream to cAMP signaling. Activation of the different
receptors results in changes in local concentration of cAMP in
cells that leads to different physiological responses. Numerous

cellular processes affect cAMP signaling. These influences
include other signaling pathways which are themselves
variously regulated to organize the elements of the pathway,
and subcellular targeting of components. Measurements solely
of cAMP levels may minimize the complexity of the cAMP
signals and the regulation of targets. Therefore, measuring
subunit expression of cAMP-dependent protein kinase (protein
kinase A, PKA) reflects a specific pathway that is affected by a
particular stimulus and shows its physiologic response. Protein
kinase A is an enzyme that regulates processes as diverse as
growth, development, memory, and metabolism. The catalytic
and regulatory subunits of PKA are highly dynamic signaling
proteins but inactive in the holoenzyme form shown as R, C, in
the reaction formula below. The holoenzyme is dissociated by
increased concentration of cAMP.
[cAMP]

R,C, e 2R+ 2C

Type-II PKA associates with cellular structures and
organelles; it is not a free-floating enzyme but is anchored to
specific locations within the cell by specific proteins called
A kinase-anchoring proteins (AKAPs). The structure of an
AKAP docked to the dimerization/docking domain of the type
II (RII alpha) isoform of PKA has been well characterized
[12,13].

The discovery that the regulatory subunit of type II PKA
(RII) is a pleiomorphic secretory protein has provided a
direct means for studying cAMP regulated events using it as
a biofluid marker protein [14-18]. Subsequent studies using
the rat as a model have shown that measuring RII and several
other secretory proteins in saliva reflected their expression
as a consequence of altered gravity conditions [19,20].
Additionally, RII was affected in experimental diabetes
[21,22], and similar results were found when human saliva was
tested in response to mechanical and other types of stress and
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in salivary glands of human diabetics [16,23,24]. Measuring
RII in specific disorders, in addition to standard clinical tests,
may serve as a useful diagnostic biomarker.

Methods

A total of 15 adult female C57Bl/6] mice were flown for
15 and 13 days on STS-131 and -135, the Discovery and
Atlantis space shuttle missions, respectively. The mice were
housed in Animal Enclosure Modules (AEMs), which are
enclosed rodent habitats that provide ventilation, lighting,
waste collection, food and water for the rodents. Twenty-
three ground control mice were housed in AEMs for the
same length of time as the flight. Fifteen additional ground
control mice housed under standard vivarium conditions
were additional controls for the STS-135 mission. The flight
and AEM ground control mice were fed the NASA semi-
moist solid rodent food bar diet [25] ad /libitum. Both flight
and control mice were provided water ad libitum. Average
body weights, food and water consumption of the flight and
AEM ground control mice are given in Table 1. Within 5
hr of landing, parotid salivary glands were dissected, fixed
for ultrastructural analysis and immunogold labeling, or
frozen for Western blotting and microarray analyses. The
glands were prepared for microscopic analyses as previously
described [26]. Samples for Western blotting were frozen
in buffer containing protease inhibitors; samples for RNA
extraction and microarray analyses were frozen in RNAlater
(Qiagen, Hilden, Germany).

Tissue morphology and immunocytochemistry were
studied using light and transmission electron microscopy
(TEM). Immunogold labeling experiments were carried out,
which provide a method for quantitative analysis of relative
changes in protein expression. After incubation of sections
with the proper primary antibody and gold-labeled secondary
antibody, the number of gold particles over cell organelles
was counted in TEM images. Immunogold labeling is
quantitatively comparable to biochemically derived protein
expression data, electrophoresis and Western blotting. The
proteins analyzed using immunogold labeling included:
amylase, parotid secretory protein (PSP), proline rich protein
(PRP), demilune cell and parotid protein (DCPP) and RII
(type II regulatory subunit of PKA). Labeling densities
recorded as gold particles/um? were determined using data
from randomized samples. A hierarchical linear model was
used to determine statistically significant differences between
flight and control animals. In this approach, the lowest unit
of analysis was a single image, which was nested within each

animal, while the highest unit of analysis, the animal, was
nested within each condition of the independent variable,
flight or control. This type of analysis accounts for the nesting
of images within animals by assuming that each of the means
and variances of cell images within a given animal are not
necessarily identical across animals. This provides a more
equitable assessment of differences while still utilizing the
more conservative error degrees of freedom based on the
number of animals as the units of analyses.

Amylase, RII and IgA were used for biochemical studies.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) of proteins was carried out by a modified
method of Towbin et al. [27], using 10% polyacrylamide
gels. Identical amounts of protein were loaded per lane
and a molecular size marker lane was included on each
gel. Both flight and control samples were run on each gel
for comparison consistency. The separated proteins were
transferred to nitrocellulose membranes by electroblotting
and the proteins were visualized by staining with Ponceau
S, a washable dye [28]. The banding pattern was recorded
digitally, the membrane cleared of dye, incubated with specific
antibodies and the specific protein identified using peroxidase
conjugated second antibody reaction. The resulting Western
blot was digitized and quantified by densitometry. The ratio
of specific protein to total protein per lane was calculated to
indicate relative reactivity.

Microarray analyses (PhalanxBio Inc., San Diego CA)
used isolated RNA from gland tissues in RN Alater, stored and
shipped at -80°C. Then a column-based or Trizol isolation,
according to the company protocol, was used which included
a DNase treatment. After extraction, an RNA Quality Control
(QC) was performed prior to proceeding with microarray
service. The QC steps included a measurement of 260, 280,
230 absorbances, running a gel, as well as the use of the
Agilent Bioanalyzer to verify RNA quality. The analyzed data
consisted of normalized intensities that are compared for fold-
changes, and a p-value was calculated based on the replicate
data. Biomarker candidates were selected based on p-value
(<0.001) and changes in protein expression (> 1.5-fold
increase or decrease). Bioinformatics analyses were provided
of salivary proteins in both flight and control samples and
identified significant changes in expression due to space flight.

Results
Overall, the morphology of parotid acini and ducts of the
flight animals was not extensively altered when compared
to that of the AEM and vivarium ground controls. However,
specific cellular modifications were observed in flight animals.
These consisted of an apparent increase in the number of

Table 1. Average Body Weights, Food and Water Consumption of Flight and AEM Control Mice.

L. L . Average Weight (gm) Average Daily Consumption
Mission Description’ Number of Mice . X
Cage Loading Cage Unloading Food (gm) Water (ml)
STS-131
Flight 8 22.02 20.07 3.5 2.96
STS- 131 8 22.03 21.28 4.0 3.9
Control
STS-135
Flight 7 20.74 18.43 4.1 2.73
STS-135 15 20.69 19.4 4.1 3.38
Control

Data from shuttle missions STS-131 (age 16 weeks at launch) and STS-135 (age 9 weeks at launch).
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autophagic vacuoles in acinar cells, and apoptotic acinar cells.
Additionally, intercalated duct cells and occasionally striated
duct cells of some flight animals contained large, electron
dense vacuoles in their apical cytoplasm. These vacuoles
were similar to those described in duct cells of diabetic rats
and shown to contain acinar secretory proteins, presumably
a result of endocytosis of luminal content [29,30]. These
vacuoles were not observed in duct cells of ground control
animals, implying a change in duct cell function during flight.
The molecular composition, shown by the distribution
and expression of a number of specific cellular proteins, was
altered in the flight animals. As determined by quantitative
immunogold labeling, amylase (p=0.002) and PRPs (p=0.003)
were significantly decreased in acinar cell secretory granules
of flight animals compared to the AEM control mice.
Labeling for PKA RII decreased in acinar cell cytoplasm
(p=0.04) and was slightly reduced in secretory granules of
flight animals, whereas RII labeling of nuclei was unchanged
(Figures 1 and 2, Table 2) when compared to ground controls.
Labeling of intercalated duct cell granules for DCPP was
increased (p=0.006) in flight animals (7able 2). In contrast,
no differences were seen in labeling for PSP (p=0.63). Thus,
modifications in protein expression due to microgravity are
cell type dependent indicating functional specificity.
Electrophoretically separated total protein banding
patterns were not markedly altered in flight parotid glands
compared to those of controls. However, the expression of
a-amylase (p<0.01) and IgA (p<0.05) was significantly
reduced. Proteins that govern B-adrenergic signal transduction
appeared generally decreased during flight. Other secretory
proteins were increased, some decreased and still others were
unchanged after travel in space. These results indicate that
the effect of microgravity is not a uniform disruption, but a
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Figure 1. Labeling of parotid acinar cells with anti-RII antibody. Label is present over secretory granules (SG) and the lumina (L), consistent

specific response of individual pathways and the expression
of corresponding protein components. The protein banding
patterns of control and flight parotid gland soluble cell
fractions are shown in Figure 34, and the corresponding
Western blot in Figure 3B. Densitometric analysis of the
Western blot results is shown in Table 3. RI was absent in the
parotid, but RII was significantly reduced in the flight animals
when compared to that of controls.

Preliminary analysis of the microarray data showed
consistent results for proteins tested by Western blotting
(Table 4). The level of intracellular cAMP is regulated by
the balance between the activities of two types of enzyme:
adenylyl cyclase and cyclic nucleotide phosphodiesterase
(PDE). Both cAMP specific isoforms of PDE, PDE 4A and
PDE 4D, were significantly decreased by microgravity.
Interestingly, the expression of Akap13, which binds to Rlla,
was increased 1.5-fold in the flight animals.

The changes that occur during space flight may not
necessarily be detrimental, but may serve to maintain basal
levels of catecholamine hormone responses by selectively
altering protein expression.

Discussion

The effects of gravity on biological systems are not well
understood. Studying the effects of microgravity on cells and
tissues can provide important information on how gravity
affects a number of signaling and metabolic processes. The
degree to which an organism resists perturbation or stressful
influences depends on its resilience, i.e., adaptability, or
the capacity to change in response to stress in ways that
maintain overall organismal integrity. These properties can
be understood through studies of regulatory processes and
structural properties.
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with previous EM studies [15,17,21] and biochemical analyses [14,16,18]. Gold particles also are present over the cytoplasm, but mitochondria
(M) are unlabeled. Scale bars = 1 um.
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Figure 2. Quantitative analysis of RII
immunogold labeling of parotid acinar
cells.
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Once activated the catalytic subunit of PKA can
phosphorylate numerous substrates; the specificity of this
process is determined by the cellular location of PKA through
its association with AKAPs. The overall effect of PKA is to
interact with co-activators and to facilitate the efficiency of
signal transduction [31]. The activity of transcription factors,
such as nuclear receptors and HMG (High Mobility Group)-
containing proteins is modulated by PKA, influencing their
dimerization or DNA-binding properties. In mammalian
cells, including human cells, PKA also regulates a number
of processes, including growth, development, memory,
metabolism, and gene expression. Dysregulation of PKA
can have disastrous consequences, including diseases such
as cancer. Drugs based on altering PKA activity are under
development for treating disease. Understanding, therefore,
the consequences of changes in the expression of the
components of this signaling pathway is important.

Salivary gland gene expression is modulated by numerous
factors, including functional activity, neurohormonal
stimulation and pharmacologic agents. Both the flight and
AEM control mice were fed the same diet; therefore food
consistency was not a factor contributing to the observed
differences. Chronic f-adrenergic stimulation of rodent
salivary glands leads to altered gene expression [2,32,33],
including decreased amylase expression [33-35]. Stress due to
microgravity exposure, acting via cAMP signaling pathways,
coupled with decreased expression of PDE isoforms,
could result in increased cAMP levels, PKA activation
and alteration of gene expression. Although extended
hypergravity conditions affect salivary protein expression
[19], the transient hypergravity conditions occurring during
launch and landing are not likely to alter the effects of 13-15
days of microgravity.

Rodent salivary glands are structurally and functionally
similar to those of humans, and have been a widely used
model for studies of salivary secretion. Exposing mice to
microgravity results in changes in expression of specific
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Figure 3. PAGE, panel A and Western Blotting, panel B, of RIl
in flight and control parotid gland tissue extracts. Samples per
lane were combined from 5 animals in each category. M is the kD
marker lane, Pc and Pf are control and flight parotid, respectively.

secretory proteins in their parotid glands compared to
controls. Secretory granule proteins are released into saliva
upon stimulation of the salivary glands. Changes in salivary
proteins may serve as indices of physiological responses to
travel in space by astronauts, as well as to environmental
stressors in earth-based studies. Therefore employing saliva
as a diagnostic test medium could be useful in measuring
human responses to spaceflight and other stressful conditions,
as well as having clinical applications.
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Table 2. Quantitative Analysis of Immunogold Labeling of Parotid Secretory Granules.

Protein Control Flight p Value
Amylase 21.49+1.65 14.97 £1.09 0.002
PRP 41.44+£4.29 13.83 +1.48 0.003
RIT 24.57+1.35 18.60 £ 1.20 0.41
DCPP 52.04+1.91 70.45 +4.31 0.006
PSP 3449+ 1.24 31.44+1.42 0.63
Results expressed as mean gold particles/um? + SE are shown for a representative experiment.
Table 3. Densitometric Analyses of RII Western Blot.
Integrated Density .
Western Blot Total Protein Ratio
Control 10.05 60.35 0.17
Flight 9.63 67.98 0.14

Ratios, calculated as measured integrated density, in arbitrary units, of Western blot antibody absorbance to that of total protein per lane (each
loaded with the same amount of total protein) show an approximately 18% decrease in the flight compared to that of control reactivity.

Table 4. Microarray Analyses of the Effect of Spaceflight on Genes Involved in cAMP Signaling Pathways.

Gene symbol PF/PG log 2 PF/PG fold diff p value
Prkar2a -0.54 0.69 <0.001
Prkar2b -0.001 0.999 0.987
Akap13 0.597 1.52 <0.001

Pdeda -0.89 0.54 <0.001
Pde4d -0.398 0.76 0.007

Ratios of samples from flight mice to AEM ground control mice (PF/PG) in microarray analysis. Significant differences were selected based
on p-value (<0.001), changes in gene expression (> 1.5-fold increase or decrease). Gene symbols: Prkar2a, protein kinase, cAMP dependent
regulatory, type II alpha; Prkar2ab, protein kinase, cAMP dependent regulatory, type II beta; Akap13, A kinase (PRKA) anchor protein 13; Pde4a,
phosphodiesterase 4A, cAMP specific; Pde4d, phosphodiesterase 4D, cAMP specific.

No significant tissue damage was observed, therefore the
molecular level differences due to travel in space may be
homeostatic responses, adjustment to a changed environment.
It will be important to determine if the values return to
control levels after returning to earth, and if so within what
time span. These results demonstrate specific environmental
stress responses, measurable in an accessible body fluid,
and may form a basis for developing analyses using saliva
for measuring human responses to spaceflight. The specific
purpose of these studies is to obtain data that can be used to
develop a testing device for astronauts as well as have general
clinical applications on Earth.
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