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ABSTRACT 

The mammogenic, lactogenic, and lactopoetic 
effects of prolactin (PRL) in the mammary gland 
are mediated through a specific cytokine receptor, 
the PRL-receptor (PRLR). PRLR is anchored to 
the cytoskeleton and its activation, and subsequent 
signal transduction, is dependent on an 
integral/intact cytoskeletal organization. Previous 
studies revealed a down-regulation of PRLR and 
reduced metabolic output in the mammary gland 
of rats exposed to hypergravity (HG). Therefore, 
the objective of this study was to use quantitative 
immunohistochemistry to determine the effects of 
HG exposure during pregnancy on the pre- and 
postpartum abundance of the cytoskeletal proteins 
in the rat mammary gland. Pregnant rats were 
exposed to either 2xg [HG] or 1xg [Stationary 
control (SC)] from days 11 to 20 of gestation 

(G20) through postpartum days 1 (P1) and 3 (P3). 
Spectral characterization and quantitation of each 
antigen (actin, tubulin, cytokeratin, and vimentin) 
per lobule (n=3-7 lobules/micrograph; 4 
micrographs/slide) was computed using the CRi 
Nuance multispectral system. At G20 and P3, 
increased (p<0.001) amounts of actin, tubulin, 
cytokeratin, and vimentin were detected in HG 
rats. Tubulin, cytokeratin, and vimentin were 
overexpressed (p<0.01) in HG group compared to 
SC at P1. These results suggest that atypical 
composition of cytoskeletal proteins contribute to 
the aberrant lactogenic signal transduction and 
associated reduced postpartum mammary 
metabolic output in rats exposed to altered inertial 
environment. 

ABBREVIATIONS 

G9 Gestation day 9 
G20 Gestation day 20 
HG Hypergravity 
IHC Immunohistochemistry 
P1 Postpartum day 1 
P3 Postpartum day 3 
PRL Prolactin 
PRLR Prolactin Receptor 
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SC Stationary Control 
SEM Standard Error of the Mean 
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INTRODUCTION 

The mammary gland undergoes significant 
structural and functional transformation during the 
physiological phases of pregnancy, lactation, and 
involution. These changes are evident in both the 
secretory (epithelial) and non-secretory (stromal) 
support structures of the organ. The epithelial 
alveolar and myo-epithelial cells facilitate 
synthesis and delivery of milk (Richert et al., 
2000), while the non-secretory assemblage of the 
extracellular matrix provides key structural and 
metabolic support to the gland. The dynamic 
rearrangement of the extracellular matrix 
throughout the distinct developmental stages is 
vital to the biochemical and biophysical 
morphogenesis of the organ (Masso-Welch et al., 
2000). Importantly, critical changes in the 
mammary gland’s parenchymal architecture, 
cytoskeletal remodeling, and acquisition of 
biosynthetic competence occur mainly during the 
postnatal period, primarily during pregnancy. 

Hormonal signals are indispensable for 
orchestrating mammary gland development during 
mammogenesis, lactogenesis, and galactopoiesis. 
During pregnancy, the dramatic growth and 
functional differentiation of the gland is 
dependent on prolactin (PRL) secreted by the 
pituitary gland (Ormandy et al., 1997; Topper and 
Freeman, 1980). In addition, the role of PRL in 
alveologenesis, milk synthesis, and galactopoiesis 
in various species is well documented (Brisken et 
al., 1999; Hennighausen and Robinson, 2005). 
PRL also regulates the synthesis and transport of 
the complex mixture of nutrients dispersed in milk 
(Bole-Feysot et al., 1998; Ormandy et al., 1997). 
The distinct effects of PRL in the mammary gland 
are mediated principally by membrane-anchored 
receptors (Bole-Feysot et al., 1998). Notably, an 
intact cytoskeleton is critical for the 
transmembrane activation and transduction of 
these pleiotropic PRL signals through the 
prolactin receptor (PRLR) (Zoubiane et al., 2004).  

The cytoskeleton is an interconnected lattice 
of microfilaments, intermediate filaments, and 
microtubules that extends throughout the 
cytoplasm. Its dynamic and adaptive configuration 
is vital for cell architecture, organelle movement, 
cytokinesis, and extracellular environment sensing 
(Flusberg et al., 2001; Hughes-Fulford, 2003). 
The cytoskeleton plays a key role in coordinating 

the communication between the extra- and 
intracellular signals in tandem with mediating 
cell-to-cell interactions (Janmey, 1998). Actin and 
tubulin are crucial for the PRL-dependent 
development of the mammary gland (Zoubiane et 
al., 2004). Aberrations in the cytoskeletal 
structure are known to disrupt intracellular 
signaling machinery and impact functional output 
(Flusberg et al., 2001; Hughes-Fulford, 2003). 
Therefore, precise cytoskeletal composition and 
assembly are instrumental in the global 
development of the mammary gland, architectural 
alignment of the mammary tissue elements, and 
synchronization of functionality through 
coordinated extra- and intracellular interactions 
(Xu et al., 2009). 

Spaceflight and other gravitational load (g-
load) studies have shown the diverse effects of 
altered gravity on reproduction and mammary 
gland function (Bojados and Jamon, 2011; Casey 
et al., 2015; Casey et al., 2012; Lintault et al., 
2007; Megory and Oyama, 1984; Plaut et al., 
1999; Simeoni et al., 2005). Interestingly, results 
from microgravity and hypergravity (HG) studies 
show a continuum of responses for a number of 
biological systems, including the mammary gland 
(Casey et al., 2015; Plaut et al., 2003). Although 
HG exposure had no effect on the number of pups 
born, 50% of the pups from HG dams do not 
survive beyond 48 h (Casey et al., 2012; Lintault 
et al., 2007). Furthermore, lipogenesis in the 
mammary gland is impaired in altered gravity 
(Casey et al., 2012; Lintault et al., 2007; Patel et 
al., 2008). Results from an earlier study suggest 
that HG-exposed mammary gland metabolic 
output may be mediated by factors other than PRL 
and glucocorticoid (Patel et al., 2008). Plausibly, 
exposure to HG alters the mammary gland 
microenvironment, which adversely impacts 
physiological output and potentially compromises 
pups’ survival. 

The cytoskeleton is responsible for sensing 
changes in g-load and mediating structural 
remodeling and related signal transduction (Dai et 
al., 2006). Studies utilizing normal and cancerous 
human cells (Carlsson et al., 2003; Carmeliet et 
al., 1998; Rosner et al., 2006; Sciola et al., 1999), 
as well as plants (Braun et al., 2002; 
Himmelspach et al., 1999), have shown that 
exposure to diverse g-loads leads to an alteration 
in cytoskeletal organization and distribution. 
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Specifically, atypical levels of microfilaments, 
microtubules, and intermediate filaments have 
been associated with abnormal karyokinesis and 
cytokenesis (Carlsson et al., 2003; Carmeliet et 
al., 1998; Meloni et al., 2006; Rosner et al., 2006; 
Sciola et al., 1999). Although the above studies 
provide an understanding of the multiple effects 
of altered gravity on the mechanical support 
structures of a cell, there is no report on the effect 
of altered gravity on these proteins in a dynamic 
organ like the mammary gland across different 
physiological states. 

Despite the description of the effects of HG 
on pregnancy and lactation (Casey et al., 2012; 
Lintault et al., 2007; Megory and Oyama, 1984; 
Plaut et al., 1999; Simeoni et al., 2005), the 
mechanism(s) eliciting these aberrations are not 
completely understood. Moreover, the integrity of 
cytoskeletal structure is crucial for PRL-mediated 
pre- and postpartum mammary gland development 
(Zoubiane et al., 2004), but the impact of HG on 
the cytoskeletal proteins is not clearly understood. 
Therefore, we hypothesize that reduced 
lipogenesis in the HG-exposed mammary gland is 
induced by anomalies in the cytoskeletal 
architecture. In this study, we intended to quantify 
the effect of HG on the cytoskeletal protein 
abundance during the pregnancy-to-lactation 
transition in the rat mammary gland.  

METHODS 

Animals and Treatment Conditions 

The use of female Sprague-Dawley rats 
(Taconic Farms, Germantown, NY) and 
associated research protocols were reviewed and 
approved by NASA’s Ames Research Center 
Institutional Animal Care and Use Committee as 
reported earlier (Lintault et al., 2007; Patel et al., 
2008; Plaut et al., 2003). On gestation day 9 (G9) 
animals were randomly assigned to either the 
control group or one of three experimental 
conditions. These experimental conditions were 
pregnant (G20, n=4-6), postpartum (lactation) day 
1 (P1, n=4-6), and postpartum day 3 (P3, n=4-6). 
During the period of observation, the dams were 
individually housed in maternity cages and 
maintained under standard colony conditions 
(12:12 light/dark cycle [0600:1800]; 21±1oC at 30 
- 50% humidity). The HG dams were placed on 
NASA Ames Research Center’s 24 ft centrifuge 

on day G9 and allowed to acclimatize to 
continuous 2xg force for 48 h (Lintault et al., 
2007; Patel et al., 2008; Plaut et al., 2003). During 
the acclimation phase, animal behavior, feeding, 
body temperature, and weights were observed and 
monitored. The stationary control (SC) dams that 
were exposed to 1xg were housed in the same 
room as the HG rats and placed in identical cages 
to ensure that all groups were exposed to the same 
environmental conditions (light, sound, 
temperature, and humidity). The HG (G20, P1, 
and P3) experimental animals and their respective 
stationary controls were humanely sacrificed 
using isoflurane gas.   Abdominal mammary gland 
tissue was then collected as described previously 
(Patel et al., 2008). The animals from SC and HG 
groups were sacrificed at the same time in the 
circadian cycle. During the experimental period, 
the centrifuge was paused on a daily basis for 
about an hour to clean cages and replenish food 
and water, as well as to monitor animal behavior 
and overall health. 

Immunohistochemistry 

The tissue for immunohistochemistry was 
initially fixed in 10% neutral-buffered formalin, 
and later embedded in paraffin. Thereafter, the 
preparation of tissue sections (5 µm thickness) 
and the immunohistochemistry staining protocol 
were similar to that described elsewhere 
(Bruxvoort et al., 2007; Cao et al., 2013). Staining 
for each antibody was optimized using Ventana’s 
automated staining system (Discovery XT, 
Ventana Medical Systems, Tucson, AZ) and each 
slide was simultaneously stained with two primary 
antibodies. The primary antibodies utilized were 
rabbit monoclonal anti-alpha-smooth muscle actin 
(RB 9010-P0, Neomarkers, Fremont, CA) and 
mouse monoclonal anti-alpha-tubulin (DM1A, 
Sigma, St. Louis, MO) on one slide. The other 
slide was stained with rabbit anti-cytokeratin 
(180052, Life Technologies, Grand Island, NY) 
and mouse monoclonal anti-vimentin (18-0052, 
Invitrogen, Camarillo, CA) antibodies. Reactions 
were observed on the above double-antibody 
stained slides by incubating with anti-mouse/anti-
rabbit multimers [Horseradish peroxidase 
(Diaminobenzidine), Alkaline phosphatase 
(Liquid permanent red)] (Ventana Medical 
Systems, Tucson, AZ).  Hematoxylin was utilized 
as a nuclear-specific counterstain.  
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Imaging and Multi-Spectral Analysis 

Digital micrographs were obtained (10X and 
40X magnifications) from each of the G20, P1, 
and P3 slides using a Brightfield microscope 
(Nikon Eclipse 80i, Nikon Corporation, Japan). 
Thereafter, quantitative immunohistochemistry 
(IHC) analysis was done using the CRi Nuance 
Multispectral Imaging System (Caliper Life 
Sciences, MA) as detailed by others (Fiore et al., 
2012; Huang et al., 2013). Initially, a spectral 
library was created for each chromogen as 
described elsewhere (Fiore et al., 2012; Huang et 

al., 2013), and then randomly selected lobules 
(n=3-7 lobules/micrograph; 4 micrographs/slide) 
were traced using the free-pen tool and analyzed 
using the automated macros of the Nuance 
software. Next, the integrated algorithm of the 
software was used to quantify the staining density 
per antigen [pixel (px) count] within the traced 
lobule. The abundance of each immunostain per 
lobule was then normalized to the hematoxylin 
counterstain. The Nuance software allowed us to 
unmix each chromogen and quantify them 
separately as shown in Figure 1. 

Figure 1.  Representative images of lobular outlining and unmixing for protein quantification.  (a) An overlay 
image.  (b) Overlay image unmixed into blue hematoxylin.  (c) Overlay image unmixed into red cytokeratin.  
(d) Overlay image unmixed into brown vimentin.  The unmixed images of a multi-labeled slide enable 
quantification of individual, as well as overlapping signals within the same outlined lobular border. The scale 
bar represents 50 µm (10X magnification) in the photomicrographs. 

Statistical Analysis 

Data within a group [G20 vs P1, G20 vs P3, 
and P1 vs P3 for HG and SC, respectively) and 
between groups [HG vs SC within G20, P1, and 

P3, respectively] were analyzed using Student’s t-
test (Graph Pad Prism Software 6.07, San Diego, 
CA). Data are expressed as mean ± SEM and 
p<0.05 was considered as significant. 
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RESULTS 

We utilized IHC followed by image analysis 
using the spectral-spatial features of the CRi 
Nuance Multispectral Imaging System to 
investigate the effect of altered gravity on the 
abundance of cytoskeletal and intermediate 
filament proteins in pregnant Sprague-Dawley 
rats. 

First, we determined the unique spectral 
characteristics of each dye/chromophore utilizing 
the Nuance software and then applied these same 
spectral parameters to every imaged section for 
quantification. As illustrated in Figure 1, the 
ability of the program to distinctly separate 
counterstain (hematoxylin) from the target 
analytes allowed us to calculate and express per 
lobule the amount of each chromophore per unit 
of DNA staining. We were also able to determine 
the pixel (px) counts [x,y coordinates] of the 
paired antigens to find out which ones co-localize 
and co-express the chromophores. 

Expression Levels of Microfilament and 
Microtubular Proteins 

Figure 2 shows multiplexed IHC chromogenic 
intensity of actin (red) and tubulin (brown) 
proteins at 10X (Figure 2a), and 40X (Figure 2b) 
magnifications at G20, P1, and P3 within our 
targeted region of interest (lobules) in the 
mammary glands of HG and SC animals. The 
micrographs demonstrate that the microfilament 
and microtubular proteins are expressed during 
pregnancy and lactation in both groups of animals. 

Figure 3 provides a quantitative comparison 
of mammary gland lobular actin and tubulin 
proteins measured in stationary-control (SC) and 
hypergravity-exposed (HG) rat groups.  
Specifically, Figure 3a shows that the actin 
abundance was lowest at G20 (0.8±0.05 px) and 
then increased (p<0.001) by about two-fold 
(1.8±0.11 px) at P1 in SC animals. Thereafter, the 
actin levels further increased (p<0.01) by about 
40% (2.4±0.11 px) by P3 in relation to P1 levels 
in SC group. On the other hand, there was no 
difference between G20 (2.1±0.1 px) and P1 
(2.08±0.1 px) actin amounts in the HG group 
(Figure 3a). The actin (2.9±0.17 px) levels then 
increased by approximately 40% (p<0.001) by P3 
compared to P1 stage in HG rats. On the other 

hand, stage-specific comparison across treatment 
groups (SC vs HG) reveals that the HG animals 
express over two-fold (p<0.001) more actin 
protein at G20 and approximately 30% higher 
(p<0.01) levels at P3 compared to the 
corresponding SC cohorts (Figure 3b). 
     There was no difference in the expression of 
tubulin between G20 (12.0±0.83 px), P1 
(11.8±0.77 px), and P3 (13.4±0.92 px) in the SC 
rats (Figure 3c). In contrast, the HG group 
displayed a disparate temporal profile such that 
the highest (p<0.0001) amount of tubulin 
immunostain was present at P3 (23.4±1.41 px) 
and the lowest at P1 (9.4±0.40 px) (Figure 3c). 
Furthermore, the HG animals expressed about 
50% to 75% more tubulin protein at G20 
(p<0.001) and P3 (p<0.001), respectively, in 
comparison to the same time-points in SC group 
(Figure 3d). 

Expression Levels of Intermediate-Filament 
Proteins 

      The subcellular distribution of cytokeratin 
(red) and vimentin (brown) using multiplexed 
IHC is depicted in Figure 4. Following image 
acquisition, the nuclear and cytoplasmic analytes 
were unmixed, and each protein was separately 
quantitated based on the spectral libraries created 
using Nuance Imaging System. Figure 5 provides 
a quantitative comparison of mammary gland 
lobular cytokeratin and vimentin proteins 
measured in stationary-control (SC) and 
hypergravity-exposed (HG) rat groups A three-
fold (p<0.0001) increase in the expression of 
cytokeratin was noted from G20 (0.084±0.008 px) 
to P1 (0.27±0.008 px) in the SC animals, followed 
by a further increase by about 50% (p<0.05) by P3 
(0.38±0.04 px) relative to P1 amounts (Figure 5a). 
A similar trend of time course increase in the 
expression of cytokeratin from pregnancy to 
lactation was detected in the HG group (Figure 
5a). However, the HG rats expressed about 75% 
(p<0.0001) more cytokeratin at G20 (0.084±0.008 
vs 0.14±0.008 px), as well as approximately 60% 
(p<0.005) more at P1 (0.27±0.008 vs 0.44±0.05 
px) and P3 (0.61±0.05 vs 0.38±0.04 px), 
respective to their SC cohorts (Figure 5b). 
     There was a stage-specific surge in vimentin 
quantity in SC rats, such that it increased by about 
three-fold (p<0.0001) between G20 and P1 
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Figure 2.  Representative immunohistochemistry (IHC) sections of rat mammary gland from stationary-
control (SC) and hypergravity-exposed (HG) animals at day 20 of gestation (G20), postpartum day 1 (P1), 
and postpartum day 3 (P3), stained for actin (red) and tubulin (brown).  (a) Photomicrographs at 10X 
magnification with scale bar representing 50 µm.  Boxes represent images at 40X.  (b) Photomicrographs at 
40X magnifications with scale bar representing 25 µm and arrows point to actin stained in red. 

(0.99±0.03 vs 2.9±0.06 px), as well as between P1 
and P3 (2.9±0.06 vs 8.1±0.32 px) (Figure 5c). In 
contrast, vimentin levels increased by about 50% 

(p<0.0001) between G20 and P1 (2.9±0.08 vs 
4.5±0.28 px), followed by a 300% (p<0.0001) 
increase between P1 and P3 (4.5±0.28 vs 13.5±1.3 
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px) in the HG group (Figure 5c). Moreover, the 
HG animals expressed about three-fold 
(p<0.0001) more vimentin protein at G20 
(0.99±0.03 vs 2.9±0.08 px) compared to SC rats 
(Figure 5d).  Similarly, the amount of vimentin 

protein at P1 (4.5±0.28 vs 2.9±0.06 px) and P3 
(13.5±1.3 vs 8.1±0.32 px) was higher by about 
50% (p<0.0001) in HG animals compared to the 
same stage in SC group (Figure 5d).  

Figure 3.  Quantitative comparison of mammary gland lobular actin and tubulin proteins measured in 
stationary-control (SC) and hypergravity-exposed (HG) rat groups following unmixing of chromophores 
using the CRi Nuance Multispectral Imaging System at day 20 of gestation (G20), postpartum day 1 (P1), and 
postpartum day 3 (P3).  (a) Comparison of actin levels within groups. (b) Comparison of actin levels between 
groups.  (c) Comparison of tubulin levels within groups.  (d) Comparison of tubulin levels between groups. 
Data are shown as Mean ± SEM; *means within and between each group are significantly different (*p<0.01; 
**p<0.005; ****p<0.0001). The scale has been expanded in insert Figure 3a and 3b to display the relationship 
of the quantified actin protein.  
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Figure 4.  Representative immunohistochemistry (IHC) sections of rat mammary gland from stationary-
control (SC) and hypergravity-exposed (HG) animals at day 20 of gestation (G20), postpartum day 1 (P1), 
and postpartum day 3 (P3), stained for cytokeratin (red) and vimentin (brown). (a) Photomicrographs at 10X 
magnification with scale bar representing 50 µm.  Boxes represent images at 40X.  (b) Photomicrographs at 
40X magnifications with scale bar representing 25 µm and arrows point to cytokeratin stained in red. 

Gravitational and Space Research     Volume 6 (1) July 2018      65  



Alula et al.  --  Mammary Gland Cytoskeletal Composition in Altered Gravity 

Figure 5.  Quantitative comparison of mammary gland lobular cytokeratin and vimentin proteins measured in 
stationary-control (SC) and hypergravity-exposed (HG) rat groups following unmixing of chromophores using the 
CRi Nuance Multispectral Imaging System at day 20 of gestation (G20), postpartum day 1 (P1), and postpartum 
day 3 (P3).  (a) Comparison of cytokeratin levels within groups. (b) Comparison of cytokeratin levels between 
groups.  (c) Comparison of vimentin levels within groups.   (d) Comparison of vimentin levels between groups. Data 
are shown as Mean ± SEM; *means within and between each group are significantly different (*p<0.05; **p<0.005; 
***p<0.001; ****p<0.0001). The scale has been expanded in insert Figure 5a and 5b to display the relationship of 
the quantified cytokeratin protein.

DISCUSSION 

We investigated the spatiotemporal 
distribution of the cytoskeleton in the mammary 
gland during mammogenesis and lactogenesis, 
during a period of altered gravity using a rat 
model. To our knowledge, the allotment of 
cytoskeletal elements in the mammary gland 
during the pregnancy to lactation transition has 
not been characterized. In addition, the impact of 
altered inertial force on the distribution of these 

cytoskeletal components across the physiological 
phases of pregnancy and lactation has also not 
been described. We observed that an adjustment 
of g-load distorts the abundance of microfilaments 
during physiological phases of both pregnancy 
and lactation (Figure 3). Our findings, however, 
show that the abundance of actin proteins during 
pregnancy and lactation was increased (p<0.001) 
in the mammary gland of HG rats. We noted that 
the effect of HG on the expression of actin was 
more pronounced during the transition between 
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mammogenesis and lactogenesis. A similar 
change in actin levels was reported from cancer 
cells exposed to short term parabolic flight 
maneuvers (Corydon et al., 2016) and random 
positioning machine or clinostat exposure 
(Svejgaard et al., 2015), as well as endothelial 
cells exposed to HG (Cazzaniga et al., 2014) or 
microgravity (Janmaleki et al., 2016). Many other 
studies have reported the immediate effects of 
gravitation fields on microfilament organization 
using an array of cells and tissues (Streuli, 1999; 
Himmelspach et al., 1999; Papaseit et al., 2000; 
Uva et al., 2002; Hughes-Fulford, 2003; Corydon 
et al., 2016). In concert with these reports, our 
results confirm that exposure to chronic HG not 
only alters the spatiotemporal pattern of 
expression of the microfilaments, but also 
markedly increases the quantity of microfilaments 
across two critically important physiological 
phases of pregnancy and lactation. However, 
additional studies are necessary to verify whether 
the observed changes are due to aberrant 
synthesis, inhibition of degradation, or 
redistribution.  

We found that the abundance of tubulin 
protein during pregnancy and early lactation (day 
3) was significantly increased in the mammary
gland of HG rats, with the difference being higher 
during lactation compared to pregnancy. Tubulin 
content does increase in the mammary gland with 
the morphogenesis of lubolo-alveolar units during 
pregnancy and milk secretory activation (Brisken 
et al., 1999; Brisken and O'Malley, 2010; Janmey, 
1998; Loizzi and Shao, 1990). The upsurge in 
tubulin supports the increased synthetic activity of 
mammary epithelial cells and the intracellular 
transport of secretory vesicles for exocytosis 
(Loizzi and Shao, 1990). Therefore, the increased 
levels of tubulin levels at G20 and P3 in HG 
animals do suggest that an alteration in g-load 
induces a dysregulation of tubulin expression at 
these key phases of mammary gland 
differentiation. In human neuroblastoma cells, 
changes in gravitational acceleration modified the 
modular and spatial arrangements of 
microtubules, including their orientation (Rosner 
et al., 2006),  polymerization (Portet et al., 2003), 
and nuclear structural morphology (Crawford-
Young, 2006). In rats, a 10% increase in tubulin 
polymerization occurs during pregnancy, with a 
further graduated increase to peak by about three-

fold at lactation (Loizzi and Shao, 1990). This 
dynamic adjustment in tubulin content coupled 
with polymerization during lactation are pivotal 
for optimum galactopoiesis (Janmey, 1998; Loizzi 
and Shao, 1990). However, in this study, we did 
not explicitly assess the impact of HG on tubulin 
polymerization and protofilament formation in the 
mammary gland across the studied physiological 
stages.  

Cytokeratins are intermediate filaments found 
in cells of epithelial origin and are involved in 
various functions ranging from cellular tensegrity 
to protein localization to mechano-transduction 
(Grimm et al., 2006). In addition, these 
intermediate filaments are the most resilient of the 
intracytoplasmic filaments and they form a 
basket-like structure to anchor the nucleus to the 
cytoplasm. It is known that modification of 
gravitational acceleration distorts this meshwork 
of cytokeratin (Vassy et al., 2001), as well as 
leads to an aberrant expression of cytokeratin 
genes in endothelial cells (Grosse et al., 2012). 
Likewise, other studies reported disorganization 
and rearrangement of intermediate filaments in 
cancer cells (Ulbrich et al., 2011), endothelial 
cells (Wehland et al., 2013), and chondrocytes 
(Aleshcheva et al., 2015). Lactational 
incompetence, milk content alteration, and 
atypical lobulo-alveolar patterning is reported 
with reduction in cytokeratin (Grimm et al., 2006; 
Hadsell et al., 2007; Sun et al., 2010). However, 
the specific impact of increased levels of 
cytokeratin on mammary gland morphology and 
associated functional output requires elucidation. 
Overall, our results using the rat mammary gland 
model are consistent with these earlier studies 
demonstrating that adjustments in gravity do 
influence intracellular intermediate filament 
accretion. 

Vimentin is also an intermediate filament that 
is found in cells of mesenchymal origin. It is part 
of the intracellular scaffolding that plays an 
important role in organelle organization, cell 
attachment, and signaling (Eckes et al., 1998; 
Satelli and Li, 2011). Like keratins, vimentin is 
affected by gravitational fields (Eckes et al., 1998; 
Ulbrich et al., 2011; Ma et al., 2013; Aleshcheva 
et al., 2015; Maier et al., 2015). On the other 
hand, overexpression of vimentin has been 
reported in a wide array of cancers and has been 
linked to facilitating metastases of tumors (Satelli 
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and Li, 2011). Our findings are in agreement with 
earlier studies (Ma et al., 2013; Maier et al., 2015; 
Ulbrich et al., 2011) and show that the 
intermediate filament vimentin is significantly 
elevated in HG-exposed rats during all key stages 
of mammary gland development. However, 
additional studies are needed to determine the 
precise influence of this increased accretion of 
vimentin on optimum mammary gland 
physiology.   

Our earlier studies (Casey et al., 2015; Patel et 
al., 2008) have shown that exposure to altered 
gravity did not affect gestational length, litter size, 
or duration of labor or parturition. However, pup 
survival dropped from 95% at day of parturition to 
approximately 50% by P3 in HG group (Casey et 
al., 2012). While milk bands were visible in the 
HG pups, it was noted that HG dams spent 
significantly more time nursing compared to their 
counterparts (Casey et al., 2012; Patel et al., 
2008). Interestingly, actin-deficient mice also 
display precocious lactation and prolonged 
nursing (Haaksma et al., 2011; Weymouth et al., 
2012). However, actin-null mice failed to nurture 
their offspring effectively (Haaksma et al., 2011; 
Weymouth et al., 2012). Similar to the HG pups, 
pups from actin-null mice fail to gain weight and 
over 60% postnatal mortality was reported 
(Haaksma et al., 2011; Weymouth et al., 2012). 
Cross-fostering of both HG and actin-null mice 
from the day of parturition to their respective non-
manipulated controls increased pup survival in 
both groups to about 90% (Casey et al., 2012; 
Haaksma et al., 2011; Weymouth et al., 2012). 
This suggests that the stunted growth noted in HG 
and actin-deficient pups was not due to an 
anomaly in the pups but associated with impaired 
lactation triggered by the disruption of 
cytoskeleton in the dam’s mammary gland.  

Previous studies established that body and 
mammary gland weights, along with fat stores, 
were significantly reduced in rats exposed to 
altered gravity (Casey et al., 2012; Patel et al., 
2008). Notably, a similar phenotype has been 
previously described in PRLR-knockout mice 
(Freemark et al., 2001). Our earlier study revealed 
aberrant levels of PRLR, together with atypical 
spatiotemporal expression pattern in a number of 
metabolically important organs of animals 
exposed to altered gravity (Casey et al., 2012; 
Patel et al., 2008). Moreover, it is established that 

an integral cytoskeletal microenvironment is 
necessary to orchestrate the PRL-driven 
mammary cell differentiation and metabolic 
homeostasis via the cognate receptor, PRLR 
(Oakes et al., 2006; Zoubiane et al., 2004). 
Therefore, the atypical spatiotemporal profile of 
PRLR observed in our earlier studies (Casey et al., 
2012; Patel et al., 2008), is plausibly triggered by 
the aberrant cytoskeleton architecture observed in 
the present study. Similarly, the inability to 
reverse the lactational defect observed in HG-
exposed dams through supplementation with 
lactogenic hormones (Patel et al., 2008) might be 
partially explained by the failure of the impaired 
cytoskeleton found in this investigation to 
constitutively transduce the downstream 
lactogenic signal.  

CONCLUSION 

Previous studies attributed the reduced 
postpartum mammary metabolic output and 
increased pup mortality rates to deviant PRL 
secretion and abnormal PRLR expression. The 
current study reveals that the atypical cytoskeletal 
architecture may be triggering the reduced 
postpartum mammary metabolic output in rats 
exposed to altered gravity. We hypothesize that 
the impaired cytoskeleton significantly modifies 
the microenvironment and leads to asynchronous 
lactogenic signaling by altering the expression of 
PRLR in the mammary gland.  
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