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Abstract
The physiological adaptations of the neonatal rat to hypoxia from birth include changes in
gastrointestinal function and intermediary metabolism. We hypothesized that the hypoxic lactating
dam would exhibit alterations in mammary gland function leading to changes in the concentration
of milk peptides that are important in neonatal gastrointestinal development. The present study
assessed the effects of chronic hypoxia on peptides produced by the mammary glands and present
in milk. Chronic hypoxia decreased the concentration of epidermal growth factor (EGF) in expressed
milk and pup stomach contents and decreased maternal mammary gland Egf mRNA. The
concentration of parathyroid hormone-related protein (PTHrp) was unchanged in milk and decreased
in pup stomach contents; however, mammary Pthlh mRNA was increased by hypoxia. There was a
significant increase in adiponectin concentrations in milk from hypoxic dams. Chronic hypoxia
decreased maternal body weight, and pair feeding normoxic dams an amount of food equivalent to
hypoxic dam food intake decreased body weight to an equivalent degree. Decreased food intake did
not affect the expression of Egf, Pthlh, or Lep mRNA in mammary tissue. The results indicated that
chronic hypoxia modulated mammary function independently of hypoxia-induced decreases in
maternal food intake. Decreased EGF and increased adiponectin concentrations in milk from hypoxic
dams likely affect the development of neonatal intestinal function.
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Introduction
The energy demands placed on lactating mammals are increased compared to nonlactating
animals [1-3]. Alterations in maternal food intake may have profound effects on the
development of the neonate via changes in milk composition and/or production [4-6]. Systemic
hypoxia modulates a number of physiological systems and has significant effects on food intake
[7-14]. In addition, chronic hypoxia during lactation may affect the composition of expressed
milk via alterations in maternal metabolism and mammary gland physiology [15-17].
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We and others have previously shown that chronic hypoxia from birth attenuates body weight
gain in neonatal rats [18-20]. We hypothesized that the lactating dam exhibits significant
changes in mammary gland function and milk composition in response to chronic hypoxia,
which would be very important in the maternal neonatal adaptation to altitude. This theory may
also provide an approach to exploring possible modifications to the food composition given to
hypoxic neonates. That is, a maternal adaptation in mammary gland physiology and milk
composition may reveal physiological changes that could be exploited in clinical neonatology.

We have also previously demonstrated changes in the lipid content and profile of the stomach
contents (used as a surrogate for milk composition) of hypoxic nursing pups [15,16,21].
Comprehensive lipid profiling revealed large increases in diacylglyceride concentrations in the
stomach contents of hypoxic pups, along with increases in specific saturated (e.g., palmitate)
and polyunsaturated (e.g., alpha-linolenate) fatty acid concentrations [15]. Changes in milk
lipid composition may have profound effects on the neonatal adaptation to hypoxia, including
alterations in hepatic function [8,10,18].

Milk also contains a variety of bioactive proteins that influence neonatal function [5,22,23].
We have previously demonstrated increases in lactase and maltase activity in the small intestine
of PD7 rat pups exposed to hypoxia from birth [24]. Intestinal disaccharidase activity may
serve as an index of mucosal functional development in the neonatal rat [25]. We have also
demonstrated changes in intermediary metabolites and insulin sensitivity in neonates exposed
to hypoxia from birth [18,20,26]. As a result, we were particularly interested in four peptides
contained in milk that may alter gastrointestinal development and intermediary metabolism in
the nursing neonatal rat pup. Milk-derived epidermal growth factor (EGF) induces the
maturation of small intestinal enzyme activity and promotes differentiation of intestinal
epithelial cells [5,25]. Milk-derived parathyroid hormone-related peptide (PTHrp) plays a role
in small intestinal growth and differentiation, in addition to influencing neonatal calcium
homeostasis [27,28]. The adipose tissue-derived hormones leptin and adiponectin, also present
in milk, affect a wide variety of physiological systems in the neonate, including modulation of
hypothalamic-pituitary-adrenal (HPA) axis function, insulin sensitivity, short-term feeding
behavior, and metabolic rate [29-34].

The present study investigated the effects of chronic hypoxia from birth to postnatal day (PD)
7. Real-time PCR analysis of mammary gene expression was performed, with a special focus
on the expression of the genes encoding for EGF (Egf), PTHrp (Pthlh), leptin (Lep), and
adiponectin (Adipoq). The concentrations of these peptides were assessed in maternal milk
and/or stomach contents of nursing pups. We hypothesized that exposure to chronic hypoxia
causes significant changes in milk-derived peptide composition that are reflected in changes
in gene expression. This adaptation may modulate neonatal small intestinal enzyme activity,
which we have demonstrated previously [35]. Because we have also shown that hypoxia lowers
maternal food intake [7], we studied normoxic dams that were fed ad libitum and normoxic
dams that were pair fed to account for the effects of decreased caloric intake per se on milk
composition. Maternal body weight and mammary gene expression were measured as part of
this initial investigation.

Methods
Animal treatment

The Institutional Animal Care and Use Committee of Aurora Health Care approved the animal
protocols. Timed-pregnant Sprague-Dawley rats (Harlan Sprague Dawley, Indianapolis, IN; n
= 36) were obtained at 14 days gestation and maintained on a standard diet and water ad
libitum in a controlled environment (0600-1800 lights on). As soon as a litter was completely
delivered, the dam and her pups were immediately moved to an environment chamber and
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exposed to 21% (normoxia group; n = 14) or 12% (hypoxia group; n = 13) O2 as described
previously [12,13,16,20,36]. Litter size was normalized to 12 pups per litter (mixed sexes).
Maternal food intake was measured in normoxic and hypoxic dams as described previously
[7]. The amount of food equivalent to the average daily intake of the hypoxic dams was then
given to a separate set of normoxic dams (pair-fed group; n = 9).

Collection of pup stomach contents, dam’s milk, and mammary tissue
All experimentation was performed on the morning of PD7. Pups were removed from their
dams and quickly decapitated. Recently ingested stomach contents were harvested from the
forestomach through a midline abdominal incision, weighed, and frozen in liquid N2. Only full
stomachs were analyzed, and separate samples were taken from 2-3 pups per litter (n = 12 per
treatment; normoxia and hypoxia groups only). Rat milk was obtained from lactating dams as
described previously [16,37]. Briefly, after the removal of the entire litter, dams were kept in
the environment chambers for one hour. Each dam was lightly anesthetized with methohexital
sodium (Brevital; ∼0.3 mg/kg i.p.) and weighed, followed by administration of oxytocin (15
IU i.p.; Sigma Chemical, St. Louis, MO). Five minutes after the oxytocin injection, nipples
were warmed (water-soaked cotton), and expressed milk was collected by gentle aspiration
and frozen for further analysis (n = 7-8 per treatment; normoxia and hypoxia groups only).
Mammary tissue was collected from nipples not used for milk collection, with one sample from
each dam. Tissue was weighed and frozen in liquid N 2 for RNA extraction and real-time PCR
analyses (n = 7-9 per treatment; normoxia, hypoxia, and normoxia pair-fed groups).

RNA isolation and real-time PCR analysis
RNA samples were prepared by tissue extraction with guanidine thiocyanate, purified by
CsCl2 centrifugation, and treated with DNase before assay to destroy any contaminating
genomic DNA. Each RNA sample was assayed in triplicate; a fourth tube per sample containing
no reverse transcriptase was included as a control for contaminating genomic DNA. Messenger
RNA levels were quantitated using the Taqman RT-PCR protocol (Applied Biosystems, Inc.
[ABI], Foster City, CA). Emitted fluorescence was detected with the ABI Prism 7700 Sequence
Detection System (SDS) instrument. Data analysis was performed with the SDS software. The
manufacturer’s protocol was followed, with the exception that the concentrations of certain
reagents were adjusted as follows: each reaction tube contained 0.25 μgtotal RNA, 2.5 μl
TaqMan buffer A (10×), 2 μl dNTP mix (2.5 mmol/l dATP, 2.5 mmol/l dCTP, 2.5 mmol/l
dGTP and 5 mmol/l dUTP), 0.375 μl each of forward and reverse primers (20 μmol/l), 4 μl
MgCl2 (25 mmol/l), 0.025 μl probe (100 μmol/l), 0.25 μl MuLV reverse transcriptase (50 units/
μl), and 0.25 μl Amplitaq Gold (5 units/μl) in a total volume of 25 μl. Values in parentheses
indicate stock, not final, concentrations. One tube per assay contained water in place of RNA
as a control for RNA or DNA contamination of the solutions. The temperature profile was 30
minutes at 42°C, 10 minutes at 95°C, 15 seconds at 95°C/1 minute at 60°C for 40 cycles, and
5 minutes at 23°C. Primer (Integrated DNA Technologies, Inc., Coralville, IA) and probe (ABI)
sequences are presented in Table 1. The number of cycles to reach a given threshold value
(Ct) is inversely related to the initial abundance of a specific mRNA at the start of the reaction.

EGF assay
EGF concentrations in milk and stomach contents were measured by a modification of a
radioimmunoassay published previously [38]. Anti-rat EGF antibody, purified rat EGF, and
goat anti-rabbit IgG were purchased from Biomedical Technologies (Stoughton, MA). [125I]
EGF (specific activity 186 μCi/μ g) was prepared by a standard chloramine-T reaction and
fractionated by HPLC (Peptide Radioiodination Service Center, University of Mississippi,
University, MS). The standard curve ranged from 0.025 to 2.5 ng/tube. Milk was diluted 1:50
and 1:100 in assay buffer. Stomach contents were homogenized in assay buffer (1:1 w/v) and
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then diluted 1:50 in the assay buffer. The linearity of dilution and recovery of EGF in the
samples were verified.

PTHrp, adiponectin, and leptin assays
The linearity of dilution and recovery of the analytes from milk and stomach contents were
verified for each assay. PTHrp was measured by two-site immunoradiometric assay
(Diagnostic Systems Laboratories, Inc., Webster, TX) specific for PTHrp(1-86) as described
previously for the analysis of rat milk [28]. Milk and homogenized stomach contents were
diluted 1:500 and 1:1000 in assay buffer. Adiponectin was measured by ELISA (B-Bridge
International, Inc., Sunnyvale, CA) after a 1:500 dilution of milk in assay buffer. Leptin was
measured by ELISA (Crystal Chem, Inc., Downers Grove, IL) after 1:5 and 1:10 dilutions of
milk in assay buffer.

Statistical analyses
Data for milk, stomach contents, and body weight measurements were analyzed by one-way
analysis of variance (ANOVA), with a value of p<0.05 considered significant. The Ct (cycles
to threshold) values obtained from real-time PCR were also analyzed by one-way ANOVA,
with a value of p<0.05 considered significant. All post hoc analyses were performed by the
Student-Newman-Keuls method for multiple comparisons (SigmaStat 2.03).

Results
Hypoxia from birth to PD7 significantly decreased EGF concentrations in both milk (p<0.001)
and stomach contents (p<0.04; Fig. 1). The magnitude of the decreases between the two sample
sources was similar (20-30%). The concentration of PTHrp in expressed milk was not affected
by hypoxia (p>0.05); however, PTHrp concentrations in the stomach contents of hypoxic pups
were decreased by more than 50% (p<0.04; Fig. 1). Leptin concentrations in milk were not
affected by hypoxia (p>0.05). Adiponectin concentrations in milk were significantly increased
by hypoxia (779±186 ng/ml) compared to normoxic control (470±42ng/ml; p<0.03).

Fig. 2 illustrates the effects of hypoxia on mammary tissue Egf and Pthlh mRNA expression.
As outlined in the Materials and Methods section, the Ct value (y-axis) is inversely related to
the amount of mRNA present in the sample; therefore, the data are plotted from high to low
Ct. In Fig. 2, the panel on the left illustrates a significant hypoxia-induced decrease in mammary
Egf mRNA expression (p<0.005). The right-hand panel shows that Pthlh mRNA expression
in mammary tissue was significantly increased by hypoxia (p<0.003). Table 2 lists mRNA
expression data for other genes chosen for their possible significance in the mammary response
to hypoxia. The only other gene to be significantly influenced by hypoxia encodes a
sodiumiodide symporter (Slc5a5; p<0.001). Note that the expression of Rpl19, which served
as an endogenous control to account for sample and assay variability, was not significantly
altered by hypoxia.

Fig. 3 shows the effects of hypoxia and pair feeding on maternal body weight, as compared to
the normoxic control. Hypoxia from parturition to PD7 significantly decreased maternal body
weight (from 281 ±4g to 247±5g; p<0.001). The hypoxia-induced decrease in maternal body
weight coincided with the decrease in food intake that we previously reported [7]. Based on
these observations, normoxic dams (with their litters) were pair fed according to hypoxic dam
intake. As shown in Fig. 3, pair-fed normoxic dams also exhibited a significant decrease in
body weight (p<0.001), equal to the magnitude of the decrease in hypoxic dams.

As a screening tool to examine the effects of pair feeding on lactation, real-time PCR analyses
were performed on control and pair-fed maternal mammary tissue (Table 3). Interestingly, the
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mRNA expression of Egf, Pthlh, and Slc5a5 was not affected by decreased food intake (p>
0.05), although it was affected by hypoxia per se. Pair feeding significantly increased the
expression of the following genes in maternal mammary tissue: Thra, Thrb, Hsd11b1, and
Slc2a4. As with hypoxia, there was no effect of pair feeding on Rpl19 expression.

Discussion
The present study demonstrated that chronic hypoxia induces changes in the concentrations of
bioactive peptides in maternal milk. A majority of these changes correlate with changes in
mRNA expression. Hypoxia from birth to PD7 decreased the concentrations of EGF in
expressed milk and pup stomach contents, while also decreasing the expression of the Egf gene
in mammary tissue. PTHrp concentrations were unaltered in milk but were decreased in the
stomach contents of hypoxic pups. Interestingly, Pthlh mRNA expression was significantly
increased in mammary tissue from hypoxic dams. Adiponectin concentrations were increased
in milk from hypoxic dams, but there were no significant changes in Adipoq mRNA expression
in mammary tissue from these rats. There was no change in milk leptin concentrations or
Lep mRNA expression as a result of hypoxia.

We have previously shown that chronic hypoxia in the neonatal rat elicits a multitude of
physiological adaptations, including changes in intermediary metabolites and HPA axis
function [7,13,15,16,18,20,26,36]. As part of a systematic approach to investigating these
adaptations, we have also shown that the lipid composition of pup stomach contents (used as
a surrogate for milk composition) was increased considerably during hypoxia [15,16]. Stomach
contents of hypoxic pups had increased concentrations of diacylglycerides and saturated (14:0
and 16:0) and polyunsaturated (18:3n-3 and 20:5n-3) fatty acids [15]. Chronic hypoxia also
elicited changes in neonatal digestive function, including increased small intestinal lactase and
maltase activity and decreased pancreatic lipase activity [35,39].

Based on these observations, it seems plausible that our model of chronic hypoxia could offer
unique insight into maternal-neonatal interactions at altitude. In addition, maternal adaptations
to hypoxia also may provide valuable information that could be applied to hypoxic neonates
in a clinical setting (e.g., suggesting possible dietary manipulations). Because we have not yet
determined the role that changes in milk hormone concentrations have on neonatal function,
this discussion will speculate mainly about the potential functional significance of the changes
observed.

Effects of hypoxia on epidermal growth factor
Breast milk contains a wide variety of bioactive substances, including peptides that modulate
many aspects of growth and development [5,22,23]. We chose to measure the concentrations
of EGF, adiponectin, leptin, and PTHrp. EGF has been shown to modulate numerous aspects
of gastrointestinal (GI) development in rats, including small intestinal brush border
disaccharidase activity and functional development of enterocytes [23,25,38]. In the
developing rat stomach, EGF has trophic effects on oxyntic mucosal growth without affecting
functional development [40,41].

In the present study, chronic hypoxia decreased the concentration of EGF in maternal milk and
pup stomach contents and also decreased the expression of Egf mRNA in maternal mammary
tissue. Decreased delivery of milk-derived EGF to hypoxic pups would, at first glance, seem
to be maladaptive in nature. For example, necrotizing enterocolitis (NEC) induced by repeated
asphyxia in neonatal rats could be reversed upon administration of exogenous EGF [42].
Interestingly, supplementation of the neonatal diet with polyunsaturated fatty acid also reversed
NEC using a similar model [43]. Conversely, decreased milk-derived EGF may be a beneficial
adaptation for pup survival. Chronic moderate hypoxia (i.e., 12 %O2) from birth may not trigger
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the development of NEC. Likewise, accelerated maturation of GI function may not be suitable
for the processing of dietary con-stituents presented to hypoxic pups, such as increased milk
lipid content [15,16]. Changes in dietary lipid composition have been shown to directly
modulate small intestinal function [44].

Corticosterone and insulin also have been shown to influence the maturation and function of
the small intestine [45,46].Wehave reported that hypoxia from birth to seven days of age
increased plasma corticosterone and insulin in suckling pups [16,20,36]. Glucocorticoids and
insulin shift the maturation of enzyme functional capacity towards that of the adult, including
increased sucrase and decreased lactase activity [46]. We have previously shown that lactase
and maltase activity was increased in the small intestine of hypoxic pups, while there were no
changes in sucrase activity [35]. Therefore, the enzyme profiles did not correlate with changes
in circulating hormone concentrations. This discrepancy may be explained by the interplay of
other factors, such as decreased milk-derived EGF, changes in milk macronutrient
composition, and / or direct effects of hypoxia on intestinal function. We propose that
maintenance of a relatively immature GI phenotype may better match nutrient intake, its
assimilation into growing tissues, and its use as metabolic fuel with the physiological and
biochemical demands of chronic neonatal hypoxia.

Effects of hypoxia on PTHrp, adiponectin, and leptin
Parathyroid hormone-related protein (PTHrp) is found in a variety of tissues in both fetuses
and adults, including epithelia, mesenchymal tissues, endocrine glands, and the central nervous
system [27]. PTHrp normally serves as a paracrine regulator of calcium metabolism and cellular
growth and development, and it also plays a critical role in the control of digestive function
[27,28,47].In addition, Pthlh mRNA has been detected in the rat stomach [47]. The present
results indicated a significant increase in Pthlh expression in mammary tissue of hypoxic dams;
however, there was a significant decrease in PTHrp concentration in the stomach contents of
hypoxic pups. The discordance between PTHrp concentrations in milk and stomach contents
may be due to increased plasma corticosterone in hypoxic pups [7].Previous studies found that
stress-induced increases in plasma corticosterone inhibited Pthlh expression in the rat stomach
and that this could partly explain the gastric hypercontractility associated with stress [47]. We
speculate that the hypoxia-induced increase in maternal mammary Pthlh expression may serve
to maintain gastric function in the hypoxic neonate. Conversely, it is also possible that
intragastric PTHrp metabolism is increased, as hypoxia has been shown to modulate gastric
function [48,49]. Future studies should measure Pthlh expression in the neonatal stomach to
resolve this issue.

The adipocyte-derived peptides adiponectin and leptin modulate a broad spectrum of
physiological functions but are most widely known for their involvement in the control of
intermediary metabolism and food intake [30-33].Neonatal plasma adiponectin concentrations
are much higher than those in adults, correlate with birth weight, and may be responsible for
increased insulin sensitivity in newborns [30,50]. We have previously shown that chronic
hypoxia in the newborn rat increased plasma adiponectin concentrations [13]. The present
findings indicated increased concentrations of adiponectin in milk from hypoxic dams. To our
knowledge, it is unknown whether adiponectin can be taken up intact from milk and transferred
to the plasma compartment in the neonate. These changes may serve to main tain some degree
of insulin sensitivity in the hypoxic neonate. We have shown that hypoxia induces mild insulin
resistance in the neonate, which could be partly due to increased adrenal glucocorticoid
production [7,20,36].Alternatively,lowoxygenmay directly inhibit insulin signaling, as
highlighted in a recent publication by Kang and colleagues [24]. Whether increased plasma
adiponectin concentrations in hypoxic pups was due to dietary influences or to changes in
endogenous production remains to be elucidated.
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We have previously measured decreased plasma leptin concentrations in newborn rats exposed
to hypoxia from birth [20].Leptin increases metabolic rate, modulates the HPA axis, and
inhibits food intake [14,32,34]. Others have shown that the neonatal stomach absorbs milk-
derived leptin and that this may control short-term feeding behavior [33]. We did not observe
an effect of chronic hypoxia on milk leptin concentrations or mammary Lep expression in the
present study. It is likely then that low oxygen decreased endogenous leptin production in the
neonate, possibly via decreased adipose tissue mass or through a direct effect on Lep gene
transcription [51]. The decrease in plasma leptin in the hypoxic newborn may serve to maintain
adequate food intake and override the anorectic effects of hypoxia per se.

Real-time PCR analyses revealed only one other significant effect of chronic hypoxia on
mammary gene expression. Hypoxia significantly increased the expression of Slc5a5
(Na+ /I - symporter), a gene whose product is responsible for the active transport of iodide into
thyroid follicular cells and other tissues [52].Active iodide transport in the mammary gland,
and the transfer of iodide to milk, provides the necessary substrate needed for neonatal thyroid
hormone synthesis [52]. We have previously shown that neonatal pups exposed to chronic
hypoxia can maintain normal thyroid function [36]. Increased mammary Slc5a5 expression
may have served to provide increased iodide to the neonate, thus maintaining adequate thyroid
function in a situation that requires coordinated metabolic adaptations, such as hypoxia [53].
Further studies will be necessary to fully evaluate the significance of this finding.

Effects of pair feeding on mammary gene expression
The inhibitory effects of hypoxia on food intake have been well described, and we have shown
that chronic hypoxia inhibits maternal food intake [7,14,19].The present study assessed the
possible confounding effects of decreased caloric intake per se on mammary function and
secretory activity during hypoxia. A separate set of normoxic dams was pair fed the amount
of food that was consumed daily by hypoxic dams [7]. Hypoxic and pair-feeding normoxic
dams showed a decrease in body weight, with the decreases being nearly equal in magnitude.
We used real-time PCR analyses of mammary gene expression as an initial screen to evaluate
mammary function. Pair feeding did not affect Egf, Pthlh, Lep, or Slc5a5 mRNA expression.
These results support the hypothesis that hypoxia per se, rather than hypoxia-induced maternal
anorexia, modulated the expression of these genes and the concentration of their products in
milk and stomach contents.

Interestingly, pair feeding affected a different set of genes that were not affected by chronic
hypoxia. Decreased maternal food intake per se caused a significant increase in the expression
of Thra and Thrb (thyroid hormone receptors alpha and beta) in mammary tissue. Previous
studies have shown that decreased maternal food intake decreases mammary milk production,
while others have shown that thyroid hormones were essential for growth hormone- and
prolactin-stimulated milk production [4,6,53].Upregulation of mammary thyroid hormone
receptor expression may have served to maintain adequate milk production in the face of
decreased food intake.

Maternal glucocorticoids modulate mammary gland function during lactation by stimulating
milk protein synthesis and inhibiting mammary gland apoptosis [54]. At the cellular level, the
concentration of glucocorticoid available for binding to gluco-corticoid and mineralocorticoid
receptors is determined by the activity of the 11 β-hydroxysteroid dehydrogenases (11 βHSD1
and 11 βHSD2)[55]. In the present study, we detected expression of the genes encoding these
enzymes (Hsd11b1 and Hsd11b2)in mammary tissue and showed that decreased maternal food
intake (i.e., pair feeding) increased the expression of both genes. Because the enzyme activities
of 11 β HSD1 and 11 βHSD2oppose one another, it is difficult to assign a functional correlate
based on changes in mammary gene expression. Additional measurements, including maternal
plasma and milk corticosterone and 11-dehydrocorticosterone concentrations, will be
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necessary for further assessment of the effects of decreased food intake on mammary
Hsd11b1 and Hsd11b2 expression.

Active glucose uptake and transport into mammary epithelial cells, via the glucose transporters
(GLUTs), are required for milk synthesis [56,57]. Internalized glucose is utilized as a substrate
in the synthesis of lactose, the major milk carbohydrate, and in some species glucose may be
converted into lipids or amino acids [57]. Pair feeding normoxic dams the equivalent of hypoxic
dam food intake elicited a small but significant increase in maternal mammary Slc2a4 mRNA
expression. This gene encodes the GLUT4 protein, most widely known as the insulin-sensitive
glucose transporter associated with muscle and adipose tissue [58]. Previous studies indicated
that expression of Slc2a4 was confined to mammary adipocytes, and it has not been detected
in the milk-synthesizing cells of the mammary epithelium [56]. Taken together with the present
results, these findings indicate that decreased maternal food intake per se may have altered
insulin-sensitive glucose metabolism in mammary adipocytes. Systemic hypoxia is frequently
encountered in the neonatal intensive care unit and is associated with significant morbidity and
mortality [9,59,60].The physiological adaptations to neonatal hypoxia have been well
described, yet optimal treatment strategies aimed at decreasing morbidity and mortality remain
to be identified. Our experimental model allowed the examination of maternal influences on
neonatal adaptations to hypoxia, as both dams and their litters were exposed to hypoxia. The
present results indicated that decreased EGF and increased adiponectin concentrations in milk
from hypoxic dams might confer an adaptive advantage in gastrointestinal and metabolic
function to hypoxic neonates. It has become clear that dietary composition significantly affects
normal development. Therefore, it is logical to suggest that dietary formulations for hypoxic
infants will have a serious impact on their health [3,21]. This fact takes on extra significance
because most sick infants are not breast fed. While preliminary in nature, the present study
outlines the possibility that the evaluation of changes in expressed milk and mammary gland
gene expression might lead to changes in formula composition for hypoxic neonates.
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Fig. 1.
Effects of chronic hypoxia on the concentration of EGF and PTHrp in maternal milk and pup
stomach contents. Dams and their newborn litters were placed in an environmental chamber
at 21%O2 (normoxia group) or 12 % O 2 (hypoxia group) from birth to PD7.Milk was expressed
(n=7-8per treatment) and neonatal stomach contents (n=12 per treatment) were harvested after
one week of continuous hypoxia (on PD7). Data are presented as mean±SEM.*Indicates a
significant difference from thenormoxiagroup(p<0.05).
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Fig. 2.
Effects of chronic hypoxiaon the expression of Egf and Pthlh mRNA in the maternal mammary
gland. Dams and their newborn litters were placed in an environmental chamber at 21 %O2
(normoxia group) or 12 % O2 (hypoxia group) from birth to PD7. The units of the y-axis (C t)
reflect the number of real-time PCR cycles needed to reach the signal intensity of a
predetermined threshold value. Note that a decrease in the C t value indicates an increase in
mRNA expression. Data are presented as mean±SEM.*Indicates asignificant difference from
the normoxia group(p<0.05)(n=7-8samples per treatment).

Bruder et al. Page 13

Horm Metab Res. Author manuscript; available in PMC 2008 August 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Effects of chronic hypoxia and pair feeding on maternal body weight. Dams and their newborn
litters were placed in an environmental chamber at 21 %O2 (normoxiagroup)or 12 % O2
(hypoxia group) from birth to PD7. Maternal food intake was measured daily. A separate set
of normoxic dams was then fed an amount of food equivalent to the daily intake of the hypoxic
dams (normoxia pair-fed group). Maternal body weight was measured daily. The data represent
maternal body weight at PD7 and are presented as mean ± SEM.*Indicates asignificant
difference from the normoxia group (p<0.05).

Bruder et al. Page 14

Horm Metab Res. Author manuscript; available in PMC 2008 August 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Bruder et al. Page 15
Ta

bl
e 

1
N

uc
le

ot
id

e 
se

qu
en

ce
s o

f p
rim

er
s a

nd
 p

ro
be

s u
se

d 
fo

r r
ea

l-t
im

e 
PC

R

G
en

e
G

en
e 

sy
m

bo
l

Fo
rw

ar
d 

pr
im

er
R

ev
er

se
 p

ri
m

er
Pr

ob
e

ep
id

er
m

al
 g

ro
w

th
 fa

ct
or

Eg
f

A
TG

 G
TG

 G
C

G
 T

G
T 

G
C

A
 T

G
T 

A
T

A
TC

 G
TT

 C
TC

 C
A

A
 T

A
T 

A
G

C
C

A
A

 T
G

A
 C

C
A

G
 T

TG
 C

A
C

 A
C

G
 T

A
G

C
G

G
 T

C
C

 A
C

G

pa
ra

th
yr

oi
d 

ho
rm

on
e-

lik
e 

pe
pt

id
e

Pt
hl

h
A

C
A

 A
G

G
 G

C
A

 A
G

T 
C

C
A

 T
C

C
 A

A
C

TC
 C

G
C

 A
A

T 
C

A
G

 A
TG

 G
TG

 G
A

C
T 

TG
C

 G
C

C
 G

C
C

 G
TT

TC
T 

TC
C

le
pt

in
Le

p
G

G
T 

C
A

C
 C

G
G

 T
TT

 G
G

A
 C

TT
 C

A
T

G
G

T 
C

TG
 G

TC
 C

A
T 

C
TT

 G
G

A
C

A
A

C
C

C
 G

G
G

 C
TT

 C
A

C
 C

C
C

A
TT

 C
TG

ad
ip

on
ec

tin
Ad

ip
oq

A
C

C
 C

C
T 

G
G

C
 A

G
G

 A
A

A
 G

G
A

C
C

C
 T

A
C

 G
C

T 
G

A
A

 T
G

C
 T

G
A

G
TG

A
G

C
 C

C
G

 G
A

G
 A

A
G

 C
C

G
C

TT
 A

C
A

 T
G

T

ne
rv

e 
gr

ow
th

 fa
ct

or
N

gf
C

A
T 

A
G

C
 G

TA
 A

TG
 T

C
C

 A
TG

 T
TG

TT
C

 T
TC

T 
C

C
C

 T
C

T 
G

G
G

 A
C

A
 T

TG
 C

T
C

G
G

 T
TC

 T
G

C
 C

TG
 T

A
C

G
C

C
 G

A
T 

C
A

so
lu

te
 c

ar
rie

r f
am

ily
 2

 (f
ac

ili
ta

te
d 

gl
uc

os
e

tra
ns

po
rte

r)
, m

em
be

r 4
Sl

c2
a4

TC
C

 A
TC

 C
C

A
 C

A
A

 G
G

C
 A

C
C

A
A

T 
C

A
T 

G
C

C
 A

C
C

 C
A

C
 A

G
A

G
A

A
C

A
C

 T
A

C
 C

C
T 

TT
G

 G
G

C
TC

T 
C

TC
 C

G
T 

G
G

so
lu

te
 ca

rr
ie

r f
am

ily
 1

6 
(m

on
oc

ar
bo

xy
lic

 ac
id

tra
ns

po
rte

r)
, m

em
be

r 8
Sl

c1
6a

8
G

TG
 T

A
T 

TT
C

 G
C

C
 A

G
C

 G
C

A
 C

G
TA

 A
C

C
 A

A
G

 G
G

C
 A

G
C

 A
G

C
 A

A
C

C
 G

TA
 T

C
T 

G
G

G
 C

C
T

TT
G

 G
G

A
 T

C
G

th
yr

oi
d 

ho
rm

on
e 

re
ce

pt
or

 a
lp

ha
Th

ra
TC

A
 T

C
A

 C
C

C
 C

G
G

 C
C

A
 T

C
C

G
G

 A
G

A
 A

C
A

 T
G

G
 G

C
A

 G
TT

TT
C

C
G

 C
G

T 
G

G
T 

G
G

A
 C

TT
TG

C
 C

A

th
yr

oi
d 

ho
rm

on
e 

re
ce

pt
or

 b
et

a
Th

rb
G

A
C

 A
C

A
 C

TT
 T

TG
 G

C
C

 C
A

A
 A

C
T

C
A

A
G

 C
G

G
 C

TG
 G

C
G

 T
G

G
C

G
G

 A
C

C
 T

G
C

 G
G

A
 T

G
A

TT
G

 G
A

G
 C

so
lu

te
 c

ar
rie

r f
am

ily
 5

 (s
od

iu
m

 io
di

de
sy

m
po

rte
r)

, m
em

be
r 5

Sl
c5

a5
C

TT
 G

C
T 

C
G

A
 C

A
G

 A
C

A
 G

C
G

 T
C

T
TC

C
 C

TT
 C

A
C

 C
A

G
 G

C
T 

C
TC

 C
T

C
C

C
 A

A
A

 G
G

A
 A

G
A

 C
A

C
TG

C
 C

A
C

 C
C

T 
G

hy
dr

ox
ys

te
ro

id
 1

1-
be

ta
 d

eh
yd

ro
ge

na
se

 1
H

sd
11

b1
TT

G
 A

G
T 

C
A

A
 G

C
T 

G
C

T 
C

C
C

 A
A

TT
G

 C
G

C
 A

G
A

 A
C

T 
G

TG
 C

C
T

C
A

G
 G

A
A

 T
G

C
 G

C
C

 C
TG

G
A

G
 A

TC
 A

hy
dr

ox
ys

te
ro

id
 1

1-
be

ta
 d

eh
yd

ro
ge

na
se

 2
H

sd
11

b2
TT

G
 G

C
A

 A
G

G
 A

G
A

 C
A

G
 C

TA
A

G
A

 A
TC

C
 A

A
C

 A
C

A
 G

TG
 G

C
C

 A
G

C
TG

G
 A

TG
 C

C
A

 T
G

G
 G

C
T

TC
A

 C
G

rib
os

om
al

 p
ro

te
in

 L
19

Rp
l1

9
G

C
T 

G
A

T 
C

A
A

 A
G

A
 T

G
G

 C
C

T
G

A
T

C
G

G
 G

C
C

 A
A

G
 G

TG
 T

TC
 T

TC
TG

A
 C

TG
 T

C
C

 A
TT

 C
C

C
G

G
G

 C
TC

 G

Horm Metab Res. Author manuscript; available in PMC 2008 August 8.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Bruder et al. Page 16
Ta

bl
e 

2
Ef

fe
ct

s o
f h

yp
ox

ia
 o

n 
ge

ne
 e

xp
re

ss
io

n 
in

 m
am

m
ar

y 
gl

an
ds

 o
f n

ur
si

ng
 ra

ts

G
en

e
G

en
e 

sy
m

bo
l

N
or

m
ox

ia
H

yp
ox

ia
p-

va
lu

e

ne
rv

e 
gr

ow
th

 fa
ct

or
N

gf
27

.4
8 

± 
0.

24
27

.9
4 

± 
0.

20
p>

 0
.0

5

so
lu

te
 c

ar
rie

r f
am

ily
 2

 (f
ac

ili
ta

te
d 

gl
uc

os
e 

tra
ns

po
rte

r)
, m

em
be

r 4
Sl

c2
a4

26
.2

3 
± 

0.
15

26
.3

7 
± 

0.
24

p>
 0

.0
5

le
pt

in
Le

p
27

.5
0 

± 
0.

29
28

.0
8 

± 
0.

16
p>

 0
.0

5

so
lu

te
 c

ar
rie

r f
am

ily
 1

6 
(m

on
oc

ar
bo

xy
lic

 a
ci

d 
tra

ns
po

rte
r)

,
m

em
be

r 8
Sl

c1
6a

8
22

.8
9 

± 
0.

30
22

.8
6 

± 
0.

08
p>

 0
.0

5

th
yr

oi
d 

ho
rm

on
e 

re
ce

pt
or

 a
lp

ha
Th

ra
21

.5
3 

± 
0.

13
21

.4
5 

± 
0.

10
p>

 0
.0

5

th
yr

oi
d 

ho
rm

on
e 

re
ce

pt
or

 b
et

a
Th

rb
22

.8
3 

± 
0.

34
22

.6
4 

± 
0.

12
p>

 0
.0

5

so
lu

te
 c

ar
rie

r f
am

ily
 5

 (s
od

iu
m

 io
di

de
 sy

m
po

rte
r)

, m
em

be
r 5

Sl
c5

a5
25

.3
0 

± 
0.

10
24

.4
4 

± 
0.

13
p<

 0
.0

01

hy
dr

ox
ys

te
ro

id
 1

1-
be

ta
 d

eh
yd

ro
ge

na
se

 1
H

sd
11

b1
25

.3
8 

± 
0.

34
25

.1
3 

± 
0.

21
p>

 0
.0

5

hy
dr

ox
ys

te
ro

id
 1

1-
be

ta
 d

eh
yd

ro
ge

na
se

 2
H

sd
11

b2
27

.5
5 

± 
0.

19
27

.4
7 

± 
0.

22
p>

 0
.0

5

ad
ip

on
ec

tin
Ad

ip
oq

22
.8

2 
± 

0.
43

22
.1

7 
± 

0.
28

p>
 0

.0
5

rib
os

om
al

 p
ro

te
in

 L
19

Rp
l1

9
18

.0
3 

± 
0.

29
17

.9
3 

± 
0.

16
p>

 0
.0

5

Th
e 

da
ta

 re
po

rte
d 

in
di

ca
te

 th
e 

PC
R

 c
yc

le
 a

t w
hi

ch
 a

 th
re

sh
ol

d 
w

as
 re

ac
he

d 
(C

t).
 T

he
 S

D
S 

so
ftw

ar
e 

au
to

m
at

ic
al

ly
 se

t t
he

 th
re

sh
ol

d 
lin

e 
in

 th
e 

ex
po

ne
nt

ia
l p

ha
se

 o
f t

he
 a

m
pl

ifi
 c

at
io

n.
 A

 lo
w

er
 C

t v
al

ue
in

di
ca

te
s a

n 
in

cr
ea

se
 in

 m
R

N
A

 e
xp

re
ss

io
n 

du
e 

to
 h

yp
ox

ia
. D

at
a 

ar
e 

pr
es

en
te

d 
as

 m
ea

n 
± 

SE
M

 (n
 =

 8
 sa

m
pl

es
 p

er
 tr

ea
tm

en
t; 

ea
ch

 sa
m

pl
e 

ru
n 

in
 tr

ip
lic

at
e 

in
 P

C
R

 a
ss

ay
)

Horm Metab Res. Author manuscript; available in PMC 2008 August 8.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Bruder et al. Page 17
Ta

bl
e 

3
Ef

fe
ct

s o
f p

ai
r f

ee
di

ng
 o

n 
ge

ne
 e

xp
re

ss
io

n 
in

 m
am

m
ar

y 
gl

an
ds

 o
f n

ur
si

ng
 ra

ts

G
en

e
G

en
e 

sy
m

bo
l

N
or

m
ox

ia
 fo

od
 a

d
lib

itu
m

N
or

m
ox

ia
 p

ai
r 

fe
d

p-
va

lu
e

ep
id

er
m

al
 g

ro
w

th
 fa

ct
or

Eg
f

21
.5

6 
± 

0.
17

21
.7

6 
± 

0.
06

p>
 0

.0
5

so
lu

te
 c

ar
rie

r f
am

ily
 2

 (f
ac

ili
ta

te
d 

gl
uc

os
e 

tra
ns

po
rte

r)
, m

em
be

r 4
Sl

c2
a4

25
.6

1 
± 

0.
14

25
.2

9 
± 

0.
05

p<
 0

.0
4

le
pt

in
Le

p
27

.0
9 

± 
0.

27
27

.3
6 

± 
0.

40
p>

 0
.0

5

so
lu

te
 c

ar
rie

r f
am

ily
 1

6 
(m

on
oc

ar
bo

xy
lic

 a
ci

d 
tra

ns
po

rte
r)

, m
em

be
r

8
Sl

c1
6a

8
21

.8
1 

± 
0.

12
21

.9
6 

± 
0.

06
p>

 0
.0

5

th
yr

oi
d 

ho
rm

on
e 

re
ce

pt
or

 a
lp

ha
Th

ra
22

.3
2 

± 
0.

06
21

.7
7 

± 
0.

08
p<

 0
.0

01

th
yr

oi
d 

ho
rm

on
e 

re
ce

pt
or

 b
et

a
Th

rb
21

.8
1 

± 
0.

07
21

.1
8 

± 
0.

08
p<

 0
.0

01

so
lu

te
 c

ar
rie

r f
am

ily
 5

 (s
od

iu
m

 io
di

de
 sy

m
po

rte
r)

, m
em

be
r 5

Sl
c5

a5
24

.9
7 

± 
0.

13
25

.1
1 

± 
0.

12
p>

 0
.0

5

hy
dr

ox
ys

te
ro

id
 1

1-
be

ta
 d

eh
yd

ro
ge

na
se

 1
H

sd
11

b1
25

.5
0 

± 
0.

06
24

.8
2 

± 
0.

08
p<

 0
.0

01

hy
dr

ox
ys

te
ro

id
 1

1-
be

ta
 d

eh
yd

ro
ge

na
se

 2
H

sd
11

b2
27

.8
8 

± 
0.

08
27

.5
1 

± 
0.

09
p<

 0
.0

2

pa
ra

th
yr

oi
d 

ho
rm

on
e-

lik
e 

pe
pt

id
e

Pt
hl

h
23

.6
7 

± 
0.

45
24

.4
9 

± 
0.

28
p>

 0
.0

5

rib
os

om
al

 p
ro

te
in

 L
19

Rp
l1

9
16

.3
2 

± 
0.

32
16

.0
9 

± 
0.

32
p>

 0
.0

5

Th
e 

da
ta

 re
po

rte
d 

in
di

ca
te

 th
e 

PC
R

 c
yc

le
 a

t w
hi

ch
 a

 th
re

sh
ol

d 
w

as
 re

ac
he

d 
(C

t).
 T

he
 S

D
S 

so
ftw

ar
e 

au
to

m
at

ic
al

ly
 se

t t
he

 th
re

sh
ol

d 
lin

e 
in

 th
e 

ex
po

ne
nt

ia
l p

ha
se

 o
f t

he
 a

m
pl

ifi
ca

tio
n.

 A
 lo

w
er

 C
t v

al
ue

in
di

ca
te

s a
n 

in
cr

ea
se

 in
 m

R
N

A
 e

xp
re

ss
io

n 
du

e 
to

 p
ai

r f
ee

di
ng

. D
at

a 
ar

e 
pr

es
en

te
d 

as
 m

ea
n 

± 
SF

M
 (n

 =
 8

-9
 sa

m
pl

es
 p

er
 tr

ea
tm

en
t; 

ea
ch

 sa
m

pl
e 

ru
n 

in
tri

pl
ic

at
e 

in
 P

C
R

 a
ss

ay
)

Horm Metab Res. Author manuscript; available in PMC 2008 August 8.


