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ABSTRACT: Bacterial lipopolysaccharide (LPS) endotox-
in challenge during late gestation can alter hypothalamic-
pituitary-adrenal-axis (HPAA) development of the fetus. In 
this study, ewes were fed fishmeal (FM) or soybean meal 
(SM) from gestation day (gd) 100 through lactation to de-
termine if n-3 PUFA supplementation influences LPS-
induced fetal programming. Half the ewes from each die-
tary treatment were administered LPS or saline as control 
(CON) on gd135. At 6-months-of-age, female offspring 
were slaughtered and RT-PCR was performed to assess the 
expression of hippocampal glucocorticoid receptors (GR) 
and mineralcorticoid receptors (MR), and adrenal melano-
cortin 2 receptors (MC2R) and GR. The FM+CON off-
spring had the greatest hippocampal GR and MR expres-
sion, and FM+LPS offspring had higher GR expression 
compared to SM+LPS offspring. However, the reverse was 
true with hippocampal MR expression. This study demon-
strates hippocampal GR and MR expression is influenced 
by LPS-simulated maternal infection and by supplementa-
tion with FM.  
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Introduction 
 

Adverse uterine environments caused by maternal 
stress during microbial infection can alter genetic pro-
gramming of the offspring. Stress-induced fetal program-
ming is thought to provide an adaptive advantage that pre-
pares the offspring for the ex utero environment. However, 
when the intra-uterine environment does not match the ex-
ternal environment, offspring are more susceptible to a va-
riety of inflammatory diseases as well as alterations in their 
stress responsiveness (Reynolds (2013)).  

 
There appear to be critical periods during devel-

opment where different organs and tissues are most suscep-
tible to adverse uterine environments. The fetal hypotha-
lamic-pituitary-adrenal-axis (HPAA) for example, is highly 
susceptible to maternal stress-induced programming, and 
changes in offspring stress responsiveness have been noted 
into adulthood (Bloomfield et al. (2003); Fisher et al. 
(2010)). From a livestock management perspective, this is 
concerning because the HPAA is responsible for respond-
ing to perceived threats as well as restoring homeostasis 
following stress. Therefore, changes in HPAA program-
ming may affect how individual animals handle daily man-

agement stressors as well as their susceptibility to infec-
tious disease. For this reason, there is now great interest in 
understanding the mechanisms of action behind HPAA 
programming, and much focus has been placed on the glu-
cocorticoid (GR) and mineralcorticoid receptors (MR) of 
the HPAA because of their involvement in negative feed-
back regulation of the stress response.  

 
Previous studies from our lab have demonstrated 

that maternal supplementation with fishmeal (FM) and late 
gestation bacterial lipopolysaccharide (LPS) endotoxin 
challenge altered the cortisol response of offspring at vari-
ous stages of life (Fisher et al. (2014)). Therefore, the pur-
pose of this study was to investigate whether there are al-
terations in hippocampal GR and MR as well as adrenal GR 
and melanocortin 2 receptor (MC2R, the ACTH receptor) 
expression in 6-month-old offspring born to ewes that were 
supplemented with FM and stress challenged with LPS to 
simulate a bacterial infection during late pregnancy. 

 
Methods 

 
Animal Procedures. Fifty-four cross-bred 

Rideau-Arcott ewes were used in a randomized complete 
block design. On day 100 of gestation (gd 100), ewes were 
allocated to a control diet containing 4% soybean meal 
(SM) or a diet containing 4% fishmeal (FM). Ewes were 
fed twice a day and received a total amount of 2.64 kg of 
feed/day during gestation. On gd 135, half the ewes from 
each dietary treatment were subjected to LPS challenge 
with a 2 ml i.v. bolus of 1.2 µg/kg body weight of Esche-
richia coli LPS dissolved in saline, or a 2 ml bolus of saline 
for control (CON). This resulted in 4 treatment groups 
FM+LPS, FM+CON, SM+LPS and SM+CON. Parturition 
occurred between gd 136-144. Ewes were allowed to raise a 
maximum of two lambs to ensure adequate milk supply and 
minimize feeding competition. The lambs were weaned at 
50 days of age and raised until 6 months of age at which 
point the female offspring were slaughtered and adrenal and 
hippocampal tissue was collected. 
 

Sample Handling. RNA was extracted from both 
the hippocampus and adrenal gland using the Trizol method 
(Invitrogen, Burlington) and quality was assessed using the 
Nanodrop 8000. It was then reverse transcribed to cDNA 
using SuperScript III reverse transcriptase (Invitrogen, On-
tario). Real-time PCR was performed to assess the mRNA 
expression of hippocampal MR and GR, adrenal MC2R and 



GR and the reference gene glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH). cDNA samples from 6-month-
old sheep were amplified under the following cycle condi-
tions: 50oC for 3 min, 95oC for 5 min, 95oC for 15 sec, an-
nealing temperature for 30 sec and 72oC for 30 sec. The 
annealing temperatures were as followed: 60oC for MR, 
GR, and MC2R, while 61oC was used for GAPDH. A 
standard curve was constructed using two-fold serial dilu-
tions of standards specific for each transcript. All genes of 
interest were compared to the internal control GAPDH that 
did not change across treatment groups. Primer sequences 
are presented in Table 1. Results were expressed as a ratio 
of the relative CT value of interest/relative CT value of 
GAPDH. Melting curve analysis demonstrated a single 
PCR product for all genes of interest and in all tissue. This 
was confirmed by gel electrophoresis. 

 
Table 1: RT-PCR primer sequences used to measure 
adrenal MC2R and GR, and hippocampal MR and GR, 
mRNA expression 
Gene  Sequence 5’-3’ Product 

size, bp 
Glucocorticoid 
Receptor (Fwd) 

GCCCAAACCCTTTACTTTCAC 224 

Glucocorticoid 
Receptor (Rev) 

CTCCCAACCCTTGACTTTTTC 

Mineralocorticoid 
Receptor (Fwd) 

TCCAAAGGATGGCCTCAAAA 73 

Mineralocorticoid 
Receptor (Rev) 

ATCTTTCTCAGCTCCTTGATGTAATTT 

MC2R (Fwd) ACTGCACACAGGAAAGATGAGA 131 

MC2R (Rev) CTCCGACAATGGATACTGTGAA 

GAPDH (Fwd) TAACTTCTGTGCTGTGCCAGCC  
103 

GAPDH (REV) TTAAAAGCAGCCCTGGTGACC 

 
 

Statistical Analysis. Statistical analyses of gene 
expression data were carried out in a randomized block 
design. The analysis accounted for diet, treatment as well as 
ewe. Residual plots were examined and showed no evi-
dence of variance heterogeneity. The mixed-model proce-
dure from SAS was used to analyze all CT values from the 
genes of interest. Polynomial contrasts were used to assess 
changes in mRNA expression including interactions with 
treatment and diet. Significance was reported at P < 0.05.  

 
Results and Discussion 

 
The focus of this study was to investigate the ef-

fects of maternal supplementation with FM on female off-
spring’s adrenal and hippocampal GR, MR, and MC2R 
expression following a simulated bacterial infection during 
late gestation. 
 

Differences in gene expression were observed in 
the hippocampus of the 6-month-old female offspring.  It 
was observed that MR expression was greater in FM+CON 
versus FM+LPS offspring (P<0.01; Figure 2A), while 
FM+LPS offspring had lower MR expression compared to 
SM+LPS offspring (P<0.01). The FM+CON lambs had the 

greatest hippocampal GR and MR expression compared to 
all other treatment groups (P<0.01; Figure 2B). Hippocam-
pal GR gene expression was greater in FM+LPS versus 
SM+LPS offspring (P<0.01; Figure 2B). To our knowledge 
this is the first study to examine the effect of FM supple-
mentation on GR and MR expression in the hippocampus of 
the 6-month-old offspring following a simulated maternal 
infection.  

 
Since the hippocampus plays a critical role in 

down-regulating the cortisol response through the negative 
feedback loop, a decrease in the expression of GR and MR 
may result in a prolonged or increased cortisol response for 
FM+LPS offspring compared to FM+CON offspring. 
Therefore, the results observed in the current study could 
explain the recently reported increase in cortisol concentra-
tion in the FM+LPS female offspring following the stress 
of weaning at 50 days and a LPS challenge at 5.5 months 
postpartum (Fisher et al. (2014)).  However, the SM+LPS 
offspring had lower hippocampal GR expression compared 
to FM+LPS offspring, yet their cortisol response followed 
the opposite trend (Fisher et al. (2014)). Therefore, results 
from this study do not completely explain previously re-
ported increases in FM+LPS cortisol concentration com-
pared to the SM+LPS treatment group. This suggests that 
additional epigenetic or genetic mechanisms may be in-
volved.  

 

 
Figure 1: Hippocampal MR and GR and adrenal MC2R 
and GR expression in 6-month-old female offspring. 
This figure depicts offspring born to dams supplement-
ed with fishmeal and challenged with saline (FM+CON) 
or endotoxin (FM+LPS), or offspring born to dams 
supplemented with soybean meal and challenged with 
saline (SM+CON) or endotoxin (SM+LPS). Data is re-
ported as least squared means ± SE. Significant differ-
ences are reported as P < 0.05 as indicated by the differ-
ing letters 
 

 
It is somewhat surprising that there were no differ-

ences in hippocampal GR and MR expression observed 
between 6-month-old SM+LPS and SM+CON offspring as 



previous ovine and rodent studies have shown that admin-
istration of synthetic GCs, such as dexamethasone and be-
tamethasone, alter GR and MR mRNA expression into 
adulthood (Levitt et al. (1996); Sloboda et al. (2008)). 
However, fetal programming studies have produced incon-
sistent results when examining alterations in HPAA GR and 
MR expression at all stages of life that may be attributed to 
different types or degrees of stressor, as well as species and 
gender differences (Lingas and Matthews (2001); Dean and 
Matthews (1999); Sloboda et al. (2008)). 

 
In this study, there were no differences in adrenal 

MC2R or GR gene expression in 6-month-old offspring 
(P>0.1; Figure 2C&D), which is interesting because previ-
ous studies have shown that prenatal stress alters adrenal 
receptor expression (Schwerin et al., 2005; Waddell et al., 
2010). Adrenal MC2R expression in pigs for example, de-
creased in the male fetus following repeated treatment of 
the sow with ACTH (Schwerin et al. (2005)). However, this 
alteration in the MC2R expression did not persist into the 
neonatal period, as no difference was observed between the 
prenatally stressed and the control males following mater-
nal deprivation (Schwerin et al. (2005)). However, a more 
recent rodent study found a significant increase in MC2R 
expression in 6-month-old offspring born to dexame-
thasone-treated dams (Waddell et al. (2010)). Interestingly, 
when n-3 PUFAs were added to the maternal diet of these 
rats, MC2R expression levels remained similar to the con-
trols (Waddell et al. (2010)). Although data from these 
studies suggests that n-3 PUFA intake protects the offspring 
from programming following maternal stress, the results 
from the present study do not agree. Factors such as, differ-
ences in experimental protocol, diet formulation as well as 
species-specific differences could account for variations 
between this study and those previously performed.  

 
It is apparent from this study that FM supplemen-

tation of dams alters the GR and MR expression in the hip-
pocampus exhibited through the dramatic increase in gene 
expression found in FM+CON offspring. The increase in 
both these receptors in the hippocampus suggests quick 
resolution following perceived stressors, as there is the po-
tential for increased GRs and MRs to bind cortisol down 
regulating the stress response through an enhanced negative 
feedback loop. This could be advantageous in dealing with 
day-to-day stressors although it needs to be assessed 
through additional studies. 
 

 
Conclusion 

 
Overall, this study assessed whether FM supple-

mentation during gestation altered the expression of various 
genes in 6-month-old offspring hippocampus and adrenal 
tissues following a simulated maternal infection. There are 
limited studies that have investigated the effects of n-3 
PUFA supplementation on the cortisol response, and even 
fewer studies examining the gene expression within the 
HPAA. This study demonstrated that fetal hippocampus GR 

and MR genes are susceptible to fetal programming follow-
ing simulated maternal infection. Further studies are war-
ranted to evaluate protein expression, as well as additional 
epigenetic and genetic alterations in the HPAA, sympathet-
ic and parasympathetic nervous systems to gain a greater 
understanding of the mechanisms of action. 
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