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Abstract

There is strong evidence that the immune system changes dramatically during pregnancy in order 

to prevent the developing fetus from being “attacked” by the maternal immune system. Due to 

these alterations in peripheral immune function, many women that suffer from autoimmune 

disorders actually find significant relief from their symptoms throughout pregnancy; however, 

these changes can also leave the mother more susceptible to infections that would otherwise be 

mitigated by the inflammatory response (Robinson and Klein, 2012). Only one other study has 

looked at changes in microglial number and morphology during pregnancy and the postpartum 

period (Haim et al., 2016), but no one has yet examined the neuroimmune response following an 

immune challenge during this time. Therefore, in this study, we investigated the impact of an 

immune challenge during various time-points throughout pregnancy and the postpartum period on 

the expression of immune molecules in the brain of the mother and fetus. Our results indicate that 

similar to the peripheral immune suppression measured during pregnancy, we also see significant 

suppression of the immune response in the maternal brain, particularly during late gestation. In 

contrast to the peripheral immune system, immune modulation in the maternal brain extends 

moderately into the postpartum period. Additionally, we found that the fetal immune response in 

the brain and placenta is also suppressed just before parturition, suggesting that cytokine 

production in the fetus and placenta are mirroring the peripheral cytokine response of the mother.
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1. Introduction

It is well known that the peripheral immune system changes dramatically during pregnancy 

in order to prevent the developing fetus from being attacked by the maternal immune 

system. Many studies have demonstrated that this is the consequence of a transient 

suppression of maternal cell-mediated immunity against the semi-allogenic fetus during 

pregnancy (Mellor et al., 2001; Raghupathy, 1997; Trowsdale and Betz, 2006). For most 

women, these changes in peripheral immune function go unnoticed; however, when this shift 
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in immune function is coupled with sickness, or a pre-existing health condition, many 

women experience a significant change in their health. For example, many women find relief 

from pre-existing autoimmune disorders during pregnancy. In 1938, Hench was the first to 

report that pregnancy could ameliorate the symptoms of rheumatoid arthritis. In these cases, 

patients reported significant improvement of symptoms during their pregnancy, particularly 

later in gestation, and a significant worsening of symptoms in the weeks after giving birth 

(Hazes et al., 2011; Hench, 1938; Nelson and Ostensen, 1997). Similar findings have also 

been reported for women diagnosed with the autoimmune disease multiple sclerosis (MS). 

These women have significantly reduced rates of MS relapse during pregnancy, and a 

significant increase in relapse rates in the first three months postpartum (Bernardi et al., 

1991; Confavreux et al., 1998). Similarly, late pregnancy is also associated with an increased 

severity and mortality associated with a number of infections, both viral and bacterial 

(Robinson and Klein, 2012), such that these effects of pregnancy on peripheral immune 

function directly contribute to an overall female susceptibility to disease. The effects of 

pregnancy on disease susceptibility are a direct result of suppression or modulation of 

specific immune molecules that likely underlie the disease’s progression or remission. Taken 

together, this evidence indicates that pregnancy induces significant modulation of the 

mother’s peripheral immune system and has substantial consequences for her physical 

health.

It is also known that immune dysregulation is often linked to the onset of certain mental 

health disorders, including depression and anxiety (Raison and Miller, 2017; Remus and 

Dantzer, 2016). The peripartum period is a critical time-point in a woman’s life that is 

associated with an increased risk of certain mental health disorders, most notably peripartum 

anxiety and depression, which have also been concurrently linked with altered cytokine 

production in the periphery (Osborne and Monk, 2013). Despite this evidence, researchers 

have yet to determine whether the immune changes we see in the periphery also occur in the 

brain during pregnancy and the postpartum period. Only one other study has looked at 

changes in microglial number and morphology during pregnancy and the postpartum period 

(Haim et al., 2016), but no one has yet examined the neuroimmune response following an 

immune challenge during this time.

Thus, the goal of this study was three fold: first, we wanted to determine the impact of 

pregnancy on immune function in the brain, then, we sought to determine how long these 

changes in the brain persisted postpartum, and finally, we examined the impact of immune 

activation on the expression of immune molecules in the brain of fetal pups, the placenta, 

and in the brain and periphery of the pregnant dams in order to examine the ontogeny of 

these immune responses across the maternal-fetal interface. Similar to previous reports, we 

found that the peripheral immune response is significantly suppressed during pregnancy but 

returns to baseline levels immediately after parturition. In the maternal brain, we see a 

similar suppression of the immune response during pregnancy, particularly during late 

gestation; however, in contrast to the peripheral immune system, this immune modulation 

extends into the postpartum period. Finally, we found that the immune response in the fetal 

brain and placenta are also suppressed during late gestation, mirroring the peripheral 

immune response of the mother, an effect that was not dependent on the sex of the fetus.
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2. Materials and methods

2.1. Animals

All experiments used female Sprague-Dawley rats ordered from Envigo Laboratories 

(Indianapolis, IN). Rats were housed in clear polypropylene cages with ad libitum access to 

food and water in rooms under a 12:12-h light:dark cycle and maintained temperature and 

humidity. All experiments were performed in accordance with the Institutional Animal Care 

and Use Committee of the University of Delaware and under the Guide for the Care and Use 

of Laboratory Animals of the National Institute of Health.

2.2. Breeding

Ninety-six female rats were individually paired with male rats for breeding. Date of 

conception, embryonic day (E) 0, was determined via the presence of a vaginal plug and day 

of birth (typically E23) was assigned as Postnatal (P) Day 0. Rats that did not become 

pregnant at the time of mating were assigned to the Non-pregnant group. Females were pair-

housed in clean cages until one day prior to the administration of Lipopolysaccharide (LPS) 

or saline (at E11 or E21) when they were separated into individual cages and remained 

individually housed for the duration of the experiment. Pups that were born were housed 

with their mothers for the entirety of the experiment. The litters that were born were not 

culled or treated. Following a two-way ANOVA, we did not find a significant main effect of 

Treatment or Condition, and no Treatment × Condition interaction for litter size between 

postpartum groups (P0, P2, and P9).

2.3. LPS treatment

Lipopolysaccharide (LPS) derived from Escherichia coli 0111:B4 was obtained from Sigma-

Aldrich® (Cat. No. L2630). LPS was diluted with sterile Dulbecco’s phosphate buffered 

saline (DPBS) to a concentration of 100 µg/mL. Female rats received either LPS (at a final 

dose of 100 µg/kg in 1 ml/kg) or vehicle (DPBS, 1 ml/kg) via intraperitoneal injections. 

Female rats received the injection on one of the five separate time-points either during 

gestation (E11 or E22) or postpartum (P0, P2, or P9); and non-pregnant rats received the 

injection randomly time-matched to one of the five pregnant groups (N = 96 rats total, n = 8 

rats per treatment group and time-point). LPS is a cell-wall component of gram-negative 

bacteria and was used in these experiments to stimulate a well-characterized cytokine 

response, thus allowing us to determine how pregnancy modulates the central and peripheral 

responses to a systemic immune challenge.

2.4. Euthanasia and perfusion

The female rats were euthanized 4 h after LPS or vehicle administration using an overdose 

of the barbiturate Euthasol® (ANADA 200–071) via intraperitoneal injection. Once 

anesthetized, a serum sample was collected via cardiac puncture and then the rats were 

perfused with 0.9% saline solution to remove circulating peripheral immune cells and 

immune molecules from the brain tissue. After perfusion, half of each brain was extracted 

and the whole hippocampus (HP), and Hypothalamus/Preoptic Area (HyPoA) were micro-

dissected from all 96 rats, and the medial prefrontal cortex (mPFC) was dissected from 84 of 

Sherer et al. Page 3

Brain Behav Immun. Author manuscript; available in PMC 2019 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the rats using the guide of a rat atlas and immediately flash frozen in cold isopentane and 

stored at −80 °C until ready for processing. The hemisphere collected for either analysis was 

randomized. The spleen from all females and the placenta from pregnant females were also 

collected following the perfusion. We also collected tissue from E11 and E22 fetuses. This 

allowed us the opportunity to compare fetal immune response to maternal immune response. 

Tissue from no more than one male and one female pup from each dam were collected and 

used in subsequent analysis (E11 male saline, n = 6; E11 female saline, n = 5; E11 male 

LPS, n = 5; E11 female LPS, n = 7; E22 male saline, n = 8; E22 female saline, n = 8; E22 

male LPS, n = 8; E22 female LPS, n = 8). Fetal brain, tail, and spleen (though not present at 

E11) were collected and immediately flash frozen for analysis. Pups were not collected on 

P0, P2, or P9, but were euthanized via approved methods.

2.5. Real-time PCR

Messenger RNA (mRNA) was extracted from maternal brain, fetal brain, placenta, and 

maternal or fetal spleen tissue using Isol-RNA Lysis Reagent (Cat. No. 2302700, 5 PRIME). 

Extracted RNA (1000 ng) was then subjected to DNase treatment to remove any genomic 

DNA prior to cDNA synthesis using the QuantiTect® Reverse Transcription Kit (Cat. No. 

205314, Qiagen). Relative gene expression was measured using the RealMasterMix™ Fast 

SYBR Kit (Cat. No. 2200830, 5 PRIME) in 10 µL reactions on a CFX96Touch™ real time 

PCR machine for the following genes: IL-1β, IL-6, IL-4, IFNγ, BDNF, and TLR4. These 

particular genes were chosen for analysis due to their involvement in general 

proinflammatory and anti-inflammatory processes (IL-1β, IL-6, IL-4, BDNF) as well as 

their specific involvement in LPS-induced inflammation (IFNγ and TLR4). The primers for 

Il-6 and Rplp1 were QuantiTect® Primer Assays Rn_Il6_1_SG (Cat. No. QT00182896, 

Qiagen) and Rn_Rplp1_1_SG (Cat. No. QT00365561, Qiagen) and were diluted as per the 

Qiagen protocol for the real-time PCR reaction. All other primers were ordered through 

Integrated DNA Technologies and diluted to a final concentration of 0.13 µM for the real-

time PCR reaction. The sequences of primers were as follows: CD11b forward: 

CTGGGAGATGTGAATGGAG, reverse: ACTGATGC TGGCTACTGATG 

(NM_012711.1); IL-1β forward: GAAGTCAAGACC AAAGTGG, reverse: 

TGAAGTCAACTATGTCCCG (NM_031512.2); BDNF forward: 

ATCCCATGGGTTACACGAAGGAAG, reverse: AGTAA GGGCCCGAACATACGATTG 

(NM_001270638.1); IL-4 forward: AAGGAACACCACGGAGAACG, reverse: 

CAGACCGCTGACACCTCTAC (NM_201270.1); TLR4 forward: 

CAGAGGAAGAACAAGAAGC, reverse: CCAGATGAACTGTAGCATTC. Rplp1 was used 

as the reference/housekeeping gene for all samples as it was not significantly different across 

experimental conditions (neither pregnancy, postpartum condition, nor LPS treatment). For 

each reaction, the quantitative threshold amplification cycle number (Cq) was determined, 

and the 2–∆∆Cq method was used to calculate the relative gene expression of each gene in 

question.

2.6. Fetal sex determination

In order to determine the sex of the fetuses, tails were collected from all E11 and E22 

fetuses. Tail DNA was extracted using the Invitrogen Kit (cat. K1820–01). Relative gene 

expression was performed for the sex-specific SRY gene (forward primer: 
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TACAGCCTGAGGACAT, reverse primer: CTGCTTGCTGATCTCTGAAT) using 

quantitative Real-Time PCR. Samples were analyzed using the 2–∆∆Cq method described 

above, with Rplp1 as the housekeeping gene, and all samples that had 2–∆∆Cq values for 

SRY expression above 20 were considered male fetuses, while samples that had 2–∆∆Cq 

values below 5 were considered female fetuses.

2.7. Statistical analysis

Two-way ANOVA tests were used to assess the statistical significance of all data in this 

study using Treatment (LPS vs. saline) and Condition (non-pregnant, E11, E22, P0, P2, and 

P9) as factors of analysis. For the analysis of fetal tissue, Two-way ANOVA tests were used 

to assess the statistical significance of all data using Treatment (LPS vs. saline) and Sex 

(Male vs. Female) as factors. Significant main effects and significant interactions of these 

analyses are reported using p < 0.05. Significant main effects were followed up with Tukey’s 

post hoc test (p < 0.05) to analyze individual group differences. Significant interactions were 

followed up with pairwise comparisons across all groups using Fisher’s least significant 

difference (p < 0.05). From the maternal HyPoA samples, two samples were removed due to 

insufficient levels of RNA. From the maternal hippocampus samples, 2–3 samples (never 

from the same treatment group) per gene analysis had to be removed as significant outliers 

(greater than 3 Standard Deviations from the mean). From the medial prefrontal cortex 

samples that were collected, 4 samples had insufficient RNA levels for processing. In both 

the fetal brain and placenta samples, one sample had to be removed from each analysis due 

to insufficient RNA levels for subsequent analyses. All analyses were confirmed to have 

sufficient power (p = 0.8) to determine significant differences. All graphs represent the 

group mean ± Standard Error of the Mean. Condition × Treatment interactions: Individual 

groups that do not share any similar capital letters are considered significantly different from 

each other (p < 0.05). Main effect of Condition: Groups that do not share any similar 

lowercase letters are considered significantly different (p < 0.05). Main effect of Treatment: 

LPS treated groups with an asterisk are considered significantly different from saline treated 

groups (p < 0.05).

3. Results

An examination of the immune response in the periphery and the brain during pregnancy 

and the postpartum period.

3.1. Maternal spleen

The spleen was analyzed from females in the current experiment as a proxy for peripheral 

immune activation to confirm previous reports of immunosuppression during pregnancy and 

extend our understanding of this immunosuppression and its duration into the postpartum 

period. We found a significant interaction of pregnancy condition and LPS treatment for the 

expression of IL-1β, IL-6, and IFNγ in the spleen (Treatment × Condition: IL-1β: F5,84 = 

3.22; p = 0.010, IL-6: F5,84 = 2.34; p = 0.048, IFNγ: F5,84 = 2.32; p = 0.050; Fig. 1ABC). 

Post hoc comparisons indicated that the expression of both IL-β and IL-6 were significantly 

attenuated in LPS-treated females at E11 compared to the expression of these same genes in 

LPS-treated non-pregnant females (IL-1β: p < 0.001; IL-6: p < 0.001; Fig. 1AB). This 
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attenuation was also apparent at E22 for IL-β, IL-6, and IFNγ (IL-1β: p < 0.001; IL-6: p < 

0.001, IFNγ: p < 0.001; Fig. 1ABC). Surprisingly, the expression of IL-1β and IFNγ 
immediately returned to pre-pregnancy levels on the day of parturition (P0) as their 

expression levels in the spleen were not significantly different from non-pregnant females 

treated with LPS (IL-1β: p = 0.114, IFNγ: p = 0.441). Additionally, we found main effects 

of both pregnancy condition and LPS treatment for the expression of IL-4 in the spleen 

where non-pregnant controls are significantly different than E11 and E22 time-points 

(Pregnancy: F5,81 = 4.465; p = 0.001, Treatment: F1,81 = 4.293; p = 0.041; Fig. 1D). We also 

found a significant interaction of pregnancy condition and LPS treatment for the expression 

of TLR4 (Treatment × Condition: TLR4: F5,84 = 3.15; p = 0.012; Fig. 1E) such that LPS-

treated females at E11, E22, P0, and P2 had a significantly attenuated response compared to 

the LPS-treated non-pregnant females (p < 0.05). These data confirm that pregnancy 

significantly attenuates the expression of TLR4 and the expression of specific inflammatory 

molecules, in this case IL-1β, IL-6, IFNγ, and IL-4 in the periphery, even in the presence of 

an immune challenge, but that these effects of pregnancy are largely reversed immediately 

after parturition.

3.2. Maternal brain

We analyzed the hypothalamus/preoptic area (HyPoA), hippocampus, and medial prefrontal 

cortex (mPFC) from females across all points of gestation and the postpartum period to 

determine whether neuroimmune function was significantly attenuated in a manner similar 

to the effects seen in the spleen (Fig. 1). The hypothalamus and preoptic area are brain 

regions important for the generation of febrile responses, induction of sickness behaviors, 

and has been shown to be altered during pregnancy and the postpartum period for the 

development of appropriate postpartum maternal behaviors (Elmquist et al., 1997; Insel and 

Harbaugh, 1989; Numan et al., 1977). In the HyPoA, there was a significant treatment by 

condition interaction for the expression of IL-1β, IL-6, and CD11b (IL-1β: F5,82 = 2.614, p 

= 0.030, Fig. 2A; IL-6: F5,82 = 2.822; p = 0.021, Fig. 2B; CD11b: F5,82 = 2.368; p = 0.047, 

Fig. 2C). Specifically, IL-1β gene expression following the LPS challenge in the HyPoA was 

significantly attenuated during pregnancy at E11, E22, P0, and P9 compared to non-pregnant 

controls (E11: p = 0.038; E22: p = 0.001; P0: p = 0.005; P9: p = 0.002, Fig. 2A). IL-6 gene 

expression was attenuated following LPS treatment at E11, P0, and P9 compared to non-

pregnant controls (E11: p = 0.008, P0: p = 0.001, P9: p = 0.001, Fig. 2B). Post hoc analysis 

of CD11b expression revealed very few significant differences, only that CD11b expression 

following LPS treatment on P0 and P9 were significantly different than CD11b expression 

following LPS treatment on E22 (P0: p = 0.023, P9: 0.038; Fig. 2C). There were no 

significant differences in TLR4 expression between groups (data not shown).

We analyzed cytokine expression within the hippocampus because of its importance in 

cognitive function as well as its implications in the etiology of depression, two components 

of behavior that are also altered during pregnancy and the postpartum period (Buckwalter et 

al., 1999; Kronfol, 2000; Maes, 1995; Raison and Miller, 2013). In the hippocampus, there 

was a significant treatment by condition interaction, such that IL-1β expression on E22 and 

P0 were significantly suppressed following LPS treatment relative to LPS treated non-

pregnant controls (IL-1β: F5,81 = 3.685; p = 0.005; Fig. 3A). There was a main effect of both 
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pregnancy condition and treatment for IL-6 expression (Condition: F5,82 = 2.972; p = 0.016; 

Treatment: F1,82 = 20.736; p < 0.001; Fig. 3B) where IL-6 expression at E11, E22, and P0 

were significantly decreased within the hippocampus compared to non-pregnant controls 

(E11: p = 0.023; E22: p = 0.040; P0: p = 0.030; Fig. 3B). Notably, however, IL-6 expression 

was still induced following LPS treatment at all points during gestation and the postpartum 

period despite differences in baseline expression. We also found a main effect of treatment 

for CD11b expression, where CD11b expression is increased following LPS treatment (F1,83 

= 9.661; p = 0.021; Fig. 3C). We did not find significant differences in TLR4 expression 

between groups (data not shown).

We also examined cytokine expression in the mPFC during pregnancy and the postpartum 

period because of its well-known role in cognition and the regulation of mood and emotion, 

which is also known to be altered during pregnancy and the postpartum period (Buckwalter 

et al., 1999; Damasio et al., 1990; Morgan et al., 1993; Raison and Miller, 2013; Teuber, 

1964). In the mPFC, there was a treatment by condition interaction for IL-1β gene 

expression (F5,80 = 2.668; p = 0.028, Fig. 4A). Specifically, LPS-induced IL-1β expression 

was significantly attenuated at E22 compared to non-pregnant controls (E22: p = 0.002; Fig. 

4A). Additionally, we found a main effect of condition and treatment for IL-6 gene 

expression where the E11 pregnancy time-point was significantly different than non-

pregnant controls (Condition: F5,78 = 2.550; p = 0.034, Treatment: F1,78 = 26.209; p < 0.001, 

Fig. 4B). There was also a main effect of condition for CD11b, where E22 was significantly 

different than E11, P0, and P9 (F5,79 = 3.144; p = 0.012, Fig. 4C). We also examined the 

expression of the neurotrophic factor, BDNF, because we had previously seen that it is 

significantly modulated in its expression within the mPFC around birth (Posillico and 

Schwarz, 2016). We found a main effect of condition for BDNF expression and post hoc 

tests revealed that BDNF in the mPFC at E11 is significantly decreased compared to the 

non-pregnant group and that E22 is significantly increased compared to all other time-points 

with the exception of the non-pregnant group (F5,79 = 8.451; p = < 0.001, Fig. 4D). We 

analyzed the expression of BDNF in other brain regions (hippocampus and HyPoA), but 

found no significant effects (data not shown). Additionally, we analyzed TLR4 expression 

and found a significant main effect of pregnancy. Post hoc analyses revealed that TLR4 

expression at P0 was significantly suppressed compared to the non-pregnant group, and 

TLR4 gene expression at E22 was significantly higher than E11, P0, and P9 (F5,80 = 5.608; 

p = < 0.001, Fig. 4E). Taken together, these data suggest that pregnancy can significantly 

influence the neuroimmune response or cytokine production in the maternal brain. It is 

important to note, however, that cytokine expression is altered differentially in the brain 

relative to the periphery, and slightly different across various brain regions, which we will 

discuss in further detail, below.

3.3. How does maternal immune activation alter inflammatory gene expression in the 
fetus and placenta?

3.3.1. Fetal brain—Fetal brain tissue was collected at E11 and E22 following LPS 

treatment of the dam, this allowed us the opportunity to analyze the fetal neuroimmune 

response to maternal immune challenge. We found a significant (p < 0.001) treatment by 

condition (fetal age) interaction for IL-1β expression (F1,46 = 36.067; p < 0.001, Fig. 5A) as 
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well as IL-6 expression (F1,45 = 18.225; p < 0.001, Fig. 5B), where gene expression was 

significantly higher in E11 pups following maternal LPS administration compared to saline-

treated controls (p < 0.05), but also compared to all E22 pups (p < 0.05). Additionally, we 

found a main effect of condition (fetal age) on CD11b gene expression. Specifically, E22 

pups had significantly higher CD11b expression compared to E11 pups (F1,46 = 131.846 p < 

0.001, Fig. 5C). This effect could be representative of microglial infiltration and subsequent 

proliferation which only begins just prior to embryonic day 10 (Chan et al., 2007; Ginhoux 

et al., 2010; Male and Rezaie, 2001), thus explaining why there would be lower CD11b 

expression on E11 compared to E22. Notably, there was no effect of maternal LPS treatment 

at either age on the expression of CD11b in the fetal brain. There were also no significant 

differences between the sexes at these fetal ages.

3.3.2. Placenta—Placental tissue was also collected at E11 and E22. Similar to fetal 

brain, there was a significant treatment by condition (fetal age) interaction for IL-1β gene 

expression (F1,46 = 25.705; p < 0.001, Fig. 5D) and IL-6 expression (F1,46 = 13.472; p = 

0.001, Fig. 5E), where inflammatory gene expression was significantly higher in placentas 

collected at E11 compared to placentas taken at E22 following maternal LPS administration. 

There were no significant differences in TLR4 expression in the placenta. There were no 

significant differences between the sexes in the immune response seen in the placenta.

4. Discussion

Our results demonstrate that peripheral IL-1β, IFNγ, and IL-4 cytokine expression in the 

spleen is significantly suppressed during pregnancy and returns to baseline function 

immediately after parturition. We see a similar suppression of the cytokine response during 

pregnancy in the maternal brain, particularly during late gestation; however, in contrast to 

our findings in the maternal spleen, this immune suppression extends moderately into the 

postpartum period. We found that the fetal immune response in the brain and placenta is also 

suppressed, particularly during late pregnancy, suggesting that cytokine production in the 

fetus and placenta mirrors the peripheral cytokine response of the mother. Taken together, 

our results suggest that the peripheral and central immune systems respond similarly to an 

immune challenge during pregnancy and the immediate postpartum period, however, the 

time course of the immune suppression associated with pregnancy is slightly different 

between the periphery and the brain. In addition, the immune response measured in the fetal 

brain in response to maternal immune activation may largely be driven by the placenta 

and/or by the peripheral immune response in the mother.

There are two main factors that can affect peripheral and central immune activation during 

pregnancy: 1) cellular and molecular signals that originate from the decidua and placenta, 

and 2) hormonal modulation of immune function. There are several immune cells localized 

at the point of contact between the mother (via the decidua) and the fetus (via the placenta). 

The decidua contains cells originated from the uterine lining that contain several adaptive 

immune cells such as macrophages, T cells, and dendritic cells (DCs). Trophoblasts, 

however, are immunocompetent cells derived from the fetus and are located within the 

placenta (Sanguansermsri and Pongcharoen, 2008). These maternal and fetal cells release 

cellular and molecular signals that thereby determine the immune environment associated 
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with a successful pregnancy. It is generally understood that following both peripheral and 

central immune activation, immune cells can express a variety of immune profiles, ranging 

from the classical pro-inflammatory phenotype (Th1) to the alternative anti-inflammatory 

phenotype (Th2) (Benakis et al., 2014; David and Kroner, 2011; Hanisch and Kettenmann, 

2007; Ransohoff et al., 2012). Researchers have revealed thymic stromal lymphoprotein 

(TSLP) as an important cytokine necessary to modulate maternal peripheral immune 

function into the alternative Th2 response during pregnancy. TSLP activates dendritic cells 

within the maternal decidua via its cognate receptor to induce a local Th2 cytokine response 

(Ito et al., 2005). In addition, trophoblasts from the placenta directly reduce the production 

of Th1 cytokines from T cells and simultaneously increase two Th2 transcription factors, 

GATA-3 and STAT 6, to further decrease the Th1/Th2 cytokine ratio (Liu et al., 2011). 

Together, these local interactions between the maternal immune cells and the placental 

trophoblasts may explain the significant immune suppression we see in the maternal and 

fetal immune systems, and further, may explain how the detachment of the placenta on the 

day of birth may result in the rapid return of a more “classical” inflammatory immune 

response in the mother’s peripheral immune system shortly after parturition. Additionally, 

our data show that the immune response of the fetus reflects the immune response of the 

placental and maternal tissue, which could potentially put the fetus at risk in the face of 

maternal infection or immune challenge. Taken together, these data demonstrate how much 

the maternal and placental immune environment can impact the immune environment of the 

fetus.

The hormones of pregnancy are also known to have an important immunomodulatory effect 

on the peripheral immune system during pregnancy and the postpartum period. Estrogen, 

progesterone, and lactogenic hormones are the primary hormones that influence the 

physiological changes accompanying pregnancy and parturition. In rodents, progesterone 

increases throughout pregnancy, then undergoes a precipitous drop in blood plasma 

concentrations right before parturition, while estrogen and prolactin undergo a steep incline 

during late gestation and immediately postpartum (Krasnegor and Bridges, 1990). In 

general, the activity of hormonal signaling through their receptors can suppress the 

transcriptional regulation of inflammatory cytokines (Robinson and Klein, 2012). For 

example, progesterone has been found to be anti-inflammatory in the face of an ischemic 

challenge, nerve damage, or even infection (Brotfain et al., 2016; Kipp et al., 2016; 

Labombarda et al., 2015; Lammerding et al., 2016; Paris et al., 2016; Perez-Alvarez and 

Wandosell, 2016). Additionally, during lactation, progesterone contributes to an increase in 

astrocytes in the rodent cingulate cortex (Salmaso et al., 2009) and the dentate gyrus of the 

hippocampus (Cabrera et al., 2013). Therefore it is very likely that high levels of 

progesterone associated with pregnancy can impact the function of glial cells, including 

microglia, thereby altering the expression of cytokines throughout pregnancy and the 

postpartum period (Posillico and Schwarz, 2016). Additionally, estrogen has been found to 

increase the number of CD4+ and CD25 + Treg cells (Polanczyk et al., 2004), enhance the 

function of NK cells (important for altering the decidual tissue to support implantation via 

the production of IFNγ) (Hao et al., 2007), and stimulate Th2 cytokine production from 

peripheral lymphocytes (Al-Shammri et al., 2004). Further, fluctuations in lactogenic 

hormones can also alter immune function. Prolactin has been found to enhance the 
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inflammatory response and proliferation of glia following a traumatic brain injury 

(Möderscheim et al., 2007), and oxytocin administration has been found to alleviate tissue 

damage in various animal models of injury (Akdemir et al., 2014; Houshmand et al., 2009; 

Karelina et al., 2011). The protective mechanisms by which prolactin and oxytocin act may 

be related to a decrease in pro-inflammatory cytokines from microglia, macrophages, and 

endothelial cells (Akman et al., 2015; Szeto et al., 2008; Tug˘tepe et al., 2013; Yuan et al., 

2016).

The increase in pregnancy-related hormone levels throughout gestation correlates with our 

results in that the greatest amount of suppression in central and peripheral immune function 

occurs during late gestation. In the periphery, the suppression of cytokine expression is 

immediately reversed, while in the brain, this effect persists to some extent postpartum. This 

might suggest that as the hormone levels decrease over the next few days after parturition, 

that hormonal modulation of immune function in the brain may similarly take longer to 

return to its non-pregnant state than the periphery, however this remains to be determined. 

We hypothesize that the function of the immune system is not solely modulated by either 

hormones or immune signals from the placenta alone, but rather it is a combination of both 

that results in the dramatic changes we see in maternal peripheral and central immune 

function during the peripartum period.

In addition to the general decrease in cytokine production that we observe following an LPS 

challenge in the maternal brain during pregnancy, we found some other interesting patterns 

in the data that are worth noting. There was a significant increase in BDNF gene expression 

in the maternal mPFC on the day before parturition (E22). We have previously reported this 

effect in a separate study from our lab, where BDNF levels were significantly increased in 

the maternal mPFC on the day of birth (Posillico and Schwarz, 2016). We hypothesize that 

the increase in BDNF expression just before or during parturition may prime the new 

mother’s brain for the expression of appropriate maternal behaviors after birth (Leuner and 

Sabihi, 2016).

We also see a significant suppression of TLR4 expression in the maternal spleen during 

pregnancy. With reduced receptor expression, LPS might have a reduced effect in 

stimulating the immune system to produce a subsequent increase in cytokines. We also saw a 

main effect of condition in TLR4 expression in the mPFC, however, the post hoc did not 

reveal a robust pattern in immune regulation like we see in the spleen, and moreover, the 

pattern does not reflect the robust changes seen in cytokine production in the maternal brain. 

Therefore, the reduction in receptor expression in peripheral immune cells and organs, such 

as that seen in the spleen, could be a possible mechanism by which the peripheral immune 

system is regulated, thereby indirectly influencing central immune function and cytokine 

production during pregnancy.

In the mPFC and hippocampus, we see an interesting and distinct pattern in the expression 

of IL-1β and IL-6. Specifically, baseline levels of IL-1β gene expression (in the absence of 

the LPS challenge) were quite low, almost undetectable, and did not differ across various 

points of gestation. Following LPS treatment, however, these levels increased differentially 

dependent on the stage of pregnancy. In contrast, our data indicate that IL-6 expression in 
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the mPFC and hippocampus changes throughout the various stages of pregnancy, 

independent of LPS treatment. After LPS treatment, however, the relative fold-increase in 

IL-6 expression did not differ throughout the various stages of pregnancy or the postpartum 

period. More simply stated, we hypothesize these effects on neuroimmune function are 

driven by the inability of the neuroimmune system to produce IL-1β within these brain 

regions during pregnancy in response to an immune challenge. In contrast, the relative 

difference in IL-6 gene expression across pregnancy and the postpartum period appears to be 

driven by a decrease in IL-6 expression in the brain during pregnancy, even though the brain 

is still capable of inducing the expression of IL-6 in response to the immune challenge. This 

pattern of inflammatory gene expression could inform us about the molecular or cellular 

mechanisms underlying the changes in neuroimmune function that we see during pregnancy 

and the postpartum period. For example, it is possible that pregnancy inhibits the 

mechanisms or the cellular machinery by which immune cells in the brain such as microglia 

induce the expression of IL-1β. In contrast, our data suggest that pregnancy may alter the 

baseline expression of IL-6 or the number of microglial cells that produce IL-6 (Posillico 

and Schwarz, 2016) within the maternal mPFC and hippocampus, for reasons still unknown. 

In this case, LPS treatment and Toll-like receptor 4 activation can still recruit the machinery 

necessary to induce IL-6 expression in response to an immune challenge.

One possible caveat of this study is that we utilized LPS to evoke an immune response, and 

LPS treatment only activates the TLR4 pathway and does not represent a widespread 

infection like that of a bacterial or viral pathogen. Thus, it is possible that if this study were 

repeated using a more robust bacterial or viral pathogen, one that stimulates a different 

pattern recognition receptor than TLR4, we may see a larger maternal and fetal immune 

response, despite pregnancy. Given previous reports of peripheral immunosuppression 

during pregnancy, we feel confident that these data accurately present the systematic 

immunosuppression that also occurs within the brain during pregnancy, regardless of the 

type of challenge used in the study. Additionally, we used the spleen as a proxy for the 

peripheral immune system, however the findings seen here may not apply to all cells and 

tissues of the peripheral immune system.

Notably, these data were all collected from first-time mothers, and we wonder whether the 

immune response may be different if we were to have used rats that had previously been 

pregnant and borne offspring. In support of this idea, previous research has shown that fetal 

progenitor cells, which have been found to differentiate into leukocytes and endothelial cells, 

enter the maternal circulation during pregnancy and can be found there for a long time 

afterwards (Khosrotehrani et al., 2005; Nassar et al., 2012). This phenomenon is referred to 

as fetal cell microchimerism (Khosrotehrani et al., 2005); there is evidence that these 

persisting fetal cells affect the maternal immune system. They have been found to aid the 

mother in wound healing and have also been implicated in autoimmune disease in mothers 

(Boddy et al., 2015). As such, it would not be surprising to find that that these circulating 

fetal progenitor cells would also be able to affect the mother’s central immune system. Also 

in support of this idea, it is well-known that first-time pregnancy results in significant 

plasticity within the female brain, both in rodents (Leuner and Sabihi, 2016) and in humans 

(Hoekzema et al., 2016). In rodents, this plasticity is necessary to induce appropriate 

postpartum maternal behaviors, and once a dam has given birth for the first time, she is 
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maternal towards any pups she encounters thereafter, even if she is not their biological 

mother or actively lactating (Bridges, 2015; Fleming et al., 1999). Additionally, it has been 

shown that rats exposed to environmental enrichment, which is also known to increase 

plasticity, have a significantly blunted proinflammatory response to LPS in the hippocampus 

(Williamson et al., 2012). Therefore, it is possible, that there may be a unique period of 

increased plasticity that persists within the postpartum brain of first-time mothers that may 

explain the lingering changes in immunosuppression we report here. Thus in subsequent 

pregnancies, the duration or magnitude of this change in neuroimmune function that we 

measured here may be different.

Various studies have shown that the peripheral immune system is suppressed during 

pregnancy (Mellor et al., 2001; Raghupathy, 1997; Trowsdale and Betz, 2006); however, this 

is the first study to systematically examine maternal neuroimmune function by challenging 

the immune system in the pregnant and postpartum brain. Therefore, this study provides the 

foundation to further explore and understand the connection between neuroimmune 

modulation during pregnancy and various neurological disorders – perhaps even informing 

the connections to neurodevelopmental disorders in offspring, autoimmune disorders that 

target the nervous system in women, and, importantly, mood and anxiety related disorders 

that are common during pregnancy and the postpartum period.
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Fig. 1. 
Examination of cytokine expression in maternal spleen at various time-points throughout 

pregnancy and the postpartum period. There is a significant interaction of pregnancy 

condition and LPS treatment for the expression of IL-1β, IL-6, and IFNγ in the spleen 

(Treatment × Condition: IL-1β: F5,84 = 3.22; p = 0.010, IL-6: F5,84 = 2.34; p = 0.048, IFNγ: 

F5,84 = 2.32; p = 0.050; ABC). The expression of both IL-β and IL-6 were significantly 

attenuated in LPS-treated females at E11 compared to the expression of these same genes in 

LPS-treated non-pregnant females (IL-1β: p < 0.001; IL-6: p < 0.001; AB). This attenuation 

was also apparent at E22 for IL-β, IL-6, and IFNγ (IL-1β: p < 0.001; IL-6: p < 0.001, 

IFNγ: p < 0.001; ABC). The expression of IL-1β and IFNγ immediately returned to pre-

pregnancy levels on the day of parturition (P0) as the expression levels of these cytokines in 

the spleen were not significantly different from non-pregnant females treated with LPS 

(IL-1β: p = 0.114, IFNγ: p = 0.441; AC). There was a main effect of pregnancy condition 

and LPS treatment for the expression of IL-4 in the spleen where non-pregnant controls are 

significantly different than E11 and E22 time-points (Condition: F5,81 = 4.465; p = 0.001, 

Treatment: F1,81 = 4.293; p = 0.041; D). There was also a significant interaction of 

pregnancy condition and LPS treatment for the expression of TLR4 (Treatment × Condition: 

TLR4: F5,84 = 3.15; p = 0.012; Fig. 1E), such that LPS-treated females at E11, E22, P0, and 

P2 had a significantly attenuated response compared to the LPS-treated non-pregnant 

females. n = 7–8 rats per group. Condition × Treatment interaction: groups that do not share 

any capital letters are considered significantly significant (p < 0.05). Main effect of 

Condition: groups that do not share any lowercase letters are considered statistically 

significant (p < 0.05). Main effect of Treatment: groups with an asterisk are considered 

statistically significant (p < 0.05).
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Fig. 2. 
Examination of cytokine expression in maternal hypothalamus/preoptic area at various time-

points throughout pregnancy and the postpartum period. There was a significant treatment 

by condition interaction in the expression of IL-1β, IL-6, and CD11b (IL-1β: F5,82 = 2.614, 

p = 0.030; IL-6: F5,82 = 2.822; p = 0.021; CD11b: F5,82 = 2.368; p = 0.047; ABC). 

Specifically, IL-1β gene expression following the LPS challenge in the HyPoA is 

significantly attenuated during pregnancy at both E11, E22, P0, and P9 compared to non-

pregnant controls (E11: p = 0.038; E22: p = 0.001; P0: p = 0.005; P9: p = 0.002; A). IL-6 

gene expression is attenuated following LPS treatment at E11, P2, and P9 compared to non-

pregnant controls (E11: p = 0.008, P0: p = 0.001, P9: p = 0.001; B). There was a significant 

attenuation in CD11b gene expression following LPS during postpartum days P0 and P9 

compared to LPS treated animals on day E22 (P0: p = 0.023, P9: 0.038; C). n = 7–8 rats per 

group. Condition × Treatment interaction: groups that do not share any capital letters are 

considered significantly significant (p < 0.05).
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Fig. 3. 
Examination of cytokine expression in maternal hippocampus at various time-points 

throughout pregnancy and the postpartum period. There was a significant treatment by 

condition interaction for IL-1β gene expression following LPS exposure where time-points 

E22 and P0 were significantly different than non-pregnant controls (IL-1β: F5,81 = 3.685; p 

= 0.005; A). There was a main effect of both condition and treatment for IL-6 expression 

where time-points E11, E22, and P0 were significantly different than non-pregnant controls 

(E11: p = 0.023; E22: p = 0.040; P0: p = 0.030; B). There was also a main effect of 

treatment for CD11b expression, where CD11b expression is generally increased following 

LPS treatment (F1,83 = 9.661; p = 0.021; C). n = 7–8 rats per group. Condition × Treatment 

interaction: groups that do not share any capital letters are considered significantly 

significant (p < 0.05). Main effect of Condition: groups that do not share any lowercase 

letters are considered statistically significant (p < 0.05). Main effect of Treatment: groups 

with an asterisk are considered statistically significant (p < 0.05).

Sherer et al. Page 18

Brain Behav Immun. Author manuscript; available in PMC 2019 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Examination of cytokine expression in maternal medial prefrontal cortex at various time-

points throughout pregnancy and the postpartum period. There was a treatment by condition 

interaction for IL-1β gene expression (F5,80 = 2.668; p = 0.028) where LPS-induced IL-1β 
expression was significantly attenuated at E22 compared to non-pregnant controls (E22: p = 

0.002; A). There was a main effect of condition and treatment for IL-6 gene expression 

where E11 pregnancy time-point was significantly different than non-pregnant controls 

(Condition: F5,78 = 2.550; p = 0.034, Treatment: F1,78 = 26.209; p < 0.001; B). There was 

also a main effect of condition for CD11b where E11, P0, and P9 were significantly different 

than non-pregnant controls (F5,79 = 3.144; p = 0.012; C). We found a main effect of 

condition for BDNF where E11 expression is significantly decreased compared to the non-

pregnant group and that E22 is significantly increased compared to all other time-points with 

the exception of the non-pregnant group (F5,79 = 8.451; p = < 0.001; D). There was a main 

effect in TLR4 expression where P0 was significantly suppressed compared to the non-

pregnant group, and E22 gene expression was significantly higher in E11, P0, and P9 (F5,80 

= 5.608; p = < 0.001; E). n = 7–8 rats per group. Condition × Treatment interaction: groups 

that do not share any capital letters are considered significantly significant (p < 0.05). Main 

effect of Condition: groups that do not share any lowercase letters are considered statistically 

significant (p < 0.05). Main effect of Treatment: groups with an asterisk are considered 

statistically significant (p < 0.05).
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Fig. 5. 
Examination of cytokine expression in fetal head and placenta at embryonic day 11 (E11) 

and embryonic day 22 (E22). There was a significant treatment by condition interaction for 

IL-1β expression (F1,46 = 36.067; p < 0.001; A) as well as IL-6 expression (F1,45 = 18.225; p 

< 0.001; B) where gene expression was significantly higher in E11 pups compared to saline 

treated controls but also compared to E22 pups following LPS administration (p < 0.05). 

There was a main effect of condition in CD11b gene expression where E22 pups showed 

significantly higher gene expression compared to E11 pups (F1,46 = 131.846 p < 0.001; C). 

Similar to fetal brain, there was a significant treatment by condition interaction for IL-1β 
gene expression (F1,46 = 25.705; p < 0.001; D) and IL-6 expression (F1,46 = 13.472; p = 

0.001; E), where inflammatory gene expression was significantly higher in placentas 

collected at E11 compared to placentas taken at E22 following maternal LPS administration. 

There were no significant differences between the sexes in the immune response seen in the 

placenta. *p < 0.05. n = 5–8 rats per group. Condition × Treatment interaction: groups that 

do not share any capital letters are considered significantly significant (p < 0.05). Main 

effect of Condition: groups that do not share any lowercase letters are considered statistically 

significant (p < 0.05).
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