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ABSTRACT 

 Maternal Immune Activation (MIA) has been widely used as a model for the 

development of neurological disorders in offspring in large part due to the effect of 

neuroinflammation. Despite the multitude of research that explores direct effects on offspring, 

relatively little is known about the effects on the maternal brain. 

 Studies have demonstrated that the frequency and quality of maternal care with which a 

mother provides her offspring can significantly affect the behavioral and neurological 

development of her offspring. Maternal behavior is primarily regulated by the action of estrogen 

with its nuclear receptor, ER-α, in key brain regions like the media preoptic area (MPOA) and 

bed nucleus of the stria terminalis (BNST). Furthermore, environmental enrichment (EE) has 

been shown to be neuroprotective following exposure to a stressor and is used as a model to 

counteract the deleterious effect of neuroinflammation. The question is then posed whether MIA-

induced neuroinflammation has the capacity to cause a reduction in ER-α levels in the MPOA 

and BNST which could impact the quality of maternal care provided to offspring; moreover, 

does EE protect against this purported damage. 

Nulliparous female Sprague-Dawley rats housed in varying levels of environmental 

complexity were mated, and on gestational day 11, dams were administered an intraperitoneal 

injection of 100 µg/kg LPS or equivalent volume of saline. At postpartum day 21 dams were 

sacrificed, brains were collected and were prepared for immunohistochemical labeling of ER-α 

positive cells in the MPOA and BNST. 

MIA caused a significant decrease in ER-α in the BNST (but not the MPOA), a loss 

which was prevented in dams exposed to EE. These results suggest that MIA may negatively 

impact the maternal brain which can potentially result in altered levels of maternal care, 

ultimately affecting the development of offspring. 

 

 

L'activation immunitaire maternelle (AIM) a été largement utilisée comme modèle pour 

mimer des troubles se développement neurologique chez la progéniture, et ceci, à cause de l'effet 

de la neuroinflammation. Malgré toutes les études qui explorent les effets directs de celle-ci sur 

la progéniture, on en connait relativement peu sur les effets de l'AIM sur le cerveau maternel. 

Des études ont démontré que la fréquence et la qualité des soins maternels peuvent 

affecter de façon significative le développement comportemental et neurologique de sa 

progéniture. Le comportement maternel est principalement régulé par l'action des oestrogènes à 

leur récepteur nucléaire, soit le ER-α, et ce, dans des régions cérébrales comme l'aire 

préoptique médiane (MPOA)  et le noyau du lit de la strie terminale (BNST). De plus, il a été 

démontré que l'enrichissement environnemental (EE) serait neuroprotecteur suite à un stress, et 

sert de modèle pour opposer les effets cérébraux de la neuroinflammation. La question qui 

demande d'être posée est donc de savoir si la neuroinflammation induite par l'AIM est capable 

de réduire les niveaux de ER-α dans la MPOA et le BNST, ce qui pourrait avoir un impact sur la 

qualité des soins maternels apportés à la progéniture; de plus, nous voulons savoir si 

l'exposition à EE protègerait contre l'endommagement potential du cerveau. 

Des rates de souche Sprague-Dawley, nullipares ont été hébergées dans des 

environnements à divers niveaux de complexité.  Elles ont été accouplées etlors du 11ième jour 

gestationnel, elles ont reçu du LPS (100 µg / kg) ou un volume équivalent de solution saline par 
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injection péritonéale. Au jour 21 postnatal, les mères ont été sacrifiées, les cerveaux prélevés et 

préparés pour le marquage immunohistochimique des ER-α.  

Nos résultats démontrent que l'AIM a provoqué une réduction significative du nombre de 

ER-α dans le BNST (mais pas dans la MPOA), une perte qui a été contrée dans le cerveau des 

mères exposées à EE. Ces résultats suggèrent que l'AIM peut avoir un impact négatif sur le 

cerveau maternel, ce qui peut éventuellement entraîner une modification à la qualité de soins 

maternels, ce qui peut, en fin de compte, affecter le neurodéveloppement de la progéniture. 
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1. BACKGROUND 

As time moves on, research continues to show the vast amount of factors that exist which 

affect our health and well-being. From early childhood experiences, to socio-economic status, 

exposure to environmental factors and genetics, it seems that every one of our experiences plays 

some part in shaping how we respond to, adapt and recover from stressors. Plenty of research has 

looked at the transgenerational effect of these types of exposures and experiences during the 

vulnerable period of pregnancy, as maternal exposure to certain stressors during this time can 

have a direct impact on developing offspring. Particular interest has been placed on maternal 

immune activation (MIA), where a female is exposed to either a viral or bacterial infection at a 

particular time during pregnancy in order to observe how the offspring are affected. However, 

little research has explored the effects on the mother during this delicate time, in particular what 

effects immune activation can have on brain plasticity during pregnancy and the postpartum 

period and how this could impact behavior. Thus, this study aims to shed light on this missing 

piece of the puzzle in order to provide a better understanding of how the maternal brain may be 

impacted by gestational immune activation to hopefully serve as a foundation for future 

behavioral studies. 

1.1 Immune Activation 

When exposed to a foreign pathogen, the body is capable of initiating a cascade of 

responses as part of either the innate or adaptive immune system. The innate immune system, as 

the name suggests, is an inherent form of protection our bodies employ upon invasion of a 

pathogen. It is the first line of defense and is responsible for distinguishing the body’s cells from 

foreign invaders, generalizing and attacking anything considered “non-self”. This type of 

immunity involves various lines of defense against pathogens, including the use of physical and 

chemical barriers such as the skin and mucous membranes, the recruitment of immune cells such 
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as neutrophils and macrophages to infection sites and the activation of the adaptive immune 

system. 

The innate immune system’s cellular defence involves the recognition of pathogens by 

dendritic cells, neutrophils and macrophages. Pattern recognition receptors (PRR’s) such as Toll-

like receptors (TLR’s) on these immune cells are able to recognize certain structures present on 

the surface of pathogens called pathogen-associated molecular patterns (PAMP’s) (Blasius & 

Beutler, 2010; Kawai & Akira, 2010; Takeuchi & Akira, 2010). The innate immune system 

thereby can distinguish self from non-self via these patterns, albeit in a non-specific manner, 

enough so to identify that a bacterial, viral or parasitic breach has occurred. 

When TLR’s and other PAMP’s on immune cells recognize a foreign pathogen, an 

immune response is quickly initiated. This involves the activation of the complement system 

which triggers a cascade of cell signalling to fight off the pathogen (Blasius & Beutler, 2010; 

Kumar, Kawai & Akira, 2009). Cellular signalling by TLR’s on dendritic cells and macrophages 

in particular can trigger the transcription and production of type 1 interferons and other cytokines 

(Kumar et al. 2009). These TLR’s are particularly capable of recognizing bacterial infections, 

seen by TLR’s high affinity for LPS, a component of the cell wall of gram-negative bacteria 

(Hoshino et al. 1999; Poltorak et al. 1998). 

Whereas the innate immune system recognizes PAMPs on “non-self” pathogens in a 

generalized manner, the adaptive immune system recognizes antigens on pathogens that allow a 

unique response to be produced to help combat a specific invader. In adaptive immunity, B and T 

lymphocytes produce either a humoral (antibody) or cell mediated response, respectively, to 

target a specific invader. Though slow to initiate during the first exposure to a pathogen, gene 

rearrangement occurs in B and T cells which is passed down to future cell lines allowing for a 
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stored library of responses that can be quickly triggered upon future exposure to the same 

pathogen (Iwasaki & Medzhitov, 2010; Hoebe et al. 2004). 

The innate immune system works in tandem with the adaptive immune system, in that 

dendritic cells and macrophages of the innate immune system present pathogenic antigens on 

their cell membrane after engulfment; these antigens are combined with the immune cell’s major 

histocompatibility complex (MHC) so that they can  then be presented to and “read” by T cells, 

priming them and triggering an adaptive immune response (Iwasaki & Medzhitov, 2010). Once 

cytotoxic T cells are activated, they travel through the body and trigger lysis in cells displaying 

these antigen/MHC complexes. Some of these T cells remain after an infection and become 

memory cells so that a quick response can be initiated upon future infection by the same 

pathogen. B cells also recognize antigens from pathogens, however, unlike T cells which must be 

presented with an antigen/MHC complex by an antigen-presenting cell, B cells can recognize 

antigens in their natural state on the pathogens. Specific antibody receptors are produced on the 

B cells – once these receptors identify the presence of the pathogen, B cells can agglutinate the 

invaders, initiate cell lysis and inflammation, and facilitate phagocytosis by macrophages. 

Similar to T cells, a small percentage of B cells remain after infection to mount a quick response 

to specific pathogens upon future infection. 

1.2 Cytokines 

Depending on the type and extent of infection, an acute, systemic inflammatory response 

may be produced. Both cell-signalling during the innate immune response and B and T cells in 

the adaptive response can activate pro-inflammatory cytokine production. While cytokines can 

refer to a wide range of compounds, those that are often referred to when discussing their 

involvement with the inflammatory response are tumor necrosis factor alpha (TNF-α), 
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interleukins (IL’s) and interferons (IFN’s) (Abram et al. 2000). These cytokines are essentially 

signalling compounds that act as part of the cascade to regulate the release and recruitment of 

mediators and immune cells to protect against a pathogen and are involved in the inflammatory 

response to infection.  

Tumor Necrosis Factor alpha (TNF-α) is largely produced by macrophages, although it 

can be secreted by a number of other immune cells (Flynn et al. 1995; Pfeffer et al. 1993). 

Macrophages quickly respond to an infection to initiate their phagocytic abilities, and upon doing 

so, they release TNF-α which is one of the first compounds produced to regulate the 

inflammatory response cascade (Maini et al. 1995; Feldman et al. 1994). Like other cytokines, 

TNF-α increases vascular permeability and improves the ability of neutrophils to be recruited to 

a site of infection, which is one of the hallmarks of inflammation (Janeway et al. 2001). 

Interestingly, macrophages themselves are stimulated by TNF-α through their TLR’s to further 

release more TNF-α, thereby upregulating the release of this inflammatory marker 

(Parameswaran & Patial, 2010). A sustained inflammatory response can be produced when TNF-

α works in conjunction with interferon-γ (IFN-γ), as they act together to trigger the transcription 

of inflammatory marker genes and increase sensitivity of macrophages to TNF-α, thereby 

perpetuating the production and maintenance of the inflammatory response (Yarilina et al. 2008). 

Interferons (IFNs) are produced by immune cells to amplify the antiviral abilities of 

nearby cells to mitigate the replication and spread of a viral infection (Isaacs-Alick et al. 1957). 

They aid in the recruitment of macrophages and natural killer cells of the innate immune system 

and can facilitate the expression of antigen/MHC complexes for targeted destruction by T cells 

of the adaptive immune system (Parkin &Cohen, 2001). Similar to TNF-α, IFN’s further 

stimulate the release of cytokines by immune cells (McNab et al. 2015; Ivashkiv & Donlin, 
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2014). Interferons are grouped into type 1, type 2 and type 3; IFN-γ is the sole interferon in type 

2 and is largely responsible for the inflammatory response through recruiting macrophages and 

amplifying their activity (McNab et al. 2015; Mao et al. 2013; Mishra et al. 2013; Medzhitov, 

2008). The release of both type 1 and 2 interferons can be stimulated by other cytokines or in the 

presence of bacterial or viral markers (viral RNA for example); their anti-viral properties aid in 

recognizing and targeting pathogens as well as promote inflammation through recruitment and 

activation of macrophages (Schneider et al. 2014; Iwasaki, 2012; Trinchier, 2010). TLR’s on 

macrophages and dendritic cells are widely responsible for the recognition of pathogenic PAMPs 

that ultimately lead to the transcription and production of interferons and up-regulate pro-

inflammatory cytokine production (Fang et al. 2012; Kawai & Akira, 2009; Apostolou & 

Thanos, 2008). 

Interleukins (ILs) are produced by immune cells such as T lymphocytes and 

macrophages. Some, like IL-1 and IL-2, help activate B and T cells to quickly respond to an 

infection, while others such as IL-6 along with IL-1 are involved in the inflammatory response. 

Other interleukins can upregulate the production of T cells as well as antibodies by B cells (Park 

et al. 2005; Mizel, 1989) 

Interleukins can be distinguished as having either anti-inflammatory or pro-inflammatory 

roles in the immune response. Anti-inflammatory interleukins (IL-4, 9, 10 and 13 for example) 

typically exert their effect by inhibiting cytokine production in helper T cells and macrophages 

and regulate the secretion of INF-γ and TNF-α, the two potent pro-inflammatory cytokines 

previously discussed (Godfrained et al. 1998; Paul, 1991). 

IL-1 and IL-6 are interleukins that are widely recognized as the pro-inflammatory variant 

(Di Paolo & Shayakhmenov 2016). IL-1α/β stimulates recruitment of neutrophils and promotes 
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inflammation in response to pathogenic invasion, whereas IL-6 can have both anti-inflammatory 

and pro-inflammatory properties (Scheller et al. 2011). The action of IL-6 is dependent on how it 

is recognized in circulation. Classic signalling involves IL-6 binding to IL-6 receptors directly on 

cells which is associated with IL-6’s anti-inflammatory effects, while trans-signalling sees IL-6 

binding to a soluble form of its receptor with the complex then acting on cells, producing pro-

inflammatory effects (Scheller et al. 2011). As few cells actually have IL-6 receptors, the trans-

signalling method allows for a vastly wider range of cells to be activated by IL-6, meaning that 

the pro-inflammatory properties of this cytokine are more widely employed (Scheller et al. 

2011). 

These pro-inflammatory cytokines, particularly IL-1, IL-12, IL-18, IFN-γ and TNF-α, are 

typically produced by macrophages, mast cells and by B and T cells (Cavaillon, 2001; Isaacs-

Alick et al. 1957). As part of the inflammatory response these cytokines produce, vascular 

permeability is increased and immune cells such as neutrophils and macrophages are recruited to 

the site of infection (Wilkins & Gale, 2010). Signalling by cytokines can also trigger the release 

of more cytokines through gene transcription thereby amplifying the inflammatory response; 

oxidative stress can result from extensive inflammation (Khansari et al. 2009), which in itself 

contributes to further cytokine production, creating a positive feedback/up-regulation of 

inflammatory markers and a potentially chronic state of inflammation (Chokkalingam et al. 

2013; David et al.2007; Carpenter et al. 2002; Vlahopoulos et al. 1999). 

1.3 Immune Activation in the CNS 

Once this systemic immune response is produced, circulating cytokines can communicate 

this to the brain, ultimately leading to immune activation within the central nervous system. 

Nerve pathways are the quickest route of transmitting this message to the brain, although this can 



 

7 

 

also occur through humoral and endocrine pathways (Konsman et al. 2002). The gut-brain axis 

has also been shown to be a supporting route, with the gut microbiome acting as an effective 

messenger signalling the initiation of an immune response to the brain. 

Cytokines are also capable of passing through the blood brain barrier to act directly on 

brain areas like the hypothalamus, which regulates the peripheral immune response through 

neuroendocrine pathways (Dantzer et al. 2008; Otmishi et al. 2008). The HPA-axis plays a role 

in the immune response acting as a regulating factor. Upon stimulation by cytokines, the adrenal 

glands produce cortisol and other glucocorticoids that are released into circulation.  These act to 

counter the immune response; in particular, glucocorticoids can inhibit T–cell activity and 

prevent their interleukin-stimulated proliferation (Patterson et al. 2013), as well as inhibit the 

immune response triggered by cytokines by decreasing vasodilation and vascular permeability 

(Perretti & Ahluwalia, 2000). As in the periphery, cytokines like TNF- α and IL-1β are capable 

of stimulating their own transcription and that of the other in the CNS, consequently magnifying 

their effect (Skelly et al. 2013). Cytokines are also centrally produced by mast cells, astrocytes 

and inflammatory-phenotypic microglia (Kohman & Rhodes, 2013; Ransohoff & Brown, 2012; 

Skaper et al. 2012). Activation of the immune response in the CNS can lead to observable 

behavioral changes known as sickness behaviors in animals, which include changes in body 

temperature, social withdrawal, fatigue, and decreased motor activity (Kohman & Rhodes, 

2013).  

The induction of pro-inflammatory cytokines in the CNS can lead to neuroinflammation, 

which can have significant consequences on brain chemistry and development. Microglia that 

display an inflammatory phenotype contribute to amplifying this immune response by further 

releasing pro-inflammatory cytokines and increasing the size of their cell body (Kettenmann et 
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al. 2011). The combination of centrally-produced pro-inflammatory cytokines and inflammatory 

microglia can lead to neuroinflammation, which impairs proper brain development by decreasing 

neurogenesis, neuron survival, dendritic volume, and leads to fewer synaptic processes as seen in 

animal studies observing the impact of immune activation via LPS exposure on adult 

neurogenesis (Valero et al. 2014; Bastos et al. 2008; Ekdahl et al. 2003). The dangers of 

neuroinflammation caused by an immune response vary depending on which brain areas are 

damaged by inflammation - a host of neurological disorders can develop in offspring when 

exposed in utero to immune stress, and mothers are vulnerable to changes to their brain 

chemistry and behavior (Lombardo et al. 2017; Weir et al. 2015; Hsiao et al. 2012; Meyer & 

Feldon, 2012). 

Neuroinflammation should not be considered to be the same as the inflammatory 

response that occurs in the periphery – rather, neuroinflammation is unique in the sense that it is 

a result of microglial activation in response to infection. As reviewed by Streit, Mrak and Griffin 

(2004), inflammatory microglial activation is central to the immune response in the CNS. These 

activated microglia have the capacity to produce cytokines centrally, exacerbating the 

inflammatory response by potentially damaging healthy neurons and oligodendrocytes despite 

the purpose of cytokines being to mitigate the spread of infection (Streit & Kincaid-Colton, 

1995). In addition, the activation of microglia can contribute to oxidative stress by releasing 

oxygen and nitrate free radicals, adding to the cumulative inflammatory damage to the brain 

(Tanaka et al. 2006; Sugino et al. 1987). 

Acute neuroinflammation can result from microglial activation without a damaged or 

compromised blood-brain barrier (BBB). In the presence of minor insults to the brain, such as 

the inflammatory response caused by cytokines crossing the BBB, rapid microglial activation 
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can occur with the potential result of neuroinflammation even in the absence of BBB breakdown 

or leukocytic infiltration, which in itself could cause more significant damage (Sroga et al. 2003; 

Streit et al. 1998; Ito et al. 1997; Kreutzberg et al. 1996). These studies reflect the benefits of 

microglial activation and the inflammatory response following severe injury and leukocytic 

infiltration as they restrict the spread of infection; however, in the case of a minor insult, the 

situation does not warrant such a strong response. In these scenarios the negative effects of 

neuroinflammation outweigh the benefits as the brain may ultimately suffer from an 

unnecessary, exaggerated immune response. This should be contrasted with chronic 

neuroinflammation, in which a vicious cycle of cytokine release and microglial activation can 

cause a persistent state of neuroinflammation which is believed to play a role in major 

neurodegenerative diseases such as Parkinson’s, Alzheimer’s and Huntington’s diseases 

(Akiyama et al. 2000). 

1.4 Animal Models of Maternal Immune Activation 

MIA has been used extensively as a model for the development of neurodevelopmental 

disorders in offspring such as depression, autism and schizophrenia. Gestational MIA can impair 

or interrupt fetal brain development via humoral and neural mechanisms by which the immune 

response is communicated from mother to fetus (Oskvig et al. 2012; Zaretsky et al. 2004). 

Although the exact mechanisms underlying such disruptions are not well understood, it is 

postulated that the crossing of cytokines through the fetal blood brain barrier may be one such 

mechanism by which increased brain size, dysregulated genetic expression and changes in 

dendritic structure can occur (Lombardo et al. 2017; Weir et al. 2015; Le Belle et al. 2014; 

Saunders et al. 2012). This disruption can contribute to the development of the aforementioned 

disorders depending on the timing of the MIA. 
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 There are a number of models by which MIA can be induced in animals. These 

mechanisms typically involve either live microorganisms to cause illness, or immunogenic 

compounds that, while not live, are capable of triggering an immune response in the host. There 

are advantages and disadvantages to both types of mechanisms.  

i) Live Microorganisms 

Experimental exposure to live organisms such as the influenza virus produces illness 

mimicking what would occur naturally and over a similar timeframe; the resultant immune 

activation is more representative of the typical course of an illness (Ronovsky et al. 2012). This 

also allows for experimental exposure to specific pathogens such as the human influenza virus or 

cytomegalovirus in order to observe pathogen-specific immune responses (Barry et al. 2006; Shi 

et al. 2003). However, models using live microorganisms typically produce longer periods of 

illness which removes some experimental control for researchers wanting to isolate the immune 

activation to a specific time point (Harvey & Boksa, 2012). 

ii) Immunogenic Compounds 

Immunogenic compounds are the counterpart to using live microorganisms in that they 

are typically easier to use without requiring specialized equipment and produce shorter periods 

of illness, usually between 1-2 days, allowing for tighter control over the timing of immune 

activation (Ronovsky et al. 2012; Cunningham et al.2007; Meyer et al.2005). However, while 

they do trigger an acute immune response, they cannot perfectly simulate the normal course of an 

infection as would be produced when using live microorganisms. 

iii) Turpentine 

Turpentine is an immunogenic compound administered intramuscularly to trigger an 

immune response. The nature of turpentine allows it to remain in the tissue near the site of 
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injection, creating a localized response that can be studied (Wusteman et al. 1990). It has been 

shown to be an activator of surrounding immune cells stimulating the release of cytokines such 

as TNF-α and IL-1 and leads to higher levels of circulating IL-6 (Luheshi et al. 1997). 

Neuroinflammation can result from turpentine-induced cytokine release into circulation which 

can interfere with the development of hippocampal interneurons in offspring leading to 

schizophrenia-like behaviors in adulthood (Aguilar-Valles et al. 2012; Aguilar-Valles & Luheshi, 

2011; Heckers & Konradi, 2002; Heckers, 2001). 

iv) Polyinosinic:Polycytidylic Acid (Poly(I:C)) 

Poly(I:C) is a double stranded RNA chain similar to that found in viral replication; as 

such, this immunogen causes an immune response similar to that of a viral infection. Poly(I:C) is 

shown to stimulate significant release of IFN-1 as part of the antiviral response and primarily 

acts on TLR-3 on immune cells to trigger the cascade leading to this cytokine’s production (Van 

den Boorn et al. 2012; Alexopoulou et al. 2001). Immune activation by poly(I:C) also leads to 

the production of IL-6 and IL-12 - IL-6 being a pro-inflammatory cytokine as previously 

discussed, whereas IL-12 aids in the growth and differentiation of T cells and stimulates the 

production of IFN-γ and TNF-α, the other main pro-inflammatory cytokines which amplify the 

inflammatory response (Guidotti & Chisari, 2001; Stark et al. 1998). Prenatal exposure to 

poly(I:C) has been effectively used in animals to model a number of neurodevelopmental 

disorders in offspring, including schizophrenia, autism and depression (Hsiao et al. 2012; Meyer 

& Feldon, 2012; Markham & Koenig, 2011). In addition, the neuroinflammatory properties of 

poly(I:C) are well demonstrated when administered in adulthood and are implicated in the 

development of depression behaviors in adult rats (Gibney et al. 2013). 
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v) Lipopolysaccharide (LPS) 

LPS is a bacterial endotoxin found on the outer membrane of Gram-negative bacteria 

which can produce a strong, acute immune response. LPS is capable of binding to TLR-4, which 

in turn causes the release of pro-inflammatory cytokines both systemically and centrally 

(Konsman et al. 2002).  

The mechanism by which LPS can induce neuroinflammation involves its demonstrated 

ability to trigger pro-inflammatory cytokine production by activating microglia (Quan et al. 

1994). This, in combination with oxidative stress caused by said activation, can damage neurons 

as is seen through reduced function of hippocampal neurons in rats that are treated with LPS 

(Lee et al. 2003). Furthermore, Nizri et al. (2006) explored the anti-inflammatory properties of 

acetylcholinesterase in immune cells in the CNS, demonstrating that ACH inhibitors could 

reduce the production of cytokines in the brain. These anti-inflammatory neurotransmitter 

systems are suspected of being impaired in the presence of neuroinflammation caused by LPS, 

further exacerbating the inflammatory response and subsequent potential damage to the brain 

(Tyagi et al. 2008; Kawashima & Fuji, 2003; Anisman et al. 1993). 

Multiple studies use LPS as an immune activator due to its intense yet short lived effect; 

sickness behavior expression, levels of circulating cytokines and genetic transcription of 

inflammatory agents all reach their peak intensity within 2-4 hours following intraperitoneal 

injection with LPS (Murray et al. 2012). A single exposure to LPS in adult mice for example can 

have long term effects due to neuroinflammation such as memory deficits and decreased 

hippocampal neurogenesis and dendritic volume (Valero et al. 2014). This effect is further 

exacerbated when LPS exposure occurs in subjects already suffering from neurodegenerative 

diseases like Alzheimer’s disease (Perry et al. 2007).  
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Similar to poly(I:C) and other immunogenic compounds, LPS has been used extensively 

to model autism and schizophrenia in offspring of dams having undergone MIA during 

pregnancy. LPS administered to dams during gestation showed effects on the dysregulation of 

genes in offspring, in that genes that were penetrant for autism were downregulated, indicating 

that immune activation in combination with genetic susceptibility is a risk factor for the 

development of this disorder (Lombardo et al. 2017). The cytokines produced from exposure to 

LPS, in particular IL-6, are implicated in the disruption of proper gene expression ultimately 

leading to autism typical behaviors in offspring exposed to an immune challenge in utero (Smith 

et al. 2007). Prenatal exposure can also lead to stem cell dysfunction and increases in brain size 

as a result of neuroinflammation (Le Belle et al. 2014). 

Sex and age differences exist in the duration and intensity of the immune response to LPS 

exposure. Adult mice appear more vulnerable to the immune challenge as they show greater 

levels of plasma cytokines and more intense sickness behavior when compared to pubertal mice, 

with male mice exhibiting a higher degree of sickness behavior than female mice (Cai et al. 

2016). Adult female mice also display a greater level of circulating corticosterone following LPS 

exposure compared to male mice (Girard-Joyal et al. 2015). Puberty is a markedly vulnerable 

period in its own regard, as female mice exposed to LPS during puberty display reduced sexual 

receptivity and sensitivity to estrogen in adulthood (Ismail et al. 2011). Pubertal female mice are 

also more susceptible to the development of anxiety and depressive behaviors following LPS 

exposure compared to adults (Ismail et al. 2013; Olesen et al. 2011). 

1.5 Maternal Behavior 

From an evolutionary standpoint, maternal behavior is believed to have developed out of 

the need for a mother to ensure the survival of her young, especially in the case of humans and 
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species that have relatively few offspring (Kinsley & Armory-Meyer, 2011). There is particular 

importance placed on the quality of maternal care provided to offspring in the time following 

parturition; both the mother and offspring continue to develop during this time, and improper or 

maladaptive care has implications on both the cognitive development of the child and the 

mother’s mental health as seen in postpartum depression studies (Pooblan et al. 2007). However, 

human studies are fairly limited in their scope due to the ethical issues surrounding interventional 

studies with pregnant women and newborns. As a result, animal models have been developed 

and used rather effectively to demonstrate how changes in maternal care can affect both the 

mother and offspring, and while there is the limitation that animal models cannot fully replicate 

the social context in which humans experience life, there are advantages that allow for tight 

control of experimental interventions with results that can potentially be extrapolated to human 

behavior (Pires et al. 2013). In addition to a greater degree of experimental control, the shorter 

life cycle of many animal models allows for efficient study of this life stage, along with greater 

freedom to apply experimental interventions that are not ethically suitable for human studies. 

There is the added benefit that animal models of maternal behavior are very easily observed and 

quantified; these behaviors are typically expressed in rodents as acts of licking and grooming 

pups, nursing pups, nest building and pup retrieval (Numan & Insel, 2003). Moreover, various 

protocols exist to evaluate the expression of maternal behavior, be it the duration and frequency 

of multiple behaviors, the expression of all behaviors, or the frequency of a specific behavior like 

licking and grooming (Lonstein & Stern, 1999; Felicio et al. 1991; Myers et al. 1989). These 

models and protocols ultimately provide some understanding of how alterations in the 

development of the maternal brain can be translated into changes in behavior. 
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1.6 Neural Circuitry of Maternal Behavior 

Studying the neural circuitry of maternal behaviour using rats as an animal model can 

provide some insight into how this behavior is regulated in the mammalian brain given that these 

particular brain areas evolved from genetically older regions of the brain, meaning that what is 

learned using animal models is likely accurately applicable to what could be expected in humans 

(Numan, 1988). Plenty of work describing the neural circuitry underlying the pathways of 

maternal behavior has been conducted by Numan and colleagues (1985; 1977; 1974), along with 

other contributors as reviewed in detail by Numan (1988). 

The medial preoptic area of the hypothalamus (MPOA) had been suspected to be the 

origin point for the transmission of signals necessary to engage in maternal behavior as seen in 

lesion studies where damage to the MPOA resulted in decreased expressions of maternal 

behavior (Gray & Brooks, 1984 Jacobson et al., 1980; Numan et al., 1977; Numan, 1974). There 

remained the possibility that lesions were damaging other crucial neurons whose axons simply 

passed through the MPOA, however, it was later confirmed that the MPOA was the origin of 

these signals from studies using N-methyl-DL-aspartic acid, or NMDA, which targeted and 

destroyed neuron cell bodies only. Leaving passing axons unharmed, the targeted destruction of 

MPOA neuron cell bodies resulted in a near absence of maternal behavior, specifically the 

complete absence of pup retrieval and poorer nest building both of size and quality, as well as 

fewer instances of nursing (Gray & Brooks, 1984; Jacobson et al., 1980). This supports previous 

findings that this brain region was crucial for this behavioral regulation (Hastings, Winn & 

Dunnett, 1985). 

With the initiation of maternal behavior originating in the MPOA, neural circuits have 

been described using lesion techniques to better understand the pathway and brain areas involved 

in this behavior. Two main pathways of interest have been described.  The first is a direct 
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pathway from the MPOA to the ventral tegmental area (VTA), and the other being through 

projections from the MPOA, to the lateral preoptic area (LPOA) then to the VTA (Chiba & 

Murata, 1985; Swanson et al., 1984; Phillipson, 1979; Conrad & Pfaff, 1976; Swanson, 1976). 

Despite projections from the MPOA to multiple other brain areas, it is these connections to the 

VTA that have been found to be necessary to control maternal behavior; in female rats with 

lesions to lateral projections from the MPOA, nearly half displayed a total absence of all 

maternal behaviors, with the rest showing a complete absence of pup retrieval and poor nest 

building (Numan and Callahan, 1980). The VTA has projections to the striatum (Swanson, 1982; 

Beckstead et al., 1979), suggesting that this may be a way for maternal behavior to be translated 

into motor responses (Heimer et al., 1982; Nauta et al., 1978).  While the direct MPOA-VTA 

route has some involvement in regulating maternal behavior, the initiation and control of these 

behaviors are severely disrupted only when the more indirect MPOA-LPOA-VTA circuit is 

damaged (Numan et al. 1985). 

Sensory information can also contribute to the initiation of maternal behavior in 

postpartum mothers. Interestingly, studies using virgin female rats show that the odors from pups 

act as an inhibitory factor preventing the initiation of maternal behavior (Fleming et al. 1979). 

However, virgin rats who had both the primary olfactory epithelium and vomeronasal organ 

removed began displaying maternal behaviors with pups (Mayer & Rosenblatt, 1977; Fleming & 

Rosenblatt, 1974). The primary olfactory epithelium projects to the MPOA while the 

vomeronasal organ projects downstream from the VTA. The projections from the primary 

olfactory epithelium are integrated with signals from the VTA at the olfactory tubercle, which 

can account for sensorimotor signals whereby maternal behaviors are triggered in response to 

odors (Haber et al., 1985; Young et al., 1984; Scott et al., 1980; Newman & Winans, 1980). The 
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vomeronasal nerve on the other hand ultimately leads to the bed nucleus of the stria terminalis 

(BNST), which has projections to the amygdala which then passes to the MPOA (Simerly & 

Swanson, 1986; Raisman, 1972). These neurons in the BNST-VTA pathway are shown to 

regulate rewarding or anxious states in response to stimuli as a way of controlling behaviors 

(Jennings et al. 2013), suggesting the potential to encourage or inhibit maternal behavior in 

response to sensory stimuli. Taken together, this research offers one explanation as to how 

olfactory inputs may be inhibited by hormonal activation in the MPOA towards the end of 

gestation which trigger sensorimotor pathways allowing the mother to perform these maternal 

behaviors in response to their surroundings and stimulation from pups. 

1.7 Estrogen (17-β Estradiol) 

The three most common types of estrogen naturally circulating in females are estrone 

(E1), estradiol (E2) and estriol (E3), with 17-β estradiol being the most common estrogen. 

Throughout the lifespan the levels of these estrogens fluctuate, each peaking at different times. 

During most of the reproductive life of a female, estradiol is most prevalent. In pregnancy, estriol 

reaches the highest serum levels, while menopausal females have the highest levels of estrone 

(De Hertogh et al. 1975). 

While estrogens can be produced in the brain, skin, and fat cells, they are primarily 

synthesized in the ovaries, as well as in the placenta during pregnancy; in the ovaries, estrogens 

are synthesized from enzymatic actions by aromatase and 17β-hydroxysteroid dehydrogenase in 

granulosa and theca cells, and in the mitochondria of cells throughout the body (Nelson & Bulun, 

2001; Ryan, 1982; Canick & Ryan, 1978). During the estrus phase of the cycle in female rodents, 

estrogen increases sexual receptivity (Christensen et al. 2011), triggers lordosis behavior and is 

implicated in the commencement of ovulation by stimulating the secretion of luteinizing 



 

18 

 

hormone (Handa et al. 2012). Estradiol production can occur in the brain independently of 

production in peripheral sex organs, mainly by the conversion of androgen precursors by 

aromatase, and is the leading factor establishing sex differences in the perinatal brain (Konkle & 

McCarthy, 2011). In particular, it is shown that high aromatase activity in the hypothalamus is 

correlated with higher estradiol concentrations in this area.  

1.8 Estrogen Receptor Alpha and Beta (ERα, ERβ) 

Estrogen action is mediated by estrogen receptors located inside the cell. Estrogen 

receptors exist as G-protein coupled membrane-bound receptors or as nuclear receptors, with 

estrogen exerting its effects through binding as a ligand. There are two types of nuclear estrogen 

receptors, estrogen receptor-alpha (ER-α) and estrogen receptor-beta (ER-β). While a small 

proportion of ER-α and ER-β exist as free-floating proteins in the cytoplasm, the vast majority 

are located in the nucleus and estrogen’s steroidal nature allows it to move into the cell to access 

these receptors easily (Htun et al. 1999). 

The primary location of ER-α is in hypothalamic neurons of the brain as well as in 

endometrial cells (Yaghmaie et al. 2005), while ER-β is found more so in the heart, brain and 

ovaries (Babiker et al. 2002). While all three major estrogens can bind to these nuclear receptors, 

estradiol is capable of binding to both ER-α and ER-β equally (Zhu et al. 2006). When estrogen 

binds to either ER-α or ER-β, the receptor can dimerize upon entering the nucleus and attaches to 

the estrogen response elements (ERE) on DNA, activating transcription of target genes (Smith & 

O’Malley, 2004). Upon binding to its receptor, the complex can activate transcription of certain 

genes. As a result, the scale of estrogen activity is controlled by the number of receptors present 

in the cells. 
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1.9 ER-α and ER-β in Maternal Behavior 

In the CNS, estradiol primes the maternal brain throughout gestation to initiate maternal 

behavior upon parturition and plays a role in the immune response through its anti-inflammatory 

properties (Maggioli et al. 2016; Mann & Bridges, 2001). Furthermore, estrogen signalling can 

play a role in emotional control, as impaired signalling has been shown to reduce the excitation 

threshold of neurons in the amygdala leading to the development of anxiety-like behaviors in 

female mice (Krezel et al. 2001).  

During gestation, the maternal brain undergoes restructuring and adaptations to maintain 

a healthy pregnancy and prepares to initiate maternal care following parturition (Brunton & 

Russell, 2008). Studies observing the structural and functional changes have observed alterations 

in neurogenesis and cytokine profiles throughout gestation. Interestingly, recent work by Eid et 

al. (2019) has demonstrated a significant decrease in hippocampal neurogenesis and cell 

proliferation throughout pregnancy and the post-partum period in pregnant rats when compared 

to nulliparous controls, which later began increasing to greater levels than controls 1-month post 

partum. This was in conjunction with decreased microglial size and increased microglial density 

in the hippocampus, as well as lower circulating levels of IL-4, IL-10 and IFN-γ (Eid et al. 

2019), adding onto their lab’s previous work showing that increased estradiol levels during 

pregnancy can reduce cell proliferation in the dentate gyrus (Galea et al. 2006). Other structural 

alterations include changes in brain plasticity and reductions in gray matter volume in regions 

related to social cognition (Hoekzema et al. 2016; Galea et al. 2000) and increased dendritic 

growth in the medial prefrontal cortex (Leuner & Gould, 2010). Pregnancy also leads to long-

lasting changes to brain structure that persist later in life; these include increased neuroplasticity, 

improved cognition and longer cell life (Galea et al. 2018; Barha et al. 2016; Barha et al. 2015; 

Colucci et al. 2006). In addition, there appears to be significant alterations to the maternal brain’s 
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diffusivity. A gradual decrease in cellular taurine throughout gestation causes an efflux of 

intracellular fluid as it leaves the cell, leading to glial cell shrinking which increases the 

extracellular space (Zhou et al. 2013; Pasantes-Morales & Schousboe, 1997; Law, 1994); this 

increased space allows for more extracellular fluid which facilitates diffusion of molecules (Fan 

et al. 2013; Chan et al. 2015; Pasco et al. 2006; Oatridge et al. 2002). Ultimately these structural 

changes are necessary to lead to the behavioral changes that are initiated upon giving birth to 

improve the maternal bond with offspring and ensure their survival (Moya et al. 2014; Kinsley & 

Lambert, 2006). 

Animal models help us understand the factors affecting the onset and intensity of 

maternal behavior, which could have a significant impact on offspring health due to the quality 

of care they receive (Champagne et al 2003). Many of these behavioral changes are initiated in 

response to the actions of hormones like estradiol, progesterone and oxytocin. During gestation, 

the increasing levels of estrogen, progesterone and prolactin prime the maternal brain in 

preparation to quickly initiate maternal behavior upon parturition, triggered by the sudden 

withdrawal of progesterone (Mann & Bridges, 2001). Studies have shown that maternal behavior 

is triggered by increased levels of estrogen in the MPOA (Fahrbach & Pfaff, 1986; Numan et al., 

1977), as well as increasing concentrations of estrogen receptors in the MPOA during gestation 

(Rainbow et al., 1982; Pfaff & Keiner, 1973). The sharp increase in central estrogen levels 

towards the end of gestation plays a large part in the initiation of maternal behaviors; studies 

where rats have had their pregnancy terminated at later times initiate maternal care with 

substitute pups sooner than rats with earlier terminated pregnancies (Mackinnon & Stern, 1977). 

With this considered, estrogen appears to stimulate the expression of behaviors while 

progesterone has inhibitory properties. 
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 Estrogen mediates maternal behavior through binding with its receptors. Specifically, 

higher levels of ER-α mRNA in the MPOA are associated with a greater expression of one 

subtype of maternal behavior observed in rats, that is, higher rates of licking and grooming of 

pups (Champagne et al. 2003). In late pregnancy, increased levels of ER-α are seen in the 

MPOA, with up to 45% of neurons expressing this receptor (Lonstein et al. 2000). Higher quality 

of maternal care has in fact been correlated with increased levels of ER-α mRNA in the MPOA, 

which is also associated with decreased anxiety behavior post-partum (Champagne et al. 2003). 

The MPOA expresses greater amounts of estrogen receptors and fewer progesterone receptors in 

late pregnancy, matching a similar pattern to the fluctuating levels of these hormones throughout 

gestation, thereby optimizing the excitatory and inhibitory effect of these hormones in the 

promotion of maternal care (Mann & Babb, 2005; Giordano et al. 1990). Similarly, the BNST 

contains ER-immunoreactive cells contributing to the onset and maintenance of maternal care. 

Animal studies show that females displaying higher levels of amicability towards new pups and 

higher rates of licking and grooming had greater ER-α protein levels in the BNST (Wu et al. 

2011). This same correlation is seen when observing estrogen-sensitive oxytocin receptor levels 

in the BNST (Champagne et al 2001). A greater number of ER-immunoreactive cells are seen in 

the BNST of pregnant mice compared to virgin females; this high density of estrogen receptors 

in key brain areas precedes the initiation of maternal behavior, at which point there is a sharp 

increase in estrogen in the BNST upon seeing pups for the first time. (Ehret & Buckenmaier, 

1994). 
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1.10 The Role of Immune Activation on Estrogen and ER-α Activity 

In the brain, estrogen and ER-α serve a neuroprotective function through their anti-

inflammatory and transcriptional properties. Estrogen helps prevent pathogenic inflammatory 

damage in the brain by reducing permeability of the endothelium in the blood brain barrier, 

namely by estrogen enhancing annexin-1 transcription (Maggioli et al. 2016). Cranial 

administration of LPS has been shown to cause long term microglial activation in the brain, and 

estrogen can block the inflammatory effects of LPS while ER-α deficient mice are unable to do 

so (Marriott et al. 2007).  Human studies have shown that exposure to LPS results in a nine-fold 

increase in ER-α expression in female blood monocyte-derived macrophages with a 26-fold 

increase seen in males, as well as an increase in receptor activation (Campesi et al. 2017). In fact, 

the cytokines that are commonly released as part of the immune response, such as TNF-α and IL-

6, also stimulate aromatase, the enzyme responsible for estrogen synthesis, as this cytokine-

induced synthesis is seen in breast cancer tumors which rely on estrogen to continue growing 

(Purohit et al. 2002). Both estradiol and cytokines have the capacity to phosphorylate ER-α 

which increases binding of ligands and coactivators, essentially regulating ER-α activity and 

DNA binding (Kassi & Moutsatsou, 2010). Taken together, it’s possible that the rise in estrogen 

synthesis as well as increased estrogen circulation to brain areas involved in maternal behavior 

may play a role in attenuating the severity of an immune response. 

1.11 Environmental Enrichment 

 Environmental enrichment (EE) is a means of providing a social and physical 

environment capable of providing stimulation that usually translates into an increase in brain 

synaptogenesis and changes to the dendritic processes. In animal studies, the concept aims to 

replicate a sensory rich environment that animals would find in the wild. This could include, but 

is not limited to, offering opportunities to forage for food, items for physical activity, unique 
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treats of food items that offer different taste and olfactory stimulation, offering novel play items 

and can include structures that encourage exploration (CCAC, 2017). This can often include a 

social component where animals are housed in groups and are free to interact with one another. 

Essentially, it offers a chance for animals to be reared in an environment that would provide the 

stimulation mimicking what they would experience in the wild, and sometimes more so. 

Plenty of research has investigated the role EE plays in improving cognitive capacity, as 

well as a preventative and restorative mechanism following exposure to a stressor. In animal 

research, EE is often employed by using specific housing conditions that typically involve 

combinations of certain components such as a multi-level cage, novel toys or objects, activity 

wheels and group housing to offer physical, cognitive and social stimulation (Jurgens & Johnson, 

2012; Rosenzweig & Bennett, 1996). EE must be distinguished from social enrichment (SE) or 

communal nesting (CN), which typically only offer the social component in the form of group 

housing without the physical activities or novel stimuli. For decades, EE has been incorporated 

into studies for its ability to restore neurological function after exposure to a stressor, as well as 

promote neurogenesis and neural plasticity (Greenough et al. 1986; Green et al. 1983; Diamond 

et al. 1976). The benefits and consequences of rearing in an enriched environment have been 

more thoroughly explored since these concepts were developed. 

 A fair share of research has focused on the benefits of rearing offspring in EE at the time 

of exposure to a stressor, with results demonstrating that EE is effective in preventing or 

restoring the many potential neurological deficits that could be caused by stressor exposure, as 

previously discussed. When MIA activation was used as a stressor, EE was observed to have 

regulated the stress response of male offspring by attenuating corticosterone (CORT) levels 

produced in the brain, as well as reduced instances of observed social anxiety or agitation 
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(Connors et al. 2014). It is believed that EE reflects a similarly complex environment that rats 

would typically live in when in the wild, thereby priming offspring to respond to certain stressors 

such as maternal separation as would be seen when dams leave the nest to forage for food 

(Connors et al. 2015). How EE affects the dams in the case of MIA is not very well understood - 

apart from spending less time on nests, rates of licking/grooming and pup retrieval have been 

unchanged when dams are exposed to EE during gestation and while raising pups, both with and 

without the presence of an LPS immune challenge (Connors et al. 2014; 2015). 

Adult male Long Evans and Sprague Dawley rats that were housed in EE showed higher 

baseline CORT levels and quicker return to baseline levels following stressor application, as well 

as an overall higher resiliency to stress (Konkle et al. 2010; Francis et al. 2002). In one of the 

earliest studies to investigate the protective role of EE with a viral infection in the host, male 

Balb/c mice housed in EE for four months that were later exposed to a peripheral influenza 

infection were shown to have reduced severity of neuroinflammation in the hippocampus as well 

as lower prevalence of cognitive deficits (Jurgens & Johnson, 2012). Pro-inflammatory cytokines 

IL-1β and TNF-α were effectively reduced in the hippocampus, and effects were also seen in the 

ventral tegmental area of rats housed in an enriched environment where central IL-6 levels were 

significantly reduced following exposure to an LPS immune challenge (Kentner et al. 2008). EE 

has also been shown to reduce microglial inflammation and circulating levels of pro-

inflammatory cytokines following inflammation due to exposure to human A oligomers as well 

as minor traumatic brain injuries (Xu et al. 2016; Briones et al. 2013). It has been suggested that 

it is specifically the voluntary exercise component of EE that is primarily responsible for the 

redistribution of immune markers (rather than a flat decrease in production) and ultimately 

improved immune function (Patten et al. 2013; Gleeson & Bishop, 2005). 
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Rearing in an enriched environment from an early age has further demonstrated that 

memory and learning behaviors can be enhanced in adulthood (Bruel-Jungerman et al. 2005; 

Leggio et al. 2005) and can reduce the expression of anxiety behaviors and regulate stress 

reactivity (Schloesser et al. 2010; Fox et al. 2006). These benefits to stress reactivity, decreased 

anxiety behaviors and improved cognitive function appear to be seen when animals are exposed 

to an enriched environment at various times in their lifespan (Connors et al. 2015; Ravenelle et 

al. 2013; Baldini et al. 2013; Girbovan & Plamondon, 2013). The improvements to cognitive 

function and mental health among animals is in conjunction with studies that have observed 

physical changes to the brain, including increased brain weight and cortical thickness, 

neurogenesis and synaptic formation and strength (Alwis & Rajan, 2014; Sale et al. 2014). The 

social component of EE also appears to contribute to increased social stability between housed 

animals, which typically show decreased circulating CORT (Kentner 2015; Branchi et al. 2013). 

 While initially these results seem compelling, in reality the benefits and consequences of 

EE vary significantly from study to study. In a thorough review of multiple studies incorporating 

EE, Simpson & Kelly (2011) outlined the need to standardize an EE housing protocol, as 

variations in age of EE onset, duration of EE exposure, cage structure, types of objects and 

activities and number of housed animals all result in different reported consequences in animal 

mental health, cognitive ability and immune function. Studies that use EE have shown to either 

decrease (Hendriksen et al. 2010; Schloesser et al. 2010; Hellemans et al. 2005), increase 

(Brenes et al. 2009; Francis et al. 2002) or show no effect on expression of anxiety behaviors 

(Hoffman et al. 2009). Similarly, the regulation of circulating CORT in response to a stressor 

varies greatly from one study to another, where some report decreases (Laviola et al. 2004; Belz 

et al. 2003), increases (Moncek et al. 2004; Dronjak et al. 2004; Marashi et al. 2003; Francis et 
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al. 2002) or no change (Morley-Fletcher et al. 2003; Schrijver et al. 2002) after housing in an 

enriched environment. Early or later-life initiation of EE exposure can also result in different 

brain regions being affected for better or worse (Mychasiuk et al. 2014), and as expected 

different EE protocols are shown to affect different brain regions depending on the type and 

amount of stimuli provided (Lambert et al. 2005). To further complicate matters, there is no 

concrete method of measuring how each animal responds to the different stimuli and how much 

they intrinsically enjoy it or not (Kentner et al. 2008). Social hierarchies formed in group 

housing can result in some animals having a satisfying experience while others do not, which in 

itself has been shown to result in greater immunocompetence in the dominant animal (Wrona et 

al. 2005). Despite the numerous studies boasting the anxiolytic effects of rearing in an enriched 

environment, it is not uncommon to find those who report increases in anxiety behaviors in 

animals exposed to EE (Cymerblit-Sabba et al. 2013; Rosenfeld & Weller, 2012; Workman et al. 

2011). 

Moreover, the sex and strain of animals adds another variable, as different strains react 

differently to the physical and social components of EE, whereby preventative effects observed 

in one strain can have drastically opposite effects in another. Wistar rats for example tend to be 

more anxious than Long Evans rats and do not benefit from EE in comparison (Simpson & 

Kelly, 2011). McQuaid et al. (2013) report the strain difference seen when using balb/cByJ mice, 

which they describe as being non-aggressive yet more anxious. The communal nesting 

component of the enriched environment led to competition between male mice and social defeat 

in the less dominant animals, ultimately resulting in increased CRH and cytokine production in 

the brain, despite other strains of mice benefiting from the effect of EE (Kentner 2015; Jurgens 

& Johnson, 2012). This social defeat experienced as a result of EE can increase both central and 
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peripheral mRNA levels of pro-inflammatory cytokines TNF-α and IL-6 (Audet et al. 2011; 

Bartolomucci et al. 2003), which can unsurprisingly have harmful effects in the form of 

neuroinflammation. 

 With this in mind, it can be difficult to predict the effect of EE without a standardized 

protocol in place. Here, we report the impact of environmental enrichment conditions as 

described in the methods and its effect on female Sprague Dawley rats during gestation and 

following parturition. 

2. RATIONALE 

Much research surrounding gestational immune stress has focused on the direct impact of 

in utero exposure on offspring health. In fact, gestational administration of LPS is used to model 

a variety of neurodevelopmental disorders like anxiety, autism and schizophrenia as it triggers a 

similar immune response as would a typical infection during gestation which has the capacity to 

impede proper neural development through neuroinflammation, as reviewed by Harvey & Boska 

(2012). However, little is known about how MIA alters the mother’s brain and behavior and how 

this may negatively impact the maternal care she provides, consequently affecting the 

neurodevelopment of the offspring. This can in turn lead to life-long dysfunctions in offspring; 

for example, animal work has established a non-genetic mechanism by which offspring who 

received improper maternal care carried over those same maladaptive traits when providing 

maternal care to their future offspring (Champagne et al. 2003). This association has also been 

shown in human studies in which mothers who provided self reports of having received poor 

maternal care provided lower quality care to their own offspring (Neuwald et al. 2014). 

Furthermore, human studies show that decreased maternal sensitivity has also been associated 

with greater negative affect and temperament in infants (Jonas et al. 2015), higher rates of 



 

28 

 

obesity in female offspring (Wendland et al. 2014), and a greater risk of developing 

neurodevelopmental disorders like ADHD (Neuwald et al. 2014). Thus, this study will further 

our understanding of how the maternal brain changes following infection during pregnancy. 

3. RESEARCH QUESTIONS 

Question1: Does LPS exposure affect the number of estrogen receptor-alpha in brain areas 

responsible for maternal behavior? 

Question 2: Can environmental enrichment counteract any effects of immune stress on the 

number of estrogen receptors in these brain areas? 

4. OBJECTIVES 

To observe the effect of maternal immune activation during gestation on estrogen 

receptor levels (specifically ER-α) in the medial preoptic area of the hypothalamus and bed 

nucleus of the stria terminalis through immunohistochemical analyses. This can be intersected 

with housing conditions of pregnant dams to determine whether social stimulation or rewarding 

activities impact vulnerability to an immune challenge. 

5. METHODOLOGY 

All brains used in this study were acquired from a collaboration with the Kentner 

laboratory (Massachusetts College of Pharmacy and Health Sciences) as part of a larger study 

(Connors et al. 2014); the original work focused on environmental enrichment as a protective 

factor for offspring having been exposed to maternal immune activation in utero.   

 

5.1 Animals 

Male and female Sprague-Dawley rats were obtained from Charles River.  Rats were 

pair-housed separately by sex in standard conditions (regular cage with toys, Nestlets and tube) 
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conditions. They were housed at 20oC on a 12-hour light/dark cycle with ad libitum access to 

food and water. Rats were given one week to acclimatize, after which the estrous cycle of 

females were monitored to determine optimal time for breeding. Once they began the proestrous 

phase, rats were housed in 2:1 ratio of females to males to optimize chance of copulation. 

Spermatozoa present in vaginal lavage samples later confirmed breeding, and pregnancy 

(gestational day 1) was confirmed by continuous weight gain over the following days, as well as 

cytology confirming the beginning of diestrus.  Body weight was chronicled weekly, except at 

the time of treatment - see measures of sickness behaviour below. 

5.2 Housing Conditions 

 Pregnant dams were pair housed in either Animal Care Control (ACC; n=16), Social 

Enrichment (SE; n=14) or Environmental Enrichment (EE; n=14) conditions. ACC housing 

included a standard cage, tube, chew bone and Nestlets ©; SE housing included a large, single-

level cage with tube, chew bone, Nestlets © and offered more opportunity for social engagement; 

EE housing included a large, multi-level cage, toys that were changed twice weekly to maintain 

novelty, chew bone, Nestlets ©, as well as ramps (Critter Nation, Muncie IN). See Connors et al. 

(2015; 2014) for additional details. 

5.3 Experimental Groups and Treatments 

On gestational day 11 the dams were exposed to either an LPS immune challenge or 

saline control. Gestational day 11 was selected based on research that has demonstrated the link 

between maternal immune activation and a greater risk for offspring to develop symptoms 

associate with neurodevelopmental disorders such as autism and schizophrenia when exposed to 

an immune challenge at this stage of fetal development. For example, studies have show that 

maternal immune activation between gestational day 9-12 is related to increased brain size (Le 
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Belle et al. 2014), deficits in Purkinje cells within the cerebellum (Shi et al. 2009), reduced 

Reelin production (Meyer et al. 2006) and behavioral changes including decreases sociability, 

range of vocalizations and increased expression of stereotypical behaviors (Malkova et al. 2012). 

These physiological and behavioral changes are consistent with autism spectrum disorder and 

schizophrenia. 

 ACC dams were separated from their cage mate into separate cages in order to monitor 

sickness behavior (and eventually mark litters to the appropriate dam). SE dams were separated 

by a custom-made stainless-steel divider placed in the large home cage (Connors et al. 2015; 

Thermo-Craft Engineering, Lynn, MA) to maintain olfactory and auditory contact. EE dams 

were separated by a divider placed in the home cage that allowed for visual, tactile, olfactory and 

auditory contact, which are necessary factors of EE (Connors et al. 2014). 

Each dam received an intraperitoneal injection of either 100 µg/kg LPS (Escherichia coli, 

serotype 026:B6) in saline, or a similar volume of 0.9% saline vehicle. Dams were scored on 

piloerection, ptosis and lethargy, after which a total score was composed averaging the severity 

of each behavior to provide an overall score for sickness behavior. Available water and food 

were weighed immediately before injection and at 4 and 20 hours post-treatment to determine 

anorectic effects of the treatment. Additionally, body weights were chronicalled for dams to 

monitor whether the treatment appaeared to threaten the pregnancy. 

5.4 Parturition and Maternal Behavior 

At parturition, number of pups and the distribution of males and females was noted.  

Litters were culled to 10 pups each and an even ratio of female to male pups was maintained. 

Ten one-minute observations took place at 6:00, 12:00 and 20:30 from postnatal day 3-6 to 

monitor the frequency of maternal behavior in the home cage. Observers recorded the frequency 
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of pup retrieval, licking and grooming, and the amount of time spent on the nest; these are 

reported in Connors et al (2014). At parturition day 22, the offspring were weaned and housed in 

separate cages; further behavioral tests and specimen collection took place for the Connors et al. 

(2014) study. 

5.5 Brain Collection 

Brains of dams were collected along with those of the offspring on postpartum day 21. 

The adult female rats were given a 40-80/5-10 mg/kg IP injection of a Ketamine/Xylazine 

mixture to anesthetize them, at which point they were intracardially perfused with saline, 

followed by fixation with 4% paraformaldehyde.  Brains were collected and stored for at least 48 

hours in 20% sucrose solution until the time of sectioning.   Brains were sectioned at 40 µm 

using a Leica 1850 cryostat and sections stored in an antifreeze solution at -20oC until the time of 

immunohistochemistry. 

5.6 Immunohistochemistry for ER-α 

Standard immunohistochemical procedures were used as are typically done in our 

laboratory.  Briefly, sections were washed in phosphate buffered saline (PBS) (3 x 5 min) 

followed by washes in PBS-t (0.4% Triton X-100) (3 x 5 min). The sections were then incubated 

in 5% dimethyl sulfoxide (DMSO) for 10 minutes, followed by three more 5 minute washes in 

0.4% PBS-t. This was followed by a 20-minute wash in 0.06% H2O2 in PBS after which sections 

were washed again in PBS-t (3 x 5 min). Sections were then incubated for 30 minutes in 10% 

normal goat serum (NGS; Vector Labs, S1000) at room temperature. Afterwards, sections were 

incubated in primary rabbit ER-α antibody (Millipore 06-935; 1:1000 in 0.4% PBS-t) for 1 hour 

at room temperature and then moved to a 4oC cold room to incubate over 24 hours. Following 

primary antibody incubation, sections were washed in 0.4% PBS-t and then incubated for 2 hours 
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at room temperature with biotinylated goat anti-rabbit secondary antibody (Vector Labs, 

BA1000; 1:1000 in 0.4% PBS-t and 10% NGS). Afterwards, sections were incubated for 1 hour 

in ABC reagent (Vector Labs, PK6100) at room temperature. Sections were then washed in PBS 

(3 x 5 min) and developed with the chromagen 3.3’-diaminobenzidine (DAB) in 0.1M PBS and 

35% H2O2 for 2-3 minutes, with the reaction stopped by adding distilled H2O.  

Using the Paxinos and Watson (2007) brain atlas, sections were arranged from anterior to 

posterior and mounted on glass slides. After drying and adhering, the slides were placed in 

increasing concentration of ethanol (50%, 70%, 95%) for 2 minutes each, followed by two 5-

minute rinses in xylene. Slides were then coverslipped with Permount. 

5.7 Microscopy and Cell Counting 

 Using the Paxinos and Watson (2007) brain atlas, sections containing the MPOA and 

BNST were identified along with their bregma value. Vizualizing the sections was done using a 

Zeiss Axio Imager microscope at 10x magnification. Sections previously identified as containing 

the MPOA or BNST were visualized and the brain area of interest was defined with reference to 

the brain atlas and centered in the microscope’s field of view. By centering the brain area, 

images captured at 10x, 20x and 40x magnification ensured that cell counts could be performed 

for receptors within to the nucleus of the brain area as to avoid counting those from other brain 

areas that may overlap near the edge of the area of interest. Images were captured at these three 

magnifications for both the left and right side of sections containing the MPOA or BNST (Figure 

1a-e). 

5.8 Cell Counting 

 Cell counts were performed for images captured at 40x magnification for both left and 

right sides of the brain section. Using Image J software, a grid was placed over each image and a 
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standard area of 520 x 345 pixels (180,000 square pixels) was defined near the center of each 

image in which immunopositive cells would be identified. Only full receptors contained within 

this defined grid space were counted – those that touched or crossed the border of this defined 

area were omitted. Data were entered into an Excel spreadsheet for subsequent statistical 

analysis. Only sections ranging from bregma value +0.72 to -0.96 were used for the BNST, and 

from +0.48 to -0.96 for the MPOA to remain consistent in the areas being counted (Figure 2). 

5.9 Statistical Analysis 

 The average number of immunopositive cells within each brain area was calculated so 

that the mPOA and BNST could be analyzed seperately. A Levene’s test for homogeneity of 

variances was conducted, and upon confirmation of homogeneity, a two-way factorial ANOVA 

was conducted using Treatment (2 levels) and Housing (3 levels) as factors. When a significant 

interaction was observed, simple effects analyses were conducted to further elucidate where the 

differences lie.  A p-value of < 0.05 was considered statistically significant. These methods were 

similarily employed to analysize differences in dam body weights, food and water intake, and 

expressions of maternal behaviors in the post-partum period. 

6. RESULTS 

6.1 Body Weight, Sickness Behaviour and Maternal Behavior 

 Data pertaining to pregnancy and sickness behaviour are presented here to showcase the 

effectiveness of the treatment with respect to inducing acute sickness behaviour but also to show 

an assessment of the treatment on measures related to pregnancy.  Sickness behaviour data were 

originally reported in Connors et al. (2014) where a significant effect of treatment was observed 

such that LPS-treated dams displayed greater expressions of sickness behaviors than saline-

treated dams at 105 (p = 0.0001), 120 (p = 0.011) and 210 (p = 0.004) minutes following 
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treatment.  No significant difference between treatments was observed in body weights of dams 

at baseline.  The expected increase in body weight across days was seen during pregnancy with a 

reduction at parturition and a weight gain resuming thereafter (Figure 3).  We also found no 

effect of treatment on the relative offspring survival rates.  

 Following treatment on gestational day 11, water intake of dams showed a significant 

increase from 4 hours to 20 hours post treatment. A significant interaction between time and 

treatment on water intake was observed (p = 0.013); simple effects analyses showed that water 

intake was similarly low between the groups at 4h post treatment (p < 0.05) whereas saline 

treated animals drank significantly more than LPS treated animals at 20h post treatment (F1,35 = 

9.09; p = 0.005) (Figure 4a-b). A similar pattern was seen with respect to food intake where we 

found a significant interaction between time and treatment (F1,35 = 11.93; p = 0.001).  Simple 

effects analyses showed that the difference in food intake between the two treatment groups was 

only evident at 20h post injection (F1,35 = 18.49; p = 0.0001) (Figure 5a-b). 

 Observations of maternal behaviors reported by Connors et al. (2014) were assessed over 

the four-day observation period. For observed expressions of both licking and grooming and of 

pup nursing, no significant interaction or main effects were revealed (Figures 6a-b). When 

observing expressions of nest building, a significant main effect of housing was revealed where 

animals in the SE condition displayed higher rates of nest building compared to animals in the 

ACC or EE conditions (F2,31 = 3.57; p = 0.04). There was also a significant interaction between 

Treatment by Housing (p = 0.034); simple effects analysis revealed that LPS-treated animals 

housed in the SE condition displayed greater expressions of nest building compared to other 

housing and treatment groups (F1,31 = 8.018; p = 0.008) (Figure 6c). Furthermore, analysis of 

expressed behaviors of pup retrieval showed a main effect of housing, such that animals housed 
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in SE conditions displayed greater expressions of pup retrieval compared to animals in ACC or 

EE conditions (F2,31 = 7.969; p < 0.002) (Figure 6d). 

6.2 MPOA 

Please refer to Figures 7 and 8 for pictographs of the MPOA and BNST for visual 

representation of cell counts for each treatment and housing combination. We found a significant 

interaction between treatment and housing on the number of ER-α cells (F2,35 = 4.073; p = 

0.025). Simple effects analyses confirmed that that there was no significant difference between 

saline and LPS (F1,35 = 2.58; p = 0.116) in the animal care control condition, nor between saline 

and LPS treated dams in the social enrichment condition (F1, 35 = 2.661; p = 0.112). In the 

environmental enrichment condition, while LPS treated dams showed fewer estrogen alpha 

receptors than saline treated dams, this difference only approached significance, with means of 

10.25 ±1.73 and 15.04 ± 2.22, respectively (F1, 35 = 3.748; p = 0.060) (Figure 9). However, data 

were re-analyzed with the removal of the SE housing condition to compare ACC and EE dams 

only. This analysis revealed a main effect of treatment such that LPS-treated dams displayed 

significantly reduced ER-α levels compared to saline-treated dams in both ACC and EE 

conditions (F1,21 = 6.817; p = 0.016). 

6.3 BNST 

Contrary to observed results in the MPOA, ER-α levels in the BNST were significantly 

affected in a manner consistent with our hypothesis. We again show a significant interaction 

between Treatment and Housing on the number of ER-α cells (F2,35 = 3.93; p = 0.028). Simple 

effects analyses revealed that in ACC conditions lacking any kind of enrichment, LPS-treated 

dams displayed significantly lower ER-α levels compared to saline-treated dams with means of 

6.04 ±1.79 and 15.96 ± 1.58, respectively (F1, 35 = 16.49; p < 0.001) (Figure 10). Both social 
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enrichment and environmental enrichment appeared to have a protective effect in mitigating ER-

α loss such that no significant effect of treatment was seen in SE (F1.35 = 1.59 p = 0.214) or EE 

(F1.35 = 0.56; p = 0.458 conditions. These results suggest that exposure to social or environmental 

enrichment prevent the loss of ER-α as a result of an immune challenge. 

7. DISCUSSION 

 The effect of MIA in combination with EE housing are consistent with our hypothesis 

within the BNST: an LPS immune challenge significantly decreased ER-α protein levels in this 

brain region, with exposure to EE having a protective effect such that dams housed in this 

condition displayed levels of immunopositive cells similar to saline-treated controls. However, 

this effect was not seen in the MPOA – in fact, LPS did not produce the expected significant loss 

of ER-α in control conditions, and EE did not have a significant effect on ER-α levels; if 

anything, there was a tendency for LPS to reduce the ER-α counts in the EE housing condition, 

though this did not reach significance. It is possible that since there wasn’t a significant reduction 

in ER-α caused by LPS in the MPOA there was not enough of a deficit for EE to protect against. 

However, the fact that LPS-treated animals housed in EE conditions approached significantly 

lower ER-α levels than their saline-treated counterparts suggests that EE may not have had any 

beneficial effect in this brain area; this will be further explored in the following paragraphs. 

7.1 Body Weight and Sickness Behavior 

 Body weight and sickness behavior data were collected to determine whether a 

significant immune response took place, which also did not threaten the pregnancy. A consistent 

rise in body weight throughout gestation, followed by a small drop at parturition, is what would 

be expected during a normal pregnancy. Body weights continued to increase during the post-

partum period indicating dams were still growing during this time – it’s expected that the body 
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weight of older animals would have plateaued in this period but because these were young 

animals (weighing on average 253g pre-conception), their weight continued to increase 

following parturition. Considering that a drop in body weight was not observed in the time 

shortly after administration of the immune challenge, it can be said that the pregnancy was not 

threatened. 

 Food and water intake were also measured to complement observations of expressed 

sickness behaviors to determine that a strong enough immune response took place. Typically, 

what would be seen is that food and water intake would be significantly reduced 4 hours and 20 

hours post-treatment in animals exposed to the immune challenge compared to those treated with 

the saline control – a quantifiable measure of the anorectic effects of the immune challenge. 

Differences in food and water intake between LPS and saline-treated animals were observed by 

Connors et al. (2014) only at 20 hours post-treatment. This may be a result of the timing of the 

immune challenge. As the animals were housed on a 12 hour light/dark cycle (0700h-1900h 

light) with lights on at 7h and the treatment was administered at 1200h, it’s possible the animals 

were still sleeping, as they are nocturnal animals, before becoming more active nearing 1900h. If 

true, this would explain why relatively no effect of LPS administration was observed in food and 

water intake at 4 hours post-treatment. Using a reverse light/dark cycle and administering the 

treatment during the animal’s dark hours may have yielded different results at the 4 hour mark. 

7.2 Immune Challenge and MPOA 

 Initially, results seem to conflict with our hypothesis – LPS did not cause a significant 

reduction in ER-α levels in the MPOA in the ACC housing condition, and EE did not have a 

protective or restorative effect against the effects of the immune challenge. However, despite 

only approaching significance, it is important to note that LPS-treated animals in the ACC 
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condition displayed nearly 40% lower ER-α levels than saline-treated controls in the same 

housing condition. It is possible that results from animals in the SE condition may be skewing 

results the overall factorial analysis, considering a moderate increase in ER-α levels in LPS-

treated dams in the SE housing condition. We conducted further analyses that omitted SE data 

and found a significant decrease in ER-α levels in LPS-treated dams in both the ACC and EE 

conditions, which is what we would have expected to see in the ACC group. With this secondary 

analysis in mind, it could be said that the immune challenge did cause a significant decrease in 

ER-α levels in the MPOA, an effect that was not protected against by exposure to an enriched 

environment. As observations of sickness behaviors by Connors et al. (2014) confirmed an acute 

immune response, the variation in observed results between the brain areas must rest in 

differences between the MPOA and BNST themselves. 

 Should the results of the initial factorial analysis be considered, there are some potential 

explanations for why there was not a significant (albeit nearly significant) decrease in ER-α 

levels in the MPOA. One possible reason for the lack of an LPS-induced reduction in ER-α in 

the MPOA could be that of the anti-inflammatory properties of estrogen. As discussed, during 

the course of gestation the maternal brain undergoes not only structural changes but cellular 

changes as well, such that there is a significant rise in the expression of ER-α among cells in the 

MPOA, as well as a redirection of estrogen that is concentrated within the MPOA throughout 

pregnancy in preparation for parturition (Brunton & Russell, 2008; Mann & Bridges, 2001; 

Lonstein et al. 2000; Fahrbach & Pfaff, 1986; Rainbow et al., 1982; Numan et al., 1977; Pfaff & 

Keiner, 1973). This sharp increase in both estrogen as well as receptor expression does not 

appear to be documented in the BNST, at least not at the same magnitude as in the MPOA 

(McHenry et al. 2015; Mann & Babb, 2005; Giordano et al. 1990). It is possible that the 
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concentrated estrogen in the MPOA may be producing a localized anti-inflammatory effect 

which counteracts the central immune response, an effect we do not see in the BNST.  

 There are a number of mechanisms by which a high concentration of estrogen in the 

MPOA could counteract this response. One well studied avenue is estrogen’s ability to promote a 

Th2 (T-helper 2) immune response over a Th1 response. Despite the Th1 response being typical 

of bacterial or viral infection where the Th2 response is initiated with parasitic invasion, the Th2 

response is produced when there is a sustained increase in the levels of estrogen, and this 

response is in fact seen more often during pregnancy due to the increase in circulating estrogen 

(Pernis, 2007; Al-Shammri et al. 2004; O’Garra & Arai, 2000; Whitacre et al. 1999; Buyon, 

1998; Krishnan et al. 1996; Mosmann & Coffman, 1989). The Th1 response involves the release 

of pro-inflammatory cytokines IFN-γ, IL-2 and TNF-α, whereas the Th2 response produces 

interleukins, in particular the anti-inflammatory variants IL-4, IL-10 and IL-13, which act to 

inhibit pro-inflammatory cytokine production (Perkel, 2001; Godfrained et al. 1998; Paul, 1991). 

This is in addition to the fact that anti-inflammatory cytokines of the Th2 response further 

promote this method of immunity while simultaneously blocking the Th1 response and the 

subsequent release of pro-inflammatory cytokines (Perkel 2001; Abbas et al. 1996). Estrogen’s 

ability to regulate the production of pro and anti-inflammatory cytokines is thereby one method 

of controlling the central immune response. 

 Another mechanism is estrogen’s ability to reduce microglial inflammation (Su et al. 

2008; Liu et al. 2005; Maggi et al. 2004). Studies by Vegeto et al. (2001; 2008) have 

demonstrated that estrogen can have a significant effect on reducing microglial activation and 

inflammation in the presence of LPS exposure. Inducing encephalitis in mice and thereby 

causing microglial activation to simulate multiple sclerosis has supported other findings that 
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suggest that estrogen activity within microglia, specifically upon binding to ER-α rather than 

ER-β (Merchanthaler et al. 2004; Mitra et al. 2003), minimizes microglial inflammation (Vegeto 

et al. 2008; Polanczyk et al. 2005; Garidou et al. 2004; Vegeto et al. 2003; Dubal et al. 2001). 

This has also demonstrated estrogen’s ability to promote central production of anti-inflammatory 

cytokines while inhibiting pro-inflammatory cytokine production (Subramanian et al. 2003; Ito et 

al. 2001; Bebo et a. 2001; Matejuk et al. 2001). This protective effect of estrogen with ER-α is 

also supported with the use of ER-α agonists and ligands such as PPT (pyrazole triol) as it 

reflects similar results in preventing inflammation and cell death (Vegeto et al. 2008; Brown et 

al. 2008; Morales et al. 2006; Miller et al. 2005; Elloso et al. 2005; D’Astous et al 2004). This 

reduction in microglial activation has been shown to prevent damage to the brain, with the 

magnitude of microglial inhibition being correlated with the degree of neuronal protection 

(Aharoni et al. 2005; Heppner et al. 2005). A contributing mechanism to microglial control 

involves p65, a transcription factor that initiates production of inflammatory agents. While this 

factor is found free-floating in the cytoplasm of microglia and macrophages, it has been 

demonstrated that immune activation by LPS triggers p65's movement into the nucleus to 

transcribe genes necessary for an inflammatory response, an event that it effectively inhibited by 

treatment with estrogen prior to and during infection.  This is achieved by restricting the 

movement of p65 into the nucleus (Vegeto et al. 2008; Granucci et al. 2003). 

 Estrogen and ER-α have been shown to play a vital role in mitigating the inflammatory 

response in the brain due to the anti-inflammatory properties of estrogen action via its receptor. 

By promoting the expression of anti-inflammatory cytokines while simultaneously inhibiting 

pro-inflammatory variants, as well as regulating microglial activation such that the magnitude of 

inflammation is effectively controlled, high concentrations of estrogen and its receptor could 
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very well produce enough of a protective effect to avoid significant cell damage in the brain. 

Considering the rise in estrogen and ER-α seen in the MPOA during pregnancy which may not 

be present in the BNST, it is possible that increased hormone and receptor expression produced a 

localized protective effect that prevented significant damage in the MPOA and not in the BNST, 

such that LPS did not cause a significant loss of ER-α in this brain region.  There also remains 

the possibility that an effect of LPS in the MPOA was transient, such that the restructuring of the 

maternal brain during pregnancy obfuscated any significant impact on the distribution of ER-

immunopositive cells. Again, marketed decreases in neurogenesis, cell proliferation and 

dendritic volume and density have been observed in multiple brain areas throughout gestation 

(Eid et al. 2019; Galea et al. 2006) that actually return to and exceed baseline activity at one-

month post-partum (Galea, 2018; Barha et al. 2016). The fact that brain collection occurred at 

post partum day 21 for this study may suggest that any earlier effect on the MPOA would have 

been missed, as cells within the MPOA may have already returned to baseline levels of 

neurogenic activity such that it compensated for the loss in ER-immunopositive cells. 

7.3 Environmental Enrichment and BNST 

 Given that LPS did not produce a significant loss of ER-α in the MPOA, at least at the 

time point we explored, we cannot conclude that there was any restorative effect from EE. 

Looking at the MPOA, the fact that LPS-treated dams housed in EE had a tendency toward lower 

levels of ER-α when compared to their saline-treated counterparts would suggest that EE did not 

have a clear role in protecting the MPOA – however, EE played a strong role in preventing ER-α 

loss in the BNST. There is the potential that EE could have acted as a stressor, enough so that it 

not only offered no protection against ER-α loss, but that such a stressor could have added to the 

inflammatory response and actually contribute to the deficit in immunopositive cells in the 
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MPOA. This is purely speculation however, as research regarding circulating CORT levels at 

baseline and following exposure to stress show varying positive and negative results across brain 

areas, which also seems to depend highly on the specific components of the EE model as well as 

the species and strain of animal used. With this in mind, our observed results could then be due 

to differences between brain regions with the BNST supposedly responding better to the effect of 

EE. 

 Another possible explanation for the difference between the MPOA and BNST could be 

that the BNST is stimulated more as a result of the rewarding activities provided in the enriched 

environment, which then by some mechanisms attenuates the damage that would be caused by 

LPS-induced damage to the brain. As previously discussed, the BNST has pathways associated 

with the VTA, which together help control both anxious and rewarding states to dictate future 

behaviors (Jennings et al. 2013). In fact, the BNST has been described in many studies as a 

theoretical extension of the amygdala due to its role in receiving information related to emotions, 

stress and learning to integrate into pathways responsible for anxiolytic effects as well as feelings 

of motivation and reward (Luyton et al. 2016; Jennings et al. 2013; Davis et al. 2010; Jalabert et 

al. 2009; Harris & Ashton-Jones, 2007; Burrow et al. 2005; Walker et al. 2003). This reward 

circuitry is thereby regulated and is plastic based on the incoming excitation from either 

rewarding or stressful stimuli (Dumont et al, 2005). Given that the environmental enrichment 

housing condition was the only condition that involved a complex housing structure, novel play 

items and physical activities, this may have stimulated reward pathways that the BNST is 

involved with, motivating future behavior to continue with these activities. The pathways that the 

BNST shares with the hippocampus, limbic cortical areas, medial prefrontal cortex and VTA 

have all been described as playing a role in responding to stress as well as directing reward-
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seeking behaviors, and respond to stimuli based on the motivation to obtain some form of 

intrinsic enjoyment (Grace et al. 2007; Herman & Mueller, 2006; Vertes, 2006; Goldstein & 

Volkow, 2002; Dong et al. 2001; McDonald et al. 1999). Furthermore, the anteroventral and 

anterolateral areas of the BNST communicate with the VTA to guide rewarding behaviors 

(Jalabert et al. 2009; Dumont et al. 2005). 

With this in mind, the persistent act of stimulating these pathways by taking part in 

rewarding physical activities may have ultimately improved cell genesis and plasticity in this 

brain region, which may provide an explanation for how the expected loss of ER-α was 

counteracted. Studies using deep brain stimulation (DBS) have demonstrated the restorative 

effects of stimulating certain brain areas, although typically in the context of Parkinson’s Disease 

or Major Depressive Disorder, in potentially offering neuroprotection though improving 

plasticity and neurogenesis (Herrington et al. 2015). Animal studies have shown that stimulation 

of subthalamic regions ultimately induced plasticity and synapse formation in a relatively short 

amount of time within the networks that were activated (Caroni et al. 2014). However, 

stimulation may not be restricted to one area as activation of a particular brain region can in turn 

activate networks that ultimately shape brain plasticity and provide protective and restorative 

effects within multiple brain areas involved in the activated pathways. This is seen in studies that 

stimulate brain areas like the nucleus accumbens or substantia nigra which in turn activate 

dopaminergic pathways, with the presence of dopamine being the trigger that increases synaptic 

plasticity within the whole activated network (Creed et al. 2015; Herrington et al. 2015; 

Yamawaki et al. 2012). The neuroprotective effects of brain stimulation are further seen in 

improved cell survival in Parkinson’s and lesion models (Temel et al. 2006; Maesawa et al. 

2004). The proposed mechanisms by which survival is improved are through reducing toxic 
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glutamate production from hyperactive brain areas when the dopamine pathways are not 

activated, as well as by increasing production of brain-derived neurotrophic factor (BDNF) and 

glia-derived neurotrophic factor (GDNF) which promote growth and maintenance of brain cells 

(Ho et al 2014; Spieles-Engemann et al. 2011; Wallace et al. 2007). These studies would suggest 

that the physical components present in EE conditions, and not the social component seen in SE 

conditions, act as rewarding stimuli that activate BNST pathways and promote neurogenesis and 

synaptic plasticity in this brain region which minimize the detrimental effects of 

neuroinflammation following an immune challenge. 

7.4 ER-α and Maternal Behavior 

 Despite there being reductions in ER-α levels within both brain areas in the ACC housing 

condition following LPS-treatment, there were no reductions in expressed maternal behaviors. In 

fact, there were actually increased expressions of some behaviors in LPS-treated dams in the SE 

condition. The lack of reduction in expressed maternal behaviors could suggest that other brain 

areas are able to compensate for any deficits within the MPOA or BNST. Work in our lab is 

currently investigating the role of microglial activation within these brain areas following LPS 

treatment, as well as how ER-α levels in the hippocampus may play a role in secondary maternal 

behaviors such as spatial reasoning and how that may be involved in maternal behaviors proper 

(for example, being able to remember where the nest is after foraging). In this sense it is possible 

that deficits caused by an immune response within these brain areas alone are not enough to 

translate into significant reductions in expressed maternal behaviors. There is also the potential 

that the timing of observed maternal behaviors affected the obtained results. Connors et al. 

(2014) conducted observations at 0600h, 1200h and 2030h, meaning measurements were taken at 

the tail ends of the animal’s dark cycle, and in the middle of their light cycle when they would 
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typically be sleeping. Once again, if a reverse light/dark cycle was to be employed so 

observations could take place during the animal’s active hours, it’s possible different results may 

have been observed. The skew in rates of maternal behaviors in SE-housed animals could 

therefore simply be a results of timing of the observations. 

 Another potential explanation for differences in maternal behaviors (or lack there-of) 

could be due to similarities between ACC and SE housing conditions. The main differences 

between these conditions were structural, in that SE housing involved a larger cage and 

separation via a steel divider during observation periods – dams were still pair-housed in both 

conditions. It may be advantageous to have animals housed individually in an ACC to act as a 

social control, eliminating any chance for social engagement. The fact that animals were pair 

housed in the ACC condition could suggest that the social effects of pair-housing affected, or 

rather prevented, any reduced expressions of maternal behaviors, suggesting a floor effect from 

the pair housing. 

 Despite no differences in maternal behaviors being observed in this study, the long-term 

reduction in ER-α levels seen in the MPOA and BNST at three weeks post-partum may impact 

future behaviors. Considering these relatively long-lasting decreases in ER-α levels, it would be 

interesting to investigate how future pregnancies, and subsequently future immune challenges, 

further affect ER-α and whether this could eventually translate to altered maternal behaviors. The 

cumulative loss of ER-α in these brain areas may reach a threshold after which other brain areas 

may not be able to compensate as previously speculated. 

8. SIGNIFICANCE OF THIS WORK - AN INTERDISCIPLINARY PERSPECTIVE 

Animal research has been and continues to be extremely valuable in expanding our 

understanding of the impact our environment has on our health. Some discretion must be taken 
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when generalizing results to humans, especially in drug trials when results can vary between 

mice, rats, rabbits, monkeys and humans (Bracken, 2008). Pharmacological treatment responses 

have sometimes only been in accordance with human responses around 50% of the time (Perel et 

al 2007); the disparity has often been attributed to the difficulty in modelling complex human 

diseases in animals (Akhtar, 2015). This being said, animal work that draws conclusions from 

brain and behavior studies have been widely generalized to humans and our understanding of 

human health and development, as depicted by the numerous studies referenced herein. Studies 

that observe effects on phylogenetically older parts of the brain (such as the MPOA and BNST) 

are more confidently applied to our understanding of the human brain, as these brain regions 

existed among common ancestors with evolutional diversity occurring later in time. Therefore, 

studies like this provide an opportunity to expand on knowledge of human health and allow us to 

pose questions on current state of affairs based on relevant findings. With a relative lack of 

research that involves pregnant women due to ethical or safety concerns, animals research can 

help provide some perspective into issues that women may face in today’s healthcare system.  

Thus, the impact and the significance of our work can be lightly extended to humans and speaks 

to grave concerns surrounding women's health and healthcare.  We have approached these within 

an interdisciplinary context in the following sections.     

8.1 Social Determinants of Health 

Social determinants of health are an appropriate starting point when discussing the 

interdisciplinary nature of this type of research. Income and social status, education, and access 

to health services are just some examples by which men and women experience health and 

illness differently. For example, women with little access to formal education can show less 

knowledge about health and illness which can result in fewer presentations to health services due 
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to potentially un-recognized health problems (Vlassoff 2007). Studies looking at both developing 

and developed countries have noticed a pattern whereby women often show more time being 

spent in what is characterized as “reproductive work”, which not to be confused with pregnancy, 

refers to activities such as volunteer or unpaid labor that aims to enhance culture or human 

attitudes. This results in lower income earned for women participating in these activities and a 

reflected decrease in sense of autonomy and control of one’s life resulting from inability to gain 

health care coverage from employers or to pay for uninsured health services (Rathegeber & 

Vlassof, 1993). In regard to access to health services, with a focus on mental health, women have 

also reported higher rates of depression and anxiety and express greater illness burden than men, 

such that mental illness is more disabling to women (Hantsoo & Epperson, 2017; McLean et al. 

2011; Rickwood & Braithwaite, 1994). This is further complicated by the fact that women tend 

to view their illness more negatively than men, further contributing to illness burden (Lernmark 

et al. 1999; Greca et al. 1995). 

Social determinants help to put these health differences we experience into perspective, 

but an interesting point of view comes from how these factors are considered in the practice of 

medicine, as well as how patients play a larger role in directing their care in the age of patient-

centered medicine and the issues surrounding these practices. An important topic of discussion is 

the quality of sought medical care during pregnancy. Issues surrounding drug trials in pregnancy 

to determine safe medications, to social influences of appropriate prenatal medical care and 

ethical dilemmas faced by physicians all influence the quality of care that a pregnant woman will 

receive during pregnancy, and to that effect, the impact and severity of any experienced illness or 

infection, as related to the work reported herein.  
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8.2 Health Research During Pregnancy 

Pregnancy is a period unique in its vulnerability such that women have a modified 

immune response that can often result in more severe symptoms and hospitalizations from 

infections such as influenza (Dawood et al. 2018; Regan et al. 2017). However, in a review by 

Mor & Cardena (2010), the point is made that illness during pregnancy cannot be considered 

under an umbrella, as though the change in immune response to one pathogen is the same for all 

pathogens – in fact, different pathogens interact with the mother, fetus and placental barrier in 

different ways, ultimately requiring different approaches to provide appropriate treatment (Laibl 

& Sheffield, 2005; Goodnight & Soper, 2005). This has in fact been a barrier to adequate 

medical care during pregnancy, not so much because pregnant women are given limited access to 

prenatal care, but rather that simple treatments by general practitioners or family medicine for 

common illnesses like streptoccocus, influenza, or upper respiratory tract infections suddenly 

become more complicated during pregnancy. This is a result of both how the pregnant body 

responds to infection and the restrictions in medications and treatments available during 

pregnancy due to lack of testing during this period or their administration being not advised 

during pregnancy. It is therefore more appropriate to see pregnancy as a time of modified 

immune function with altered responses to pathogens, rather that considering it as immune 

suppression as a whole (Mor & Cardena, 2010). 

Much of the knowledge that exists regarding the safety of medications for pregnant 

women comes from animal research. Since 1979 and up until June 30th 2015, in the USA, the 

FDA had issued a labelling system for prescription medications using a five letter system that 

was intended to categorize medications based on outcomes in animal studies as well as human 

studies, if any existed, in an effort to simplify the identification of safe medications and those to 

avoid during pregnancy. However, this rule seemed to oversimplify the risks and benefits such 
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that it made it difficult for a consumer to conceptualize the difference, for example, between 

group B medications where animal studies show that offspring do not exhibit problems when the 

pregnant animals had received the drug, and group C medications, where some offspring had 

demonstrate negative effects but the medication could still sometimes benefit mother and 

offspring more than harm them. An over-reliance on animal studies was seen, which cannot 

guarantee the exact same outcomes in humans. Note that the FDA testing guidelines require 

studies to demonstrate consistent effects in more than one species of animal; this could help 

support an assumption of similar effects in humans (FDA, 2014). As a result of critiques of the 

ambiguous nature of these labelling categories, the FDA replaced the lettering system with what 

they term as the Pregnancy and Lactation Labelling Rule (PLLR), a more narrative based format 

that aims to help pregnant women make more informed decisions regarding the medications they 

take, rather than leaving it solely at their physician’s discretion. Rather than simply stating 

whether benefit or harm came to offspring in animal studies, it also mandates the inclusion of the 

pregnancy exposure registry, which must now be included to show what the exact results were of 

medications that were tested on pregnant women. 

8.3 Standardized Medical Guidelines 

Despite the revised system, decisions regarding medical treatment for pregnant women 

still remain rather subject to interpretation. The safety of medications prescribed for chronic 

diseases, like Metformin or insulin for diabetes, Ventolin for asthma, and lithium for bipolar 

disorder, all have potential dangers when taken during pregnancy despite being the standard 

treatment for these conditions. Medications prescribed for acute illness are in the same situation 

– the safety of antibiotics that are commonly prescribed for bacterial infections like urinary tract 

infections or strep throat is rather unclear during pregnancy. Some antibiotics like penicillin and 
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amoxicillin are safe after 15 weeks of pregnancy, while others like tetracycline or doxycycline 

can cause birth defects and have been associated with an increased risk of miscarriages (Muanda 

et al. 2017). This poses the risk that pregnant women may forgo treatment if they are allergic to a 

particular family of antibiotics, or avoid medications altogether knowing that certain drugs may 

cause birth defects. One might suggest over the counter medications for symptom management, 

though they do not treat the root cause of the illness. To further complicate matters, over the 

counter medications and supplements are not as closely regulated by the FDA, and they do not 

carry the category markings that indicate levels of safety for consumption during pregnancy. 

Although pregnant women are typically closely followed by obstetricians or OB/GYNs, it 

is not uncommon for urgent care to be sought for acute illnesses. This then puts into question 

how medical care is standardized for pregnant women suffering from acute illnesses when 

guidelines are not clearly stated and treatment could potentially vary from physician to 

physician. Exaggerated immune responses during pregnancy combined with this model of 

limited pharmacological treatment for pregnant women could result in women suffering from 

longer lasting or highly symptomatic illnesses, which as discussed in this paper and countless 

others, could pose significant risk to proper fetal development. 

8.4 Social Media and Patient-Centered Medicine 

Subjectivity on appropriate medical care for pregnant women is of course not limited to 

physicians; in the age of patient-centered medicine, patients are playing a larger role than ever in 

decisions made regarding their health care. The wealth of information accessible to the layman 

empowers us to make decisions based on our health-related goals and values, and by what we 

feel is best for us. However, the information available over the internet or through social media is 

not always helpful nor is it always safe. 
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The impact of falsified and manipulated research linking vaccines to autism years ago 

still remains today, and unfortunately the beliefs in the anti-vaccination movement are as strong 

as ever. One can see the division of beliefs when looking at the issue of receiving vaccination for 

influenza (the flu shot) during pregnancy. Numerous human and animal studies have observed 

the risks of influenza in compromising healthy pregnancies, in that exposure to this viral illness 

has shown to decrease fetal growth rate and increase the risk for premature birth, miscarriage and 

stillbirth which has been widely attributed to the inflammatory response and altered nutrient and 

cytokine transfer through the placenta upon infection (Littauer et al. 2017; Nunes & Madhi, 

2015; Martin et al. 2013; Uchide et al. 2012; McNeil et al. 2011). The risks to the fetus are 

numerous, as described in this paper; exposure to maternal immune activation in utero can cause 

a number of deficits in the developing offspring. With reference to influenza specifically, 

maternal exposure to the virus and subsequent immune activation at certain times during 

gestation are linked with an increased risk of developmental delays and neurodevelopmental 

disorders like autism and schizophrenia in offspring.  The mechanisms by which these are 

believed to occur include alterations in cytokine profiles, modified gene expression, dendritic 

morphology and increased brain size (Lombardo et al. 2017; Weir et al. 2015; Le Belle et al. 

2014; Zerbo et al. 2013; Short et al 2013; Garbett et al. 2012; Atladottir et al. 2012; Canetta & 

Brown, 2012; Brown 2011; Patterson, 2011; Shi et al. 2009; Smith et al. 2007; Limosin et al. 

2003). The annual influenza vaccine has been a proven method of reducing the incidence as well 

as severity of influenza among the population, offering a safe a minimally invasive way of 

offering protection for pregnant women (Molgaard-Nielsen et al. 2019; Donzelli, 2019; Esser et 

al. 2017; Tapia et al. 2016; Madhi et al. 2014; Xia et al. 2014; Temma et al. 2009; Zaman et al. 

2008; Munoz et al. 2005; Black et al. 2004). Despite the fairly consistent advocacy by both 
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scientific literature and health care professionals in practice, a rift remains between professional 

encouragement and public condemnation of seeking the flu shot during pregnancy. Social media 

provides a platform for the sharing of many opinions, and pregnant women seeking information 

regarding the safety or efficacy of the vaccine may be exposed to harmful views and ideas. 

Dangers can arise when pregnant women take as fact the negative views regarding vaccination 

during pregnancy. Considering the mere exposure effect in psychology, ideas may seem more 

agreeable solely for the fact that is unconsciously familiar to us. This could lead women to 

believe false information online after being bombarded by it, even unknowingly so (Bornstein & 

D’Agostino, 1992). As a harmful example, we cite a recent study by Donahue et al. (2017), 

which attributed a potential increase in miscarriage as a result of obtaining two consecutive 

annual influenza vaccines during pregnancy. This article was posted on the CDC website and 

was weaponized by social media anti-vaccination activists as undeniable proof that vaccinations 

are harmful to pregnant women. It is important to note that these activists ignored the fact that 

the report specified that an association was only observed in women who received one particular 

strain of the vaccine (not applicable to all influenza vaccinations) and that a causal relationship 

between influenza vaccination and miscarriage could not be established.  Furthermore, also 

ignored was the fact that the CDC continued to advocate for the administration of the vaccine 

due to its undeniable wealth of health benefits that far outweighed the slight increase in risk of 

miscarriage in that particular strain of the vaccine. The issue becomes problematic when women 

forego beneficial, preventative treatments based on the views they are exposed to in the media, 

putting them at an increased risk of infection with subsequent potential dangers to both mother 

and child. 
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8.5 Ethical Treatment of Acute Illness During Pregnancy 

How is it then that physicians respond to expecting mothers who refuse recommended 

treatments when it appears to put the fetus at risk? Are there policies in place to empower 

women to make decisions regarding their health and well-being both in clinical situations and in 

the workplace? In medical practice physicians are guided by the three pillars of ethics: 

autonomy, beneficence/non-maleficence and justice. The American College of Obstetricians and 

Gynecologists has developed guidelines based on ethical treatment of both woman and fetus. 

Though administration of the influenza vaccine is a rather simple medical intervention and these 

guidelines are likely more widely referred to in cases requiring more complex treatments, the 

principles remain the same. A misconception in medicine is that the physician’s responsibility 

lies with protecting the developing child. Though the physician must consider all prospects of 

benefitting or harming the fetus, the supposition that the fetus is the focal point of concern treats 

women as merely a vehicle for the fetus, when in reality fetal intervention impacts the woman’s 

body as well, and therefore cannot be performed without expressed consent (ACOG, 2011; 2009; 

Annas, 1986). The patient and fetus cannot be considered as separate patients, otherwise 

resultant ethical dilemmas arise when priority is put on the developing child at the expense of the 

mother (Minkoff et al. 2014; McCullough & Chervenak, 2008; Harris & Paltrow, 2008). To this 

effect, women play a much larger role in decisions regarding their health care during pregnancy 

as we’ve moved away from the paternalistic view of medicine. Playing a larger role in the 

decision-making process can in fact help women choose treatments that align with their values 

and goals – benefits to the women often lead to benefits to the fetus, which may ultimately have 

positive effects in the long term when at the moment it may appear counterintuitive to a 

physician (WHO, 2015). In more severe cases that go far beyond seeking vaccination during 

pregnancy, there is the possibility of court ordered medical treatment by forced compliance, the 
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implementation of which is extremely controversial as it completely undermines the autonomy 

and decision-making capabilities of the patient (Adams et al. 2003; Glass, 2001). The possibility 

of forced treatment may also cause some women to avoid seeking prenatal care, an important 

problem in itself considering the potential harm this can have on the fetus (Paltrow & Flavin 

2013). 

Some may question the possibility of instituting mandatory flu vaccination in pregnant 

women (bar exclusion for medical reasons) as the benefits far outweigh the risks to the 

developing child. Afterall, some schools require mandatory vaccinations for students to attend – 

since 1982, Ontario and New Brunswick have been the only provinces to make routine 

vaccinations mandatory in school aged children (Walkinshaw, 2011), and according to the 

“Immunization of School’s Pupil’s Act”, exemptions for medical, philosophical or religious 

reasons are harder to obtain with parents being required to attend a vaccine safety education 

session prior to acceptance of exemption. Could mandatory flu vaccinations be on the horizon, 

and would this be an ethical practice? In reality we are not likely to see the institution of a 

mandatory flu vaccination policy any time in the near future. The distinguishing parameters 

surrounding prenatal vaccination to vaccination in school aged children is apparent with an 

understanding of Tort law (Wright, 1985; Fleming, 1967). Tort law is the process by which civil 

disputes can render someone amenable to compensation or damages based on emotional or 

physical distress, breach of privacy, negligence and similar matters, much like the civil version 

of criminal law. Vaccination is mandated in schools because being negligent in the adherence to 

vaccination schedules can put other children at risk of harm. When considering autonomy, a 

person who is of sound mind has every right to either accept a dangerous treatment or refuse a 

beneficial treatment that can ultimately lead to harm, if they are the only ones affected by the 
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decision. In this light, the decision for a pregnant woman to forego vaccination for influenza is 

considered to be only affecting her – again, referring to previous discussions, the fetus is not 

considered a separate patient, and thus the woman is fully within her rights to refuse such a 

treatment. For better or for worse, the decision remains with the patient, and as the patient begins 

to play a more significant role in her health care, she may be in the position to dictate the factors 

that can help or harm her or her developing child. 

It is important to recognize the practical applications of research like ours which 

investigates an issue from a different perspective – in this case, it is research that focuses on the 

maternal experience of illness and how this could potentially affect her health and that of her 

offspring. It is our hope that research which looks through the lens of maternal health be further 

developed by future studies. Afterall, research into maternal health is not limited to a wet lab or a 

clinic. Rather, it is necessary to use lab-based discoveries in understanding the mechanisms 

underlying certain aspects of maternal health and to apply them to further our understanding of 

issues in current practices regarding maternal health, and likewise to consider current policies 

and lived experiences of women to guide lab-based research to ultimately improve women’s 

health on a larger scale. 

9. LIMITATIONS 

As an extension of the study by Connors et al. (2014), experimental control was limited 

in some regards, but we were nonetheless able to achieve some rather interesting results. One 

experimental manipulation that would have been beneficial and could be worth exploring in 

future studies is the collection of brains at different times post-partum. It was briefly mentioned 

that the possibility exists that the MPOA may have begun returning to or exceeding baseline 

levels of neurogenesis by post-partum day 21, an effect that could have diluted any significant 
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effect of the immune challenge. Comparing brains collected within a few days following 

parturition to those at different time points thereafter would be useful to determine the acute 

changes to these brain areas and whether they naturally return to baseline levels as we may have 

witnessed.  It would also be beneficial to compare pregnant dams to a nulliparous group of 

control dams who were exposed to similar environmental conditions and immune challenge. This 

would help determine actual baseline levels of ER-α following parturition without needing to 

rely on speculation and would more accurately demonstrate the changes the maternal brain 

undergoes during gestation. Closer observation and documentation of how much dams interact 

with components of the enriched environments could be useful to gauge whether they obtain 

some form of enjoyment from the stimulating activities and social interaction or whether they 

appear stressed in such situations - alternatively, tests of stress reactivity could be useful to 

assess the effects of EE in female dams.  As an additional measure of control, having equal 

numbers of dams in treatment group could strengthen the significance of our results. Finally, it is 

important to once again emphasize that these results were obtained under specific EE conditions 

that were described in the methods section. Considering some of the various effects EE has been 

reported to have on the brain, some of these observed effects may not be generalizable to all 

species or strains of animals.  

10. CONCLUSION 

 Although we obtained seemingly conflicting results regarding the efficacy of LPS to 

induce neuroinflammation and subsequently reduce ER-α levels across brain areas, as well as the 

potential for EE to protect against this deficit, this study has nonetheless shed some light on the 

vulnerability of the maternal brain during pregnancy. Our findings suggest that brain areas may 

differ in terms of their susceptibility to neuroinflammatory damage due to the plastic nature of 
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the maternal brain as well as the changes in hormone levels throughout pregnancy. The perpetual 

rise in estrogen and expression of ER-α specifically in the MPOA appeared to have provided a 

localized anti-inflammatory response that in itself protected against the effects of 

neuroinflammation, maintaining relatively normal levels of ER-α with no significant decrease. In 

contrast, the BNST does not seem to benefit from such a pronounced rise in estrogen and ER-α, 

thereby succumbing to prolonged significant damage and loss of ER-α as a result of the immune 

challenge. However, the stimulating activities that are fundamental to an enriched environment 

may have affected the BNST more so than the MPOA based on the role of the BNST in 

motivating rewarding behaviors. This may have in itself led to greater synaptic plasticity, 

neurogenesis and longer cell life in the BNST, as seen in normalized levels of ER-α when housed 

in EE conditions during an immune challenge. Taken together, it would appear that both brain 

areas have vulnerabilities and protective factors based on their function and reorganization 

during gestation. While the maternal brain is still not immune to the affects of 

neuroinflammation, it is promising to see that avenues such as EE can offer some form of 

protection.  It is important to again note that these results were obtained under very specific EE 

conditions that were previously outlined. As discussed, research related to EE can vary 

significantly based on the types of stimulation offered as well as housing structure, strain of 

animal and number of animals housed together. With this model of MIA during pregnancy using 

Sprague-Dawley rats, results suggest that MIA can affect levels of ER-α in at least one key brain 

area involved in maternal behavior which could ultimately affect the quality and quantity of 

maternal care offered to offspring, which in itself can have long lasting effects on offspring 

development. If future studies were to consistently show similar results with different models of 

EE, as well as in in different species and strains of animals, these results could be more strongly 
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generalized to humans. This would reinforce the concept that getting sick during pregnancy not 

only affects the offspring directly in utero,  but could also just as significantly affect the maternal 

brain in areas that could compromise the frequency and quality of maternal care provided to 

newborns, with the potential to affect the mother-child bond which can contribute to altering  

offspring neurodevelopment throughout the lifespan. 
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11. FIGURES 

 

 
Figure 1: Identification and microscopy of brain areas. Brain areas were identified using the Paxinos and Watson 

Brain Atlas (2007) (a) and associated with corresponding brain sections to determine bregma values and location of 

brain areas of interest (b). Brain areas were then identified under the microscope and photos were taken at 10x, 20x 

and 40x objectives (c-d).  
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Figure 2. Example of Cell Counting at 400x. The same sized grid was laid over all images taken with the 40x 

objective; receptors were counted only if the complete receptor fell within the central 2x3 area without crossing the 

outer border. 
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Figure 3. Mean body weights during gestation: Dams were weighed at varying time points from conception (21 

days prior to parturition) up to 21 days post-partum. Comparisons were made between LPS and saline-treated dams 

across all housing conditions.  We observe an effect of time but no seemingly important difference in weight gain 

due to treatment and housing.   
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Figure 4. Mean water intake following treatment: a.Values represent mean ± SEM grams of water consumption 

in dams at 4 hours and 20 hours post-treatment across all treatment and housing groups. We found a significant 

Time by Treatment interaction (F1,35=6.84; p<0.05).  b.Values represent mean ± SEM grams of water consumption, 

with a focus on the comparison made between LPS and saline-treated dams 4 hours and 20 hours post-treatment. A 

significant Treatment difference was only seen at 20h post treatment (F1,35=9.09; p<0.05). 
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Figure 5. Mean food intake following treatment: a. Values represent mean ± SEM grams of food consumption in 

dams at 4 hours and 20 hours post-treatment across all treatment and housing groups. We found a significant 

interaction between Time and Treatment (F1,35=11.93; p<0.05).  b. Values represent mean ± SEM grams of food 

consumption, with a focus on the comparison made between LPS and saline-treated dams 4 hours and 20 hours post-

treatment.  Significant different in Treatment was only seen at 20h post treatment (F1,35=18.49; p<0.05). 
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Figure 6. Mean expression of maternal behaviors: a. Values represent mean ± SEM total instances of observed 

licking and grooming over post-partum day 2-6 across all treatment and housing groups. No significant differences 

were observed. b. Values represent mean ± SEM total instances of nursing over post-partum day 2-6 across all 

treatment and housing groups. No significant differences were observed. c. Values represent mean ± SEM total 

instances of observed nest building over post-partum day 2-6 across all treatment and housing groups. A significant 

interaction of Housing by Treatment was observed (F1,31=8.02; p<0.008). d. Values represent mean ± SEM total 

instances of observed pup retrieval over post-partum day 2-6 across all treatment and housing groups. A significant 

effect of Housing was observed (F2,31=7.97; p<0.002). (Connors et al. 2014) 
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Figure 7. Representative pictographs of the MPOA: ER-α immunopositive cells visualized at a 400x in the 

MPOA of dams housed in ACC, SE and EE conditions when treated with saline (a, b, c) and LPS (d, e, f), 

respectively. 

 

 

 
Figure 8. Representative pictographs of the BNST: ER-α immunopositive cells visualized at a 400x  in the BNST 

of dams housed in ACC, SE and EE conditions when treated with saline (a, b, c) and LPS (d, e, f), respectively. 
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Figure 9. Mean ER-α levels in the MPOA: ER-α levels represented by mean ± SEM in the MPOA of dams housed 

in ACC, SE and EE conditions. A Treatment by Housing interaction was detected (F2,35=4.07; p<0.05); simple 

effects did not detect any specific pairwise Treatment differences at each Housing condition. 
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Figure 10. Mean ER-α levels in the BNST: ER-α levels represented by mean ± SEM in the BNST of dams housed 

in ACC, SE and EE conditions. A significant interaction between Treatment and Housing was detected (F2,35=3.93; 

p<0.05).  A difference between saline and LPS treated dams in the number of ER-α positive cells was only seen in 

the BNST in ACC housed dams (F1,35=16.50;p < 0.05). 
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