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Abstract
Preeclampsia is a hypertensive disorder of pregnancy that affects many organs including the brain.
Neurological complications occur during preeclampsia, the most serious of which is seizure
known as eclampsia. Although preeclampsia can precede the eclamptic seizure, it often occurs
during normal pregnancy, suggesting that processes associated with normal pregnancy can
promote neuronal excitability. Here we investigated whether circulating inflammatory mediators
that are elevated late in gestation when seizure also occurs are hyperexcitable to neuronal tissue.
Evoked field potentials were measured in hippocampal slices in which control horse serum that
slices are normally grown in, was replaced with serum from nonpregnant or late-pregnant Wistar
rats for 48 hours. We found that serum from pregnant, but not nonpregnant rats, caused
hyperexcitability to hippocampal neurons and seizure activity that was abrogated by inhibition of
tumor necrosis factor alpha (TNFα) signaling. Additionally, application of TNFα mimicked this
increased excitability. Pregnant serum also caused morphological changes in microglia
characteristic of activation, and increased TNFα mRNA expression that was not seen with
exposure to nonpregnant serum. However, TNFα protein was not found to be elevated in pregnant
serum itself, suggesting that other circulating factors during pregnancy caused activation of
hippocampal slice cells to produce a TNFα-mediated increase in neuronal excitability. Lastly,
although pregnant serum caused neuroinflammation and hyperexcitability of hippocampal slices, it
did not increase blood-brain barrier permeability, nor were pregnant rats from which the serum
was taken undergoing seizure. Thus, the BBB has an important role in protecting the brain from
circulating neuroinflammatory mediators that are hyperexcitable to the brain during pregnancy.
These studies provide novel insight into the underlying cause of eclampsia without elevated blood
pressure and the protective role of the BBB that prevents exposure of the brain to hyperexcitable
factors.
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Introduction
The occurrence of unexplained seizure during pregnancy, known as eclampsia, has plagued
women and physicians for centuries. It is one of the most serious complications of
pregnancy and is life-threatening for both mother and fetus (Sabai, 2005; Duley, 2009).
Although seizure during pregnancy is often associated with preeclampsia - the appearance of
hypertension and proteinuria during the last half of gestation - it also occurs in women with
seemingly uncomplicated pregnancy who have normal blood pressures. In fact, studies have
consistently found that there is little correlation between blood pressure and seizure in
pregnancy (Sibai, et al., 1986; Sabai, 1990; Douglas and Redman, 1994; Katz et al., 2000).
These findings have established that preeclampsia is not necessarily a prodrome for
eclampsia and imply that factors or processes associated with normal pregnancy may
provoke the eclamptic seizure.

Normal pregnancy is a state of considerable biological adaptation. Almost every
physiological system is known to adapt for successful pregnancy to occur. Changes in
cardiovascular, renal, immune, and endocrine systems take place to allow for the fetal
allograft to survive early in pregnancy and to meet the demands of the growing fetus later in
gestation (Liu, 2004; Monga, 2004; Aagaard-Tillery et al., 2006). To this end, large amounts
of hormones, including growth factors, cytokines and chemokines are produced, mostly by
the fetal-placental unit, and released into the circulation (Liu, 2004; Aagaard-Tillery et al.,
2006; Rusterholz et al., 2007). Hormone production rises considerably throughout
pregnancy, reaching a peak late in gestation when seizure also occurs (Liu, 2004; Aagaard-
Tillery et al., 2006; Rusterholz et al., 2007). In fact, eclamptic seizures occur exclusively in
the last half of pregnancy, and most often during late-gestation when levels of circulating
hormones are highest (Sibai, et al., 1986; Sabai, 1990; Douglas and Redman, 1994; Katz et
al., 2000). In addition, there is a high propensity for eclampsia to occur in multi-fetal
gestations when the levels of hormones are significantly elevated, and in developing
countries where peripheral inflammation is high, further suggesting a role for these
circulating pro-inflammatory mediators in eclampsia (Sabai, 2005; Duley, 2009; van den
Broek, 2000).

The molecular mechanisms that lead to seizure activity are not completely understood, but
can be provoked by a number of conditions, including acute metabolic derangements,
inflammation and injury (Palladino and Stanley, 2010; Riazi et al., 2010; Shlosberg et al.,
2010). Central to these states in evoking seizure activity is the activation of microglia.
Microglia are resident macrophages that are ubiquitously distributed throughout the brain
parenchyma and react swiftly to pathological stimuli (Ladeby et al., 2005; Vezzani et al.,
2008). Microglial activation is characterized by a number of features including morphologic
transformation and production of pro-inflammatory cytokines such as tumor necrosis factor-
α (TNFα) (Hulse et al., 2008) that then act on neurons to change their excitability state
(Stellwagen et al., 2005; Stellwagen and Malenka, 2006). In particular, microglia-produced
TNFα can change neuronal excitability and promote seizure activity through increasing cell-
surface AMPA receptors and decreasing GABAA receptors, thus decreasing inhibitory
synaptic activity (Stellwagen et al., 2005). Recently, peripheral inflammation has been
shown to increase seizure susceptibility through microglial activation and TNFα production
(Riazi et al., 2008), demonstrating that circulating inflammatory mediators can affect brain
excitability to promote seizure.
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Pregnancy is also a state of peripheral inflammation in which there are elevated levels of
circulating pro-inflammatory cytokines and oxidative stress (Sacks et al., 1998; D’Mello et
al., 2009; Szarka et al., 2010). Because some of these factors can activate microglia, we
hypothesized that circulating pro-inflammatory mediators produced during normal
pregnancy would be hyperexcitable to the brain (D’Mello et al., 2009). Thus, we
investigated the effect of circulating factors in the serum of late-pregnant (LP) rats on
microglial activation and excitability of hippocampal neurons. In addition, because the
blood-brain barrier (BBB) has an important role in limiting transport of damaging
circulating factors from the blood into the brain that could promote seizure activity (Cipolla,
2006), we also investigated how serum from late-pregnant animals affected BBB
permeability.

Materials and methods
Animal model of pregnancy and serum samples

All animal procedures were approved by the Institutional Animal Care and Use Committee
at the University of Vermont. A rat model was used to study the effects of pregnancy on
brain inflammation and neuronal excitability. The rat is a useful model of pregnancy
because it has similar placentation (hemochorial) as well as physiological, cardiovascular
and immune adaptations as humans (Gilson et al, 1992), and a short gestation (22 days).
Timed-pregnant Wistar rats were purchased from Harlan on day 5–6 of gestation and kept in
the animal care facility at the University of Vermont. Age-matched nonpregnant virgin
female Wistar rats were used as controls. Animals were kept in a 12 hour light, 12 hour dark
cycle and allowed food and water ad libitum.

On the day of an experiment, animals were anesthetized with isoflurane in oxygen and
decapitated. Trunk blood was collected in serum separator tubes, centrifuged and serum
obtained. Samples were frozen at −80°C until use.

Hippocampal slice cultures and measurement of neuronal excitability
Slice cultures were prepared as previously described (Kunkler and Kraig, 1997). Briefly,
hippocampi were collected from 8–10 day old CO2-anesthetised rat pups, sectioned to 350
μm and placed on Millicell-CM tissue culture inserts (Millipore) in 6-well Falcon trays
(Becton Dickinson). Cultures were maintained at 36°C with 5% CO2-balance air and 95%
humidity, with culture media changed biweekly and containing: 50 ml Basal Medium Eagle,
25 ml Earle’s Balanced Salt Solution, 23 ml horse serum, 0.5 ml GlutaMax (at 200 mM), 0.1
ml Gentamicin (at 10 mg/ml), 0.4 ml Fungizone (at 250 μg/ml), 1.45 ml D-Glucose (42
mM). All animal procedures were approved by the Institutional Animal Care and Use
Committee at the University of Chicago.

At 18 days in vitro (DIV) slice cultures were screened for cell death using 5 μM Sytox
Green (504/523 nm fluorescence excitation/emission when bound to DNA; #S7020;
Invitrogen) (Hulse et al., 2008). Cultures with pyramidal neuron layer injury were not used.
Cultures were used between 21–24 DIV, a time range well within the period associated with
mature synaptic function and quiescent microglia consistent with those seen normally in
vivo (Hulse et al., 2008; Kunkler and Kraig, 1998; Kunkler et al., 2005).

1–3 days after Sytox screening, slice culture media was replaced with media where horse
serum (23% of total volume) was substituted with serum from nonpregnant (NP) or late-
pregnant (LP) rats. Control slices were kept in the horse serum-based media. All groups
were incubated under normal incubation conditions for 48 hours before experiments.
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For electrophysiological recordings, slice culture inserts were placed in 35 mm culture
dishes with two 1 mm glass rods at the bottom to stabilize the insert membrane which
otherwise might move up and down. In addition, 3 compressible sections of tubing (#95809;
Pharmed) 2 mm long were positioned equally around inserts to further hold the inserts in
place. A ~10 mm wide and 3–4 cm long piece of cotton was soaked in ~1 ml of media and
placed around the inside perimeter of the insert flush with the walls and away from the slices
to help maintain a humidified environment. The top of the culture dish was then covered
with polyvinyl chloride film (Fisher Scientific) to prevent fluid loss and allow CO2
diffusion. Cultures were placed in a microincubator (PDMI-2; Medical Systems) set at 36°C
and aerated with 5% CO2-balance air and media maintained at pH 7.3 as tested with a
micro-combination pH electrode (M-413; Microelectrodes) to create a “static” recording
environment. A battery-operated cautery tool (Gemini Cautery System; Braintree Scientific
Instruments) was used to burn an elliptical hole in the polyvinyl chloride film directly above
the inserts for microelectrode placement.

Culture inserts were allowed to equilibrate in their recording environment for ~10 minutes.
Then, a sharp (2–4 μm tip diameter) microelectrode was placed at the CA3 pyramidal
neuron layer to record responses evoked by a dentate gyrus bipolar stimulating electrode,
using pulses of 10–50 μA at 100 μs (Kunkler and Kraig, 1998; Kunkler et al., 2005;
Grinberg et al., 2011; Pusic et al., 2011). The electrical stimulus was repeated after minutes
with recordings made from each of three slices for approximately 20 minutes. Typical
electrical responses are shown in Figure 1A. Evoked responses were graded on a weighted
scale (normal field potential, 1; reduced synaptic inhibition, 2; spontaneous bursting, 3;
spreading depression, 4; and electrographic seizures, 5).

Measurement of microglial activation by CD11b immunostaining density
Immunostaining procedures for CD11b followed standard protocols previously reported for
hippocampal slice cultures (Hulse et al., 2008) that were adapted from work involving whole
animal brains and digital imaging strategies (Caggiano and Kraig, 1996). Briefly, three
random CA3 area of interest replicates were photographed per biological replicate with the
examiner blinded to experimental conditions. Resultant microglial immunostaining density
technical replicates were averaged to yield a single value per slice culture. Control levels
were set to 1.00 to allow for inter-experiment comparisons (Hulse et al., 2008).

Measurement of TNFα by ELISA
The level of TNFα in NP and LP serum was determined using an enzyme-linked
immunosorbent assay (ELISA, R&D Systems, DY293B, Minneapolis, MN) and used
according to manufacturer’s instructions. After microplate coating with capture antibody,
sample incubation (4 h), biotinylated detection antibody addition (3 h) and streptavidin-
horseradish peroxidase processing for tetramethylbenzidine substrate development, the
optical density in each well was measured at 450 nm with background correction.

Measurement of TNFα mRNA from hippocampal slice cultures
Quantitative real-time RT-PCR (qPCR) was used to measure changes in TNFα in
hippocampal slices. Detection of cytokine mRNA by qPCR is a sensitive technique for
analyzing cytokine levels in tissues since cytokine mRNA and protein levels are highly
correlated (Hein et al., 2001; Blaschke V et al, 2000). qPCR procedures followed previously
described methods (Pusic et al., 2011). Following treatment, slice culture inserts were
submerged in 3 ml RNAlater (Ambion) and stored at 4°C for up to 3 days until further
processing. The hippocampus proper was dissected away from slices using a glass knife
(#10100-00, Fine Scientific) and then gently lifted off the insert with a fine tip paint brush
(Reed Sable, size 5/0, Ted Pella) and harvested in 1 ml of cold sterile PBS in RNase/DNase,
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DNA free 1.5 ml microcentrifuge tubes. After a brief centrifugation, PBS supernatant was
removed and slices were resuspended in 500 μl of cold TRIzol reagent. Samples were
incubated for 5 min at room temperature, then used immediately or stored at −80°C for later
use. Total RNA isolation was performed using a combination of TRIzol and Qiagen’s
RNeasy micro kit columns.

Quantification of RNA samples was performed using Ribogreen according to the
manufacturer’s protocol (Invitrogen), with yeast tRNA standards as a reference. 60 ng of
total RNA was reverse transcribed into cDNA using Bio-Rad’s iScript cDNA synthesis kit,
as per the manufacturer’s instructions. Resultant cDNA was diluted 1:4 and 1 μl was used
for each reaction. TNFα mRNA expression levels were determined by quantitative PCR
(qPCR) using the real-time iCycler™ PCR platform (Bio-Rad). cDNA was amplified in
duplicate wells using 200 nM of gene specific primers (see below) in a total reaction volume
of 25 μl. All experiments were performed using iQ SYBR Green Supermix with fluorescein
(Bio-Rad) in accordance with the manufacturer’s instructions. Thermal cycling conditions
were as follows: an initial incubation at 95°C for 10 min to activate the polymerase followed
by 40 cycles of 95°C for 10 s, 60°C for 30 min and 72°C for 20 s, and a melt curve (55°C, 1
min, 80 cycles of 0.5°C increments for 10 s each starting at 25°C). Relative gene expression
normalized to ribosomal protein L13a (Rpl13a) was calculated using the delta-delta Ct
method (Yuan et al., 2008). Rpl13a was chosen as the best housekeeping gene for our
experiments, since stable expression has been shown in ischemia studies, and expression
levels are similar to that of TNFα (Hulse et al., 2008). Primer sequences were as follows:
Rpl13a forward, 5′-TTG CTT ACC TGG GGC GTC T- 3′; Rpl13a reverse, 5′-CTT TTT
CCT TCC GTT TCT CCT C- 3′; TNFα forward, 5′-ACC ACG CTC TTC TGT CTA CTG
A- 3′; TNFα reverse, 5′-CTG ATG AGA GGG AGC CCA TTT G- 3′.

BBB permeability in response to serum exposure
The effect of LP and NP serum on permeability of the BBB was determined as previously
described with slight modifications (Roberts et al., 1989; Amburgey et al., 2010). Briefly, a
modified Landis technique was used with cerebral veins perfused with serum (20% in
physiological buffer) from NP or LP rats. Permeability measurement of veins was performed
within an arteriograph chamber that was superfused with physiological saline solution (PSS)
at pH 7.4±0.05 and kept at 37°C. The proximal cannula of the arteriograph chamber was
connected to an in-line pressure transducer and servo system that allowed for measurement
and adjustment of intravascular pressure. Veins were equilibrated at an intravascular
pressure of 10 mmHg for 2 hours with plasma in the lumen. Intravascular pressure was then
increased to 25 mmHg and the servo controlling pressure was disconnected from the
pressure transducer. This allowed measurement of the pressure drop without compensation
by the servo system. The measured pressure drop due to filtration of water through the
vessel wall in response to hydrostatic pressure was used as a measure of BBB permeability,
as previously described (Roberts et al., 1989; Amburgey et al., 2010). The drop in pressure
was then converted to filtration (Jv/S) and hydraulic conductivity (Lp) using a conversion
curve that relates the volume of water flowing out of the cannula per mmHg. Cerebral veins
were used for these experiments because these vessels have BBB properties (Butt and Jones,
1992), can be exposed to plasma, and are kept in their physiological, pressurized state. This
method of measuring BBB permeability has been used successfully in previous studies
(Roberts et al., 1989; Amburgey et al., 2010) and provides a measure of both transcellular
and paracellular permeability.

Statistical analysis and data presentation
Values are mean ± SEM. Differences in relative excitability between the different serums
was determined using one-way analysis of variance with post hoc Holm-Sidak test for
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multiple comparisons. Differences in excitability within groups with and without sTNFR1
were determined using one-way analysis of variance. Differences in optical density of
microglia and TNFα mRNA between groups were determined using one-way analysis of
variance with a post hoc Holm-Sidak test for multiple comparisons. Differences in Lp and
Jv/S after exposure to NP or LP serum were determined using one-way analysis of variance.

Results
Late-pregnant serum is hyperexcitable to hippocampal slice cultures via TNFα

Hippocampal slice cultures were used to study the effect of female rat serum on neuronal
excitability because slices closely parallel their adult in vivo counterpart and allow for
controlled microenvironmental conditions. Rat hippocampal slices are normally cultured in
horse serum (HS)–based media where astrocytes are non-reactive (Kunkler and Kraig,
1997), microglia are quiescent (Hulse et al., 2008), and electrophysiological function is
similar to that seen in vivo (Kunkler and Kraig, 1998; Kunkler et al., 2005). To determine if
circulating factors during pregnancy affected neuronal excitability, we replaced control HS
(n=26) with rat serum from virgin nonpregnant (n=12) or LP (day 20 of a 22 day gestation;
n=12) Wistar rats for 48 hours and measured evoked potentials. Figure 1A shows
representative evoked potentials measured from hippocampal slices with serum exposure.
Evoked potentials were compared from each group using a graded scale, also shown in
Figure 1A. We found that where NP serum was similar to control HS in that evoked field
potentials were normal, LP serum caused the slices to be hyperexcitable and provoked
seizure activity (Figure 1B). When slice cultures were incubated in serum with soluble
TNFα receptor 1 [(sTNFR1) 200 ng/ml, #425-R1-050; R&D Systems, Minneapolis, MN;
n=6–12] to inhibit TNFα signaling (Mitchell et al., 2010), evoked seizure activity in
response to the LP serum was prevented and slice evoked responses were similar to control
and NP serum (Figure 1B). To ascertain the involvement of TNFα in hyperexcitability, a
separate set of hippocampal slices were incubated in normal horse serum media (n=5/group)
containing TNFα (200ng/ml, #510-RT, R&D Systems) added immediately prior to
measuring evoked potentials as described above. Since serum can dampen cytokine
signaling, we increased TNFα from that used with serum-free media (i.e., 100 ng/ml;
Mitchell et al., 2011). Figure 1C shows that TNFα alone caused a significant (P =0.002)
increase in neuronal hyperexcitability. Together, these results demonstrate that there are
circulating factors in pregnant serum that cause neuronal hyperexcitability and seizure
activity through a mechanism involving TNFα.

Late-pregnant serum causes microglial activation in hippocampal slice cultures
All brain cell types and related endothelial cells can produce TNFα, however, microglia are
the predominant source of this cytokine under pathophysiological (Hopkins and Rothwell,
1995; Allen and Rothwell, 2001) and physiological (Hulse et al., 2008) conditions within
brain tissue. TNFα production by activated microglia is important for synaptic transmission
and may have a role in seizure activity (Ladeby et al., 2005; Stellwagen et al., 2005;
Stellwagen and Malenka, 2006; Riazi et al., 2008; Vezzani et al., 2008). We therefore
measured the microglial reactive state in the slice cultures after exposure to female rat serum
by immunohistochemical staining with the specific microglial marker CD11b in which
enhanced CD11b reactivity is indicative of activation (Caggiano and Kraig, 1996; Hulse et
al., 2008). Activation of microglia was measured using a highly sensitive optical density
technique, used in previous studies (Caggiano and Kraig, 1996; Hulse et al., 2008). We
found that microglia exposed to NP rat serum (n=6) were quiescent with similar appearance
to those exposed to control HS (n=12). However, LP serum exposure (n=6) to the slices
caused significant activation of microglia as shown by the increased optical density (Figure
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2). Thus, LP serum causes neuronal hyperexcitability and microglial activation in
hippocampal slices.

TNFα is increased in hippocampal slice cultures but not serum
Our results above suggested that LP serum causes hyperexcitability of hippocampal slices
due to microglial activation and involves TNFα. We next wanted to know if there was
increased TNFα in LP serum that was activating microglia and causing neuronal excitability
or if the microglia or other cells within the slice (neurons, astrocytes) were being activated
by an unknown circulating factor in the serum that then stimulated the cells to produce
TNFα, thus making the slices hyperexcitable. We therefore measured TNFα mRNA by
qPCR in slices after exposure to the different serums and in the serum itself by ELISA. We
found that TNFα mRNA was significantly increased in slices exposed to both NP (n=6) and
LP (n=6) rat serums compared to control (n=12), however, the level of TNFα mRNA was
considerably greater in the hippocampal slices after application of the LP serum (Figure
3A). When measured in the NP and LP serum itself, TNFα levels were low and not different
between groups (Figure 3B), as has been shown in human pregnancy (Szarka et al., 2010).
This result suggests that TNFα produced within the slice is the primary source of TNFα-
induced seizure activity with LP serum.

Serum did not affect permeability of the BBB
An important consideration of these findings is that under normal conditions microglia
within the brain do not encounter serum because of the unique properties of the BBB that
limits passage of proteins, ions and other serum constituents from entering the brain
(Cipolla, 2006). Therefore, for LP serum to promote seizure activity, activate microglia, and
increase slice TNFα, it would also have to increase BBB permeability. To determine if
serum from LP animals increased BBB permeability, we perfused isolated and pressurized
cerebral veins with NP (n=6) or LP (n=6) serum and measured fluid filtration (Jv/S) and
hydraulic conductivity (Lp), as measures of BBB permeability (Roberts et al., 2009). Unlike
measures of solute or tracer permeability, Lp is the critical transport parameter that relates
water flux to hydrostatic pressure (Michel, 1984), an important consideration for the brain
during preeclampsia and eclampsia (Amburgey et al., 2010). Cerebral veins were used
because these vessels have BBB properties (Butt and Jones, 1992) and are a primary site of
BBB disruption (Mayhan and Heistad, 1986). We found that exposure to either LP or NP
serum increased Jv/S and Lp over the 36 minutes of measurement (Figures 4A and 4B,
respectively), but there was no difference in the degree of BBB permeability between the
two types of serum. These results demonstrate that despite considerable effects of LP serum
on microglial activation and neuronal excitability, it did not increase BBB permeability
compared to NP serum. These results also importantly demonstrate a protective role of the
BBB that appears to limit the seizure potential from circulating peripheral factors during
pregnancy.

Discussion
Our results here demonstrate for the first time that there are circulating factors produced
during normal pregnancy that are hyperexcitable to the brain. This hyperexcitability appears
to be due to serum-induced TNFα production as the effect on neuronal evoked potentials
was prevented by inhibition of TNFα signaling by the addition of sTNFR1 to LP serum. In
addition, TNFα caused significant hyperexcitability of hippocampal slices, further
demonstrating an important role for TNFα in neuronal excitability. However, the level of
TNFα in the different serums was similar, suggesting that TNFα-induced excitability was
not due elevated TNFα in LP serum, but another factor that activated cells within the slice to
produce TNFα and affected neuronal excitability. Although LP serum produced
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hyperexcitability when applied directly to isolated hippocampal slices, the animals
themselves displayed no seizure activity. This was likely due to the protective role of the
BBB that limits passage of damaging proteins and other serum constituents into the brain
parenchyma. Despite considerable differences in the ability of the serums to provoke
neuronal excitability, there was no difference in their ability to affect BBB permeability.
Thus, although pregnancy may be a pro-inflammatory state peripherally that is capable of
promoting hyperexcitability of brain tissue, the CNS is protected from these factors by an
intact BBB.

The present study showed that serum from normal pregnant rats caused microglial activation
and increased neuronal excitability in a TNFα-dependent manner (i.e., sTNFR1 abrogated
LP-induced serum effects). Because TNFα was not increased in LP serum, it appears that
TNFα produced within the slice in response to LP serum caused neuronal hyperexcitability.
Increased TNFα in hippocampal slices after exposure to LP serum was confirmed by qPCR,
a highly sensitive and standard technique for measuring changes in cytokine protein levels
because of the close correlation between cytokine mRNA and protein (Hein et al., 2001;
Blaschke et al., 2000). Although microglia were activated in response to the LP serum and
likely producing TNFα (Riazi et al., 2008), there may be other cell types producing TNFα
and involved in inducing seizure activity, including astrocytes and neurons that were also
exposed to LP serum. It is therefore possible that factors present in LP serum (eg., other
cytokines, growth factors or electrolytes) affected neurons or astrocytes which caused
hyperexcitability of the hippocampal slices and production of TNFα from these cell types
which then activated microglia. Thus, while the results from this study cannot ascertain the
exact role of the different cell types contained within the slice in producing hyperexcitability
in response to LP serum, we have shown that it involves TNFα from within the slice. Future
studies will be needed to dissect the exact pathway that elicits hyperexcitability and cell
types involved.

The ability of LP serum to activate microglia and provoke seizure activity, but not increased
BBB permeability or cause seizure in the intact animal, suggests that the BBB is not
responsive to those factors and prevents the passage of these neuroinflammatory substances
into the brain. While specialized tight junctions of the BBB limit passive diffusion of blood-
borne solutes (Cipolla, 2006; Cipolla, 2009), brain endothelium also contains both active
and carrier-mediated influx and efflux transporters that actively control passage of
neuroactive peptides, cytokines and chemokines into the brain from the blood (Cipolla,
2006; Pan et al., 2006). Thus, neuroinflammatory substances could gain access to the brain
either through an increase in permeability of the BBB or through the activity of specific
transporters that are either active or carrier-mediated. One limitation of this study is that we
measured the ability of LP serum to affect BBB permeability, but not how pregnancy affects
the expression or activity of transporters. However, the fact that the LP animals did not
display overt neurological dysfunction or seizure activity suggests that seizure-provoking
serum is not gaining access to the brain tissue in the intact animal, but is excluded by the
BBB.

Our findings here also suggest that conditions that increase BBB permeability during
pregnancy would provoke microglial activation and seizure through exposure to serum-
derived neuroinflammatory factors. In a previous study, we found that plasma from
preeclamptic women, but not normal pregnant women, caused a significant increase in BBB
permeability (Amburgey et al., 2010). In addition, preeclampsia is a state of oxidative stress,
endothelial dysfunction, and systemic edema (Roberts et al., 1989; Hubel, 1995). If similar
effects occur in cerebral endothelium, it could expose the brain to serum-derived factors that
we show here are neuroinflammatory and hyperexcitable to neurons. Thus, increased BBB
permeability and exposure to neuroinflammatory substances may explain the high
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propensity of preeclamptic women to have neurological symptoms, including seizure
(Roberts and Redman, 1993). Moreover, these results also may explain why magnesium
sulfate is effective at preventing eclampsia in preeclamptic women as it is protective of the
BBB (Euser et al., 2008).

Clinical implications
Eclampsia remains a significant life-threatening complication of pregnancy, yet there are no
reliable tests or symptoms for predicting the development of seizure. Our findings here
suggest that circulating factors produced during normal pregnancy can cause
neuroinflammation and seizure activity. Our results also point to the important role of the
BBB in limiting the seizure potential from the periphery because the animals from which the
LP serum was obtained were not undergoing seizure. Thus, other factors that disrupt the
BBB during pregnancy and preeclampsia are likely involved in promoting eclampsia.
Further studies are needed, however, to understand the adaptation of the BBB to pregnancy
and what factors might influence the passage of neuroinflammatory components into the
brain to cause seizure.
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Highlights

• Pregnant serum caused microglial activation and hyperexcitability of
hippocampal neurons.

• Neuronal hyperexcitability with pregnant serum was prevented by inhibition of
TNFα signaling.

• Addition of TNFα to hippocampal slices caused similar hyperexcitability as
pregnant serum.

• The BBB appears to protect the brain from neuroinflammatory and
hyperexcitable pregnant serum.

• These results provide novel insight into the mechanisms by which seizure
occurs during pregnancy.
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Figure 1. Effect of pregnant serum and TNFα on hippocampal slice excitability
(A) Representative evoked potentials measured after replacement of control horse serum
with serum from nonpregnant or late-pregnant rats using a graded scale (1–5) to compare
excitability between groups. (B) Late-pregnant serum caused significant neuronal
hyperexcitability that was not seen with nonpregnant or control serum. Addition of soluble
tumor necrosis factor receptor 1 (sTNFR1) to late-pregnant serum prevented the increase in
neuronal excitability without affecting the responses to control or nonpregnant serum.
**p<0.01 vs. control and nonpregnant serum; ## p<0.01 vs. late-pregnant serum –sTNFR1.
(C) Addition of 200 ng/ml TNFα to slices caused significantly (p=0.002) increased neuronal
excitability. **p<0.01 vs. control.
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Figure 2. Microglial immunostaining density of hippocampal slices after exposure to pregnant
serum
Replacement of control horse serum (HS) with serum from late-pregnant (LP) rats caused
microglial activation that was not seen with nonpregnant (NP) serum. **p<0.01 vs. HS and
NP. Scale bar = 25 μm.
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Figure 3. TNFα expression in slices and serum
(A) Replacement of control horse serum (HS) with serum from nonpregnant (NP) or late-
pregnant (LP) rats significantly increased mRNA expression of TNFα in hippocampal slice
cultures. LP serum caused a significantly greater increase in TNFα expression compared to
NP. ** p<0.01 vs. HS; ## p<0.01 vs. NP. (B) There was no significant difference in the
amount of TNFα protein in NP and LP serum as measured by ELISA.
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Figure 4. Blood-brain barrier permeability in response to pregnant serum
(A) Fluid filtration (Jv/S) in response to hydrostatic pressure measured for 36 minutes
showed no difference when cerebral veins were exposed to late-pregnant (LP) vs.
nonpregnant (NP) serum. (B) Hydraulic conductivity (Lp) measured over 36 minutes also
showed no effect of LP serum compared to NP.
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