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Abstract: Cerebral complications in preeclampsia are leading causes of maternal mortality. Animal
models suggest that an injured blood–brain barrier and neuroinflammation may be important but
there is paucity of data from human studies. Therefore, we aimed to evaluate this in women with
preeclampsia and eclampsia. We included women recruited to the South African Preeclampsia
Obstetric Adverse Events (PROVE) biobank. Blood and cerebrospinal fluid (CSF) were collected
around delivery. CSF was analyzed for neuroinflammatory markers interleukin 1β, interleukin 6,
interleukin-8 and tumor necrosis factor alpha (TNF-alpha). The CSF to plasma albumin ratio was
measured to assess blood–brain barrier function. Women with eclampsia (n = 4) showed increased
CSF concentrations of all pro-inflammatory cytokines and TNF-alpha compared to women with
normotensive pregnancies (n = 7) and also for interleukin-6 and TNF-alpha compared to women with
preeclampsia (n = 4). Women with preeclampsia also showed increases in pro-inflammatory cytokines
IL-6 and IL-8 but not TNF-alpha in the CSF compared to women with normotensive pregnancies.
In particular, women with eclampsia but also women with preeclampsia showed an increase in
the CSF to plasma albumin ratio compared to normotensive women. In conclusion, women with
preeclampsia and eclampsia show evidence of neuroinflammation and an injured blood–brain barrier.
These findings are seen in particular among women with eclampsia.

Keywords: eclampsia; neuroinflammation; blood–brain barrier; preeclampsia; cerebral edema

1. Introduction

Preeclampsia is a multisystem disorder that complicates 4–6% of all pregnancies [1,2].
The cerebral complications of preeclampsia, which include eclampsia, cerebral edema and
stroke, are a leading cause of severe maternal morbidity and mortality [3,4]. Additionally,
long-term neurological consequences of preeclampsia and its complications include an
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increased risk for white matter lesions, stroke, seizure disorders and vascular dementia
later in life [5–7].

Magnesium sulfate is the drug of choice to prevent and treat eclampsia and has shown
effects in reducing maternal mortality and morbidity [4,8]. The mechanism of action
is not completely understood but animal studies suggest that magnesium sulfate may
decrease neuroinflammation and potentially protect the functionality of the blood–brain
barrier [9–12].

Animal models have demonstrated an impaired blood–brain barrier and increased
neuroinflammation in preeclampsia. In these studies, animals with induced preeclamp-
sia demonstrated an increased number of activated microglial cells and an increased
cerebrospinal fluid (CSF) concentration of cytokines. In addition, the CSF/plasma al-
bumin ratio was increased in preeclampsia as a measurement of blood–brain barrier
impairment [10,12–14]. So far, there has been no evidence from pregnant women with
preeclampsia to support this finding, with only one study having found increased levels
of interleukins in CSF in preeclampsia, although other studies have not [15–18]. To our
knowledge, no studies have assessed neuroinflammation and the blood–brain barrier in
women with eclampsia.

We, therefore, evaluated whether there is evidence of blood–brain barrier disruption
and neuroinflammation in women with eclampsia compared to those with preeclampsia
and normotensive women.

2. Materials and Methods
2.1. Study Cohort

We included women who were recruited into the South African Preeclampsia Obstetric
Adverse Events (PROVE) biobank and database that had a cesarean section delivery.
The PROVE biobank is an ongoing collaborative project that facilitates research in the
field of preeclampsia, with a focus on phenotyping severe disease. Women diagnosed
with preeclampsia and normotensive controls are enrolled in the biobank at admission
to Tygerberg Hospital (Stellenbosch University, Cape Town, South Africa). Biological
samples and clinical data are collected at inclusion or delivery, during the hospital stay and
postpartum [19]. Tygerberg Hospital is the largest referral hospital in the Western Cape
Provence of South Africa. In 2018 there were 32,422 deliveries in the referral area, of which
8067 were considered high risk and delivered at Tygerberg. PROVE biobank includes the
majority of women with eclampsia presenting at the hospital, where around 50 women
with eclampsia are recruited yearly [19].

For this study, we included women with singleton pregnancies. Exclusion criteria were
known neurological and cardiac diseases. For normotensive women, additional exclusion
criteria were chronic hypertension and diabetes mellitus. Preeclampsia and eclampsia were
defined according to the American College of Obstetricians and Gynecologists (ACOG) 2020
Practice Bulletin [20]. A woman was considered normotensive if she had no documented
systolic blood pressure greater than or equal to 140 mmHg or a diastolic blood pressure
greater than or equal to 90 mmHg during her pregnancy until discharge postpartum. All
women with eclampsia were recruited after the first generalized seizure and all women with
preeclampsia were recruited after diagnosis. All women were recruited before delivery.

Baseline data were obtained by interview and extraction from medical records. All data
were entered and stored using REDCap (Research Electronic Data Capture) tools hosted
at Stellenbosch University [21]. Electronic data were double-checked for accuracy and
cross-referenced with original data collection forms collected by PROVE research midwives.

2.2. Sample Collection

Blood was drawn on the day before delivery (normotensive control = 1), at delivery
(normotensive controls = 2, preeclampsia = 1, eclampsia = 3), one day postpartum (nor-
motensive controls = 3, eclampsia = 1), two days postpartum (normotensive control = 1,
preeclampsia = 1), three days postpartum (preeclampsia = 1) and four days postpartum
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(preeclampsia = 1). CSF was collected at the time of spinal anesthesia at delivery. CSF
was analyzed for concentrations of neuroinflammatory markers interleukin 1 (IL-1β), in-
terleukin 6 (IL-6), interleukin-8 (IL-8) and tumor necrosis factor alpha (TNF-alpha). The
CSF/plasma albumin ratio was measured to assess blood–brain barrier integrity.

Blood samples were collected in a 9 mL ethylenediaminetetraacetic acid (EDTA) tube
at time of inclusion in the study. CSF samples were collected at cesarean section delivery
at the time of spinal anesthesia. All samples were centrifuged for 10 min at 2800× g and
plasma and CSF were aliquoted in 2 mL cryotubes and subsequently frozen at −80 ◦C until
the analysis.

2.3. Biomarker Assays

All CSF measurements and plasma/serum concentrations were assessed in one round
of experiments using a single batch of reagents for each assay by laboratory technicians
who were blinded to clinical data and groups.

CSF and plasma albumin concentrations were measured by immunonephelometry
on a Beckman Immage Immunohistochemistry system (Beckman Instruments, Beckman
Coulter, Brea, CA, USA). The albumin ratio was calculated as CSF albumin (mg/L)/serum
albumin (g/L) and was used as a measure of the blood–brain barrier integrity [22]. CSF con-
centrations of IL-1β, IL-6, IL-8 and TNF-α were measured using the Meso Scale Discovery
4-plex Proinflammatory Panel II according to instructions from the kit manufacturer (Meso
Scale Discovery, Rockville, MD). The individual assays in the multiplexed inflammation
marker panel (the Meso Scale Discovery 4-plex Proinflammatory Panel II) have been val-
idated for research use in human CSF, as previously described (https://www.mesoscale.com/
~/media/files/scientific%20poster/measuring-low-concentrations-cytokines-csf-assays-aai-
2017-msd.pdf?la=en, accessed on 5 November 2021). The measurement ranges were 0.284–
1166 pg/mL for IL-1β, 0.324–1326 pg/mL for IL-6, 0.28–1150 pg/mL for IL-8 and 0.165–676
pg/mL for TNF-α. All measurements were performed in one round of experiments using
one batch of reagents. The intra-assay coefficient of variation for internal control samples
within the linear range was <10%.

2.4. Statistics

Demographic and clinical characteristics are presented as means with standard de-
viations (SD) and percentages. Albumin quotient and neuroinflammatory markers are
presented as medians with ranges and compared between groups as fold-changes with
95% confidence intervals.

Due to the small sample sizes, p-values for differences in concentrations of inflamma-
tory markers in CSF and albumin ratios were calculated using an exact permutation test
for the mean difference on log-transformed variables. Corresponding confidence intervals
were calculated by test inversion.

In all hypothesis tests, a two-sided p-value of less than 0.05 was considered statistically
significant. Data and statistical analyses were performed using SPSS version 26.0 (SPSS;
PASW statistics, IBM corp) and SAS version 9.4 (SAS Institute INC, Cary, NC, USA).

2.5. Ethical Permission and Registration Details

Ethical approval was obtained (protocol number N18/03/034, Federal Wide assur-
ance number 00001372, Institutional Review Board number IRB0005239) and all included
participants signed informed consent before being enrolled in the Preeclampsia Obstetric
Adverse Events (PROVE) biobank. The biobank is registered at ISRCTN with registration
number ISRCTN10623443 and the protocol has been published previously [19].

3. Results

We included women enrolled in the PROVE biobank between April 2018 and March
2020. During this time, 233 women with biological samples were included in the PROVE

https://www.mesoscale.com/~/media/files/scientific%20poster/measuring-low-concentrations-cytokines-csf-assays-aai-2017-msd.pdf?la=en
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Biobank and 15 of these had CSF collected. Seven women were normotensive, four had
preeclampsia and four had eclampsia (Figure 1).

Figure 1. Background characteristics.

Maternal characteristics and pregnancy outcomes are presented in Table 1.

Table 1. Background characteristics of the population.

Normotensiv
Pregnancy Preeclampsia Eclampsia

n 7 4 4

At baseline
Maternal age (years) 30.9 (5.0) 27.3 (6.4) 18.3 (4.2)

Nulliparous (%) 1 (14) 2 (50) 3 (75)
HIV positive(%) 1 (14) 1 (25) 0 (0)

Smoking (%) 1 (14) 1 (25) 0 (0)
Diabetes (%) 0 (0) 0 (0) 0 (0)

Chronic hypertension (%) 0 (0) 2 (50) 0 (0)
BMI (kg/m2) 31.6 (5.7) 19.8 (2.3) * 24.6 (4.8)

After inclusion
GA at delivery (weeks) 38.4 (0.8) 33.3 (3.8) 34.3 (3.6)
Magnesium sulfate (%) 0 (0) 3 (75) 4 (100)

Hours before CSF sample N/A 3.5 (1.2–25.5) 23 (12.5–30)
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Table 1. Cont.

Normotensiv
Pregnancy Preeclampsia Eclampsia

n 7 4 4

Mode of delivery (%)
Vaginal delivery 0 (0) 0 (0) 0 (0)

Elective CS 7 (100) 0 (0) 0 (0)
Emergency CS 0 (0) 4 (100) 4 (100)
Liveborn (%) 7 (100) 4 (100) 4 (100)

Birthweight (g) 3279.3 (242.7) 1713.8 (693.9) 2235.0 (1087.3)
Maternal complications

Recurrent eclampsia 0 (0) 0 (0) 3 (75)
Severe hypertension 0 (0) 1 (25) 1 (25)

Abbreviations: HIV = human immune deficiency virus. * Missing data on one participant. Severe hypertension
was defined as a systolic blood pressure of >160 mm Hg and/or a diastolic blood pressure of >110 mm Hg despite
intravenous treatment. No women in this study reported alcohol or methamphetamine use during pregnancy.

Compared to normotensive women, those who had eclampsia were younger and
more often nulliparous. Women with preeclampsia or eclampsia delivered at an earlier
gestation and had lower birthweight infants. All women with preeclampsia and eclampsia
gave birth by emergency cesarean section. Women in the normotensive group all had
elective cesarean sections. One woman with eclampsia and one with preeclampsia had
severe hypertension. There were no other neurological complications such as stroke and
no women were admitted to the general intensive care unit, had a low Glasgow coma scale
or needed intubation. None experienced pulmonary edema or hemolysis, elevated liver
enzyme and low platelet (HELLP) syndrome. All women with eclampsia and preeclampsia
were treated with magnesium sulfate until after delivery. All women in the study received
cephalosporin antibiotics at the time of cesarean section.

3.1. Neuroinflammatory Markers

When compared to normotensive pregnancies, women with eclampsia showed evi-
dence of increased neuroinflammation. Those with eclampsia showed an 18.0-fold increase
in CSF concentrations of IL-6 (95% CI 3.17–121.15, p = 0.006), a 7.8-fold increase in IL-
8 (95% CI 3.58–18.75, p = 0.006) and a 3.7-fold increase in TNF-alpha (95% CI 1.53–7.70,
p = 0.006). There was also evidence of increased neuroinflammation among those who
had eclampsia compared to women with preeclampsia: a 4.6-fold increase in IL-8 (95% CI
1.66–40.92, p = 0.029), a 3.2-fold increase in TNF-alpha (95% CI 1.10–22.53, p = 0.029) and a
non-significant 8.5-fold increase in IL-6 (95% CI 0.86–521.37, p = 0.057).

When women with preeclampsia were compared to normotensive women there was a
2.1-fold increase in IL-6 (95% CI 1.18–3.85, p = 0.024) and a 1.7-fold increase in IL-8 (95% CI
1.03–2.79, p = 0.036) (Figure 2 and Tables 2 and 3).

Table 2. Cerebrospinal fluid concentrations of neuroinflammatory markers and CSF/plasma albumin ratios.

Normotensive Preeclampsia Eclampsia

n 7 4 4

IL-6 (pg/mL) 0.54 (0.30–0.76) 1.13 (0.59–1.90) 4.23 (1.63–305.00)
IL-8 (pg/mL 31.36 (16.66–38.75) 53.88 (28.10–74.45) 137.81 (123.43–1150.00)

TNF-alpha (pg/mL) 0.17 (0.17–0.30) 0.20 (0.17–0.28) 0.40 (0.31–3.72)
CSF/plasma albumin ratio 3.15 (2.41–4.05) 5.21 (2.83–14.79) 10.42 (8.23–23.17)

CSF, cerebrospinal fluid; IL-6, interleukin 6; IL-8, interleukin 8; n, number’ TNF-alpha, tumor necrosis factor-alpha. Numbers are presented
as medians with ranges.
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Figure 2. Log-transformed concentrations of neuroinflammatory markers and albumin quotient in CSF samples. Boxplot
showing log-transformed CSF concentrations (IL-6, IL-8 and TNF-alpha) and log-transformed CSF/plasma albumin ratios
as medians with interquartile ranges for IL-6 (A), IL-8 (B), TNF alpha (C) and albumin (D). Normotensive pregnancy (n = 7),
preeclampsia (n = 4) and eclampsia (n = 4). IL-6, interleukin 6; IL-8, interleukin 8; TNF-alpha, tumor necrosis factor alpha.

Table 3. Fold changes of cerebrospinal fluid concentrations of cerebral biomarkers, neuroinflamma-
tory markers and CSF/plasma albumin ratios.

Biomarker Preeclampsia vs.
Normotensive

Eclampsia vs.
Normotensive

Eclampsia vs.
Preeclampsia

IL-6 (pg/mL) 2.11 (1.18–3.85)
p = 0.024

18.03 (3.17–121.15)
p = 0.006

8.53 (0.86–521.37)
p = 0.057

IL-8 (pg/mL) 1.69 (1.03–2.79)
p = 0.036

7.76 (3.58–18.75)
p = 0.006

4.59 (1.66–40.92)
p = 0.029

TNF-alpha (pg/mL) 1.16 (0.75–1.58)
p = 0.56

3.65 (1.53–7.70)
p = 0.006

3.16 (1.10–22.53)
p = 0.029

CSF/plasma albumin ratio 1.86 (1.01–3.65)
p = 0.048

3.83 (2.33–6.48)
p = 0.006

2.05 (0.56–8.19)
p = 0.14

Data are presented as fold changes with 95% confidence intervals; p-values were calculated using exact per-
mutation test for the mean difference on log-transformed variables. Corresponding confidence intervals were
calculated by test inversion. Abbreviations: CSF, cerebrospinal fluid; IL-6, interleukin 6; IL-8, interleukin 8;
TNF-alpha, tumor necrosis factor alpha.

IL-1β CSF concentrations were also measured, although concentrations were generally
below the limit of detection. One woman with eclampsia showed concentrations of the
inflammatory markers 10 times higher than the others in the eclampsia group. Excluding
the results of this participant did not significantly change the findings.

3.2. Albumin Quotient

There was also evidence of significant disruption of blood–brain barrier integrity
among those who had eclampsia and even preeclampsia. Women with eclampsia showed a
3.8-fold increase in the CSF/plasma albumin ratio (95% CI 2.33–6.48, p = 0.006) when com-
pared to normotensive women. Women with preeclampsia showed a 1.9-fold increase in the
CSF/plasma albumin ratio (95% CI 1.01–3.65, p = 0.048) compared to normotensive women
(Figure 2 and Table 3). When restricting the analyses by matching eclampsia and normoten-
sive controls for day of plasma sampling (n = 4 in each group), the plasma/albumin ratio
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in women with eclampsia remained increased compared to controls (median, range, 10.4,
8.2–23.2 vs. 3.3, 2.8–4.1, p = 0.029).

4. Discussion
4.1. Principal Findings

Inflammatory markers (IL-6, IL-8 and TNF-alpha) were increased in the CSF of women
with eclampsia, compared to those with preeclampsia and women with normotensive
pregnancies. Furthermore, there was evidence of injury to the blood–brain barrier with
an increased CSF/plasma albumin ratio among women with eclampsia compared to
normotensive women. There was also evidence of injury among those with preeclampsia,
though it was to a lesser extent. This study provides evidence of neuroinflammation and
blood–brain barrier injury in women with eclampsia and preeclampsia.

4.2. Results in Context

To the best of our knowledge, there are no previous studies reporting on CSF find-
ings among women with eclampsia. There have been a few studies that have measured
protein content in CSF from women with preeclampsia. One study that used SOMAscan
proteomics with CSF samples from 13 women with preeclampsia and 14 women with
normotensive pregnancies demonstrated increased levels of IL-8 and IL-9 in CSF from
women with preeclampsia, although only related levels were reported and no information
was given about absolute concentrations [17]. Another study analyzed CSF samples using
liquid chromatography tandem mass spectrometry proteomics in 43 women with severe
preeclampsia and 55 normotensive women [18]. Of the 457 proteins analyzed, 25 were
different between those with preeclampsia and normotensive controls. There were eight
proteins that were more abundant in preeclampsia and 18 that were less abundant. The
most significantly abundant protein was protein alpha-1-microglobulin/bikunin precursor
(AMBP), a precursor of alpha-1-microglobulin (A1M) that is a heme scavenger and poten-
tially protective against oxidative stress caused by free hemoglobin (Hb). The other proteins
that were more or less abundant in preeclampsia included acute phase proteins and pro-
teins related to angiogenesis. Their analyses did not include interleukins or TNF-alpha [18].
The CSF/plasma albumin ratio was not assessed in these studies [17,18].

The CSF/plasma albumin ratio is an expression of the integrity of the blood–brain
barrier, where the plasma-derived protein albumin should be found in very low concentra-
tions in the CSF in normal conditions, resulting in a low CSF/plasma albumin ratio. In
one study that had previously investigated the CSF/plasma albumin ratio, 15 women with
preeclampsia and 15 women with normotensive pregnancies were included. There were
no women with eclampsia in this study [15]. One woman in the preeclampsia group had
HELLP syndrome but none had eclampsia or other severe end organ complications. In the
normotensive group, the CSF/plasma albumin ratio was 2.73, similar to our findings of
3.1. Women with preeclampsia had a median CSF/plasma albumin ratio of 3.02 [15]. In
our study, the median CSF/plasma albumin ratio in women with preeclampsia was 5.2.
The only study we could find that investigated both neuroinflammation and blood–brain
barrier integrity in preeclampsia assessed the concentrations of C5a, C5b-9, TNF-alpha
and IL-6 in CSF and the CSF/plasma albumin ratio in preeclampsia cases with or without
severe features (n = 16), compared to hypertensive disease (n = 16) without proteinuria
and normotensive controls (n = 16) [16]. In this study, severe disease was mostly due to
severe hypertension, with only one case of HELLP syndrome and one case of pulmonary
edema. No difference was found between groups for any of the inflammatory markers or
the CSF/plasma albumin ratio [16]. In this study, the overall CSF concentrations of IL-6
were higher than in our study but not different between preeclampsia and normotensive
women. The CSF concentrations of TNF-alpha and the CSF/plasma albumin ratio in
normotensive women were similar to our study. Interestingly, women with preeclamp-
sia had a lower CSF/plasma albumin ratio of 3.5 (IQR 2.9–5.1) compared to 5.21 (range
2.83–14.79) in our study. These differences may be due to different assays with variable
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intra- and inter-coefficients or differences in the disease phenotype. The previous study
recruited women from a high-income setting where preeclampsia may be identified earlier,
potentially resulting in a shorter time of exposure to harmful molecules that could injure
the blood–brain barrier compared to our study where women often presented late.

Perhaps owing to the difficulty of studying blood–brain barrier integrity and patho-
physiology in women with preeclampsia, several animal models have been established.
The reduced uterine perfusion pressure (RUPP) model in rats or mice is one of the most
commonly used. Studies have reported increased permeability of the blood–brain barrier
to the larger molecule dextran [14] and others only to the smaller molecule sodium fluo-
rescein [10]. RUPP rats also had increased cerebral water content two months postpartum
and this was thought to be a good proxy of persistent cerebral edema [23]. Neuroinflam-
matory activity measured using immunohistochemistry in this RUPP model also showed
increased neuroinflammatory activity, which was interestingly reversed by magnesium
sulfate treatment [10].

Our group previously reported on in vitro studies of the human brain endothelium,
exposed to plasma from women with preeclampsia [24]. We demonstrated increased
permeability and a lower trans endothelial electrical resistance over the in vitro blood–brain
barrier after exposure to plasma from women with preeclampsia compared to normotensive
women, implicating that plasma from women with preeclampsia induces injury to the
blood–brain barrier [24], supporting the findings from animal studies.

This study supports data from preclinical studies and suggests that neuroinflammation
and blood–brain barrier injury may be important in the pathophysiology of eclampsia
and preeclampsia.

4.3. Clinical Implications

In this study, women with eclampsia had a median albumin quotient of 10.4 with a
range of 8.23–23.17. These are all above the reference value of <6.5 for corresponding age
and gender [25–27]. This suggests that eclampsia represents a pathological state severely
affecting blood–brain barrier integrity.

The novel findings of blood–brain barrier injury and increased neuroinflammation in
preeclampsia and eclampsia in the acute phase may be important for short-term complica-
tions and the risk for long-term neurological consequences of preeclampsia [5–7,28].

The presence of an injured blood–brain barrier and neuroinflammation in other medi-
cal conditions such as traumatic brain injury have been suggested as underlying factors
of long-term neurological outcome, such as cognitive dysfunction and chronic traumatic
encephalopathy [29,30]. There are similar hypotheses in the field of neurodegenerative
disease with an initial insult to the blood–brain barrier and subsequent neuroinflammation
as an underlying trigger to the development of later neurodegenerative disease [31].

Treatments that restore or protect blood–brain barrier integrity and decrease neuroin-
flammation could be important in preventing and treating eclampsia and may possibly
protect women from long-term cerebral adverse outcomes associated with preeclampsia,
such as cognitive decline, epilepsy and dementia [5,6,32].

4.4. Research Implications

Larger studies should be done to validate our findings and further evaluate the effects
of magnesium sulfate and other neuroprotective drugs on the degree of neuroinflammation
and blood–brain barrier integrity in a clinical cohort of women with preeclampsia and
eclampsia. If confirmed, future research should focus on neuroprotective treatment for
women with preeclampsia and neurological complications to decrease neuroinflammation
and restore blood–brain barrier integrity with short- and long-term effects.

4.5. Strengths and Limitations

We have collected unique CSF samples in a cohort of women with eclampsia. It is a
difficult task to obtain CSF samples in eclampsia, as these women are often delivered in
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an emergency situation after hours and they often require general anesthesia due to other
complications including HELLP syndrome, which precludes CSF sampling. Collecting
these samples was only possible due to the high incidence of eclampsia at our hospital
and the infrastructure of the PROVE biobank. Even so, we were only able to collect CSF
samples from four women with eclampsia with corresponding controls with a total of
233 women in the biobank, which highlights the difficulty of obtaining CSF samples at
delivery in eclampsia. A limitation is that not all plasma samples were drawn on the day
of delivery, inducing potential bias in the interpretation of the CSF/plasma albumin ratio.
However, when restricting the analyses by matching eclampsia and normotensive controls
for day of plasma sampling, the plasma/albumin ratio in women with eclampsia remained
increased compared to controls. Another limitation is that our sample size was small.
Despite this, we were still able to demonstrate significant differences in neuroinflammation
and blood–brain barrier integrity between the groups, which implies that the differences
are very significant. If a larger sample size could be obtained in future studies, it would
be of value to perform adjusted models correcting for potential confounders such as BMI,
maternal age and parity.

5. Conclusions

Women with eclampsia show evidence of neuroinflammation and an injured blood–
brain barrier. This provides important knowledge in understanding the underlying patho-
physiological mechanisms in eclampsia and may help direct therapeutic interventions to
prevent and treat neurological complications of preeclampsia (such as anti-inflammatory
agents after an eclamptic seizure).

Author Contributions: Conceptualization, L.B., S.W., S.T. and C.C.; Data curation, L.B. and S.S.;
Formal analysis, L.B., R.H., H.Z., K.B., S.W., S.T. and C.C.; Funding acquisition, L.B., H.Z., K.B., S.W.
and S.T.; Methodology, L.B. and C.C.; Project administration, L.B., S.S. and C.C.; Resources, L.B.,
H.Z., E.L. and C.C.; Supervision, E.L., A.M. and C.C.; Validation, H.Z. and C.C.; Visualization, L.B.;
Writing—original draft, L.B. and C.C.; Writing—review & editing, L.B., R.H., H.Z., K.B., S.S., E.L.,
A.M., S.W., S.T. and C.C. All authors have read and agreed to the published version of the manuscript.

Funding: The study was supported by the Swedish Medical Society, Märta Lundqvist Foundation,
Swedish Foundation for International Cooperation in Research and Higher Education (STINT),
Jane and Dan Olssons Foundation, Mercy Perinatal, the Swedish Research Council (VR), Center for
Clinical Research Dalarna and the Preeclampsia Foundation. L.B. is supported by the Swedish Society
for Medical Research (SSMF). C.C. receives salary support from the Mercy Health Foundation. R.H.
and S.T. receive salary support from the National Health and Medical Research Council of Australia
(NHMRC). H.Z. is a Wallenberg Scholar supported by grants from the Swedish Research Council
(#2018-02532), the European Research Council (#681712), Swedish State Support for Clinical Research
(#ALFGBG-720931), the Alzheimer Drug Discovery Foundation (ADDF), USA (#201809-2016862), the
AD Strategic Fund and the Alzheimer’s Association (#ADSF-21-831376-C, #ADSF-21-831381-C and
#ADSF-21-831377-C), the Olav Thon Foundation, the Erling-Persson Family Foundation, Stiftelsen
för Gamla Tjänarinnor, Hjärnfonden, Sweden (#FO2019-0228), the European Union’s Horizon 2020
research and innovation programme under the Marie Skłodowska-Curie grant agreement No 860197
(MIRIADE) and the UK Dementia Research Institute at UCL.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board IRB0005239 of Stellenbosch
University, Federal-Wide assurance number 00001372 (protocol code N18/03/034 approval date 01-
06-2018). All included participants signed informed consent before being enrolled in the Preeclampsia
Obstetric Adverse Events (PROVE) biobank. The biobank is registered at ISRCTN with registration
number ISRCTN10623443 and the protocol has been published previously [19].

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Anonymized data not published within this article will be made
available on request from any qualified investigator after approval, as described in the PROVE
protocol [19].



Cells 2021, 10, 3045 10 of 11

Acknowledgments: We thank all study participants and the staff at Tygerberg Hospital and Stellen-
bosch University for their support. In particular, we thank the anesthetic team for assisting with the
collection of the CSF samples. We would also like to thank Henrik Imberg, Statistika Konsultgruppen,
Gothenburg, for valuable statistical support.

Conflicts of Interest: H.Z. has served on scientific advisory boards or as a consultant for Alector,
Eisai, Denali, Roche Diagnostics, Wave, Samumed, Siemens Healthineers, Pinteon Therapeutics,
Nervgen, AZTherapies, CogRx and Red Abbey Labs; has given lectures in symposia sponsored by
Cellectricon, Fujirebio, Alzecure and Biogen; and is a co-founder of Brain Biomarker Solutions in
Gothenburg AB (BBS), which is a part of the GU Ventures Incubator Program. K.B. has served as
a consultant or at advisory boards for Abcam, Axon, Biogen, Lilly, MagQu, Novartis and Roche
Diagnostics, and is a co-founder of Brain Biomarker Solutions in Gothenburg AB (BBS), which is a
part of the GU Ventures Incubator Program. L.B. is a part of a steering group in a study investigating
first trimester prediction for preeclampsia where Roche, Termo Fischer and Perkin Elmer provide
free reagents for PlGF. The remaining authors report no conflict of interest. The funders had no role
in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results.

References
1. Chappell, L.C.; Cluver, C.A.; Kingdom, J.; Tong, S. Pre-eclampsia. Lancet 2021, 398, 341–354. [CrossRef]
2. Abalos, E.; Cuesta, C.; Grosso, A.L.; Chou, D.; Say, L. Global and regional estimates of preeclampsia and eclampsia: A systematic

review. Eur. J. Obstet. Gynecol. Reprod. Biol. 2013, 170, 1–7. [CrossRef]
3. Duley, L. The Global Impact of Pre-eclampsia and Eclampsia. Semin. Perinatol. 2009, 33, 130–137. [CrossRef] [PubMed]
4. Fishel Bartal, M.; Sibal, B.M. Eclampsia in the 21st century. Am. J. Obstet. Gynecol. 2020. [CrossRef]
5. Basit, S.; Wohlfahrt, J.; A Boyd, H. Pre-eclampsia and risk of dementia later in life: Nationwide cohort study. BMJ 2018, 363, k4109.

[CrossRef]
6. Nerenberg, K.A.; Park, A.L.; Vigod, S.N.; Saposnik, G.; Berger, H.; Hladunewich, M.A.; Gandhi, S.; Silversides, C.K.; Ray, J.G.

Long-term Risk of a Seizure Disorder After Eclampsia. Obstet. Gynecol. 2017, 130, 1327–1333. [CrossRef] [PubMed]
7. McDonald, S.D.; Malinowski, A.; Zhou, Q.; Yusuf, S.; Devereaux, P. Cardiovascular sequelae of preeclampsia/eclampsia: A

systematic review and meta-analyses. Am. Heart J. 2008, 156, 918–930. [CrossRef]
8. Altman, D.; Carroli, G.; Duley, L.; Farrell, B.; Moodley, J.; Neilson, J.; Smith, D.; Magpie Trial Collaboration Group. Do women

with pre-eclampsia, and their babies, benefit from magnesium sulphate? The Magpie Trial: A randomised placebo-controlled
trial. Lancet 2002, 359, 1877–1890. [CrossRef]

9. Euser, A.; Bullinger, L.; Cipolla, M.J. Magnesium sulphate treatment decreases blood-brain barrier permeability during acute
hypertension in pregnant rats. Exp. Physiol. 2007, 93, 254–261. [CrossRef]

10. Johnson, A.C.; Tremble, S.M.; Chan, S.-L.; Moseley, J.; Lamarca, B.; Nagle, K.J.; Cipolla, M.J. Magnesium Sulfate Treatment
Reverses Seizure Susceptibility and Decreases Neuroinflammation in a Rat Model of Severe Preeclampsia. PLoS ONE 2014,
9, e113670. [CrossRef] [PubMed]

11. Li, X.; Han, X.; Yang, J.; Bao, J.; Di, X.; Zhang, G.; Liu, H. Magnesium Sulfate Provides Neuroprotection in Eclampsia-Like Seizure
Model by Ameliorating Neuroinflammation and Brain Edema. Mol. Neurobiol. 2016, 54, 7938–7948. [CrossRef] [PubMed]

12. Zhang, L.W.; Warrington, J.P. Magnesium Sulfate Prevents Placental Ischemia-Induced Increases in Brain Water Content and
Cerebrospinal Fluid Cytokines in Pregnant Rats. Front. Neurosci. 2016, 10, 561. [CrossRef]

13. Ambugey, O.A.; Chapman, A.C.; May, V.; Bernstein, I.M.; Cipolla, M.J. Plasma from preeclamptic women increases blood-brain
barrier permeability: Role of vascular endothelial growth factor signaling. Hypertension 2010, 56, 1003–1008.

14. Warrington, J.P.; Fan, F.; Murphy, S.R.; Roman, R.J.; Drummond, H.A.; Granger, J.P.; Ryan, M.J. Placental ischemia in pregnant
rats impairs cerebral blood flow autoregulation and increases blood-brain barrier permeability. Physiol. Rep. 2014, 2, e12134.
[CrossRef] [PubMed]

15. Andersson, M.; Oras, J.; Thörn, S.E.; Karlsson, O.; Kälebo, P.; Zetterberg, H.; Blennow, K.; Bergman, L. Signs of neuroaxonal injury
in preeclampsia—A case control study. PLoS ONE 2021, 16, e0246786. [CrossRef]

16. Burwick, R.M.; Togioka, B.M.; Speranza, R.J.; Gaffney, J.E.; Roberts, V.H.; Frias, A.E.; Rincón, M. Assessment of blood-brain
barrier integrity and neuroinflammation in preeclampsia. Am. J. Obstet. Gynecol. 2019, 221, 1–8. [CrossRef]

17. Ciampa, E.; Li, Y.; Dillon, S.; Lecarpentier, E.; Sorabella, L.; Libermann, T.A.; Karumanchi, S.A.; Hess, P.E. Cerebrospinal Fluid
Protein Changes in Preeclampsia. Hypertension 2018, 72, 219–226. [CrossRef] [PubMed]

18. Van Den Berg, C.B.; Duvekot, J.J.; Guzel, C.; Hansson, S.R.; de Leeuw, T.G.; Steegers, E.A.P.; Versendaal, J.; Luider, T.M.; Stoop, M.T.
Elevated levels of protein AMBP in cerebrospinal fluid of women with preeclampsia compared to normotensive pregnant women.
Proteom. Clin. Appl. 2016, 11, 1600082. [CrossRef] [PubMed]

19. Bergman, L.; Bergman, K.; Langenegger, E.; Moodley, A.; Griffith-Richards, S.; Wikström, J.; Hall, D.; Joubert, L.; Herbst, P.;
Schell, S.; et al. PROVE—Pre-Eclampsia Obstetric Adverse Events: Establishment of a Biobank and Database for Pre-Eclampsia.
Cells 2021, 10, 959. [CrossRef]

http://doi.org/10.1016/S0140-6736(20)32335-7
http://doi.org/10.1016/j.ejogrb.2013.05.005
http://doi.org/10.1053/j.semperi.2009.02.010
http://www.ncbi.nlm.nih.gov/pubmed/19464502
http://doi.org/10.1016/j.ajog.2020.09.037
http://doi.org/10.1136/bmj.k4109
http://doi.org/10.1097/AOG.0000000000002364
http://www.ncbi.nlm.nih.gov/pubmed/29112665
http://doi.org/10.1016/j.ahj.2008.06.042
http://doi.org/10.1016/s0140-6736(02)08778-0
http://doi.org/10.1113/expphysiol.2007.039966
http://doi.org/10.1371/journal.pone.0113670
http://www.ncbi.nlm.nih.gov/pubmed/25409522
http://doi.org/10.1007/s12035-016-0278-4
http://www.ncbi.nlm.nih.gov/pubmed/27878553
http://doi.org/10.3389/fnins.2016.00561
http://doi.org/10.14814/phy2.12134
http://www.ncbi.nlm.nih.gov/pubmed/25168877
http://doi.org/10.1371/journal.pone.0246786
http://doi.org/10.1016/j.ajog.2019.06.024
http://doi.org/10.1161/HYPERTENSIONAHA.118.11153
http://www.ncbi.nlm.nih.gov/pubmed/29844151
http://doi.org/10.1002/prca.201600082
http://www.ncbi.nlm.nih.gov/pubmed/27615121
http://doi.org/10.3390/cells10040959


Cells 2021, 10, 3045 11 of 11

20. Gestational Hypertension and Preeclampsia: ACOG Practice Bulletin, Number 222. Obstet. Gynecol. 2020, 135, 237–260. [CrossRef]
21. Harris, P.A.; Taylor, R.; Minor, B.L.; Elliott, V.; Fernandez, M.; O’Neal, L.; McLeod, L.; Delacqua, G.; Delacqua, F.; Kirby, J.; et al.

The REDCap consortium: Building an international community of software platform partners. J. Biomed. Inform. 2019, 95, 103208.
[CrossRef]

22. Tibbling, G.; Link, H.; Ohman, S. Principles of albumin and IgG analyses in neurological disorders. I. Establishment of reference
values. Scand. J. Clin. Lab. Invest. 1977, 37, 385–390.

23. Clayton, A.M.; Shao, Q.; Paauw, N.D.; Giambrone, A.B.; Granger, J.P.; Warrington, J.P. Postpartum increases in cerebral edema
and inflammation in response to placental ischemia during pregnancy. Brain Behav. Immun. 2018, 70, 376–389. [CrossRef]

24. Bergman, L.; Acurio, J.; Leon, J.; Gatu, E.; Friis, T.; Nelander, M.; Wikström, J.; Larsson, A.; Lara, E.; Aguayo, C.; et al. Preeclampsia
and Increased Permeability Over the Blood–Brain Barrier: A Role of Vascular Endothelial Growth Receptor 2. Am. J. Hypertens.
2020, 34, 73–81. [CrossRef] [PubMed]

25. Hegen, H.; Auer, M.; Zeileis, A.; Deisenhammer, F. Upper reference limits for cerebrospinal fluid total protein and albumin
quotient based on a large cohort of control patients: Implications for increased clinical specificity. Clin. Chem. Lab. Med. 2016, 54,
285–292. [CrossRef] [PubMed]

26. Parrado-Fernandez, C.; Blennow, K.; Hansson, M.; Leoni, V.; Cedazo-Minguez, A.; Bjorkhem, I. Evidence for sex difference in
the CSF/plasma albumin ratio in ~20 000 patients and 335 healthy volunteers. J. Cell Mol. Med. 2018, 22, 5151–5154. [CrossRef]
[PubMed]

27. Blennow, K.; Fredman, P.; Wallin, A.; Gottfries, C.G.; Karlsson, I.; Långström, G.; Skoog, I.; Svennerholm, L.; Wikkelsö, C. Protein
analysis in cerebrospinal fluid. II. Reference values derived from healthy individuals 18-88 years of age. Eur. Neurol. 1993, 33,
129–133. [CrossRef]

28. Aukes, A.M.; Wessel, I.; Dubois, A.M.; Aarnoudse, J.G.; Zeeman, G.G. Self-reported cognitive functioning in formerly eclamptic
women. Am. J. Obstet. Gynecol. 2007, 197, 1–6. [CrossRef]

29. Rengel, K.F.; Hayhurst, C.J.; Pandharipande, P.; Hughes, C.G. Long-term Cognitive and Functional Impairments After Critical
Illness. Anesth. Analg. 2019, 128, 772–780. [CrossRef]

30. Ling, H.; Hardy, J.; Zetterberg, H. Neurological consequences of traumatic brain injuries in sports. Mol. Cell. Neurosci. 2015, 66,
114–122. [CrossRef] [PubMed]

31. Stolp, H.B.; Dziegielewska, K.M. Review: Role of developmental inflammation and blood-brain barrier dysfunction in neurode-
velopmental and neurodegenerative diseases. Neuropathol. Appl. Neurobiol. 2009, 35, 132–146. [CrossRef] [PubMed]

32. Elharram, M.; Dayan, N.; Kaur, A.; Landry, T.; Pilote, L. Long-Term Cognitive Impairment After Preeclampsia: A Systematic
Review and Meta-analysis. Obstet. Gynecol. 2018, 132, 355–364. [CrossRef] [PubMed]

http://doi.org/10.1097/AOG.0000000000003891
http://doi.org/10.1016/j.jbi.2019.103208
http://doi.org/10.1016/j.bbi.2018.03.028
http://doi.org/10.1093/ajh/hpaa142
http://www.ncbi.nlm.nih.gov/pubmed/32866228
http://doi.org/10.1515/cclm-2015-0253
http://www.ncbi.nlm.nih.gov/pubmed/26079822
http://doi.org/10.1111/jcmm.13767
http://www.ncbi.nlm.nih.gov/pubmed/30054982
http://doi.org/10.1159/000116919
http://doi.org/10.1016/j.ajog.2007.06.044
http://doi.org/10.1213/ANE.0000000000004066
http://doi.org/10.1016/j.mcn.2015.03.012
http://www.ncbi.nlm.nih.gov/pubmed/25770439
http://doi.org/10.1111/j.1365-2990.2008.01005.x
http://www.ncbi.nlm.nih.gov/pubmed/19077110
http://doi.org/10.1097/AOG.0000000000002686
http://www.ncbi.nlm.nih.gov/pubmed/29995746

	Introduction 
	Materials and Methods 
	Study Cohort 
	Sample Collection 
	Biomarker Assays 
	Statistics 
	Ethical Permission and Registration Details 

	Results 
	Neuroinflammatory Markers 
	Albumin Quotient 

	Discussion 
	Principal Findings 
	Results in Context 
	Clinical Implications 
	Research Implications 
	Strengths and Limitations 

	Conclusions 
	References

