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Abstract: Background: Hypertensive disorders of pregnancy, such as Preeclampsia (PreE) and
HELLP (hemolysis, elevated liver enzyme, low platelet) syndrome, affects approximately 5–10% of
pregnancies and increases the risk of women developing disorders, such as anxiety or depression,
in the postpartum period. Using preclinical rodent models, we set out to determine whether rats
with a history of PreE or HELLP had evidence of anxiety, depression or cognitive impairment and
whether immune suppression during pregnancy prevented these changes in mood and/or cognition.
Methods: Timed-pregnant rats were infused with sFlt-1 and/or sEng to induce PreE or HELLP
beginning on gestational day 12. After delivery, a battery of validated behavioral assays was used
to assess post-partum depression, anxiety and learning. Results: There was no negative effect on
maternal pup interaction due to PreE or HELLP; however, hypertensive dams spent more time
immobile in the forced swim test (p < 0.0001). Hypertensive dams also spent less time in the open
area of the open field (p = 0.001). There were no significant changes in recognition memory (p = 0.08);
however, spatial learning was impaired in hypertensive dams (p = 0.003). Immobility time in the
forced swim test was positively correlated with increased circulating S100B (p = 0.04), while increased
time spent in the outer zones of the open field was negatively correlated with BDNF levels (p < 0.0001).
Conclusion: The results from this study suggest that hypertensive pregnancy disorders are associated
with depression, anxiety and learning impairments in the post-partum period.

Keywords: anti-angiogenic; memory; HELLP syndrome; placental ischemia; pregnancy; post-
partum; preeclampsia

1. Introduction

Hypertensive disorder of pregnancy (HDP) affects approximately 5–10% of all preg-
nancies [1,2]. Women with a history of HDPs are at an increased risk of developing mood
disorders, such as anxiety and depression [3–5]. Women with advanced HDPs, such as
preeclampsia (PreE; new onset of high blood pressure after 20 weeks gestation) or HELLP
(hemolysis, elevated liver enzyme, low platelet; considered to be a variant of PreE with
more severe organ dysfunction and often life threatening) syndrome, are even more sus-
ceptible to these mood disorders and have been reported by some to have disturbances in
cognitive function [6–8]. There have been several theories as to why women affected by
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HDPs are more susceptible to these changes, ranging from cerebral vascular dysfunction
during pregnancy to long-term complications due to hypertension [9,10]; however, to
date, none have been conclusive. What is more striking is that despite the similar etiology
between PreE and HELLP, the few reports on maternal mood and cognition differ between
the two conditions.

Few studies have examined the relationship between HDP and mood disorders, such
as depression, anxiety and cognition. Of those that have, it has been reported that 7–44%
of women develop post-partum depression, and 26–32% of women develop post-partum
anxiety following a HDP [5,11–14]. The changes in cognition have been even more varied
depending on the length of time that had passed and the type of memory that was evaluated.
However, the overall consensus is that HDP does have a negative influence on learning
and memory in the post-partum period [15,16].

PreE and HELLP were both found to cause a dysregulation of the immune system
and anti-angiogenic factors [17–19]. In particular, anti-angiogenic factors resulting from
placental ischemia have been proposed to contribute to the development of inflammation
and hypertension in these disorders [20–23]. Several clinical and experimental studies
have provided evidence that the hypertension and systemic inflammation present in PreE
and HELLP syndrome are also accompanied by blood–brain barrier disruption [24–27].
Furthermore, attenuation of hypertension and systemic inflammation leads to a reduction
in blood–brain barrier damage, suggesting that neuroinflammation and perhaps any sub-
sequent behavioral disruptions are also prevented [26,27]. We have previously published
data indicating that a blockade of T-cell activation during pregnancy prevents anxiety-like
behavior in HELLP rats when evaluated prior to post-partum week 4 [28]. In this former
study, HELLP rats buried significantly more marbles in the marble-burying task and spent
significantly more time in the closed arms of the elevated plus maze; both behaviors were
reversed to levels comparable to normal pregnant rats when T-cell activation was blocked
during pregnancy in HELLP rats. However, we did not assess post-partum depression or
cognitive dysfunction in relation to neuroinflammation, nor did we evaluate a preclinical
model of PreE. In the present study, our primary objective was to determine whether
rats with a history of HDPs have evidence of depression, anxiety and impaired learning.
In addition, we also sought to determine whether a blockade of T-cell activation during
pregnancy prevents any negative changes in mood and/or learning and whether these
changes are due to improvements in neuroinflammation during the post-partum period.

2. Materials and Methods

All studies were performed using Sprague Dawley rats from Envigo Laboratories
(Indianapolis, IN; 230–250 g on arrival at gestational day 11) housed in a temperature-
controlled room with a 12:12 reverse light:dark cycle. All experimental procedures in this
study were in accordance with the National Institute of Health guidelines for use and care
of animals and were approved by the Institutional Animal Care and Use Committee at the
University of Mississippi Medical Center under protocol 1414A.

2.1. Preclinical Models of HDP

On gestational day 12, timed-pregnant rats (230–250 g) had mini-osmotic pumps
(model 2002, Alzet Scientific Corporation; Cupertino, CA, USA) inserted intra-peritoneally
while under anesthesia. To induce PreE, the pumps were loaded with soluble fms-like
tyrosine kinase 1 (sFlt-1; 4.7 µg/kg, R&D Systems, Minneapolis, MN, USA), and HELLP
pumps were loaded with sFlt-1 and soluble endoglin (sEng; 4.7 and 7 µg/kg, respectively,
R&D Systems), as previously described [17–19]. Normal pregnant (NP) rats underwent
abdominal sham surgeries at this same time period. To prevent T-cell activation during
pregnancy, Orencia (Abatacept, 2 mg/kg) was infused into a subset of rats via the jugular
vein on gestational day 13, as previously described [27–29]. Rats gave birth between
gestational day 21 and 22, at which time the pups were weighed and litters culled to 4 each,
with median weighted pups being kept. Behavioral testing was conducted for 9 weeks
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starting from post-partum week (PPW) 1 after which the animals were euthanized. The
study timeline is outlined in Figure 1. The following numbers of animals were used in
the current study: NP (n = 13), PreE (n = 13), HELLP (n = 12), NP + Orencia (n = 12),
PreE + Orencia (n = 11), HELLP + Orencia (n = 13).
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Figure 1. Study design and timeline of behavioral assays and experiments.

2.2. Behavioral Test

All behavioral analyses were performed primarily by TB, RR and LS who were blind
to experimental conditions. Each cohort consisted of a mixed group of rats, so that all
groups were equally exposed to any environmental fluctuations. Unless noted otherwise,
all animals had an hour to acclimate to the testing environment prior to testing. Finally, all
testing was performed under low-light conditions during the active phase for the animals.
Behavioral testing was recorded and tracked using Noldus Observer unless otherwise
notated. A battery of tests was used for each behavioral domain. Depression/Anhedonia,
Anxiety and Cognition were assessed.

2.2.1. Post-Partum Depression and Anhedonia

Maternal Pup Interaction. Beginning on post-partum day 3 until post-partum day 7,
dams were removed from cages for 30 min and then reintroduced to their litter of 4 pups,
who were previously culled. Following reintroduction, the interaction between dams and
pups was recorded for a period of 10 min. All testing occurred twice a day during each cycle
(light and dark) over the duration of 5 days (total of 100 min of observation per dam). All
testing occurred in the housing room, and testing variation between testing times was kept
to a minimum. To ensure blinding, all dams were renumbered prior (KW) to testing (TB, LS),
and the code was not broken until after the video tapes were scored (SKS and AG, r2 = 0.98).
The following behaviors were scored: maternal behavior (included licking and/or sniffing
pups) or nursing of pups (arch-back, blanket nursing and side); self-maintenance behavior
consisted of self-grooming or self-feeding; and neglecting behavior was considered to be
tunneling through the bedding or no contact [30]. Scorers recorded the incidence of each
behavior over the 10 min testing period. Maternal behavior was analyzed as the frequency
(%) of observations in which the dam engaged in the behavior over the testing period. At
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the end of maternal pup interaction testing, all pups were removed from dams. The dams
were pair housed for the duration of the study 48–72 h following pup removal.

Forced Swim Test. The forced swim test is a classical test used to evaluate depressive-
like behavior in rodents [31]. The test is based on the measurement of immobility time (i.e.,
time spent floating) in a tank filled with water. The apparatus consists of glass cylinders
containing 20–22 cm of fresh tap water at 23 ◦C. On the day of testing, the rats were
placed in the tank for a 5 min period. All videos were analyzed for the swimming and
immobility time.

Sucrose Preference. Before the test, the animals were deprived of food and water for
20 h. During the test each animal was presented simultaneously with two pre-measured
bottles: one containing 2% sucrose solution and the other tap water. The total amount
of water per solution was measured after 48 h, and the percent preference for sucrose
consumption was calculated. Sucrose preference (%) was determined as follows = sucrose
solution consumption/(sucrose solution consumption + water consumption) × 100 [28].
Plexiglass dividers with holes were placed in the cages, which gave animals the ability to
interact with their cage mate while still only drinking from their individual water source(s).

2.2.2. Post-Partum Anxiety

Open-field test. Locomotor and exploratory behavior were assessed in the open-field
arena. The rats were placed in the center of the open field under bright lights and allowed
to freely explore for 20 min. The amount of time rats spent exploring the center (open area)
of the arena vs. remaining on the perimeter was measured. At the end of the trial, the
animals were returned to their home cages.

Zero maze. Rats were placed in the open arm of the zero-maze platform and allowed
to explore for a total of 5 min. Rodents were observed for the amount of time spent in the
open and closed arms of the maze. At the end of the trial, the animals were returned to
their home cages.

2.2.3. Post-Partum Learning and Memory

Novel Object Recognition. Novel object recognition was used to assess recognition
memory [32]. Rats were placed in a chamber box with two identical objects for 5 min. The
amount of time spent exploring the objects was recorded. After an inter-trial interval, the
rats were placed in the chamber again, and this time they had 5 min to explore 1 familiar
object and 1 novel object. The amount of time spent exploring both objects was recorded.
The discrimination index, or time spent with the novel object, was calculated by

[(novel − familiar)/(novel + familiar)] × 100.

Barnes Maze. Spatial learning and memory was assessed over 5 consecutive days in
the Barnes maze [33]. At the beginning of testing each day, the rat was placed directly into
the goal box (i.e., escape chamber) for a 4 min adaptation period. After 4 min, the rat was
returned to a holding cage, and the goal box was cleaned again with 10% ethanol. The rat
was then placed directly in the center of the platform and allowed to explore the maze for
5 min. If the rat found the goal box before time elapsed, the animal was allowed to remain
in the chamber for 60 s, and then the trial was stopped, and the rat was returned to its home
cage. If the animal did not find the escape chamber, it was simply returned to its home cage
at the end of the trial. The maze was surrounded by a series of distinct stationary black and
white spatial cues.

2.3. Mean Arterial Pressure Measurement and Organ Collection

After behavior tests were completed, the rats underwent surgery, and an indwelling
catheter made of V1 and V3 tubing (Scientific Commodities, Lake Havasu City, AZ, USA)
was inserted into the carotid artery, tunneled under the skin and exteriorized at the back
of the neck, as previously described [27,28]. The rats were allowed to recover and, one
day post catheterization, the animals were placed in individual restrainers, and pressure
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transducers (Cobe III Transducer CDX Sema; Birmingham, AL, USA) were connected
to the carotid catheters. Mean arterial pressure was continuously recorded for a 30 min
period. Following 48–72 h of mean arterial pressure assessment, the rats were anesthetized,
and whole blood was collected, and plasma and serum were saved for future analysis.
Maternal organs (brain, kidney, liver and spleen) were collected and stored at −80 ◦C for
further analysis.

2.4. Inflammation Assessments

Inflammation was measured in plasma or serum using commercially available enzyme-
linked immunosorbent assays. The following proteins were measured: Interleukin-17
(IL-17; R&D Systems), S100B (LifeSpan Biosciences, Seattle, WA, USA) and Brain Derived
Neurotrophic Factor (BDNF; Boster Biological, Pleasanton, CA, USA). All assays were run
according to the manufacturers’ instructions.

2.5. Statistical Analysis

Comparisons between groups (NP, PreE or HELLP), treatment (Orencia vs. no Orencia)
or group × treatment interaction were analyzed via one- or two-way analysis of variance
(ANOVA) with Tukey’s multiple comparisons tests or Student’s t-test with repeated mea-
sures when applicable. Data were analyzed with GraphPad Prism 7.02 and expressed as
mean ± standard error mean (SEM), where p < 0.05 was considered statistically significant.

3. Results
3.1. Depressive-Like Behavior Is Evident among HDP Dams

To determine whether HDP alters the maternal care of dams, we observed maternal
behavior from post-partum days 3–7. We evaluated the cumulative frequency in which
dams spent performing maternal behavior, any contact or care for the pups, as well as
non-maternal behavior (self-maintenance). As there were no differences in the cumulative
frequency between light cycles or post-partum days (data not shown), the time periods
were collapsed, and data reported as mean cumulative frequency per behavior. There was
a significant group effect in pup grooming [F2,255 = 4.53, p = 0.01], with post hoc analysis
indicating an increased frequency among PreE relative to HELLP dams (p = 0.04, Figure 2A).
There was no treatment effect due to Orencia in any of the behaviors; however, there was
a group x treatment effect in cumulative frequency [F2,176 = 3.51, p = 0.03] in neglecting
behavior. Post hoc analysis indicated a significant increase in the frequency of this behavior
in HELLP + Orencia dams vs. PreE + Orencia dams (p = 0.04, Figure 2B). Neither treatment
nor group had a significant effect on the cumulative frequency of nursing (p = 0.19, p = 0.49,
Figure 2C) or self-maintenance behaviors (p = 0.82, p = 0.57, Figure 2D).

Depressive-like behavior was assessed by measuring immobility in the forced swim
test. Immobility time in the forced swim test was evaluated to assess depression. There
was a significant group effect [F2,56 = 13.56, p < 0.0001] and group x treatment effect
[F2,56 = 4.99, p = 0.01] on immobility time for the forced swim test. Both PreE (p = 0.002)
and HELLP (p = 0.006; Figure 3A) dams had increased immobility time relative to NP
rats. The infusion of Orencia into HELLP rats significantly reduced the amount of time
rats spent in the immobile state compared to uninfused HELLP dams (p = 0.04), whereas
PreE + Orencia dams spent significantly more time immobile relative to NP + Orencia
(p = 0.005), HELLP + Orencia (p < 0.0001) and PreE rats (p = 0.04).

Anhedonia was evaluated via sucrose preference over tap water. There was a sig-
nificant group effect [F2,53 = 3.6, p = 0.03] in sucrose preference where PreE rats drank
significantly less sucrose relative to NP rats (p = 0.04; Figure 3B). There were no significant
effects among HELLP rats, regardless of Orencia treatment.
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behavior (D) were evaluated during both the light and dark period, and data were combined. Data
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Figure 3. Dams with hypertensive disorders of pregnancy have more immobility and open-area anxiety.
Depressive-like behavior, or anhedonia, was assessed in the forced swim test (A) and with sucrose
preference (B). The time spent in the outer zones (C) and inner zones (D) of the open-field arena was
used to assess open-area anxiety. Data were analyzed by two-way ANOVA followed by Tukey’s post
hoc test and presented as mean ± SEM (n = 11–13/group). *–**** denotes p < 0.05–p < 0.00005 in
comparison to the indicated group. Abbreviations: NP (normal pregnant); PreE (preeclampsia); HELLP
(hemolysis elevated liver enzyme low platelet).
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3.2. Anxiety-Like Behavior Is Increased in Response to a HDP

The open-field and zero-maze tests were used to evaluate open-space anxiety-like
behavior in dams [34]. During the open field, there was a significant group [F2,68 = 7.5,
p = 0.001], treatment [F1,68 = 13.22, p = 0.0005] and group x treatment [F2,68 = 3.19, p = 0.05]
effect on time spent in the outer zones. NP rats were found to spend significantly less time
in the outer zones compared to PreE (p = 0.004) and HELLP (p = 0.01, Figure 3C) rats and
compared to NP + Orencia (p = 0.005), PreE + Orencia (p < 0.0001) and HELLP + Orencia
(p = 0.0001) rats. Overall, Orencia infusion increased the time spent in the outer zones;
however, only PreE + Orencia rats spent significantly more time in the outer zones relative
to NP + Orencia rats (p = 0.02). There were similar significant group [F2,68 = 7.14, p = 0.002],
treatment [F1,68 = 12.39, p = 0.0008] and group x treatment [F2,68 = 4.93, p = 0.03] effects on
time spent in the inner zones of the open field. However, the results were reversed as NP
rats spent significantly more time in inner zones of the open field relative to PreE (p = 0.02)
and HELLP (p = 0.03) rats. Orencia-infused rats overall spent less time in the inner zones
vs. NP rats (p < 0.05; Figure 3D). Among the Orencia rats, both PreE + Orencia (p = 0.003)
and HELLP + Orencia (p = 0.03) rats spent significantly less time in inner zones relative to
NP + Orencia rats.

There was a significant group [F2,62 = 9.26, p = 0.0003] and group x treatment effect
[F2,62 = 3.42, p = 0.04] on time spent in the open area in the elevated zero maze. Further
analysis indicated that PreE rats spent significantly less time in open areas relative to NP
rats (p = 0.003, Figure 4A). As Orencia lessened the anxiety-like behavior in all groups,
PreE + Orencia rats spent significantly less time in the open areas vs. HELLP + Orencia
rats (p = 0.01, Figure 4A).
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Figure 4. Dams with a hypertensive disorder of pregnancy (HDP) have anxiety and delays in learning.
PreE rats spent significantly more time in the open arms of the elevated plus maze, a behavior which
was not corrected by Orencia infusion (A). There were no significant differences between groups
observed in the discrimination index for novel object recognition (B). When Barnes maze was assessed
over 5 days, only on day 4 were significant differences observed (C). However, there was an overall
increase in latency to reach the goal box among HDP rats. There was no statistical change in memory
due to Orencia administration (D). Data were analyzed by two-way ANOVA followed by Tukey’s
post hoc test and presented as mean ± SEM (n = 11–13/group). *–** denotes p < 0.05–p < 0.005
in comparison to the indicated group. Abbreviations: NP (normal pregnant); PreE (preeclampsia);
HELLP (hemolysis elevated liver enzyme low platelet).

3.3. Spatial Learning Is Decreased among HDP Rats

Recognition memory, as assessed in the novel object recognition task, was not signif-
icantly impacted by hypertension during pregnancy or suppression of T-cell activation
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by administration of Orencia. There were no significant group [F2,53 = 2.71, p = 0.08] or
treatment effects [F1,53 = 0.13, p = 0.72] on the discrimination index (Figure 4B).

Spatial learning was assessed in the Barnes maze where there was a significant group
[F 2, 368 = 6.9, p = 0.003] and day [F3.8, 136.8 = 9.2, p < 0.0001] effect in latency to locate the
goal box. Latency decreased for all rats over the course of the study; however, on day 4,
PreE rats took significantly longer to locate the goal box compared to NP rats (p = 0.009,
Figure 4C). Orencia treatment did not significantly affect learning and memory among
HDP rats (Figure 4D).

3.4. HDP Did Not Impact Birth Outcomes but Did Increase Post-Partum Hypertension

There was no significant group [F2,51 = 0.48, p = 0.62] or treatment [F1,51 = 0.12, p = 0.73]
effect on pup birthweight; neither was there a significant group [F2,51 = 0.64, p = 0.53] or
treatment [F1,51 = 0.15, p = 0.7] effect on the number of pups born to dams (Table 1).
To determine whether hypertension persisted into the post-partum period and whether
Orencia treatment during pregnancy had a positive effect on hypertension, mean arterial
pressure was assessed after behavioral testing. There was a group [F2,38 = 3.3, p = 0.04) and
group x treatment effect [F2,38 = 3.3, p = 0.04) on mean arterial pressure. Post hoc analysis
indicated that HELLP dams were significantly hypertensive relative to NP (p = 0.01) and
PreE (p = 0.03) dams. Orencia significantly reduced mean arterial pressure in HELLP +
Orencia (p = 0.04) and PreE + Orencia dams (p = 0.002) relative to HELLP dams (Table 1).

Table 1. Birth outcomes and mean arterial pressure for dams in the current study. Birth outcomes
were collected on post-partum day 0, which was marked by the delivery of rat pups. Mean arterial
pressure was collected at the end of the study at post-partum week 9.

Variables NP PreE HELLP NP + O PreE + O HELLP + O p Value 1

Pup Birth Wt (g) 7.05 ± 0.03 7.1 ± 0.2 6.7 ± 0.2. 6.7 ± 0.2 7.1 ± 0.2 7.2 ± 0.2 0.62
Litter # 9.7 ± 1 9.8 ± 0.8 9.5 ± 0.9 10.8 ± 0.7 8.7 ± 0.8 10.3 ± 1.3 0.53
MAP (mmHg) 111.3 ± 3.9 a 116 ± 3.6 a 127.1 ± 2.6 118.3 ± 3.5 111.75 ± 3.2 a 117 ± 3.7 0.01

a denotes significant relationship compared to HELLP; 1 p value is representative of group effect from two-way
ANOVA. Abbreviations: NP (normal pregnant); PreE (preeclampsia); HELLP (hemolysis elevated liver enzyme
low platelet); O (Orencia); MAP (mean arterial pressure).

3.5. S100B Is Increased in PreE Rats, While HDP Decreases BDNF

There was a significant group effect [F2,43 = 10.94, p = 0.0001] on circulating S100B.
PreE rats had significantly more levels of S100B vs. NP (p = 0.006) and HELLP (p = 0.001)
rats. Orencia did not have an effect on S100B levels, and PreE rats still had higher levels
of S100B relative to both NP + Orencia (p = 0.001) and HELLP + Orencia rats (p = 0.01,
Figure 5A). There were statistically significant group [F2,32 = 4.15, p = 0.03) and treatment
[F1,32 = 5.6, p = 0.02] effects on circulating BDNF levels. While BDNF levels were decreased
in both PreE (p = 0.07) and HELLP (p = 0.08) rats, statistical significance was not met relative
to NP rats. Orencia decreased BNDF levels in all recipients, but only HELLP + Orencia rats
had significantly lower levels vs. NP rats (p = 0.005, Figure 5B).

To determine whether circulating levels of S100B or BDNF were correlated with anx-
iety, depression or cognitive ability in the post-partum period, correlation assays were
performed on all behavior studies with the exception of maternal pup interaction. S100B
had a significant positive correlation with immobility time in the forced swim test (r = 0.294,
p = 0.04; Figure 5C); however, it was negatively correlated with both total sucrose consump-
tion after 48hrs (r = −0.39, p = 0.007, Figure 5D) and with time spent in the open areas of
the elevated zero maze (r = −0.345, p = 0.02; Figure 5E). There were no other significant
correlations between S100B and the remaining behaviors. BDNF levels were negatively
correlated with time spent in the outer zones of the open field (r = −0.639, p < 0.0001;
Figure 5F). There were no significant correlations between BDNF levels and any other
behavioral assays.
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performed on all behavior studies with the exception of maternal pup interaction. S100B 

Figure 5. Circulating levels of S100B and BDNF are altered in response to HDP. PreE rats had increased
levels of S100B (A), and HDP rats had decreased levels of circulating BDNF (B) compared to NP rats.
Circulating levels of S100B are positively correlated with immobility time in the forced swim test
(FST, (C)) and negatively correlated with the percent of sucrose consumed (D) and time spent in the
open arms of the elevated zero maze (EZM, (E)), whereas circulating BDNF levels are negatively
correlated with the time spent in the outer zones of the open field (OF, (F)). On figures (C–F), the lines
represent linear regression, and the circles represent experimental animals. Data were analyzed by
two-way ANOVA followed by Tukey’s post hoc test and presented as mean ± SEM (n = 5–8/group),
and the correlations were determined via Pearson correlation. *–** denotes p < 0.05–p < 0.005 in
comparison to the indicated group. Abbreviations: NP (normal pregnant); PreE (preeclampsia);
HELLP (hemolysis elevated liver enzyme low platelet).

4. Discussion

Hypertension is a risk factor for psychological disorders such as depression and
anxiety in non-pregnant populations [35–37]. Over the past several years, studies have
started to examine the relationship between hypertension during pregnancy, commonly
manifested as PreE or HELLP syndrome, and changes in maternal mood and cognition.
In the current study, our primary objective was to determine whether rats with a history
of HDP had symptoms of depression, anxiety and/or cognitive impairment in the early
post-partum period. Our second objective was to determine whether immune suppression
during a pregnancy affected by HDP prevented changes in depression, anxiety and/or
cognition. Our results indicated that overall HDP negatively influences depression, anxiety
and cognition during the early post-partum period and that immune suppression during
pregnancy did not offer protection against these negative changes.

HDP had no overall effect on maternal pup interactions. PreE rats had an increase in
pup licking/grooming relative to HELLP rats; however, no HDP dams displayed significant
differences in any behaviors compared to NP dams. Immobility in the forced swim test
has been previously observed in preclinical models used to study post-partum mood
disorders [38,39]. HDP dams spent more time immobile in the forced swim test compared
to NP rats, suggesting that hypertension during pregnancy contributes to depressive-like
behavior or a passive coping response [40]. PreE rats exhibited a decreased preference
for sucrose relative to NP rats, whereas HELLP rats had no significant differences in
sucrose preference. Collectively, this data indicates that HDP has no effect on maternal
care, but it increases depressive-like behavior. This is in agreement with other models
of post-partum depression and/or anhedonia, which have demonstrated that animals
displaying these characteristics exhibit behaviors akin to that of individuals with post-
partum depression [41].
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The time spent in the outer zones of the open field correlates with increased anxiety-like
behavior. HDP rats were found to spend significantly more time in the outer zones, which
conversely led to a significant reduction of time spent in the inner zones of the open field.
While complimentary results were also seen in the elevated zero maze, only PreE rats spent
significantly less time in the open areas relative to NP rats. To our knowledge, this is the first
study to evaluate post-partum anxiety among HDP rats beyond the immediate post-partum
period; however, clinical studies do report increases in depression and anxiety among
women with HDP [8,42,43]. Furthermore, a study by Ying et al. recently reported that PreE
is an independent risk factor for the development of post-partum depression [6]. Thus, our
findings support the link between HDP and changes in maternal mood contributing to the
development of post-partum depression and/or anxiety.

Some women with a history of a HDP have reported changes in memory and per-
ception [7,9], whereas other studies have not found any differences when verbal learn-
ing/memory was evaluated [44,45]. To explore learning and memory in the early post-
partum period, we evaluated recognition memory (novel object recognition) and spatial
learning and memory (Barnes Maze). There were no differences between groups in re-
spect to recognition memory, and HDP rats showed a trend toward a delay in learning
in the Barnes Maze. There are several reasons why we may not have seen changes in
cognition, other than the fact that there were no changes due to HDP. More recent studies
have reported that only women with PreE plus additional comorbidities have evidence
of cognitive impairment in the post-partum period [46], and it has also been suggested
that cognitive impairment may appear later in life, coinciding with the time that structural
abnormalities are found among women with a history of HDP [45,47]. The results from this
current study along with clinical studies indicate the need for further studies evaluating
cognition at different time points in the post-partum period.

We also examined circulating neuronal markers associated with anxiety, depression
and learning and memory to determine whether there was an association with behaviors.
Even though the decrease in BDNF among HDP rats was not significant relative to NP
rats, there was a significant negative correlation between BDNF levels and anxiety, which
was increased in response to HDP. Similar results were found between S100B levels and
anxiety and depressive-like behaviors. These results suggest that there are changes at the
neuronal level that are influencing post-partum behavior; however, studies among women
with HDP have also found increased levels of S100B and decreased levels of BDNF either
during pregnancy or in the immediate post-partum period [48–50]. Future work evaluating
concentrations of BDNF and S100B in brain regions associated with the behaviors of interest
would need to be evaluated to further elucidate the true nature of these relationships.

Our lab and others have previously reported on the relationship between T-cell activa-
tion during pregnancy, an increase in mean arterial pressure and subsequent neurovascular
damage [27,28,51,52]. Building on our previous work, which reported that a single infu-
sion of Orencia during pregnancy to HELLP rats prevented an increase in blood–brain
barrier permeability and decreased anxiety-like behavior in early post-partum rats, we also
explored cognition and circulating markers of neuronal injury in the current study [28].
Interestingly, there was no clear benefit to Orencia administration in terms of the behav-
iors evaluated. Similar to what we previously reported, HELLP + Orencia rats did show
positive improvements in anxiety-like behavior, as well as depressive-like behavior in the
forced swim test, whereas PreE + Orencia rats consistently performed worse relative to
other groups. Overall, these results indicate that a blockade of T cells via Orencia during
pregnancy may improve pregnancy outcomes; however, they do not offer any benefits in
post-partum mood.

While there were significant differences between PreE and HELLP rats, this is believed
to be in part due to the addition of sEng in the HELLP model. sEng, which is believed
to work as an anti-angiogenic protein by impairing the binding of transforming growth
factor beta-1 to its receptors, is most frequently increased among women with severe
PreE and HELLP syndrome. Importantly to the current study, it has been suggested that
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pharmacological inhibition of transforming growth factor beta-1 inhibits depression [53]. If
this is indeed the case, then this could serve as one explanation for why PreE rats performed
worse in the forced swim test relative to HELLP rats. Although circulating levels of sFlt-1
and sEng were not evaluated in the current study, several clinical and experimental studies
have identified differing results between sFlt-1 and sEng in various cases of HDP [54,55].
However, future larger prospective studies are needed to determine the true role of these
anti-angiogenic factors in both the pregnant and post-partum state.

There are several strengths and weaknesses in the current study. Among the strengths
are the behavioral assays that were used to assess anxiety, depression and cognition. All of
the assays used in the current study are validated behavioral assays and are also used in
other rodent models of post-partum depression/anxiety to establish depression or anxi-
ety [38,41,56]. All behavioral testing was overseen by the Institutional animal behavioral
core (JPS), which ensured that all behavioral conditions were similar between cohorts and
that environmental variables were kept to a minimum. We also used two clinically different
models of HDP: PreE and HELLP syndrome. Both PreE and HELLP syndrome are believed
to originate from disruptions in the uterine spiral artery formation early in the pregnancy,
which leads to downstream placental ischemia [57]. However, despite the similarities in
both the origin and maternal comorbidities of these disorders, women affected by PreE and
HELLP syndrome have both reported feelings of post-partum depression or anxiety, but at
different levels; an effect mirrored in the current study [58]. There have been several clinical
studies reporting the onset of post-partum depression/anxiety occurring as early as in the
first 3 months among 11.1–19.2% of women and by 1-year post-partum in 6.2–13.1% of
women [59–61]. With this wide range of time for symptom onset, it is possible that we did
not evaluate the correct time frame. However, as the majority of women who do experience
post-partum mood changes do so within the immediate post-partum period, we limited
our focus to this time frame.

5. Conclusions

This study extends the current knowledge regarding HDP, mood disorders and cogni-
tion in preclinical animal models by demonstrating that hypertension and inflammation
during pregnancy contributes to long-lasting changes in maternal mood and cognition.
Additionally, the distinct psychological and immunological differences between the PreE
(sFlt-1 infusion) and HELLP (sFlt-1 and sEng infusion) models suggest different mech-
anisms of action within the different models, similar to what is seen clinically. We also
evaluated the utility of immune suppression via T-cell blockade on improving maternal
mood and cognition in our preclinical animal models. Unfortunately, it does not appear as if
the regimen of T-cell blockade used in the current study has a role in neuroprotection. These
studies do emphasize the need for future studies to evaluate the safety and effectiveness of
pharmacotherapy for mental health both during pregnancy and in the post-partum period.
As outlined in our current working hypothesis (Figure 6), anti-angiogenic imbalance leads
to increased CD4+ T cells, leading to increased production of inflammatory cytokines,
cerebrovascular impairment and decreased integrity of the blood–brain barrier, all of which
leads to neuroinflammation, which contributes to the development of anxiety, depression
and cognitive impairment.

In summary, the connection between HDP and mood disorders is still somewhat
unclear; however, inflammation has been proposed to play a large role. Conversely, the
connection between HDP and inflammation and brain damage are somewhat more defined.
The combination of this study and clinical studies point to significant changes in maternal
mood following HDP, providing more evidence for the need for increased mental health
screening during pregnancy and the post-partum period. This is especially true for women
who are at risk of HDP or who have already been diagnosed with one.
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