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Abstract
Preeclampsia (PE), new-onset hypertension during pregnancy alongside organ dysfunction, is a leading cause of morbidity 

and mortality for the mother and fetus. PE women have activated B cells that produce agonistic autoantibodies to the angiotensin 
II type 1 receptor (AT1-AA). AT1-AA impairs cerebral blood flow (CBF) autoregulation during pregnancy. Although AT1-AA 
often remains elevated up to 8 years postpartum, AT1-AA’s effect on CBF autoregulation postpartum is unknown. This study 
examined whether elevated AT1-AA during pregnancy impairs CBF autoregulation postpartum and if this was augmented by 
infusion of AT1-AA postpartum. AT1-AA was infused into 12-week-old timed-pregnant Sprague Dawley rats beginning on 
gestational day 14. Uterine artery resistance index (UARI) was measured on gestational day 18 as a measure of endothelial 
dysfunction associated with PE. Dams were allowed to deliver. One group was given a second infusion of AT1-AA (50% perinatal 
dose mimicking levels observed in postpartum PE women) at 9 weeks postpartum. After postpartum week 10, mean arterial 
pressure (MAP) was measured in conscious rats and CBF autoregulation was measured by laser Doppler flowmetry. AT1-AA 
during pregnancy increased UARI (P<0.05). AT1-AA during pregnancy did not affect MAP postpartum but did impair CBF 
autoregulation postpartum. Infusion of AT1-AA postpartum significantly elevated blood pressure (P<0.01) but did not further 
impair CBF autoregulation. This study demonstrates that circulating AT1-AA during pregnancy causes impairment of CBF 
autoregulation well into the postpartum period indicating that elevated AT1-AA leads to long-term cerebrovascular consequences. 
Targeting AT1-AA may prevent cerebrovascular effects associated with PE during pregnancy and postpartum. 
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Introduction
PPreeclampsia (PE) is defined as new-onset hypertension 

during the third trimester accompanied by other-organ 
dysfunction [1,2]. PE affects between 5-10% of pregnancies in 
the United States and worldwide. The best treatment for PE is 

the delivery of the fetoplacental unit. Current treatments focus on 
maintaining the pregnancy for as long as possible to improve fetal 
development. The leading cause of mortality for women with PE 
is cerebrovascular events including cerebral edema, hemorrhage, 
or ischemic stroke[3,4]. In fact, 40% of maternal deaths in PE 
patients are related to complications in the cerebrovasculature [5]. 
PE also increases the risk for vascular dementia postpartum [6,7]. 
Although the mechanisms leading to the increased cerebrovascular 
dysfunction are unclear, there is evidence in both patients and 
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animal models that implicates impaired cerebral blood flow (CBF) 
autoregulation [8,9].  

The brain requires that there is constant blood flow to meet 
its metabolic needs even during changes in perfusion pressure 
[10]. The blood flow is regulated through changes in the vascular 
resistance. The CBF can be regulated at perfusion pressures 
between 60 and 160 mmHg [11,12]. CBF autoregulation is an 
important mechanism that maintains constant cerebral blood 
flow and prevents transmission of elevated pressure to vulnerable 
capillaries over a range of systemic mean arterial pressures (MAP) 
[13]. In the setting of hypertension when blood pressures rise above 
the regulatory range, increased pressure overcomes the myogenic 
vasoconstriction of the vessels causing them to lose their ability to 
provide resistance that regulates the CBF [12,14-16]. A significant 
concern following impaired CBF autoregulation is blood-brain 
barrier disruption and cerebral edema which leads to neurological 
complications, including strokes and cognitive dysfunction[7,17]. 
Impaired CBF autoregulation can lead to increased transmission 
of elevated systemic pressure to capillaries and other small blood 
vessels in the brain. Increased pressure in the brain capillaries 
is associated with the disruption of the blood brain barrier [18]. 
One system that may be responsible for impaired autoregulation 
during PE is the renin-angiotensin system (RAS). During normal 
pregnancies, activation of the RAS plays a role in the expansion 
of extracellular fluid volume but blood pressure typically 
decreases due to reduced vascular sensitivity to angiotensin II 
[19]. However, PE pregnancies are characterized by increased 
vascular sensitivity to angiotensin II [20]. One explanation for 
this increased sensitivity is the presence of circulating agonistic 
autoantibodies to the angiotensin II type 1 receptor (AT1-AA) 
[21,22]. AT1-AA was first discovered in the serum of PE patients 
by Wallukat et al. [21] and since then AT1-AA has been shown to 
contribute to endothelial dysfunction in the placenta and kidney in 
PE [22,23]. AT1-AA also may contribute to the impairment of CBF 
autoregulation during pregnancy [9]. Circulating AT1-AA levels 
are known to be elevated for up to 8 years postpartum following 
a PE pregnancy [24] however, the cerebrovascular consequences 
of this sustained presence are unknown. AT1-AA exposure 
during pregnancy increases susceptibility to ischemic injury and 
other cardiovascular morbidities in the heart postpartum [25-27]. 
Previous studies in animal models of PE found that autoregulation 
of CBF is impaired during pregnancy [9,28, 29]. Angiotensin II 
receptor blockers have attenuated impaired CBF autoregulation 
in the reduced uterine perfusion pressure (RUPP) model of PE 
implicating the AT1 receptor and its agonists including AT1-AA [9]. 
Additionally, a ‘n7AAc’ peptide, which blocks the actions of AT1-
AA, improves postpartum cardiac outcomes in the RUPP model 
[27] and also improves CBF autoregulation in the RUPP model 
during pregnancy [29]. Taken together, these studies implicate 
AT1-AA during pregnancy and in postpartum impairment of CBF.

In the present study, we infused purified RUPP AT1-
AA into pregnant Sprague Dawley rats which has previously 
been shown to induce a PE-like phenotype [30,31] including 
increased uterine artery resistance index (UARI) associated with 

hypertension and increased Endothelin-1 and Reactive Oxygen 
Species, mitochondrial dysfunction, and sFlt-1. AT1-AA has also 
been shown to play a role in impaired CBF autoregulation during 
pregnancy and in the reduced uterine perfusion pressure (RUPP) 
model of PE [9,29]. However, the effect of AT1-AA infusion 
during pregnancy on CBF autoregulation and blood pressure 
during the postpartum period is unclear. Thus, the objective of 
the current study was to determine if elevated circulating AT1-
AA levels during pregnancy have a sustained effect to impair 
CBF autoregulation in the postpartum period and if this effect is 
augmented by secondary infusion of AT1-AA postpartum to mimic 
levels observed in postpartum preeclamptic women.

Methods

All procedures involving animals in this study were 
performed in accordance with the National Institutes of Health 
Guidelines for the Care and Use of Laboratory Animals and were 
approved by the Institutional Animal Care and Use Committee of 
the University of Mississippi Medical Center. Animal experiments 
were conducted on twelve-week-old timed-pregnant Sprague 
Dawley rats (Envigo, Indianapolis, IN) that were housed in a 
temperature-controlled (23°C) facility under a 12:12-h light-dark 
cycle and fed a standard laboratory chow diet.

AT1-AA administration to pregnant rats

The AT1-AA was purified as previously described [32]. 
AT1-AA was extracted from the serum of RUPP rats by column 
purification of the IgG fraction and the AT1-AA epitope binding 
site. Pregnant rats were implanted with osmotic minipumps 
intraperitoneally (model 2002; Alzet Osmotic Pumps, Cupertino, 
CA) containing purified AT1-AA diluted 1:40 in saline or saline 
alone beginning on gestational day (GD) 14. Rats were anesthetized 
with 2% isoflurane delivered by a vaporizer (Ohio Medical 
Products, Champaign, IL) and treated with carprofen to reduce 
post-operative pain. The rats were allowed to deliver their litters 
between GD21-23. Pups were weaned at 3 weeks postpartum. 
During postpartum week 9, a group of rats infused with AT1-AA 
during pregnancy were randomly selected and implanted with a 
second osmotic minipump that infused AT1-AA, diluted 1:80 with 
saline to mimic the elevated AT1-AA levels seen in PE women 
postpartum [24,33].

Assessment of uterine artery resistance index

On GD18, the uterine artery resistance index (UARI) of 
pregnant rats was measured by Doppler ultrasound as a non-
invasive measure of vascular function to confirm a PE phenotype. 
The rats were anesthetized with isoflurane and fixed on a 
platform of a Vevo 770 ultrasound imaging system (FUJIFILM 
VisualSonics, Toronto, ON, Canada) with a 30-Hz transducer. 
Doppler velocimetry profiles were obtained from the uterine 
arteries of each uterine horn. Waveforms representing the peak 
systolic velocity (PSV) and the end-diastolic velocity (EDV) were 
captured and the velocities were measured. Three waveforms were 
measured per frame. The UARI = (PSV-EDV)/PSV was calculated 
as seen in clinical settings.
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Assessment of mean arterial pressure

On postpartum week 10, rats from each group were 
anesthetized with 2% isoflurane delivered with a vaporizer (Ohio 
Medical Products, Champaign, IL) and a PE50 catheter was 
implanted in the right carotid artery and exteriorized through 
the back of the neck. The rats were treated with carprofen to 
manage post-operative pain. The following day, blood pressure 
was measured in conscious rats in restrainers using a pressure 
transducer after an equilibration period of 30 minutes and a reading 
time of 30 minutes (Cobe II Transducer CDX Sema, Birmingham, 
AL).

Assessment of cerebral blood flow autoregulation

CBF autoregulation was measured by laser Doppler 
flowmetry 12 weeks postpartum in a second group of randomly 
selected animals from each group as we have previously described 
[34,35]. Briefly, postpartum week 12 rats were anesthetized with 
Ketamine (30 mg/Kg, i.m.) and Inactin (50 mg/Kg, i.p.). Catheters 
were implanted in the femoral artery and vein for measurement of 
MAP and iv infusions. The trachea was cannulated for artificial 
ventilation and monitoring of end-expired PCO2. The head was 
immobilized in a stereotaxic apparatus and a 4mm x 4mm closed 
cranial window was created by thinning the bone over the parietal 
cortex, using a dental drill until the underlying vasculature was 
visible. The ventilation rate was adjusted to maintain end-expired 
PCO2 levels between 30-35 mmHg. MAP and baseline CBF were 
measured using a Laser Doppler flowmeter (PF5000, Perimed 
Instruments). Autoregulation of CBF was measured as MAP was 
increased in graded steps of 20 mmHg from 100 to 180 mmHg 
using iv infusion of phenylephrine (0.5-5 µg/min). The infusion of 
phenylephrine was then terminated to allow MAP to return to 100 
mmHg and CBF was measured as MAP was reduced from 100 to 
40 mmHg by graded hemorrhage in steps of 20 mmHg. Changes 
in CBF were expressed relative to baseline (100 mmHg) values as 
a percentage.

Statistical Analysis

Data are expressed as mean values ± standard error (SEM). 
A paired t-test was used to determine the significance of changes 
in UARI. One-way analysis of variance with a Bonferroni post 
hoc test was used for statistical comparison of MAP. A two-way 
analysis of variance for repeated measures with a Bonferroni post 
hoc test was used for statistical comparison of CBF. A P value < 
0.05 was considered statistically significant. 

Results
AT1-AA infusion increases uterine artery resistance index

As a measure of a PE phenotype, UARI was performed 
on pregnant rats. The rats infused with AT1-AA (n=7) showed 
significantly increased uterine artery resistance index (UARI) 
defined by (PSV-EDV)/PSV, on GD18 compared with normal 
pregnant (NP) rats (n=5) (P<0.05) [36] (Figure 1). 

Figure 1: Uterine Artery Resistance Index is Increased Following 
AT1-AA Infusion.

AT1-AA infusion (n=7) during pregnancy significantly 
increased uterine artery resistance index (UARI) compared to 
NP (n=5, p<0.05). * indicates P<0.05. A paired t-test was used 
for statistical analysis. The data are presented as mean values ± 
standard error. 

AT1-AA infusion postpartum increases mean arterial pressure

MAP was measured at 10 weeks postpartum. There was 
no change in postpartum MAP in the rats infused with AT1-
AA during pregnancy (n=6) compared to NP (n=5) (Figure 2). 
However, blood pressure significantly increased in the rats that 
received a second infusion of AT1-AA postpartum (n=5) compared 
to NP (P<0.01) rats and those infused with AT1-AA only  during 
pregnancy (P<0.01) (Figure 2).  
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Figure 2: Secondary Infusion of AT1-AA Increases Postpartum 
Blood Pressure.

AT1-AA infused rats that received a secondary infusion of 
50% AT1-AA (n=5) had increased mean arterial pressure (MAP) 
compared to NP (n=5, P<0.01) or rats infused with AT1-AA during 
pregnancy (n=6, P<0.01). ** indicates P<0.01. A one-way analysis 
of variance with a Bonferroni post hoc test was used for statistical 
analysis. The data are presented as mean ± standard error.

AT1-AA infusion during pregnancy impairs CBF 
autoregulation postpartum

Autoregulation of CBF was compared in NP rats (n=8), rats 
infused with AT1-AA during pregnancy alone (n=8), and those 
that received a second infusion of AT1-AA postpartum (n=10). 
Infusion of AT1-AA during pregnancy significantly impaired CBF 
autoregulation 12 weeks postpartum (Figure 3). CBF increased by 
only 25% when pressure was increased from 80 to 180 mmHg in 
the NP animals. In contrast, CBF doubled in the animals infused 
with AT1-AA during pregnancy. A second infusion of the AT1-
AA in the postpartum period also impaired CBF but did not have 
a greater effect on CBF autoregulation compared with the rats 
infused with the AT1-AA during pregnancy alone (Figure 3). 
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Figure 3: AT1-AA Infusion Impairs Cerebral Blood Flow 
Autoregulation.

Rats infused with AT1-AA (n=8) during pregnancy alone and 
those that receive a second infusion of AT1-AA + 50% AT1-AA 
(n=10) in the postpartum period exhibited impaired autoregulation 
of CBF in response to elevations in MAP above 120 mmHg as 
compared to normal pregnant NP rats (n=8). * indicates p<0.05 
versus corresponding values in AT1-AA vs NP. **** indicates 
P<0.0001 AT1-AA vs NP. ++ indicates P<0.01 AT1-AA + 50% 
AT1-AA vs NP. ++++ indicates P<0.0001 AT1-AA + 50% AT1-
AA vs NP. # indicates P<0.05 AT1-AA vs AT1-AA + 50% AT1-
AA. A two-way analysis of variance with a Bonferroni post hoc 
test was used for statistical analysis. The data are presented as 
mean ± standard error.

Discussion
AT1-AA administration has been used as a model for 

PE in multiple studies showing increased blood pressure, 
UARI, [30,32,37,38], oxidative stress [22,39,40], endothelial 
dysfunction[30,32,41,42], renal dysfunction [22,30,43] and 
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impaired CBF autoregulation [9]. In this study, we demonstrated 
AT1-AA infusion causes uterine artery dysfunction during 
pregnancy, confirming a PE phenotype during pregnancy as 
previously published [23,36,37]. We associated this uterine 
vascular dysfunction with sustained cerebrovascular dysfunction 
demonstrated by impaired CBF autoregulation in the postpartum 
period in rats that no longer had increased blood pressure. 
Importantly, we show that infusion of AT1-AA to levels to mimic 
that seen in previously PE women causes hypertension and 
impaired CBF postpartum. Studies that have investigated the 
postpartum period following PE have focused on whether there 
are prolonged effects on blood pressure or cardiac function [25-
27], but to our knowledge, this is one of the first studies to examine 
factors that may be responsible for cerebrovascular dysfunction 
postpartum for PE women.

 Although the role of AT1-AA in PE has been studied 
extensively, the results from this study are the first to link impaired 
CBF autoregulation postpartum with the presence of circulating 
AT1-AA during pregnancy. In conjunction with data published 
by Duncan et al. [29] and Warrington et al. [9] we demonstrated 
that circulating AT1-AA during pregnancy results in significant 
impairment of CBF autoregulation postpartum. Importantly, we 
demonstrated that this CBF autoregulatory impairment does not 
resolve after the delivery of the placenta as many PE symptoms 
do. This data supports the hypothesis that circulating AT1-AA 
contributes to the impairment of the autoregulatory process to 
maintain normal CBF. Furthermore, we demonstrated that CBF 
autoregulation was impaired to the same degree regardless of 
sustained hypertension with a second infusion of AT1-AA in 
the postpartum period [24,33]. This leads us to believe that the 
mechanism by which AT1-AA impairs CBF autoregulation occurs 
during pregnancy and is significant enough to last long after the 
resolution of the pregnancy. Interestingly, the second infusion 
of AT1-AA led to higher blood pressure in the postpartum rats 
compared to rats that only received AT1-AA during pregnancy. This 
indicates that the population of postpartum women that produce 
AT1-AA up to 8 years postpartum may be at increased risk for 
hypertension [24,33]. However, this study also raises awareness 
that previously PE women that do not have hypertension postpartum 
are also at risk for long-term neurovascular dysfunction. Our study 
contributes some insight into epidemiological studies showing an 
increased risk of hypertension as well as neurovascular disorders 
later in the life of women who suffered from PE [44]. AT1-AA has 
been implicated in non-pregnancy-related forms of hypertension, 
renal allograft rejection, and Covid-19 [21,45,46]. Our data adds to 
the evidence showing that AT1-AA can contribute to hypertension 
and other diseases beyond the context of pregnancy [47-55]. 

Conclusion
Our data indicates that AT1-AA during pregnancy causes 

changes in CBF hemodynamics that are sustained, even in the 
absence of hypertension in the postpartum period. Elevated 
circulating AT1-AA during the postpartum period is associated 
with elevated blood pressure and impaired CBF autoregulation. 

This implicates AT1-AA in the long-term cardiovascular and 
cerebrovascular outcomes for PE women. AT1-AA may be a 
potential target for the treatment of PE and postpartum disease 
following PE. 
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