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Abstract

:

Using an animal model of hemolysis elevated liver enzymes low platelets (HELLP) that has systemic inflammation and neuroinflammation we wanted to determine if blood brain barrier (BBB) permeability, cerebral edema, vascular tone, and occludin expression were altered in pregnant rats. Anti-angiogenic proteins sFlt-1 and sEng (4.7 and 7 µg/kg/day, respectively) were chronically infused into normal pregnant (NP) rats beginning on gestational day 12 via a mini-osmotic pump. On gestational day 19, blood pressure was measured via a carotid catheter and brains were collected. BBB permeability was assessed in select brain regions from rats infused with 0.5 mg/mL Texas Red Dextran and phenylephrine. Occludin, sFlt-1, and sEng were analyzed via western blot or ELISA. Infusion of sFlt-1 and sEng into NP rats increased hemolysis and liver enzymes, and decreased platelets and led to hypertension. HELLP rats had significant impairment in the myogenic response and increased BBB permeability in the posterior cortex and brainstem. Brain water content in the posterior cortex was increased and sEng protein expression in the brainstem was significantly increased in HELLP rats. The results from this study suggest that a peripheral anti-angiogenic imbalance during pregnancy is associated with decreased myogenic tone, vasogenic edema, and an increase in BBB permeability, but not anti-angiogenic imbalance in the brain.
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1. Introduction


Hemolysis elevated liver enzymes and low platelets (HELLP) syndrome affects 1 to 2 out of 1000 pregnant women in the United States per year, and occurs in 10–20% of women with preeclampsia with severe features [1,2]. Women with HELLP syndrome may experience hypertension, proteinuria, edema, headaches, visual disturbances, nausea, emesis, right upper quadrant pain, or midepigastric pain. The mechanisms responsible for the pathogenesis and pathophysiology of HELLP syndrome remain unclear. The manifestations of HELLP syndrome depend on the affected organ systems involved, which leads to the varying signs and symptoms of this disorder. The organ systems involved in HELLP syndrome include the renal, gastrointestinal, cardiovascular, pulmonary, and cerebrovascular systems. Central nervous system (CNS) involvement in HELLP syndrome is a major predictor of maternal morbidity and mortality [3,4]. CNS complications may include headaches unrelieved with acetaminophen, visual disturbances, vision loss, cerebral hemorrhage, cerebral infarction, cerebral edema, hypertensive encephalopathy, cerebral spasm, somnolence, and cognitive impairments [2,5]. Neurological complications have been reported in 50–66% of women with HELLP syndrome, and may occur in the antepartum, intrapartum, or postpartum period [6,7].



There is paucity in the literature regarding the mechanisms responsible for the CNS changes that occur in HELLP syndrome. HELLP syndrome is associated with changes in systemic inflammation, as characterized by immune system dysfunction, endothelial dysfunction, and angiogenic imbalance [8]. The systemic inflammatory changes that occur in HELLP syndrome may also play a role in the CNS abnormalities seen in women with HELLP syndrome, and may possibly contribute to the long-term vascular damage that has been reported in women with HELLP syndrome and severe preeclampsia [2,9,10,11]. We have previously reported that plasma from women with HELLP syndrome leads to impairment in the blood brain barrier (BBB), suggesting that yet undefined variables in the circulation system are contributing to the damage.



To study these mechanisms, we infused anti-angiogenic factors soluble fms like tyrosine kinase 1 (sFlt-1) and soluble endoglin (sEng) into pregnant rats to create an animal model of HELLP syndrome [10,12]. Similar to what is reported in women with HELLP syndrome [13,14], animals with HELLP have evidence of increased inflammatory cytokines tumor necrosis factor-alpha (TNF-α), interleukin-17 (IL-17), and cytokine releasing CD4+ and CD8+ T cells [15]. These animals have increased Evans blue extravasation in the posterior cortex and brainstem/cerebellum region, as well as increased neuroinflammation and an increase in T cells [12]. However, when we pharmacologically blocked T cell activation and systemic inflammation in this model of HELLP syndrome, there was an improvement in BBB integrity which suggests peripheral inflammation directly contributes to BBB permeability [12]. However, the BBB is also affected by other factors, such as vascular tone, edema, and tight junction expression and function. All of these factors are potentially influenced by the inflammatory environment. Therefore, in the current study we tested the hypothesis animals with HELLP syndrome, which has a known systemic inflammatory state, have impairments in vascular tone, alterations in tight junction protein expression, and cerebral edema.




2. Methods


All studies were performed in 230–250 g timed-pregnant Sprague-Dawley rats (Envigo, Indianapolis, IN, USA). Animals were housed in a temperature controlled room with a 12:12 light/dark cycle. All experimental procedures used in this study were in accordance with the National Institutes 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.



2.1. HELLP Rat Model


On day twelve of gestation (GD12), 4.7 µg/kg/day of recombinant mouse sFlt-1 Fc Chimera (soluble fms-like tyrosine kinase-1) and 7 µg/kg/day of recombinant rat sEng Fc Chimera (soluble endoglin; R&D systems, Minneapolis, MN, USA) were infused into the abdominal cavity of normal pregnant rats via mini-osmotic pumps (Model 2002; Alzet Scientific, Cupertino, CA, USA) to create HELLP syndrome for a period of 8 days [12,15,16]. Rats not infused with either sFlt-1 or sEng served as normal pregnant (NP) controls.




2.2. Measurement of Mean Arterial Pressure Conscious Rats and Determination of Hemolysis, Liver Enzymes, and Platelet Counts


To determine mean arterial pressure (MAP), on GD18, rats underwent carotid artery catheter insertion under isoflurane anesthesia (Piramal Enterprises, Telangana, India) for blood pressure monitoring on GD19. The following day, pregnant rats were placed in individual restraining cages and allowed to acclimate to the restrainers for 30 min prior to arterial pressure recording. The pressure was recorded continuously for 30 min with a pressure transducer (Cobe III Transducer CDX Sema; Birmingham, AL, USA) and IWORX software (version 2.242000) connected to the indwelling carotid artery catheter, as previously described [15,17,18,19,20]. Immediately following MAP measurement, whole blood was collected in EDTA treated tubes to allow processing of lactate dehydrogenase (LDH), aspartate aminotransferase (AST), and platelets, and for sFlt-1 and sEng measurement [15]. Rats were euthanized while under isoflurane anesthesia and rat pups were collected and weighed. Brains were either used for myogenic response studies, cerebral edema studies, or isolated into frontal and posterior cortex, brainstem, and cerebellum, and frozen at −80 °C until further studies.




2.3. Myogenic Response of Isolated Middle Cerebral Arteries (MCA)


On GD19, brains were removed and placed in ice-cold physiological saline solution (PSS; in mM—145 NaCl, 4 KCl, 1 MgCl2, 10 HEPES, 0.05 CaCl2, 10 glucose; pH 7.4). The MCAs were isolated from the brains and mounted on glass microcannulas and pressurized to 40 mmHg at 37 °C in an oxygenated (95% O2, 5% CO2) PSS bath and allowed to equilibrate for an hour. The inflow pipette was connected to a reservoir to allow control of intraluminal pressure that was monitored with a transducer (Cobe III Transducer CDX Sema; Birmingham, AL, USA), and the cannulated MCAs were visualized under a videomicroscopy system (model DRC; Zeiss, Oberkochen, Germany). The inner diameter of the vessels was measured using a videomicrometer (VIA-100; Boeckeler Instruments, Tuscon, AZ, USA). After preconditioning (2 sessions of intraluminal pressure increased from 40 mmHg to 140 mmHg), the inner diameter of the vessels was measured at intraluminal pressures from 40 to 140 mmHg in steps of 20 mmHg. After the pressure–diameter relationships was determined, the bath solution was replaced with Ca2+-free PSS and the passive pressure–diameter relationship was determined. The percent myogenic tone was calculated from the difference in diameter measured in Ca2+-free PSS and PSS divided by the diameter measured in Ca2+-free ×100.




2.4. Blood-Brain Barrier Permeability Studies


A separate group of rats (n = 5–6/group) was used to determine the extent of BBB permeability on GD19. First, 500 µL of 0.5 mg/mL of Texas Red Dextran (70,000 MW; Life Technologies, Carlsbad, CA, USA) reconstituted in Lactated Ringers solution (Life Technologies, Carlsbad, CA, USA) was infused via a carotid catheter into the rats and allowed to circulate for 10 min. Next, 500 µL of phenylephrine was infused step-wise every minute (5–500 µg) to induce acute hypertension. Animals were then perfused with Lactated Ringers solution to flush the dye from the cerebral circulation. Animals were then decapitated, and their brains removed and imaged using an In Vivo Imaging System (IVIS) (Perkin Elmer, Boston, MA, USA) with 595 nm excitation and 616 nm emission.



Standards were prepared from the Texas Red solution and plated in duplicate at 100 µL/well in a 96-well plate. The regions of interest (ROI) were selected and applied to the selected brain regions (frontal cortex, posterior cortex, cerebellum, and brainstem), and the fluorescent radiant efficiency was determined for each brain region and fit to the standard curve. With the exception of the brainstem, the ROIs were uniform boxes in fixed positions utilized for all rats. If the fixed ROI brainstem box was not completely filled with a brainstem sample, the sample was not used for analysis. This was the case with one of the NP brainstem samples. The mean standard fluorescent intensity was calculated per region per rat, and for all rats in each group. Both the brains and the plate of standards were imaged using Living Image 4.3 software (Perkin Elmer, Boston, MA, USA).




2.5. Evaluation of Occludin Protein Expression via Western Blot


To determine the quantity of occludin expression in the posterior cortex and brainstem of HELLP and NP rats, western blots were performed on these brain sections (n = 3/group). Samples were mechanically homogenized in homogenization buffer (10 mM Tris base (Fisher-Scientific) with 37.22 mg Ethylenediaminetetraacetic acid (EDTA; Sigma–Aldrich, St. Louis, MO, USA), diluted in 100 mL distilled water, pH 7) containing protease inhibitor cocktail III, Mammalian (Research Products International, Mount Prospect, IL, USA) on ice. The homogenate was centrifuged for 10 min at 1600 RPM and 4 °C, and the supernatant collected. A bicinchoninic acid protein assay (BCA; ThermoFisher, Rockford, IL, USA) was performed using standard protocol to obtain the protein concentration.



The samples were mixed with sample buffer (125 mM Tris base, 20% glycerol (Sigma–Aldrich,), 4% sodium dodecyl sulfate solution (SDS, Bio-Rad, Hercules, CA, USA), 10% mercaptoethanol (Sigma–Aldrich, St. Louis, MO, USA), 0.05% bromophenol blue (Sigma–Aldrich), pH 6.8) and heated at 95 °C for 10 min. Next, 50 µg of the proteins was electrophoresed (BioRad, Hercules, CA, USA) and transferred onto nitrocellulose membranes followed by immersion in Ponceau-S stain (Sigma–Aldrich, St. Louis, MO, USA)) to ensure protein transfer. After the membranes were destained, they were blocked with 5% milk buffer, and washed and incubated overnight at 4 °C with 1:750 mouse anti-occludin monoclonal antibody (BD Transduction Laboratories, Franklin Lakes, NJ, USA) in 5% milk buffer with Tween 20. The following day, after washing, membranes were incubated with 1:2500 goat anti-mouse IgG horseradish peroxidase (HRP, Santa Cruz Biotechnology, Dallas, TX, USA) and 1:5000 Strep Tactin HRP conjugate (BioRad, Hercules, CA, USA) for one hour on a shaker at room temperature before being developed with Clarity Western enhanced chemiluminescence (ECL) substrate (BioRad, Hercules, CA, USA). The membrane was scanned using the Chemidoc™ XRS+ system (BioRad, Hercules, CA, USA). The bands were analyzed using Image J software, which is a java-based image analysis program developed at the U.S. National Institutes of Health. Image J converts digital images to 8-, 16-, and 32-bit pictures, and calculates the area and pixel value based on user-defined threshold intensity [21].




2.6. Determination of Brain Water Content


On GD19, brains (n = 4/group) were removed, dissected into frontal and posterior cortex, brainstem, and cerebellum, and the wet weight recorded. Brain sections were dried in an oven at 95 °C for 24 h, and reweighed to obtain the dry weight. Brain water content was calculated as ((wet weight−dry weight)/wet weight) × 100.



Brains were collected from a separate group of rats (n = 3/group) on GD19 and fixed in 10% buffered formalin, embedded in paraffin, and cut into 4 µM sections. Two sections per animal were stained by hematoxylin and eosin (H&E), and two areas of the posterior cortex per section were examined.




2.7. Circulating and Brain Levels of sFlt-1 and sEng


Plasma and aliquots of the brains homogenized above were used to measure levels of sFlt-1 and sEng via commercially available enzyme linked immunosorbent assays, according to the manufacturer’s protocol (R&D Systems, Minneapolis, MN, USA). The mouse sFlt-1 ELISA displayed a sensitivity of 3.5 pg/mL, interassay variability of 7.3%, and intra-assay variability of 3.6%. The mouse sEng ELISA displayed a sensitivity of 13.6 pg/mL, interassay variability of 6.7%, and intra-assay variability of 4.2%. All samples were assayed in duplicate (2 wells per sample).




2.8. Statistical Analysis


Data are expressed as mean ± standard error mean and were analyzed via Student’s T test using GraphPad Prism 7.02. Repeated measures two-way analysis of variance was used to determine if there was a statistically significant interaction between groups in lumen diameters in the myogenic response experiments. Data were considered statistically significant if p < 0.05.





3. Results


3.1. Mean Arterial Pressure and Symptomology of HELLP Syndrome Occur in Response to Infusion of sFlt-1 and sEng during Pregnancy


As we have previously reported, infusion of sFlt-1 and sEng during pregnancy significantly increases hemolysis (p = 0.003), liver enzymes (p = 0.006), and decreases platelets (p < 0.0001) compared to NP rats (Figure 1A–C). These changes also occur in conjunction with a significant increase in blood pressure when MAP is measured on GD19 (p = 0.007, Figure 1D). There were no statistically significant differences in pup weight between the NP and HELLP rats (2.48 ± 0.03 g vs. 2.44 ± 0.05 g, p = 0.54).




3.2. Myogenic Tone and BBB Are Impaired in Response to HELLP Syndrome


Experiments were performed to determine if the myogenic response was impaired in rats with HELLP syndrome. There was not a significant difference in MCA lumen diameter in NP rats between active and passive responses (p = 0.41, Figure 2A). However, when we compared the active and passive responses of HELLP rats, there was a statistically significant difference between the responses (p = 0.02, Figure 2B). The percent tone vs. pressure for MCAs from NP and HELLP rats is shown in Figure 2C. There was a statistically significant relationship (p = 0.02) between the groups at each pressure point, suggesting that rats with HELLP syndrome had a decrease in myogenic tone compared to NP rats.



When we evaluated BBB in the frontal cortex, there was not a statistically significant difference between NP and HELLP rats (p = 0.25); however, Texas Red fluorescence was significantly increased in the posterior cortex (p = 0.03, Figure 3B). In the cerebellum there was not a statistically significant difference between the NP and HELLP rats (p = 0.97). There was significantly more Texas Red in the brainstems of HELLP rats compared to those of NP rats (p = 0.05, Figure 3B).




3.3. HELLP Syndrome Increases Brain Water Content in the Posterior Cortex


As IVIS imaging revealed that BBB permeability was significantly increased in the posterior cortex and the brainstem of HELLP rats, we performed a western blot for the tight junction protein occludin in these two regions of the brain. There was not a statistically significant difference in occludin expression in the posterior cortex (0.47 ± 0.05 vs. 0.66 ± 0.06 arbitrary units, p = 0.08, Figure 3C) or in the brainstem (0.38 ± 0.12 vs. 0.30 ± 0.09 arbitrary units, p = 0.65, Figure 3D) between NP and HELLP rats.



Brain water content was measured in the frontal and posterior cortex, as well as in the cerebellum and brainstem. There was not a statistically significant difference in water content in the frontal cortex (p = 0.72, Figure 4A), cerebellum (p = 0.36, Figure 4D), or brainstem (p = 0.46, Figure 4E) between NP and HELLP rats. However, brain water content in the posterior cortex was significantly increased in HELLP rats compared to NP rats (p = 0.02, Figure 4B). We next examined if there was a correlation between MAP and brain water content in the posterior cortex to determine if these changes could be associated with hypertension, and we did not find a significant association between the two (r = 0.20, 95% CI: 0.59–0.79, p = 0.63).



The pathology of the NP brains showed normal cytoarchitecture and perivascular swelling (Figure 4C). Sections from HELLP rats had evidence of leukocyte infiltration and mild cerebral edema (Figure 4F).



Circulating levels of sFlt-1 were significantly increased in HELLP (4480 ± 320.2 pg/mL) compared to NP rats (3071 ± 364.2 pg/mL, p = 0.01). Similar results were seen in circulating levels of sEng in which HELLP rats (72.64 ± 6.5 pg/mL) had significantly higher levels of sEng compared to NP rats (41.35 ± 5.5 ng/mL, p = 0.003). Finally, we measured sFlt-1 and sEng protein expression in the posterior cortex and the brainstem of NP and HELLP rats. Neither sFlt-1 (1177 ± 124.7 vs. 1124 ± 107 pg/mg/mL, p = 0.76) nor sEng (2.51 ± 0.51 vs. 1.95 ± 0.44 ng/mg/mL, p = 0.43) were significantly increased in the posterior cortex between the groups. In the brainstem, sFlt-1 (757.1 ± 98.76 vs. 714.6 ± 44.9 pg/mg/mL, p = 0.71) was not significantly different between NP and HELLP rats, however sEng was significantly decreased in rats with HELLP (2.2 ± 1.3 pg/mg/mL) compared to NP rats (8.51 ± 1.3 pg/mg/mL, p = 0.01).





4. Conclusions


HELLP syndrome is a serious obstetric disorder with associated maternal and fetal morbidity and mortality, including cerebral complications [11]. Cerebrovascular involvement seen in preeclampsia and eclampsia is a leading cause of maternal mortality [22]. There is paucity in the literature regarding the mechanisms responsible for the cerebral complications that occur in HELLP syndrome. While we have previously reported that infusion of sFlt-1 and sEng into normal pregnant rats induces HELLP syndrome and increases systemic inflammation, endothelial activation, oxidative stress, BBB permeability, and neuroinflammation, we did not investigate the possible mechanisms of these neural changes [15,16,23]. In the current study, we have new data indicating that (1) myogenic tone is decreased in the middle cerebral arteries of HELLP rats, and (2) HELLP rats have cerebral edema. Additionally, we were able to repeat our previous studies which have shown that rats with HELLP syndrome have a regional selectivity for BBB disruption in the posterior cortex and brainstem.



Impairments in the myogenic response can lead to changes in the autoregulation of cerebral blood flow, and ultimately contribute to cerebrovascular disturbances such as BBB disruption and cerebral edema [24]. In the current study we report that myogenic tone is impaired in MCAs isolated from HELLP rats compared to NP rats. These results are in agreement with previous results by Ryan et al., who reported in the reduced uterine perfusion pressure (RUPP) model of placental ischemia (preeclampsia animal model) that myogenic tone is impaired in the MCA [25]. As we have previously reported no change in myogenic reactivity between women with a normal pregnancy and those with HELLP syndrome when their plasma was infused into posterior cerebral arteries (PCA) and myogenic reactivity measured [10], we examined the MCA in the current study. Interestingly, a study by Amburgey et al. reported similar results when plasma from women with preeclampsia was used in the PCA [26]. It could perhaps be that the PCA is not an adequate model to examine ex vivo myogenic reactivity, or that circulating factors in women with HELLP syndrome and preeclampsia do not induce myogenic reactivity in the PCA. This is supported by the fact that myogenic studies during pregnancy using the cerebral vein of Galen or parenchymal arterioles both report a decrease in myogenic tone in response to pregnancy [27,28].



Consequently, the RUPP animal model, which has an impaired myogenic response, also has been reported to have evidence of impairments in cerebral autoregulation and BBB permeability [29,30]. Cerebral autoregulation in the current model of HELLP syndrome has not been measured, but other animal models of hypertension during pregnancy [31,32] have reported alterations in cerebral autoregulation, as well as studies examining patients with preeclampsia and HELLP syndrome [33,34]. A study by Zunker et al. measured blood flow in women with pre-eclampsia and/or eclampsia and reported increased blood flow in both the MCA and PCA, whereas of the women with HELLP syndrome who had an increase in blood flow (5/11), there was only an increase in the MCA [35]. As the MCA supplies blood primarily to the frontal, temporal, and parietal lobes (the PCA primarily serves the hippocampus, occipital lobes, and the lower areas of the temporal lobe), damage or edema to the frontal cortex may have been expected instead of the increased edema and BBB permeability in the posterior cortex that we report here. We would need to measure cerebral blood flow to determine if a loss of myogenic tone in the frontal cortex increases cerebral blood flow, which could potentially account for the edema and increased BBB disruption seen in the latter part of the brain [36].



In the current study, we were unable to demonstrate an increase in BBB permeability in the frontal cortex of HELLP rats relative to NP rats after phenylephrine administration. However, in agreement with previous findings, we did see a significant increase in BBB permeability in the posterior cortex and brainstem of HELLP rats [12]. Both the posterior cortex and the brainstem are targeted in women with HELLP syndrome and preeclampsia, as well as in the RUPP animal model of placental ischemia [7,37,38]. Furthermore, we have recently reported that more than six weeks after pregnancy, rats infused with sFlt-1 and sEng during pregnancy remained hypertensive and still had significant BBB damage in the posterior cortex and brainstem compared to post-partum NP rats, suggesting that not only are these regions of the brain susceptible to damage during pregnancy, but that the effects are long-lasting [39].



We also evaluated the tight junction protein occludin in the posterior cortex and brainstem, as these two regions of the brain had evidence of BBB compromise both in the current study and in our previous study [12]. While a reduction in occludin expression could have served as a possible mechanism or contributor to the increase in BBB permeability, it was not altered in response to anti-angiogenic imbalance during pregnancy in either the posterior cortex or the brainstem. Similar results have been reported in both animal models of hypertension and in the RUPP animal model [29,40]. In these studies, there were not any differences in occludin, claudin, and zona-occludin expression between control and experimental models, suggesting that perhaps an alteration of tight junction proteins may not be related to BBB impairment during pregnancy. Additionally, studies examining the murine blood-retinal-barrier found that overexpression of sEng results in an increase in the Evans blue extravasation and a decrease in occludin protein expression, pointing to a negative association between barrier function maintenance and sEng [41].



Localized cerebral edema was present in the posterior cortex of rats with HELLP syndrome. Evidence of vasogenic edema (edema associated with BBB disruption resulting in an increase in extracellular space) was further confirmed by histopathology in the posterior cortex of HELLP rats [42]. Studies in women with preeclampsia, HELLP syndrome, or eclampsia have found that the posterior regions of the brain are more susceptible to edema formation compared to other regions [7,43]. While there was not a significant association between MAP and cerebral edema in the current study, other animal models of acute hypertension during pregnancy have reported cerebral edema and BBB disruption in both the anterior and posterior regions of the brain compared to non-pregnant rats [32,40]. Important to our studies and those of others, is the fact that similar to what is seen in women with different diagnoses of hypertensive disorders (preeclampsia vs. eclampsia vs. HELLP syndrome), each animal disease or disorder animal model has different neurological outcomes.



Though we did not measure peripheral levels of inflammatory markers in the current study, we have previously reported that chronic infusion of sFlt-1 and sEng increases circulating levels of IL-17, TNF, and IL-6, as well as contributes to neuroinflammation [12]. As expected and previously published, we did find that circulating levels of both sFlt-1 and sEng were significantly increased in HELLP rats compared to NP rats [12,15,23]. At this point we have new data suggesting there is not an anti-angiogenic imbalance (sFlt-1 and sEng) in the maternal brain in HELLP rats, suggesting the neuroinflammation present in HELLP rats may be due to downstream effects of the peripheral angiogenic imbalance.



Over the past few years, there have been a number of studies reporting that not only is the pregnant brain different, but that hypertension and placental ischemia significantly impact neuroinflammation, cerebral edema, cerebral autoregulation, and BBB permeability [15,38,44,45]. Recently, we have used an anti-angiogenic model of HELLP syndrome to demonstrate that in the absence of severe hypertension, rats with HELLP syndrome have increased BBB permeability and neuroinflammation [12]. Now, in the current study we are reporting that these rats also have cerebral edema and impairment in myogenic tone. Though the present studies are focused on the effect of angiogenic imbalance on the maternal brain during pregnancy, similar results have been reported with sFlt-1 and sEng infusion in non-pregnant animals. When sFlt-1 and sEng were overexpressed in mice, BBB permeability was increased and periventricular edema developed [46]. Importantly, these changes did not occur in animals that received only sFlt-1 or sEng, but rather the combination of both.



One major limitation in the current study is the lack of a mini-osmotic pump SHAM group to determine the effect of inflammation associated with surgery performed on GD12 and the effect of the extra volume (the mini-osmotic pump releases approximately 0.5 ± 0.1 µL/h) on the assays performed on GD19. However, as previous studies have reported that pregnant SHAM rats undergoing a midline abdominal incision on GD14 had no evidence of neuroinflammation on GD20 [38], it is likely that any inflammation associated with the abdominal surgery conducted early in pregnancy does not have an adverse effect on the brain physiology. However, as that study did not utilize mini-osmotic pumps, future studies will need to include a SHAM mini-osmotic pump group to ensure the extra fluid volume that is being infused from the mini-osmotic pump is not contributing to cerebral edema, inflammation, or any of the other variables within our model.



In summary, when sFlt-1 and sEng are increased to supra-physiologic levels, such as that seen in women with severe preeclampsia and HELLP syndrome [8], there is selective targeting of the posterior cortex and the brainstem. The combination of these studies begins to paint a pathophysiologic picture supporting the hypothesis that hypertension and systemic inflammation during pregnancy contributes to neurological complications, which moving forward will allow increased therapeutic and mechanistic studies to be developed.







Author Contributions


Conceptualization, K.W.; Methodology, C.B., M.R.P., S.-K.S.; Formal Analysis, C.B., S.-K.S.; Investigation, J.S., S.D., S.A.; Resources, M.R.P., K.W.; Data Curation, J.S., S.D., S.A.; Writing—Original Draft Preparation, C.B.; Writing—Review & Editing, C.B., S.-K.S., M.R.P., J.S., S.D., S.A., K.W.; Supervision, S.-K.S.; Project Administration, K.W.; Funding Acquisition, M.R.P. and K.W.




Funding


This work was supported by AHA SDG 13SDG14000006 to Reddy M. Pabbidi, and the National Institutes of Health grant P30GM103328-01A1, National Institute of General Medical Sciences 1R01MH116027-01A1 to Kedra Wallace.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Abildgaard, U.; Heimdal, K. Pathogenesis of the syndrome of hemolysis, elevated liver enzymes, and low platelet count (HELLP): A review. Eur. J. Obstet. Gynecol. Reprod. Biol. 2013, 166, 117–123. [Google Scholar] [CrossRef] [PubMed]

	



Haram, K.; Svendsen, E.; Abildgaard, U. The HELLP syndrome: Clinical issues and management. A Review. BMC Pregnancy Childbirth 2009, 9, 8. [Google Scholar] [CrossRef][Green Version]

	



Isler, C.M.; Rinehart, B.K.; Terrone, D.A.; Martin, R.W.; Magann, E.F.; Martin, J.N., Jr. Maternal mortality associated with HELLP syndrome. Am. J. Obstet. Gynecol. 1999, 181, 924–928. [Google Scholar] [CrossRef]

	



Vigil-de Gracia, P. Maternal deaths due to eclampsia and HELLP syndrome. Int. J. Gynaecol. Obstet. 2009, 104, 90–94. [Google Scholar] [CrossRef] [PubMed]

	



Harscher, S.; Witte, O.W.; Möller, U.; Bloos, G.; Pfleiderer, S.O.; Terborg, C. Cerebral vasospasms with hemodynamic infarctions as a complication of HELLP syndrome. Nervenarzt 2003, 74, 1122–1126. [Google Scholar] [CrossRef]

	



Schwartz, R.B.; Feske, S.K.; Polak, J.F.; DeGirolami, U.; Iaia, A.; Beckner, K.M.; Bravo, S.M.; Klufas, R.A.; Chai, R.Y.; Repke, J.T. Preeclampsia-eclampsia: Clinical and neuroradiographic correlates and insights into the pathogenesis of hypertensive encephalopathy. Radiology 2000, 217, 371–376. [Google Scholar] [CrossRef] [PubMed]

	



Paul, B.S.; Juneja, S.K.; Paul, G.; Gupta, S. Spectrum of neurological complications in HELLP syndrome. Neurol India 2013, 61, 467–471. [Google Scholar] [CrossRef]

	



Venkatesha, S.; Toporsian, M.; Lam, C.; Hanai, J.; Mammoto, T.; Kim, Y.M.; Bdolah, Y.; Lim, K.H.; Yuan, H.T.; Libermann, T.A.; et al. Soluble endoglin contributes to the pathogenesis of preeclampsia. Nat. Med. 2006, 12, 642–649. [Google Scholar] [CrossRef]

	



Aukes, A.M.; De Groot, J.C.; Wiegman, M.J.; Aarnoudse, J.G.; Sanwikarja, G.S.; Zeeman, G.G. Long-term cerebral imaging after pre-eclampsia. Br. J. Obstet. Gynaecol. 2012, 119, 1117–1122. [Google Scholar] [CrossRef][Green Version]

	



Wallace, K.; Tremble, S.M.; Owens, M.Y.; Morris, R.; Cipolla, M.J. Plasma from patients with HELLP Syndrome Increases Blood-brain barrier permeability. Reprod. Sci. 2015, 22, 278–284. [Google Scholar] [CrossRef]

	



Wallace, K.; Cipolla, M. The Central Nervous System in HELLP Syndrome: Evidence for Impairment. In The 2015 Compendium for HELLP Syndrome; Martin, J.N., Ed.; Nova Biomedical: Hauppauge, NY, USA, 2015; Volume 1. [Google Scholar]

	



Bean, C.; Spencer, S.K.; Bowles, T.; Kyle, P.B.; Williams, J.M.; Gibbens, J.; Wallace, K. Inhibition of T cell-activation attenuates hypertension, TNF-alpha, IL-17 and blood-brain barrier permeability in pregnant rats with angiogenic imbalance. Am. J. Reprod. Immunol. 2016, 76, 272–279. [Google Scholar] [CrossRef] [PubMed]

	



Tranquilli, A.L.; Landi, B.; Corradetti, A.; Giannubilo, S.R.; Sartini, D.; Pozzi, V.; Emanuelli, M. Inflammatory cytokines patterns in the placenta of pregnancies complicated by HELLP (hemolysis, elevated liver enzyme, and low platelet) syndrome. Cytokine 2007, 40, 82–88. [Google Scholar] [CrossRef] [PubMed]

	



Wallace, K.; Martin, J.N., Jr.; Tam, K.T.; Wallukat, G.; Dechend, R.; Lamarca, B.; Owens, M.Y. Seeking the Mechanisms of Action for Corticosteroids in HELLP Syndrome: SMASH Study. Am. J. Obstet. Gynecol. 2013, 208, e1–e8. [Google Scholar] [CrossRef] [PubMed]

	



Wallace, K.; Morris, R.; Kyle, P.B.; Cornelius, D.; Darby, M.; Scott, J.; Moseley, J.; Chatman, K.; Lamarca, B. Hypertension, inflammation and T lymphocytes are increased in a rat model of HELLP syndrome. Hypertens. Pregnancy 2014, 33, 41–54. [Google Scholar] [CrossRef] [PubMed]

	



Morris, R.; Spencer, S.K.; Barnes, A.; Bowles, T.; Kyle, P.B.; Wallace, K. Attenuation of oxidative stress and hypertension in an animal model of HELLP Syndrome. Eur. J. Pharmacol. 2018, 834, 136–141. [Google Scholar] [CrossRef] [PubMed]

	



Dhillion, P.; Wallace, K.; Herse, F.; Scott, J.; Wallukat, G.; Heath, J.; Moseley, J.; Martin, J.N., Jr.; Dechend, R.; LaMarca, B. IL-17 mediated oxidative stress is an important stimulator of AT1-AA and hypertension during pregnancy. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2012, 303, R353–R358. [Google Scholar] [CrossRef] [PubMed]

	



Novotny, S.R.; Wallace, K.; Heath, J.; Moseley, J.; Dhillion, P.; Weimer, A.; Wallukat, G.; Herse, F.; Wenzel, K.; Martin, J.N., Jr.; et al. Activating autoantibodies to the angiotensin II type 1 receptor play an important role in mediating hypertension in response to adoptive transfer of CD4+ T lymphocytes from placental ischemic rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2012, 301, R1197–R1201. [Google Scholar] [CrossRef] [PubMed]

	



Wallace, K.; Cornelius, D.C.; Scott, J.; Heath, J.; Moseley, J.; Chatman, K.; LaMarca, B. CD4+ T cells are important mediators of oxidative stress that cause hypertension in response to placental ischemia. Hypertension 2014, 64, 1151–1158. [Google Scholar] [CrossRef] [PubMed]

	



Wallace, K.; Richards, S.; Dhillion, P.; Weimer, A.; Edholm, E.S.; Bengten, E.; Wilson, M.; Martin, J.N., Jr.; LaMarca, B. CD4+ T Helper cells stimulated in response to placental ischemia mediate hypertension during pregnancy. Hypertension 2011, 57, 949–955. [Google Scholar] [CrossRef]

	



Abràmoff, M.D.; Magalhães, P.J.; Ram, S.J. Image processing with Image J. Biophotonics Int. 2004, 11, 36–42. [Google Scholar]

	



Mackay, A.P.; Berg, C.J.; Liu, X.; Duran, C.; Hovert, D.L. Changes in pregnancy mortality ascertainment: United States, 1999–2005. Obstet. Gynecol. 2011, 118, 104–110. [Google Scholar] [CrossRef]

	



Morris, R.; Spencer, S.K.; Kyle, P.B.; Williams, J.M.; Harris, A.; Owens, M.Y.; Wallace, K. Hypertension in an animal model of HELLP syndrome is associated with activation of endothelin-1. Reprod. Sci. 2016, 130, 409–419. [Google Scholar] [CrossRef] [PubMed]

	



Hammer, E.S.; Cipolla, M.J. Cerebrovascular Dysfunction in Preeclamptic Pregnancies. Curr. Hypertens. Rep. 2015, 17, 64. [Google Scholar] [CrossRef] [PubMed]

	



Ryan, M.J.; Gilbert, E.L.; Glover, P.H.; George, E.M.; Masterson, C.W.; McLemore, G.R., Jr.; LaMarca, B.; Granger, J.P.; Drummond, H.A. Placental ischemia impairs middle cerebral artery myogenic responses in the pregnant rat. Hypertension 2011, 58, 1126–1131. [Google Scholar] [CrossRef]

	



Amburgey, O.A.; Chapman, A.C.; May, V.; Bernstein, I.M.; Cipolla, M.J. Plasma from preeclamptic women increases blood-brain barrier permeability. Hypertension 2010, 56, 1003–1008. [Google Scholar] [CrossRef] [PubMed]

	



Van der Wijk, A.E.; Schreurs, M.P.; Cipolla, M.J. Pregnancy causes diminished myogenic tone and outward hypotrophic remodeling of the cerebral vein of Galen. J. Cereb. Blood Flow Metab. 2013, 33, 542–549. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, A.C.; Cipolla, M.J. Impaired function of cerebral parenchymal arterioles in experimental preeclampsia. Microvasc. Res. 2018, 119, 64–72. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Porcello Marrone, L.C.; Gadonski, G.; de Oliveira Laguna, G.; Poli-de-Figueiredo, C.E.; Pinheiro da Costa, B.E.; Lopes, M.F.T.; Brunelli, J.P.F.; Diogo, L.P.; Marrone, A.C.; Da Costa, J.C. Blood-brain barrier breakdown in reduced uterine perfusion pressure: A possible model of posterior reversible encephalopathy syndrome. J. Stroke Cerebrovasc. Dis. 2014, 23, 2075–2079. [Google Scholar] [CrossRef]

	



Cipolla, M.J.; Bishop, N.; Chan, S.L. Effect of pregnancy on autoregulation of cerebral blood flow in anterior and posterior cerebrum. Hypertension 2012, 60, 705–711. [Google Scholar] [CrossRef]

	



Euser, A.G.; Cipolla, M.J. Cerebral blood flow autoregulation and edema formation during pregnancy in anesthetized rats. Hypertension 2007, 49, 334–340. [Google Scholar] [CrossRef] [PubMed]

	



Zunker, P.; Ley-Pozo, J.; Louwen, F.; Schuierer, G.; Holzgreve, W.; Ringelstein, E.B. Cerebral hemodynamics in pre-eclampsia/eclampsia syndrome. Ultrasound Obstet. Gynecol. 1995, 6, 411–415. [Google Scholar] [CrossRef] [PubMed]

	



Knopp, U.; Kehler, U.; Riskmann, H.; Arnold, H.; Gliemroth, J. Cerebral haemodynamic pathologies in HELLP syndrome. Clin. Neurol. Neurosurg. 2003, 105, 256–261. [Google Scholar] [CrossRef]

	



Zunker, P.; Happe, S.; Georgiadis, A.L.; Louwen, F.; Georgiadis, D.; Ringelstein, E.B.; Holzgreve, W. Maternal cerebral hemodynamics in pregnancy-related hypertension. A prospective transcranial Doppler study. Ultrasound Obstet. Gynecol. 2000, 16, 179–187. [Google Scholar] [CrossRef] [PubMed]

	



Johansson, B.B. The blood-brain barrier and cerebral blood flow in acute hypertension. Acta Med. Scand. Suppl. 1983, 678, 107–112. [Google Scholar] [CrossRef] [PubMed]

	



Imaizumi, H.; Nara, S.; Kaneko, M.; Chiba, S.; Tamakawa, M. Magnetic resonance evaluation of brainstem dysfunction in eclampsia and the HELLP syndrome. J. Emerg. Med. 1995, 13, 191–194. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Wallace, K.; Bean, C.; Bowles, T.; Spencer, S.K.; Randle, W.; Kyle, P.B.; Shaffery, J. Hypertension, Anxiety, and Blood-Brain Barrier Permeability Are Increased in Postpartum Severe Preeclampsia/Hemolysis, Elevated Liver Enzymes, and Low Platelet Count Syndrome Rats. Hypertension 2018, 72, 946–954. [Google Scholar] [CrossRef]

	



Cipolla, M.J.; Sweet, J.G.; Chan, S.L. Cerebral vascular adaptation to pregnancy and its role in the neurological complications of eclampsia. J. Appl. Physiol. 2011, 110, 329–339. [Google Scholar] [CrossRef][Green Version]

	



Walshe, T.E.; Saint-Geniez, M.; Maharaj, A.S.; Sekiyama, E.; Maldonado, A.E.; D’Amore, P.A. TGF-B is required for vascular barrier function, endothelial survival and homeostasis of the adult microvasculature. PLoS ONE 2009, 4, e5149. [Google Scholar] [CrossRef]

	



Betz, A.L.; Iannotti, F.; Hoff, J.T. Brain edema: A classification based on blood-brain barrier integrity. Cerebrovasc. Brain Metab. Rev. 1989, 1, 133–154. [Google Scholar] [PubMed]

	



Easton, J.D. Severe preeclampsia/eclampsia: Hypertensive encephalopathy of pregnancy? Cerebrovasc. Dis. 1998, 8, 53–58. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, A.C.; Hammers, E.S.; Sakkaki, S.; Tremble, S.M.; Holmes, G.L.; Cipolla, M.J. Inhibition of blood-brain barrier efflux transporters promotes seizures in pregnant rats: Role of circulating factors. Brain Behav. Immun. 2017, 67, 13–23. [Google Scholar] [CrossRef] [PubMed]

	



Warrington, J.P.; Drummond, H.A.; Granger, J.P.; Ryan, M.J. Placental ischemia-induced increases in brain water content and cerebrovascular permeability: Role of TNF-α. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2015, 309, R1425–R1431. [Google Scholar] [CrossRef] [PubMed]

	



Maharaj, A.S.; Walshe, T.E.; Saint-Geniez, M.; Venkatesha, S.; Maldonado, A.E.; Himes, N.C.; Matharu, K.S.; Karumanchi, S.A.; D’Amore, P.A. VEGF and TGF-Beta are required for the maintenance of the choroid plexus and ependyma. J. Exp. Med. 2008, 205, 491–501. [Google Scholar] [CrossRef] [PubMed]








[image: Brainsci 08 00216 g001 550] 





Figure 1. The biochemical factors associated with hemolysis elevated liver enzymes and low platelets (HELLP) syndrome were significantly increased and decreased, respectively, when sFlt-1 and sEndoglin were infused into normal pregnant (NP) rats. Hemolysis (measured by lactated dehydrogenase, (A)) and liver enzymes (alanine aminotransferase, (B)) were significantly increased compared to NP rats, and platelets were significantly decreased (C). Mean arterial pressure was also significantly increased in HELLP rats when measured via carotid catheter at gestational day 19 (D). **, *** denotes p < 0.05, 0.001 compared to NP. n = 16/group. 
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Figure 2. The middle cerebral artery (MCA) was isolated from normal pregnant and HELLP rats, and the relationship in changes to the lumen diameter between the active (with Calcium) and passive (without Calcium) responses was analyzed for NP (A) and HELLP (B) rats. The myogenic tone of the vessels was calculated and found to be significantly different at all pressures between NP and HELLP rats (C). * denotes p < 0.05 compared to the opposite data point at the same pressure. NP, n = 4; HELLP, n = 3. 
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Figure 3. A representative NP and HELLP brain from rats infused with 0.5 mg/mL of Texas Red and phenylephrine to detect blood brain barrier (BBB) structural integrity (A). The blue arrows indicate the regions of interest that were analyzed utilizing In Vivo Imaging System (IVIS). HELLP rats had significantly more Texas Red in the posterior cortex and in the brainstem compared to NP rats (B). Representative western blot of homogenates from the posterior cortex (C) and brainstem (D) depicting the characteristic band at 65 kDa for occludin, and bar graphs showing the relationship between NP and HELLP rats within each respective brain region. Data are represented as mean ± SEM; * denotes p < 0.05; NP, n = 3–5; HELLP, n = 3–6. 
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Figure 4. Brains were sectioned into frontal cortex, posterior cortex, cerebellum, and brainstem, and brain water content was measured. There was not a statistically significant difference in water content in the frontal cortex (A), however rats with HELLP syndrome had significantly more water content in the posterior cortex (B). There were no statistically significant changes in the cerebellum (D) and the brainstem (E). Light microscopy of the posterior cortex from NP control rats (C), and HELLP (F) rats with evidence of mild cerebral edema, leukocyte infiltration, and perivascular edema, as indicated by the black arrows—20× Magnification. Data are represented as mean ± SEM; * denotes p < 0.05; n = 3–4/group. 
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