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Background: Fetal alcohol spectrum disorders (FASD) are often characterized as a cluster of brain-based disabilities. Though cardiovascular effects of prenatal alcohol exposure (PAE) have been documented, the vascular deficits due to PAE are less understood, but may contribute substantially to the severity of neurobehavioral presentation and health outcomes in persons with FASD.
Methods: We conducted a systematic review of research articles curated in PubMed to assess the strength of the research on vascular effects of PAE. 40 pertinent papers were selected, covering studies in both human populations and animal models.
Results: Studies in human populations identified cardiac defects, and defects in vasculature, including increased tortuosity, defects in basement membranes, capillary basal hyperplasia, endarteritis, and disorganized and diminished cerebral vasculature due to PAE. Preclinical studies showed that PAE rapidly and persistently results in vasodilation of large afferent cerebral arteries, but to vasoconstriction of smaller cerebral arteries and microvasculature. Moreover, PAE continues to affect cerebral blood flow into middle-age. Human and animal studies also indicate that ocular vascular parameters may have diagnostic and predictive value. A number of intervening mechanisms were identified, including increased autophagy, inflammation and deficits in mitochondria. Studies in animals identified persistent changes in blood flow and vascular density associated with endocannabinoid, prostacyclin and nitric oxide signaling, as well as calcium mobilization.
Conclusion: Although the brain has been a particular focus of studies on PAE, the cardiovascular system is equally affected. Studies in human populations, though constrained by small sample sizes, did link pathology in major blood vessels and tissue vasculature, including brain vasculature, to PAE. Animal studies highlighted molecular mechanisms that may be useful therapeutic targets. Collectively, these studies suggest that vascular pathology is a possible contributing factor to neurobehavioral and health problems across a lifespan in persons with a diagnosis of FASD. Furthermore, ocular vasculature may serve as a biomarker for neurovascular health in FASD.
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INTRODUCTION
Prenatal alcohol exposure (PAE) is well documented to result in a range of adverse physical and neurobehavioral outcomes that are collectively subsumed under the term Fetal alcohol spectrum disorders (FASD). Though not by itself an accepted diagnostic term, FASD is a comprehensive umbrella term that includes several diagnostic classifications (1, 2). At the severe end of the FASD continuum, affected individuals may exhibit musculoskeletal and growth deficits, and experience profound craniofacial anomalies, including ocular defects, mid-face hypoplasia and/or cleft palate, profound brain anomalies such as agenesis of the corpus callosum, microencephaly, and intellectual disability (3-8). Evidence for a cluster of presenting symptoms, including mid-face anomalies, growth deficiencies including brain growth deficits and neirobehavioral impairment allows for the diagnosis of Fetal Alcohol Syndrome [FAS, for a comprehensive description of diagnostic criteria, see (2)]. However, a majority of persons along the FASD continuum do not exhibit obvious physical anomalies, but rather neurobehavioral deficits including deficits in memory, attention, mathematical and language skills, and decision making processes (9–11). These deficits can have an equally adverse impact on quality of life. These latter, and more prevalent outcomes, are defined by the term Neurobehavioral Disorder Associated with Prenatal Alcohol Exposure (ND-PAE) (12, 13), which was incorporated for the first time into the 5th edition of the Diagnostic and Statistical Manual of American Psychiatric Association as an acceptable diagnosis, absent obvious physical anomalies.
PAE is unfortunately very common. Recent studies have investigated levels of phosphatidyl ethanol in blood samples obtained from newborn infants, a unique molecular adduct formed on erythrocyte phospholipid membranes following ethanol exposure. These studies in Texas (14) and West Virginia (15) in the US, and Ontario in Canada (16) documented positivity for this marker in 8%–15% of newborn samples, indicative of substantial rates of third-trimester exposure in these populations. Even higher rates of positivity have been documented in newborns from selected high-risk populations elsewhere (17). Unsurprisingly, estimates of FASD prevalence are also high. For instance, a recent and large prospective case-ascertainment study in four school systems across the US estimated rates of FASD in school-aged children of 1.1%–5%, with a weighted prevalence estimate of 3.1%–9.8% (18). Worldwide, previous estimates have placed the prevalence of FASD at as high as 11.3% in some regions like South Africa, with rates equivalent to North America in many European nations (19). These data collectively point to the likely outsized contribution of PAE to the burden of developmental disability in North America and world-wide, and emphasize the need to understand the etiology of FASD with the goal of early interventions to mitigate the effects of PAE.
The centrality of brain-based disability to the diagnosis of FASD, and particularly ND/PAE, mean that most research has focused on developmental perturbations to neural cells and on the neurobiology of this disability. However, in this review, we focus on the literature implicating the cardiovascular system, and specifically the contribution of the cerebrovascular system in the etiology of FASD. The cerebrovascular system develops during the peak period of neurogenesis (20), and one recent study suggests that cerebral neurogenesis and angiogenesis is molecularly linked, for example, by a microRNA, miR-9 (21). We previously found miR-9 to be inhibited by ethanol in mouse neural stem cells (22), with inhibition in zebrafish resulting in the loss of brain tissue (23). These data suggest that the effects of ethanol on neurogenesis and angiogenesis are mechanistically linked. Conversely, the loss of the endothelial receptor for endothelin-B (ETB) has been documented to result in microencephaly, i.e., reduced brain size (24), a key feature of severe FASD, emphasizing the interdependency of neural and vascular systems in the growth of the fetal brain. Interestingly, a few studies using functional magnetic resonance imaging to document changes in functional network connectivity in the resting state (25) and following functional activation (26, 27), in children and adult persons with a diagnosis of FASD, have assessed changes in the BOLD (Blood Oxygenation Level Dependent) signal. These are an important collection of papers for the purposes of this review, because changes in the BOLD signal equally implicate vascular adaptation and neuronal circuit activation (28), and dysregulation in the BOLD signal may indicate vascular dysfunction. Here we conducted a systematic PubMed review of papers on FASD and the vascular system, selecting papers that documented vascular deficits in both human populations and animal models, as well as papers that tested underlying mechanisms, to identify the current knowledge state and potential knowledge gaps in the field of vascular effects of PAE.
METHODS
We conducted an initial systematic review search in June of 2021 of research articles curated in PubMed to assess the strength of the research on vascular effects of PAE. PubMed was screened for several terms, as listed in Figure 1. After removing all review papers, a total of 191 papers were present using those terms. Of the 191 papers, 24 paper were unavailable to access fully and 99 were unrelated to blood vessels or the cardiovascular system. With 68 papers remaining, non-alcohol related studies were removed, and the remaining 38 studies were then separated by human versus animal models. Subsequent searches conducted until June of 2022 yielded an additional 3 pertinent papers. A total of 40 pertinent papers were selected to be included in this systematic review on the effects of ethanol exposure in utero to cardiovascular and neuropsychiatric systems exhibited in both human populations and animal models.
[image: Figure 1]FIGURE 1 | Search terms and schematic for analysis.
RESULTS AND DISCUSSION
Studies in human populations
A key, but perhaps unsurprising finding from our analyses is that there are very few studies in human populations, particularly on brain vascular effects of PAE (Figure 2). Many of these studies were case reports, based on very small sample sizes. However, a few studies did include both larger samples of persons with a diagnosis of FAS or pFAS, and importantly, well-described reference or comparison group samples. The earliest description of anatomical anomalies associated with FAS specifically included reference to cardiovascular anomalies, including ventricular septal defects (6, 29), and stenosis of major cardiac efferent arteries like the pulmonary artery (30). Another 1979 case report on two infants with a diagnosis of FAS who were surgically treated for cardiac septal defects (31) also noted that the infants exhibited dysplastic pulmonary arteries, and one infant also exhibited aortic insufficiency. A later case report found evidence for stenosis of the descending aorta and the renal arteries in a child diagnosed with FAS (32). These case reports, despite containing very small patient samples, showed that the heart and large arteries could be affected and perhaps, contribute to the pathology of FAS. Furthermore, vascular deficits within the interstitial vasculature of tissues have also been documented in humans diagnosed with FAS. For instance, in an early report in Lancet by Habbick et al (33), analysis of liver biopsies from three children with FAS uncovered sclerosis and other damage associated with central veins in hepatic lobules and other hepatic vasculature. Additional early supporting data on the vulnerability of interstitial vessels comes from a study in placenta samples obtained from control and alcohol-exposed pregnancies (34). Electron microscopy analysis of placental ultrastructure (five cases from both control and alcohol-exposed pregnancies) found evidence for vascular endarteritis and thickened basal lamina of placental blood vessels, suggestive of a potential inflammatory occlusion of blood vessels and restriction of blood flow. The collective assessment from each of these small-scale studies is that vascular damage may not be limited to the large vessels, but instead may be a general feature of tissues and organs as well. Moreover, such damage may limit blood flow to a variety of organs and contribute to impaired organ function. The question is whether such impaired vascular function also occurs in brain.
[image: Figure 2]FIGURE 2 | Classification of Human and Pre-clinical animal studies. The category, “Pre-clinical, Other Mammal” includes sheep, rats and mice.
Cerebral micro-vessel structure in FASD
Our literature review identified two primary studies of brain microvessels, both of which examined postmortem fetal tissues from control cases and cases that met the diagnostic features of FAS or partial FAS (pFAS). The first study, which included 11 FAS/pFAS cases and eight control cases from gestational ages of 19–38 weeks (35), reported that the effects of PAE on brain vasculature were more prominent during later developmental periods. While control fetal brains exhibited a predominantly radial pattern of microvessels that traversed the marginal zone through the cortical plate and intermediate zones of the cerebral cortex, this radial pattern was significantly diminished in older fetuses with features of FAS/pFAS. The lack of observed effects in fetuses at earlier gestational ages suggests that vascular deficits may either result from cumulative PAE, or that the deficits from earlier episodes emerge later in development. More recently, the same research group published a second post-mortem study in four control fetuses and four fetuses with features of FAS/pFAS, ranging from gestational ages of 29–34 weeks (36). Using immunohistochemical staining for the microtubule-associated light chain protein, LC3 (Map1lc3a), the authors found a significant increase in LC3-positive puncta in endothelial cells lining cerebral microvasculature, an outcome that the authors interpreted as increased autophagy. Interestingly, in contrast to the previous study, increased LC3-positive puncta were observed early on, at gestational week 29, in fetuses with characteristics of FAS/pFAS, suggesting that autophagy may precede the loss of radial microvessels. A rigorous component of both studies was that the authors also replicated their findings in murine and cell culture models, suggesting that ethanol is a causal agent in the loss of brain microvessels, and that autophagy, a common stress response to nutrient deprivation, is one mediating factor.
An important caveat in interpreting these studies is their small sample sizes. Furthermore, fetuses affected by high levels of alcohol exposure (characterized as chronic daily alcohol exposure to binge levels) may have also resulted in spontaneous pregnancy termination. Other researchers have documented a link between heavy alcohol exposure during pregnancy and spontaneous pregnancy termination (37, 38). It is therefore possible that the heaviest alcohol exposures, which place pregnancy viability at risk, also compromise fetal vascular development. It remains to be determined if lower levels of prenatal alcohol exposure also compromise fetal brain vascular development in human populations. Another limitation of these studies is that they documented the acute effects of alcohol exposure in the fetus. For assessments in later life, a number of researchers turned to the retina, as a proxy tissue for assessing brain.
Retinal circulation as a marker for cerebrovascular effects of FASD
Like brain, the retina is a central nervous system structure, protected by a structure equivalent to the blood-brain barrier, i.e., the blood-retinal barrier (39). As with the brain, the health of retinal neurons is dependent on an extensive microvascular network. A substantial advantage is that the structure and function of retinal arteries is readily accessible at any stage of postnatal life by standard ophthalmological visualization techniques. Not surprisingly, a number of studies on the vascular effects of PAE in human populations have focused on assessing retinal blood vessels. A majority of these studies, including some of the early case reports (40–42), reported increased tortuosity of retinal vessels (see Table 1).
TABLE 1 | Summary of vascular studies in FASD in human populations.
[image: Table 1]In a larger study evaluating ophthalmologic findings in children with FASD, Gyllencreutz et al (47) assessed a cohort of 30–32 eastern European and Swedish children with FASD, who were longitudinally observed from childhood into adulthood for persisting ophthalmologic effects following PAE. The children had a median age of 7.9 years at the time that a multidisciplinary team diagnosed them with FASD, and evaluated visual acuity, stereoacuity, ocular media, strabismus, refraction, and fundus. At 13–18 years later (with the median age of study participants at 22 years old), the study cohort was reexamined and many of the earlier documented ophthalmologic findings - including astigmatism, defective stereoacuity, heterotropia, and optic nerve hypoplasia - were found to persist into adulthood. In addition, an increased tortuosity of retinal vessels was noted to persist into adulthood. Although none of the children enrolled in this study were born extremely premature, this study did include 12 children with a premature birth history (31–36 weeks of gestation), 16 children with a birth weight of less than 2,500 g, and 12 children who were born small for gestational age (SGA). These are important considerations, because, as we discuss later, prematurity is linked to increased tortuosity of retinal vessels, and other ophthalmological anomalies. A weakness of this study is that from the original cohort, children who did not receive a FASD diagnosis were not subsequently followed up. This means that it is difficult to ascertain whether the incidence of ophthalmological anomalies is higher in FASD populations compared to matched controls.
In contrast to the study presented above, another relatively large-scale study (48) compared 43 PAE children with 55 control children between the ages of 4 and 9, and found that both sampling groups exhibited an approximately equal incidence of arterial tortuosity (∼15–16%). This is an important and contrary finding, because it points to a limitation in case-report-type studies; specifically, that there was limited-to-no assessment of the frequency of vessel tortuosity in ‘control’ populations. However, this negative finding does not by itself disprove the linkage between PAE and vessel tortuosity. Control populations may well represent the heterogeneity of outcomes following prenatal experience, and a number of other factors that were not controlled for, including, for example, hypoxia, plasma hyperviscosity and hypercoagulability, [for review, see (49)], may result in an identical outcome. Importantly, prematurity, a condition with multiple etiologies including PAE, is also associated with retinal vessel tortuosity (50).
It is probable that ocular blood vessel pathology may not be a unique feature of FASD, as documented in an earlier 1999 study of Swedish children with different developmental complications. In that study by Hellstrom (43), children with a diagnosis of FAS (n = 16) were compared to those with other developmental complications, including preterm birth (n = 39), periventricular leukomalacia that is typically associated with perinatal hypoxia/ischemia (PVL, n = 17), and with septo-optic dysplasia with optic nerve hypoplasia and pituitary hormone insufficiency (n = 6). Children in these groups were compared to a cohort of “healthy white Swedish children” (n = 100). Digital image and fundoscopic analyses were used to examine optic nerve and retinal vessel morphology. In all groups, the study documented significantly increased tortuosity of retinal vessels (above the median for the reference cohort) and a lower number of branching points (below the median for the reference cohort). While this study showed that ocular vessel pathology was associated with a number of developmental pathologies, ∼43% of children with a diagnosis of FASD scored above the 95th percentile for the reference group. This outcome indicates that children with FASD are more likely to have retinal vessel pathology that the general population. This proportion was also larger than that for children with preterm birth. Contrary to the studies by Gyllencreutz et al. and Flanigan et al., discussed above, one of the strengths of this study was that FAS participants (median gestation age of 38 weeks at birth) and premature-birth participants (median gestational age of 29 weeks at birth) were separated for analysis. A weakness of this study was that the FAS sample in this study was poorly defined, except to refer to the then-current diagnostic guidelines as outlined by Sokol and Clarren (51). However, the Hellstrom study did support the specific linkage between a diagnosis of FAS and retinal vessel tortuosity, but also documented the linkage between other developmental anomalies and the same outcome.
In general, the findings from human studies support strong associations between prenatal alcohol exposure and vascular deficits, but cannot definitively advance a causal relationship between exposure and outcome. Studies of PAE in animal models, therefore, have a vital role in providing evidence for causality.
Animal models of PAE
Early studies in animal models convincingly show that PAE is a causal factor in the cardiovascular defects that were described in human populations. For instance, in a 1986 study, Daft et al. (52) reported that two doses of ethanol on gestational day 8 in a pregnant mouse resulted in cardiac septal defects and defects in the cardiac outflow vessels, including the aorta. Moreover, these defects persisted and could be observed 10 days later, suggesting that the effects of an episode of PAE were permanent. A second publication from 2002 reported that PAE throughout gestation in a rat model, albeit at much lower levels than those reported in the previous study (∼24 mg/dL), resulted in a diminished vasoconstriction response of aortic rings following acute treatment with norepinephrine (53). The observed effects of PAE on the vasoconstrictive response were particularly strong when the arterial endothelium was intact, suggesting that the endothelium itself was a direct target of PAE. Interestingly, the study authors observed that PAE also resulted in diminished vasodilative response to the cholinergic mimetic carbamylcholine chloride, suggesting a broader impact of PAE on the adaptability of large arteries to physiological demand. Collectively, these data identify PAE, over a range of doses and exposure times, as a causal factor in the development of persistent structural and functional cardiovascular defects.
Other studies in primate (54), ovine (55), and rodent models (56) also point to placental and uterine blood flow as targets of prenatal ethanol, relating vascular deficiencies in these tissues to decreased fetal growth (see Table 2). However, cardiac defects due to developmental ethanol exposure have also been documented in non-placental vertebrate models, like zebrafish (66), suggesting that ethanol’s effects on cardiovascular development are not exclusively mediated by potential utero-placental insufficiency. Again, these studies support a causal link between PAE, decreased peripheral blood flow, and subsequent deficits and brain growth. However, the first studies that specifically investigate PAE effects on brain vasculature were not published until approximately 30 years after FAS was first described in human populations (7) and ∼25 years after it was first described in the United States (6). This delay in research modeling alcohol’s effects on brain vasculature speaks to the neural cell-centric focus of the research field at that stage.
TABLE 2 | Studies on the vascular effects of PAE in animal models.
[image: Table 2]Early assessments of cerebral circulation in animal models of PAE
In 1997, Gleason et al. at Johns Hopkins University, School of Medicine used a sheep model of PAE (57), in which pregnant ewes received either an alcohol or saline infusion daily for 3 weeks during early gestation (∼Gestational Day 31). This exposure resulted in mean blood ethanol concentrations of ∼167 mg/dL after 1 hour. Physiological characteristics of cerebral blood were ascertained by sampling from the superior sagittal sinus of instrumented PAE and control newborn lambs, and blood flow was quantified using infusions of radionuclide-labeled microspheres. The authors reported that both the hypo- and hypercapnic cerebral blood flow response was decreased in PAE lambs compared to controls.
Subsequently, Parnell et al. at Texas A&M University (58) and Mayock et al. at the University of Washington (59) published the next preclinical studies on the effects of PAE on blood flow in the fetal brain, also using an ovine model. Notably, in both studies, assessments of PAE effects were conducted in the fetus, i.e., more proximate to the exposure period, rather than postnatally, as reported above by Gleason et al. In the study by Parnell et al., pregnant ewes were exposed to ethanol between gestational days (GD) 109–132, resulting in maternal blood ethanol concentrations between 85–185 mg/dL. The authors also used radionuclide-labeled microspheres to assess cerebral blood flow, and found increased retention of radionuclides in the fetal cerebellum, indicative of increased blood flow, but only at the highest levels of exposure.
Studies by Mayock et al. at the University of Washington, Seattle, also used an ovine model to assess the effects of PAE on brain vasculature (59, 60). In their studies, Mayock et al. exposed pregnant ewes to alcohol at an earlier time frame than the previously cited paper by Parnell et al. PAE occurred via daily intravenous infusion between GD 60–90, equivalent to the 2nd trimester period in human pregnancy. Post-infusion maternal alcohol levels peaked at ∼200–214 mg/dL, which although high, are within the range of levels attained by individuals with alcohol use disorders [e.g., see (78)]. In their 2007 study, Mayock et al. utilized a similar radioisotope retention paradigm to assess cerebral blood flow as used by Parnell et al. However, this study found decreased cerebral blood flow due to PAE, opposite of what was previously reported.
In their subsequent 2008 report (60), Mayock et al. isolated penetrating fetal cerebral arterioles arising from the pial surface of fetal lambs between GD 125–128, investigating the persistent effects of on PAE offspring compared to control, saline infusion-exposed fetuses. The authors reported two key findings: more than 5 weeks after the final exposure, cerebral arterioles from PAE fetuses exhibited 1) a significant dilatory response to decreased pH, and 2) an increased maximal dilatory response to an Adenosine A2 agonist, CGS-21680. A follow-up study by the same team (61), also in isolated fetal sheep cerebral arteries, reported on a similar PAE-induced increase in vasodilatory response, this time to vasoactive intestinal peptide, suggesting that PAE may result in a general enhancement of stimulus-dependent cerebral arterial vasodilation.
A more recent study in a non-human primate model of PAE used an ex vivo model of pressurized fetal cerebral arteries (67), demonstrating that acute ethanol exposure also results in rapid vessel dilation. In this primate study, the authors were not able to document additional effect of prior intragastric PAE directly on the dilation response, though they did document increased sensitivity to cannabinoid signaling due to PAE. However, this last study also used a more limited exposure—just three episodes of intragastric gavage during the 2nd trimester-equivalent period of human pregnancy—and the peak maternal blood alcohol levels attained were ∼80 mg/dL, substantially lower than levels attained in the first two studies.
Collectively, the aforementioned studies demonstrate that PAE can influence cerebral blood flow regardless of whether exposure occurred in early, mid- or late pregnancy. Moreover, vascular effects can persist beyond the period of ethanol exposure, into the neonatal period. Importantly, they also showed that vasodilation, via ethanol or other dilatory stimuli, was a long term response to PAE in cerebral blood vessels. However, the outcome of PAE for brain circulation itself is still unclear, since the radionuclide retention studies by Parnell et al. (58) were interpreted by the authors to suggest increased flow (at least in the posterior, cerebellar circulation), whereas Mayock et al. (59) and earlier, Gleason et al. (57), interpreted their data to indicate decreased blood flow, and under conditions of increased demand, reduced oxygen delivery within the brain. Some of the differences in study outcomes reported above, may well be due to inter-study differences in the developmental timing of alcohol exposure and outcome assessment, as well as brain regional differences. It should also be noted that, radionuclide-labeled microsphere retention methodology which was historically, the gold standard for assessing end-organ vascular perfusion, was nevertheless subject to interpretive limitations. Based on the empirical association between afferent arterial tone and end-organ perfusion, increased brain retention of radio-label is causally linked to peripheral arterial vasodilation (57, 58). However, this interpretation requires some caution, since it does not account for potential dilation of efferent vessels, microcirculatory arterial-venous anastomotic shunts which are present in brain parenchyma [e.g., see (79)], that may result in increased clearance and decreased tissue retention of radiolabel (80), accounting for some discrepancies in study outcomes outlined above. Recent studies have used more direct, in vivo imaging modalities such as ultrasound imaging and optical coherence tomography to assess brain blood flow in response to PAE.
Ultrasound studies of major cerebral arteries in animal models
Studies using ultrasound imaging in primate (67, 71) and rodent models (64, 68) have been successful in visualizing flow parameters in large cerebral arteries like the anterior (ACA), middle (MCA) and posterior (PCA) cerebral arteries. Both primate and rodent models indicate that the immediate and persistent effect of PAE is decreased cerebral blood flow as measured by peak systolic velocity, or velocity time integral [VTI, a composite index that is a measure of the cardiac output through the assessed cerebral vessel (81)]. However, studies in primate models generally indicate that the effects of PAE do not persist past the exposure period, and specifically, not to pregnancy term. For example, Tobiasz et al. (71) found that fetal baboons exposed to PAE experienced decreased systolic velocity in anterior and middle cerebral arteries during the acute period of intoxication, but that these vascular effects did not persist through gestation. However, in rodent (mouse) models, Bake et al. showed that the PAE effect of decreased velocity, and decreased VTI could persist through gestation (64). In contrast to the acute fetal effects of PAE, Bake et al., in a follow-up study (68), showed that young adult PAE offspring (3 months of age) exhibited significantly increased carotid artery VTI, indicative of a vasoconstrictive response. It is certainly possible that species differences may have contributed to differences in the persistence of the vascular effects of PAE, though the observation of a peripheral hypertensive phenotype in human populations of children and teenagers with FASD (46), is consistent with increased carotid VTI in young adult PAE offspring in the above mouse study, and argues against a role for species differences. A second and plausible explanation is that the persistence of PAE effects had more to do with the dose and frequency of ethanol exposure. Blood alcohol levels of ∼80 mg/dL were attained in the primate studies, for example, with exposures spaced 10 days apart (71), whereas BACs of 117–150 mg/dL were reached in the mouse, with up to two exposures per day for a 4-day exposure window (68). It is possible therefore that the cumulative exposure in the mouse model was significantly higher than that attained in the primate model. Nevertheless, both models show that, at least immediately, there is a net decline in fetal cerebral circulation due to PAE, consistent with the hypothesis that, in the short term, alcohol induces vasodilation (71). It is important to note that Bake et al. also followed PAE and control offspring into mature adulthood (12 months of age), where PAE had a diametrically opposite effect compared to that observed in young adults, i.e., resulting in decreased VTI compared to control offspring (68). This outcome suggests that in the long term, PAE may result in cranial vascular hypoperfusion in middle-aged adults, though at this time, there is no comparable data on vascular health in middle-aged persons with FASD.
Analysis of cerebral microcirculation in animal models
More recently, optical coherence angiography has been used to document the effects of PAE on blood flow through even smaller cerebral arteries and arterioles, including those that serve as tributaries from the ACA and MCA (73, 77). These studies report that PAE results in a rapid and dose-dependent decrease in the diameter of fetal cerebral micro-vessels, whereas the maternal femoral artery experienced vasodilation in the same time frame, as expected. It is likely that the vasoconstrictive response of cerebral microvessels is a compensatory adaptation to the dilation of larger and afferent vessels, as a means to maintain pressure in the microvascular network. This compensatory effort may be at least partly successful, as suggested by the increased radionuclide retention in the cerebellum that observed by Parnell et al. previously [as outlined above (58)].
Anatomical studies in mouse models also provide supporting evidence that PAE results in persistent damage to the intracerebral microvasculature. For instance, Jegou et al. (35) used a PAE model, albeit with heavy ethanol exposure, daily through the second half of murine gestation, and observed that mice with PAE had reduced density of cortical vasculature and disordered micro-vessel orientation, which were normally radially-oriented in control mice progeny. These data cumulatively suggest that even if the intracerebral microvasculature adapt and compensate for PAE, the immediate and long-term outcomes are likely to be vascular insufficiency within the brain. It will be important to ascertain whether this insufficiency extends to the availability of collateral circulation between terminal branches of cerebral arteries like the MCA, ACA and PCA. The evidence suggests that collateral circulation may also be impaired, and that vascular insufficiency may also result in long-term adverse consequences to adult-onset brain diseases. For instance, two studies have documented the PAE results in decreased neurological recovery from an episode of cerebrovascular ischemic stroke (68, 76). While the study by Bake et al. (68) did not document companion damage to brain tissue despite neurological deficits, the study by Canzi and Mayhan (76) showed that ischemia did result in increased stroke volume in PAE offspring. Therefore, it is likely that compensatory collateral circulation is also impaired following PAE. Importantly, collateral circulation can emerge rapidly, during the period of cerebral arterial occlusion itself (82), suggesting the presence of latent collateral tributaries within leptomeningeal tissues. It is likely, though there is a need for further investigation, that latent collateral circulation is also impaired in PAE, leading to worse stroke outcomes.
Retinal imaging in animal models
As with human studies, recent studies in animal (primate) models, have also focused an imaging retinal vasculature to assess the effects of PAE on brain blood flow in adult offspring. One study in a large cohort of vervet monkeys (29 PAE and 20 controls), maintained as a community (70), investigated the effect of exposure of ethanol in utero on retinal abnormalities and premature aging of the retina using in vivo examination of the fundus and intraocular pressure (IOP), as well as a number of physiologic and anatomic measures. This study had well-defined and extensive data on maternal alcohol consumption for each pregnancy, with a range of exposure from 1.2 to 5.51 g of alcohol/kg body weight/day from mid-pregnancy to term. The authors found that PAE resulted in increased IOP, increased fundal vascularization, and the retina showed increased evidence for astrocytosis, particularly in the retinal ganglion cell layer and optic nerve, suggesting retinal damage. This is potentially an important finding, since increased IOP may be indicative of ocular hypertension, a condition linked to decreased ocular blood flow and thinning of the choroid plexus in human populations (83), and to increased risk for glaucoma (84). Collectively, the studies cited earlier in human populations, as well as the above study by Bouskila et al., make a case for monitoring ocular health in FASD populations, not only to decrease the risk for diseases like glaucoma, but potentially as a biomarker for neurovascular health.
Mechanisms that mediate effects of PAE on the vascular system
Several studies, including many cited above, have taken the first important steps to uncover mechanisms of ethanol toxicity. One consensus finding is that PAE alters the vasodilation response to G-protein receptor coupled signaling mechanisms and nitric oxide signaling [e.g., (53, 59, 60, 67, 72, 85)], as well as other environmental stressors (76). Furthermore, studies do support the theory that PAE also interferes with the trajectory and development of brain microvessels. This implicates the potential role of angiogenic factors, such as signaling through the vascular endothelial growth factor (VEGF) system. Lecuyer et al. (69) found evidence for decreased VEGF signaling and decreased brain angiogenesis due to diminished levels of placental-derived VEGF family member, PLGF (Placenta Growth Factor). Interestingly, PLGF supplementation was able to ameliorate the effects of PAE in their mouse model. Autophagy has also been implicated as a molecular mechanism in the potential remodeling of cerebro-vasculature following PAE (36) in both human studies and mouse models. Autophagy is an important stress response to vascular injury (reviewed in (86), and a potential target for therapeutic intervention. However, much more research is needed to identify and track mechanistic linkages between PAE and brain vascular outcomes.
CONCLUSION AND LIMITATIONS
Although the research on PAE effects on developing vasculature, and in particular brain vasculature, are somewhat sparse, both human studies and studies in animal models document the deleterious and persistent effects of PAE on cerebrovascular structure and function. The current research studies are based on relatively small sample sizes, but collectively provide a preponderance of evidence pointing towards several important pathways related to vasodilation, oxidative stress, and flow dynamics. It is also clear that vascular deficits are likely to persist through the lifetime and contribute to risks for adverse outcomes following adult-onset disease, like cerebrovascular stroke. In this context, one study which documented significantly increased risk for hypertension in children and adolescents with a diagnosis of FAS or pFAS (46) is particularly important, since it suggests that the risk for adult-like cardiovascular disease may appear earlier in persons with FASD compared to the general population, and further implicates pituitary and renal dysfunction in the pathogenesis of FASD. For instance, studies in human populations have linked prenatal alcohol exposure to hypermethylation of the proopiomelanocortin (POMC) locus (87), and in animal studies, PAE has been shown to result in deficits in feed-back inhibition and hyperresponsivity of the hypothalamic-pituitary-adrenal (HPA) axis in affected offspring [e.g., see (88)]. Animal studies have also shown that PAE results in loss of renal nephrons and increased blood pressure in exposed offspring (89). Collectively these data suggest that hyperresponsiveness of the HPA axis and renal deficiency may contribute to vascular pathology in FASD, and support the need for further studies on the intersection between endocrine, renal and vascular function.
Human studies document disruption to mammalian target of rapamycin (mTOR) pathways, with increased autophagic vacuoles in brain microvessels, deficits in mitochondrial pathways, and basement membrane adaptations, including capillary basal hyperplasia and endarteritis. All of these outcomes are compatible with a stress-related remodeling of tissue microvasculature following PAE that likely results in compromised vascular function. Animal models further provided evidence that PAE is a causal factor in vascular deficits, including those of the cerebral vasculature. Additionally, preclinical research has identified PAE-affected mechanisms of signaling pathways that target vasodilation, such as the endocannabinoid receptor system, prostacyclin and nitric oxide pathways, and calcium mobilization. Other factors, such as impaired VEGF receptor signaling and changes in protein expression related to mitochondria and oxidative stress, may contribute further to structural pathologies.
Our analysis of the literature also identified studies in both human and animal populations that assessed ocular vascular function following PAE. Studies in FASD populations documented other ophthalmological findings, such as increased retinal vessel tortuosity, which should be readily assessable in primary healthcare settings. These studies make a case that routine, easy to accomplish, clinical assessments of ocular blood flow and vascular structure may be useful as a proxy marker for neurovascular competency in persons with diagnoses along the FASD continuum. Additional studies are needed to determine whether such routine ocular assessments have predictive value for the management of adult-onset cerebrovascular disease in FASD populations. However, attention to cardiovascular and cerebrovascular health in FASD populations is likely to be helpful in managing both early cognitive and neurobehavioral deficits as well the delayed, adult consequences of PAE.
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Major findings

Two cases of children with FAS presented with sclerosis of the central
vein and distention, while 1 case displayed hepatic fibrosis and cystic
kidney discase

Two infants with FAS presented with hypoplastic pulmonary arteries,
congestive heart failure, and ventricular septal defects

Children with FAS displayed retinal arterial and venous tortuosity, optic
nerve hypoplasia, and decreased visual acuity

There is significant endarteritis, trophoblastic basement membrane
thickening, and basal lining hyperplasia in villous capillaries in placenta,
in pregnancies that were prenatal alcohol-exposed

Ten children with FAS or fetal alcohol effects (FAE) presented with
ophthalmic defects including vessel tortuosity, optic nerve hypoplasia,
cataracts, and visual impairment

FASD associated with increased tortuosity of retinal vessels and
decreased vessel branching

117 children diagnosed with optic nerve hypoplasia were further
assessed. 25 were also diagnosed with FAS, with some presenting with
arterial and venous tortuosity

10-year-old boy with FAS and hypoplastic abdominal aorta presented
with severe hypertension and was successfully treated with renal
angioplasty

In the sample, 30% showed retinal vessel tortuosity and 25% showed
optic disc hypoplasia

£MRI used to measure brain blood flow and blood oxygen levels. Persons
with FASD exhibited significantly lower average activation for working
memory tasks

PAE increases the number of autophagic vacuoles in brain cortical
microvessels

Children with a diagnosis of FAS or partial FAS were at increased risk for
hypertension compared to children in the general population (sampled
from the National Health and Nutrition Examination Survey, NHANES)

Observed association between prematurity and increased tortuosity of
retinal vessels, strabismus, myopia, and optic nerve anomalies. Non-
FASD cases were not further evaluated
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Major findings

PAE in carly gestation resulted in decreased postnatal cerebral blood flow in labs, in response to
both hypo- and hypercapnia, compared to controls

PAE alters aortic vascular contractile function, decreased vasoconstrictive response to
norepinephrine and potassium chloride

In the presence of acidemia and hypercapnia, without hypoxia, there was increased blood flow.
to brain in sheep that were exposed to moderate alcohol levels during late gestation

PAE in mid gestation significantly attenuated dilatory cerebral blood flow response to hypoxia

PAE resulted in increased maximum vasodilation of fetal cerebral arterioles and vessel response
to selective A2A adenosine receptor agonist and to acidosis

PAE in mid-gestation increased the dilatory response of the adult intracerebral arteries due to
VIP but had no difference in response to pH or myogenic tone

PAE in the mid-gestation resulted in lower brain weight, but no significant differences in
cerebral microvessel density

Isolated uterine endothelial cells from pregnant ewes, exposed to binge-like ethanol levels.
Observed decreased eNOS expression, phosphorylation and expression of eNOS related
proteins

Binge-like PAE in pregnant mice at gastrulation persistently increases vascular resistance in
umbilical artery, cardiac valvular regurgitation and isovolemic relaxation time

Single and repeated binge-like PAE in mid- tolate-pregnancy, during the peak period of ortical
neurogenesis results in persistent decrease in cardiac output through umbilical and cerebral
arteries

PAE in the late gestation resulted in disorganized cercbral microvascular networks, including
reduced density of cortical vasculature, decreased VEGF and VEGF receptor mRNA and
increased VEGF receptor (R1) expression and ex vivo, decreased in microvessel plasticity

An episode of PAE in both early and late pregnancy decreased acetylcholine-induced uterine
artery vasodilation

Exposure during embryogenesis resulted in a dose-related increase in irreversible damage to
dorsal aorta, segmental artery coarctation, and motor function deficits

PAE in early pregnancy in Rhesus monkeys significantly decreased placental perfusion and
oxygenation in fetal vasculature in later stages of pregnancy

Exposure of fetal MCAS to alcohol in mid pregnancy induces increased dilation of cerebral
arteries and peak systolic velocity, mediated by vascular endocannabinoid receptors

The carotid arteries of adult mice with PAE exhibited significantly decreased blood acceleration
withloss of blood flow to the brain in the long term, and was associated with decreased recovery
from cerebrovascular stroke

Deficiency in placental angiogenic factor implicated in VEGF (vascular endothelial growth
factor)-receptor mediated deficiencies in brain angiogenesis

PAE resulted in increased intraocular pressure (IOP) in juvenile and adult offspring, increased
fundal tessellation indicative of abnormal choroidal vascularization, and astrocytosis

Peak systolic velocity and pulsatility index of anterior and middle cerebral arteries decreased
during episodes of alcohol intoxication, with decreased fetal cerebral artery Doppler indices

Uterine arteries from alcohol exposed rats had reduced acetylcholine-dependent relaxation and
impaired endothelial nitric oxide signaling

In utero speckle variance optical coherence angiography showed that binge-like PAE caused
rapid and significant cercbral microvessel constriction compared to controls

PAE in mid pregnancy resulted in significant increases in transferase and oxidoreductase class
proteins and increased ALDH activity in fetal cerebral basilar arteries

PAE induced fetal artery dilation mediated by cannabinoid signaling is transient and does not
persist to the end of pregnancy

PAE throughout pregnancy resulted in decreased nitric oxide dependent dilation of cerebral
arterioles, higher superoxide levels, increased brain infarct volume following cerbrovascular
ischemia, and increased levels of superoxide

PAE throughout gestation resulted in decreased stimulus-dependent vasodilation response in
cerebral arteries in young adult offspring

In utero ethanol-exposure resulted in an acute-onset dose-dependent decrease in cerebral
microvessel diameter and decreased blood flow measured by correlation mapping optical
coherence angiography. Concurrently the maternal femoral artery exhibited vasodilation

PAE in the latter half of gestation resulted in intrauterine growth retardation, and diminished
umbilical arterial blood flow, assessed by pulse-wave Doppler ultrasound. RNA-seq analysis of
the placenta, this study found diminished expression of placental genes for hematopoiesis and
chemosensory pathways
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