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Abstract

The fetal brain is constantly exposed to maternal IgG before the formation of an effective blood-

brain barrier (BBB). Here, we studied the consequences of fetal brain exposure to an antibody 

to the astrocytic protein aquaporin-4 (AQP4-IgG) in mice. AQP4-IgG was cloned from a patient 

with neuromyelitis optica spectrum disorder (NMOSD), an autoimmune disease that can affect 

women of childbearing age. We found that embryonic radial glia cells in neocortex express AQP4. 

These cells are critical for blood vessel and BBB formation through modulation of the WNT 

signaling pathway. Male fetuses exposed to AQP4-IgG had abnormal cortical vasculature and 

lower expression of WNT signaling molecules Wnt5a and Wnt7a. Positron emission tomography 

of adult male mice exposed in utero to AQP4-IgG revealed increased blood flow and BBB 

leakiness in the entorhinal cortex. Adult male mice exposed in utero to AQP4-IgG had abnormal 

cortical vessels, fewer dendritic spines in pyramidal and stellate neurons, and more S100β+ 

astrocytes in the entorhinal cortex. Behaviorally, they showed impairments in the object-place 

memory task. Neural recordings indicated that their grid cell system, within the medial entorhinal 

cortex, did not map the local environment appropriately. Collectively, these data implicate in utero 

binding of AQP4-IgG to radial glia cells as a mechanism for alterations of the developing male 

brain and adds NMOSD to the conditions in which maternal IgG may cause persistent brain 

dysfunction in offspring.

INTRODUCTION

A family history of autoimmune diseases is associated with an increased risk of 

neurodevelopmental and neuropsychiatric disorders in the offspring. An increased risk for 

brain defects has been described in children born to mothers, but not fathers, with celiac 

disease, rheumatoid arthritis, and systemic lupus erythematosus (SLE) (1, 2). Neuromyelitis 

optica spectrum disorder (NMOSD) is an autoimmune disease causing demyelination of 

the optic nerves, brainstem, and spinal cord (3) affecting women of childbearing age 

(4). NMOSD is characterized by the presence of antibodies against the astrocytic protein 

aquaporin-4 (AQP4)–immunoglobulin G (IgG); these are present in nearly 80% of patients 

(5, 6) and contribute to disease pathogenesis. Administration of monoclonal AQP4-IgGs 

cloned from a patient with NMOSD into rodent models of experimental autoimmune 

encephalitis (7–9), or direct injection of AQP4-IgG into rodent brain (10), results in a 

phenotype that closely resembles NMOSD. Complement-dependent cytotoxicity (CDC) 

appears to be a major mechanism of tissue damage by AQP4-IgG (8, 10–12), but pathogenic 

T cells have also been implicated in brain injury (13, 14). Most studies in pregnant women 

with NMOSD focus on the effect of pregnancy on disease activity (15–18), although there 

are some reports of increased miscarriage and preeclampsia (4, 19), sometimes accompanied 

by multiple infarcts in the placenta (19). The available follow-up evidence for an effect 

of AQP4-IgG on neonates is sparse but includes cases of infants with hydrocephalus and 

persistent neurological impairment (4, 20). There are no long-term follow-up studies of 

children born to AQP4-IgG–positive mothers.

It is well established that in utero exposure to maternal autoantibodies present in other 

conditions can alter neurodevelopment as IgG can access the developing before the blood 

brain barrier (BBB) matures (21–23). For example, maternal antibodies that cross-react 
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with the N-methyl-D-aspartate receptor found in SLE lead to cognitive impairment in 

male offspring (24) and nonviability of female fetuses (25). Moreover, in a mouse model 

of autism spectrum disorders (ASDs), maternal antibodies against Contactin-a ssociated 

protein-like 2 (Caspr2) are associated with deficits in social interaction and repetitive 

behaviors in the offspring (26).

During embryonic development, AQP4 is expressed in radial glial cells (RGCs) of the 

developing cortex; however, by postpartum days 1 to 3, its expression is restricted to 

astrocytes (27). RGCs initially guide neuronal development, are the precursor cells for 

astrocytes (28–30), contribute to central nervous system (CNS) vascularization (31–34), 

and modulate wingless-type MMTV integration site family (WNT) signaling pathways in 

endothelial cells to stabilize newly formed blood vessels in the late embryonic brain (35). 

Although gene expression studies show that RGCs express Aqp4 (36), its function in these 

cells is not completely elucidated. In the adult brain, AQP4 functions as a water channel that 

is localized in a polarized form at the endfeet of astrocytes that surround blood vessels.

Given the central role of RGCs in neurovascular development and the dearth of information 

about the cognitive outcome of children exposed in utero to maternal AQP4-IgG, we studied 

whether in utero exposure to an NMOSD patient-derived monoclonal AQP4-IgG would alter 

CNS vasculature development or lead to persistent functional and neurocognitive deficits.

RESULTS

AQP4 is expressed on radial glia in the fetal brain

We used quantitative polymerase chain reaction (qPCR) to quantify Aqp4 gene expression in 

the fetal brain of mice and found that it increased steadily from embryonic day 11.5 (E11.5) 

to E18.5, whereas placental Aqp4 expression was low throughout gestation (Fig. 1A). No 

differences in expression of Aqp4 transcripts were observed between male and female fetal 

brains (Fig. 1A). The expression of embryonic AQP4 protein was demonstrated also by 

Western blot (Fig. 1B). Before E18.5, the dominant AQP4 band had a lower molecular 

weight than the adult form (Fig. 1B), which we reasoned might reflect the absence of 

glycosylation. AQP4 has two N-glycosylation sites. When we subjected adult AQP4 to 

enzymatic deglycosylation, it exhibited the same molecular weight as embryonic AQP4, 

suggesting that before E18.5, AQP4 was predominantly expressed as a nonglycosylated 

protein (fig. S1A).

We next confirmed a gene expression study showing that Aqp4 is expressed in RGCs 

(36), by immunostaining of the fetal cortex at E14.5 with an antibody against the glutamate/

aspartate transporter (GLAST), a marker for RGCs, and a commercially available anti-AQP4 

antibody that recognizes embryonic AQP4 (Fig. 1C). At E14.5, AQP4 was expressed on 

both the soma and processes of GLAST+ RGCs in the developing cortex (Fig. 1C).

Maternal AQP4-IgG causes vasculature impairment in the fetal brain

We verified that the monoclonal AQP4-IgG cloned from a patient with NMOSD (8), which 

gets transferred during pregnancy into the embryonic brain (37), was able to bind to fetal 

mouse brain (fig. S1B) and to human embryonic kidney (HEK)–293T cells expressing 
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either AQP4 containing both glycosylation sites and AQP4 with mutations in both sites that 

prevent glycosylation (fig. S1C). An isotype-matched antibody, 2B4-IgG, which is specific 

for measles virus (38) without any brain reactivity (fig. S1B), was used as a control (37). 

For our murine model of maternal IgG transfer, AQP4-IgG or 2B4-IgG was administered, by 

retro-orbital injection, to dams at E14.5 to generate offspring exposed in utero to AQP4-IgG 

(termed AQP4 mice henceforth) or 2B4-IgG (termed 2B4 mice). We chose E14.5 since, 

at this embryonic age, there is increased expression of AQP4 (Fig. 1A), and maternal 

antibodies can cross the placenta and access the brain before the embryonic BBB restricts 

antibody access (21, 37).

Because RGCs express AQP4 and are involved in blood vessel ingression in the developing 

cortex and stabilization of newly formed blood vessels in the late embryonic brain (35, 

39), we analyzed the cortical vasculature of AQP4 and 2B4 fetal brains. Isolectin B4 (IB4) 

was used to stain vascular endothelial cells at E18.5, a time point when the vast majority 

of cortical vessels have reached their mature form (35). Comparisons of vessel length 

revealed that AQP4 males had longer blood vessels, which extended radially within the 

developing cortex, when compared to 2B4 males (Fig. 2A). In female offspring, there were 

no differences in vasculature in the developing cortex between AQP4 and 2B4 mice (fig. 

S2A).

In parallel, we found decreased expression of the WNT signaling molecules, Wnt5A and 

Wnt7A, in the cortex of AQP4 males compared to 2B4 males at postnatal day 0 (P0) (Fig. 

2B). We found that Wnt5A expression was decreased around cortical endothelial cells of 

AQP4 males (Fig. 2C), suggesting that RGCs that are affected by AQP4-IgG may alter the 

cortical vasculature of AQP4 males (35).

The pathology of NMOSD involves AQP4-IgG–mediated CDC (10–12, 40). Eculizumab, a 

U.S. Food and Drug Administration– approved complement inhibitor, is effective in patients 

with NMOSD (12, 41). It was previously suggested that transfer of AQP4-IgG to pregnant 

dams together with coinjection of the human complement factor C1q would damage the 

placenta (42). We did not detect any overt placental defects in dams given AQP4-IgG. 

There was no placental neutrophilic inflammation, and there was comparable microscopic 

necrosis in the placentas of AQP4-IgG– and 2B4-IgG–exposed dams 48 hours after antibody 

administration (fig. S2B).

Maternal AQP4-IgG acts through CDC

CDC is the main process by which AQP4-IgG mediates tissue destruction in NMOSD (8, 

11, 43–45). We asked whether the altered cortical vasculature in the AQP4-IgG–exposed 

fetal brain was mediated by CDC. To address this question, we first demonstrated that 

C1q was present in the fetal cortex. We quantified C1q gene expression by qPCR in 

C57BL/6 nonmanipulated fetuses and found that C1q was increasingly expressed in the 

cortex, starting at E11.5 to E18.5, until it reached adult expression (Fig. 2D). The placenta 

showed low C1q expression throughout gestation (Fig. 2D).

Next, we showed that AQP4-IgG could activate the mouse complement cascade, leading 

to membrane-attack-complex (MAC) formation. Specifically, HEK-293T cells transfected 

Mader et al. Page 4

Sci Transl Med. Author manuscript; available in PMC 2023 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with either wild-type AQP4 or AQP4 with mutations in both glycosylation sites, fused with 

green fluorescent protein, were incubated with AQP4-IgG and serum obtained from a male 

mouse (containing active complement). MAC formation was observed in HEK-293T cells 

expressing either wild-type or mutant AQP4 (Fig. 2E). Conversely, no to negligible MAC 

formation was detected on cells incubated with 2B4-IgG and mouse serum (Fig. 2E). MAC 

depositions were also evident in the cortex of AQP4 males at E16.5 (48 hours after dams 

were given AQP4-IgG or 2B4-IgG) by staining with antibody targeting the complement 

component C5b-9 (fig. S2C).

To strengthen the causal link between AQP4-IgG and C1q activation, we evaluated the effect 

of AQP4-IgG administration to pregnant C1q knockout (C1q−/−) dams. Analysis of cortical 

blood vessels in E18.5 brains, with isolectin-IB4 staining, revealed no vascular abnormalities 

in AQP4-C1q−/− male mice compared to 2B4-C1q−/− male mice (Fig. 2F).

Adult AQP4 males have an impaired BBB in the entorhinal cortex

Because of the dense expression of AQP4 at the BBB and on the basis of our findings 

of vascular changes in the fetal brain, we assessed BBB integrity in the adult brain 

by conducting a positron emission tomography (PET) study with three different tracers: 

[18F]-fluorodeoxyglucose (FDG) to assess metabolism, [11C]-isoaminobutyric acid (AIB) 

to assess BBB permeability, and [15O]-labeled water (H2O) to measure blood flow. We 

found enhanced [11C]-AIB and [15O]-H2O signals in the entorhinal cortex of AQP4 males 

compared to 2B4 males (Fig. 3, A and B, and Table 1), indicating increased blood flow 

and a compromised BBB. We found no change in [18F]-FDG in the entorhinal cortex of the 

same mice, suggesting no differences in metabolism between groups (Table 1). Moreover, 

there were no differences between AQP4 and 2B4 females for [11C]-AIB, [15O]-H2O, or 

[18F]-FDG (Fig. 3B and Table 1). In addition, analysis of [11C]-AIB signals in the entorhinal 

cortex of C1q−/− males revealed no differences between AQP4-C1q−/− mice and 2B4-C1q−/− 

controls (Fig. 3B and Table 1). Using an independent region-of-interest approach, based 

on standard anatomical atlases (46, 47), we confirmed increased blood flow and BBB 

permeability in AQP4 males in the entorhinal cortex, but not in other brain regions (table 

S1).

To understand whether the compromised BBB was associated with an altered volume of 

the compartments that contain cerebrospinal fluid (CSF) in the brain, we used images from 

[18F]-FDG PET analyzed with a CSF template as previously published (48). AQP4 male 

but not APQ4 female mice had an increased CSF volume (Table 2). Moreover, expression 

of claudin-5, an essential tight-junction protein in endothelial cells, was reduced in AQP4 

males compared to 2B4 controls (Fig. 3C). There was significantly more IgG in the CSF of 

AQP4 males compared to 2B4 controls (P = 0.02; Fig. 3D), further supporting that the BBB 

is compromised in AQP4 males.

Adult AQP4 males show impaired object-place memory

Behavioral assessments showed that AQP4 males exhibited no abnormalities compared to 

the 2B4 males in an observational screen, which revealed no differences in body weight, 

coat, grip strength, body tone, and several reflexes (table S2). Moreover, AQP4 males had no 
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deficit in an olfaction test (fig. S3A), the open-field test (fig. S3, B and C), the novel object 

recognition task (fig. S3D), and the Morris water-maze task (fig. S3E). AQP4 females were 

also not different from 2B4 females in these assays (table S2 and fig. S3).

In addition, we assessed AQP4 mice in the object-place memory (OPM) task, a spatial 

cognition test in which an animal recognizes that an object has been relocated to a novel 

location (Fig. 4A) (49). AQP4 male, but not AQP4 female, animals failed to discriminate 

between the moved object and the stable object (remaining in the same location), as tested 

by their OPM ratios (Fig 4, B and C). Conversely, 2B4 males and 2B4 females exhibited the 

expected bias toward the moved object in the test phase (Fig 4, B and C). To confirm that 

brain injury occurred through a complement-dependent pathway, we subjected C1q−/− mice 

to the OPM task and found normal OPM ratios for both male and female AQP4-C1q−/− and 

2B4-C1q−/− mice (Fig. 4C).

Adult AQP4 males show disorganized grid cells in the medial entorhinal cortex

Because the OPM data indicated impaired spatial cognition in AQP4 males, and the PET 

results demonstrated that the entorhinal cortex was a particularly sensitive brain region, 

we sought to investigate its network function in vivo. Mice were preselected for these 

recordings based on their performance in the OPM task so that AQP4 males with the lowest 

OPM ratios and 2B4 males with positive OPM ratios were chosen. Mice were implanted 

with four-tetrode arrays targeted to the medial entorhinal cortex (fig. S4 for electrode 

location). After implantation surgery, the tetrodes were slowly lowered until clear single 

units were observed at a final depth of ~1 mm (superficial layers of the medial entorhinal 

cortex). Single-unit recordings were obtained in both groups, and individual units were 

isolated and classified as grid cells (50, 51) for further analysis (Fig. 4D). Firing-rate maps 

in 2B4 mice formed evenly spaced hexagonal grids across the environment, and the spatial 

autocorrelation for these maps showed a center with hexagonally arranged correlation peaks 

surrounding it. In the AQP4 group, the firing maps did not show evenly spaced hexagonal 

grids, and when the spatial autocorrelation was determined, peaks were distorted and did 

not form well-defined hexagons (Fig. 4E). Grid cells recorded in the AQP4 males had 

significantly lower firing rates (P = 0.028) and grid scores (P = 0.027) compared to the 2B4 

males (Fig. 4F).

Adult AQP4 males have structural abnormalities in the entorhinal cortex

Blood vessels in the entorhinal cortex of adult male mice were stained with lectin. There was 

longer length and diameter in the AQP4 males compared to the 2B4 group (Fig. 5, A and 

B). Moreover, adult AQP4 males exhibited altered entorhinal AQP4 expression; specifically, 

they had increased AQP4 expression around blood vessels (fig. S5A).

Quantification of Golgi-stained entorhinal stellate neurons (Fig. 5C) and pyramidal cells 

(Fig. 5D) revealed that the dendritic length for each neuronal type was not different between 

AQP4 and 2B4 males (Fig. 5E). However, we observed a reduced number of dendritic spines 

on pyramidal and stellate cells in the AQP4 males when compared to 2B4 males (Fig. 5F). 

These differences appear to be specific to the entorhinal cortex, as pyramidal neurons of 

the CA1 region of the hippocampus were similar in their dendritic length and number of 
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spines between the AQP4 and 2B4 males (fig. S6). We also found an increased number 

of S100β-labeled astrocytes, counted in stereologically similar entorhinal regions in AQP4 

males compared to 2B4 males (Fig. 5G).

AQP4 staining was not altered in the kidney of adult AQP4 males (fig. S5B) where AQP4 

is abundantly expressed (52). The amount of albumin in the urine was not different between 

adult AQP4 and 2B4 mice (fig. S5C), further emphasizing that maternal AQP4-IgG exposure 

did not affect kidney development.

Human NMOSD serum antibodies bind both embryonic and adult AQP4

Because we found that, before E18.5, AQP4 was predominantly expressed as a 

nonglycosylated protein, we wanted to investigate whether patients’ autoantibodies 

differentially bind to glycosylated (“adult”) or nonglycosylated (“embryonic”) AQP4. 

Patients with antibody to nonglycosylated AQP4 may be more at-risk having offspring 

affected by antibody exposure. We analyzed serum samples from 38 female patients 

with NMOSD for binding to wild-type AQP4 and AQP4 containing mutations in both 

glycosylation sites, using a cell-based assay (Table 3). Most sera (69%) exhibited binding 

to both forms of AQP4; however, 31% preferentially bound to wild-type AQP4 and less to 

AQP4 with mutations in both glycosylation sites, suggesting that the antibodies present in 

these patients might be less damaging to fetal brains.

DISCUSSION

Our study provides evidence that exposure to AQP4-IgG during pregnancy promotes 

neurodevelopmental impairment that persists throughout adulthood in the male mouse brain. 

Structural alteration of brain vasculature was associated with BBB impairment, disrupted 

neuronal function, and impaired cognitive performance. Our data strongly suggest that the 

effect of maternal AQP4-IgG is mediated through targeting of AQP4-IgG to RGCs that 

shape several processes in the developing cortex, including the architecture of the cortical 

vessels.

The adult brain typically requires an insult to the BBB in order for antibodies to penetrate 

brain tissue (22); alternatively, the entry of AQP4-IgG to the brain can occur at the BBB-

deficient sites such as the area postrema (53), whereas the fetal brain with its developing, 

therefore incomplete, BBB is exposed to circulating maternal antibodies from E12.5 until 

around E16.5 (21). In a prior study, we showed that maternal AQP4-IgG penetrates rodent 

fetal brain tissue (37). Since the discovery of AQP4-IgG, in 2005 (6), few reports have 

described the effect of in utero exposure to AQP4-IgG on the developing fetus. In mice, 

intraperitoneal injection of high titers of AQP4-IgG together with human complement 

resulted in fetal death and placental inflammation, whereas administration of lower 

amount of AQP4-IgG and human complement resulted in normal litter size, but no other 

observations of the offspring were performed (42). We did not observe any inflammation 

of the placenta. It is possible that higher concentrations of AQP4-IgG could affect the 

placenta or that high amount of human complement contributed to the placental damage. 

Our pregnancy model does not entirely recapitulate the features of the human disease; we 

cannot exclude that inflammation present in patients with NMOSD may have additional 
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deleterious effects on pregnancy. Clinical studies have reported a higher rate of miscarriages 

in AQP4-IgG–seropositive patients with NMOSD, which might reflect either placental or 

fetal injury (4). There are also two case reports of children with hydrocephalus born to 

AQP4-IgG–seropositive patients with NMOSD (4, 20), yet mostly normal births have been 

reported (4, 20). However, to our knowledge, there are no long-term epidemiological studies 

assessing cognitive function and neurodevelopmental outcomes in boys and girls born to 

AQP4-IgG–positive mothers with NMOSD.

We have found that AQP4 is expressed in the brain at a time when maternal antibodies 

can penetrate the embryonic brain in mice. In the adult brain, AQP4 is expressed on 

astrocytic endfeet. Since astrocytes appear rather late in development, we asked which cells 

express AQP4 in the fetal brain. A previous study reported AQP4 expression on RGCs 

in the developing cortex (27). In addition, whole transcriptome data during mouse brain 

development showed that Aqp4 is expressed in proliferating progenitor cells, much less in 

differentiating progenitor cells, and not in postmitotic neurons (36). This pattern of Aqp4 
expression is similar to the expression of Sox2 (36), a marker for RGCs. We have found 

that the AQP4 protein is expressed in GLAST+ RGCs as early as E14.5. Furthermore, we 

established that AQP4 expressed in the fetal brain has a lower molecular weight than the 

adult brain, likely due to lack of glycosylation.

In our model, male but not female mice exposed in utero to AQP4-IgG showed altered 

brain vasculature associated with changes in expression of WNT signaling molecules. A 

critical clue to this sex-specific phenotype comes from the observation that C1q−/− male 

mice exposed in utero to AQP4-IgG did not have alterations in brain vasculature. This 

result clearly implicates the complement cascade in the effect of AQP4-IgG. Complement 

genes are expressed in a sexually dimorphic pattern, so that during neocortical development, 

complement genes are more highly expressed in males than females (54). In adulthood, 

the pattern reverses, and complement genes are more expressed in females (54). Thus, a 

differential expression of complement components may explain why males, but not females, 

are affected when they are exposed in utero to AQP4-IgG. Of note, maternal antibodies have 

also been shown to affect neurodevelopment in a sex-dependent manner in SLE and ASD 

(24, 26).

Our study suggests that maternal AQP4-IgG–mediated fetal brain injury is complement 

dependent. Although mouse complement can be activated in vivo by antibodies with a 

human Fc region (55, 56), we are also aware of data showing that human AQP4-IgG needs 

to be coinjected with human complement to cause pathology in mouse models of NMOSD 

(10, 57, 58). The discrepancy between our data and previous reports may reflect differences 

in the abundance and/or function of complement components between the fetal and adult 

complement systems.

It is likely that AQP4-IgG interferes with the normal interaction of RGCs and endothelial 

cells leading to abnormal vasculature in the cortex at a critical developmental time. Ablation 

of RGCs interferes with the sprouting of the trunk vessels in the spinal cord of zebrafish 

embryos (59) and alters the vasculature in the fetal cortex of rodents (35). Deletion of 

AQP4 in mice has been linked to impaired synaptic plasticity and poor performance in the 
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OPM task (60, 61). We found that in utero exposure to maternal AQP4-IgG produced a 

vasculature phenotype in the male brain, by E18.5, which continued into adulthood. Our 

data point to the entorhinal cortex as a focal node in the adult brain for the persistence of the 

neurodevelopmental impairment. More studies are needed to understand the specific fragility 

of the entorhinal cortex to AQP4-IgG, but our work demonstrates that both structural and 

functional abnormalities associate with impaired spatial cognition.

Deficient vasculature development can lead to neurodevelopmental defects. For instance, 

glucose transporter 1 (GLUT1) deficiency syndrome, a genetic disease characterized by 

a lack of GLUT1 in the brain, leads to delayed brain angiogenesis and reduced size of 

microvasculature without affecting BBB integrity (62). Early repletion of GLUT1 restores 

cerebral microvasculature (62). Several studies have associated BBB dysfunction with 

cognitive impairment (63–65). For example, mice lacking apolipoprotein E (ApoE), a 

model for late Alzheimer’s disease, show BBB leakage accompanied by cognitive deficits 

including memory impairment (66–68). Aging ApoE-deficient mice exhibit altered AQP4 

expression, which possibly contributes to the BBB impairment. BBB leakage can result 

in disturbance of ionic homeostasis and thus can lead to neuronal dysregulation. Vascular 

pathology can lead to increased S100β expression (69). Furthermore, stress can also lead 

to increased S100β expression (70). It is intriguing that investigators have demonstrated 

elevated S100β concentration in the CSF of patients with NMOSD, which may reflect 

astrocytic damage due to pathogenic AQP4-IgG (71–73).

We demonstrated that a vasculature phenotype may be caused by maternal AQP4-IgG 

affecting RGCs and blood vessel structure via WNT signaling. The combination of neuronal 

alterations and leaky BBB in the entorhinal cortex suggests that a dysfunctional BBB 

may be driving the neuronal phenotype (74, 75). We cannot exclude the idea that early 

exposure to AQP4-IgG affects neuronal/astrocyte precursors leading to long-term neuronal 

dysfunction. Note that BBB impairment was specific to the entorhinal cortex. The entorhinal 

cortex is one of the first cortical regions to initiate neurogenesis (76), and AQP4 is highly 

expressed in adult entorhinal cortex (77), possibly making it more vulnerable to the effect of 

circulating AQP4-IgG during a critical time of development.

The main limitation of our study is that murine models might have different effector 

functions, and thus humanized models or studies in nonhuman primates are warranted to 

further elucidate the role of maternal AQP4 antibodies. In addition, there is only limited 

information regarding the effect of in utero exposure to AQP4-IgG in humans with no 

longitudinal follow-up studies. Future studies are needed to assess larger cohorts of children 

born to mothers with AQP4-IgG, which also need to address the effects of maternal 

medication or indirect effects of maternal illness, such as cytokines or pathogenic T cells. It 

is also possible that additional factors such as genetics and in utero environmental variables 

contribute to the effect of maternal AQP4-IgG on development.

Our study is particularly important, as earlier diagnosis and appropriate treatment greatly 

improve clinical outcome of patients and may increase the number of successful pregnancies 

of patients with NMOSD. Demonstrating how maternal brain-reactive autoantibodies can 

interfere with the developing brain and lead to a durable effect represents an important 
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step toward the initiation of long-term studies in humans and the development of future 

therapeutic interventions. It also increases our understanding of the development of the brain 

microvasculature.

MATERIALS AND METHODS

Study design

Our goal was to investigate the acute and long-term effect of in utero exposure to maternal 

AQP4-IgG on the developing brain. AQP4 expression was assessed in the developing 

brain. The brains of embryos and adult AQP4 mice, as well as 2B4 mice, were analyzed 

histologically for alterations in endothelial cells, astrocytes, and neurons. Adult mice were 

evaluated with a microPET study to measure BBB integrity and IgG infiltration into the 

CSF. Adult mice were also assessed with behavioral tests, including the OPM task for 

spatial cognition, and an electrophysiological study of the entorhinal cortex. No statistical 

methods were used to predetermine sample size. No data were excluded from analyses. 

The animals were randomly assigned to the behavioral testing, microPET, and histological 

analysis except for the preselection of animals for neuronal recordings, as stated in the 

appropriate section. All animals were run in random order by investigators blinded to the 

treatment group of each animal. Information regarding number of samples and experimental 

replicates is indicated per experiment in each figure legend.

Animals

We used adult C57BL/6 mice (the Jackson Laboratory, strain #000664) as well as C1q−/− 

mice on a C57BL/6 background, which were bred to C57BL/6-H2d haplotype. Mice were, 

on average, 3 to 5 months old unless otherwise specified. C1q−/− mice were obtained from 

V. S. Ten (Department of Pediatrics, Columbia University). All mice were housed with ad 

libitum access to food and water. The animals’ care was in accordance with the National 

Institutes of Health Guidelines under protocols reviewed and approved by the Institutional 

Animal Care and Use Committee (2009–048 and 2013–014) of the Feinstein Institutes for 

Medical Research.

Human monoclonal antibodies

AQP4-IgG rAb-53 was cloned from a patient with NMOSD, and specificity of the antibody 

for AQP4 binding was previously confirmed (8). The isotype-control recombinant 2B4-IgG 

binds to measles virus nucleocapsid protein (38). Antibody concentrations were measured 

by IgG enzyme-linked immunosorbent assay (37) and Nanodrop. Each new batch of 

recombinant human AQP4-IgG (1 μg/ml) is verified to bind to human AQP4 using a 

cell-based assay with HEK-293T cells (American Type Culture Collection, CRL 11268TM) 

transiently transfected with AQP4 (78). Monoclonal antibody was tested for binding to 

cells expressing AQP4 (M23 isoform) as well as cells expressing nonglycosylated AQP4 as 

described below. Nontransfected cells and cells expressing a nonrelevant protein (Caspr2) 

were included as negative controls.
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Serum binding to glycosylated and nonglycosylated forms of AQP4

Serum of patients was collected at the Clinic of Neurology, Clinical Center of Serbia. All 

patients met the revised diagnostic criteria of NMOSD (3). Individuals provided informed 

consent through the appropriate institutional review boards. Participation in this research 

was approved by the University of Belgrade Faculty of Medicine Institutional Review Board 

(approval number 29/X-8, amendment approval number 1322/XII-22). Serum of 38 patients 

with NMSOD was tested for IgG binding to human AQP4 (plasmid provided as a gift from 

M. Reindl) and nonglycosylated human AQP4 (see the Supplementary Materials) expressed 

on the cell surface of HEK-293T cells as previously described (78, 79). Antibody titers were 

analyzed by serial dilution until no more signal of AQP4-IgG binding was observed.

Statistical analysis

All raw, individual-level data are presented in data file S1. We performed the Shapiro-Wilk 

normality test in each dataset to determine whether the sample was drawn from a normally 

distributed population. We then used Student’s t test for datasets that were normally 

distributed (and with samples larger than 10). For small datasets that were not normally 

distributed (sample sizes less than 10), we performed the Mann-Whitney U test. For large 

datasets that were not normally distributed, we used the Kolmogorov-Smirnov test. For 

dendritic branching datasets from neurons, we used a linear mixed model. To analyze 

categorical data, we used a χ2-test for independence. All tests were performed with the 

statistical tool-box of OriginPro (version 2021b, 64 bit, SR2, OriginLab Corp.) and are 

indicated in the text. Values were considered significant for P < 0.05. Data are presented as 

mean, and error bars represent standard error. All tests were performed two-tailed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The expression of AQP4 in the fetal mouse brain.
(A) Left: Aqp4-gene expression (relative to Polr2A) across embryonic days, in brain and 

placenta (box-and-whisker plot; brain at E11.5, n = 4; brain at E12.5, n = 4; brain at E13.5, 

n = 3; brain at E15.5, n = 4; brain at E18.5, n = 5; placenta at E13.5, n = 3; placenta at 

E15.5, n = 5; placenta at E18.5, n = 5). Right: Aqp4-gene expression in brain at E13 (top, 

six male and six female) and E17 (bottom, eight male and eight female). (B) Brain and 

placenta were analyzed for AQP4 expression by Western blot. Upper arrowhead points to 

adult (50 kDa) and lower arrowhead points to embryonic AQP4 (32 kDa) (representative 

of three experiments). Na-K ATPase (sodium–potassium adenosine triphosphatase) was 

used as loading control. (C) Left: Coronal section of cerebral cortex (E15.5) stained with 

anti-GLAST antibody (green) and anti-AQP4 (red). Boxed area corresponds to magnified 

sections (at right); LV, lateral ventricle. Right: Merge image showing colocalization of 

AQP4-signal with GLAST+ RGCs (yellow). DAPI-stained nuclei are in blue (representative 

of three experiments). Scale bars, 250 μm (left) and 25 μm (right).
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Fig. 2. Maternal AQP4-IgG causes abnormal vasculature in the fetal brain.
(A) Left: Representative cortical sections stained with isolectin-IB4 for blood vessels. Right: 

Violin plots show length of vessels, at E18.5, in AQP4 males [n = 2238 vessel segments 

(VS), six mice, range: 108 to 245 VS per animal] compared to 2B4 males (n = 2221 VS, 

six mice, range: 102 to 279 VS per animal); **P = 0.005, Kolmogorov-Smirnov (KS) test. 

(B) Box-and-whisker plot shows relative expression of WNT signaling genes (*P = 0.03 

for Wnt7a, *P = 0.04 for Wnt5a, and P = 0.08 for Lef1, Student’s t test). The cortex was 

extracted from AQP4 and 2B4 males (n = 8 mice, 2 liters, for each group), at P0; gene 

expression was measured by qPCR and normalized to Polr2A. (C) Left: Representative 

images of cortical blood vessels (Ib4, red signal) and Wnt5a RNA expression (green signal). 

Right: Violin plots show cortical Wnt5a signal intensity near the AQP4 vessels at E18.5 
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(2B4 males, n = 114, four mice, AQP4 males, n = 120, four mice; **P = 1.2 × 10−25, 

KS test). a.u., arbitrary units. (D) Box-and-whisker plot shows C1qa transcript expression 

(relative to Polr2A) in the developing brain (E11.5, n = 4; E12, n = 4; E14, n = 3; E16.5, 

n = 7; E18.5, n = 5; adult, n = 3) and in the placenta (E14, n = 3; E16, n = 7) of untreated 

C57BL/6 mice. (E) Left: Mouse MAC formation (red signal) was analyzed in HEK cells 

expressing the nonglycosylated AQP4-fused with green fluorescent protein (GFP) (green 

signal, left) in the presence of the monoclonal AQP4-IgG or 2B4-IgG and mouse serum 

(middle and right panels, representative of three experiments). Right: Box-and-whisker plot 

shows the percentage of colocalization. Mean (95% confidence interval): wild-type (WT) 

cells; 2B4 = 1.21 (−2.18 to 4.6), AQP4 = 55.7 (34 to 77.4). Mutant cells; 2B4 = 0 (0 to 0), 

AQP4 = 47.1 (27.27 to 66.93). (F) Left: Representative images of embryonic cortex stained 

with isolectin-IB4. Right: Violin plots for cortical blood vessels of C1q−/− males at E18.5 

(2B4, n = 1390 VS, four mice, 206 to 276 VS per animal; AQP4, n = 1407 VS, 6 mice, 115 

to 272 VS per animal); C1q−/− AQP4 and C1q−/− 2B4 males (P = 0.71, KS test). (A and F) 

LV, lateral ventricle; ns, not significant. Scale bars, 250 μm (A and F), 20 μm (C), and 50 μm 

(E).
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Fig. 3. MicroPET reveals impaired BBB in entorhinal cortex of adult AQP4 male mice.
(A) Voxel-wise search over the whole-brain volume shows a distinct region in which BBB 

permeability ([11C]-AIB; red right cluster) and blood flow ([15O]-H2O; yellow right cluster) 

are increased at a threshold of P < 0.001 (voxel-level uncorrected) in AQP4 males compared 

to 2B4 males. The significant clusters from these two analyses are located in the right 

entorhinal cortex and overlap in this region. BBB permeability and blood flow values were 

measured post hoc in these clusters (right) and in the contralateral “mirror” regions (left) and 

averaged for the individual mice. (B) Box-and-whisker plots of mean BBB permeability and 
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blood flow in the bilateral entorhinal cortex. Left: Comparing between AQP4 and 2B4 males 

for BBB permeability (2B4, n = 10; AQP4, n = 9; *P = 0.036, Student’s t test) and blood 

flow (2B4, n = 9; AQP4, n = 9; *P = 0.023, Student’s t test). Middle: Comparing AQP4 and 

2B4 females for changes in BBB permeability (2B4, n = 7; AQP4, n = 7) and blood flow 

[2B4, n = 6; AQP4, n = 6; ns, P = 0.6, Mann-Whitney U (MWU) test]. Right: Comparing 

BBB permeability in AQP4 and 2B4 C1q−/− males (2B4, n = 7; AQP4, n = 6; ns, P = 0.5, 

MWU test). (C) Top: Western blot shows claudin-5 protein expression in the cortex. Bottom, 

box-and-whisker plot shows claudin-5 expression (normalized to β-actin) in the AQP4 males 

compared to 2B4 males (2B4, n = 5; AQP4, n = 4; *P = 0.04, MWU test). (D) Top: Western 

blot shows IgG in the CSF. Bottom: box-and-whisker plot shows the optical density of IgG 

in the CSF in AQP4 and 2B4 males (2B4, n = 6; AQP4, n = 6; *P = 0.02, MWU test).
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Fig. 4. Adult AQP4 male mice show impaired spatial cognition and disorganized entorhinal grid 
cells.
(A) Diagram of the OPM task. Each mouse is familiarized to the chamber and then exposed 

to two objects (sample phase, 5 min). For the test phase (5 min), one of the objects is moved 

to a different location. (B) Representative heatmaps of the test phase depicting the location 

of the nose of the mouse. 2B4 mice had a strong bias toward the moved object (M), which 

was lacking in AQP4 mice. (C) Box-and-whisker plots of OPM ratios (2B4 males, n = 11; 

AQP4 males, n = 13; 2B4 females, n = 9; AQP4 females, n = 11; *P = 0.025, AQP4 versus 

2B4 males; *P = 0.023, AQP4 males versus AQP4 females; Student’s t test). C1q−/− mice 

have normal OPM ratios for all groups (2B4 males, n = 6; AQP4 males, n = 7; 2B4 females, 

n = 10; AQP4 females, n = 6; ns, P = 0.88, AQP4-C1q−/− versus 2B4-C1q−/− males; ns, P 
= 0.42, AQP4-C1q−/− males versus AQP4-C1q−/− females; Student’s t test). (D) Example 

cluster plots (left for each group) showing three simultaneously recorded neurons from a 
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tetrode. Colors allow visualization of each clustered unit. The waveforms (right for each 

group) are the action potentials in each channel of the tetrode. (E) Representative rate maps 

showing the firing rate of a single grid cell with respect to the location of the mouse (left 

for each group), and representative autocorrelation maps constructed from the displayed rate 

maps (right for AQP4 and 2B4 males). (F) Top: cumulative probability plot showing grid 

cell mean firing rates (2B4, n = 87 cells, four mice; AQP4, n = 55 cells, four mice; *P = 

0.0277, KS test). Bottom: cumulative probability plot showing cell firing in AQP4 mice (n = 

55) and 2B4 mice (n = 87), as calculated using the grid score metric; *P = 0.0269, KS test.
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Fig. 5. Adult AQP4 male mice exhibit abnormal blood vessels and dendritic spines in the 
entorhinal neurons.
(A) Left: Representative sections were stained with lectin for blood vessels in the entorhinal 

cortex. Right: Violin plots show cortical vessel length in AQP4 males (n = 1898 VS, nine 

mice, range: 108 to 245 VS per animal) compared to 2B4 males (n = 1879 VS, eight 

mice, 102 to 279 VS per animal); ***P = 3.5 × 10−5, KS test. (B) Heatmap plots of vessel 

length in AQP4 male and 2B4 male mice (2B4, n = 1879 VS, eight mice; AQP4, n = 1898 

VS, 9 mice; P = 1.4 × 10−9, KS test). The Feret ratio is calculated as Fmin/Fmax, where 
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Fmax is the greatest width of the vessel contour and Fmin is the least width; low ratios 

depict elongated objects, and values approaching 1 depict compact or circular objects. (C) 

Representative tracings of stellate neurons stained with Golgi method. (D) Example tracings 

of Golgi-stained pyramidal neurons. (E) Sholl analysis quantifies the total dendritic length 

(means ± SEM) in concentric rings (radius) from the cell body of pyramidal and stellate 

cells (2B4, n = 49 pyramidal, 59 stellate, four mice; AQP4, n = 10 pyramidal, 15 stellate, 

four mice; ns, P = 0.4, linear mixed model). (F) Analysis of dendritic spines (number 

of spines per unit area) in neurons of the entorhinal cortex in AQP4 and 2B4 males, for 

pyramidal cells (2B4, n = 15 dendrites, four mice; AQP4, n = 42 dendrites, four mice; ***P 
= 0.00047, Student’s t test) and stellate cells (2B4, n = 48 dendrites, four mice; AQP4, n 
= 33 dendrites, four mice; ***P = 6.4 × 10−9, Student’s t test). (G) Left: Sections show 

S100β-labeled astrocytes in the entorhinal cortex, with insets showing a magnified astrocytic 

cell. Right: Box-and-whisker plots show S100β+ astrocytes per unit area in both groups of 

male mice (2B4, n = 9 sections, four mice; AQP4, n = 9 sections, four mice; **P = 0.008, 

MWU test). L1, layer 1; L5, layer 5. Scale bars, 500 μm (A), 20 μm (C), 20 μm (D), 5 μm 

(F), 500 μm (G), and 10 μm (G, inset).
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Table 1.
Micro-PET brain analysis of adult AQP4 mice.

Values represent the means ± SD in the entorhinal cortex for FDG, 11C, and 15O injected to AQP4 and 

2B4 mice. P values were calculated using Student’s t test, two-tailed, with Welsch correction (equal variance 

not assumed). Whole-brain voxel-wise comparisons were done by analyzing across appropriate groups, on a 

voxel-by-voxel basis, and searching for any location with a significant difference. Preprocessed images have 

units in mCi (dose-corrected). Once brought into statistical parametric mapping (SPM), averaged images are 

ratio normalized by global mean.

Male

FDG (n = 29) 11C (n = 19) 15O (n = 18)

17 2B4, 12 AQP4 10 2B4, 9 AQP4 9 2B4, 9 AQP4

2B4 1.93 ± 0.10 1.82 ± 0.35 1.59 ± 0.33

AQP4 1.91 ± 0.08 2.25 ± 0.48 1.96 ± 0.30

P [t value] 0.64 [0.47] 0.04 [2.27] 0.02 [2.51]

Female

FDG (n = 15) 11C (n = 14) 15O (n = 12)

7 2B4, 8 AQP4 7 2B4, 7 AQP4 6 2B4, 6 AQP4

2B4 1.93 ± 0.03 1.71 ± 0.34 2.06 ± 0.45

AQP4 1.94 ± 0.06 1.84 ± 0.30 2.01 ± 0.81

P [t value] 0.9 [0.13] 0.46 [0.77] 0.90 [0.13]

C1q−/− Male

FDG (n = 13) 11C (n = 13)

7 2B4, 6 AQP4 7 2B4, 6 AQP4

2B4 1.97 ± 0.09 1.85 ± 0.29

AQP4 1.96 ± 0.15 2.05 ± 0.47

P [t value] 0.98 [0.02] 0.37 [0.89]
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Table 2.
Micro-PET analysis of CSF in adult AQP4 mice

Percent change in CSF volume (means ± SD) calculated from FDG scans from AQP4 and 2B4 groups. P 
values were calculated using Student’s t test.

Male 2B4 (n = 17) AQP4 (n = 12) P value

Left 2.26% ± 0.17% 2.41% ± 0.23% 0.065

Right 2.33% ± 0.09% 2.43% ± 0.13% 0.018

Left and right 4.59% ± 0.23% 4.84% ± 0.34% 0.027

Female 2B4 (n = 7) AQP4 (n = 8) P value

Left 2.46% ± 0.10% 2.38% ± 0.20% 0.31

Right 2.44% ± 0.09% 2.54% ± 0.11% 0.09

Left and right 4.91% ± 0.14% 4.92% ± 0.24% 0.92
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Table 3.
Level of anti-AQP4 antibodies in serum of patients with NMOSD.

We used a cell-based assay to measure binding of NMOSD patient antibodies in serum to wild-type AQP4 

(glycosylated) and to AQP4-containing mutations in the two glycosylation sites (nonglycosylated AQP4). We 

determined the highest dilution (titer) that still bound transfected cells. Antibody titers are shown as median 

(range, minimum to maximum) of patients showing no difference in binding (defined as a maximum of one 

titer level difference) compared to patients showing a difference in binding (defined as more than two titer 

levels difference) to glycosylated AQP4 and nonglycosylated AQP4. Age, sex, and gender or ethnicity for all 

study participants are included in data file S1.

Patients with no difference in AQP4-IgG binding Patients showing less binding to AQP4 
nonglycosylated

Number 26/38 (69%) 12/38 (31%)

Glycosylated AQP4 titer 1280 (20–20,480) 1600 (40–20,480)

Nonglycosylated AQP4 titer 1280 (20–10,240) 240 (0–5120)
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