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Modulation of fenestrated vasculature in the median eminence and area postrema in response to neurotoxin exposure and its impairment in aging
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Effective communication between the brain and peripheral tissues is crucial for homeostasis and health, and its impairment is a defining feature of aging. Circumventricular organs, characterized by the presence of fenestrated capillaries and absence of a blood–brain barrier (BBB), play a crucial role in controlling substance exchange between the brain and the blood. To date, adaptive changes in fenestrated vasculature in response to environmental insults remain poorly understood. In this study, we show that fenestrated capillaries in the median eminence (ME) and area postrema (AP)—two distinct circumventricular organs critical for metabolic control—undergo differential remodeling when exposed to circulating monosodium glutamate (MSG), a BBB-impermeable neurotoxin. Upon MSG exposure, fenestrated capillaries and vascular permeability were decreased in the ME but increased in the AP, and these changes were closely associated with the expression of angiogenic factors pleiotrophin (Ptn) and vascular endothelial growth factor A (Vegfa). In both ME and AP, adult tanycytes expressed high levels of Ptn and have processes in close contact with fenestrated capillaries. Significantly, the adaptive regulation of Ptn expression and the ability to modulate fenestrated capillaries and vascular permeability were abolished in both ME and AP of aged animals. Together, our findings suggest that tanycytic expressions of the angiogenic factor PTN, in conjunction with VEGF, are differentially regulated in distinct circumventricular organs upon exposure to neurotoxins, leading to region-specific remodeling of fenestrated endothelium. Our study further demonstrates that the loss of plasticity in fenestrated vasculature may be a hallmark feature of brain aging.
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Introduction

The brain is protected by the blood–brain-barrier (BBB), a barrier along the vasculature consisting of inter-endothelial tight junctions, astrocytic end-feet, pericytes and cellular basement membranes (Abbott et al., 2010). The BBB plays a vital role in regulating the exchange of substances between the brain and the blood while blocking toxins, pathogens, inflammatory cells and antibodies from entering the brain. In contrast, certain brain regions, known as the circumventricular organs, lack a BBB and instead contain fenestrated capillaries, allowing the free passage of circulating molecules up to a certain size through the fenestrated endothelium (Benarroch, 2011; Kaur and Ling, 2017). Located in the mediobasal hypothalamus at the floor of the 3rd ventricle, the median eminence (ME) is classified as a secretory circumventricular organ. The ME extends dorsolaterally into the hypothalamic arcuate nucleus (ARC) and connects ventrally to the infundibular stalk. Fenestrated capillaries are situated at the outer edge of the ME and form distinct microvessel loops extending into the ARC and ME parenchyma. Hypothalamic neuroendocrine neurons project to the ME and release neuroendocrine hormones into the hypothalamic-hypophyseal portal system to regulate growth, reproduction, and metabolism. On the other hand, the area postrema (AP), located in the dorsal vagal complex of the caudal brainstem, is a sensory circumventricular organ. Neurons in the AP detect circulating substances such as toxins, and subsequently act as a chemoreceptor trigger zone for emesis (Han and de Araujo, 2021). In addition, the AP contains neurons that are important for satiety control. Thus, the ME and AP are circumventricular organs with distinct anatomy and metabolic functions (Morita and Miyata, 2012).

Endothelial cells in the BBB of a healthy adult brain have very low turnover rate, ensuring stability and functional integrity of the BBB (Rosenstein and Krum, 1994). In stark contrast, fenestrated capillaries in circumventricular organs of adult animals are continuously remodeled (Morita et al., 2013; Miyata, 2015). Prior studies have shown that vascular endothelial growth factor (VEGF) is involved in the angiogenesis of fenestrated endothelial cells (Morita et al., 2013; Langlet et al., 2013). In the ME, fasting or maternal obesity triggers the elongation and migration of fenestrated microvessel loops into the ARC parenchyma, thereby enhancing vascular permeability (Langlet et al., 2013; Kim et al., 2016). These findings suggest that remodeling of fenestrated blood vessels is a regulated process, dysregulation of which could impair information exchange between the brain and the periphery. Much less is known about how fenestrated capillaries are regulated in the AP.

Aging is a major risk factor for BBB dysfunction, contributing to increased permeability, impaired transport mechanisms, and neuroinflammation (Banks et al., 2021). As the BBB ages, structural and functional changes occur, compromising the regulated exchange of molecules between the brain and the circulation. Such dysfunction is associated with an increased risk of neurodegenerative diseases, including Alzheimer’s and Parkinson’s disease, as well as cognitive decline and vascular dementia (Banks et al., 2021; Erdo et al., 2017; Mooradian, 1988; Shah and Mooradian, 1997). In contrast to the BBB, little is known about the impact of aging on fenestrated vasculature in the circumventricular organs. In this study, we show that fenestrated capillaries in the ME and AP undergo distinct remodeling in response to BBB-impermeable circulating neurotoxins, which damage neurons in the circumventricular organs. Furthermore, tanycytes in the ME and AP express high levels of the angiogenic factor pleiotrophin (PTN), which may play a regulatory role in fenestrated capillary remodeling. Importantly, aged mice fail to exhibit adaptive changes that are observed in young adults, suggesting that the loss of fenestrated vascular plasticity is a hallmark of aging.



Materials and methods


Animals

Young (2–4 months) and old (21–25 months) male wild type C57Bl/6 mice were obtained from the NIA colonies at The Jackson Laboratory. The mice were group-housed (12 h light/dark cycle) in a pathogen free environment. Mice were fed standard mouse chow (5,053 - PicoLab® Rodent Diet 20; 20% protein, 4.5% fat). All animal care and experimental protocols were approved by the University of California, San Francisco Institutional Animal Care and Use Committee.



Monosodium glutamate administration

Mice received one subcutaneous injection of monosodium glutamate (MSG) (3.5 g/kg) or isomolar sodium chloride solution as vehicle (0.02 M/kg or 1.2 g/kg). All solutions were prepared on the day of injection and filter sterilized. One day after injection, mice were perfused and the brains processed for histology.



Evans blue administration and permeability measurement

Evans blue dye (1% w/v in sterile saline) was prepared on the day of injection and filtered sterilized. Mice were briefly anesthetized using an isoflurane chamber and then quickly administered 50 μL of Evans blue solution retro-orbitally. Perfusion with 4% (w/v) paraformaldehyde (PFA) occurred 20 min later. Direct fluorescence emitted by Evans blue was captured following frozen cryosectioning using an Olympus BX51WI microscope equipped with a QImaging Retiga 2000R digital camera. To measure EB permeability, EB permeable area instead of fluorescence intensity was measured since EB fluorescence intensity includes signals within the blood vessel lumens, intracellular as well as extracellular space, which does not reflect the permeable area. Measured values reflect the area of the ARC or AP with Evans blue dye.



Immunohistochemistry

Mice were anesthetized with an intraperitoneal injection of Avertin (250 mg/kg; Sigma Aldrich #T48402) followed by perfusion with 4% (w/v) PFA. Brains were post-fixed in 4% PFA, immersed in 30% sucrose overnight, and coronally sectioned at 20 μm on a cryostat. Immunofluorescent staining was performed using the following antibodies: rabbit anti-Vimentin (1:1000, Abcam #ab92547), rat anti-PVLAP (1:200, DHSB #MECA-32-S), rabbit anti-Collagen IV (1:1000, Abcam #ab6586), goat anti-Collagen IV (1:500, Novus Biologicals #NBP1-26549), and mouse anti-GFAP (1:1000, Cell Signaling Technology #3670). Sections underwent heat-mediated antigen retrieval in a 10 mM citrate solution. Following incubation with a blocking solution for 1 h, primary antibodies were added to sections and left overnight at 4 °C. Secondary antibodies were applied for 2 h in the dark at room temperature. Washes with PBS-T (0.1% Triton-X) occurred between each solution.



RNAscope® in situ hybridization

To detect Vegfa, Ptn, Vimentin, Plvap mRNA, RNAscope® fluorescent assay (Advanced Cell Diagnostics Inc., Hayward, CA) was employed. The Multiplex Fluorescent Reagent Kit v2 (ACD, Cat no. 323100) was used with the Opal 520 (Akoya Biosciences, Cat no. FP1487001KT, 1:1500), 620 (Akoya Biosciences, Cat no. FP1495001KT, 1:1500), and 690 (Akoya Biosciences, Cat no. FP1497001KT, 1:1500) Reagent Packs. The following probes from ACD were used Mm-Ptn-C3 (Cat no. 486381-C3), Mm-Vegfa-ver2 (Cat no. 412261), Mm-Vim-C3 (Cat no. 457961-C3), and Mm-Plvap-C2 (Cat no. 440221-C2). Sections (20 μm) were imaged on the Leica SP8 inverted laser scanning confocal.



Data quantification

Data analysis was performed using ImageJ/FIJI. The bregma of brain sections was defined using the Allen Brain Atlas and “The Mouse Brain- In Stereotaxic Coordinates” by Franklin and Paxinos. Images were blinded prior to quantification using A Better Finder Rename 11 software, which randomized the file order and renamed the files with numeric identifiers.

To obtain tanycyte cell counts, DAPI-positive nuclei along the 3rd ventricular wall were quantified in 63x single-plane images of the mediobasal hypothalamus. To quantify microvessel loops in the hypothalamus, PLVAP-expressing vessels extending from the outer wall of the ME were visualized from Bregma −1.7 to −2.1 to obtain the average count per section. To measure glial and microvessel loop interactions, stained sections were imaged on the Leica SP8 inverted laser scanning confocal microscope. Using binarized single confocal plane images, the area of overlapping pixels between channels for glial cells and blood vessels was defined as an “interaction.” Data were expressed as a percentage of capillary surface coverage, based on Collagen IV area. Interactions were measured along 200 μm of the ME capillary bed for each image. To measure fenestrated capillaries in the AP, a binary threshold was performed on fluorescent images to segment signal-positive regions. Total fluorescent signal area was then quantified as a readout for capillary abundance. Vessels in the AP were visualized from Bregma −7.56 to −7.64.

To quantify mRNA expression in hypothalamic tanycytes, which are densely juxtaposed, fluorescent intensity was measured as a proxy for transcript abundance. To achieve tanycyte subtype specific expression, the DAPI-labeled nuclei of the 3rd ventricle were divided into subtype regions based on morphology and localization. On the floor of the 3 V, β2-tanycytes were defined by the vertical polarity of their cell bodies and extension of their processes onto the ME capillary bed. The border between the β2- and β1-tanycytes was defined where the orientation of the polarity of the cell bodies changed from vertical to angled. The cells lining the ventrolateral portion of the 3 V were considered β1-tanycytes, who project their curved processes at the ME/ARC border. Dorsal to β1-tanycytes, α2-tanycytes were defined as the cells lining the lateral 3 V adjacent to the ARC and ventromedial hypothalamus. In the AP, where tanycyte-like cells are more dispersed, fluorescent signal was binarized, and the area of positive signal represented mRNA expression levels.



Statistical analysis

An unpaired two-tailed student’s t-test was employed to compare two independent groups. For comparisons involving two genotypes and multiple treatments or conditions, an ordinary or repeated-measures two-way ANOVA with multiple comparisons was utilized. Normality of the data was analyzed using the Shapiro–Wilk test. In the event that a dataset did not pass the normality test, a nonparametric test was used. All statistical analyses were conducted using GraphPad Prism 10.5.0 software (GraphPad Software, Inc., La Jolla, CA, USA).




Results


Exposure to circulating neurotoxins results in a reduction of fenestrated capillary microvessels and vascular permeability in young adult mice but not in aged mice

We have previously shown that hypothalamic neurons outside the BBB, but not those that are protected by the BBB, are rapidly ablated by peripheral administration of MSG, a glutamate that does not cross the BBB and ablates neurons by excitotoxicity (Yulyaningsih et al., 2017). We sought to determine if fenestrated vascular permeability in the ME was modulated upon exposure to MSG, and if aging affected such response. To this end, young (2–4 months) and old (21–25 months) male mice were injected subcutaneously with MSG or vehicle (isomolar sodium chloride). One day later, mice were injected with Evans blue, a BBB-impermeable fluorescent dye, right before perfusion. Consistent with what we reported previously (Yulyaningsih et al., 2017; Olofsson et al., 2013), cells in the ME and mediobasal ARC were positive for Evans blue (Figure 1A). Intriguingly, the area of Evans blue permeability in the ARC parenchyma significantly decreased 1 day after MSG treatment in young adult mice but not in aged mice (Figures 1A,C).

[image: Panel A shows Evans Blue diffusion images in young and aged mice treated with VEH or MSG, highlighting areas in the mediobasal arcuate nucleus. Panel B displays immunofluorescence staining of collagen IV, PLVAP, and DAPI in young and aged groups, with arrows indicating specific structures. Panels C and D present bar graphs comparing Evans Blue area and PLVAP capillary loops across different conditions, marked with significance indicators.]

FIGURE 1
 Fenestrated vascular permeability at the mediobasal hypothalamus decreases upon neuronal lesioning in young adults but not aged mice, and is accompanied by a reduction of fenestrated capillary microvessels. Young (2–4 months) and aged (21–25 months) male mice received subcutaneous injections of MSG (3.5 g/kg) or vehicle saline, followed by an injection of Evans blue dye (1% w/v in sterile saline) the next day. (A) Representative images of Evans blue penetration into the ARC (outlined areas) of young and old animals. (B) Immunostaining for PLVAP to mark fenestrated capillaries and Collagen IV to indicate all blood vessels. White arrows depict fenestrated microvessel loops in the ME and ARC parenchyma. (C) Quantification of Evans blue permeable area in the ARC parenchyma (outlined areas). Bregma: −1.7 to −2.1 (2–6 sections/mouse). (D) Quantification of the number of PLVAP-positive fenestrated capillary microvessel loops in the ME and ARC parenchyma. Scale bar = 50 μm. Bregma: −1.9 to −2.1 (1–4 sections/mouse). All experiments were conducted using male mice. Data are represented as the mean ± SEM. *p < 0.05, ns, not significant by two-tailed student’s t-test or nonparametric test in the event that data did not pass normality test. VEH, vehicle; MSG, monosodium glutamate; ME, median eminence; ARC, arcuate nucleus; 3 V, third ventricle; VMH, ventromedial hypothalamus.


Since fenestrated capillaries permit the permeation of Evans blue into the ME and ARC, we visualized fenestrated capillaries by immunostaining of plasmalemma vesicle-associated protein (PLVAP), the protein that makes up the sieve-like diaphragm of the fenestrae in fenestrated endothelial cells and hence specifically marks fenestrated blood vessels (Stan et al., 2012; Denzer et al., 2023). All blood vessels, both fenestrated and non-fenestrated, were visualized by immunostaining with Collagen IV, a component of the basement membrane of blood vessels. PLVAP-positive capillaries were located at the outer edge of the ME with microvessal loops extending into the ME and ARC parenchyma (Figure 1B). Numbers of these PLVAP+ fenestrated microvessal loops were reduced 1 day after MSG treatment in young adults but not in aged male mice (Figures 1B,D). Together, these results suggest that the abundance of fenestrated microvessel loops and consequently fenestrated vascular permeability at the ME and ARC decrease upon MSG exposure. Importantly, this regulation is abolished in aged animals, suggesting that aging impairs the ability of fenestrated blood vessels to remodel in response to circulating neurotoxins.



Tanycytes, but not astrocytes, exhibit a high degree of physical contact with fenestrated capillaries in the median eminence

Glial cells play essential roles in regulating vascular function in the brain. In most brain regions, astrocyte endfeet form a complex network surrounding barrier endothelial cells and this close interaction is vital for the integrity and functionality of the BBB (Abbott et al., 2010). The hypothalamus also contains tanycytes, which are specialized radial glia-like cells that line the wall of the 3rd ventricle. Tanycyte cell bodies are located on the ventricular wall, and each tanycyte extends a single long basal process into the ME or hypothalamic parenchyma (Rodriguez et al., 2005; Langlet et al., 2013). As glial processes may serve as a physical barrier to restrict the diffusion of blood-borne substances from the ME into the ARC parenchyma, we examined the physical interaction between astrocyte or tanycyte endfeet and fenestrated capillaries. Hypothalamic sections from young adult male mice were immunostained with a PLVAP antibody to mark fenestrated capillaries, a Collagen IV antibody to visualize the basement membrane of all blood vessels, a GFAP antibody to label astrocytes, and a Vimentin antibody to reveal tanycytes (Figures 2A,B). Single-plane confocal images were processed and the area of contact between endfeet of astrocytes or tanycytes and fenestrated capillaries in the ME perimeter was quantified (Supplementary Figure 1). Fenestrated capillaries exhibited a strikingly high degree of physical contact with tanycytes, and to a much lesser extent with astrocytes (Figures 2C,D; Supplementary Figure 1). The high degree of physical contact between tanycyte endfeet and fenestrated capillaries suggests that tanycytes may exert significant influence on fenestrated endothelial cells.
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FIGURE 2
 Tanycytes, but not astrocytes, exhibit a high degree of physical contact with fenestrated capillaries in the ME. Young (2–4 months) and aged (21–25 months) mice received subcutaneous injections of MSG (3.5 g/kg) or vehicle saline. Hypothalamic sections were processed 1 day later for immunofluorescent analysis. Basement membranes of all blood vessels were visualized with Collagen IV; fenestrated capillaries were visualized with PLVAP expression; astrocytes were visualized with GFAP, whereas tanycytes were visualized with Vimentin immunoreactivity. (A) Representative confocal Z-projection image showing astrocytes, fenestrated and non-fenestrated capillaries. (B) Representative confocal Z-projection image showing tanycytes, fenestrated and non-fenestrated capillaries. (C,D) Quantification of astrocytic and tanycytic contact with fenestrated capillaries in the ME perimeter. Single-plane confocal images were used for quantification. Bregma: −1.9 to −2.1 (1–2 sections/mouse). (E,F) Quantification of beta-tanycyte cell numbers in VEH or MSG treated young and aged mice. (G) Abundance of β1 tanycyte processes. Bregma: −1.8 (1 section/mouse). All experiments were conducted using male mice. Scale bars = 50 μm. Bregma: −1.9 to −2.1. Data are represented as the mean ± SEM. *p < 0.05, ***p < 0.001, ns, not significant, by 2-way ANOVA or nonparametric test in the event that data did not pass normality test. VEH, vehicle; MSG, monosodium glutamate; ME, median eminence; ARC, arcuate nucleus; 3 V, third ventricle; VMH, ventromedial hypothalamus.




Tanycytic contact with fenestrated capillaries or tanycyte numbers did not change significantly with age or MSG treatment

Astrocytic contact with fenestrated capillaries increased with age, while tanycytic contact did not change. There was also no change in astrocytic contact or tanycytic contact with fenestrated capillaries in young mice in response to MSG treatment (Figures 2C,D; Supplementary Figure 2). Neither MSG treatment or age affected β1, β2 tanycyte numbers (Figures 2E,F; Supplementary Figure 2), or β1 tanycyte processes which may act as a physical barrier between ME and ARC (Figure 2G). Thus, these data do not support the notion that MSG-induced reduction in fenestrated vascular permeability in young mice is attributed to gross structural changes of tanycytes or astrocytes.



Tanycytes express high levels of angiogenic factors VEGF and PTN, expressions of which are modulated by MSG in young adults but not in aged mice

Since tanycytes show close contact with fenestrated capillaries, they may regulate fenestrated vasculature remodeling through secreted angiogenic factors. We examined a list of tanycyte-enriched genes from published single-cell RNA-sequencing data from the adult hypothalamus (Chen et al., 2017). Vegfa was one of such genes (#41 on the list) [Table S4 in Chen et al. (2017)]. Notably, Ptn was identified as a top tanycyte-enriched gene (#2 on the list) [Table S4 in Chen et al. (2017)]. PTN, also named heparin affinity regulatory peptide (HARP) in some studies, is a potent angiogenic factor, which stimulates proliferation and migration of endothelial cells during normal development and in cancer (Zhang and Deuel, 1999; Perez-Pinera et al., 2007; Perez-Pinera et al., 2008; Papadimitriou et al., 2022; Papadimitriou et al., 2009; Mikelis and Papadimitriou, 2008; Mikelis et al., 2007). In vitro studies show that PTN acts on endothelial cells to stimulate their migration and promote their formation of tube-like structures (Papadimitriou et al., 2001; Souttou et al., 2001). In vivo, PTN alone is sufficient to initiate new blood vessel formation that is both normal in appearance and function (Christman et al., 2005). PTN expression is high in the developing brain, peaks at birth but declines as the brain matures (Kadomatsu and Muramatsu, 2004). Despite this, expression and function of PTN in the adult brain are not well characterized.

We next examined Ptn and Vegfa mRNA expression in tanycytes of the adult hypothalamus of male mice by RNAscope. Tanycyte cell bodies line the 3rd ventricular wall and are classified into 4 different subtypes based on their locations: α1 tanycytes line the most dorsal wall of the 3rd ventricle, whereas α2 tanycytes occupy the ventral ventricular wall adjacent to the ARC; β1, β2 tanycytes line the lateral evaginations and floor of the 3rd ventricle, respectively. Ptn mRNA expression was abundant but restricted to α2, β1 and β2 tanycytes of adult mice, whereas Vegfa expression was most highly expressed in β2 tanycytes (Figure 3A). Ptn expressions in β1 and β2 tanycytes, cells that directly contact fenestrated capillaries with their endfeet, were reduced in young adult mice after MSG-induced lesioning, and such regulation was abolished in the aged mice (Figure 3C). In contrast, Ptn expression in α2 tanycytes, which project into the hypothalamic parenchyma, was not altered by MSG treatment in either young or aged mice (Figure 3C). Vegfa expression in β2 tanycytes also followed a similar trend (Figure 3D). Notably, tanycytic Ptn expression significantly correlated with Vegfa expression (Figure 3E) and with Evans blue permeability in the ME and mediobasal ARC (Figure 3F). Together, these results suggest that expressions of angiogenic factors VEGF and PTN are modulated in response to MSG. As the basal processes of β1 and β2 tanycytes directly contact the fenestrated capillaries, our results suggest that tanycytic release of angiogenic factors VEGF and PTN may regulate the remodeling of fenestrated blood vessels in response to circulating neurotoxins. Our finding also suggests that aging impairs the ability of tanycytes to modulate the expression of angiogenic factors, which may underlie the loss of fenestrated capillary plasticity in aging.
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FIGURE 3
 Tanycytic expression of angiogenic factors Ptn and Vegfa undergo remodeling upon exposure to neurotoxin in young adults but not in aged mice. (A) Ptn and Vegfa mRNA expression in adult tanycytes by RNAscope. (B) Representative images of the RNAscope analysis for Ptn mRNA in young and aged mice treated with VEH or MSG. (C) Quantification of Ptn expression in tanycyte subtypes in young (2–4 months) and aged (21–25 months) VEH or MSG injected mice by 2-WAY ANOVA or nonparametric test in the event that data did not pass normality test. Bregma: −1.8, −1.9 (1 section/mouse). (D) Quantification of Vegfa expression in β2 tanycytes by 2-WAY ANOVA. (E) Correlation of total Ptn and Vegfa mRNA expression in all tanycytes using linear regression analysis. (F) Correlation of total Ptn mRNA expression in all tanycytes with Evans blue diffusion area in the mediobasal arcuate nucleus using linear regression. All experiments were conducted using male mice. Scale bars = 50 μm. Data are represented as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: no significance. VEH, vehicle, MSG, monosodium glutamate; ARC, arcuate nucleus; VMH, ventromedial hypothalamus; ME, median eminence; 3 V, third ventricle. α1, α2, β1, and β2 are subtypes of tanycytes.




Fenestrated capillary permeability increases in the area postrema in response to MSG in young adults but not in aged mice

To evaluate if MSG-induced remodeling of fenestrated vasculature is unique to the ME, we examined the AP, another circumventricular organ in the brainstem in male mice. Surprisingly, the Evans blue permeable region in the AP of young adult mice was not reduced but rather increased in response to MSG treatment and again this modulation was significantly diminished in the aged mice (Figures 4A,J). Consistently, the abundance of PLVAP-positive fenestrated capillaries in the AP were increased upon MSG treatment in young adults but not in aged mice (Figures 4B,K). Vimentin-positive tanycyte-like cells were present in the AP (Figures 4C–E), but unlike the β tanycytes at the ME which do not express GFAP, tanycyte-like cells in the AP co-expressed Vimentin and GFAP (Figure 4C). Notably, mRNA expression of Vegfa and Ptn were highly enriched in the AP (Figure 4F). Vegfa and Ptn were not expressed by Plvap+ endothelial cells (Figure 4G). Only about 40% of Vegfa-expressing cells in the AP expressed Vimentin (Figure 4H). However, near 80% Ptn-expressing cells co-expressed Vimentin, suggesting that PTN is mainly produced by tanycyte-like cells in the AP (Figure 4I). Notably, both Vegfa and Ptn expression were increased upon MSG treatment, and this regulation was abolished in aged mice (Figures 4L,M). Together, these results suggest that fenestrated capillaries in the AP undergo distinct remodeling compared with those in the ME upon exposure to circulating neurotoxins and that this regulation is impaired in aging. The concordant regulation of Vegfa and Ptn expression suggests that modulation of angiogenic factors in the AP may play a key role in the remodeling of fenestrated vasculature in this region and that this regulation is lost in aged animals.

[image: A series of scientific images displaying molecular and cellular analysis in young and old samples. Panels A-I depict various markers and stains like Evans Blue, PLVAP, Vimentin, and others, highlighting differences in staining and cellular organization. Panels J-M present bar graphs comparing metrics like Evans Blue area, PLVAP abundance, and Vegfa and Ptn mRNA expression across vehicle and MSG-treated groups, with distinctions between young and aged samples. The data suggests differential expression and staining patterns associated with age and treatment.]

FIGURE 4
 Fenestrated capillary permeability increases in the area postrema in response to MSG in young adults, but not in aged mice. (A) Representative images of Evans blue permeability of young and old mice treated with vehicle or MSG. (B) PLVAP immuno-positive capillaries of young and old mice treated with vehicle or MSG. (C) Glial cells co-expressing markers for tanycyte-like cells and astrocytes in a sagittal view of the AP. (D) Immunostaining of Vimentin and PLVAP. (E) RNAscope for Vimentin mRNA. (F) RNAscope for Vegfa and Ptn mRNA localized expression in the AP. (G) RNAscope for Vegfa, Ptn and Plvap mRNA in the AP. Yellow arrowheads indicate Plvap-positive endothelial cells. (H) RNAscope for Vegfa and Vimentin mRNA in the AP. White arrowheads indicate Vegfa-expressing cells. (I) RNAscope for Ptn and Vimentin mRNA in the AP. White arrowheads indicate Ptn-expressing cells. (J,K) Quantification of Evans blue permeability and PLVAP immuno-positive capillaries in the AP of young and old mice treated with vehicle or MSG. Images were shown in Panels A,B. (L,M) mRNA expression of Vegfa and Ptn in the AP of young and old mice treated with vehicle or MSG. Bregma: −7.48 to −7.56 (1–3 sections/mouse). All experiments were conducted using male mice. Scale bars: 50 μm for Panel A-F, 20 μm for Panels G–I. Panels J–M: Data are represented as the mean ± SEM. *p < 0.05, ns: no significance by 2-WAY ANOVA or nonparametric test in the event that data did not pass normality test. VEH, vehicle; MSG, monosodium glutamate; AP, area postrema; NTS, nucleus of tractus solitarius; cc, central canal; DMX, dorsal motor nucleus of the vagus.





Discussion

Proper communication between the brain and the periphery is essential to maintain homeostasis and health. Circumventricular organs, characterized by the presence of fenestrated capillaries and absence of a BBB, play crucial roles in regulating the exchange of substances between the brain and the blood. In this study, we show that fenestrated vasculature in the ME and AP, two different circumventricular organs that are important for metabolic control, undergo distinct remodeling in response to the circulating toxin MSG, and that this process could be controlled by tanycytic release of angiogenic factors. We further show that a loss of plasticity in fenestrated vasculature in both ME and AP is a defining feature of aging.

One intriguing finding of this study is that fenestrated vascular permeability in the ME and AP undergoes changes in opposite fashion in response to MSG. The ME is classified as a secretory circumventricular organ, where hypothalamic axonal terminals project and release neuroendocrine hormones into the hypophyseal portal vessels. Hypothalamic neuroendocrine hormones such as gonadotropin-releasing hormone and growth hormone-releasing hormone regulate growth and reproduction. Thus, a reduction in fenestrated vascular permeability in the ME in response to environmental insults would limit the release of neuroendocrine hormones into the portal circulation, thereby suppressing growth and reproduction during a period of brain repair. In contrast to the ME, the AP is classified as a sensory circumventricular organ. In species capable of emesis, neurons in the AP detect circulating toxins and other harmful substances in the body, triggering nausea and vomiting to expel them (Han and de Araujo, 2021). Activation of AP neurons by a circulating toxin also suppresses appetite, thus limiting the ingestion of potentially harmful substances (Zhang et al., 2021). Thus, an increase in fenestrated vascular permeability in the AP may allow maximal exposure of AP neurons to the blood thereby enhancing their sensory function.

Unlike endothelial cells in the BBB, fenestrated endothelial cells within circumventricular organs undergo constant remodeling in the adult brain (Rosenstein and Krum, 1994; Morita et al., 2013; Miyata, 2015). Our study suggests that tanycyte-derived angiogenic factor PTN may play a regulatory role in modulating fenestrated capillaries in the ME and AP, and that PTN may act in concert with VEGF. Tanycytes are specialized glial cells and are uniquely localized within circumventricular organs. Their close physical contact with fenestrated capillaries suggests that tanycytes could play important roles in modulating fenestrated endothelial cells. It has been shown that tanycytic secretion of VEGF in the ME promotes elongation and migration of fenestrated microvessel loops into the ARC parenchyma in response to fasting (Langlet et al., 2013). Our study shows that tanycytes also express abundant PTN, a growth factor that has potent angiogenic activity (Zhang and Deuel, 1999; Perez-Pinera et al., 2007; Perez-Pinera et al., 2008; Papadimitriou et al., 2022; Papadimitriou et al., 2009; Mikelis and Papadimitriou, 2008; Mikelis et al., 2007; Papadimitriou et al., 2001; Souttou et al., 2001; Christman et al., 2005). PTN expression is high in the developing brain, peaks at birth but then declines as the brain matures (Kadomatsu and Muramatsu, 2004). However, we show that PTN expression remains high in tanycytes of the adult brain, and that its expression is modulated in response to MSG in both the ME and AP. Future experiments will determine if tanycytic PTN may function synergistically or differently with VEGF to regulate different aspects of fenestrated endothelial cell remodeling such as endothelial cell proliferation, survival, and migration.

Our results show that tanycytes exhibit greater physical contact with fenestrated capillaries compared with astrocytes (Figures 2A–D), In addition, the highest levels of Ptn and Vegfa expression were in cells on the wall of the ventral 3rd ventricle, where tanycytes are located (Figure 3A). These data suggest that tanycytes could be an important modulator of fenestrated endothelial cells through the release of angiogenic factors. However, it should be emphasized that VEGF and PTN can be expressed by non-tanycyte cell types in the brain, which may influence fenestrated endothelial cells. Future experiments are required to determine if tanycytes are indispensable for this regulation, and to assess the relative contribution of different cell types.

Currently, it is not known how tanycytes sense the effects of MSG. Glutamate is an excitatory neurotransmitter and exerts excitotoxic effects at high concentrations, and MSG does not cross the BBB. Injecting MSG into neonatal monkeys or rodents causes rapid hypothalamic neuronal degeneration within hours (Olney and Sharpe, 1969; Olney, 1969; Burde et al., 1971). Thus, it is possible that tanycytes may sense signals coming from degenerating neurons. Alternatively, β2 tanycytes express glutamate receptors (Farkas et al., 2020), suggesting that tanycytes may be able to directly respond to MSG. Thus, tanycytes might sense MSG directly or indirectly, leading to altered expression of angiogenic factors, subsequently impacting fenestrated endothelial cells.

It is well recognized that aging is associated with histological changes in components of the brain capillaries, and that BBB permeability increases in neurological diseases such as Alzheimer’s and Parkinson’s disease (Erdo et al., 2017; Mooradian, 1988; Shah and Mooradian, 1997). The consequence of aging on fenestrated vasculature in the brain is not well known. One key finding of this study is the demonstration that the plasticity of fenestrated vascular remodeling is lost in aging. This loss of fenestrated capillary plasticity abolishes the ability of aged animals to mount an adaptive response following exposure to circulating toxins or other physiological insults, which would compromise the dynamic communication between the brain and blood in the circumventricular organs. Our results suggest that tanycyte number and processes do not change significantly with age; rather, tanycytes in aged mice have lost the ability to regulate expression of angiogenic factors in response to environmental insult. As the ME and the AP are key brain areas for metabolic control, dysregulation of tanycytic function could be an important mechanism contributing to brain aging and the diminished ability to maintain homeostasis in aged animals.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author/s.



Ethics statement

All animal care and experimental protocols were approved by the University of California, San Francisco Institutional Animal Care and Use Committee. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

VP: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Supervision, Validation, Writing – original draft, Writing – review & editing. MT: Data curation, Formal analysis, Investigation, Writing – review & editing. HA: Data curation, Formal analysis, Investigation, Writing – review & editing. DA: Data curation, Formal analysis, Investigation, Writing – review & editing. WF: Data curation, Formal analysis, Investigation, Writing – review & editing. TB: Data curation, Formal analysis, Investigation, Writing – review & editing. AX: Conceptualization, Funding acquisition, Supervision, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was supported by NIH R01 grant (R01AG063506) and UCSF BARI Aging Research Institute to AX. It was supported in part by the UCSF Diabetes Fellowship and BARI/Hillblom Graduate Fellowship to VP. The work was partly supported by the Mouse Metabolism Core at the UCSF Nutrition Obesity Center (NIH NIDDK P30DK098722).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2025.1634283/full#supplementary-material



References
	 Abbott,N. J., Patabendige,A. A., Dolman,D. E., Yusof,S. R., and Begley,D. J. (2010). Structure and function of the blood-brain barrier. Neurobiol. Dis. 37, 13–25. doi: 10.1016/j.nbd.2009.07.030 
	 Banks,W. A., Reed,M. J., Logsdon,A. F., Rhea,E. M., and Erickson,M. A. (2021). Healthy aging and the blood-brain barrier. Nat Aging. 1, 243–254. doi: 10.1038/s43587-021-00043-5 
	 Benarroch,E. E. (2011). Circumventricular organs: receptive and homeostatic functions and clinical implications. Neurology 77, 1198–1204. doi: 10.1212/WNL.0b013e31822f04a0 
	 Burde,R. M., Schainker,B., and Kayes,J. (1971). Acute effect of oral and subcutaneous administration of monosodium glutamate on the arcuate nucleus of the hypothalamus in mice and rats. Nature 233, 58–60. doi: 10.1038/233058a0 
	 Chen,R., Wu,X., Jiang,L., and Zhang,Y. (2017). Single-cell RNA-Seq reveals hypothalamic cell diversity. Cell Rep. 18, 3227–3241. doi: 10.1016/j.celrep.2017.03.004 
	 Christman,K. L., Fang,Q., Kim,A. J., Sievers,R. E., Fok,H. H., Candia,A. F., et al. (2005). Pleiotrophin induces formation of functional neovasculature in vivo. Biochem. Biophys. Res. Commun. 332, 1146–1152. doi: 10.1016/j.bbrc.2005.04.174
	 Denzer,L., Muranyi,W., Schroten,H., and Schwerk,C. (2023). The role of PLVAP in endothelial cells. Cell Tissue Res. 392, 393–412. doi: 10.1007/s00441-023-03741-1 
	 Erdo,F., Denes,L., and de Lange,E. (2017). Age-associated physiological and pathological changes at the blood-brain barrier: a review. J. Cereb. Blood Flow Metab. 37, 4–24. doi: 10.1177/0271678X16679420 
	 Farkas,E., Varga,E., Kovacs,B., Szilvasy-Szabo,A., Cote-Velez,A., Peterfi,Z., et al. (2020). A glial-neuronal circuit in the median Eminence regulates thyrotropin-releasing hormone-release via the endocannabinoid system. iScience. 23:100921. doi: 10.1016/j.isci.2020.100921 
	 Han,W., and de Araujo,I. E. (2021). Nausea and the brain: the chemoreceptor trigger zone enters the molecular age. Neuron 109, 391–393. doi: 10.1016/j.neuron.2021.01.004 
	 Kadomatsu,K., and Muramatsu,T. (2004). Midkine and pleiotrophin in neural development and cancer. Cancer Lett. 204, 127–143. doi: 10.1016/S0304-3835(03)00450-6 
	 Kaur,C., and Ling,E. A. (2017). The circumventricular organs. Histol. Histopathol. 32, 879–892. doi: 10.14670/HH-11-881 
	 Kim,D. W., Glendining,K. A., Grattan,D. R., and Jasoni,C. L. (2016). Maternal obesity in the mouse compromises the blood-brain barrier in the arcuate nucleus of offspring. Endocrinology 157, 2229–2242. doi: 10.1210/en.2016-1014 
	 Langlet,F., Levin,B. E., Luquet,S., Mazzone,M., Messina,A., Dunn-Meynell,A. A., et al. (2013). Tanycytic VEGF-A boosts blood-hypothalamus barrier plasticity and access of metabolic signals to the arcuate nucleus in response to fasting. Cell Metab. 17, 607–617. doi: 10.1016/j.cmet.2013.03.004 
	 Langlet,F., Mullier,A., Bouret,S. G., Prevot,V., and Dehouck,B. (2013). Tanycyte-like cells form a blood-cerebrospinal fluid barrier in the circumventricular organs of the mouse brain. J. Comp. Neurol. 521, 3389–3405. doi: 10.1002/cne.23355 
	 Mikelis,C., Koutsioumpa,M., and Papadimitriou,E. (2007). Pleiotrophin as a possible new target for angiogenesis-related diseases and cancer. Recent Pat. Anticancer Drug Discov. 2, 175–186. doi: 10.2174/157489207780832405 
	 Mikelis,C., and Papadimitriou,E. (2008). Heparin-binding protein pleiotrophin: an important player in the angiogenic process. Connect. Tissue Res. 49, 149–152. doi: 10.1080/03008200802148652 
	 Miyata,S. (2015). New aspects in fenestrated capillary and tissue dynamics in the sensory circumventricular organs of adult brains. Front. Neurosci. 9:390. doi: 10.3389/fnins.2015.00390 
	 Mooradian,A. D. (1988). Effect of aging on the blood-brain barrier. Neurobiol. Aging 9, 31–39. doi: 10.1016/S0197-4580(88)80013-7 
	 Morita,S., and Miyata,S. (2012). Different vascular permeability between the sensory and secretory circumventricular organs of adult mouse brain. Cell Tissue Res. 349, 589–603. doi: 10.1007/s00441-012-1421-9 
	 Morita,S., Ukai,S., and Miyata,S. (2013). VEGF-dependent continuous angiogenesis in the median eminence of adult mice. Eur. J. Neurosci. 37, 508–518. doi: 10.1111/ejn.12047 
	 Olney,J. W. (1969). Brain lesions, obesity, and other disturbances in mice treated with monosodium glutamate. Science 164, 719–721. doi: 10.1126/science.164.3880.719 
	 Olney,J. W., and Sharpe,L. G. (1969). Brain lesions in an infant rhesus monkey treated with monsodium glutamate. Science 166, 386–388. doi: 10.1126/science.166.3903.386 
	 Olofsson,L. E., Unger,E. K., Cheung,C. C., and Xu,A. W. (2013). Modulation of AgRP-neuronal function by SOCS3 as an initiating event in diet-induced hypothalamic leptin resistance. Proc. Natl. Acad. Sci. USA 110, E697–E706. doi: 10.1073/pnas.1218284110 
	 Papadimitriou,E., Mikelis,C., Lampropoulou,E., Koutsioumpa,M., Theochari,K., Tsirmoula,S., et al. (2009). Roles of pleiotrophin in tumor growth and angiogenesis. Eur. Cytokine Netw. 20, 180–190. doi: 10.1684/ecn.2009.0172 
	 Papadimitriou,E., Mourkogianni,E., Ntenekou,D., Christopoulou,M., Koutsioumpa,M., and Lamprou,M. (2022). On the role of pleiotrophin and its receptors in development and angiogenesis. Int. J. Dev. Biol. 66, 115–124. doi: 10.1387/ijdb.210122ep
	 Papadimitriou,E., Polykratis,A., Courty,J., Koolwijk,P., Heroult,M., and Katsoris,P. (2001). HARP induces angiogenesis in vivo and in vitro: implication of N or C terminal peptides. Biochem. Biophys. Res. Commun. 282, 306–313. doi: 10.1006/bbrc.2001.4574 
	 Perez-Pinera,P., Berenson,J. R., and Deuel,T. F. (2008). Pleiotrophin, a multifunctional angiogenic factor: mechanisms and pathways in normal and pathological angiogenesis. Curr. Opin. Hematol. 15, 210–214. doi: 10.1097/MOH.0b013e3282fdc69e 
	 Perez-Pinera,P., Chang,Y., and Deuel,T. F. (2007). Pleiotrophin, a multifunctional tumor promoter through induction of tumor angiogenesis, remodeling of the tumor microenvironment, and activation of stromal fibroblasts. Cell Cycle 6, 2877–2883. doi: 10.4161/cc.6.23.5090 
	 Rodriguez,E. M., Blazquez,J. L., Pastor,F. E., Pelaez,B., Pena,P., Peruzzo,B., et al. (2005). Hypothalamic tanycytes: a key component of brain-endocrine interaction. Int. Rev. Cytol. 247, 89–164. doi: 10.1016/S0074-7696(05)47003-5 
	 Rosenstein,J. M., and Krum,J. M. (1994). “2 - models of angiogenesis and the blood–brain barrier” in Methods in neurosciences. eds. T. R. Flanagan, D. F. Emerich, and S. R. Winn, vol. 21 (Oxford, United Kingdom: Elsevier Ltd), 20–32.
	 Shah,G. N., and Mooradian,A. D. (1997). Age-related changes in the blood-brain barrier. Exp. Gerontol. 32, 501–519. doi: 10.1016/S0531-5565(96)00158-1 
	 Souttou,B., Raulais,D., and Vigny,M. (2001). Pleiotrophin induces angiogenesis: involvement of the phosphoinositide-3 kinase but not the nitric oxide synthase pathways. J. Cell. Physiol. 187, 59–64. doi: 10.1002/1097-4652(2001)9999:9999<00::AID-JCP1051>3.0.CO;2-F 
	 Stan,R. V., Tse,D., Deharvengt,S. J., Smits,N. C., Xu,Y., Luciano,M. R., et al. (2012). The diaphragms of fenestrated endothelia: gatekeepers of vascular permeability and blood composition. Dev. Cell 23, 1203–1218. doi: 10.1016/j.devcel.2012.11.003 
	 Yulyaningsih,E., Rudenko,I. A., Valdearcos,M., Dahlen,E., Vagena,E., Chan,A., et al. (2017). Acute Lesioning and rapid repair of hypothalamic neurons outside the blood-brain barrier. Cell Rep. 19, 2257–2271. doi: 10.1016/j.celrep.2017.05.060 
	 Zhang,N., and Deuel,T. F. (1999). Pleiotrophin and midkine, a family of mitogenic and angiogenic heparin-binding growth and differentiation factors. Curr. Opin. Hematol. 6, 44–50. doi: 10.1097/00062752-199901000-00008 
	 Zhang,C., Kaye,J. A., Cai,Z., Wang,Y., Prescott,S. L., and Liberles,S. D. (2021). Area Postrema cell types that mediate nausea-associated Behaviors. Neuron 109, 461–472.e5. doi: 10.1016/j.neuron.2020.11.010 


Copyright
 © 2025 Pham, Tutunculer, Al-Dulaimi, Ardjmand, Fleischmann, Bachor and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnagi-17-1634283-g003.jpg
A c
3
<&
B
[
£3 $2 tanycytes
=4
2
3
VEH MSG VEH MSG
Young  Aged
B *
ns
|
’;- L >k ns
<8 exi0’o B
%5 ' " B1 tanyoytes
Eg 410’4
S8
x5 64
VEH Eskall
ol .
VEH MSG VEH MSG
Young Aged
4x107
3 a0
<8 0
Zc a2 tanycytes
3 o
MSG %o 210
2
I3
£ 1m0
2
®
VEH MSG VEH MSG
Young Aged
R F

1=0.7632
3 50 507 P<o.0001
ey PR
El
é\“i g5 0"
£S £ g 210"
£8 T 5 110"
58 =
L5 s
3 0 26108 4x10° 6x10° 8x10P 1107 0 50000 100000 150000
o
VEH MSG VEH MSG Vegfa mRNA Evans Blue Area (un?)

expression (a.u.
Youra . Aaed P (au)





OPS/images/fnagi-17-1634283-g004.jpg
Young

DMV

o

P Plvap

Vimentin

Vimentin

PLVAP abundance (a.u.)

X O 1c)
L L&
‘Aged

Young

Vegfa mRNA expression ™

Ptn mRNA expression
(a.u)

o X L
& &

Young Aged





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Modulation of fenestrated vasculature in the median eminence and area postrema in response to neurotoxin exposure and its impairment in aging



		Introduction



		Materials and methods



		Animals



		Monosodium glutamate administration



		Evans blue administration and permeability measurement



		Immunohistochemistry



		RNAscope® in situ hybridization



		Data quantification



		Statistical analysis









		Results



		Exposure to circulating neurotoxins results in a reduction of fenestrated capillary microvessels and vascular permeability in young adult mice but not in aged mice



		Tanycytes, but not astrocytes, exhibit a high degree of physical contact with fenestrated capillaries in the median eminence



		Tanycytic contact with fenestrated capillaries or tanycyte numbers did not change significantly with age or MSG treatment



		Tanycytes express high levels of angiogenic factors VEGF and PTN, expressions of which are modulated by MSG in young adults but not in aged mice



		Fenestrated capillary permeability increases in the area postrema in response to MSG in young adults but not in aged mice









		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



















OPS/images/fnagi-17-1634283-g001.jpg
Young, VEH Young, MSG Aged, MSG

Evans Blue diffusion

lary loops

Evans Blue area(um?)

VEH MSG VEH MSG VEH MSG VEH MSG





OPS/images/fnagi-17-1634283-g002.jpg
PLVAP Collagen IV

Cc
Astrocyte-fenestrated Tanycyte-fenestrated B2 Tanycyte number  B1 Tanycyte number 1 Tanycyte processes
vessel contact vessel contact

Nggm
sa88
A

3

coverage of fenestrated
capillaries in ME perimeter
# Cells per 100 um 3V

# Cells per 100

o

capillaries in ME perimeter
Raw integrated density (a.u.)

X O X O R
SFELE KFEEE

R 0 X O
FEE$

% Glial coverage of fenestrated

Young Ol Young  Old Young Ol Young  Old





OPS/images/cover.jpg
, frontiers | Frontiers in Aging Neuroscience

Modulation of fenestrated
vasculature in the median
eminence and area postrema in
response to neurotoxin exposure
and its impairment in aging












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Aging Neuroscience






