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Abstract

The relation of astrocytic endfeet to the vasculature plays a key functional role in the

neuro-glia-vasculature unit. We characterize the spatial organization of astrocytes

and the structural aspects that facilitate their involvement in molecular exchanges.

Using double transgenic mice, we performed co-immunostaining, confocal micros-

copy, and three-dimensional digital segmentation to investigate the biophysical and

molecular organization of astrocytes and their intricate endfoot network at the

micrometer level in the isocortex and hippocampus. The results showed that hippo-

campal astrocytes had smaller territories, reduced endfoot dimensions, and fewer

contacts with blood vessels compared with those in the isocortex. Additionally, we

found that both connexins 43 and 30 have a higher density in the endfoot and the

former is overexpressed relative to the latter. However, due to the limitations of the

method, further studies are needed to determine the exact localization on the end-

foot. The quantitative information obtained in this study will be useful for modeling

the interactions of astrocytes with the vasculature.
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1 | INTRODUCTION

Proper cerebral function relies not only upon neurons but also

on protoplasmic astrocytes. These specialized cells play a pivotal

role in a variety of physiological pathways, encompassing neuro-

genesis, synaptic maintenance, and molecular homeostasis

(Allen & Lyons, 2018; Eroglu & Barres, 2010; McNeill

et al., 2021; Verkhratsky & Nedergaard, 2018). Notably, astro-

cytes establish physical connections between neurons and cere-

bral blood vessels (BVs), forming the neuro-glia-vascular (NGV)

unit (Aten et al., 2022; Panchenko et al., 2023). They also act as

functional gateways, facilitating the coordinated exchange of

ions and metabolites (Abbott et al., 2006; Dunn et al., 2013;

Venkat et al., 2017; Zisis et al., 2021).

The intricate spatial organization of astrocytes is based on their

star-shaped morphology (Aten et al., 2022; Refaeli et al., 2021;

Salmon et al., 2023). Multiple major processes emerge from the astro-

cyte soma, extend, and progressively ramify into finer branchlets and

leaflets (González et al., 2020; Khakh & Sofroniew, 2015; Kim

et al., 2019; Lanjakornsiripan et al., 2018; Moye et al., 2019). Astro-

cytes interact with diverse brain cells, including neurons (Refaeli

et al., 2021; Saint-Martin & Goda, 2023), oligodendrocytes (Molina-

Gonzalez et al., 2023), other astrocytes (Aten et al., 2022; Kiyoshi &

Zhou, 2019), and microglia (Matejuk & Ransohoff, 2020; Pathak &
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Sriram, 2023). Furthermore, astrocytic extensions can also contact

specialized functional compartments such as synaptic clefts (Aten

et al., 2022; Benarroch, 2005; Salmon et al., 2023) and BVs (Hösli,

Zuend, et al., 2022; Salmon et al., 2023).

BVs are ensheathed by dedicated and enlarged subcellular astro-

cytic protrusions called endfeet (Ef) (Bayraktar et al., 2020; Khakh &

Sofroniew, 2015; Moye et al., 2019; Vasile et al., 2017). Physically, Ef

intricately interdigitate with and almost completely cover cerebral BV

networks. Thus, they act as a protective barrier, termed the glia limit-

ans (Owens et al., 2008), that helps support and maintain the integrity

of the blood–brain barrier (BBB) by forming its innermost layer

(Abbott et al., 2006; Horng et al., 2017; Mathiisen et al., 2010; Moye

et al., 2019; Pandit et al., 2020; Quintana, 2017). At the molecular

level, Ef are specifically adapted for the two-way exchange of ions

and metabolites between the systemic blood circulation and the brain

(Cibelli et al., 2021; De Bock et al., 2017; Galea, 2021; Huang

et al., 2021; Obermeier et al., 2013). These mechanisms rely on a net-

work of scaffolding, signaling, and cytoskeletal proteins intricately

interconnected with channels and transporters.

The aquaporins (AQPs), a family of transmembrane channels with

13 isoforms, allow passive osmotic diffusion of water (Agre, 1997;

Clément et al., 2020; Haj-Yasein et al., 2012; MacAulay, 2021). In the

central nervous system (CNS), AQP-1 and nine other isoforms are pre-

sent. AQP-4 is the most abundantly expressed and localized in Ef

(Cibelli et al., 2021; Salman et al., 2022). AQP-4 aggregates into

orthogonal arrays of particles and anchors the plasma membrane

through cytoplasmic interactions with the scaffolding dystrophin-

associated protein complex (Haj-Yasein et al., 2011; Lorin et al., 2013;

MacAulay, 2021; Nielsen et al., 1997; Tait et al., 2008; Welling, 2008).

The resulting supramolecular structures optimize water permeability

at the BBB interface (Haj-Yasein et al., 2011; Palazzo et al., 2019), and

contribute to the maintenance of Ef ultrastructural integrity (Eilert-

Olsen et al., 2012; Neely et al., 2001).

Gap junctions (GJs) also contribute to astrocytic molecular exchange

by forming an extensive syncytium that connects astrocytes with brain

cells and functional compartments. To accomplish this, six connexins

(Cxs), basic protein units, assemble into a structure called a connexon,

which can then either function as a hemichannel or contact another con-

nexon located in an adjacent cell membrane to form a GJ (Van

Campenhout et al., 2021). Multiple GJs can further aggregate into pla-

ques, which significantly enhance intercellular diffusion of molecules up

to 1.5 kDa (Boulay et al., 2018; Bruzzone et al., 1996). In the CNS,

depending on the neuroglial cell type and developmental stage (De Bock

et al., 2014; John Lin et al., 2017; Nagy et al., 2004; Nakase &

Naus, 2004), 11 Cx isoforms have been identified. Notably, Cx43 and

Cx30 are predominantly expressed and enriched in astrocytes (Belousov

et al., 2017; Boulay, Saubaméa, et al., 2015; Cibelli et al., 2021; Huang

et al., 2021; Theofilas et al., 2017). These two Cxs play essential roles in

intercellular communication (Sánchez et al., 2020) and endfoot-blood

vessel exchanges (Boulay, Saubaméa, et al., 2015; Ezan et al., 2012;

Huang et al., 2021; Rouach et al., 2008; Simard et al., 2003).

We have previously developed methods to generate accurate

neuroglial models integrated into the intricate organization of the

NGV system (Abdellah et al., 2021; Markram et al., 2015; Zisis

et al., 2021). However, despite the intensive use of knockout

(KO) mice, some fundamental structural astrocyte-related mechanisms

remain elusive and/or controversial (Zhang et al., 2019). For instance,

under control conditions, AQP-4, Cx30, and Cx43 KO mice retain pre-

served BBB and Ef architectures (Fukuda et al., 2013; Ma et al., 1997;

Verkhratsky & Nedergaard, 2018), whereas under stress, such as high

vascular hydrostatic pressure, the BBB appears either intact (Eilert-

Olsen et al., 2012; Fukuda et al., 2013; Kubotera et al., 2019; Saadoun

et al., 2009) or, conversely, abnormally permeable, together with

astrocytic Ef swelling (Bordoni et al., 2023; Cibelli et al., 2021; Ezan

et al., 2012; Zhou et al., 2008). Collectively, these observations pri-

marily confirm that Cxs and AQPs can equally contribute structurally

to the BBB and Ef, beyond their molecule exchange functions. Never-

theless, they concurrently highlight the sparseness of knowledge

about the detailed cytoarchitectures linking AQP-4, Cxs, Ef, and BVs.

To address these architectural gaps, our study investigated the

biophysical and molecular organization of astrocytes and their

intricate Ef network at the micrometer level within the isocortex

(IsoCx) (Salmon et al., 2023) and hippocampus (Hipp) (Refaeli

et al., 2021). These two distinct yet interconnected brain regions

are of particular interest due to their central role in cognitive task

performance and memory consolidation (Lawal et al., 2022; Wang

et al., 2022), making them prime targets for neuropathologies,

including Alzheimer's disease (Endo et al., 2022; Planche

et al., 2022), amyotrophic lateral sclerosis (Zhou et al., 2016), and

major depressive disorder (Zhang et al., 2018).

In our investigation, we used double transgenic mice to perform

co-immunostaining, confocal microscopy, and three-dimensional

(3D) digital segmentation. Our results reveal that hippocampal astro-

cytes exhibited significantly smaller territories along with reduced Ef

dimensions and Ef-BV contact surfaces. Remarkably, most astrocytes

established contact with three BVs, with potential interactions reaching

up to seven in IsoCx. In contrast, within Hipp, these numbers decrease

to two and six vessels, respectively. Collectively, these intriguing data

suggest that regionally specialized gliovascular networks cater to the

specific requirements of distinct brain areas, certainly driven by tailored

underlying molecular mechanisms (Endo et al., 2022). Considering their

pivotal role in the compound exchange, Cxs may be part of this versatile

plasticity. Therefore, we conducted extensive analyses of the Cx43 and

Cx30 clusters and density distributions. Despite similar protein abun-

dances observed in both IsoCx and Hipp, a substantial expression dis-

parity between these two Cxs emerged within subastrocytic

compartments and BVs. Specifically, overexpression of Cx43 relative to

Cx30 was detected, especially in Ef compartments, where protein clus-

ters appeared predominantly localized in the cytoplasm, suggesting

readily mobilized reserve pools of Cxs.

2 | MATERIALS AND METHODS

Experimentally, data were generated from genetically modified mice

involved in multiple assays as described below.

2002 LORIN ET AL.

 10981136, 2024, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/glia.24594 by B

cu L
ausanne, W

iley O
nline L

ibrary on [19/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2.1 | Animals

For the expression of tdTomato fluorescent proteins in astrocytes, the

Ai14 mouse line (Rosa-CAG-LSL-tdTomato, stock #007914, Jackson

Laboratory, United States) (Madisen et al., 2010) was bred with

human glial fibrillary acidic protein (hGFAP)-CreERT2 (a Cre recombi-

nase [Cre] fused to a mutant estrogen ligand binding domain [ERT2])

mouse lines (Stock #012849, Jackson Laboratory, United States)

(Ganat et al., 2006) to generate hGFAP-CreERT2/+:Rosa26-floxed-

STOP-tdTomato transgenic mice, used as a tamoxifen (TAM)-inducible

mouse model (Figures S1 and S2).

Through a yet uncharacterized molecular mechanism, the sex of

the mouse parents interfered with the expression of tdTomato in

astrocytes following TAM injections as shown in Figure S2B. There-

fore, only LSL-tdTomato females were crossbred with CreERT2 males

to generate individuals with the expected inducible tdTomato expres-

sion (Figures S1 and S2A). During the breeding, animals were mated in

suitable cages and maintained on a 12-h light–dark cycle with free

access to food and water.

All animal experiments described in this paper were performed in

accordance with the Swiss Welfare Act and the Swiss National Institu-

tional and Veterinary office guidelines in the Canton of Vaud on Ani-

mal Experimentation for the ethical use of animals.

2.2 | Genotyping

Mouse toe clipping was performed to identify the hGFAP-CreERT2/

+:Rosa26-floxed-STOP-tdTomato transgenic mice, bred in the animal

facility. Biopsies of phalanges, a maximum of one phalanx per paw

and a maximum of two per animal were collected between postnatal

days 5 (P5) and P12 for subsequent use in a standard genotyping pro-

tocol by polymerase chain reaction (PCR) (Figure S1B).

Samples were digested for 4 h at 56�C under shaking at

900 rounds per minute (rpm), using 0.2 mg/mL of proteinase K

(3115887001, Merck) in the DirectPCR Lysis reagent (VIG102-T, Via-

gen Biotech). After the inactivation of the enzyme by a 45-min incu-

bation at 84�C under agitation at 700 rpm, the supernatant containing

deoxyribonucleic acid (DNA) was used for genotyping. A first master

mix was prepared for the Rosa-CAG-LSL-tdTomato mouse lines and

contained Kapa 2G Fast Multiplex Mix (KK5802, Merk), 0.2 μM IMR

9020 long (50-GT AAG GGA GCT GCA GTG GAG TA GGC-30), 0.2 μM

IMR 9021 long (50-CCG AAA ATC TGT GGG AAG TC TTG TCC-30),

0.2 μM IMR 9103 short (50-C ATT AAA GCA GCG TAT CC-30),

0.2 μM IMR 9105 short (50-CTG TTC CTG TAC GGC ATG-30), bromo-

phenol blue 1%, and double distilled water (ddH2O). A second master

mix was prepared for the hGFAP-CreERT2 mouse lines and contained

Kapa 2G Fast Multiplex Mix (KK5802, Merk), 0.2 μM primer 10898

(50-GCC AGT CTA GCC CAC TCC TT-30), 0.2 μM primer 10899 (50-

TCC CTG AAC ATG TCC ATC AG-30), 0.2 μM IMR 7338 (50-CTA GGC

CAC AGA ATT GAA AGA TCT-30), 0.2 μM IMR 7339 (50-GTA GGT

GGA AAT TCT AGC ATC ATC C-30), and ddH2O. PCR mixes consisted

of 10 μL of master mix and 2 μL DNA sample. PCR reactions were

performed on the Sensoquest system using the following cycle:

(1) 95�C, 3 min; (2) 95�C, 15 s; (3) 60�C, 30 s; (4) 72�C, 30 s; steps 2–

4 were repeated 30 times; and (5) 10�C. Finally, the reaction products

were run on a 2% agarose gel (11405.01, Serva) in TBE 1X (89 mM

Tris, A 1086.5000, Applichem; 89 mM boric acid, A 2940.1000, Appli-

chem; 2 mM ethylenediamine tetraacetic acid [EDTA], A 1103.0500,

Applichem) at 75 V.

2.3 | Tamoxifen injection

To induce the genetic deletion of STOP codons in hGFAP-CreERT2/

+:Rosa26-floxed-STOP-tdTomato transgenic mice and to trigger the

expression of hGFAP-tdTomato fluorescent proteins in sparse astro-

cytes, 7-week-old individuals (between P43–47) received an intraperi-

toneal (i.p.) injection of TAM solution daily for five consecutive days

at a dose of 75 mg/kg body weight (T5648, Merk) (Figure S1C) (Hösli,

Binini, et al., 2022; Park et al., 2018; Schreiner et al., 2015; Srinivasan

et al., 2016). TAM solution (20 mg/mL emulsion dissolved overnight

at 37�C in sunflower seed oil, 88921, Merk) was always aliquoted and

frozen at �20�C until use. As displayed in Figure S1C, 7 days after

TAM treatment, 8-week-old (P54–58) mice were euthanized, brains

were extracted and cut into 300 or 150 μm thick parasagittal slices,

depending on the type of subsequent experiments, electrophysiology

(Figure S3), or immunostaining (Figure 1a).

2.4 | Parasagittal brain slice preparation

HGFAP-CreERT2/+:Rosa26-floxed-STOP-tdTomato transgenic mice

between P54–58 were rapidly anesthetized with isoflurane (5% in

oxygen) in a gas chamber and decapitated. Brains were removed and

placed in iced artificial cerebrospinal fluid (ACSF) containing (in milli-

molar (mM)): 125 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2,

1 MgCl2, and 25 D-glucose. Slices of either 300 μm-thickness for

patch clamp experiments (Figure S3) or 150 μm thickness for histol-

ogy and immunostainings, were then carefully cut in the parasagittal

plane at 4�C with a vibratome to maintain consistent orientation of

brain areas, BVs, cells, and Ef. It was important to ensure consistent

orientation in order to accurately compare results from different slices

(Leica VT1200S, Leica) (Figure 1a).

2.5 | Electrophysiology

After brain slicing, 300-μm-thick parasagittal slices were placed in

ACSF, bubbled with 95% O2-5% CO2, and allowed to recover for at

least 1 h at room temperature (RT) before whole-cell patch-clamp

recording (Figure S3). A brain slice was then transferred to the record-

ing chamber mounted on an upright microscope (Luigs & Neumann,

Ratigen, Germany) with constant perfusion of oxygenated ACSF.

Using a VX44 infrared differential interference contrast video camera

(PCO CCD Imaging, Kelheim, Germany) and a QuantEM™ 512SC

LORIN ET AL. 2003

 10981136, 2024, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/glia.24594 by B

cu L
ausanne, W

iley O
nline L

ibrary on [19/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



fluorescence camera (Photometrics, Tucson, AR) with an LED illumi-

nation system pT-100 (CoolLED, Andover, NY), astrocytes in IsoCx

were localized and identified based on soma morphology and size as

well as tdTomato fluorescence (Figure 3b). Subsequently, whole-cell

recordings were performed (Figure S3C) using a MultiClamp 700B

amplifier (Molecular Devices, Union City, CA, USA), Igor Pro 7.08

software (WaveMetrics, Portland, OR, USA), and borosilicate glass

pipettes (9–12 MΩ, #1403513, Hilgenberg GmbH, Malsfeld,

Germany) pulled from a Flamming/Brown micropipette puller (DMZ

Universal Puller; Zeitz-Instrumente, Munich, Germany) and

containing (in mM): 110 K-gluconate, 10 KCl, 4 Mg-ATP, 10 Na-

phosphocreatine, 0.3 Na-GTP, 10 HEPES, pH 7.2 (adjusted with 5 M

KOH), and 300 mOsm (adjusted with D-mannitol 25–35 mM). We

measured membrane capacitance (Cm) and resting membrane poten-

tial (Em) (Figure S3D-ii). Finally, we applied a voltage clamp protocol

in which the voltage was stepped from �90 to 20 mV in 10 mV

increments (Figure S3C-i). The membrane current was recorded to

generate I/V (current/voltage) curves (Figure S3D-i), from which the

input resistance (slope, Rinput) was extracted (Figure S3D-ii) (Ma

et al., 2014; Zhou et al., 2021).

F IGURE 1 Morphological analysis of cortical and hippocampal astrocytes. (a) Stepwise process illustrating the workflow, from sampling
150-μm-thick brain slices of 8-week-old double transgenic mice (previously injected with tamoxifen according to the protocol described in
Figure S1 and Materials and Methods) to 3D image acquisition and processing by confocal microscopy (Figure S8). (b) Representative tdTomato
fluorescent cortical astrocyte (i) with an endfeet (white arrow). 3D digital reconstructions in 0� orientation of the cell territory (ii), soma (iii), and
major processes (iv). Scale bar = 20 μm. (c) Schematic parasagittal brain slices depicting the IsoCx (blue, i) and Hipp (green, ii), respectively.
Analysis of AT (x104, μm3, iii) and soma (μm3, iv) volumes, as well as the quantity of major processes per astrocyte (n, v) in IsoCx (white circles)
and Hipp (white squares). n = 30 astrocytes, N = 7 mice for IsoCx; n = 19 astrocytes, N = 5 mice for Hipp. Data are presented as Mean ± SEM;
***p < .001, not significant (ns) p > .05, statistically tested by linear mixed models fit by restricted maximum likelihood (Table S6). The cartoons
were created with BioRender.com.

2004 LORIN ET AL.
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2.6 | Histology and immunohistochemistry

After brain slicing, 150 μm thick parasagittal sections were fixed in

4% paraformaldehyde (PFA) (prepared in 0.1 M phosphate buffer,

pH 7.4) for 15 min, followed by three washes of 5 min each with

0.1 M phosphate buffer solution (PBS) (Figure 1a). Then, brain slices

were either stored at 4�C in 0.1 M PBS until use for immunostaining

or mounted in fluorescence mounting medium (S3023, Dako) on

Superfrost™ Plus adhesion slides (J1800AMNZ, Thermo Scientific),

dried overnight and stored in the refrigerator until microscopy acquisi-

tion and histological analysis.

For immunostaining, 4% PFA-fixed brain slices were washed

three times in 0.1 M PBS with 0.5% Triton X-100 (A4975, Appli-

Chem) for 5 min each. The slices were incubated for 1 h at RT, with

gentle shaking in a blocking solution containing 0.1 M PBS, 0.5%,

Triton X-100, and 10% normal goat serum (NGS, S-1000-20, Vector

Laboratories). Brain sections were then placed at RT with gentle agi-

tation in a solution containing 0.1 M PBS, 0.5% Triton X-100, and

5% NGS including the following primary antibodies: rabbit polyclonal

anti-AQP-4 (1:80, NBP1-87679, Novus Biologicals), mouse monoclo-

nal anti-Cx43 conjugated to Alexa Fluor™ 488 (1:20, 138388,

ThermoFisher Scientific), mouse monoclonal anti-Cx30 (1:20,

MA5-35021, ThermoFisher Scientific), or rabbit polyclonal anti-

aldehyde dehydrogenase 1 family member L1 (ALDH1L1, ab87117,

Abcam) for 3 days. Then, the samples were washed three times in a

solution of 0.1 M PBS, 0.5%, Triton X-100, and 10% NGS for 10 min

each and incubated for 6 h at RT with secondary antibodies: alpaca

anti-rabbit IgG DyLight™ 405 conjugated (1:3000, 611-474-215,

Jackson ImmunoResearch Laboratories), alpaca anti-mouse IgG2b

Alexa Fluor™ 488 conjugated (1:3000, SMS2BAF488-1-10, Lubo

Science), or alpaca anti-human IgG/anti-rabbit IgG Alexa Fluor™

488 conjugated (1:3000, SRBAF488-1-10, Lubo Science). Next, the

samples were rinsed three times with a solution of 0.1 M PBS sup-

plemented with 0.5%, Triton X-100, and 5% NGS for 10 min each,

followed by incubation at RT, overnight, with isolectin GS-IB4 from

Griffonia simplicifolia (IB4) conjugated to Alexa Fluor™ 647 (1:3000,

I32450, ThermoFisher Scientific). To complete the immunostaining,

three washes with 0.1 M PBS solution were performed before incu-

bation for 20 min in a solution of 0.1 M PBS containing

40,6-diamidino-2-phénylindole (DAPI, 1:50000, D9542, Sigma).

Finally, the sections were washed three times for 10 min each in

0.1 M PBS before mounting in fluorescence mounting medium

(S3023, Dako) on Superfrost™ Plus adhesion slides (J1800AMNZ,

Thermo Scientific), dried overnight, and stored in the fridge until

microscopy acquisition and analysis. Negative controls were also

performed by adding secondary antibodies only to the brain slices

(data not shown).

2.7 | Confocal microscopy

Confocal microscopy was performed using an upright confocal micro-

scope (Upright Leica SP8 DM6 CS), equipped with a 40� (1.25

numerical aperture [NA], HC PL APO CS2) glycerol immersion objec-

tive (Leica). To test for the most suitable objective, initial imaging

experiments were performed with both 40� glycerol and 63� oil (1.4

NA) objectives on the exact same cell sample with an identical voxel

size of 86 nm (xy) and 180 nm (z) (Figure S4 and Table S1). Cross sec-

tions of these two z stacks were generated by rotating the stacks at

90o around the x-axis and then projected using maximum intensity

projection (Figure S4A). For each objective, the signal intensity of

each fluorescence (tdTomato, Cx43, AQP-4, and IB4) was plotted as a

function of depth (z) (Figure S4B). Since the 40� glycerol objective

minimizes aberrations caused by the refractive index mismatch

between immersion medium and the biological sample, it significantly

reduces fluorescence loss along the z-axis. Therefore, subsequent

experiments were conducted using this objective.

To ensure complete imaging of the cell, the z dimensions of the

images were adjusted based on the fluorescence signal emitted by

the tdTomato-labeled astrocytes. Considering that astrocytic pro-

cesses can be as thin as 50–100 nm in diameter, falling below the dif-

fraction limit of conventional light microscopy (200–300 nm) (Heller &

Rusakov, 2019), z-axis acquisition was initiated and ended when tdTo-

mato fluorescence was no longer visually detectable. The depth of z-

axis acquisition varied depending on the volume of the astrocyte.

For both IsoCx and Hipp, we assessed the variation in fluores-

cence intensity for each antibody (AQP-4, IB4, Cx43, and Cx30)

across 40-μm thick brain slices (Figures S5 and S6). To achieve

this, cross-sections of all astrocyte images used in our study were

generated by rotating the z-stacks by 90� around the y-axis and

then projected using maximum intensity projection (Figures S5A-ii,

S5B-ii, S5B-iii, S5C-ii, S5D-ii, S6A-ii, S6B-ii, S6B-iii, S6C-ii, and

S6D-ii). The resulting fluorescence intensity profile for each anti-

body was normalized by subtracting the autofluorescence mea-

sured on a control sample and dividing by the maximum measured

intensity over the z-axis (Figures S5A-i, S5B-i, S5C-i, S5D-i, S6A-i,

S6B-i, S6C-i, and S6D-i, and Table S1). At the deepest point in the

brain slices (40-μm thick), 29% and 37% of the AQP-4 signal

remained (Figures S5C-i and S6C-i), 69% and 82% for IB4

(Figures S5D-i and S6D-i), 24% and 65% for Cx43 (Figures S5B-i

and S6B-i, yellow); and 19% and 35% for Cx30 (Figures S5B-i and

S6B-i, magenta), in IsoCx and Hipp, respectively. Achieving equal

antibody accessibility to epitopes throughout the tissue thickness

is critical to staining homogeneity, a prerequisite for accurate

quantitative analysis and comparisons (Yau et al., 2023; Zwang

et al., 2023). However, as shown in Figures S5 and S6, the penetra-

tion depth of antibodies is limited by two main factors. First, the

tissue thickness acts as a physical barrier that prevents facilitated

diffusion. Second, the nonuniform expression of the target pro-

teins throughout the samples results in the absence of epitopes in

some areas, leading to undetectable signals. For instance, tdTo-

mato fluorescence is reduced at the edge of the cell territory,

where only fine processes are present, compared to the nearly sat-

urated signal in the soma at the mid-position (Figures S5A-ii and

S6A-ii). Consequently, the resulting fluorescence intensity profile

is bell-shaped (Figures S5A-i and S6A-i). In our study, for the
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anatomical study of astrocytes, the entire cell volume was

detected in 3D using tdTomato signals, and those for AQP-4 and

IB4 were necessary to reconstruct Ef and BVs. For molecular

characterization, the localization and quantification of Cx43 and

Cx30 were of great interest and performed with their respective

antibody fluorescence. Since the decays of fluorescence, as pre-

viously described for each antibody, did not prevent Imaris soft-

ware from detecting signals of interest (see Image processing

section), and through multiple analyses of negative controls and

sample images, we confirmed that the fluorescence intensities

over the thickness of interest were sufficient for quantitative

analyses and comparisons.

To maximize signal acquisition of AQP-4, Cx43, Cx30, tdTomato

astrocytes, and IB4 staining in the z-plane, a step size of 0.18 μm was

used for the stacks. In the xy-plane, the image dimension was fixed at

1352 � 1352, with a zoom factor of 1.2, resulting in a pixel size of

86 nm. For the control experiments performed with DAPI, AQP-4,

ALDH1L1, and IB4 antibodies combined with tdTomato fluorescence,

the z-step size was 1 μm between the stacks, the image dimension

was fixed at 1024 � 1024, and the zoom factor was 2.5, resulting in a

pixel size of 113 nm (Figure S7).

For fluorescence excitation, DyLight™ 405, Alexa Fluor™

488, tdTomato, and Alexa Fluor™ 647, conjugated to their respective

antibodies were excited to 405, 488, 552, and 638 nm, respectively.

The laser speed was set to 1000 Hz with a 2-line average per channel.

The emitted fluorescences were sequentially detected by two HyD

spectral detectors tuned to the 410–480 nm, 500–550 nm, 560–

620 nm, and 650–710 nm wavelengths, respectively, and switched

between frames. The acquired images were visualized using Leica

Application Suite X software (Leica). The 5� (0.15 NA, HC PL FLUO-

TAR) dry objective (Leica) and the “tile scan” option of LAS X naviga-

tor were used to acquire larger overviews of whole parasagittal brain

slices.

2.8 | Deconvolution

To enhance the resolution of the confocal images in the x-y-z dimen-

sions and to improve the signal quality by reducing the noise, decon-

volutions were performed using the SVI Huygens software via the

Huygens Remote Manager (HRM) (Scientific Volume Imaging B.V.,

Hilversum, The Netherlands) with the “classic maximum likelihood

estimation” algorithm (Ponti et al., 2007).

Before deconvolution, the average background for each channel

(AQP-4, Cx43, Cx30, DAPI, ALDH1L1, tdTomato, and IB4) in each

image was measured in Fiji-ImageJ. Briefly, the raw image was split

into individual image stacks corresponding to each channel. Then, an

area without the signal of interest was manually selected using the

rectangle tool in Fiji-ImageJ to measure the background along the z-

axis. Only a few z-stacks were selected for DAPI, Cx43, and Cx30,

which exhibited staining patterns appearing anywhere in the image.

The total background value was then calculated by averaging the

obtained measurements. Subsequently, the raw images were imported

into the HRM. A theoretical point spread function (PSF) was selected

and the type of microscope and objectives were defined based on the

above specifications. A refractive index of 1.37 was specified for

the fluorescence mounting medium (S3023, Dako), and the voxel size

was defined as an xy pixel size of 86 nm and a z step size of 180 nm.

For each co-immunostaining, a deconvolution template was applied,

including the previously measured background values, a fixed number

of iterations, and the signal-to-noise ratio (SNR). The SNR, defined as

the square root of the number of photons in the brightest part of the

raw image, was initially calculated by HRM and further refined by

the experimenter until the roughness or granularity of the image was

restored. Specifically, for datasets combining fluorescence images of

tdTomato, Cx43, AQP-4, and IB4, SNR values of 6, 3, 2, and 3, respec-

tively, were applied to each channel with 30 iterations and a quality

change set to 0. For images consisting of tdTomato, Cx30, AQP-4,

and IB4, SNR values of 6, 2, 2, and 6, respectively, were applied with

16 iterations and a quality change set to 0. For images consisting of

tdTomato, DAPI, AQP-4, and IB4, SNR values of 2, 2, 1, and 3, respec-

tively, were applied with 20 iterations and a quality change set to 0.

For images consisting of tdTomato, DAPI, ALDH1L1, and IB4, SNR

values of 2, 2, 1, and 3, respectively, were applied with 20 iterations

and a quality change also set to 0.

2.9 | Image processing

Processing of the aforementioned deconvolved images was per-

formed using Fiji-ImageJ (Schindelin et al., 2012), Matlab (R2020b,

MCR v9.9), and Imaris (BitPlane, South Windsor, CT, USA) (https://

github.com/BIOP/EasyXT-FIJI) software with a sequence of manual

operations and custom Fiji-ImageJ Groovy scripts (10.5281/zenodo.

8155041) (Ollion et al., 2013). As displayed in Figure S8, the entire

workflow started with the generation of 3D surface models in Imaris.

For astrocyte components, such as astrocyte territory (AT), soma, and

major processes, the objects were reconstructed based on tdTomato

fluorescence (C1, cyan). However, it should be noted that the Imaris

software could not discriminate the free spaces between the multiple

interlaced fine processes of the astrocytes, which led to the analysis

of the AT rather than the strict cell volume. Additionally, if the image

was “contaminated” by other astrocytes around the cell of interest, a

second filter in the segmentation process, called “distance to image

border XY img=1” was added and set to exclude them from the

analysis.

The Ef and BV Imaris reconstruction surfaces were built based on

AQP-4 and IB4 staining, respectively (C3, green and C4, red). Through-

out the image processing, the parameters remained constant for each

element, except for the “Threshold” values and some filters, which

were individually adjusted by a trained experimenter to fit each com-

ponent as finely as possible (Table S2). To validate the variable param-

eters in Imaris, a binary mask was created, and a visual inspection was

performed in Imaris slice mode to ensure that the segmentation

matched the signal observed by the trained experimenter. After verifi-

cation, AT, soma, and BV volume and proportion were obtained from

2006 LORIN ET AL.
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the statistical option in Imaris, while the number of major processes

was manually counted after visual review (Tables S3 and S4).

For further analysis of the BVs, the number of BVs contacted per

Ef and astrocyte, as well as their frequency distribution and their

diameter were manually determined using the measuring tool in Imaris

slice mode (Figure 3 and Table S5). Since the BV network is ultimately

just a connected structure, it is important to note that in this study,

each subdivision of a main BV was considered as a separate BV.

To prepare the datasets for the next steps of processing and

analysis, each image was upsampled using Matlab (Figure S8),

which computed the appropriate value in Imaris to generate an iso-

tropic voxel spacing of 86 nm in the z-axis (Table S3). Subse-

quently, the AT and AQP-4 Imaris surfaces were converted into

masks by the Fiji-ImageJ software using the costumed AstroAnaly-

zer_endFeetFinder_withClusters groovy script (see the 5-Groovy

scripts.zip file on Zenodo). The goal of this process was to create a

new Ef object surface in Imaris, encompassing all Ef from a single

astrocyte, as well as an Ef cluster channel, allowing manual split-

ting of each Ef into new Imaris surfaces (Ef n). The Ef cluster chan-

nel was created by dilating the Ef mask using a spherical

structuring element with a radius of 2.5, followed by a 3D con-

nected components analysis (Legland et al., 2016). The resulting

label image with clustering information was included as a channel

in the Imaris dataset. The AstroAnalyzer_endFeetFinder_withClus-

ters groovy script also generated a compatible Excel file to extract

in a table the volume (μm3) of each Ef according to the “Intensity
Median” Ef cluster parameter as a filter field (see Imaris_final_-

CL230331_E2_serie1_results.csv and Imaris_final_CL230331_E2_-

serie1_Endfeetanalysis.xlsx on 10.5281/zenodo.8155041 in the

4-Image analysis_CL230331_E2_serie1.zip file). Ef exclusion cri-

teria were applied to retain only the Ef of interest, such as volumes

less than 1 μm3 and Ef that did not ensheath BVs, visually checked

on the 3D image in Imaris by a trained experimenter.

Using the Matlab script “Surface–Surface contact area” in Imaris

(https://imaris.oxinst.com/open/view/surface-surface-contact-area),

an Ef-BV contact surface Imaris object was calculated and created

between the BV and Ef Imaris surfaces. Similarly, an AQP-4-AT

contact surface (AQP-4-AT cs) Imaris object reflecting the Ef area

surfaces was generated between AQP-4 and AT Imaris surfaces

using the same Matlab script. Individual Ef-BV and AQP-4-AT Imaris

contact surfaces were also created using the Ef cluster channel as a

filter parameter. To extract the surface area data (μm2) and the

corresponding proportions into a table, the Get_Surfaces_Stats

groovy script in Fiji-ImageJ was used to generate compatible Excel

files (See Imaris_final_CL230331_E2_serie1_Endfeet analysis.xlsx, Sur-

faces Statistics-Contact surface ef-bv_Imaris_final_CL230331_E2_serie1.

csv, and Surfaces Statistics-Endfeetsurface_Imaris_final_CL230331_E2_

serie1.csv in the 4-Image analysis_CL230331_E2_serie1.zip file on

Zenodo, and Tables S3 and S4).

For visualization purposes, segmented volumes from Fiji-ImageJ

were converted into optimized and watertight mesh models using

Ultraliser (Abdellah et al., 2023). Ultraliser uses solid voxelization to fill

the interior volume of the mask and then converts the mask into a

proxy mesh model using the marching cubes algorithm. The surface of

this proxy mesh was smoothed using Laplacian smoothing and then

optimized to create a watertight manifold based on the algorithm pro-

posed by Attene (Attene, 2010).

For the analysis of Cx43 or Cx30 proteins, Imaris was used to

generate 3D spots by modeling Cx clusters based on their corre-

sponding staining (C2, gray, Figure S8). To optimize cluster detection

by the software, no filter was applied to the Cx signals to maximize

their fluorescence intensity (Table S2). This method compensated for

the gradients of Cx signals observed across the tissue thickness, and

negative control images were tested to validate it. Following up-

sampling, each Imaris surface of interest, including BVs, Soma, AT, Ef,

AQP-4-AT, and Ef-BV, was converted into individual Imaris channels.

These channels were then combined with the 3D Cx spots using the

Get_Spots_Stats groovy script (See the 5-Groovy scripts.zip file on

Zenodo) within Fiji-ImageJ to generate a compatible Excel file (Spots

Statistics-Imaris_final_CL230331_E2_serie1.csv in the 4-Image analy-

sis_CL230331_E2_serie1.zip file on Zenodo). From the resulting data-

set, the number of Cx clusters was extracted in a table depending on

the Imaris surface type, that is, AT, soma, BV, Ef, Ef-BV, and AQP-

4-AT (Imaris_final_CL230331_E2_serie1_Cx43 analysis.xlsx in the

4-Image analysis_CL230331_E2_serie1.zip file on Zenodo). The

obtained values were filtered with the “Intensity Max” channel from

each element of interest to subsequently calculate Cx volume and sur-

face densities (Figures 4 and 5, and Table S3). The distribution of Cxs

in the Ef cytoplasm was calculated by subtracting Cxs in the AT from

those at the Ef surface (Table S3).

To illustrate the entire image processing and analysis workflow, a

3D animation video was produced using the camera option of Imaris

(Video S1). The video was edited using Clipchamp software (Microsoft)

and depicts the complete reconstructions of an astrocyte, its Ef in con-

tact with BVs, and its Cx43 expression and distribution.

2.10 | Statistical analysis

Statistical analyses and data plots were conducted using GraphPad Prism

and R software. Detailed descriptions of the statistical tests used, sample

sizes (n for astrocytes and N for animals), and results are available in

Table S6 and the figure legends. It is important to note that some of the

samples were not independent; specifically, five from both the Hipp and

IsoCx were obtained from the same animals. As the data were pooled,

resulting in a comparison of 30 isocortical astrocytes from 7 mice and

19 hippocampal cells from five animals, a mixed model statistical approach

was applied where appropriate. Data are presented in scatter dot plots

and histograms as Mean ± SEM. Statistical significance was defined as fol-

lows: not significant (ns) p > .05; *p < .05; **p < .01; and ***p < .001.

3 | RESULTS

To generate fluorescent astrocytes in the mouse IsoCx and Hipp, two

parental mouse lines, one hemizygous for the hGFAP-CreERT2

LORIN ET AL. 2007
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transgene and the other homozygous for the LSL-tdTomato allele,

were bred as shown in Figures S2A-i and S2B-i. PCRs of the resulting

double transgenic litters were performed to confirm the presence of

the targeted transgenes (Figures S1A, S2A-ii, and S2B-ii). Figure S1B-i

shows the PCR results of three double-mutant mice carrying the

hGFAP-CreERT2 transgene, indicated by a band at 200 bp, and

the internal positive control, seen as a band at 324 bp. Furthermore,

the same individuals were heterozygous for the LSL-tdTomato mutant

gene with a band at 196 bp, and the wild-type counterpart band at

297 bp. These validated double-mutant mice were then used as a

TAM-inducible model to sparsely induce fluorescence in astrocytes

(Figure S1C).

A TAM solution at 75 mg/kg body weight was administered intra-

peritoneally daily to 7-week-old double transgenic mice for five con-

secutive days. These injections elicited the nuclear translocation of

the CRE enzyme, which was specifically expressed in cells carrying the

CreERT2 transgene under the control of the hGFAP promoter (Kim

et al., 2018). The translocated Cre recombinase recognized the two

repeated lox sites on the DNA and excised the lox-flanked STOP

codon (Figure S1C, dotted box), leading to the cellular expression of

fluorescent tdTomato proteins (Kim et al., 2018). One week later, at

8-week-old, brains were extracted and sectioned in a parasagittal

plane to obtain slices containing fluorescent cells (Figure S1C, maxi-

mum intensity projection image). However, due to a still elusive

underlying molecular mechanism (Figure S2B-iii), it is worth noting

that the parental sex impacted the litter's ability to produce

fluorescent cells after TAM injections (Figure S2, https://www.jax.

org/news-and-insights/jax-blog/2013/september/a-dozen-facts-you-

didnt-know-about-cre-lox). Indeed, breeding CreERT2 females to LSL-

tdTomato males (Figure S2B-i) resulted in double transgenic mice

(Figure S2B-ii) with the expected genotype (Figure S1B), but they

were unable to express fluorescent tdTomato proteins in brain cells

following TAM injections (Figure S2B-iv). Based on these observations

and following the principles of the 3Rs (replace, reduce, refine) (Vitale

& Ricceri, 2022), which aim to avoid or reduce animal testing and suf-

fering, the breeding plan for the animal experimentation in this study

was refined by crossing only CreERT2 males and LSL-tdTomato

females (Figure S2A). The implementation of this strategy minimized

the number of experimental animals used and reduced potential dis-

tress or discomfort to the animals involved in the study.

After induction of sparse fluorescent cells in the brains of double

transgenic mice, cell identity was validated by electrophysiology

(Figure S3). After sectioning of parasagittal brain slices at 300-μm

thickness (Figure S3A), cells were selected in the IsoCx area

(Figure S3B-i) under a microscope according to several criteria. Cells

with uniform fluorescence, well-delineated bushy territories, and an

oval soma 10 μm in diameter, were retained (Figures S3B-ii and S3B-

iii). Whole-cell patch clamp recordings were then performed according

to the protocol depicted in Figure S3C-i. Specifically, voltage clamp

steps were applied from �90 to 20 mV in 10 mV increments, generat-

ing membrane current responses, representative traces of which are

shown in Figure S3C-ii. Current–voltage relationships were measured

from seven cortical cells to generate an average linear I/V curve

typical of nonexcitable cells (Figure S3D-i). The cells exhibited a

hyperpolarized resting potential (Em) of �80.4 ± 0.8 mV, a low input

resistance (Rinput) of 37.6 ± 4.6 mV, and a small capacitance (Cm) of

16.1 ± 4.7 pF (Mean ± SEM, Figures S3D-ii) compared to neurons

(Zhou et al., 2006). Through analysis of the experimental electrophysi-

ological data and the colocalization of tdTomato fluorescence with

the ALDH1L1 staining (Figure S7B), these sparse isocortical fluores-

cent cells exhibited characteristics consistent with literature descrip-

tions of protoplasmic astrocytes (Bolton et al., 2006; Dallérac

et al., 2013; Du et al., 2015; McNeill et al., 2021).

Once the fluorescent cells were identified as astrocytes, their

morphological hallmarks were analyzed (Figure 1). We focused on two

distinct but interconnected brain regions, the IsoCx and the Hipp

(Figure 1c-i,c-ii).

Analyses were performed using 3D confocal images of astrocytes

following the stepwise workflow described in Figure 1a, S8 and

Video S1.

A representative example of the results obtained is shown in

Figure 1b. In Figure 1b-i, thanks to tdTomato fluorescence, the astro-

cyte displayed a typical intricate bushy structure consisting of thin

and intertwined branches originating from major processes extending

directly from the soma (Moye et al., 2019; Zhou et al., 2019; Zisis

et al., 2021). Notably, an enlarged protrusion was observed at the ter-

minal end of one branch (white arrow, Figure 1b-i). This structure,

similar to others observed in previous studies (Kubotera et al., 2019),

did not colocalize with DAPI staining (Figure S7A), but it did with

AQP-4 (Figure 2). Consequently, this protrusion was identified

as an Ef.

Next, the astrocyte's components, territory (Figure 1b-ii), soma

(Figure 1b-iii), and major processes (Figure 1b-iv), were digitally recon-

structed using Imaris, and Fiji-ImageJ software. The resulting data

analysis revealed that the territories of hippocampal astrocytes were

significantly smaller, 19,373 ± 1617 μm3, than those of IsoCx, 29,187

± 1648 μm3 (Figure 1c-iii, S9A, and S10A), while the size of the soma

remained unchanged, 163.9 ± 9.1 μm3 in IsoCx and 159.9 ± 10.9 μm3

in Hipp (Mean ± SEM), representing 0.6% and 0.9% of the astrocytic

domain, respectively (Figure 1c-iv, S9B, S10A, and Table S4). Similarly,

the quantity of major processes extending from the soma remained

the same, 5 ± 0.4 for IsoCx astrocytes and 6 ± 0.5 for Hipp cells

(Mean ± SEM) (Figure 1c-v, and S9C).

To investigate astrocytic Ef as a subcompartment, a combination

of tdTomato fluorescence with immunostaining was required

(Figure 2). Figure 2a illustrates the co-staining of an astrocyte (gray,

Figure 2a-i) with the proteins AQP-4 (green, Figure 2a-ii), and IB4 (red,

Figure 2a-iii). The goal was to visualize astrocytic Ef, highly polarized

in AQP-4, and BVs through the endothelial expression of galactosyl

residues recognized by IB4. Although initially considered as two global

and independent networks, their overlay revealed a tight localization

and even some overlap between AQP-4 and IB4 expression domains

(Figure 2a-iv). Co-immunostaining images were processed using

Imaris, Fiji-ImageJ, and Matlab, allowing for complete digital recon-

structions of Ef in IsoCx and Hipp (representative example in

Figure 2b-i), as well as analysis of their associated biophysical metrics

2008 LORIN ET AL.
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(Figures 2b–e, and S10). The number of Ef reported per astrocyte was

quite similar between IsoCx, 3 ± 0.3, and Hipp, 2 ± 0.3 (Mean ± SEM,

Figures 2b-ii and S11A). However, the Ef volume was reduced to

370.3 ± 43.4 μm3 in Hipp compared with 584.0 ± 43.8 μm3 in IsoCx

(Mean ± SEM, Figures 2c-i, S10A, and S11B). Similarly, the Ef surface

area decreased from 1870 ± 141.3 μm2 in IsoCx to 1151 ± 129.8 μm2

in Hipp (Mean ± SEM, Figures 2c-ii, S10B, and S11C). Interestingly, Ef

volumes and astrocyte territories were discovered to be positively

correlated, with a Spearman's coefficient of 0.56, suggesting an inter-

dependence between astrocyte size and the volume of its associated

Ef (Figure 2d) (Dodge, 2008; Spearman, 1904).

The final biophysical metric calculated for Ef was the surface area

of contact between Ef and BVs (Figure 2e). Consistent with the

previously mentioned parameters, this value was reduced in Hipp at

369.9 ± 53.9 μm2, compared with 568.8 ± 48.9 μm2 in IsoCx (Mean

± SEM), representing 31.8% and 30.4%, respectively, or one-third, of

the total Ef surface (Figures 2e-ii, S10, and S11D, and Table S4).

Further analysis of Ef–BV interactions allowed a more compre-

hensive characterization of the spatial organization of the gliovascula-

ture units (Figure 3 and Table S5). The number of BVs per astrocyte

was increased in IsoCx compared with Hipp, with 4 ± 0.2 and 3 ± 0.3,

respectively (Mean ± SEM) (Figures 3a-ii, and S12A). Similarly, in

Figure 3a-iii, the frequency distribution revealed that 32% of Hipp

astrocytes contacted 2 BVs (light gray bars), whereas 30% of IsoCx

astrocytes interacted with 3 BVs (white bars). Figure 3a-i,b-i illustrate

two types of structural organization between Ef and BVs. A single Ef

F IGURE 2 Morphological analysis of cortical and hippocampal astrocyte endfeet (Ef). (a) Representative tdTomato fluorescent cortical
astrocyte (i). Examples of double immunostaining with AQP-4 (green) for visualization of Ef (ii) and with IB4 (red) for visualization of endothelial
cells lining the BVs (iii). Overlay image showing colocalization of astrocyte-AQP-4 and IB4 (iv). (b) (i) Representative image of a cortical astrocyte
with 3D digital reconstructions of its individual Ef indicated by white arrows (Ef 1: orange; Ef 2: light blue, Ef 3: yellow, and Ef 4: pink).
(ii) Quantification of Ef per astrocyte in IsoCx and Hipp. (c) Analysis of Ef metrics, volume (i), and surface area (ii) in IsoCx and Hipp. (d) Spearman's
correlation test between the Ef volume (x102, μm3) and astrocyte territories (x104, μm3) (white triangles and dotted line). (e) (i) Representative
image of a cortical astrocyte with 3D digital reconstructions of the Ef-BV contact surfaces (green). (ii) Analysis of the surface area (x102, μm2) in
contact between Ef and BVs in IsoCx and Hipp. n = 30 astrocytes, N = 7 mice for IsoCx, n = 19 astrocytes, and N = 5 mice for Hipp. Data are
presented as Mean ± SEM in IsoCx (white circles) and Hipp (white squares); ***p < .001; **p < .01; ns p > .05; statistically tested by linear mixed
models fit by restricted maximum likelihood, and Spearman correlation (Table S6). Scale bar = 20 μm.
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can ensheath either a single or multiple BVs. In IsoCx, 73% of astro-

cytes had at least one Ef contacting more than one BV simultaneously,

while only 27% exhibited a strict Ef-BV 1:1 ratio (Figure 3b-ii). In con-

trast, within Hipp, 58% of astrocytes had at least one Ef ensheathing

more than 1 BV, while 42% maintained a 1:1 Ef:BV ratio (Figure 3b-

iii). Analysis of the frequency distribution of the number of BVs

ensheathed by each Ef revealed that in both IsoCx (white bars) and

Hipp (light gray bars), an Ef typically enwrapped a single BV, account-

ing for 72% and 69%, respectively (Figure 3c-i). Notably, there was no

significant evidence that the diameter of the BVs affected the number

of ensheathed vessels. Indeed, in the case of one BV per Ef, the mean

BV diameter was 4.2 ± 0.2 μm in IsoCx and Hipp; and for two BVs per

Ef, 4.8 ± 0.4 μm in IsoCx and 4.4 ± 0.4 μm in Hipp (Mean ± SEM).

Interestingly, at three BVs per Ef, the BV diameter was observed to

F IGURE 3 Blood vessels contacted by cortical and hippocampal astrocytes. (a) (i) Representative image of an astrocyte with 3D digital
reconstructions of Ef (yellow) and BVs (red). Contact surfaces between Ef and BVs are indicated by white arrows. (ii) Quantification of BVs per
astrocyte in IsoCx (white circles) and Hipp (white squares). (iii) Frequency distribution of the quantity of BVs contacted per astrocyte in IsoCx
(white bars) and Hipp (light gray bars). (b) (i) Representative image of an astrocyte with 3D digital reconstructions of Ef (yellow) and BVs (red).
Head arrows of the same color (cyan or green) indicate multiple BVs in contact with the same Ef. Quantity of Ef contacting one or more BVs per
astrocyte in IsoCx (ii) and Hipp (iii). White circles: n = 1 astrocyte; half-filled circles: n = 2 astrocytes; black triangles: n = 3 astrocytes; black
squares: n = 4 astrocytes. (c) (i) Frequency distribution of the quantity of BVs ensheathed per Ef in IsoCx (white bars) and Hipp (gray bars). (ii) BV
diameter related to BV quantity ensheathed per Ef, (n) = number of BVs, in IsoCx (white bars) and Hipp (gray bars). (iii) Spearman's correlation
test between Ef volume (x102, μm3) and BV diameter (μm) (white circles, dotted line). n = 30 astrocytes, N = 7 mice for IsoCx, n = 19 astrocytes,
N = 5 mice for Hipp. Data are presented as Mean ± SEM; **p < .01, *p < .5, ns p > .05, statistically tested by linear mixed models fit by restricted
maximum likelihood, and Spearman correlation (Table S6). Scale bar = 20 μm.

2010 LORIN ET AL.
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be smaller in IsoCx, 3.7 ± 0.2 μm, versus 4.9 ± 0.3 μm in Hipp (Mean

± SEM, Figures 3c-ii, and S12B). Additionally, although some positive

correlation between Ef volumes and BV diameters can be observed,

the low Spearman's coefficient of 0.15 indicates only a weak relation-

ship (Figure 3c-iii).

For a more thorough molecular characterization of astrocytes, co-

immunostaining of tdTomato with AQP-4, IB4, and either Cx43 or

Cx30 (Figures S13 and S14, respectively) was performed in both IsoCx

(Figures S13A and S14A) and Hipp (Figures S13B and S14B). Subse-

quently, the Imaris software was used to digitally detect Cx clusters in

different compartments of interest, including the AT (Figure 4a-ii,a-ii'),

soma (Figure 4a-iii,a-iii'), Ef (Figure 4a-iv,a-iv'), and BV network

(Figure 4a-v, a-v'). The analysis, in absolute terms, of Cx clusters

revealed an increasing distribution pattern from somas to Efs, BVs,

and territories. These expression profiles were similar for both Cx43

(solid white and gray bars) and Cx30 (striped white and gray bars) in

IsoCx (Figures 4b-i and S15) and Hipp (Figures 4b-ii and S16). Inter-

estingly, within the same brain area, in both IsoCx and Hipp, Cx43

clusters consistently exhibited the highest expression compared with

Cx30. Specifically, for Cx43 clusters, the expression levels per com-

partment in IsoCx were as follows: astrocyte territories 1694 ± 568,

BVs 746 ± 103, Ef 145 ± 22, and soma 2 ± 1 (Mean ± SEM, solid

white bars, Figures 4b-i and S15). In Hipp, the expression levels of the

clusters, in the same order, were as follows: 3166 ± 844, 764 ± 90,

126 ± 15, 9 ± 4 (Mean ± SEM) (solid gray bars, Figures 4b-ii and S16).

In contrast, for Cx30 clusters in IsoCx, the expression levels per com-

partment were: AT 256 ± 62, BVs 92 ± 28, Ef 9 ± 3, and soma 1 ± 1

(Mean ± SEM, striped white bars, Figures 4b-i and S15). In Hipp, the

expression levels of the clusters, in the same order, were as follows:

306 ± 94, 79 ± 28, 3 ± 1, and 6 ± 3 (Mean ± SEM, striped gray bars,

Figures 4b-ii and S16).

Because of the obvious substantial volume disparities between

each compartment (Table S3), analyses of Cx43 and Cx30 densities

were essential to facilitate a meaningful and normalized comparison

of the expression and distribution of these two proteins (Figure 5). In

this regard, the volume densities of Cx43 and Cx30 clusters were first

analyzed (Figure 5a, S17 and S18). Notably, Figure 5a-i shows that Ef

in IsoCx overexpressed both Cxs, with 0.64 ± 0.17 particles per μm3

F IGURE 4 Connexin 43 and 30 cluster distributions. (a) (i) and (i') Representative images of astrocytes with 3D digital reconstructions of
endfeet (Ef) (yellow). Digital spot detections (green dots) of Cx43 and Cx30 in astrocyte territory (A-ii and A-ii'), soma (A-iii and A-iii’), Ef (A-iv and
A-iv'), and BVs (A-v and A-v'), respectively. (b) Absolute cluster distributions of Cx43 and Cx30 in astrocyte compartments and BVs in IsoCx (solid
and striped white bars, respectively, i) and Hipp (solid and striped gray bars, respectively, ii). Cx43 data: n = 10 astrocytes, N = 5 mice for IsoCx
and Hipp. Cx30 data: n = 10 astrocytes, N = 5 mice for IsoCx, and n = 9 astrocytes, N = 5 mice for Hipp. Data are presented as Mean ± SEM;
***p < .001; **p < .01; and ns p > .05, statistically tested by Wilcoxon and multiple linear regression analyses (Table S6). Scale bar = 10 μm.

LORIN ET AL. 2011
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for Cx43 (solid white bars) and 0.10 ± 0.05 for Cx30 (striped white

bars, Mean ± SEM). In contrast, Cx densities in all other compartments

were lower for Cx43 as follows: 0.07 ± 0.02 in territory, 0.02 ± 0.01

in soma, and 0.10 ± 0.02 in BVs (particles per μm3, Mean ± SEM, solid

white bars, Figures 5a-i and S17). For Cx30, the densities in the other

compartments were 0.010 ± 0.002 in territory; 0.004 ± 0.004 in

soma; and 0.010 ± 0.004 in BVs (particles per μm3, Mean ± SEM,

striped white bars, Figures 5a-i and S17). Similarly, in Hipp, Figure 5a-

ii shows that Ef contained an increased expression of Cx43 clusters

with 0.71 ± 0.14 particles per μm3 (light gray bars, Mean ± SEM),

comparable to the value calculated in IsoCx (Figure 5a-i). Again, Cx43

density was consistently lower in other compartments, as follows:

0.15 ± 0.04 in territory; 0.06 ± 0.02 in soma; and 0.14 ± 0.02 in BVs

(particles per μm3, Mean ± SEM, solid gray bars, Figures 5a-ii and

S18). However, for Cx30, Hipp density was not increased in Ef

compared with the other compartments with 0.011 ± 0.004 particles

per μm3 versus 0.019 ± 0.005 in territory; 0.03 ± 0.02 in soma; and

0.019 ± 0.006 in BVs (striped gray bars, Mean ± SEM, Figures 5a-ii

and S18). In summary, a marked overexpression of both proteins was

observed in Ef compared to other compartments. Cx43 was found to

be 10 and 6 times more abundant in IsoCx and Hipp, respectively,

while Cx30 was 11 times more expressed, albeit only in the Ef of cor-

tical astrocytes.

Subsequently, Cx43 and Cx30 cluster densities were analyzed

specifically in Ef (Figure 5b,c). Figure 5b-i,c-i depict representative

examples of Cx43 and Cx30 proteins differentially distributed

between the Ef membrane (yellow dots) and cytoplasm (green dots).

Distribution analysis revealed a similar level of expression between

the two Cxs in the Ef cytoplasm with 0.62 ± 0.02 Cx43 and 0.67

± 0.10 Cx30 per μm3 in IsoCx (white bar); and 0.58 ± 0.04 Cx43 and

F IGURE 5 Connexin 43 and 30 density distributions. (a) Volume density of Cx43 and Cx 30 clusters in each astrocyte compartment and BVs
in IsoCx (solid white, and striped white bars, respectively, i) and Hipp (solid gray and striped gray bars, respectively, ii). (b and c) (i) Digital
representations of Ef (soap bubble design) with Cx43 (B-i) and Cx30 (C-i) clusters at the plasma membrane (yellow dots) and in the cytoplasm
(green dots, for Cx30 indicated by a white arrow). Cluster densities of Cx43 (B-ii) and Cx30 (C-ii) at the Ef plasma membrane (yellow dots, surface
density, clusters/μm2), and in the Ef cytoplasm (green dots, volume density, clusters/μm3). (b and c) (iii) Digital reconstructions of Ef-BV cs (gray)
with Cx43 (B-iii) and Cx30 (C-iii) clusters (green spots). Surface densities of Cx43 (B-iv) and Cx30 (C-iv) clusters at Ef membrane and Ef-BV cs
(clusters/μm2) in IsoCx (white bars) and Hipp (light gray bars). Cx43 data: n = 10 astrocytes, N = 5 mice for IsoCx and Hipp. Cx30 data: n = 10
astrocytes, N = 5 mice for IsoCx, and n = 9 astrocytes, N = 5 mice for Hipp. Data are presented as Mean ± SEM; ***p < .001; **p < .01; *p < .05
and ns p > .05, statistically tested by Wilcoxon tests, multiple linear regression analyses, linear mixed models fit by restricted maximum likelihood,
and paired t-tests (Table S6). Scale bar = 10 μm.

2012 LORIN ET AL.
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0.46 ± 0.13 Cx30 per μm3 in Hipp (light gray bar, Mean ± SEM,

Figures 5b-ii,c-iiand S20). In contrast, lower surface densities were

found at the Ef membrane with 0.09 ± 0.03 and 0.11 ± 0.03 Cx43

clusters per μm2; and 0.007 ± 0.003 and 0.002 ± 0.001 Cx30 clusters

per μm2, in IsoCx and Hipp, respectively (white and light gray bars,

Mean ± SEM, Figures 5b-ii,c-ii, S19, and S20). Regarding Ef–BV cs,

0.21 ± 0.06 and 0.23 ± 0.07 Cx43 clusters per μm2 were expressed in

IsoCx and Hipp (white and light gray bars, respectively, Mean ± SEM,

Figures 5b-iv and S21), whereas Cx30 clusters were significantly

scarcer or even absent in both brain areas, with 0.008 ± 0.006 and

0.004 ± 0.003 clusters per μm2 in IsoCx and Hipp (white and light

gray bars, respectively, Mean ± SEM, Figures 5c-iv and S22). These

distinct profiles highlight a large pool of Cxs in the Ef cytoplasm.

Although we observed a higher apparent intensity of the Cx43 signal

at the interface with BVs, precise localization to the interface cannot

be concluded due to the limitations of the immunostaining technique.

4 | DISCUSSION

This study explores the intricate biophysical architecture and molecu-

lar organization of astrocytes, with a particular focus on their Ef con-

nections to the vasculature within the mouse IsoCx and Hipp (Batiuk

et al., 2020; Bayraktar et al., 2020; Endo et al., 2022; Lanjakornsiripan

et al., 2018; Salmon et al., 2023; Viana et al., 2023). These brain

regions are of great interest due to their central role in cognitive task

performance and memory consolidation (Lawal et al., 2022; Refaeli

et al., 2021; Wang et al., 2022), making them vulnerable to neuropa-

thologies such as Alzheimer's disease (Planche et al., 2022), amyo-

trophic lateral sclerosis (Zhou et al., 2016), and major depressive

disorder (Zhang et al., 2018). It should be noted that we do not con-

sider anatomical subfields within brain areas, or cell organization in

layers.

The results indicate that astrocytes in both brain regions have

comparable soma sizes and a similar number of major processes and

Ef. However, distinctive features emerge in hippocampal astrocytes

compared to their isocortical counterparts. Specifically, hippocampal

cell territories appear smaller with reduced Ef dimensions, including

length, width, volume, surface area, and contact surface with BVs.

Thus, our results reveal two levels of morphological complexity in

astrocytes: a macroscopic level characterized by heterogeneities in

domain size, and a microscopic level defined by reduced Ef metrics

that strongly correlate with cell dimensions. Nevertheless, the consis-

tent number of Ef and major processes observed in both brain areas,

despite territorial dimensional constraints, suggests a conserved pro-

cess of branch arborization. These results are in line with and comple-

ment a recent study by Viana et al., which found that the volume

fraction of leaflets and AT dimensions are independent, suggesting

distinct molecular regulation of these two architectural features

(Viana et al., 2023).

These findings raise several intriguing questions. For instance,

while the number of major branches appears constant, does the den-

sity of leaflet arborization mirror this stability, or does it adjust relative

to the territory volume occupied by the astrocytes? Further work

using electron microscopy could characterize and compare the nano-

scopic ultrastructure of astrocytic arborization between cells across

brain areas (Aten et al., 2022). It is conceivable that smaller cells may

develop fewer fine processes within a limited domain volume. This

raises the question of whether hippocampal astrocytes have reduced

functionalities due to fewer interactions with neurons, oligodendro-

cytes, or other astrocytes. Previous studies have shown that the prox-

imity of astrocytes to other cells manages their spectrum of actions,

rather than their strict physical dimensions. Indeed, in the cornu

ammonis 1 lamina (CA1), astrocytes were observed to harbor larger

neuronal populations within their territories. Regardless of process

length, their proximity to the pyramidal layer facilitates enhanced con-

tacts with neurons and could potentially modulate their functionalities

(Aten et al., 2022; Refaeli et al., 2021). Moreover, considering the key

role of Ef in pivotal physiological mechanisms, including BBB mainte-

nance, regulation of cerebral blood flow, and nutrient (cyclic AMP,

InsP3, Ca2+, and amino acids)/waste (CO2) exchange (Cibelli

et al., 2021; Díaz-Castro et al., 2023; Giaume et al., 2010; Kubotera

et al., 2019; Obermeier et al., 2013; Weber & Barros, 2015), we won-

der whether the revealed reduced contact surfaces between Ef and

BVs in Hipp influence metabolic trafficking between the brain

and systemic circulation. Given these physical constraints, how do

hippocampal astrocytes meet their metabolic demands to maintain

local homeostasis? Astrocytes could respond by increasing the expres-

sion of specialized proteins, such as transporters, ion channels, and

Cxs, at the Ef membrane, or they could have geometry and nanostruc-

tural adaptations, as demonstrated in previous studies. Indeed, the

size and shape of mitochondria have been observed to vary signifi-

cantly between astrocytic subcompartments to meet metabolic

demands (Aten et al., 2022; Salmon et al., 2023). Thus, the higher den-

sity of astrocytes in Hipp (Keller et al., 2018; Olude et al., 2015) could

compensate for the reduced Ef in quantity and dimension through

intensive molecule transports across the BBB, which would then dif-

fuse through the extensive astrocytic network via GJs (Hösli, Binini,

et al., 2022).

To better understand the biophysical and molecular organization

of Ef, we first investigated their detailed anatomical interactions with

cerebral BVs within NGV units. In IsoCx, our study shows that the

majority of astrocytes contact three BVs, with potential interactions

extending to seven, whereas in Hipp, astrocytes engage with only two

to six vessels. This difference could be attributed to the lower vascular

density in Hipp, which reduces the probability of cell connections with

BVs (Hösli, Zuend, et al., 2022). Nevertheless, we highlight that a sig-

nificant proportion of astrocytes in both regions, 73% in IsoCx and

58% in Hipp have at least one Ef contacting multiple BVs simulta-

neously. However, the majority of Ef, 72% and 69% (IsoCx and Hipp,

respectively), tend to enwrap individual vessels, as illustrated in

Figure 6. Taken together, these results suggest a new property of

astrocytes, a kind of “plasticity,” in which cells can generate Ef that

ensheath one or more vessels concurrently and independent of BV

diameters. Interestingly, we also discovered that only 30% of the Ef

surface directly interacts with the endothelial cells lining the walls of

LORIN ET AL. 2013
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BVs. This implies that 70% of the Ef membrane may communicate

directly with the extracellular brain space, possibly through proteins

such as Cx hemichannels or pannexins (Giaume et al., 2013). Overall,

our anatomical vascular analysis is consistent with the concept of a

flexible gliovascular network, tailored for specific functions and

adapted to local environmental demands. Nevertheless, further inves-

tigations with advanced technologies are needed to better understand

the functional dynamics of Ef, especially in Hipp (Alonso-Gardón

et al., 2021; Baldwin et al., 2023; Díaz-Castro et al., 2023; Stokum

et al., 2021). Indeed, it would be of great interest to determine

whether astrocytes can generate new Ef, which would contact one or

multiple BVs under certain circumstances, in the same way that reac-

tive or restored astrocytes generate more fine processes (Rodríguez

et al., 2013; Yang et al., 2024).

Astrocytes are densely interconnected by GJs to form a broader

network, critical for facilitating the diffusion of essential compounds

to brain cells across regions (Boulay, Saubaméa, et al., 2015; Ezan

et al., 2012; Huang et al., 2021; Rouach et al., 2008; Simard

et al., 2003). The protein ratio predominantly favored Cx43 across the

AT, Ef, and BVs, underscoring the pivotal role of this protein under

physiological conditions.

Despite potential estimation challenges of Cxs due to the nano-

scale properties of the finest astrocytic extensions involved in synap-

ses or cell–cell interactions, which are only detectable by techniques

such as electron microscopy (Heller & Rusakov, 2019), we believe that

the final analysis was not affected. Indeed, Ef volumes are hundreds

of cubic microns and therefore large enough to be examined with con-

focal microscopy, as evidenced by this and other works (Wang

et al., 2021; Zisis et al., 2021). It is clear that the Cx distribution maps

to the Ef, including its cytoplasm and the plasma membrane, and the

interface with the BV in both IsoCx and Hipp. Notably, both Cxs were

primarily stored in the cytoplasm rather than at the Ef plasma mem-

brane, indicating a strategic arrangement to potentially respond rap-

idly to fluctuating metabolic demands (Figure 6). Thus, during periods

of increased requirements or pathological conditions, additional Cxs

could be mobilized to the cell surface or retained in the Ef cytoplasm

as a reserve pool in cases of nominal basal needs.

Although the results hint at higher expression of Cx43 at the Ef

membrane in contact with the BVs, we cannot conclude this with cer-

tainty since immunolabeling experiments cannot definitively show

direct interactions between molecules. In particular, Cxs-mediated

GJs could also belong to the Ef of neighboring astrocytes that do not

express tdTomato and connect cells to rapidly spread molecules in a

communication network (El-Khoury et al., 2006; Huang et al., 2021;

Katoozi et al., 2017; Langer et al., 2017). Therefore, further comple-

mentary investigations are required to accurately localize and quantify

Cx43 proteins at the Ef–BV interface. Our findings detected the co-

localization of Cxs, Ef, and BVs based on their respective immunos-

taining, and similar to Cibelli and colleagues, both Cxs and AQP-4

were found in perivascular Ef (Cibelli et al., 2021).

It is interesting to consider the potential implications of Cx43

localization. It would be consistent with a critical exchange function of

this protein with systemic circulation, especially given that Cx43 was

already found in the endothelial cells of vessel walls, where they are

theoretically able to establish GJs with adjacent cells (Errede

et al., 2002; Genet et al., 2023; Liang et al., 2020).

In contrast, Cx30 globally showed lower protein levels and were

not overexpressed in the Ef of hippocampal astrocytes compared to iso-

cortical counterparts with a sparse and uniform distribution at the Ef

membrane. These results align with previous studies reporting variation

in Cx levels across different brain regions, such as lower Cx30 expres-

sion in the stratum radiatum of control mice (Belousov et al., 2017;

Boulay, Mazeraud, et al., 2015; Cibelli et al., 2021; Huang et al., 2021;

Rouach et al., 2008; Söhl et al., 2004; Theofilas et al., 2017). Some theo-

rize that Cx30 is a highly fluid isoform with the ability to rapidly rear-

range Gj plaques, whereas Cx43 is a more immobile isoform (Cibelli

et al., 2021; Stout et al., 2015). Thus, Cx30 may be an additional tool by

which astrocytes respond to molecular requirements in a region-specific

manner. Furthermore, it is worth noting that some Ef may have dimen-

sions falling below the resolution limit of the confocal microscope,

restricting accurate Cx characterizations as done during our work.

Hence, we advocate for further investigations using cutting-edge tech-

nologies, such as super-resolution microscopy, to overcome such tech-

nical limitations.

Collectively, these results reinforce the concept of astrocytic pro-

cesses and Ef as functionally autonomous microdomains, as suggested

by some studies (Agarwal et al., 2017; Holt, 2023), capable of regulat-

ing their physiology based on local demands, particularly in different

brain regions.

Under healthy conditions, the glia-vasculature (GV) unit consists

of an astrocyte (light blue) that interacts with the surrounding BVs

(red) through its Ef. As illustrated on the left, an astrocyte can estab-

lish multiple contacts with several BVs with different Ef (Endfeet 1

and 2), or/and can ensheath several BVs with the same Ef (Endfoot 3).

Notably, only 30% of the Ef surface is involved in these types of inter-

actions with the endothelial cells lining the BV walls (green line on the

left and green dotted line on the right), suggesting that the remaining

70% could directly exchange with the extracellular brain space. To

better characterize the GV interactions, further molecular experiments

in this study investigated the overall expression and distribution pat-

terns of Cx43 and Cx30 in isocortical and hippocampal astrocytes,

including their associated Ef compartments (right). As displayed on the

right, although astrocytes exhibit a higher expression of Cx43 than

Cx30, both proteins are abundantly stored in the Ef cytoplasm rather

than at the plasma membrane (surface).

While our study provides valuable insights, it is noteworthy to

acknowledge several limitations inherent to our methodology:

1. Partial cell population targeting: In our project, only sparse fluores-

cent astrocytes were used to investigate single-cell morphology

and their interactions with the vasculature. To induce tdTomato

labeling, the GFAP promoter, the most common genetic sequence

found in the majority of CNS astrocytes was used to control tdTo-

mato transgene expression (Jurga et al., 2021; Nolte et al., 2001;

Preston et al., 2019). However, the entire cell population does not

carry this promoter, which to some extent introduces a selectivity

2014 LORIN ET AL.
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bias of astrocytes to be considered in our analyses and interpreta-

tions. Notably, two other genetic promoters, S100β and ALDH1L1,

are also prevalent in the literature, but again, neither is universal

across the entire population of astrocytes and has other caveats,

such as detection in some other brain cells or age-dependent

expression (Preston et al., 2019). To enhance the reliability of our

results, we performed ALDH1L1 immunostaining on brain slices

containing tdTomato fluorescence (Figure S7B). Colocalization was

observed between the two, confirming, with the recorded electro-

physiological data, the cell identity as astrocyte (Figures S7B-iii

and S3). Furthermore, we noted neighboring astrocytes expressing

only ALDH1L1, attesting to the difficulty of targeting the entire

astrocyte population with either marker, tdTomato, or ALDH1L1

alone (Figure S7B-ii).

2. Tissue fixation challenges: Our study required the use of chemi-

cally fixed brain slices, which posed a risk of tissue integrity alter-

ations. To minimize physical distortions of brain areas, extracellular

space, cells, Ef swelling, or Ef membrane detached from BVs, we

preferred a slight PFA fixation (Hösli, Zuend, et al., 2022; Idziak

et al., 2023; Korogod et al., 2015). Anatomical damages could

affect the accuracy of various measurements, including astrocyte

territories and Ef dimensions. With this fixation method, some

measured parameters, such as the volume of AT and soma, as well

as the number of cell–BV interactions remained similar to those

found in the literature using other techniques like transcardial per-

fusion, confirming a well-preserved architecture of the tissue

(Hösli, Zuend, et al., 2022; Kalisvaart et al., 2023; Moye

et al., 2019). Moreover, a brief PFA incubation prevented tdTo-

mato fluorescence quenching, which is observed during other typi-

cal protocols such as overnight fixation, transcardial perfusion,

tissue clearing, and cryo-slicing (Tang et al., 2021).

3. Antibody diffusion, nonspecific staining, and autofluorescence: To

achieve comprehensive imaging of entire astrocytes, including

their processes and Ef in 3D, we used brain slices that were

150-μm-thick. However, the sample thickness appeared as a physi-

cal barrier, which limited the deep antibody diffusion and resulted

in incomplete stainings. To address this constraint, we used Triton

X-100 to permeabilize the biomembranes (Mattei et al., 2017).

F IGURE 6 Schematic models of the glia-vasculature architecture with connexin distribution and density. Under healthy conditions, the glia-
vasculature (GV) unit consists of an astrocyte (light blue) that interacts with the surrounding BVs (red) through its Ef. As illustrated on the left, an
astrocyte can establish multiple contacts with several BVs with different Ef (Endfeet 1 and 2), or/and can ensheath several BVs with the same Ef
(Endfoot 3). Notably, only 30% of the Ef surface is involved in these types of interactions with the endothelial cells lining the BV walls (green line
on the left and green dotted line on the right), suggesting that the remaining 70% could directly exchange with the extracellular brain space. To
better characterize the GV interactions, further molecular experiments in this study investigated the overall expression and distribution patterns
of Cx43 and Cx30 in isocortical and hippocampal astrocytes, including their associated Ef compartments (right). As displayed on the right,
although astrocytes exhibit a higher expression of Cx43 than Cx30, both proteins are abundantly stored in the Ef cytoplasm rather than at the
plasma membrane (surface).

LORIN ET AL. 2015
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When available, conjugated primary antibodies were applied to

reduce the number of products to diffuse, and when not, nanoanti-

bodies were preferred to facilitate tissue penetration (Pedreáñez

et al., 2021). In addition, prolonged incubations of highly concen-

trated antibodies were performed at RT to further facilitate tissue

penetration. Despite these efforts, nonspecific stainings and auto-

fluorescence can increase the risk of signal misanalysis and misin-

terpretation (Sakr et al., 2023). Therefore, in all immunostaining

steps, a NGS-based solution was primarily used to block as many

nonspecific and reactive sites of the samples as possible. In addi-

tion, the penetration of each antibody was evaluated across the

tissue depth, in IsoCx and Hipp (Figures S5 and S6). It is important

to note that fluorescence intensities decreased due to two main

factors: the physical barrier imposed by brain tissue thickness, as

previously explained, and the absence of protein expression, which

results in no signal. Finally, through analysis of negative controls

and multiple images, we confirmed that signal intensities were suf-

ficient for detection by Imaris software, both inside and around

the targeted astrocytes, even in deep areas.

4. Microscopy limitations: Astrocytic processes can have diameters

as thin as 50–100 nm, which is below the diffraction limit of con-

ventional light microscopy (200–300 nm) (Heller & Rusakov,

2019). Therefore, during astrocyte image acquisition, it cannot be

excluded that some processes were missed, which could skew the

correct assessment of cell territories. Combining other cutting-

edge technologies, such as super-resolution microscopy, may help

overcome this limitation (Cibelli et al., 2021; Smith &

Verkman, 2015).

5. Software-based analysis: Imaris, Fiji-ImageJ, and Matlab software

were used to detect and model astrocytes, Ef, BVs, and Cxs. How-

ever, as explained above, even when minimized, nonspecific signals

and background noise are still present and can be digitally recog-

nized as true cell components. To avoid at most false positives,

negative control experiments were consistently performed by a

trained experimenter to challenge and validate immunostaining

protocols as well as microscopy acquisition and image processing

parameters to ensure the most consistent and relevant results.

In conclusion, our study sheds light on the structural and molecu-

lar organization of astrocytes and their Ef. These findings not only

deepen our understanding of astrocyte biology but also potentially

inform new approaches for treating neurological disorders or brain

injuries. Moreover, while hippocampal astrocytes exhibit smaller terri-

tories compared with their isocortical counterparts, their process

arborizations remain independent, suggesting complex regulatory

mechanisms. We also uncovered a remarkable structural heterogene-

ity of Ef, where a single astrocyte can have multiple Ef, each surround-

ing a single or multiple vascular branches simultaneously. This

intriguing versatility hints at underlying molecular features that war-

rant further investigations, particularly regarding their role in brain

homeostasis and response to pathological conditions. Our study also

characterized the composition and the density of Cx proteins. While

Cx43 and Cx30 were detected as expected in whole astrocytes from

both brain areas, we demonstrated for the first time an overexpres-

sion of these proteins in the Ef. These findings underscore the critical

role of these two isoforms in the complex crosstalk between the brain

and systemic blood circulation. Notably, a persistent and more pro-

nounced Cx43 expression was observed, suggesting a minor role for

Cx30 under physiological conditions. Moreover, both proteins were

predominantly localized in the Ef cytoplasm rather than at the plasma

membrane, suggesting a protein reservoir readily mobilized in

response to increased metabolic demands or pathological conditions.

Collectively, our results provide new insights into the structural and

molecular complexity of astrocytes, and make a valuable contribution

to our fundamental understanding of these glial cells. Finally, these

findings are potentially useful for large-scale brain modeling of the

NGV and prompt the exploration of intriguing concepts, such as astro-

cyte plasticity similar to that of neurons, which opens up exciting ave-

nues for future investigation.
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