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Abstract

Astrocytes are integral components of brain circuits, where they sense, process, and

respond to surrounding activity, maintaining homeostasis and regulating synaptic

transmission, the sum of which results in behavior modulation. These interactions are

possible due to their complex morphology, composed of a tree-like structure of pro-

cesses to cover defined territories ramifying in a mesh-like system of fine leaflets

unresolved by conventional optic microscopy. While recent reports devoted more

attention to leaflets and their dynamic interactions with synapses, our knowledge

about the tree-like “backbone” structure in physiological conditions is incomplete.

Recent transcriptomic studies described astrocyte molecular diversity, suggesting

structural heterogeneity in regions such as the hippocampus, which is crucial for cog-

nitive and emotional behaviors. In this study, we carried out the structural analysis of

astrocytes across the hippocampal subfields of Cornu Ammonis area 1 (CA1) and den-

tate gyrus in the dorsoventral axis. We found that astrocytes display heterogeneity

across the hippocampal subfields, which is conserved along the dorsoventral axis. We

further found that astrocytes appear to contribute in an exocytosis-dependent man-

ner to a signaling loop that maintains the backbone structure. These findings reveal
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astrocyte heterogeneity in the hippocampus, which appears to follow layer-specific

cues and depend on the neuro-glial environment.
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1 | INTRODUCTION

Astrocytes are ubiquitous cells in the mammalian central nervous sys-

tem that display a highly ramified morphology (Bushong et al., 2002;

Calì et al., 2019; Emsley & Macklis, 2006; Endo et al., 2022; Khakh &

Sofroniew, 2015; Livet et al., 2007; Refaeli et al., 2021; Torres-Ceja &

Olsen, 2022; Wilhelmsson et al., 2006). This feature allows them to

maintain homeostatic and synaptic regulation through close contact

and dynamic interactions with neurons, other glia, blood vessels, and

extracellular matrix, ultimately modulating brain circuit function with

an impact on behavior (Araque et al., 2014; de Oliveira Figueiredo

et al., 2022; Hirrlinger & Nimmerjahn, 2022; Nagai et al., 2020;

Oliveira et al., 2015; Oliveira & Araque, 2022; Rusakov et al., 2014).

Astrocytic morphology displays at least two levels of complexity

(Arizono & Nägerl, 2022; Khakh & Sofroniew, 2015; Torres-Ceja &

Olsen, 2022). The first level consists of a tree-like structure, referred

to here as “backbone,” including main processes originating in the

soma and several orders of ramification into branchlets and end-feet.

The backbone structure is rich in intermediate filaments such as glial

fibrillary acidic protein (GFAP) and microtubule proteins. The size of

these structures is in the micrometer range and may be visualized

using conventional microscopy (Chai et al., 2017; Eilam et al., 2016;

Endo et al., 2022; Grosche et al., 2013; Jones et al., 2018; Karpf

et al., 2022; Refaeli et al., 2021; Xu et al., 2014). This structure ram-

ifies to a second level consisting of a mesh-like network of leaflets

that includes perisynaptic processes (PAPs) and end-feet. Leaflets are

mainly composed of actin filaments and display activity-dependent

motility. The size of these structures is often below the diffraction

limit of conventional light microscopy, requiring more sophisticated

techniques to study them (e.g., electron, super-resolution or expan-

sion microscopy or volume fraction analysis) (Arizono et al., 2021;

Aten et al., 2022; Calì et al., 2019; Minge et al., 2021; Salmon

et al., 2023; Zisis et al., 2021).

While recent literature studying astrocyte morphology devoted

more attention to leaflets and their dynamic interactions with synap-

ses (Bernardinelli et al., 2014; Genoud et al., 2006; Henneberger

et al., 2020; Herde et al., 2020; Lavialle et al., 2011; Lushnikova

et al., 2009), our knowledge about the tree-like backbone structure in

physiological conditions remains simplistic. The recent finding that

leaflets appear to differentially stem from every astrocytic region

(soma, primary processes/branches, and branchlets) (Aten et al., 2022)

raised the importance of the properties of astrocytic scaffold that

extends to an extensive territory, up to tens of micrometers in the

rodent and 2–3 fold more complex in the human brain (Bushong

et al., 2002; Livet et al., 2007; Oberheim et al., 2009; Refaeli

et al., 2021; Wilhelmsson et al., 2006). Moreover, recent transcrip-

tomic studies described different astrocytic profiles and suggested

structural heterogeneity of astrocytes across brain regions (Endo

et al., 2022) and within brain regions such as the hippocampus and

the cortex (Batiuk et al., 2020; Bayraktar et al., 2020; Karpf

et al., 2022). Indeed, a recent study reported that astrocytes in the

somatosensory cortex display distinct territorial volume and arboriza-

tion across the cortical layers (Lanjakornsiripan et al., 2018). Morpho-

logical heterogeneity appears as a hallmark of complex brain circuits

correlating, for instance, with the functional properties of astrocytic

networks (Anders et al., 2014). However, the evidence regarding

structural heterogeneity across the hippocampus, a brain region cru-

cial for cognitive and emotional processing (Oliveira et al., 2015;

Santello et al., 2019), is still scarce. Astrocyte-neuron interactions in

this region were shown to underlie behavior modulation (Adamsky

et al., 2018; Navarrete et al., 2019; Sardinha et al., 2017), reinforcing

the need to understand better molecular and structural heterogeneity

of astrocytes in this region.

To assess astrocyte hippocampal structural heterogeneity, we

carried out the tridimensional reconstruction of astrocytes across the

hippocampal subfields of Cornu Ammonis area 1 (CA1) and dentate

gyrus (DG) in the dorsoventral axis. We found that astrocytes display

considerable heterogeneity across the hippocampus subfields, which

is conserved along the dorsoventral axis. Astrocytes appear to con-

tribute with an exocytosis-dependent signaling loop to the self-

maintenance of the backbone structure.

2 | METHODS

2.1 | Animals

All procedures involving mice were performed according to the guide-

lines for the welfare of laboratory mice as described in Directive

2010/63/EU. In addition, they were approved by the Local Ethics

Committee (ORBEA 004/2018) and the National Authority for Animal

Experimentation, DGAV (DGAV 023838). Male mice 10–16 week-old

were group-housed in standard cages (3–6 mice per cage) with food

and water ad libitum. The housing room was at 22�C with controlled

ventilation and under a light/dark cycle of 12 h (lights on from

8 a.m. to 8 p.m.). To assess the morphology of astrocytes in the CA1

and DG sub-regions of the dorsal and ventral hippocampus, coronal

brain slices were obtained from (i) C57BL/6J mice (N = 9); (ii) mice

expressing the EGFP-labeled Rpl10a ribosomal subunit specifically in

astrocytes (hereafter referred to as “AstroTRAP” mice; N = 2). These
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mice were obtained by crossing Rosa26fsTRAP (Zhou et al., 2013)

and astrocyte-specific Fgfr3-iCreERT2 mice (Young et al., 2010). Final

EGFP-Rpl10a expression in astrocytes was induced by intraperitoneal

injection of tamoxifen (MP Biomedicals, 156738) (75 mg/kg dissolved

in corn oil) once a day for 5 days. Genotyping of all mouse lines was

performed using PCR using published primers. Rosa26fsTRAP were

initially obtained from Jackson Laboratory (Strain #022367), whereas

Fgfr3-iCreERT2 mice were obtained from William D. Richardson

(University College London) under an MTA. AstroTRAP mice display

EGFP-labeled ribosomes in the cytosol, allowing a detailed morpho-

logical visualization (Sakers et al., 2017); and (iii) mice expressing

EGFP in astrocytes under the GFAP promoter (Nolte et al., 2001) for

the analysis of the astrocyte volume fraction and territory (N = 20).

To assess the modulatory effect of astrocytic exocytosis on astrocyte

morphology, we obtained coronal brain slices from the dominant-

negative SNARE (dnSNARE) mouse model (Pascual et al., 2005). Wild-

type (WT) littermates (N = 5) and dnSNARE mice (N = 5) were bred

as described previously, and doxycycline (100 μg/mL) was removed

from the drinking water 6 weeks before the experiment (Sardinha

et al., 2017). To assess the role of D-serine in the rescue of astrocytic

structure, D-serine was administered as previously described (Sardinha

et al., 2017) for four consecutive days (Sigma-Aldrich, United States;

1 g/kg of body weight, 10 mL/kg of body weight in saline, i.p.) to a

new set of WT (N = 2) and dnSNARE (N = 3) mice. Control mice of

both genotypes received similar saline administration: WT (N = 2) and

dnSNARE (N = 3) mice. This administration was described to increase

the intracerebral levels of D-serine and rescue functional deficits in

different contexts and independent laboratories (Guercio et al., 2014;

Han et al., 2015).

2.2 | Tissue processing

C57BL/6J, dnSNARE, and respective littermate WT mice were deeply

anesthetized with a mixture of ketamine and medetomidine, followed

by intracardiac perfusion with saline and 4% paraformaldehyde (PFA).

Brains were carefully removed and immersed in 4% PFA for 36 h at

room temperature (RT) and then transferred to a 30% sucrose solu-

tion at 4�C until sinking. After impregnation with sucrose, brains from

C57BL/6J mice were immersed in a 3% agarose solution and sec-

tioned using a vibratome (thickness: 50 μm; Leica VT1000S,

Germany). Brain slices were maintained in phosphate-buffered saline

(PBS) solution until the immunolabeling protocol. Brains from

dnSNARE and respective WT mice were cryopreserved in Neg-50

medium (ThermoFisher Scientific, United States) at �20�C until sec-

tioning in a cryostat (thickness: 20 μm; Leica CM1900, Germany).

Brain slices were thawed and dried, at RT, for 10 min before the

immunolabeling protocol.

Brain slices were washed in PBS solution followed by permeabili-

zation with 0.3% Triton-X100 (Sigma Aldrich, United States) in PBS

solution (0.3% PBS-T) for 10 min. After permeabilization, the tissue

from dnSNARE and WT mice was submitted to an antigen retrieval

step with citrate buffer (10 mM, pH 6.0, Sigma-Aldrich). Briefly, slices

were placed in a preheated citrate solution and incubated two times

for 10 min at 100 W microwave potency and then left to cool for

15 min. Then the slices were washed in PBS and incubated with the

blocking solution of normal goat serum (NGS; 10%) in PBS for

C57BL/6J mice, or fetal bovine serum (FBS; 10%) in PBS for

dnSNARE mice for 1 h at RT. This blocking step was followed by over-

night incubation, at 4�C, with the primary antibodies rabbit polyclonal

anti-GFAP (1:200; Dako, Denmark) and/or goat polyclonal anti-GFP

(1:300; Abcam, United Kingdom) in a 0.3% PBS-T solution with 2%

NGS/FBS. On the next day, the slices were washed in PBS and incu-

bated with the secondary antibody Alexa Fluor® 594 goat anti-rabbit

(1:1000; Invitrogen, ThermoFisher Scientific, United States) and/or

Alexa Fluor® 488 donkey anti-goat (1:1000; Invitrogen, ThermoFisher

Scientific, United States), in a 0.3% PBS-T solution with 2% NGS/FBS,

for 1 h at RT. After incubation, the slices were rinsed with PBS, and

the nuclei were labeled for 10 min at RT with 40,6-diamidino-

2-phenylindole (DAPI, 1:1000; Invitrogen, United States). Finally,

slices were washed with PBS and mounted using Immumount

(ThermoFisher Scientific, United States). All procedures during this

day were performed in the dark.

Brains from AstroTRAP mice were processed as follows: 14 days

post-tamoxifen administration, mice were trans-cardially perfused

with PBS followed by 4% PFA in PBS. Brains were extracted and

post-fixated in 4% PFA in PBS at 4�C for 24 h, and coronally sec-

tioned (thickness: 50 μm; Leica VT1000S, Germany). Sections were

then blocked with 10% Normal Donkey Serum (NDS, Abcam) and

0.2% Triton X-100 (Sigma-Aldrich) in Tris-buffered saline (TBS) for 3 h

at RT. Sections were then incubated overnight at 4�C in a TBS-based

primary antibody solution, composed of 10% NDS, 0.2% Triton

X-100, and chicken anti-EGFP antibody (1:500 dilution, Aves Labs,

GFP-1010). Following 6 � 10 min washes in TBS, sections were then

incubated for 3 h at RT in a TBS-based secondary antibody solution,

composed of 2.5% NDS, 0.2% Triton X-100, donkey anti-chicken

Alexa 488 antibody (1:200 dilution, Jackson ImmunoResearch,

703-545-155). Following 6 � 10 min washes in TBS, sections were

mounted onto Superfrost slides (ThermoFisher Scientific) and cover-

slipped in Fluoromount-G medium with DAPI (ThermoFisher

Scientific).

Brain slices were imaged on an Olympus LPS FV1000 confocal

microscope (Olympus, Germany) using the 20� (N.A. 0.70; 1.5 μm of

z-step; 1024 � 1024 pixels) and the 60x (N.A. 1.42; 1.0 μm of z-step;

640 � 640 pixels) objectives. The images from the CA1 and DG

regions of the hippocampus were obtained following the coordinates

of the mouse brain atlas (Paxinos & Franklin, 2001): dorsal hippocam-

pus, 1.8 ± 0.1 mm posterior to bregma; ventral hippocampus, 3.4

± 0.1 mm posterior to bregma. The brain tissue for each experiment

was processed (sectioned, stored, and stained) simultaneously to mini-

mize staining heterogeneity between samples. Slight staining differ-

ences might be found between figures, considered independent

experiments. As astrocyte reconstructions were performed based on

the GFAP or GFP immunolabeling, the penetration and equal distribu-

tion of antibodies in the whole depth of the tissue should be guaran-

teed. Based on previous reports and our own experience, the slice
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thickness used in each figure secured the visualization of GFAP struc-

ture across the tissue depth. Moreover, the analysis of backbone

structure in thinner brain slices should consider the truncation of

astrocyte processes. Therefore, in each experiment, the comparisons

are performed between groups whose data was obtained using the

same experimental conditions.

2.3 | Tridimensional reconstruction of astrocytic
backbone

The tridimensional (3D) reconstruction of the astrocytic backbone

was performed in the following subfields of the hippocampus: CA1

(stratum oriens, stratum radiatum, and stratum lacunosum moleculare)

and DG (stratum moleculare and hilus). In confocal z-stacks obtained

from C57BL/6J, dnSNARE, and respective WT mice, we skeletonized

the GFAP-stained structure. In confocal z-stacks from AstroTRAP

mice, we skeletonized astrocytes based on EGFP expression. We used

a semi-automatic tool called SNT, an updated version of the Simple

Neurite Tracer, a free Fiji-ImageJ software plugin (http://fiji.sc/Fiji).

We previously validated this tool to quantify different features of

astrocytic structure: total process length, number of processes, com-

plexity of the astrocytic arbor given by Sholl analysis, and the last pro-

cess intersection given by the maximum intersection radius in the

Sholl analysis, as a fiduciary marker to outline limits of the cell

(Tavares et al., 2017). Briefly, the reconstruction of the selected astro-

cytes began by marking the center of the DAPI-stained nucleus,

around which every primary process originates. Next, a distant point

within the primary process was selected, and SNT automatically

determined the process midline and tortuosity. After confirming the

suggested path, this step was repeated until the primary process,

respective branches, and branchlets were reconstructed entirely. This

process was repeated for every primary process until the complete

reconstruction of the astrocyte. Representative 3D astrocyte skele-

tons provided in the figures were exported to .SVG format using

SNT > Utilities > Reconstruction Plotter. In each figure, the 3D skele-

tons illustrated were selected from astrocytes displaying a total pro-

cess length and number of processes closest to the group mean. We

reconstructed a maximum of four astrocytes per z-stack and an equal

number of z-stacks per animal.

2.4 | Volume fraction and territory analyses

The astrocyte volume fraction and territory size from astrocytes in

acute hippocampal slices were calculated as described in detail previ-

ously (Anders et al., 2014; Minge et al., 2021). Briefly, acute hippo-

campal slices (thickness 300 μm) were prepared from mice expressing

EGFP in astrocytes (Nolte et al., 2001). Images of EGFP-expressing

astrocytes were taken using two-photon excitation fluorescence

microscopy (10–11 images per animal). Please see Anders et al. (2014)

and Minge et al. (2021) for a detailed description of the slice prepara-

tion and imaging procedures. Single horizontal cross-sections of

astrocytes taken through their cell bodies were obtained from the var-

ious subregions. We have previously shown that analyses of single

subsections are representative of the entire astrocyte and particularly

useful for the analyses of large cell populations (Minge et al., 2021).

We analyzed the area of the astrocyte cross-section as a measure of

its territory size and the astrocyte volume fraction as an indicator of

astrocyte cell volume.

2.5 | Astrocyte density

The density of astrocytes was determined in z-projections of confocal

image stacks (20� magnification) obtained from C57BL/6J mice

(N = 6) in the layers of the dorsal and ventral hippocampus analyzed

for Figures 1 and 3. The plugin “Cell Counter” in FIJI was used to

quantify GFAP-positive cells. The layer under study was delimited fol-

lowing coordinates published in the mouse brain atlas (Paxinos &

Franklin, 2001) and measured. Only cells that presented GFAP-

staining co-localized with DAPI staining were included. The volume of

tissue analyzed was given by the product of the area analyzed multi-

plied by the respective number of z-stack images (1 μm inter-image

interval). GFAP-positive astrocyte densities were normalized per

106 μm3. Data are presented as the average of 2–3 z-stacks per

animal.

2.6 | Statistical analysis

Statistical analysis was performed using GraphPad Prism version

8 (GraphPad Software, La Jolla CA, United States). Most datasets,

including continuous measures, passed the Shapiro–Wilk normality

test for normal distribution. Analysis of astrocytic total process length,

number of processes and density of astrocytes across different hippo-

campal layers and effect of EGFP expression in the dnSNARE experi-

ment was performed by a one-way analysis of variance (ANOVA),

followed by Tukey's multiple comparisons test. Student's t test was

used to compare WT versus dnSNARE parameters. For Sholl analysis

and D-serine treatment, a two-way ANOVA and Tukey's or Sidak's

multiple comparison test was applied. The values are presented as

mean ± standard error of the mean (SEM). Measures of volume frac-

tion and last intersection failed to pass the normality test and were

compared by the Kruskal–Wallis test. Significant statistical differences

were considered when p ≤ .05.

3 | RESULTS

3.1 | Astrocytes display backbone heterogeneity
across the layers of the dorsal hippocampus

Astrocytic backbone heterogeneity was first assessed by skeletonization

of the GFAP-immunolabeled structure in different layers of the dorsal

hippocampus. The reconstruction was performed in confocal z-stacks

1670 VIANA ET AL.
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acquired from the CA1 and DG subfields, including: CA1 stratum oriens

(Or), stratum radiatum (Rad), and stratum lacunosum moleculare (LacMol);

DG stratum moleculare (Mol), and hilus (Hil) (Figure 1a). This analysis

revealed heterogeneity of the astrocyte backbone in terms of total pro-

cess length, number of processes, and arbor complexity given by Sholl

analysis (Figure 1b–f; descriptive statistics in Table S1). Specifically,

post-hoc tests revealed that CA1 Rad astrocytes displayed a longer pro-

cess length when compared to astrocytes of CA1 Or (p < .001), CA1

LacMol (p < .001), and DG Hil (p < .001) (Figure 1c). In addition, DG

Mol astrocytes displayed a longer total process length than those of

CA1 Or (p < .001), CA1 LacMol (p < .001), and DG Hil (p < .001)

(Figure 1c). In line with this, CA1 Rad astrocytes also presented a higher

number of processes than astrocytes of the CA1 Or (p < .001), CA1 Lac-

Mol (p < .001), and DG Hil (p < .001) (Figure 1d). Similarly, DG Mol

astrocytes presented a higher number of processes than astrocytes of

the CA1 Or (p < .001), CA1 LacMol (p < .001), and DG Hil (p < .001).

The Sholl analysis confirmed that astrocytes in the five layers of CA1

and DG display a typical tree-like structure with an increasing number

of intersections until 12–16 μm distance from the nucleus, followed by

a steady decrease (Figure 1e). Two-way ANOVA post-hoc analysis con-

firmed the higher complexity of astrocyte arbors in the CA1 Rad and

DG Mol (statistical details in Table S2). Finally, the distance from the

soma to the last process intersection was longer for astrocytes in the

CA1 Rad (than CA1 LacMol, p < .001; DG Hil p = .001) and DG Mol

(than CA1 Or, p = .005; CA1 LacMol p < .001; DG Hil p < .001;)

(Figure 1f), suggesting that these astrocytes occupy larger territories. In

summary, the GFAP-stained backbone of astrocytes in the dorsal hippo-

campus is heterogeneous, as astrocytes of the CA1 Rad and DG Mol

display more complex arbors.

To validate the data obtained from tissue stained with anti-GFAP

antibodies, a similar analysis was performed using brain tissue from

AstroTRAP mice, which also allowed the reconstruction of different

astrocyte populations in the CA1 and DG layers (Figure 2a), albeit this

approach enabled a more extensive visualization of astrocyte morphol-

ogy due to the distribution of EGFP-tagged ribosomes in the cytosol,

compared to GFAP staining, which is purely cytoskeletal. Results in the

AstroTRAP model confirmed the structural heterogeneity observed

with anti-GFAP staining, as astrocytes from the CA1 Rad and DG Mol

display more complex arbors (Figure 2b–f; descriptive statistics in

Table S1). Specifically, astrocytes from the CA1 Rad and DG Mol show

longer process length than astrocytes from the CA1 Or (p < .001), CA1

LacMol (p < .001), and DG Hil (p < .001) (Figure 2c). Likewise, CA1 Rad

F IGURE 1 Astrocytes display backbone heterogeneity across the layers of the dorsal hippocampus. (a) Maximum projection of confocal
image z-stacks of GFAP-immunolabeled astrocytes (red) in the CA1 (top) stratum oriens (Or), stratum radiatum (Rad), stratum lacunosum moleculare
(LacMol) and DG (bottom) stratum moleculare (Mol) and hilus (Hil); (b) representative 3D reconstruction of astrocytes from Or, Rad, LacMol, Mol
and Hil layers; characterization of astrocyte 3D structures by analysis of (c) total process length, (d) number of processes, (e) Sholl analysis and (f)
last intersection radius. Data plotted as individual astrocyte values (dots) and mean ± SEM (columns and bars). Number of cells/group: 34, 38,
35, 32, 31 in N = 4 mice. *p ≤ .05.
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and DG Mol astrocytes have more processes than CA1 Or (p < .001),

CA1 LacMol (p < .001), and DG Hil (Rad, p = .017; Mol, p < .001) astro-

cytes (Figure 2d). Regarding arbor complexity, in this preparation, hip-

pocampal astrocytes display the same increase in their complexity until

12–16 μm from the soma, following a decrease from this point

onwards. Further two-way ANOVA post hoc analysis confirmed that

astrocytes from the CA1 Rad and DG Mol are more complex, generally

displaying more process intersections at similar radial distances from

the soma (Figure 2e; statistical details in Table S2). Finally, measure-

ments of the radial distance of the last process intersection also suggest

that astrocytes occupy larger territories in the CA1 Rad (than CA1 Lac-

Mol, p = .010) and in the DGMol (than CA1 Or, p = .014; CA1 LacMol,

p < .001; and DG Hil, p = .010) (Figure 2f). In summary, this alternative

experimental protocol allowed the reconstruction of the astrocytic

structure based on the distribution of EGFP-tagged ribosomes in the

cytosol. It also confirmed that different populations of astrocytes in the

CA1 Rad and DGMol display a more complex structure than astrocytes

in the other hippocampal layers.

Finally, to assess the overall morphological parameters of an

entire astrocyte, we also analyzed territory size (i.e., cross-section

areas) and the fraction of tissue volume occupied by astrocytes within

these territories (Figure 2g–i). As described and verified previously

(Minge et al., 2021), this analysis captures morphological features of

entire astrocytes, including fine astrocytic processes below the dif-

fraction limit of conventional microscopy. This alternative method

indicates that astrocytes of the CA1 Rad display a larger cross-

sectional area than astrocytes of CA1 LacMol (p = .006), DG Mol

(p = .001), and DG Hil, (p < .001) (Figure 2h). This result suggests that

they occupy a larger territory, which is in line with the observations

using both anti-GFAP staining and GFP imaging in tissue from

F IGURE 2 Astrocytic backbone heterogeneity in the dorsal hippocampus is maintained in complementary preparations. (a) Maximum
projection of confocal image z-stacks of astrocytes in AstroTRAP mouse tissue containing the CA1 (left) stratum oriens (Or), stratum radiatum
(Rad), stratum lacunosum moleculare (LacMol) and DG (right) stratum moleculare (Mol) and hilus (Hil) immunolabeled against EGFP (green);
(b) representative 3D reconstruction of astrocytes from Or, Rad, LacMol, Mol and Hil layers; characterization of astrocyte 3D structures by

analysis of (c) total process length, (d) number of processes, (e) Sholl analysis and (f) last intersection radius. (g) Representative images of EGFP-
expressing astrocytes in the five subregions. (h) Astrocyte territory and (i) volume fraction excluding the soma; data plotted as individual astrocyte
values (dots) and mean ± SEM (columns and bars). Number of cells/group: (c–f), 12, 17, 19, 19, 12 in N = 2 mice; (h): 27, 55, 50, 37, 48 cells;
(i): 27, 41, 50, 37, 43 cells in N = 20 mice. *p ≤ .05.
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AstroTRAP mice. Moreover, based on the fraction of tissue volume

occupied (Figure 2i), astrocytes in the CA1 Rad, DG Mol, and DG Hil

appear to occupy a higher percentage of tissue volume in their terri-

tories than in the other layers (Rad-Or, p = .001; Mol-Or, p < .001;

Mol-LacMol, p < .001; Hil-Or, p < .001; Hil-Rad, p = .005; Hil-LacMol,

p < .001). Together these findings suggest that morphological hetero-

geneity occurs independently on different morphological levels (back-

bone vs. leaflets) across the five regions.

Our findings document astrocyte heterogeneity across the layers

of the dorsal hippocampus, where CA1 Rad and DG Mol astrocytes

display a larger and more complex backbone. Moreover, the validation

of the results by different methodological approaches confirms that

3D skeletonizing of anti-GFAP immunostaining is a feasible and reli-

able approach to screen astrocyte backbone complexity.

3.2 | Astrocyte backbone heterogeneity is
conserved along the dorsoventral axis

To assess whether the structural heterogeneity observed in the dorsal

hippocampus is maintained along the dorsoventral axis, skeletons of

anti-GFAP immunostained astrocytes were obtained in the corre-

sponding layers of the CA1 and DG subfields of the ventral hippocam-

pus (Figure 3a). Similar to what was observed in the dorsal

hippocampus, astrocytes from the CA1 and DG subfields of the ven-

tral hippocampus present heterogeneous backbone complexity, as

shown by the total process length, number of processes, and arbor

complexity (Figure 3b–f; descriptive statistics in Table S1). Specifically,

CA1 Rad astrocytes display a longer process length than astrocytes

from the CA1 Or (p < .001), CA1 LacMol (p < .001), DG Mol

(p = .015) and DG Hil (p < .001). Likewise, astrocytes from the DG

Mol possess a longer total process length than astrocytes from the

CA1 Or (p < .001), CA1 LacMol (p = .010), and DG Hil (p = .002)

(Figure 3c). Regarding the number of processes, astrocytes from the

CA1 Rad possess more processes than astrocytes from the CA1 Or

(p < .001) and CA1 LacMol (p = .012). As expected, astrocytes from

the DG Mol also possess more processes than astrocytes from the

CA1 Or (p < .001), CA1 LacMol (p = .009), and DG Hil (p = .044)

(Figure 3d). Furthermore, Sholl analysis showed that CA1 Rad and DG

Mol astrocytes display more complex arbors than astrocytes in the

remaining layers (Figure 3e; statistical details in Table S2). In line with

this, astrocytes from the CA1 Rad and DG Mol presented a higher

F IGURE 3 Astrocytic backbone heterogeneity is maintained across the layers of the ventral hippocampus. (a) Maximum projection of
confocal image z-stacks of GFAP-immunolabeled astrocytes (red) in the CA1 (top) stratum oriens (Or), stratum radiatum (Rad), stratum lacunosum
moleculare (LacMol) and DG (bottom) stratum moleculare (Mol) and hilus (Hil) immunolabeled with anti-GFAP antibodies (red); (b) representative
3D reconstructions of astrocytes from Or, Rad, LacMol, Mol and Hil layers; characterization of astrocyte 3D structures by analysis of (c) total
process length, (d) number of processes, (e) Sholl analysis, and (f) last intersection radius. Data plotted as individual astrocyte values (dots) and
mean ± SEM (columns and bars). Number of cells/group: 35, 31, 30, 32, 30 in N = 4 mice. *p ≤ .05.
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radial distance from the soma to the last intersection than astrocytes

from CA1 Or (to Rad, p = .018), CA1 LacMol (to Rad, p < .001; to Mol,

p = .003) and DG Hil (to Rad, p < .001; to Mol, p < .001) (Figure 3f).

Thus, as in the dorsal hippocampus, CA1 Rad and DG Mol astrocytes

in the ventral hippocampus are more complex and have a higher total

process length and number of processes than their counterparts in

CA1 Or, CA1 LacMol, and DG Hil.

The comparison of astrocyte structures in the same layers along

the dorsal and ventral axes showed that astrocytes in the ventral hip-

pocampus are more complex than in the corresponding layer in the

dorsal field (Figure S1a). This is the case for most layers studied in

terms of the total process length (CA1 Rad, p = .009; CA1 LacMol,

p = .004; and the DG Hil, p = .033; Figure S1b) and the number of

processes (CA1 Rad, p = .026; CA1 LacMol, p = .001; and the DG Hil,

p < .001; Figure S1c). This is translated into increased arbor complex-

ity for all layers, except in the DG Mol (Figure S1d; statistical details in

Table S2). Curiously, despite these larger arbors, astrocytes do not

occupy larger territories (Figure S1e). In summary, astrocytes in the

ventral hippocampus (except for the DG Mol) are more ramified, while

occupying virtually similar territories.

Interestingly, in all layers analyzed in the dorsal and ventral

regions of the hippocampus, no apparent overlap of astrocytes back-

bones was observed, suggesting that the non-overlapping (tiled) astro-

cytic territories described previously in CA1 Rad (Bushong

et al., 2002; Livet et al., 2007; Wilhelmsson et al., 2006) are main-

tained across the subfields of the hippocampus, along the dorsoven-

tral axis. Based on these observations, it would be expected that

layers containing astrocytes displaying more complex structures could

display lower cell density. The opposite would also be expected to

maintain territorial coverage of the whole tissue volume. To assess

this hypothesis, we assessed astrocyte densities in the different layers

of the dorsal and ventral hippocampus (Figure S2; descriptive statis-

tics in Table S1). Indeed, these analyses show that layers containing

astrocytes with less complex backbone structures display higher

astrocyte densities (e.g., compare CA1 LacMol and DG Hil with CA1

Rad and DG Mol). Specifically, in the dorsal hippocampus (Figure S2a),

CA1 LacMol displays a higher density of astrocytes than CA1 Or

(p = .011), CA1 Rad (p < .001), or DG Mol (p < .001). Similarly, DG Hil

displays a higher density of astrocytes than CA1 Or (p = .001), CA1

Rad (p < .001) or DG Mol (p < .001). Again, this effect is maintained

across the dorsoventral axis, as in the ventral hippocampus

(Figure S2b), the CA1 LacMol displays a higher density of astrocytes

than CA1 Rad (p = .040) and DG Mol (p = .029). Similarly, DG Hil dis-

plays a higher density of astrocytes than CA1 Or (p = .022), CA1 Rad

(p = .004) or DG Mol (p = .003). Furthermore, statistical analyses of

cell densities within each hippocampal layer show that astrocyte den-

sity is, in fact, maintained along the dorsoventral axis: CA1 Or

(p > .999); CA1 Rad (p = .361); CA1 LacMol (p = .980); DG Mol

(p = .822); DG Hil (p = .999).

In summary, these analyses reveal that the heterogeneity of the

astrocytic backbone structure observed by more complex astrocytes

in the CA1 Rad and DG Mol is highly conserved in the ventral hippo-

campus. Along the dorsoventral axis, astrocytes in all layers, except in

the DG Mol, display more complex arbors but occupy similar terri-

tories, maintaining a constant astrocyte density.

3.3 | Astrocyte exocytosis is crucial for the
maintenance of backbone structure

Astrocyte morphology in the adult brain is thought to result (at least in

part) from a dynamic interaction with the surrounding environment

(Khakh & Sofroniew, 2015; Lanjakornsiripan et al., 2018; Oberheim

et al., 2012; Torres-Ceja & Olsen, 2022), with heterogeneity arising due

to differences between brain regions. Whereas extrinsic signals might

play a role in establishing region (or layer) specific structure difference,

little is known about the role of astrocyte signaling in this dynamic inter-

action. To test whether astrocyte signaling is relevant for the mainte-

nance of backbone structure, GFAP-immunolabeled astrocytes were

skeletonized in cryosections containing the dorsal hippocampus of mice

lacking exocytosis-dependent signaling in astrocytes (dnSNARE mice)

(Pascual et al., 2005), which have been shown to lack SNARE-mediated

exocytosis specifically in astrocytes by different laboratories (Halassa

et al., 2009; King et al., 2020; Pankratov & Lalo, 2015; Sardinha

et al., 2017; Sultan et al., 2015; Zhang et al., 2004). The reconstruction

of astrocyte GFAP-immunolabeled structures in cryosections of

C57BL/6J mice confirmed that the structural heterogeneity between

hippocampal layers described in Figure 1 is maintained under these

experimental conditions (Figure S3a–f). First, the astrocytic backbone

was reconstructed in the CA1 Rad, where astrocytes display the most

complex arbor. This analysis revealed that astrocytes in dnSNARE mice

display a simplified morphology (Figure 4a,b). Specifically, astrocytes

from CA1 Rad of dnSNARE mice possess shorter process length

(p < .001, Figure 4c; descriptive statistics in Table S1) and a reduced

number of processes (p < .001, Figure 4d). This simplified backbone is

observed in the Sholl analysis which shows fewer process intersections

at 12–24 μm from the soma in dnSNARE mice when compared to WT

astrocytes (Figure 4e; statistical details in Table S2). This analysis also

shows that, despite the striking structural reduction, the number of main

processes (process intersections at 0 μm) and the extension of territory

given by the last process intersection radius are maintained (Figure 4f).

To verify whether this reduction in structural complexity was

restricted to dnSNARE astrocytes in CA1 Rad, the next step was the

reconstruction of astrocytes in the DG Mol. Similarly, astrocytes in

the DG Mol of dnSNARE mice display a simplified backbone com-

pared to WT mice (Figure 4g,h). This is translated into a shorter pro-

cess length (p < .001, Figure 4i) and a reduced number of processes

(p < .001, Figure 4j). Regarding the Sholl analysis, astrocytes from

dnSNARE mice display a smaller number of process intersections at

12–20 μm distance from the soma (Figure 4k; statistical details in

Table S2). Again, the decreased arbor complexity does not seem to

imply a reduction of the total astrocyte territory (Figure 4l). In sum-

mary, astrocytic signaling through exocytosis is critical for maintaining

the astrocytic backbone in a layer-independent manner, as arbor sim-

plification, in the absence of exocytosis, was observed both in CA1

Rad and DG Mol.
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An obvious question, therefore, was whether astrocytic struc-

ture could be restored by providing the missing astrocytic signal. To

answer this question, sets of WT and dnSNARE mice were

i.p. injected with saline or the NMDA-receptor co-agonist D-serine.

D-Serine appear was considered a good candidate to be the putative

signaling factor as (i) its extracellular levels can be controlled by

astrocytes (Henneberger et al., 2010; Panatier et al., 2006);

(ii) inhibition of exocytosis reduces the release of D-serine by astro-

cytes in different preparations (in vitro, ex vivo and in vivo)

(Pankratov & Lalo, 2015; Sultan et al., 2015); and (iii) D-serine sup-

plementation rescued hippocampal function (electrophysiological

readouts and cognitive deficits) in dnSNARE mice (Sardinha

et al., 2017).

In this new experimental set, brains from WT and dnSNARE mice

treated with either saline or D-serine were collected and processed for

double immunofluorescent labeling of GFAP and EGFP. Taking advan-

tage of the mosaic-like distribution of EGFP-expressing astrocytes

(Fellin et al., 2009; Sardinha et al., 2017), this double labeling allowed

us to distinguish anti-GFAP-immunolabeled astrocytes in two groups:

EGFP-positive (highly expressing dnSNARE transgenes and thus with

reduced exocytosis) and EGFP-negative (reduced expression of

dnSNARE transgenes) (Figure 5 left panel). Imaging and skeletoniza-

tion of the GFAP backbone in CA1 Rad astrocytes in both conditions

was compared to WT. Surprisingly, in the CA1 Rad, EGFP-negative

astrocytes of dnSNARE mice displayed a similar structure as WT

astrocytes, while only EGFP-positive astrocytes displayed the

F IGURE 4 Astrocyte exocytosis is required for backbone maintenance. (a) Maximum projection of confocal image z-stacks representing the
dorsal CA1 stratum radiatum (dCA1 Rad) of dnSNARE mice immunostained against GFAP (red); (b) representative 3D reconstructions of
astrocytes in WT and dnSNARE mice; characterization of 3D astrocytic structures in WT and dnSNARE tissue by analysis of (c) total process
length, (d) number of processes, (e) Sholl analysis and (f) last intersection radius; (g) Maximum projection of confocal image z-stacks
representative of the dorsal DG stratum moleculare (dDG Mol) of dnSNARE mice stained with anti-GFAP antibody (red). (h) Representative 3D
reconstructions of astrocytes in WT and dnSNARE mice. Analysis of morphometric parameters of WT and dnSNARE astrocytes: (i) total process
length, (j) number of processes, (k) Sholl analysis, and (l) last intersection radius. Data plotted as individual astrocyte values (dots) and mean ± SEM
(columns and bars). Number of cells: (c–f), WT = 43; dnSNARE = 44 in N = 5 mice; Number of cells: (i–l), WT = 28; dnSNARE = 23 in N = 5
mice. *p ≤ .05.
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expected reduction in arbor complexity. This is translated into a

decrease in total length (p < .001; Figure 5a; descriptive statistics in

Table S1) and the number of processes (p < .010; Figure 5b). Addi-

tionally, dnSNARE EGFP-positive astrocytes were less complex than

dnSNARE EGFP-negative and WT astrocytes at 12–32 μm distance

from the soma (Figure 5c; statistical details in Table S2). In line with

this, dnSNARE EGFP-positive astrocytes display a shorter distance to

last process intersection (p = .041; Figure 5d). The fact that the back-

bone of dnSNARE EGFP-negative astrocytes is identical to that of

WT astrocytes indicates that the exocytosis-dependent signaling that

sustains astrocyte structure in the CA1 Rad, exerts its effects solely

on the affected cell, apparently not propagating to neighboring astro-

cytes through the extensive astrocyte syncytium (Houades

et al., 2006).

Interestingly, D-serine administration rescued the structure of

EGFP-positive astrocytes to control levels, making them similar to

EGFP-negative astrocytes (Figure 5e–h). This effect was confirmed in

terms of total process length (Figure 5e), and the number of processes

(Figure 5f). The Sholl analysis indicated that dnSNARE EGFP-positive

astrocytes are partially less complex than dnSNARE EGFP-negative

and WT astrocytes at 16–24 μm from the soma (Figure 5g; statistical

details in Table S2), meaning that the recovery is extensive, but not

F IGURE 5 Exocytosis-dependent astrocyte signaling sustains backbone structure in a cell-specific manner. (left panel) Maximum projections
of confocal image z-stacks representing the CA1 stratum radiatum (dCA1 Rad, top) and DG stratum moleculare (dDG Mol, bottom) of dnSNARE
mice injected with saline or D-serine and subsequently immunolabeled against GFAP (red) and EGFP (green). Characterization of the 3D
structures of CA1 stratum radiatum astrocytes in WT and dnSNARE mice treated with saline by analysis of (a) total process length, (b) number of
processes, (c) Sholl analysis, and (d) last intersection radius. Structural analysis of CA1 stratum radiatum astrocytes in WT and dnSNARE injected
with D-serine by analysis of (e) total process length, (f) number of processes, (g) Sholl analysis, and (h) last intersection radius. Characterization of
the 3D structures of DG stratum moleculare astrocytes in WT and dnSNARE mice treated with saline by analysis of (i) total process length,
(j) number of processes, (k) Sholl analysis, and (l) last intersection radius. Structural analysis of DG stratum moleculare astrocytes in WT and
dnSNARE injected with D-serine by analysis of (m) total process length, (n) number of processes, (o) Sholl analysis, and (p) last intersection radius.
Data plotted as individual astrocyte values (dots) and mean ± SEM (columns and bars). Number of cells/group: (a–d) 14, 16, 18; (e–h) 15, 19, 15;
(i–l) 30, 39, 28; (m–p) 24, 22, 17 in N = 2 WT, 3 dnSNARE mice per condition. *p ≤ .05.
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complete. Nevertheless, the territory size continues to be similar in

the three groups, as given by the Sholl last process inter-

section (Figure 5h). It is noteworthy that D-serine treatment caused a

general increase in astrocyte structure complexity in all groups ana-

lyzed in total length (F1,91 = 34.74; p < .001) and number of processes

(F1,91 = 25.06; p < .001), and last process intersection (F1,91 = 18.55;

p < .001). Further analysis in the dorsal DG Mol of these mice showed

that the backbone structure of both EGFP-negative and EGFP-

positive astrocytes in dnSNARE mice is less complex in this layer

(Figure 5i–l). This is observed in terms of total process length

(p < .001; Figure 5i), the number of processes (p < .001; Figure 5j),

Sholl analysis (Figure 5k; statistical details in Table S2), and distance to

the last intersection (p < .001; Figure 5l). However, Sholl analysis

showed that EGFP-positive astrocytes display a partial reduction of

structural complexity compared to EGFP-negative astrocytes

(Figure 5k; statistical details in Table S2). As in the CA1 Rad, D-serine

supplementation rescued the reduction in all parameters analyzed

(Figure 5m–p; statistical details in Table S2). Similarly, D-serine treat-

ment caused a general increase in astrocyte structural complexity in

the DG Mol, both in terms of total process length (F1,154 = 248.7;

p < .001) and the number of processes (F1,154 = 238.5; p < .001).

In summary, cell autonomous, exocytosis-dependent signaling is

relevant for maintaining astrocyte backbone structure in different hip-

pocampal subfields. Moreover, this signaling loop appears to involve

NMDA receptor co-agonist modulation, as discussed below.

4 | DISCUSSION

For several years, hippocampal astrocytes were considered a homoge-

nous cell population. However, recent reports describe astrocytes as a

heterogeneous population, having distinct transcriptomic profiles that

vary between and within brain regions (Batiuk et al., 2020; Bayraktar

et al., 2020; Chai et al., 2017; Karpf et al., 2022; Lanjakornsiripan

et al., 2018; Morel et al., 2014), suggesting molecular, morphological

and functional heterogeneity. The main finding of this work is that

hippocampal astrocytes display structural heterogeneity across hippo-

campal subfields that is conserved along the dorsoventral axis. This

finding will be discussed considering the layer-specific nature of the

hippocampus, the different levels of morphological complexity, and

the existence of a signaling loop that controls astrocytic structure in a

cell-specific manner.

4.1 | The layer-specific properties in the
hippocampus

Our results show that astrocytes from the CA1 Rad and DG Mol dis-

play a more complex backbone when compared to astrocytes from

CA1 Or, CA1 LacMol, and DG Hil. Although in line with an earlier

report by Ogata and Kosaka (2002), our work provides further struc-

tural detail, most noticeably indicating that astrocytes from the CA1

Rad and DG Mol appeared to occupy more extensive areas than hilus

and CA1 LacMol astrocytes. Recently, a report studying structural

changes in DG astrocytes during healthy aging suggested that astro-

cytes from the DG Mol and DG Hil are similar in size and complexity

in adulthood (Bondi et al., 2021). The discrepancy with our findings

could be explained by the fact that our 3D reconstructions were per-

formed in confocal z-stacks acquired with a 60� magnification reveal-

ing GFAP backbones in much greater detail. This is confirmed by

much longer process lengths and a higher number of processes recon-

structed by our approach (e.g., in the DG Mol). The improvement in

detail provided by our preparation and the simplicity of the GFAP

staining allowed us to screen backbone complexity in tens of astro-

cytes in each layer, strengthening the results obtained. Our DG results

are also in line with a recent work that described morphologically dis-

tinct astrocytes in the DG Mol and DG Hil of the hGFAPeGFP trans-

genic mouse model (Karpf et al., 2022). We further confirmed these

observations in astrocytes from AstroTRAP mice, that were recon-

structed based on cytosol-localized GFP signal. It is noteworthy, that

despite assessing different details of astrocytic morphology, the inter-

layer heterogeneity is still observed. This means that the observed

heterogeneity is a robust feature of the hippocampal layers. The com-

plementary analysis of astrocyte densities in the different layers con-

firms that regions displaying a smaller astrocyte territory, compensate

with higher astrocyte densities. These higher densities may be

required to maintain the territorial coverage by astrocytes in layers

where the astrocytic structure is less complex.

Our data shows that along the dorsoventral axis, astrocytes dis-

play more complex arbors (except in the DG Mol). Previous studies

showed that the dorsal and ventral hippocampus are structurally simi-

lar but functionally, connectively, and transcriptomically different

(Beletskiy et al., 2022; Lee et al., 2019; Levone et al., 2021). More-

over, neuro- and astrogliogenesis are differentially regulated in the

hippocampal poles (Machado-Santos et al., 2022; Mateus-Pinheiro

et al., 2021). Functionally, the dorsal region is linked to cognitive func-

tion (e.g., spatial navigation, learning, and memory), while the ventral

region is linked to emotional processing (e.g., depressive- and anxious-

like behaviors). Our data shows that while the inter-layer heterogene-

ity in astrocyte structure is maintained along the axis, astrocytes

display a more ramified astrocytic structure in a similar volume of ven-

tral layers. Future studies should consider this finding to assess the

relevance of more ramified astrocyte structure in integrating neuro-

glial circuits (of existing and newborn astrocytes) connected to brain

regions involved in emotion-processing.

Further studies using automatic approaches to assess a larger

number of cells, such as the approach used by Refaeli et al. (2021),

should provide additional details on astrocyte structure across the

hippocampal layers: to date, Refaeli and colleagues have also reported

on the structure of CA1 Rad astrocytes and their approximate densi-

ties in the brain tissue, data which largely aligns with our findings.

Furthermore, our finding of astrocytic structural heterogeneity

across the hippocampus is in line with a recent elegant study showing

that neocortical astrocytes have distinct morphologies across the cor-

tical layers (Lanjakornsiripan et al., 2018). This study suggests that the

mature astrocytic structure depends on the neuronal organization of
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each cortical layer, structural interactions with synapses, and molecu-

lar expression profiles. In the cortex, astrocyte morphogenesis was

shown to depend on direct contact with neuronal processes and to

occur in parallel with the growth and activity of synaptic circuits

(Stogsdill et al., 2017). Another possibility is the regulation of astro-

cyte structure by excitatory signaling that follows the layer-specific

distribution of glutamatergic neurons (Morel et al., 2014). As in the

cortex, the hippocampus is also organized in different layers with spe-

cific organization of neuronal populations (Andersen et al., 2007). On

the one hand, astrocytes in the CA1 Rad and DG Mol are surrounded

by bundles of axons establishing excitatory synapses upon pyramidal

and granule cell dendrites, respectively. This excitatory environment

could dictate the large size of the astrocyte territory in comparison,

for instance, with hilar astrocytes. On the other hand, astrocytes in

the CA1 Or and the CA1 LacMol are also surrounded by axons estab-

lishing excitatory synapses with basal and distal apical dendrites of

pyramidal neurons. Still, their backbone size is relatively less complex.

Interestingly, a recent study showed that astrocyte GluN2C NMDA

receptors tune synaptic strengths in CA1 pyramidal neurons in a

layer-specific manner. While this effect requires CA1 Rad astrocytes,

interfering with astrocytic NMDARs has little effect on synaptic

strength diversity in the CA1 Or or CA1 LacMol (Chipman

et al., 2021). Further studies should address a link between synaptic

strength and astrocyte morphology in a layer-specific manner.

Although there is still no obvious explanation for the structural

heterogeneity across layers and the increased structural complexity

along the dorsoventral axis, further studies should consider different

aspects such as the origin of afferent axons, synaptic activity levels,

the density of excitatory versus inhibitory synapses, and the availabil-

ity of space (considering evolutionary spatial constraints). Indeed,

recent transcriptional studies from our laboratory and others pro-

posed different astrocytic morphological properties based on local

molecular expression (Batiuk et al., 2020; Endo et al., 2022), suggest-

ing that astrocytic structure might result from concerted neuroglial

signaling following the cytoarchitecture of a particular layer. This type

of local signaling may also explain why astrocyte clones scattered

through the cortex can adopt unique morphologies (Clavreul

et al., 2019; Lanjakornsiripan et al., 2018).

4.2 | The different levels of morphological
complexity

Our anti-GFAP staining and AstroTRAP results confirm the heteroge-

neity of the astrocytic backbone, which represents the first “macro-

scopic” level of morphology. However, the volume fraction analysis,

that provides quantification of the second level of morphology,

namely finer structures (e.g., leaflets) (Minge et al., 2021), did not

overlap completely with the backbone results, especially in the DG

Hil. Together, these findings suggest that morphological heterogeneity

occurs independently on different morphological levels (backbone

vs. leaflets), across the five regions. For instance, CA1 Rad and DG

Mol astrocytes have the most GFAP-positive and AstroTRAP-positive

main processes and the largest overall territories but fill this volume

with an average amount of processes (given by volume fraction). In

comparison, DG Hil astrocytes have a less elaborate GFAP-defined

backbone and a smaller overall territory, but volume fraction analysis

reveals that they, in total, occupy a higher percentage of volume in

their territories. Finally, astrocytes in the CA1 LacMol and CA1 Or

have a simpler backbone and occupy a lower percentage of tissue vol-

ume within their territories. This suggests that the two levels of astro-

cyte morphology might be regulated independently between layers.

4.3 | The existence of a signaling loop that
controls astrocytic structure

While our data are in line with a layer-specific heterogeneity of the

astrocyte backbone structure that might be regulated by extrinsic sig-

nals (discussed earlier), they also suggest that astrocyte exocytosis is

part of a signaling loop involved in the regulation of the backbone

structure in a cell-specific manner. Exocytosis-dependent signaling is

critical for the maintenance of the astrocyte backbone across different

hippocampal layers, as its inhibition leads to a reduction in backbone

complexity of �25%. Moreover, in the CA1 Rad this is a local cell-

specific mechanism as the structure of neighboring EGFP-negative

astrocytes is unaffected. One should consider that an imbalance of exo-

cytosis versus endocytosis could affect membrane turnover that could

lead to, at least partially, a reduction in structural complexity. However,

this does not seem to be the case because the number of vesicles avail-

able for exocytosis appear too low (Aten et al., 2022) to cause the dra-

matic trafficking imbalance necessary to produce such structural

consequence. Moreover, D-serine supplementation rescued astrocyte

backbone complexity, even in astrocytes in which exocytosis was

impaired (EGFP-positive). This favors a signaling-dependent mechanism

of regulation rather than an imbalance in membrane turnover.

D-serine administration restored astrocyte structure in the CA1

Rad and DG Mol to similar levels, supporting a general signaling mech-

anism across the hippocampal layers. Although D-serine rescued the

astrocytic backbone structure, our experiments do not prove that

D-serine is the molecule released from astrocytic vesicles. To our

knowledge, the only direct biological target of D-serine in the mamma-

lian body is the NMDA receptor co-agonist binding site, which has

two-endogenous ligands: D-serine and glycine. Therefore, our experi-

ments suggest an involvement of the co-agonist binding site. An

effect of i.p-injected D-serine via the co-agonist binding site is also

consistent with the findings by Robin et al. (2018) that i.p.-injected

compounds, such as MK-801 and D-serine, modify NMDAR-

dependent hippocampal LTP and object recognition memory, respec-

tively. Such experiments on their own do not rule out the involvement

of other co-agonists like glycine, as saturation of NMDA receptors

with exogenous D-serine could compensate reduced glycine levels.

However, we are not aware of experimental evidence indicating astro-

cytic control of extracellular glycine levels by vesicular release. It is

therefore most likely that the effects are due to reduced D-serine

levels. While there is still a debate about the relative contribution of
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astrocytes and neurons in regulating extracellular D-serine levels

(Papouin, Henneberger, et al., 2017; Wolosker et al., 2016), it is indis-

putable that D-serine is a crucial modulator of synaptic transmission

and plasticity and that its availability is regulated by astrocytes

(Adamsky et al., 2018; Bohmbach et al., 2022; Fossat et al., 2012;

Henneberger et al., 2010, 2020; Papouin, Dunphy, et al., 2017; Robin

et al., 2018; Takata et al., 2011; Yang et al., 2003). Nonetheless, the

magnitude of the D-serine effect could differ between brain regions,

because the balance between D-serine and glycine as co-agonists of

the NMDA receptor depends on the brain region (Bail et al., 2015).

This might explain the lack of striking differences in astrocytic struc-

ture between EGFP-positive and EGFP-negative astrocytes in the DG

Mol compared to the CA1 Rad. Our data showing that D-serine sup-

plementation rescues astrocyte complexity, in the absence of astro-

cytic exocytosis, might help to understand the electrophysiologic

restoration of hippocampus-prefrontal cortex synchrony observed in

our previous study (Sardinha et al., 2017). Moreover, this functional

rescue might have also contributed to the observed cognitive recov-

ery of dnSNARE mice treated with D-serine (Sardinha et al., 2017).

D-Serine acts on NMDARs, which are primarily neuronal, to support

neuronal power and long-distance neuronal synchronization (Sardinha

et al., 2017), synaptic transmission (Adamsky et al., 2018;

Henneberger et al., 2010, 2020) and dendritic spike integration

(Bohmbach et al., 2022). Our data suggest a signaling loop in which

astrocytic D-serine and neuronal glutamate release jointly modulate

astrocyte morphology. Indeed, there is evidence supporting such a

mechanism, at least in the developing cortex, where glutamatergic sig-

naling was shown to be involved in the determination of the morpho-

logical properties of astrocytes (Morel et al., 2014; Zehnder

et al., 2021). Moreover, the observation that D-serine also causes a

general increase in astrocyte structure complexity across the different

hippocampal layers is in line with our previous electrophysiological

observation of a general increase in neuronal power activity observed

in all frequency bands in the hippocampus (Sardinha et al., 2017).

While we believe this is the most parsimonious explanation for

D-serine action, we cannot exclude, however, that expression of the

dnSNARE itself could affect the levels of GFAP expression in cells.

Future studies should address this issue specifically.

In summary, astrocytes appear to contribute with an exocytosis-

dependent signaling loop to the self-maintenance of backbone struc-

ture. This signaling loop does not seem responsible for determining

the aforementioned inter-layer backbone heterogeneity, where sur-

rounding neuro-glial cues may play a more relevant role.

The main finding of this study is that astrocytes display backbone

heterogeneity across the hippocampal layers, which is conserved

along the dorsoventral axis. There are, however, several open ques-

tions that need to be addressed. What are the layer-specific signals

that dictate astrocytic backbone structure? Is there a requirement for

a more complex backbone structure for circuits related to emotional

processing in the ventral hippocampus? Which is the net relation

between the backbone structure, leaflet distribution, and synaptic

coverage? Which are the signals involved in the signaling loop that

supports astrocyte backbone structure?

The current development of techniques that allow more efficient

cell structure labeling and imaging and the advent of spatial sequenc-

ing will hopefully provide us with information on astrocyte morpho-

logical complexity and plasticity to answer these questions.
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