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ABSTRACT

Glutamate spillover from excitatory synapses modulates neighboring inhibitory synapses, yet the ultrastructural organization
of the major glutamate transporter GLT-1 at these sites remains poorly defined. Using quantitative pre-embedding electron mi-
croscopy in rat and human cortex, we found that GLT-1-positive astrocytic leaflets (ALs) were frequently juxtaposed to mor-
phologically identified symmetric synapses, with similar prevalence across axo-somatic, proximal axo-dendritic, and distal
axo-dendritic subtypes. Because inhibitory synapses are embedded in a dense excitatory neuropil, we applied distance-based
phenotyping relative to the nearest asymmetric synapse to define symmetric-associated GLT-1+ ALs. Within this population,
distal axo-dendritic symmetric synapses showed shorter AL-to-synaptic-edge distances and were embedded in a tighter local
excitatory microenvironment. Post-embedding immunogold further showed that GLT-1 was enriched at the plasma membranes
of ALs and localized extrasynaptically relative to symmetric synapses. Consistently, symmetric-associated membrane GLT-1 and
closely spaced GLT-1/a2 couples (with an interdistance < 50 nm) were preferentially localized within 1000 nm of distal symmetric
synapses compared to proximal. Similar organizational features of membrane GLT-1/a2 couples were observed in human cortex.
These findings identify a subtype-dependent extrasynaptic astrocytic GLT-1 organization at cortical inhibitory synapses and
provide a morphological framework for glutamate-dependent modulation of inhibitory signaling.

1 | Introduction

Glutamate, the main excitatory transmitter in cerebral cor-
tex (Conti and Weinberg 1999), mediates point-to-point syn-
aptic transmission, but also spills out of the synaptic cleft of
active excitatory synapses to neighboring synapses, thereby
exerting modulating effects at farther sites (Isaacson 2000;
Kullmann 2000; Farrant and Nusser 2005; Semyanov 2005;
Herman et al. 2011; Reiner and Levitz 2018). Such modulation,
not predictable on anatomical grounds, occurs at neighboring
excitatory and inhibitory synapses through glutamate homo-
and hetero-receptors, respectively (Lujan et al. 2005; Pinheiro
and Mulle 2008; Reiner and Levitz 2018).

Glutamate spillout from excitatory synapses and extracel-
lular glutamate levels are closely regulated through high-
affinity plasma membrane transporters, of which GLT-1 is the
most abundantly expressed in most brain regions (Conti and
Weinberg 1999; Danbolt 2001). At glutamatergic synapses,
astrocytic GLT-1 modulates glutamate spillout from synaptic
cleft to extrasynaptic space (Clements 1996; Diamond and
Jahr1997;Otisand Jahr 1998; Huangand Bergles 2004; Herman
and Jahr 2007; Murphy-Royal et al. 2015). Experimental data
on the expression of GLT-1 at central inhibitory synapses are
scanty: GLT-1 blockers modulate GABAergic transmission
through increased glutamate spillout targeting glutamate
hetero-receptors (Semyanov and Kullmann 2000; Mitchell
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and Silver 2000; Piet et al. 2003; Scimemi et al. 2004; Drew
et al. 2008; Bonfardin et al. 2010; Petroccione et al. 2025), and
early localization studies using confocal microscopy showed
that GLT-1 is in close proximity to inhibitory GABAergic syn-
apses (Minelli et al. 2001). In addition, it is worth noting that
recent ultrastructural studies indicate that thin astrocytic
leaflets (ALs), the fine peripheral astrocytic processes that
contact synaptic elements (Semyanov and Verkhratsky 2021;
Pietrobon and Conti 2024; Verkhratsky et al. 2025), are fre-
quently found in proximity to both excitatory and inhibi-
tory synapses and can affect multiple neighboring synapses
(Kikuchi et al. 2020; Benoit et al. 2025).

In this context, a critical pending issue is how GLT-1-positive
ALs positioned near morphologically identified symmetric syn-
apses relate to the immediately surrounding excitatory synapse
neighborhood, given the dense packing of asymmetric synapses
in cortical neuropil. Disambiguating this shared microenvi-
ronment is essential to interpret astroglial GLT-1 positioning at
inhibitory synapses in morphological terms relevant to excit-
atory-inhibitory crosstalk.

On this basis, we investigated the organization of GLT-1 at corti-
cal GABAergic synapses in rats and humans using quantitative
pre- and post-embedding electron microscopy. We quantified
the prevalence of GLT-1-positive ALs juxtaposed to morphologi-
cally identified symmetric synapses, and we explicitly measured
astroglial geometry relative to both the symmetric synapse and
the nearest neighboring asymmetric synapse within the same
ultrastructural field, providing a conservative framework to
interpret GLT-1 positioning within the local asymmetric (i.e.,
excitatory) synaptic microenvironment. We further assessed
membrane-associated GLT-1 and its close spatial relationship
with the astrocytic Nat/K*-ATPase a2 (hereafter referred to
as a2) subunit using post-embedding immunogold electron mi-
croscopy and examined whether key organizational features are
conserved in human cortex.

2 | Materials and Methods
2.1 | Tissue Preparation

Male adult albino rats (150-350g; n=15; Sprague-Dawley)
were used. Their care and handling were approved by the local
Institutional Committee for Animal Research of Universita
Politecnica delle Marche (approval AN.40A31.N.FV0).
Experiments were performed in line with European Community
Council Directives 86/609, 2010/63/EU. Animals were anes-
thetized with an intraperitoneal injection of chloral hydrate
(300mg/kg) and perfused transcardially with a flush of saline
solution, followed by 4% freshly depolymerized paraformal-
dehyde (PB; pH7.4). Brains were removed, post-fixed in the
same fixative for 6days, and cut on a vibratome in 50 um serial
parasagittal sections, which were collected in PB until process-
ing. For human studies, we used samples of cortical tissue from
two surgical specimens employed in a previous study (Melone
et al. 2011; cases # HBC 980510, male, 60years old, cytoarchi-
tectonic area 46; # HBC 030129, male, 64 years old, cytoarchi-
tectonic area 8; both cases were affected by frontal meningioma
with high intracranial pressure as major symptom; both were

under treatment with valproate 1000mg/day for 30days). The
cortical tissue was not taken from the area surrounding the
tumors; it consisted of macroscopically normal tissue that had
to be resected to access deep-seated tumors, or that was part of
“tactical lobectomies”. Tissue showed no signs of edema, and
none of the patients experienced preoperative or postoperative
seizures. Informed consent for the surgical procedure was ob-
tained from all patients. Specimens were quickly immersed for
2-3min in a cold solution of 4% PFA in PB for 2-3h. They were
then transferred to fresh 4% PFA solution and stored for 24-48h
at 4°C. The samples were cut into small blocks, which under-
went post-fixation for an additional 24-72h at 4°C in the same
solution. After being washed with PB, the samples were stored
at —20°C in a solution containing 30% glycerol, 30% ethylene gly-
col, 30% distilled water, and 10% PB (0.4 M). Before sectioning,
the blocks were washed several times in PB and then cut into
50pum thick sections using a vibratome (Pelco easislicer, Ted
Pella, CA, USA).

2.2 | Pre-Embedding Electron Microscopy

After treatment with H,0, (1% in PB; 30min), to remove en-
dogenous peroxidase activity, sections were rinsed in PB, incu-
bated in 10% NDS (1 h) in PB and then in a solution containing
GLT-1 or a2 primary antibodies (Table 1 for details and dilu-
tions) for 2h at room temperature and subsequently overnight
at 4°C. Sections were rinsed in PB and incubated for 20 min in
10% NDS in PB and then for 90min in a solution containing
biotinylated secondary antibodies (Table 1). They were sub-
sequently rinsed in PB, incubated in avidin-biotin peroxidase
complex (ABC Elite PK6100, Vector), washed in PB, and in-
cubated in 3,3’-diaminobenzidine tetrahydrochloride (DAB;
0.08% in 0.05M Tris buffer, pH 7.6 with 0.06% H,0,). Sections
were postfixed in 1% osmium tetroxide in PB for 1h and con-
trasted with 1% uranyl acetate in maleate buffer (pH 6.0; 1h)
as described previously (Melone et al. 2009, 2019). Dehydrated
sections were immersed in propylene oxide, infiltrated with a
mixture of Epon/Spurr resins (Electron Microscopy Sciences),
sandwiched between Aclar films, and polymerized at 60°C
for 48h. For rat studies, small blocks of tissue containing
layers II/III of the first somatosensory cortex (SI) were se-
lected by light microscopic inspection based on the typical
features of rat parietal cortex (as conspicuous layer IV with
intermingled dysgranular regions, densely packed layers II/
I11, and a relatively cell-free layer Va [Chapin and Lin 1990]).
We chose to focus on layers II/III of SI because we have pre-
viously investigated the cellular, subcellular, and synaptic
localization of GLT-1 and a2 in this cortical region (Minelli
et al. 2001; de Vivo et al. 2010; Melone et al. 2009, 2019) and
because layers II/III contain a large number of glutamatergic
and GABAergic synapses (DeFelipe et al. 1999). Chips were
glued to blank epoxy and sectioned with an ultramicrotome
(MTX and PTXL; RMC, Boeckeler, Tucson, AZ, USA). The
most superficial ultrathin sections (~60nm) were mounted
on 200-mesh copper grids, stained with Sato's lead and exam-
ined with a CM10 and Philips EM 208 electron microscope
coupled to a MegaView-II high-resolution CCD camera (Soft
Imaging System). Identification of labeled and unlabeled pro-
files was based on established morphological criteria (Peters
et al. 1991).
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2.3 | Data Collection and Analysis

Microscopic fields used for GLT-1 and a2 localization at sym-
metric synapses were randomly selected and captured at an
original magnification of 30,000 or 50,000 (Melone et al. 2019).
Symmetric synapses were identified ultrastructurally according
to established criteria (Peters et al. 1991; DeFelipe et al. 1999).
Specifically, a symmetric synapse was recognized by a vesicle-
containing presynaptic terminal, a clearly identifiable synaptic
cleft, and a well-defined active zone/postsynaptic density (AZ/
PSD) complex with a thin/symmetric PSD, allowing discrimi-
nation from asymmetric synapses characterized by a prominent
PSD (Tyler and Pozzo-Miller 2001). Astrocytic processes in the
immediate perisynaptic neuropil were identified by their typi-
cal irregular outlines and characteristic cytological features,
including ribosomes, glycogen granules, occasional fibril bun-
dles, and sparse cytoplasmic organelles (Peters et al. 1991). In
line with the terminology commonly used to describe thin per-
isynaptic astrocytic profiles, we refer to these processes as ALs
(Semyanov and Verkhratsky 2021; Pietrobon and Conti 2024;
Verkhratsky et al. 2025). According to different post-synaptic
targets of interneurons, immuno-positive ALs of symmetric
synapses were sampled at axo-somatic, proximal, distal, or
spinous axo-dendritic synapses (dendrites were considered dis-
tal if their diameter was <1pm and proximal if it was > 1 pm)
(DeFelipe 2002; Mariotti et al. 2018; Ascoli et al. 2008; Melone
et al. 2014; Somogyi et al. 1998). To quantify the prevalence and
spatial relationship of GLT-1- or a2-positive (+) ALs relative to
symmetric synapses, we adopted an explicit operational defini-
tion of synapse-astroglia association. An AL+ was considered
associated with a symmetric synapse when it was juxtaposed
to one or both neuronal domains of the symmetric synapse in
the plane of section. Here, “juxtaposition” indicates an AL posi-
tioned close to one or both synaptic domains without implying
direct membrane-to-membrane contact, membrane continuity,
or a requirement for a minimal surface area of contact (see, for
example, distance-based formulations of synapse-astroglia spa-
tial juxtaposition in Medvedev et al. 2014). Using this criterion,
we quantified the proportion of ultrastructurally identifiable
symmetric synapses exhibiting juxtaposed GLT-1+ or a2+ ALSs
and performed the distance-based AL phenotyping and local-
excitatory microenvironment analyses.

2.3.1 | Prevalence Analysis of Symmetric Synapses
Juxtaposed to ALs+

Electron micrographs from pre-embedding material were ana-
lyzed using FIJI (ImageJ, Schneider et al. 2012) after spatial cal-
ibration. Within each microscopical field, all morphologically
identifiable symmetric synapses were first recognized based on
established ultrastructural criteria reported above. Each sym-
metric synapse was then scored as + when an immunoreactive
AL was juxtaposed to one or both neuronal synaptic domains
(presynaptic and/or postsynaptic specialization) in the plane of
section, according to the operational definition reported above.
Symmetric synapses lacking juxtaposed ALs+were scored as
negative. All symmetric synapses within the field were man-
ually annotated and recorded in a spreadsheet, including both
positive and negative cases. Symmetric synapses were further
subclassified according to postsynaptic target into axo-somatic

(Axo-Som), proximal axo-dendritic (Axo-Den), and distal axo-
dendritic (Axo-den) subtypes. Within the subset of symmetric
synapses juxtaposed to ALs+, astrocytic leaflets were addition-
ally annotated as shared or not shared, where shared denoted an
AL+ juxtaposed to the symmetric synapse and also juxtaposed
to a neighboring asymmetric synapse within the same field.
This prevalence and sharing annotations provided the basis for
the subsequent distance-based phenotyping described in the
next subsection.

2.3.2 | Distance-Based Phenotyping of ALs + Relative to
Symmetric Versus Nearby Asymmetric Synapses

For ALs +symmetric synapses (as defined above), we quantified
the spatial relationship between the juxtaposed AL and (i) the
symmetric synapse it was juxtaposed with, and (ii) the near-
est neighboring asymmetric synapse within the same electron
microscopical field. As above, measurements were performed
in FIJI (ImageJ) using the polyline tool to trace membrane-
following distances along the AL profile. Specifically, we mea-
sured the distances between each symmetric (AL-Dsym) and
the nearest asymmetric (AL-Dasym) edge of AZ/PSD complexes
and the closest point of ALs+ process passing along the mem-
brane of profiles (Parker et al. 2021). These paired measurements
were used to compute a proximity phenotype: A=AL-Dasym -
AL-Dsym, where A> 0 indicates that the AL+ was closer to the
symmetric synapse than to the nearest asymmetric synapse (‘AL
symmetric-associated’), whereas A <0 indicates that the AL is
closer to the nearby asymmetric synapse (“AL asymmetric-
associated”). This A-based phenotyping was subsequently used
to select the symmetric-associated ALs population for down-
stream comparisons.

2.3.3 | Local Excitatory Microenvironment Analysis

To quantify the local excitatory microenvironment surround-
ing symmetric synapses bearing symmetric-associated GLT-1+
ALs, as defined in the previous subsection, we implemented a
custom FIJI/Image] macro (available upon request) that adapts
a Sholl-like radial analysis to single-section pre-embedding im-
ages. In particular, this workflow adapts the general principle
of radial spatial binning, originally developed and applied in
three-dimensional ultrastructural reconstructions of synaptic or-
ganization (Schikorski and Stevens 1997) and synapse-astroglia
relationships (Ventura and Harris 1999), to a conservative two-
dimensional nearest-neighbor spatial reference framework. The
purpose of this two-dimensional framework was to contextualize
GLT-1+ ALs geometry relative to the local excitatory neighbor-
hood, consistent with microenvironment-based perisynaptic glial
organization (Rusakov 2001). For each analyzed field, the synaptic
contact of the symmetric synapse was traced using the polyline
tool. The macro automatically computed the curvilinear midpoint
of this traced synaptic contact, which was used as the reference
center for Euclidean measurements and for generating radial
masks. Within the same field, the nearest neighboring asymmetric
synapse was identified ultrastructurally and manually annotated
using the multi-point tool (single point). The macro computed the
Euclidean distance from the symmetric synaptic-contact midpoint
to this annotated asymmetric synapse and returned this value as
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the nearest-neighbor distance (sym-asym distance). Concentric
radial masks centered on the symmetric synaptic-contact mid-
point were generated in 250-nm steps and used to provide a stan-
dardized two-dimensional spatial reference of the relative position
of the nearest asymmetric synapse with respect to the symmet-
ric contact. Quantitative analyses and statistical comparisons fo-
cused on nearest-neighbor distances within the submicron range
(0-1.0um), consistent with the dense packing of excitatory syn-
apses in cortical neuropil (Antén-Sanchez et al. 2014).

2.4 | Post-Embedding Electron Microscopy

Sections were processed with an osmium-free embedding method
(Phend et al. 1995). Dehydrated sections were immersed in propyl-
ene oxide, infiltrated with a mixture of Epon/Spurr resins, sand-
wiched between Aclar films, and polymerized at 60°C for 48h.
After polymerization, chips including layers II/III were cut from
the wafers, glued to blank resin blocks, and sectioned with an ultra-
microtome. Ultrathin sections (60-80nm) were mounted on 300-
mesh nickel grids and processed for immunogold labeling (Phend
et al. 1995; Melone et al. 2019). Briefly, after treatment with 4%
para-phenylenediamine in Tris-buffered saline (0.1M Tris, pH7.6,
with 0.005% Tergitol NP-10 [TBST]), grids were washed in TBST
(pH7.6), transferred to 1% NDS in TBST (pH7.6) for 15min, and
then incubated overnight in TBST (pH 7.6) containing anti-GLT-1
primary antibodies for single labeling or a mixture of anti-GLT-1
and anti-a2 primary antibodies for double immunogold studies
(see Table 1 for dilutions). Grids were washed in TBST (pHS.2),
transferred for 10min to 1% NDS in TBST (pH8.2), incubated for
2h in TBST (pH8.2) containing secondary antibodies conjugated
to gold particles (Table 1), washed in distilled water, and finally
stained with uranyl acetate and Sato's lead. The optimal concen-
tration of the primary antibodies was established by testing several
dilutions; the chosen concentration was the one with the lowest
background that still resulted in labeling (Melone et al. 2009,
2019). Gold particles were not detected when the primary antise-
rum was omitted. When normal serum was substituted for the im-
mune serum, sparse and scattered gold particles were detected but
none showed a specific relationship with the astrocytic processes.

2.5 | Data Collection and Analysis

Ultrathin sections were examined at 50,000-85,000x; fields
that included at least one immunolabeled profile, that is, a
symmetric synapse juxtaposed to AL, were acquired. Synapses
were selected if they had a clear presynaptic AZ/PSD complex
(Peters et al. 1991; Tyler and Pozzo-Miller 2001). To determine
the relative density of GLT-1 in subcellular compartments, we
identified the astrocytic profiles and pyramidal cell nuclei,
counted the gold particles within labeled structures, and com-
puted areas with FIJI/ImageJ. The background was calculated
by estimating labeling density over pyramidal cell nuclei (Racz
et al. 2004; Melone et al. 2019). Particle densities were counted
and compared to background labeling. Gold particles were con-
sidered as being associated with the plasma membrane if they
were within 20nm of the extracellular side of the membrane,
and cytoplasmic if they were >25nm of the extracellular side
of the membrane. In all subsets of symmetric synapses, the spa-
tial position of membrane-associated gold particles relative to

synaptic specializations was quantified following established
post-embedding approaches (Kharazia and Weinberg 1999;
Valtschanoff and Weinberg 2001; Rdcz et al. 2004; Melone
et al. 2019). Briefly, for each membrane-associated GLT-1 gold
particle localized on AL juxtaposed to a symmetric synapse, the
lateral position was defined as the distance along the astrocytic
plasma membrane from the AZ/PSD edge to the center of the par-
ticle and measured in FIJI/ITmageJ. Because ALs can be located
near both symmetric and neighboring asymmetric synapses
within the same field, for each particle we additionally mea-
sured the distance along the astrocytic membrane from the par-
ticle to the nearest neighboring asymmetric synaptic edge in the
same field and computed a proximity phenotype A= (particle-
Asym) — (particle-Sym), where particle-Sym indicates the dis-
tance to the symmetric synaptic edge and particle-Asym the
distance to the neighboring asymmetric synaptic edge. Particles
with A > 0 were classified as symmetric-associated (i.e., closer to
the symmetric than to the neighboring asymmetric contact) and
were used for downstream distributional analyses consistently
with the phenotyping approach used in pre-embedding analy-
ses. Accordingly, distributions of GLT-1 particle distances from
the symmetric synaptic edge were summarized in 200-nm bins
along the membrane using the symmetric-associated (A > 0) par-
ticle subset. In line with the proximity phenotype criterion used
in pre- and post-embedding GLT-1+ ALs analyses, in double-
labeled GLT-1/a2+ ALs at proximal and distal symmetric syn-
apses, the distance from the GLT-1-coding particle of the couple
was used as reference for defining the symmetric-associated
GLT-1/a2 couples. Next, all the interdistances of the symmetric-
associated GLT-1 and a2 gold particles detected at the ALs
membranes were collected and summarized in 200-nm bins
(Mariotti et al. 2018; Melone et al. 2019). Finally, symmetric-
associated GLT-1/a2 couples with an edge-to-edge interparticle
distance <50nm (hereafter referred to as closely spaced cou-
ples), a criterion used in previous studies as indicative of close
molecular proximity (Storey et al. 2012; Amiry-Moghaddam
and Ottersen 2013; Mariotti et al. 2018; Melone et al. 2019), were
sublocalized in relation to symmetric and asymmetric synaptic
contacts.

2.6 | Statistical Analysis

All analyses were performed in R (RStudio) and Python using
a custom scripted pipeline. Tests were two-sided with a=0.05.
Non-parametric tests were used for distance-based variables.
For multiple comparisons, Holm correction was applied to post
hoc procedures (e.g., Dunn-Holm following Kruskal-Wallis
tests; Fisher-Holm for pairwise comparisons of proportions).
The unit of analysis depended on the endpoint and is specified
in the relevant Methods subsections and in figure legends. For
pre-embedding datasets, proportions were compared using
exact contingency-table tests (Fisher/Fisher-Freeman-Halton).
Paired within-profile distance comparisons used Wilcoxon
matched-pairs tests. Across-group comparisons of distances used
Kruskal-Wallis with Holm-adjusted post hoc tests. Associations
between distance variables were assessed using Spearman cor-
relation and robust trend estimation (Theil-Sen). For analyses
involving radial masks, boundary coverage was quantified as
the fraction of the theoretical circular area at the outer refer-
ence radius that was visible within the image frame. Fields were
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l Symmetric synapses
L juxtapposed to GLT-1+ AL

O Symmetric synapses
not juxtaposed to GLT-1+ AL
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J
[l Axo-den symmetric synapses juxtapposed to GLT-1+ AL
[l Axo-Den symmetric synapses juxtapposed to GLT-1+ AL
% [ Axo-Som symmetric synapses juxtapposed to GLT-1+ AL
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0 20 40 60 80 100
% of symmetric synapses

FIGURE1 | Prevalence of symmetric synapses juxtaposed to GLT-1+ ALs. (A, C, E, G) Pre-embedding electron microscopy of symmetric synaps-
es (A, axo-somatic, Axo-Som; C, proximal axo-dendritic, Axo-Den; E, distal axo-dendritic, Axo-den, and G, axo-spinous, Axo-sp) showing neuronal
synaptic domains juxtaposed to GLT-1+ astrocytic leaflets (ALs+) containing dark immunopositive electron dense products. Colored arrowheads
indicate symmetric synaptic edges; AXT, axon terminal forming a symmetric synaptic contact; cyt, neuronal cytoplasm; Den, proximal dendrite;
den, distal dendrite; sp., spine. In G, AXT1 identifies the axon terminal of the symmetric synapse while AXT2 forms an asymmetric synaptic contact
(marked by orange arrow). (B, D, F, H) Representative Axo-Som, Axo-Den, Axo-den, and Axo-sp symmetric synapses without juxtaposition to GLT-
1+ ALs. Black arrowheads indicate symmetric synaptic edges. (I) Positivity rate (386 of 538; 71.6%) of symmetric synapses with juxtaposed GLT-1+
ALs. (J) The proportion of symmetric synapses juxtaposed to GLT-1+ ALs was comparable among the different subtypes of symmetric synapses
(68.3%, for Axo-Som; 69.5% for Axo-Den, and 78.2% for Axo-den/sp.; Fisher-Freeman-Halton exact test, p=0.069). Data were obtained from 12 ul-

trathin sections per animal, 3 animals. Scale bars: 80 nm.

required to have >60% visible area at this outer radius; no fields
were excluded, and the median visible-area fraction was 0.89,
indicating high boundary coverage around the symmetric syn-
apse reference point. For post-embedding datasets, particle/cou-
ple distance distributions were analyzed using non-parametric
tests (e.g., Mann-Whitney and distribution-shape tests such as
Kolmogorov-Smirnov), and proportions were compared using
Fisher's exact tests. Unimodality of particle-distance distribu-
tions was assessed using Hartigan's dip test when indicated.
Detailed statistical outputs (test choice, n, and exact p values)
are reported in the corresponding figure legends.

3 | Results

3.1 | GLT-1Is Widely Expressed in ALs Juxtaposed
to Symmetric Synapses

We first investigated the subcellular localization of GLT-1 in all
morphologically identifiable GABAergic symmetric synapses
using quantitative pre-embedding electron microscopy. Our ex-
amination of randomly selected symmetric synapses of layers
II/III in rat SI revealed that GLT-1 is localized to ALs juxtaposed
to synaptic domains in 386 out of 538 identifiable synapses, cor-
responding to 71.6% (Figure 1A-I). GABAergic synapses can be
differentiated based on their post-synaptic domains (Somogyi
et al. 1998; DeFelipe et al. 2002; Ascoli et al. 2008; Mariotti

et al. 2018). Thus, we investigated whether the presence of GLT-
1+ ALs varied among axo-somatic (Axo-Som, Figure 1A,B,J),
proximal axo-dendritic (Axo-Den, Figure 1C,D,J), and distal
axo-dendritic (including both postsynaptic distal dendrites and
spines, Axo-den, Figure 1E-HJ) GABAergic synapses. The pos-
itivity rates for these three synaptic subtypes were 68.3% for
Axo-Som (n =155 of 227), 69.5% for Axo-Den (n =98 of 141), and
78.2% for Axo-den (n=133 of 170), and their comparison indi-
cated that GLT-1+ ALs were similar among the different syn-
apse subtypes (Fisher's exact test, p=0.069; Figure 17J).

3.2 | Distance-Based Phenotyping Distinguishes
Symmetric-Associated GLT-1+ ALs From
Neighboring Asymmetric Synapses

Given the dense packing of excitatory synapses in cortical
neuropil (Antén-Sanchez et al. 2014), we asked how often
GLT-1+ ALs juxtaposed to a symmetric synapse were also jux-
taposed to neighboring asymmetric synapses within the same
electron microscopical field, allowing us to classify GLT-1+
ALs as not-shared or shared (Figure 2A-F). We then asked
whether this proportion differed across GABAergic synapse
subtypes. Across all GLT-1+ ALs juxtaposed to symmetric
synapses (n=386; Figure 1I), the majority were not-shared
(318/386, 82.4%), whereas shared ALs accounted for 17.6%
(68/386; Figure 2G). The overall frequency of not-shared
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versus shared GLT-1+ ALs differed significantly across syn- synapses, which differed from both Axo-Som and Axo-Den
apse subtypes (Fisher's exact test, p=0.014). Post hoc pairwise synapses (p=0.032 for both comparisons), whereas Axo-
comparisons showed that this effect was driven by Axo-den =~ Som and Axo-Den synapses did not differ from each other
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FIGURE2 | Legend on next page.
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FIGURE 2 | Distance-based phenotyping of GLT-14+ ALs juxtaposed to symmetric synapses. (A-F) Representative pre-embedding electron mi-
croscopy illustrating the distance-based classification of GLT-1+ ALs at symmetric synapses. (A, C, E) Examples of not-shared GLT-1+ ALs in
axo-somatic (A, Axo-Som), proximal axo-dendritic (C, Axo-Den), and distal axo-dendritic (E, Axo-den) symmetric synapses, in which the AL is
juxtaposed to the symmetric synapse but not to a neighboring asymmetric synapse. (B, D, F) Examples of shared GLT-1+ ALs in the same synapse
subtypes, in which the AL is juxtaposed to both the symmetric synapse and a neighboring asymmetric synapse. Colored and white arrowheads
indicate symmetric (AxT1) and asymmetric (AXT2) synaptic edges, respectively; orange arrows indicate neighboring asymmetric synapses. Dotted
traces mark the GLT-1+ AL distances used for distance-based phenotyping and A classification. (G) Of 386 symmetric synapses juxtaposed to GLT-
1+ ALs, 318 were not shared and 68 were shared with a neighboring asymmetric synapse. (H) Composition of GLT-1+ AL sharing categories across
synapse subtypes, showing that the relative proportions of not-shared and shared ALs differed across subtypes (Axo-Som: 86.4% not-shared, 13.6%
shared; Axo-Den: 86.9% not-shared, 13.1% shared; Axo-den: 74.4% not-shared, 25.6% shared; Fisher's exact test, p=0.014; post hoc pairwise compar-
isons: Axo-Som vs. Axo-Den, p=1.000; Axo-Som vs. Axo-den, p=0.032; Axo-Den vs. Axo-den, p=0.032). (I) Paired comparison of AL-Dsym and
AL-Dasym in not-shared and shared GLT-14+ ALs. In not-shared profiles, AL-Dasym was consistently greater than AL-Dsym (Wilcoxon matched-
pairs signed-rank test, p<0.001; median difference=611.7nm), whereas shared profiles showed no overall difference between the two distances
(p=0.112; median difference = —11.11 nm). Points represent individual paired values connected by lines; bars indicate mean +SEM. (J) Distribution
of A=AL-Dasym — AL-Dsym for not-shared and shared GLT-1+ ALs. Not-shared ALs were exclusively symmetric-associated (A > 0), whereas shared
ALs included both symmetric-associated (A>0) and asymmetric-associated (A <0) profiles (see also Figure S1A-A’ for scatter plots and synapse
subtype-resolved A distributions). Points represent individual A values; boxes show the median and interquartile range; whiskers indicate mini-
mum and maximum values. (K) Paired comparison of AL-Dsym and AL-Dasym after segregation of shared GLT-1+ ALs according to the sign of A.
Shared symmetric-associated profiles (A>0) showed AL-Dasym >AL-Dsym (Wilcoxon matched-pairs signed-rank test, p<0.001; median differ-
ence =134.8nm), whereas shared asymmetric-associated profiles (A <0) showed AL-Dasym <AL-Dsym (p <0.001; median difference = —288.3nm).
Points represent individual paired values connected by lines; bars indicate mean + SEM. (K') Of the initial 386 symmetric synapses juxtaposed to
GLT-1+ ALs (386/538 total synapses, 71.6%), 351 were classified as symmetric-associated after A-based phenotyping, refining the estimate of sym-
metric synapses juxtaposed to GLT-1+ ALs to 65.2% (351/538). Data were obtained from 12 ultrathin sections per animal, 3 animals. Distances are

two-dimensional estimates measured in single ultrathin sections. Scale bars: 80 nm.

(p=1.000; Figure 2H). However, sharing per se does not
establish whether a GLT-1+ AL is preferentially associated
with the symmetric synapse or simply lies within reach of a
neighboring asymmetric synapse. To address this, we com-
pared, for each GLT-14+ AL, the distance to the symmetric
synaptic edge (AL-Dsym) with the distance to the nearest
asymmetric synaptic edge in the same field (AL-Dasym; see
Materials and Methods). In not-shared profiles, AL-Dasym
was consistently greater than AL-Dsym (Wilcoxon matched-
pairs signed-rank test, p <0.001; median AL-Dsym =488 nm,
median AL-Dasym=1203nm; Figure 2A,C,E,I, left), indi-
cating a clear preferential association with the symmetric
synapse. By contrast, shared profiles showed no overall dif-
ference between AL-Dsym and AL-Dasym (p=0.112; me-
dian AL-Dsym=492.1nm, median AL-Dasym=399.3nm;
Figure 2I, right), suggesting that this class comprised het-
erogeneous spatial configurations. To resolve this hetero-
geneity, we introduced a distance-based phenotyping based
on A=AL-Dasym — AL-Dsym (Figure 2J; see Materials and
Methods). By this criterion, all not-shared ALs were classi-
fied as symmetric-associated (A > 0). In contrast, shared ALs
segregated into symmetric-associated profiles (A>0; AL-
Dasym > AL-Dsym; p <0.001; median AL-Dsym =333.2nm,
median AL-Dasym =477.3nm; Figure 2B,D,F,J.K, left) and
asymmetric-associated profiles (A<0; AL-Dasym<AL-
Dsym; p<0.001; median AL-Dsym=647.8nm, median AL-
Dasym =239.1 nm; Figure 2K, right; Figure S1A-D). Thus,
although the frequency of shared GLT-1+ ALs differed across
synapse subtypes, A-based phenotyping revealed that a sub-
stantial fraction of shared profiles remained symmetric-
associated. Indeed, within the shared subset, the proportion
of symmetric-associated profiles (A >0) ranged from 23.8% in
Axo-Som (5/21) and 38.5% in Axo-Den (5/13) to 67.6% in Axo-
den (23/34) (Figure S1A’). Strikingly, once not-shared and
shared profiles were integrated through A-based phenotyping,

the total fraction of symmetric-associated GLT-1+ ALs re-
mained comparable across Axo-Som, Axo-Den, and Axo-den
synapses (Fisher's exact test, p=0.831; Figure S2), thereby
refining the estimate of symmetric synapses juxtaposed to
GLT-14+ ALs from 71.6% (386/538) of all symmetric synapses
examined (Figure 1I) to 65.2% (351/538) after distance-based
phenotyping (Figure 2K’). Notably, by refining the initial two-
dimensional estimate, the distance-based phenotyping yielded
a value (65.2%) that closely matches that obtained by three-
dimensional electron microscopy for astrocytic contacts at
symmetric synapses (approximately 61%; Kikuchi et al. 2020),
thus supporting the reliability of the subsequent analyses.

Together, these analyses quantified the extent to which GLT-1+
ALs were shared between inhibitory and excitatory synapses
and established an explicit distance-based criterion to define a
conservative population of symmetric-associated GLT-1+ ALs.
These findings further indicated that, despite subtype-specific
differences in local sharing, the preferential polarization of GLT-
1+ ALs toward symmetric synapses is broadly conserved across
inhibitory synapse subtypes.

3.3 | Distal Axo-Dendritic Synapses Are
Characterized by Closer GLT-1+ ALs Embedded
in a Tighter Local Excitatory Microenvironment

Having identified the population of symmetric-associated GLT-
1+ ALs, we next asked whether AL geometry differs across sym-
metric synapse subtypes and whether it covaries with the local
excitatory (i.e., asymmetric) neighborhood.

To this end, we first compared AL-Dsym and AL-Dasym
across symmetric synapse subtypes (Figure 3A-D). Among
symmetric synapse subtypes, AL-Dsym differed significantly
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(Kruskal-Wallis H=14.17, p<0.001; median AL-Dsym:
Axo-Som=537nm, Axo-Den=477.2nm, Axo-den=388nm),
with Axo-den synapses showing shorter AL-Dsym values than
Axo-Som and Axo-Den synapses (Dunn-Holm: Axo-Som vs. Axo-
den, p<0.001; Axo-Den vs. Axo-den, p=0.035), while Axo-Som
and Axo-Den were comparable (p=1.000) (Figure 3D, left). This
trend was mirrored by AL-Dasym distances. Indeed AL-Dasym
also differed across subtypes (Kruskal-Wallis H=87.20, p <0.001;
median AL-Dasym: Axo-Som=1483nm, Axo-Den=1320nm,
Axo-den =849.1 nm), with Axo-den synapses showing shorter AL-
Dasym values than both Axo-Som and Axo-Den (Dunn-Holm:
both p<0.001), whereas Axo-Som and Axo-Den did not differ
(p=0.659) (Figure 3D, right). We then tested whether symmetric-
and asymmetric-referenced distances covary within each sym-
metric synapse subtype. A significant positive association between
AL-Dsym and AL-Dasym was observed in Axo-den synapses
(Spearman p=0.447, p<0.001), but not in Axo-Som (0=0.148,
p=0.083) or Axo-Den synapses (o=-0.003, p=0.981) (Figure 3E-
E’). Thus, within distal axo-dendritic synapses, a shorter distance
to the nearest asymmetric synapse was associated with a shorter
distance of the GLT-14+ AL from the symmetric synaptic edge.

We further asked whether symmetric synapses juxtaposed to
symmetric-associated GLT-1+ ALs were embedded in distinct
local excitatory microenvironments across inhibitory synapse
subtypes. Independently of the AL-based measurements, we
quantified the nearest-neighbor Euclidean distance between
each symmetric synapse and the closest asymmetric synapse in
the same field (sym-asym distance; Figure 3A’-C’). Sym-asym
distance differed across subtypes (Kruskal-Wallis H=91.87,
p<0.001; median sym-asym distance: Axo-Som=1580nm,
Axo-Den=1411nm, Axo-den=930nm), with Axo-den synapses
embedded in a closer excitatory microenvironment than Axo-
Som and Axo-Den (Dunn-Holm: both p <0.001), while Axo-Som
and Axo-Den were comparable (p =0.604) (Figure 3F). Empirical
Cumulative Distribution Functions analyses (Figure 3F’) con-
firmed a left-shifted distribution in Axo-den synapses (Kruskal-
Wallis H=100.84, p <0.001; Dunn-Holm: Axo-den vs. Axo-Den,
p<0.001; Axo-den vs. Axo-Som, p<0.001; Axo-Den vs. Axo-
Som, p=0.123), and the fraction of fields with sym-asym dis-
tance <1.0um differed across groups (x?>=67.061, p<0.001;
Fisher-Holm: Axo-den vs. Axo-Den, p <0.001; Axo-den vs. Axo-
Som, p <0.001; Axo-Den vs. Axo-Som, p=1.000) (Figure 3F").

Together, these analyses showed that Axo-den synapses were
associated with shorter symmetric-associated GLT-14+ AL dis-
tances and were embedded in a tighter local excitatory microen-
vironment than Axo-Som and Axo-Den synapses. The positive
association between AL-Dsym and AL-Dasym in Axo-den
synapses further indicated that GLT-1+ astrocytic positioning
might be spatially coordinated with the proximity of neighbor-
ing excitatory synapses specifically at distal axo-dendritic inhib-
itory contacts.

3.4 | Membrane-Associated GLT-1 Distribution
Differs Between Proximal and Distal Symmetric

Synapses

Because pre-embedding immunoperoxidase does not resolve
intracellular versus membrane-associated pools, we next used

post-embedding immunogold to directly assess the subcellular
compartmentalization and the spatial distribution of membrane-
associated GLT-1 at ALs juxtaposed to morphologically iden-
tified symmetric synapses (Figure 4A-C). Across Axo-Som,
Axo-Den, and Axo-den synapse subtypes, GLT-1 immunogold
density in ALs was higher at the plasma membrane than in the
cytoplasm (Axo-Som, p<0.001; Axo-Den, p=0.001; Axo-den,
p<0.001; Figure 4D; Table 2a).

To quantify membrane-associated GLT-1 minimizing ambigu-
ity introduced by nearby asymmetric synapses, for each GLT-1
particle we measured its distance along the AL membrane to the
nearest symmetric synaptic edge and to the nearest asymmetric
synaptic edge in the same field and restricted subsequent analy-
ses to particles classified as symmetric-associated (i.e., closer to
the symmetric than to the asymmetric contact, using the same
A-based phenotyping approach applied in pre-embedding anal-
yses; Figure 4A-C; Figure S3). We then examined the distribu-
tion of distances of these membrane-associated GLT-1 particles
from the symmetric synaptic edge. Because the fraction of par-
ticles within 1000 nm did not differ between Axo-Som and Axo-
Den, proximal synapses were pooled for distributional analyses
(p=0.525; Figure 4E; Table 2b). In both proximal and distal
groups, distributions were unimodal (proximal peak =1033nm,
dip test p=0.806; distal peak=618nm, dip test p=0.989).
However, the overall distributions differed significantly be-
tween groups (two-sample Kolmogorov-Smirnov test: D=0.216,
p=0.039). In line with this result, distal synapses showed a
higher fraction of membrane-associated GLT-1 particles within
1000 nm of the symmetric synaptic edge than proximal synapses
(Fisher's exact test, p=0.018; Figure 4E; Table 2b).

3.5 | Closely Spaced GLT-1/x2
Membrane-Associated Couples at Symmetric
Synapses Are Enriched Within 1000 Nm at Distal
Axo-Dendritic Synapses

Given the functional relevance of astrocytic a2 for GLT-1-
associated transport complexes (Melone et al. 2019; Pietrobon
and Conti 2024), we first quantified by pre-embedding electron
microscopy a2+ ALs juxtaposed to symmetric synapse sub-
types, and then we moved to explore post-embedding GLT-1/
a2 double-labeled ALs. As a pre-embedding benchmark, o2-
positive ALs classified as symmetric-associated by A-based
phenotyping showed synapse subtype-dependent geometry that
mirrored that of symmetric-associated GLT-1+ ALs, with shorter
distances at Axo-den than at Axo-Som/Axo-Den synapses for
both AL-Dsym (Kruskal-Wallis H=14.25, p<0.001; median
AL-Dsym: Axo-Som=580.8nm, Axo-Den=469.2nm, Axo-
den=320.8nm; Dunn-Holm: Axo-Som vs. Axo-den, p=0.001;
Axo-Den vs. Axo-den, p=0.027; Axo-Som vs. Axo-Den,
p=1.000; Figure S4A-D, left) and AL-Dasym (Kruskal-Wallis
H=22.12, p<0.001; median AL-Dasym: Axo-Som=1357nm,
Axo-Den=1010nm, Axo-den=598.9nm; Dunn-Holm: Axo-
Som vs. Axo-den, p<0.001; Axo-Den vs. Axo-den, p=0.040;
Axo-Som vs. Axo-Den, p=0.116; Figure S4A-D, right). In ad-
dition, the prevalence of symmetric synapses juxtaposed to
symmetric-associated a2+ ALs was comparable to that mea-
sured for GLT-1+ ALs (a2: 105/180, 58.3% vs. GLT-1: 351/538,
65.2%; Fisher's exact test, p=0.107; Figure S4E-F).
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FIGURE 3 | Symmetric-associated GLT-1+ ALs distances and local excitatory microenvironment across symmetric synapse subtypes. (A-C)
Representative symmetric-associated GLT-1+ ALs+ at axo-somatic (A, Axo-Som), proximal axo-dendritic (B, Axo-Den), and distal axo-dendritic (C,
Axo-den) synapses. As in Figure 2, colored and white arrowheads indicate symmetric (AxT1) and asymmetric (AXT2) synaptic edges, respectively; or-
ange arrows indicate neighboring asymmetric synaptic contacts. Dotted traces mark the AL distances measured from the AL+ to the closest symmet-
ric synaptic edge (AL-Dsym) and to the nearest asymmetric synaptic edge in the same microscopic field (AL-Dasym). (A'~C") The same fields shown in
A-C with schematic radial masks used to adapt a Sholl-like analysis to the ultrastructural images (for details, see Materials and Methods). White lines
represent the Euclidean distance from the center of the symmetric synapse (colored dots) to the nearest asymmetric synapse in the same field (white
dots). (D) Distribution of AL-Dsym (left) and AL-Dasym (right) across symmetric synapse subtypes. In Axo-den synapses, AL-Dsym values were short-
er than those of Axo-Som and Axo-Den synapses (Kruskal-Wallis H=14.17, p<0.001; Dunn-Holm: Axo-Som vs. Axo-Den, p=1.000; Axo-Som Vs.
Axo-den, p <0.001; Axo-Den vs. Axo-den, p=0.035). AL-Dasym also differed across subtypes (Kruskal-Wallis H=87.20, p <0.001; Dunn-Holm: Axo-
Som vs. Axo-Den, p=0.659; Axo-Som vs. Axo-den, p<0.001; Axo-Den vs. Axo-den, p<0.001). Points represent individual AL distance values; boxes
show the median and interquartile range; whiskers indicate minimum and maximum values. (E) Spearman correlation coefficients (p) for the associ-
ation between AL-Dsym and AL-Dasym in each synapse subtype. A positive monotonic association was significant in Axo-den (p=0.447, p<0.001),
but not in Axo-Som (p=0.148, p=0.083) or Axo-Den (0=—0.003, p=0.981). (E') Scatter plot of AL-Dsym versus AL-Dasym in Axo-den, with the black
line indicating the Theil-Sen fit; the inset reports sample size, Spearman'’s p and the Theil-Sen slope with bootstrap 95% confidence interval. (F-F")
Analysis of the local excitatory microenvironment surrounding symmetric synapses. (F) Sym-asym distance across Axo-Som, Axo-Den, and Axo-den
synapses. Sym-asym distance differed across subtypes (Kruskal-Wallis H=91.87, p <0.001; Dunn-Holm: Axo-Som vs. Axo-Den, p=0.604; Axo-Som
vs. Axo-den, p <0.001; Axo-Den vs. Axo-den, p <0.001). Points represent individual sym-asym distance values; boxes show the median and interquar-
tile range; whiskers indicate minimum and maximum values. (F') ECDFs (left) of sym-asym distance (um), showing closer asymmetric neighbors
in Axo-den than in the other subtypes (Kruskal-Wallis H=100.84, p<0.001; Dunn-Holm: Axo-den vs. Axo-Den, p <0.001; Axo-den vs. Axo-Som,
p<0.001; Axo-Den vs. Axo-Som, p=0.123). The shaded region marks fields with sym-asym distance <1.0pm, whose fraction also differed across
groups (x?=67.061, p<0.001; Fisher-Holm: Axo-den vs. Axo-Den, p <0.001; Axo-den vs. Axo-Som, p <0.001; Axo-Den vs. Axo-Som, p=1.000). Right,
radial maps illustrate the position of the nearest asymmetric synapse around symmetric synaptic contacts in the three subtypes. Data were obtained
from 12 ultrathin sections per animal, 3 animals. Distances are two-dimensional estimates measured in single ultrathin sections. Scale bars: 230nm.
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FIGURE3 | (Continued)

In post-embedded double-labeled ALs at proximal versus dis-
tal symmetric synapses (Figure 4F-G), both GLT-1 and «2 im-
munogold densities were higher at the plasma membrane than
in the cytoplasm (p<0.001 for all comparisons; Figure 4F-G;
Table 2¢). The amount of AL membrane sampled did not dif-
fer between proximal and distal synapses (Mann-Whitney
test, p=0.375; median proximal =0.037, median distal =0.033);
under these conditions, distal synapses showed a higher mem-
brane density of both GLT-1 (Mann-Whitney test, p=0.033;
median proximal =29.86, median distal =44.13) and a2 (Mann-
Whitney test, p<0.001; median proximal=28.59, median dis-
tal=51.18) than proximal synapses. We then quantified GLT-1/
a2 interdistances at the AL membrane (Melone et al. 2019).
To relate coupling GLT-1/a2 to the inhibitory synaptic domain
while accounting for nearby excitatory contacts, we applied
the same A-based phenotyping used throughout the study to
GLT-1/a2 couples (see Materials and Methods) and obtained
the symmetric-associated couples (see Figure SS5A-C). The in-
terdistance distributions (summarized in 200-nm bins) showed
the highest proportion of symmetric-associated couples in the
0-200nm bin in both proximal and distal synapses (Figure 4H).
A two-sample Kolmogorov-Smirnov test did not detect a signif-
icant difference in distribution shape between groups (D =0.23,
p=0.065), and interdistances were also comparable by Mann-
Whitney test (p=0.117; Figure 4I). Focusing on the subset of
closely spaced (<50nm edge-to-edge) symmetric-associated
GLT-1/a2 couples, distal synapses showed a higher fraction of
couples located within 1000nm from the symmetric synaptic
edge compared with proximal synapses (distal: 39/48, 81.3%;
proximal: 8/26, 30.8%; Fisher's exact test, p<0.001; Figure 4L;
Table 2c¢). Finally, distances of closely spaced GLT-1/a2 couples
from the symmetric synapse and from the neighboring asym-
metric synapse showed a significant positive association in dis-
tal synapses (Spearman p=0.380, p=0.007), but not in proximal
synapses (o =0.330, p=0.099) (Figure 4K-K").

Together, post-embedding data showed that distal symmet-
ric synapses were characterized by a higher local membrane

Local asymmetric microenvironment
surrounding symmetric synapses within 1um
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enrichment of GLT-1 and a2, a closer positioning of membrane-
associated GLT-1, and a preferential enrichment of closely spaced
GLT-1/a2 astroglial couples near distal inhibitory contacts.
Thus, at single-molecule resolution, post-embedding immu-
nogold analyses recapitulated and refined the pre-embedding
evidence that GLT-1+ ALs juxtaposed to distal axo-dendritic
symmetric synapses were more tightly associated with the in-
hibitory synaptic domain within a local asymmetric synaptic
neighborhood.

3.6 | GLT-1Organization in ALs Juxtaposed to
Symmetric Synapses Is Conserved in Human Cortex

Examination of human GLT-1 pre-embedded processed ma-
terial (Melone et al. 2011) confirmed the localization of GLT-1
in ALs juxtaposed to symmetric synapses. In layers II/III of
the prefrontal cortex (areas 46 and 8), GLT-14+ ALs were ob-
served in Axo-Som, Axo-Den, and axo-den symmetric syn-
apses, confirming the expression of GLT-1 in ALSs juxtaposed
to these subsets of GABAergic synapses (Figure 5A-D). To
assess GLT-1 membrane-associated organization, we per-
formed GLT-1 and a2 double post-embedding immunogold
labeling in human ALs juxtaposed to proximal and distal
symmetric synapses (Figure 5E-G). Closely spaced GLT-1/
a2 couples were phenotyped as symmetric-associated using
the same A-based distance criterion applied in the animal
dataset (i.e., couples closer to the symmetric than to the
neighboring asymmetric synaptic edge within the same
field; Figure S5D). In this human dataset, the fraction of
symmetric-associated closely spaced GLT-1/a2 couples lo-
cated within 1000 nm from the symmetric synaptic edge was
higher at distal than at proximal symmetric synapses (prox-
imal: 8/21, 38.1%; distal: 36/49, 73.5%; Fisher's exact test,
p=0.007) (Figure 5H), indicating that the distal enrichment
of closely spaced GLT-1/a2 membrane couples relative to the
inhibitory synaptic domain observed in the animal model is
conserved in human cortex.
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FIGURE4 | Spatial organization of GLT-1 and GLT-1/a2 couples at ALs juxtaposed to symmetric synapses. (A-C) Representative post-embedding
immunogold labeling for GLT-1 at AL+ juxtaposed to axo-somatic (A, Axo-Som), proximal axo-dendritic (B, Axo-Den), and distal axo-dendritic (C,
Axo-den) symmetric synapses. Colored arrows indicate membrane-associated GLT-1 gold particles. As in Figure 2, colored and white arrowheads
indicate symmetric (AxT1) and asymmetric (AxT2) synaptic edges, respectively; dotted colored and white traces mark the distances of GLT-1 gold
particles from the nearest symmetric and asymmetric synaptic edges, allowing selection of particles closer to symmetric than to asymmetric con-
tacts according to the phenotyping approach used in the pre-embedding analyses. (D) GLT-1 immunogold labeling in ALs juxtaposed to symmetric
synapses. In all subtypes, GLT-1 density was higher at the plasma membrane than in the cytoplasm (Axo-Som, p <0.001; Axo-Den, p=0.001; Axo-
den, p <0.001; see Table 2a). (E) Distribution of membrane-associated GLT-1 particle (selected by A-based phenotyping approach) distances from the
edge of proximal (Axo-Som/Axo-Den; pooled since the proportion of membrane GLT-1 particles within 1000nm from the symmetric synaptic edge
did not differ between these two-subtype, Fisher's exact test, p=0.525; see Table 2b) and distal (Axo-den) symmetric synapses. Histograms show
the number of particles counted in 200-nm bins along the membrane. Distributions were unimodal in both groups (proximal: Peak =1033nm, dip
test p=0.806; distal: Peak =618 nm, dip test p=0.989). The overall distributions differed significantly between groups (two-sample Kolmogorov—
Smirnov test: D=0.216, p=0.039). The proportion of membrane GLT-1 particles within 1000 nm from the symmetric synaptic edge differed between
proximal and distal synapses (Fisher's exact test, p=0.018, see Table 2b). (F-G) Double post-embedding immunogold labeling for GLT-1 (18 nm) and
a2 (12nm) in ALs contacting proximal (F) and distal (G) symmetric synapses. Colored arrows indicate representative closely spaced GLT-1/a2 im-
munogold couples. In both proximal and distal ALs, membrane-associated GLT-1 and a2 densities were higher than cytoplasmic densities (p <0.001
for all comparisons; see Table 2c). (H) Distribution of GLT-1/a2 interdistances at the membranes of positive astrocytic profiles, shown as 200-nm
bins. In both proximal and distal synapses, the highest proportion of pairs fell within the 0-200nm bin. A two-sample Kolmogorov-Smirnov test did
not detect a significant difference in distribution shape between groups (D=0.23, p=0.065). (I) GLT-1/a2 interdistances were comparable between
proximal and distal symmetric synapses (proximal and distal interdistances, n=42 and n =118 respectively; Mann-Whitney test, p=0.117). Bars
indicate mean+SEM (proximal 168.88 +35.47nm; distal 174.87+19.30nm). (J) The proportion of closely spaced GLT-1/a2 couples (interdistance
<50nm) located within 1000nm from the symmetric synaptic edge was higher in distal than in proximal synapses (proximal: 8/26, 30.8%; distal:
39/48, 81.3%; Fisher's exact test, p<0.001). (K) Correlation coefficients for the association between the distances of closely spaced GLT-1/a2 couples
from the symmetric and asymmetric synapses. A positive association was significant in distal synapses (Spearman p=0.380, p=0.007), but not in
proximal synapses (0 =0.330, p=0.099). (K") Scatter plot for distal synapses showing the association between the distance of closely spaced GLT-1/
a2 couples from the symmetric synapse and from the neighboring asymmetric synapse. The black line indicates the Theil-Sen fit; the inset reports
sample size, Spearman'’s p and the Theil-Sen slope with bootstrap 95% confidence interval. Data were obtained from 12 to 15 ultrathin sections per
animal, 3 animals. Distances are two-dimensional estimates measured in single ultrathin sections. Scale bars: 60nm for A-C and 35nm for F-G.
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FIGURE4 | (Continued)
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TABLE 2a | Quantification of GLT1 immunogold staining in ALs juxtaposing Axo-Som, Axo-Den, Axo-den symmetric synapses.

Localization Axo-Som (particles/um?)

Axo-Den (particles/um?) Axo-den (particles/pm?)

Astrocytic processes?® 22.99+3.08 (n=30)

Plasma membrane® 40.30+6.30

Cytoplasm 12.91+2.00

19.24+2.89 (n=17) 25.23+3.14 (n=35)

37.20+7.66 52.81+8.19

11.54+2.20 10.20+2.20

Note: Density values are mean = SEM; n=number of profiles; comparison of densities of synaptic astrocytic processes was performed using Mann-Whitney test (data

are from 12 to 15 ultrathin sections/animal; 3 animals).

2Density of GLT-1 gold particles was significantly higher than background (estimated by calculating the density over neuronal nuclei, n =25, 0.42+0.02) in astrocytic
rocesses surrounding symmetric synapses (p <0.001 for all subsets of symmetric synapses).

p g8y ynap p ! ynap

"Density of membrane-associated particles was significantly higher than cytoplasm in astrocytic processes (p <0.001 for Axo-Som, p <0.001 for Axo-Den, and

p<0.001 for Axo-den).

TABLE 2b | Comparison of membrane-GLT1 in ALSs juxtaposing Axo-Som, Axo-Den, and Axo-den symmetric synapses.

GLT-1 membrane (n of Axo-Som (proximal)

Axo-Den (proximal)

Axo-den (distal)

particles 0-3000nm) (n=55) (n=39) (n=70) Comparison

Axo0-Som vs Axo-Den <1000 (n=24) <1000 (n=14) — p=0.525
>1000 (n=31) >1000 (n=25)

Proximal vs Distal Proximal <1000 (n=42) p=0.018

<1000 (n=38)
>1000 (n=56)

>1000 (n=28)

Note: Comparison of GLT-1 frequency distributions was performed using Fisher's exact test.

4 | Discussion

In this study, we combined pre-embedding immunoperoxidase
and post-embedding immunogold electron microscopy to exam-
ine the organization of GLT-1 at ALs juxtaposed to morpholog-
ically identified cortical symmetric synapses. Across inhibitory
synapse subtypes, GLT-1 immunoreactivity was frequently ob-
served in juxtaposed ALs, and distal axo-dendritic symmetric
synapses were characterized by shorter AL-to-synaptic-edge
distances and a tighter excitatory nearest-neighbor context. Pre-
embedding analyses of a2-positive ALs, consistent with the es-
sential role of a2 in sustaining glutamate transporter cycling,
mirrored the symmetric synapse subtype-dependent geometry
of GLT-1+ ALs, showing that the distal organizational signature
was not restricted to GLT-1 alone. Post-embedding immunogold

further demonstrated that membrane-associated GLT-1 at ALs
is extrasynaptic relative to symmetric synapses. Closely spaced
GLT-1/a2 couples likewise localized extrasynaptically and
showed an enrichment within 1000nm of symmetric synaptic
edges at distal compared with proximal synapses. In addition,
distal symmetric synapses showed higher membrane-associated
levels of GLT-1 and a2 than proximal synapses, strengthening
the view that distal inhibitory contacts are associated with a dis-
tinct astroglial transporter-related spatial arrangement. A simi-
lar spatial pattern was also observed in human cortex.

The subcellular organization of GLT-1 at glutamatergic synapses
has been extensively described by pre- and post-embedding elec-
tron microscopy (Chaudhry et al. 1995; Chen et al. 2004; Furness
et al. 2008; Melone et al. 2009, 2011, 2019). In the cerebral cortex,
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TABLE 2¢ | Quantification of GLT-1 and a2 immunogold staining in ALs juxtaposing Axo-proximal (Axo-Som and Axo-Den) and distal (Axo-

den) symmetric synapse.

Localization

Proximal symmetric (particles/um?)

Distal symmetric (particles/um?)

Astrocytic processes?

a2;19.82+3.90

Plasma membrane®<

a2;35.09+5.06

GLT-1;18.72+2.72 (n=28)

GLT-1;34.68+4.13

GLT-1; 27.78 +4.43 (n =48)
a2;39.83+4.97
GLT-1; 50.65+6.13
«2; 59.49 +5.48

Cytoplasm GLT-1;4.98+1.69 GLT-1;2.25+1.07
o2;4.59+2.38 a2;21.45+6.98
GLT-1/a2 couples (n of couples with an <1000 (n=8) <1000 (n=39)

inter-distance <50nm)

>1000 (n=18)

>1000 (n=9)

Proximal vs. Distal p <0.001

Note: Density values are mean + SEM; n =number of profiles; comparison of densities of synaptic astrocytic processes was performed using Mann-Whitney test (data

are from 12 double-labeled ultrathin sections/animal; 3 animals).

aDensity of GLT-1 gold particles was significantly higher than background (density over neuronal nuclei, n =10, 0.50+0.05 for GLT-1, and 0.43 +0.04 for «2) in
astrocytic processes surrounding symmetric synapses (p <0.001 for all subsets of symmetric synapses).

bDensity of membrane-associated particles was significantly higher than cytoplasm in astrocytic processes (p <0.001 for all subsets of symmetric synapses).
‘Mann-Whitney test comparisons of AL membrane sampled for density estimation and for the density of GLT-1 and a2 between proximal and distal symmetric

synapses were reported in the Results section of the manuscript.

GLT-1 is expressed in the large majority of excitatory synapses,
where it localizes to ALs and axon terminals (Parker et al. 2021).
At the membranes of ALs and axon terminals of glutamatergic
synapses, GLT-1 shows a predominant perisynaptic localiza-
tion (with peaks at 100-150 and 50-100nm from the AZ edge;
Melone et al. 2009, 2011, 2019).

In cortical neuropil, inhibitory synapses are intermingled with
a high density of nearby excitatory synapses. Accordingly, we
quantified the geometry of GLT-1+ ALs in relation to the near-
est asymmetric synapses, allowing shared and non-shared
configurations to be distinguished and placing inhibitory
synapse-associated GLT-1 organization within a local excitatory
microenvironment (Antén-Sanchez et al. 2014; Rusakov 2001).
Within this context, however, quantitative findings obtained
in single ultrathin sections should be interpreted as two-
dimensional estimates rather than absolute three-dimensional
distances. Nonetheless, after A-based phenotyping, symmetric-
associated GLT-1+ ALs were found at approximately 65% of
symmetric synapses, closely matching the ~61% prevalence re-
ported by Kikuchi et al. (2020) in layer IV of rat somatosensory
cortex using three-dimensional electron microscopy. This con-
vergence with recent three-dimensional data suggests that our
two-dimensional approach captures a biologically meaningful
feature of astrocyte-synapse organization. Accordingly, the A-
based estimates should be interpreted as operational upper-limit
estimates of symmetric association, whereas not-shared ALs de-
fine a lower-limit estimate based on unequivocal configurations.
At the same time, the higher prevalence reported here may seem
at odds with earlier studies (Cholet et al. 2002) describing gluta-
mate transporter-immunoreactive ALs as rare near GABAergic
elements. However, this apparent discrepancy likely reflects
major differences in analytical framework: whereas Cholet
et al. (2002) quantified glutamate decarboxylase (GAD)-positive
terminals under highly restrictive “contacted” criteria, the pres-
ent study focused on ultrastructurally identified symmetric

synapses and applied an explicit juxtaposition-based approach
further refined by A-phenotyping. In addition, our Euclidean
measurements of the distance from symmetric synapses bearing
symmetric-associated GLT-1+ ALs to the nearest asymmetric
synapse (sym-asym) were obtained in single ultrathin sections.
Therefore, they are not directly equivalent to three-dimensional
centroid-to-centroid nearest-neighbor distances. Nonetheless,
the submicron-to-low-micrometer scale of our local excitatory
microenvironment measurements (median sym-asym distance:
1580nm in Axo-Som, 1411 nm in Axo-Den, and 930nm in Axo-
den synapses) is consistent with independent three-dimensional
ultrastructural estimates of cortical synaptic spacing (Antén-
Sédnchez et al. 2014). In particular, Antén-Sanchez and col-
leagues reported an overall mean nearest-neighbor distance of
641.58 nm between synaptic centroids in the same brain region
examined here (rat somatosensory cortex), with layer means
spanning approximately 555-747nm, and noted that a substan-
tial fraction of synapses have a neighbor within <0.5um and
the large majority within <1.0um. Together, these observations
support the plausibility of the local excitatory microenvironment
measured here as a two-dimensional estimate of the synaptic
neighborhood surrounding inhibitory synapses. They are also
consistent with recent evidence from three-dimensional elec-
tron microscopy and in vivo studies indicating that ALs form
interconnected structural units that can enwrap synapses in
spatially organized clusters, supporting the “tripartite synaptic
network” view (Benoit et al. 2025). Within this framework, the
organization of GLT-1 at inhibitory synapses is best interpreted
in the context of the local synaptic neighborhood.

In our dataset, GLT-1 immunoreactivity at inhibitory synapses
was detected in juxtaposed ALs and showed a predominantly
extrasynaptic organization relative to symmetric synaptic edges,
spanning distances within and beyond 1000nm at both distal and
proximal contacts. This evidence suggests that GLT-1 may play
different roles in modulating glutamate levels at glutamatergic and
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FIGURE 5 | GLT-1 at ALs juxtaposed to symmetric synapses in human cortex. (A-D) The organization pattern of GLT-1+ ALs+ (pointed by
arrows) at proximal (Axo-Som, Axo-Den) and distal (Axo-den, Axo-sp) symmetric synapses unveiled in rodents is conserved in human cortex (pre-
embedding material of cases HBC 980510, 030129, area 46 and area 8). Colored arrowheads mark the edges of symmetric synaptic contacts; in D, the
orange arrow indicates a neighboring asymmetric synapse. (E-G) Double post-embedding immunogold labeling for GLT-1 (18 nm) and a2 (12nm) in
ALs juxtaposing proximal (E-F) and distal (G) symmetric synapses from human cortex (cases HBC 980510 and 030129). Light and dark blue arrows
indicate closely spaced GLT-1/a2 immunogold couples. Arrowheads mark the edges of symmetric synaptic contacts. (H) Proportion of closely spaced
GLT-1/a2 couples located within or beyond 1000 nm from the synaptic edge in proximal and distal symmetric synapses. The fraction of couples locat-
ed within 1000nm was higher in distal than in proximal synapses (proximal: 8/21, 38.1%; distal: 36/49, 73.5%; Fisher's exact test, p=0.007). Distances

are two-dimensional estimates measured in single ultrathin sections. Scale bars: 140nm in A-D and 70nm in E-G.

GABAergic synapses: in the perisynaptic regions of glutamatergic
synapses, it regulates glutamate levels close to release sites, shap-
ing glutamatergic transmission and modulating neurotransmitter
spillover (Otis et al. 1996; Clements 1996; Diamond and Jahr 1997;
Huang and Bergles 2004; Tzingounis and Wadiche 2007), whereas
its predominantly extrasynaptic localization near GABAergic syn-
apses may be suited to modulate glutamate diffusion from the ex-
tracellular space to inhibitory synapses (“spill-in”) (Isaacson 2000;
Kullmann 2000; Semyanov 2005; Herman et al. 2011; Coddington
et al. 2013). Proximal and distal inhibition in cortical neurons is
heterogeneous and depends on multiple factors, including inter-
neuron subtype, postsynaptic target location, release properties,
receptor composition, and interactions between glutamatergic
and GABAergic signaling (Ascoli et al. 2008; Mariotti et al. 2018;
Udakis et al. 2020). Electrophysiological studies have shown that
glutamate spillover from excitatory synapses can induce signifi-
cant changes in inhibitory transmission via activation of iono-
tropic and metabotropic glutamate receptors at or near inhibitory
synapses (Min et al. 1999; Carter and Regehr 2000; Mitchell
and Silver 2000; Semyanov and Kullmann 2000; Cossart et al.
2000, 2001; Drew et al. 2008; Coddington et al. 2013; Dubois
et al. 2016; Mapelli et al. 2016; Mende et al. 2016). Glutamate
acting on presynaptic ionotropic receptors can enhance GABA
release, whereas activation of mGluRs can reduce inhibi-
tory transmission (van den Pol et al. 1998; Mitchell and Silver
2000; Semyanov and Kullmann 2000; Piet et al. 2003; Scimemi

et al. 2004; Pinheiro and Mulle 2008; Drew et al. 2008; Reiner and
Levitz 2018; Petroccione et al. ). Consistently, the modulation of
inhibitory transmission by glutamate is enhanced by GLT-1 block-
ers (Mitchell and Silver 2000; Semyanov and Kullmann 2000;
Piet et al. 2003; Scimemi et al. 2004; Drew et al. 2008; Bonfardin
et al. 2010), compatible with a scenario in which GLT-1 positioning
at inhibitory synapse-associated ALs contributes to shaping the
glutamate signal reaching GABAergic synapses (Isaacson 2000;
Kullmann 2000; Semyanov 2005; Herman et al. 2011; Coddington
et al. 2013).

The tighter excitatory nearest-neighbor context at distal syn-
apses, together with the enrichment of membrane-associated
GLT-1 and closely spaced GLT-1/a2 couples, suggests that gluta-
mate spill-in modulation may be particularly relevant in distal
symmetric dendritic domains, where inhibitory synapses coexist
with nearby excitatory inputs. Importantly, the larger number of
closely spaced GLT-1/a2 couples near distal inhibitory contacts
does not appear to reflect a shift in the intrinsic interdistance of
the couples, which was comparable between proximal and distal
synapses. Instead, this pattern is consistent with the higher local
membrane enrichment of GLT-1 and a2 observed distally. In this
context, the spatial distribution of astrocytic membrane GLT-1/
a2 couples further supports the idea that GLT-1/a2 organization
may vary across synaptic regions of astrocytic processes. This in-
terpretation is consistent with the essential role of «2 in sustaining
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transporter cycling (Melone et al. 2019; Pietrobon and Conti 2024)
and with gradients of glutamate diffusion from synaptic clefts to
the extrasynaptic space (Rusakov and Kullmann 1998; Tzingounis
and Wadiche 2007; Reiner and Levitz 2018). Differences from
previous estimates of a2-positive astrocytic association at cortical
symmetric synapses likely also reflect differences in denominator
and unit of analysis. In particular, the fraction reported by Melone
et al. (2019) refers to the distribution of a2-immunoreactive astro-
cytic profiles across synaptic domains, rather than to the preva-
lence of a2-positive ALs across all symmetric synapses, and is
therefore not directly comparable to the present synapse-based es-
timates. In this respect, the present findings extend previous post-
embedding evidence on GLT-1/a2 coupling at excitatory synapses
(Melone et al. 2019) to the inhibitory synaptic domain, by indicat-
ing that, at inhibitory synapses, GLT-1/a2 coupling microdomains
show a preferential distal enrichment. This spatial bias provides
a morphological framework for considering differences in local
transporter-associated microdomains around inhibitory synapses.

GLT-1 at ALs of inhibitory synapses might also play a role in
GABA synthesis through the glutamate-glutamine cycle. At in-
hibitory synapses, GABA is recycled by GATs (Conti et al. 2004;
Melone et al. 2015), but decarboxylation of glutamate also contrib-
utes to GABA synthesis (Cherubini and Conti 2001; Chaudhry
et al. 2002). In GABAergic neurons, one source of glutamate is
the neuronal transporter EAAC1, which is expressed in interneu-
rons (Conti et al. 1998, 2011; Danbolt 2001), but the glutamate-
glutamine cycle driven by GLT-1-mediated glutamate uptake may
also contribute (Cherubini and Conti 2001; Chaudhry et al. 2002;
Melone et al. 2004, 2006; Liang et al. 2006; Conti et al. 2011), con-
sistent with observations that transporter blockade can abolish
glutamate—glutamine cycle-dependent increases in inhibitory
transmission in hippocampal circuits (Liang et al. 2006; Héja
et al. 2019).

Finally, in human cortex, pre-embedding observations and
quantitative post-embedding analyses of closely spaced GLT-1/
a2 couples indicate that the distal enrichment of GLT-1/a2 cou-
ples relative to the inhibitory synaptic domain is conserved,
supporting the notion that key organizational features of astrog-
lial transporter positioning at cortical symmetric synapses are
shared between rodents and humans.

Overall, the present results support a model in which membrane-
associated GLT-1 and closely spaced GLT-1/a2 couples exhibit
subtype-dependent extrasynaptic spatial organization at cortical
symmetric synapses, with distal axo-dendritic synapses charac-
terized by both a tighter excitatory nearest-neighbor context and
arelative enrichment of transporter-associated membrane prox-
imity within 1000nm of inhibitory synaptic edges. This struc-
tural framework motivates future functional studies testing
how local astroglial transporter positioning shapes glutamate
dynamics and glutamate-dependent modulation of inhibitory
signaling.

Author Contributions

Marcello Melone: conceptualization, methodology, investigation, for-
mal analysis, data curation, visualization, writing — original draft, writ-
ing - review and editing. Michael Di Palma: methodology, software,

formal analysis, investigation, visualization, writing — review and ed-
iting. Annalisa Scimemi: writing - review and editing. Fiorenzo
Conti: conceptualization, supervision, funding acquisition, writing -
original draft, writing — review and editing.

Acknowledgments

We are indebted to JD Rothstein (Johns Hopkins University, Baltimore)
for his generous gift of GLT-1a antibodies. This work was supported by
a grant from MUR (Italian Ministry of University and Research) to F.C.
(PRIN2022BZWEKA) and NIH R56NS12955601 to A.S. and F.C. Open
access publishing facilitated by Universita Politecnica delle Marche, as
part of the Wiley - CRUI-CARE agreement.

Funding

This work was supported by Italian Ministry of University and Research
(grant no. PRIN2022BZWEKA), National Institutes of Health (grant
no. R56NS12955601).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available on request
from the corresponding author. The data are not publicly available due
to privacy or ethical restrictions.

References

Amiry-Moghaddam, M., and O. P. Ottersen. 2013. “Immunogold
Cytochemistry in Neuroscience.” Nature Neuroscience 16: 798-804.
https://doi.org/10.1038/nn.3418.

Antén-Sanchez, L., C. Bielza, A. Merchan-Pérez, J.-R. Rodriguez, J.
DeFelipe, and P. Larrafiaga. 2014. “Three-Dimensional Distribution of
Cortical Synapses: A Replicated Point Pattern-Based Analysis.” Frontiers
in Neuroanatomy 8: 85. https://doi.org/10.3389/fnana.2014.00085.

Ascoli, G. A., L. Alonso-Nanclares, S. A. Anderson, et al. 2008. “Petilla
Terminology: Nomenclature of Features of GABAergic Interneurons of
the Cerebral Cortex.” Nature Reviews Neuroscience 9: 557-568. https://
doi.org/10.1038/nrn2402.

Benoit, L., I. Hristovska, N. Liaudet, et al. 2025. “Astrocytes Functionally
Integrate Multiple Synapses via Specialized Leaflet Domains.” Cell 188,
no. 23: 6453-6472. https://doi.org/10.1016/j.cell.2025.08.036.

Bonfardin, V. D., P. Fossat, D. T. Theodosis, and S. H. R. Oliet. 2010.
“Glia-Dependent Switch of Kainate Receptor Presynaptic Action.”
Journal of Neuroscience 30: 985-995. https://doi.org/10.1523/JINEUR
OSCI.3389-09.2010.

Carter, A. G., and W. G. Regehr. 2000. “Prolonged Synaptic Currents
and Glutamate Spillover at the Parallel Fiber to Stellate Cell Synapse.”
Journal of Neuroscience 20: 4423-4434. https://doi.org/10.1523/INEUR
0OSCI.20-12-04423.2000.

Chapin, J., and C. S. Lin. 1990. “The Somatic Sensory Cortex of the
Rat.” In The Cerebral Cortex of the Rat, edited by B. Kolb and R. G. Tees,
341-380. MIT Press.

Chaudhry, F. A, K. P. Lehre, M. van Lookeren Campagne, O. P. Ottersen,
N. C. Danbolt, and J. Storm-Mathisen. 1995. “Glutamate Transporters in
Glial Plasma Membranes: Highly Differentiated Localizations Revealed
by Quantitative Ultrastructural Immunocytochemistry.” Neuron 15:
711-720. https://doi.org/10.1016/0896-6273(95)90158-2.

Chaudhry, F. A.,R.J. Reimer, and R. H. Edwards. 2002. “The Glutamine
Commute: Take the N Line and Transfer to the A.” Journal of Cell
Biology 157: 349-355. https://doi.org/10.1083/jcb.200201070.

16 of 20

Glia, 2026

85UB017 SUOLUIOD dA1I.1D) 3{cedl|dde aup Ag peusenob ake sapie VO ‘8sn JO Sa|nl 1oy Akeuq18UIIUO AS]IAN UO (SUOTPUOD-PUR-SUWLBIALI0D" A3 1M ATe.q[Bu[UO//SdL) SUORIPUOD pue SIS 18U 88S *[9202/.0/T2] Uo Ariqiauluo AB|IM * 81pa Jiod AisieAlun - sidy oipues Aq 08T0Z!116/200T 0T/I0p/wod A8 1M Aeiq1jeul|uo//Sdny WoJj pepeojumod ‘g ‘9202 ‘9ETT860T


https://doi.org/10.1038/nn.3418
https://doi.org/10.3389/fnana.2014.00085
https://doi.org/10.1038/nrn2402
https://doi.org/10.1038/nrn2402
https://doi.org/10.1016/j.cell.2025.08.036
https://doi.org/10.1523/JNEUROSCI.3389-09.2010
https://doi.org/10.1523/JNEUROSCI.3389-09.2010
https://doi.org/10.1523/JNEUROSCI.20-12-04423.2000
https://doi.org/10.1523/JNEUROSCI.20-12-04423.2000
https://doi.org/10.1016/0896-6273(95)90158-2
https://doi.org/10.1083/jcb.200201070

Chen, W., V.Mahadomrongkul, U. V. Berger, et al. 2004. “The Glutamate
Transporter GLT1a Is Expressed in Excitatory Axon Terminals of
Mature Hippocampal Neurons.” Journal of Neuroscience 24: 1136-1148.
https://doi.org/10.1523/INEUROSCI.1586-03.2004.

Cherubini, E., and F. Conti. 2001. “Generating Diversity at GABAergic
Synapses.” Trends in Neurosciences 24: 155-162. https://doi.org/10.
1016/S0166-2236(00)01724-0.

Cholet, N., L. Pellerin, P. J. Magistretti, and E. Hamel. 2002. “Similar
Perisynaptic Glial Localization for the Na+K+-ATPase Alpha 2
Subunit and the Glutamate Transporters GLAST and GLT-1 in the Rat
Somatosensory Cortex.” Cerebral Cortex 12, no. 5: 515-525. https://doi.
org/10.1093/cercor/12.5.515.

Chung, E. K. Y., L. W. Chen, Y. S. Chan, and K. K. L. Yung. 2008.
“Downregulation of Glial Glutamate Transporters After Dopamine
Denervation in the Striatum of 6-Hydroxydopamine-Lesioned Rats.”
Journal of Comparative Neurology 511: 421-437. https://doi.org/10.1002/
cne.21852.

Clements, J. D. 1996. “Transmitter Time Course in the Synaptic Cleft:
Its Role in Central Synaptic Function.” Trends in Neurosciences 19: 163
171. https://doi.org/10.1016/S0166-2236(96)10024-2.

Coddington, L. T., S. Rudolph, P. van der Lune, L. Overstreet-Wadiche,
and J. I. Wadiche. 2013. “Spillover-Mediated Feedforward Inhibition
Functionally Segregates Interneuron Activity.” Neuron 78: 1050-1062.
https://doi.org/10.1016/j.neuron.2013.04.019.

Conti, F., S. DeBiasi, A. Minelli, J. D. Rothstein, and M. Melone. 1998.
“EAACI1, a High-Affinity Glutamate Transporter, Is Localized to
Astrocytes and GABAergic Neurons Besides Pyramidal Cells in the Rat
Cerebral Cortex.” Cerebral Cortex 8: 108-116. https://doi.org/10.1093/
cercor/8.2.108.

Conti, F., M. Melone, G. Fattorini, L. Bragina, and S. Ciappelloni. 2011.
“A Role for GAT-1 in Presynaptic GABA Homeostasis?” Frontiers in
Cellular Neuroscience 5: 2. https://doi.org/10.3389/fncel.2011.00002.

Conti, F., A. Minelli, and M. Melone. 2004. “GABA Transporters in
the Mammalian Cerebral Cortex: Localization, Development and
Pathological Implications.” Brain Research Reviews 45:196-212. https://
doi.org/10.1016/j.brainresrev.2004.03.003.

Conti, F.,and R.J. Weinberg. 1999. “Shaping Excitation at Glutamatergic
Synapses.” Trends in Neurosciences 22: 451-458. https://doi.org/10.
1016/S0166-2236(99)01445-9.

Cossart, R., J. C. Hirsch, R. C. Cannon, et al. 2000. “Distribution
of Spontaneous Currents Along the Somato-Dendritic Axis of Rat
Hippocampal CA1 Pyramidal Neurons.” Neuroscience 99, no. 4:
593-603.

Cossart, R., R. Tyzio, C. Dinocourt, et al. 2001. “Presynaptic Kainate
Receptors That Enhance the Release of GABA on CA1 Hippocampal
Interneurons.” Neuron 29: 497-508. https://doi.org/10.1016/S0896-
6273(01)00221-5.

Danbolt, N. C. 2001. “Glutamate Uptake.” Progress in Neurobiology 65:
1-105. https://doi.org/10.1016/S0301-0082(00)00067-8.

de Vivo, L., M. Melone, J. D. Rothstein, and F. Conti. 2010. “GLT-1
Promoter Activity in Astrocytes and Neurons of Mouse Hippocampus
and Somatic Sensory Cortex.” Frontiers in Neuroanatomy 3: 31. https://
doi.org/10.3389/neuro.05.031.2009.

DeFelipe, J. 2002. “Cortical Interneurons: From Cajal to 2001.” Progress
in Brain Research 136: 215-238. https://doi.org/10.1016/S0079-6123(02)
36019-9.

DeFelipe,J.,L. Alonso-Nanclares,andJ.I. Arellano. 2002. “Microstructure
of the Neocortex: Comparative Aspects.” Journal of Neurocytology 31, no.
3-5:299-316. https://doi.org/10.1023/A:1024130211265.

DeFelipe, J., P. Marco, I. Busturia, and A. Merchan-Pérez. 1999.
“Estimation of the Number of Synapses in the Cerebral Cortex:

Methodological Considerations.” Cerebral Cortex 9: 722-732. https://
doi.org/10.1093/cercor/9.7.722.

Diamond, J. S., and C. E. Jahr. 1997. “Transporters Buffer Synaptically
Released Glutamate on a Submillisecond Time Scale.” Journal of
Neuroscience 17: 4672-4687. https://doi.org/10.1523/JINEUROSCI.17-
12-04672.1997.

Drew, G. M., V. A. Mitchell, and C. W. Vaughan. 2008. “Glutamate
Spillover Modulates GABAergic Synaptic Transmission in the Rat
Midbrain Periaqueductal Grey via Metabotropic Glutamate Receptors
and Endocannabinoid Signaling.” Journal of Neuroscience 28: 808-815.
https://doi.org/10.1523/INEUROSCI.4876-07.2008.

Dubois, C. J., P. M. Lachamp, L. Sun, M. Mishina, and S. J. Liu. 2016.
“Presynaptic GluN2D Receptors Detect Glutamate Spillover and
Regulate Cerebellar GABA Release.” Journal of Neurophysiology 115:
271-285. https://doi.org/10.1152/jn.00687.2015.

Farrant, M., and Z. Nusser. 2005. “Variations on an Inhibitory Theme:
Phasic and Tonic Activation of GABAA Receptors.” Nature Reviews
Neuroscience 6: 215-229. https://doi.org/10.1038/nrn1625.

Figiel, M., and J. Engele. 2000. “Pituitary Adenylate Cyclase-Activating
Polypeptide (PACAP), a Neuron-Derived Peptide Regulating Glial
Glutamate Transport and Metabolism.” Journal of Neuroscience 20:
3596-3605. https://doi.org/10.1523/INEUROSCI.20-10-03596.2000.

Furness, D. N., Y. Dehnes, A. Q. Akhtar, et al. 2008. “A Quantitative
Assessment of Glutamate Uptake Into Hippocampal Synaptic Terminals
and Astrocytes: New Insights Into a Neuronal Role for Excitatory
Amino Acid Transporter 2 (EAAT2).” Neuroscience 157: 80-94. https://
doi.org/10.1016/j.neuroscience.2008.08.043.

Héja, L., A. Simon, Z. Szabo, and J. Kardos. 2019. “Feedback Adaptation
of Synaptic Excitability via Glu:Na+ Symport-Driven Astrocytic GABA
and Gln Release.” Neuropharmacology 161: 107629. https://doi.org/10.
1016/j.neuropharm.2019.05.006.

Herman, M. A., and C. E. Jahr. 2007. “Extracellular Glutamate
Concentration in Hippocampal Slice.” Journal of Neuroscience 27: 9736—
9741. https://doi.org/10.1523/INEUROSCI.3009-07.2007.

Herman, M. A., B. Nahir, and C. E. Jahr. 2011. “Distribution of
Extracellular Glutamate in the Neuropil of Hippocampus.” PLoS One 6:
€26501. https://doi.org/10.1371/journal.pone.0026501.

Huang, Y. H., and D. E. Bergles. 2004. “Glutamate Transporters Bring
Competition to the Synapse.” Current Opinion in Neurobiology 14: 346—
352. https://doi.org/10.1016/j.conb.2004.05.007.

Isaacson, J. S. 2000. “Synaptic Transmission: Spillover in the Spotlight.”
Current Biology 10: R475-R477. https://doi.org/10.1016/S0960-9822(00)
00551-0.

Kharazia, V. N., and R. J. Weinberg. 1999. “Immunogold Localization of
AMPA and NMDA Receptors in Somatic Sensory Cortex of Albino Rat.”
Journal of Comparative Neurology 412: 292-302. https://doi.org/10.1002/
(sici)1096-9861(19990920)412:2<292::aid-cne8>3.0.co;2-g.

Kikuchi, T.,J. Gonzalez-Soriano, A. Kastanauskaite, et al. 2020. “Volume
Electron Microscopy Study of the Relationship Between Synapses and
Astrocytes in the Developing Rat Somatosensory Cortex.” Cerebral
Cortex 30, no. 6: 3800-3819. https://doi.org/10.1093/cercor/bhaa047.

Kullmann, D. M. 2000. “Spillover and Synaptic Cross Talk Mediated
by Glutamate and GABA in the Mammalian Brain.” Progress in Brain
Research 125: 339-351. https://doi.org/10.1016/S0079-6123(00)25023-1.

Liang, S. L., G. C. Carlson, and D. A. Coulter. 2006. “Dynamic
Regulation of Synaptic GABA Release by the Glutamate-Glutamine
Cycle in Hippocampal Area CA1.” Journal of Neuroscience 26: 8537—
8548. https://doi.org/10.1523/INEUROSCI.0329-06.2006.

Lujan, R., R. Shigemoto, and G. Lopez-Bendito. 2005. “Glutamate and
GABA Receptor Signalling in the Developing Brain.” Neuroscience 130:
567-580. https://doi.org/10.1016/j.neuroscience.2004.09.042.

Glia, 2026

17 of 20

85UB017 SUOLUIOD dA1I.1D) 3{cedl|dde aup Ag peusenob ake sapie VO ‘8sn JO Sa|nl 1oy Akeuq18UIIUO AS]IAN UO (SUOTPUOD-PUR-SUWLBIALI0D" A3 1M ATe.q[Bu[UO//SdL) SUORIPUOD pue SIS 18U 88S *[9202/.0/T2] Uo Ariqiauluo AB|IM * 81pa Jiod AisieAlun - sidy oipues Aq 08T0Z!116/200T 0T/I0p/wod A8 1M Aeiq1jeul|uo//Sdny WoJj pepeojumod ‘g ‘9202 ‘9ETT860T


https://doi.org/10.1523/JNEUROSCI.1586-03.2004
https://doi.org/10.1016/S0166-2236(00)01724-0
https://doi.org/10.1016/S0166-2236(00)01724-0
https://doi.org/10.1093/cercor/12.5.515
https://doi.org/10.1093/cercor/12.5.515
https://doi.org/10.1002/cne.21852
https://doi.org/10.1002/cne.21852
https://doi.org/10.1016/S0166-2236(96)10024-2
https://doi.org/10.1016/j.neuron.2013.04.019
https://doi.org/10.1093/cercor/8.2.108
https://doi.org/10.1093/cercor/8.2.108
https://doi.org/10.3389/fncel.2011.00002
https://doi.org/10.1016/j.brainresrev.2004.03.003
https://doi.org/10.1016/j.brainresrev.2004.03.003
https://doi.org/10.1016/S0166-2236(99)01445-9
https://doi.org/10.1016/S0166-2236(99)01445-9
https://doi.org/10.1016/S0896-6273(01)00221-5
https://doi.org/10.1016/S0896-6273(01)00221-5
https://doi.org/10.1016/S0301-0082(00)00067-8
https://doi.org/10.3389/neuro.05.031.2009
https://doi.org/10.3389/neuro.05.031.2009
https://doi.org/10.1016/S0079-6123(02)36019-9
https://doi.org/10.1016/S0079-6123(02)36019-9
https://doi.org/10.1023/A:1024130211265
https://doi.org/10.1093/cercor/9.7.722
https://doi.org/10.1093/cercor/9.7.722
https://doi.org/10.1523/JNEUROSCI.17-12-04672.1997
https://doi.org/10.1523/JNEUROSCI.17-12-04672.1997
https://doi.org/10.1523/JNEUROSCI.4876-07.2008
https://doi.org/10.1152/jn.00687.2015
https://doi.org/10.1038/nrn1625
https://doi.org/10.1523/JNEUROSCI.20-10-03596.2000
https://doi.org/10.1016/j.neuroscience.2008.08.043
https://doi.org/10.1016/j.neuroscience.2008.08.043
https://doi.org/10.1016/j.neuropharm.2019.05.006
https://doi.org/10.1016/j.neuropharm.2019.05.006
https://doi.org/10.1523/JNEUROSCI.3009-07.2007
https://doi.org/10.1371/journal.pone.0026501
https://doi.org/10.1016/j.conb.2004.05.007
https://doi.org/10.1016/S0960-9822(00)00551-0
https://doi.org/10.1016/S0960-9822(00)00551-0
https://doi.org/10.1002/(sici)1096-9861(19990920)412:2%3C292::aid-cne8%3E3.0.co;2-g
https://doi.org/10.1002/(sici)1096-9861(19990920)412:2%3C292::aid-cne8%3E3.0.co;2-g
https://doi.org/10.1093/cercor/bhaa047
https://doi.org/10.1016/S0079-6123(00)25023-1
https://doi.org/10.1523/JNEUROSCI.0329-06.2006
https://doi.org/10.1016/j.neuroscience.2004.09.042

Mapelli, J., D. Gandolfi, A. Vilella, M. Zoli, and A. Bigiani. 2016.
“Heterosynaptic GABAergic Plasticity Bidirectionally Driven by the
Activity of Pre- and Postsynaptic NMDA Receptors.” Proceedings of
the National Academy of Sciences of the United States of America 113:
9898-9903. https://doi.org/10.1073/pnas.1601194113.

Mariotti, L., G. Losi, A. Lia, et al. 2018. “Interneuron-Specific Signaling
Evokes Distinctive Somatostatin-Mediated Responses in Adult Cortical
Astrocytes.” Nature Communications 9: 82. https://doi.org/10.1038/
s41467-017-02642-6.

Medvedev, N., V. Popov, C. Henneberger, 1. Kraev, D. A. Rusakov, and
M. G. Stewart. 2014. “Glia Selectively Approach Synapses on Thin
Dendritic Spines.” Philosophical Transactions of the Royal Society,
B: Biological Sciences 369: 20140047. https://doi.org/10.1098/rstb.
2014.0047.

Melone, M., M. Bellesi, and F. Conti. 2009. “Synaptic Localization of
GLT-1a in the Rat Somatic Sensory Cortex.” Glia 57: 108-117. https://doi.
org/10.1002/glia.20744.

Melone, M., M. Bellesi, A. Ducati, M. Iacoangeli, and F. Conti. 2011.
“Cellular and Synaptic Localization of EAAT2a in Human Cerebral
Cortex.” Frontiers in Neuroanatomy 4: 151. https://doi.org/10.3389/
fnana.2010.00151.

Melone, M., S. Ciappelloni, and F. Conti. 2014. “Plasma Membrane
Transporters GAT-1 and GAT-3 Contribute to Heterogeneity of
GABAergic Synapses in Neocortex.” Frontiers in Neuroanatomy 8: 72.
https://doi.org/10.3389/fnana.2014.00072.

Melone, M., S. Ciappelloni, and F. Conti. 2015. “A Quantitative Analysis
of Cellular and Synaptic Localization of GAT-1 and GAT-3 in Rat
Neocortex.” Brain Structure and Function 220: 885-897. https://doi.org/
10.1007/s00429-013-0690-8.

Melone, M., C. Ciriachi, D. Pietrobon, and F. Conti. 2019. “Heterogeneity
of Astrocytic and Neuronal GLT-1 at Cortical Excitatory Synapses,
as Revealed by Its Colocalization With Na+/K+-ATPase a Isoforms.”
Cerebral Cortex 29, no. 8: 3331-3350. https://doi.org/10.1093/cercor/
bhy203.

Melone, M., F. Quagliano, P. Barbaresi, H. Varoqui, J. D. Erickson, and
F. Conti. 2004. “Localization of the Glutamine Transporter SNAT1 in
Rat Cerebral Cortex and Neighboring Structures, With a Note on Its
Localization in Human Cortex.” Cerebral Cortex 14: 562-574. https://
doi.org/10.1093/cercor/bhh018.

Melone, M., H. Varoqui, J. D. Erickson, and F. Conti. 2006. “Localization
of the Na+—Coupled Neutral Amino Acid Transporter 2 in the Cerebral
Cortex.” Neuroscience 140: 281-292. https://doi.org/10.1016/j.neuro
science.2006.02.042.

Mende, M., E. V. Fletcher, J. L. Belluardo, et al. 2016. “Sensory-Derived
Glutamate Regulates Presynaptic Inhibitory Terminals in Mouse Spinal
Cord.” Neuron 90: 1189-1202. https://doi.org/10.1016/j.neuron.2016.
05.008.

Min, M. Y., Z. Melyan, and D. M. Kullmann. 1999. “Synaptically
Released Glutamate Reduces Gamma-Aminobutyric Acid (GABA)ergic
Inhibition in the Hippocampus via Kainate Receptors.” Proceedings of
the National Academy of Sciences of the United States of America 96:
9932-9937. https://doi.org/10.1073/pnas.96.17.9932.

Minelli, A., P. Barbaresi, R. J. Reimer, R. H. Edwards, and F. Conti.
2001. “The Glial Glutamate Transporter GLT-1 Is Localized Both in the
Vicinity of and at Distance From Axon Terminals in the Rat Cerebral
Cortex.” Neuroscience 108: 51-59. https://doi.org/10.1016/S0306-
4522(01)00375-X.

Mitchell, S. J., and R. A. Silver. 2000. “Glutamate Spillover Suppresses
Inhibition by Activating Presynaptic mGluRs.” Nature 404: 498-502.
https://doi.org/10.1038/35006649.

Murphy-Royal, C., J. P. Dupuis, J. A. Varela, et al. 2015. “Surface
Diffusion of Astrocytic Glutamate Transporters Shapes Synaptic

Transmission.” Nature Neuroscience 18: 219-226. https://doi.org/10.
1038/nn.3901.

Omrani, A., M. Melone, M. Bellesi, et al. 2009. “Up-Regulation of
GLT-1 Severely Impairs LTD at Mossy Fibre-CA3 Synapses.” Journal
of Physiology 587: 4575-4588. https://doi.org/10.1113/jphysiol.2009.
177881.

Otis, T. S., and C. E. Jahr. 1998. “Anion Currents and Predicted
Glutamate Flux Through a Neuronal Glutamate Transporter.” Journal
of Neuroscience 18: 7099-7110. https://doi.org/10.1523/JNEUROSCI.18-
18-07099.1998.

Otis, T. S., Y. C. Wu, and L. O. Trussell. 1996. “Delayed Clearance of
Transmitter and the Role of Glutamate Transporters at Synapses With
Multiple Release Sites.” Journal of Neuroscience 16: 1634-1644. https://
doi.org/10.1523/JNEUROSCI.16-05-01634.1996.

Parker, P. D., P. Suryavanshi, M. Melone, et al. 2021. “Non-Canonical
Glutamate Signaling in a Genetic Model of Migraine With Aura.”
Neuron 109: 611-628.e8. https://doi.org/10.1016/j.neuron.2020.11.018.

Peters, A., S. L. Palay, and H. Webster. 1991. The Fine Structure of the
Nervous System: Neurons and Their Supportive Cells. Oxford University
Press.

Petroccione, M. A., M. Melone, T. J. Rathwell, et al. 2025. “An
Unsuspected Physiological Role for mGIuRIII Glutamate Receptors
in Hippocampal Area CA1l.” bioRxiv [Preprint]. 2025.03.31.646479.
https://doi.org/10.1101/2025.03.31.646479.

Phend, K. D., A. Rustioni, and R. J. Weinberg. 1995. “An Osmium-Free
Method of Epon Embedment That Preserves Both Ultrastructure and
Antigenicity for Post-Embedding Immunocytochemistry.” Journal of
Histochemistry and Cytochemistry 43: 283-292. https://doi.org/10.1177/
43.3.7532656.

Piet, R., R. Bonhomme, D. T. Theodosis, D. A. Poulain, and S. H. R.
Oliet. 2003. “Modulation of GABAergic Transmission by Endogenous
Glutamate in the Rat Supraoptic Nucleus.” European Journal of
Neuroscience 17: 1777-1785. https://doi.org/10.1046/j.1460-9568.2003.
02611.x.

Pietrobon, D., and F. Conti. 2024. “Astrocytic Na+, K+ ATPases in
Physiology and Pathophysiology.” Cell Calcium 118: 102851. https://doi.
0rg/10.1016/j.ceca.2024.102851.

Pinheiro, P. S., and C. Mulle. 2008. “Presynaptic Glutamate Receptors:
Physiological Functions and Mechanisms of Action.” Nature Reviews
Neuroscience 9: 423-436. https://doi.org/10.1038/nrn2379.

Récz, B., T. A. Blanpied, M. D. Ehlers, and R. J. Weinberg. 2004. “Lateral
Organization of Endocytic Machinery in Dendritic Spines.” Nature
Neuroscience 7: 917-918. https://doi.org/10.1038/nn1303.

Reiner, A., and J. Levitz. 2018. “Glutamatergic Signaling in the Central
Nervous System: Ionotropic and Metabotropic Receptors in Concert.”
Neuron 98: 1080-1098. https://doi.org/10.1016/j.neuron.2018.05.018.

Rothstein, J. D., L. Martin, A. I. Levey, et al. 1994. “Localization of
Neuronal and Glial Glutamate Transporters.” Neuron 13: 713-725.
https://doi.org/10.1016/0896-6273(94)90038-8.

Rusakov, D. A. 2001. “The Role of Perisynaptic Glial Sheaths in
Glutamate Spillover and Extracellular ca(2+) Depletion.” Biophysical
Journal 81, no. 4: 1947-1959. https://doi.org/10.1016/S0006-3495(01)
75846-8.

Rusakov, D. A., and D. M. Kullmann. 1998. “Extrasynaptic Glutamate
Diffusion in the Hippocampus: Ultrastructural Constraints, Uptake,
and Receptor Activation.” Journal of Neuroscience 18: 3158-3170.
https://doi.org/10.1523/JNEUROSCI.18-09-03158.1998.

Schikorski, T., and C. F. Stevens. 1997. “Quantitative Ultrastructural
Analysis of Hippocampal Excitatory Synapses.” Journal of Neuroscience
17, no. 15: 5858-5867. https://doi.org/10.1523/JNEUROSCI.17-15-
05858.1997.

18 of 20

Glia, 2026

85UB017 SUOLUIOD dA1I.1D) 3{cedl|dde aup Ag peusenob ake sapie VO ‘8sn JO Sa|nl 1oy Akeuq18UIIUO AS]IAN UO (SUOTPUOD-PUR-SUWLBIALI0D" A3 1M ATe.q[Bu[UO//SdL) SUORIPUOD pue SIS 18U 88S *[9202/.0/T2] Uo Ariqiauluo AB|IM * 81pa Jiod AisieAlun - sidy oipues Aq 08T0Z!116/200T 0T/I0p/wod A8 1M Aeiq1jeul|uo//Sdny WoJj pepeojumod ‘g ‘9202 ‘9ETT860T


https://doi.org/10.1073/pnas.1601194113
https://doi.org/10.1038/s41467-017-02642-6
https://doi.org/10.1038/s41467-017-02642-6
https://doi.org/10.1098/rstb.2014.0047
https://doi.org/10.1098/rstb.2014.0047
https://doi.org/10.1002/glia.20744
https://doi.org/10.1002/glia.20744
https://doi.org/10.3389/fnana.2010.00151
https://doi.org/10.3389/fnana.2010.00151
https://doi.org/10.3389/fnana.2014.00072
https://doi.org/10.1007/s00429-013-0690-8
https://doi.org/10.1007/s00429-013-0690-8
https://doi.org/10.1093/cercor/bhy203
https://doi.org/10.1093/cercor/bhy203
https://doi.org/10.1093/cercor/bhh018
https://doi.org/10.1093/cercor/bhh018
https://doi.org/10.1016/j.neuroscience.2006.02.042
https://doi.org/10.1016/j.neuroscience.2006.02.042
https://doi.org/10.1016/j.neuron.2016.05.008
https://doi.org/10.1016/j.neuron.2016.05.008
https://doi.org/10.1073/pnas.96.17.9932
https://doi.org/10.1016/S0306-4522(01)00375-X
https://doi.org/10.1016/S0306-4522(01)00375-X
https://doi.org/10.1038/35006649
https://doi.org/10.1038/nn.3901
https://doi.org/10.1038/nn.3901
https://doi.org/10.1113/jphysiol.2009.177881
https://doi.org/10.1113/jphysiol.2009.177881
https://doi.org/10.1523/JNEUROSCI.18-18-07099.1998
https://doi.org/10.1523/JNEUROSCI.18-18-07099.1998
https://doi.org/10.1523/JNEUROSCI.16-05-01634.1996
https://doi.org/10.1523/JNEUROSCI.16-05-01634.1996
https://doi.org/10.1016/j.neuron.2020.11.018
https://doi.org/10.1101/2025.03.31.646479
https://doi.org/10.1177/43.3.7532656
https://doi.org/10.1177/43.3.7532656
https://doi.org/10.1046/j.1460-9568.2003.02611.x
https://doi.org/10.1046/j.1460-9568.2003.02611.x
https://doi.org/10.1016/j.ceca.2024.102851
https://doi.org/10.1016/j.ceca.2024.102851
https://doi.org/10.1038/nrn2379
https://doi.org/10.1038/nn1303
https://doi.org/10.1016/j.neuron.2018.05.018
https://doi.org/10.1016/0896-6273(94)90038-8
https://doi.org/10.1016/S0006-3495(01)75846-8
https://doi.org/10.1016/S0006-3495(01)75846-8
https://doi.org/10.1523/JNEUROSCI.18-09-03158.1998
https://doi.org/10.1523/JNEUROSCI.17-15-05858.1997
https://doi.org/10.1523/JNEUROSCI.17-15-05858.1997

Schneider, C. A., W. S. Rasband, and K. W. Eliceiri. 2012. “NIH Image
to Imagel: 25Years of Image Analysis.” Nature Methods 9: 671-675.
https://doi.org/10.1038/nmeth.2089.

Scimemi, A., A. Fine, D. M. Kullmann, and D. A. Rusakov. 2004.
“NR2B-Containing Receptors Mediate Cross Talk Among Hippocampal
Synapses.” Journal of Neuroscience 24: 4767-4777. https://doi.org/10.
1523/JNEUROSCI.0364-04.2004.

Semyanov, A. V. 2005. “Diffusional Extrasynaptic Neurotransmission
via Glutamate and GABA.” Neuroscience and Behavioral Physiology 35:
253-266. https://doi.org/10.1007/s11055-005-0051-z.

Semyanov, A., and D. M. Kullmann. 2000. “Modulation of GABAergic
Signaling Among Interneurons by Metabotropic Glutamate Receptors.”
Neuron 25, no. 3: 663-672. https://doi.org/10.1016/S0896-6273(00)
81068-5.

Semyanov, A., and A. Verkhratsky. 2021. “Astrocytic Processes: From
Tripartite Synapses to the Active Milieu.” Trends in Neurosciences 44,
no. 10: 781-792. https://doi.org/10.1016/j.tins.2021.07.006.

Somogyi, P., G. Tamas, R. Lujan, and E. H. Buhl. 1998. “Salient Features
of Synaptic Organisation in the Cerebral Cortex.” Brain Research
Reviews 26: 113-135. https://doi.org/10.1016/S0165-0173(97)00061-1.

Storey, S. M., A. L. McIntosh, H. Huang, et al. 2012. “Loss of
Intracellular Lipid Binding Proteins Differentially Impacts Saturated
Fatty Acid Uptake and Nuclear Targeting in Mouse Hepatocytes.”
American Journal of Physiology. Gastrointestinal and Liver Physiology
303: G837-G850. https://doi.org/10.1152/ajpgi.00489.2011.

Tanaka,K.,K. Watase, T. Manabe, etal. 1997. “Epilepsy and Exacerbation
of Brain Injury in Mice Lacking the Glutamate Transporter GLT-1.”
Science 276: 1699-1702. https://doi.org/10.1126/science.276.5319.1699.

Tyler, W. J., and L. D. Pozzo-Miller. 2001. “BDNF Enhances Quantal
Neurotransmitter Release and Increases the Number of Docked Vesicles
at the Active Zones of Hippocampal Excitatory Synapses.” Journal of
Neuroscience 21: 4249-4258. https://doi.org/10.1523/JNEUROSCI.21-
12-04249.2001.

Tzingounis, A. V., and J. I. Wadiche. 2007. “Glutamate Transporters:
Confining Runaway Excitation by Shaping Synaptic Transmission.”
Nature Reviews Neuroscience 8: 935-947. https://doi.org/10.1038/
nrn2274.

Udakis, M., V. Pedrosa, S. E. L. Chamberlain, C. Clopath, and J. R.
Mellor. 2020. “Interneuron-Specific Plasticity at Parvalbumin and
Somatostatin Inhibitory Synapses Onto CAl Pyramidal Neurons
Shapes Hippocampal Output.” Nature Communications 11: 4395.
https://doi.org/10.1038/s41467-020-18074-8.

Valtschanoff, J. G., and R. J. Weinberg. 2001. “Laminar Organization
of the NMDA Receptor Complex Within the Postsynaptic Density.”
Journal of Neuroscience 21: 1211-1217. https://doi.org/10.1523/INEUR
0OSCI.21-04-01211.2001.

vanden Pol, A.N., X. B. Gao, P. R. Patrylo, P. K. Ghosh, and K. Obrietan.
1998. “Glutamate Inhibits GABA Excitatory Activity in Developing
Neurons.” Journal of Neuroscience 18: 10749-10761. https://doi.org/10.
1523/JINEUROSCI.18-24-10749.1998.

Ventura, R., and K. M. Harris. 1999. “Three-Dimensional Relationships
Between Hippocampal Synapses and Astrocytes.” Journal of
Neuroscience 19, no. 16: 6897-6906. https://doi.org/10.1523/INEUR
OSCI.19-16-06897.1999.

Verkhratsky, A., B. Li, J. Niu, et al. 2025. “Neuroglial Advances: New
Roles for Established Players.” Journal of Neurochemistry 169: €70080.
https://doi.org/10.1111/jnc.70080.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Distance-based phenotyp-
ing of GLT-14+ ALs juxtaposed to symmetric synapses. (A) Scatter plot of

GLT-1+ AL distance from the symmetric synaptic edge (AL-Dsym) ver-
sus distance from the nearest asymmetric synaptic edge (AL-Dasym).
The red dashed diagonal indicates AL-Dasym=AL-Dsym, namely
A=AL-Dasym — AL-Dsym=0. Values with AL-Dasym >AL-Dsym
(A>0) identify symmetric-associated ALs and are highlighted in pale
orange, whereas values with AL-Dasym <AL-Dsym (A<0) identify
asymmetric-associated ALs and are highlighted in pale blue. Not-
shared ALs were exclusively symmetric-associated, whereas shared
ALs spanned both categories. (A) Distribution of A=AL-Dasym — AL-
Dsym values for not-shared and shared ALs across Axo-Som, Axo-Den,
and Axo-den symmetric synapses. (B-D) Representative pre-embedding
electron microscopy of symmetric synapses illustrating shared GLT-1+
AL (AL+) classified as asymmetric-associated in axo-somatic (C, Axo-
Som), proximal axo-dendritic (D, Axo-Den), and distal axo-dendritic
(E, Axo-den) symmetric synapses. In each example, the same AL+ is
juxtaposed to both the symmetric synapse and a neighboring asym-
metric synapse within the same microscopic field. Colored and white
arrowheads indicate symmetric (AxT1) and asymmetric (AxT2) synap-
tic edges, respectively; orange arrows indicate neighboring asymmetric
synaptic contacts. Dotted colored and white traces mark the distances
from the AL+ to the closest symmetric and asymmetric synaptic edges,
used for A-based classification. Because the AL+ was closer to the asym-
metric than to the symmetric synapse in these cases, the profiles were
classified as asymmetric-associated. Scale bars: 120nm. Figure S2:
Comparable proportions of symmetric-associated GLT-1+ ALs across
symmetric synapse subtypes after A-based phenotyping. Stacked bar
plots show the distribution of not-shared GLT-1+ ALs, shared GLT-1+
ALs with A>0, and shared GLT-1+ ALs with A <0 across axo-somatic
(Axo-Som), proximal axo-dendritic (Axo-Den), and distal axo-dendritic
(Axo-den) symmetric synapses. Percentages are calculated relative to
the total number of GLT-1+ ALs within each synapse subtype. After
integration of not-shared and shared profiles through A-based phe-
notyping, the proportion of symmetric-associated GLT-1+ ALs (not-
shared + shared with A>0) was comparable across subtypes (Axo-Som,
89.7% (139/155); Axo-Den, 91.8% (91/99); Axo-den, 91.7% (122/134);
Fisher's exact test, p=0.831). Figure S3: Distance-based phenotyping
of membrane-associated GLT-1 immunogold particles relative to sym-
metric and asymmetric synapses. Paired comparison of distances from
single membrane-associated GLT-1 particles to the nearest symmetric
synaptic edge (particle-Sym) and to the nearest asymmetric synaptic
edge (particle-Asym) in ALs+ juxtaposed to proximal and distal sym-
metric synapses. In both proximal and distal synapses, particle-Asym
values were significantly greater than particle-Sym values (proximal:
Wilcoxon matched-pairs signed-rank test, p<0.001, median differ-
ence=723.1nm, n=94; distal: p<0.001, median difference =503.7nm,
n=70). Figure S4: Prevalence and distance-based phenotyping of
symmetric-associated a2+ ALs juxtaposed to symmetric synapses.
(A-C) Representative pre-embedding electron micrographs of «2-
positive ALs (AL+) juxtaposed to axo-somatic (A, Axo-Som; cyt, neu-
ronal cytoplasm), proximal axo-dendritic (B, Axo-Den; Den, proximal
dendrites), and distal axo-dendritic (C, Axo-den; den, distal dendrites)
symmetric synapses. Colored and white arrowheads indicate symmet-
ric (AxT1) and asymmetric (AXT2) synaptic edges, respectively; orange
arrows indicate neighboring asymmetric synaptic contacts. Dotted
colored and white traces mark the distances from a2+ ALs to the
closest symmetric and asymmetric synaptic edges, used for distance-
based phenotyping. (D) Distribution of AL-Dsym (left) and AL-Dasym
(right) for symmetric-associated a2+ ALSs across synapse subtypes. AL-
Dsym differed across subtypes (Kruskal-Wallis H=14.25, p<0.001;
Dunn-Holm: Axo-Som vs. Axo-Den, p=1.000; Axo-Som vs. Axo-den,
p=0.001; Axo-Den vs. Axo-den, p=0.027), with shorter values in Axo-
den than in Axo-Som and Axo-Den synapses. AL-Dasym also differed
across subtypes (Kruskal-Wallis H=22.12, p<0.001; Dunn-Holm:
Axo-Som vs. Axo-Den, p=0.116; Axo-Som vs. Axo-den, p <0.001; Axo-
Den vs. Axo-den, p=0.040), again with shorter values in Axo-den than
in the other subtypes. Points represent individual a2+ AL distance
values; boxes show the median and interquartile range; whiskers indi-
cate minimum and maximum values. (E-F) Proportion of symmetric
synapses juxtaposed to symmetric-associated a2+ ALs (E) and GLT-
1+ ALs (F). The prevalence of symmetric-associated positive ALs was
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comparable between a2 and GLT-1 labeling (a2: 105/180, 58.3%; GLT-
1: 351/538, 65.2%; Fisher's exact test, p=0.107). a2 data were obtained
from 10 to 12 ultrathin sections per animal, 3 animals. Distances are
two-dimensional estimates measured in single ultrathin sections. Scale
bars: 80nm. Figure S5: Distance-based phenotyping of membrane-
associated GLT-1/a2 immunogold couples relative to symmetric and
asymmetric synapses. (A, B) Representative double post-embedding
immunogold micrographs showing GLT-1 (18nm) and «2 (12nm)
labeling in ALs juxtaposed to proximal (A) and distal (B) symmetric
synapses. The larger microscopic fields include both the symmetric syn-
apse (AxT1) and the nearest neighboring asymmetric synapse (AxT2).
Colored and white arrowheads indicate symmetric and asymmetric
synaptic edges, respectively. Dotted traces mark the distances from the
GLT-1/a2 couples to the nearest symmetric and asymmetric synaptic
edges used for distance-based phenotyping. (C) Paired comparison of
distances from all membrane-associated GLT-1/a2 immunogold couples
(interdistance > and <50nm) to the nearest symmetric synaptic edge
(particle-Sym) and to the nearest asymmetric synaptic edge (particle-
Asym) in symmetric-associated proximal and distal synapses. In both
proximal and distal synapses, particle-Asym values were significantly
greater than particle-Sym values (proximal: Wilcoxon matched-pairs
signed-rank test, p<0.001, median difference=636.7nm, n=118; dis-
tal: p<0.001, median difference = 674.8 nm, n =42). (D) Paired compar-
ison of distances from closely spaced GLT-1/a2 immunogold couples
(with interdistance <50nm) to the nearest symmetric synaptic edge
(particle-Sym) and to the nearest asymmetric synaptic edge (particle-
Asym) in human proximal and distal symmetric synapses. In both
proximal and distal synapses, particle-Asym values were significantly
greater than particle-Sym values (proximal: Wilcoxon matched-pairs
signed-rank test, p<0.001, median difference=424.0nm, n=21; dis-
tal: p<0.001, median difference =347.0nm, n=49). Points represent
individual paired values connected by lines; bars indicate mean + SEM.
Scale bars: 35nm.
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