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Impaired inhibitory synapse development is suggested to drive neuronal hyperactivity in autism spectrum disorders (ASD) and
epilepsy. We propose a novel mechanism by which astrocytes control the development of parvalbumin (PV)-specific inhibitory synapses
in the hippocampus, implicating ephrin-B/EphB signaling. Here, we utilize genetic approaches to assess functional and structural con-
nectivity between PV and pyramidal cells (PCs) through whole-cell patch–clamp electrophysiology, optogenetics, immunohistochemical
analysis, and behaviors in male and female mice. While inhibitory synapse development is adversely affected by PV-specific expression
of EphB2, a strong candidate ASD risk gene, astrocytic ephrin-B1 facilitates PV→PC connectivity through a mechanism involving EphB
signaling in PV boutons. In contrast, the loss of astrocytic ephrin-B1 reduces PV→PC connectivity and inhibition, resulting in increased
seizure susceptibility and an ASD-like phenotype. Our findings underscore the crucial role of astrocytes in regulating inhibitory circuit
development and discover a new role of EphB2 receptors in PV-specific inhibitory synapse development.
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Significance Statement

The findings presented in this study describe a novel mechanism by which astrocytes regulate the establishment of connec-
tions between parvalbumin (PV) interneurons and pyramidal neurons. We also present new evidence showing the role of
presynaptic EphB2 in the formation of inhibitory synapses, specifically between PV-expressing interneurons and pyramidal
neurons. Impaired inhibition is suggested to underlie the development of neuronal hyperactivity in several neurodevelopmen-
tal disorders (NDDs), and EphB2 receptor itself is also implicated in the pathogenesis of autism. Therefore, this study not only
addresses critical gaps in our understanding but also offers clinical relevance as EphB2 signaling in PV interneurons may be a
promising therapeutic target to correct inhibitory circuit dysfunction in NDDs.

Introduction
Astrocytes critically regulate many aspects of synaptic physiol-
ogy, including synaptogenesis, synapse elimination, synaptic
transmission, and synapse plasticity through both contact-
dependent mechanisms and release of soluble factors (Allen
and Eroglu, 2017; Augusto-Oliveira et al., 2020). Although sev-
eral mechanisms by which astrocytes regulate excitatory synapse
development and function have been described, our knowledge
of how astrocytes regulate inhibitory synapse development and
function remains limited (Clarke and Barres, 2013; Allen and
Eroglu, 2017; Augusto-Oliveira et al., 2020). Astrocytes are
shown to promote the development of inhibitory synapses,
increasing the number of presynaptically active GABAergic syn-
apses and the frequency of miniature inhibitory postsynaptic
current (mIPSCs) in mixed cultures (Elmariah et al., 2005;
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Hughes et al., 2010). Additionally, the strength of GABAA recep-
tor (GABAAR)-mediated currents is potentiated by astrocytes in
cultured hippocampal neurons, showing enhanced GABA-medi-
ated currents only in neuronal somata contacting astrocytes (Liu
et al., 1996). Furthermore, our previous findings show that astro-
cytic ephrin-B1 negatively regulates excitatory synapse forma-
tion yet enhances inhibition in the developing but not adult
CA1 hippocampus through an undiscovered mechanism
(Koeppen et al., 2018; Nguyen et al., 2020). We also showed
that the density of parvalbumin (PV)-expressing cells was
decreased in the developing hippocampus of astrocyte-specific
ephrin-B1 KO mice, suggesting a potential role of ephrin-B sig-
naling in PV cell development (Nguyen et al., 2020). However,
it was not clear whether the changes we observed were a result
of altered signaling between astrocytic ephrin-B1 and its EphB
receptors in PV cells or indirect effects due to changes in astro-
cyte phenotype. In this study, we hypothesized that the effects
of astrocytic ephrin-B1 on PV→pyramidal cell (PC) connectivity
in the developing hippocampus are mediated through EphB2
receptor signaling in PV cells.

Ephrin-B/EphB signaling is well studied in excitatory syn-
apses (Lim et al., 2008; Pasquale, 2008; Klein, 2012; Sheffler-
Collins and Dalva, 2012), including their role in dendritic spine
formation and maturation (Ethell et al., 2001; Moeller et al.,
2006), AMPAR phosphorylation and trafficking to the synapse
(Kayser et al., 2006; Hussain et al., 2015), NMDAR localization
and function (Takasu et al., 2002; Nolt et al., 2011), as well as
regulation of LTP (Henderson et al., 2001; Contractor et al.,
2002). However, little is known about the mechanism of
ephrin-B/EphB signaling in inhibitory synapse development
or how astrocytes influence inhibitory synapse development
through ephrin-B/EphB signaling. Although postsynaptic
EphB receptors are known to facilitate excitatory synapse for-
mation between axon terminals and dendrites (Henkemeyer
et al., 2003; Lim et al., 2008; Pasquale, 2008; Klein, 2012;
Sheffler-Collins and Dalva, 2012; Yang et al., 2013), here we
propose that presynaptic EphB2 may act as a repellent, prevent-
ing innervation between the inhibitory axon terminals of PV
interneurons and PCs.

Impaired inhibition and inhibitory synapse pathologies and
PV interneuron hypofunction, as well as glial cell dysfunction,
are common findings in many neurodevelopmental disorders
(NDDs; Petrelli et al., 2016; Ali Rodriguez et al., 2018; Filice
et al., 2020; Contractor et al., 2021; Tan and Eroglu, 2021).
Indeed, E/I imbalance is hypothesized to drive pathology in
NDDs (Rubenstein and Merzenich, 2003). More specifically,
impaired inhibition is thought to underlie the development of
hyperactive neuronal networks in autism spectrum disorder
(ASD) and epilepsy (Sohal and Rubenstein, 2019; Tang et al.,
2021). Dysfunctions in PV interneurons, including reduced den-
sity of PV interneurons, reduced PV expression, impaired PNN
formation, and reduced PV cell activity, have been observed in
ASD, suggesting that PV interneurons may play a critical role
in regulating E/I balance and the pathogenesis of NDDs
(Lawrence et al., 2010; Hashemi et al., 2016; Contractor et al.,
2021).

The goal of this study was to determine whether astrocytes
regulate PV→PC connectivity through ephrin-B/EphB signaling.
We targeted the Postnatal Day (P)14–P28 developmental period
that is critical for PV interneuron development in the hippocam-
pus (Contractor et al., 2021) and used loss- and gain-of-function
approaches to regulate ephrin-B1 levels in astrocytes and EphB2

receptor expression in PV interneurons during this period.
Functional and structural PV→PC connectivity was assessed
through whole-cell patch–clamp electrophysiology, optogenetics,
immunohistochemical and biochemical analysis, seizure suscept-
ibility assays, and mouse behaviors. Here we report a novel
mechanism by which astrocytic ephrin-B1 regulates inhibitory
synapse development, specifically PV→PC connectivity, and
propose a new role of ephrin-B1/EphB2 receptor signaling in
PV cells as the underlying mechanism.

Materials and Methods
Ethics statement
All mouse studies were done according to National Institutes of Health
and Institutional Animal Care and Use Committee at the University of
California Riverside guidelines; animal welfare assurance number
A3439-01 is on file with the Office of Laboratory Animal Welfare.
Mice were maintained in an Association for Assessment and
Accreditation of Laboratory Animal Care-accredited facility under a
12 h light/dark cycle and fed standard mouse chow.

Mouse lines
We used several mouse lines to analyze the effects of ephrin-B1 KO
in astrocytes as follows: (1) ERT2-CreGFAP+/+ephrin-B1flox/y KO or
ERT2-CreGFAP−/−ephrin-B1flox/y control mice were generated by breed-
ing ephrin-B1flox/flox or ephrin-B1flox/y (129S-Efnb1 flox/+/J, RRID:
IMSR_JAX:007664) mice with ERT2-CreGFAP+/+ or ERT2-CreGFAP−/−

[B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J, RRID:IMSR_JAX: 012849] mice.
(2) Thy1GFP-ERT2-CreGFAP+/+ephrin-B1flox/y KO and Thy1GFP-
ERT2-CreGFAP−/−ephrin-B1flox/y control male mice, in which GFP
was expressed in excitatory cells of the hippocampus with active
Thy1 promotors, were generated by crossing Thy1GFP-M mice
[Tg(Thy1-EGFP)MJrs/J, RRID:IMSR_JAX:007788] with ERT2-
CreGFAP+/+ephrin-B1flox/y KO or ERT2-CreGFAP−/−ephrin-B1flox/y

control mice. (3) PV-tdTomato-CreGFAP+/+ephrin-B1flox/y KO or
PV-tdTomato ERT2-CreGFAP−/−ephrin-B1flox/y control mice were
generated by crossing C57BL/6-Tg(Pvalb-tdTomato)15Gfng/J mice
(RRID:IMSR_JAX:027395) with ERT2-CreGFAP+/+ephrin-B1flox/flox

KO female or ERT2-CreGFAP−/−ephrin-B1flox/flox female control mice.
(4) Rosa-CAG-LSL-tdTomato reporter mice (CAG-tdTomato;
RRID:IMSR_JAX:007909) were bred with ERT2-CreGFAP+/+ or ERT2-
CreGFAP−/−[B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J RRID:IMSR_JAX:
012849] mice to generate tdTomatoERT2-CreGFAP mice first. Then,
tdTomatoERT2-CreGFAP male mice were crossed with ephrin-B1flox/
flox or with ephrin-B1+/+ female mice to obtain either tdTomatoERT2-
CreGFAPephrin-B1flox/y KO or tdTomatoERT2-CreGFAP control male
mice, allowing for tdTomato expression in astrocytes and analysis of
ephrin-B1 levels. All KO and control mice received tamoxifen at P14
intraperitoneally (0.5 mg in 5 mg/ml of 1:9 ethanol/sunflower seed oil
solution) once a day for 5 consecutive days. Analysis was performed at
P28 except for behavioral and PTZ seizure tests at P45–P50 (Fig. 1A).

To achieve overexpression (OE) of ephrin-B1 in hippocampal
astrocytes, we stereotaxically injected the adeno-associated viral
particles (VPs) containing ephrin-B1 cDNA under GFAP promoter
(AAV7.GfaABC1D.ephrin-B1.SV40; referenced in the text as AAV-
ephrin-B1) into the hippocampus of P14 mice. Control AAV-tdTomato
VP contained tdTomato cDNA under the same GFAP promoter
(AAV7.GfaABC1D.tdTomato.SV40). AAV-ephrin-B1 VP (final concen-
tration 7.56× 1,012 VPs/ml) and control AAV-tdTomato VP (final
concentration 4.46 × 1,012 VPs/ml) were both obtained from UPenn
Vector Core (http://www.med.upenn.edu/gtp/vectorcore) and processed
as previously described with modifications (Nguyen et al., 2020). VPs
were concentrated with Amicon ultra-0.5 centrifugal filters (UFC505024,
Sigma Millipore) pretreated with 0.1% Pluronic F-68 nonionic surfactant
(24040032, Thermo Fisher Scientific).

We used several mouse lines to analyze the effects of ephrin-B1 OE
in astrocytes as follows: (5) ChR2-YFPflox/flox mice [Chr2-YFP:
B6;129S-Gt(ROSA) 26Sortm32 (CAG-COP4pH134R/EYFP) Hze/J;
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RRID: IMSR_JAX#12569] were bred with mice expressing cre recombi-
nase under the PV promotor [CrePV+/+; B6;129P2-Pvalbtm1(cre)Arbr/
J; RRID: IMSR_JAX:017320] to obtain CrePV+/−ChR2-YFP+/−

mice expressing ChR2-YFP selectively in PV interneurons. This
line was stereotaxically injected intrahippocampally with either
AAV7.GfaABC1D.ephrin-B1.SV40 to overexpress astrocytic ephrin-B1
or AAV7.GfaABC1D.tdTomato.SV40 as a control and used for whole-
cell recordings. (6) EphB2flox mice for conditional deletion of EphB2
using a Cre driver were generated by inserting the loxP site upstream
of exon 2 and downstream of exon3. Deletion of this region should result
in the loss of the ligand binding domain of EphB2 receptor. CrePV+/+

mice [B6;129P2-Pvalbtm1(cre)Arbr/J; RRID: IMSR_JAX:017320] were
bred with EphB2flox/flox mice to generate CrePV+/−EphB2flox/+ (het),
CrePV+/−EphB2flox/flox (KO), or littermate controls which either did
not express Cre or did not contain the floxed EphB2. Mice from these
groups were used for immunofluorescence staining analysis.
Additionally, EphB2flox/flox (KO) stereotaxically injected intrahippocam-
pally with AAV7.GfaABC1D.ephrin-B1.SV40 to overexpress astrocytic
ephrin-B1 and used for immunofluorescence staining analysis. (7)
EphB2flox/flox line was also bred with ChR2-YFPflox/flox mice [Chr2-YFP:
B6;129S-Gt(ROSA) 26Sortm32 (CAG-COP4pH134R/EYFP)Hze/J; RRID:
IMSR_JAX#12569] to generate EphB2flox/+ChR2-YFPflox/flox mice and was
bred with CrePV+/+EphB2flox/+ mice to generate CrePV+/−

EphB2flox/flox ChR2-YFPflox/+ (KO) or CrePV+/−EphB2+/+-ChR2-YFPflox/+

(control) mice. This line expressed ChR2-YFP but lacked EphB2 in PV
interneurons and was used for whole-cell electrophysiology recordings.
Additionally, CrePV+/−EphB2flox/floxChR2-YFPflox/+ (KO) mice were
stereotaxically injected intrahippocampally with either AAV7.GfaA
BC1D.ephrin-B1.SV40 to overexpress astrocytic ephrin-B1 or
AAV7.GfaABC1D.tdTomato.SV40 as a control and used for whole-
cell recordings. Real-time PCR–based analysis of genomic DNA
isolated from mouse tails was used to confirm genotypes for all mouse
lines by Transnetyx. Analysis was performed at P28 except for
behavioral and PTZ seizure tests at P45–P50 (Fig. 1B).

Surgery
Mice were anesthetized with a ketamine/xylazine mixture (80 mg/kg
ketamine and 10 mg/kg xylazine) given intraperitoneally. Paw pad pinch
test, respiratory rhythm, righting reflex, and loss of corneal reflex were
assessed to ensure the mice were adequately anesthetized. P14 B6/C57
mice (RRID:IMSR_JAX: 000664) received craniotomies (1 mm in
diameter), and VPs were stereotaxically injected into the dorsal hippo-
campus (1.8 mm posterior to the bregma, 1.1 mm lateral to midline,
and 1.3 mm from the pial surface; scaled to the appropriate coordinates
based on bregma–lambda distance). Control mice were injected with 1 μl
of 1.16 × 1,013 VP/ml AAV-tdTomato, and OE animals were injected
with 1 μl of 3.78 × 1,013 VP/ml AAV-ephrin-B1. Prior to surgery, mice
were injected subcutaneously with 3.25 mg/kg extended-release bupre-
norphine (Ethiqa XR) to manage pain. Additionally, mice received
5 mg/kg meloxicam every 12 h for pain management. Animals were
allowed to recover for 14 d before analysis. P28 mice were used for
immunohistochemistry, mRNA analysis, and whole-cell electrophysiol-
ogy experiments. There was a significant increase in ephrin-B1 immuno-
reactivity in CA1 hippocampus on the injected ipsilateral side (OE)
compared with noninjected contralateral control side (Fig. 1F,G).

Immunohistochemistry
Immunohistochemistry was performed as described previously in
Nguyen et al. (2020) with modifications. Animals were anesthetized
with isoflurane and transcardially perfused with 0.1 M PBS followed
by fixation with 4% paraformaldehyde (PFA) in 0.1 M PBS, pH 7.4.
Brains were postfixed for 2 h or overnight at 4°C in either 2 or 4%
PFA in 0.1 M PBS. One hundred micrometer coronal brain slices were
obtained via vibratome sectioning. Samples were fixed for 30 min in
2% PFA, quenched with 50 mM NH4Cl, washed in 0.1% Tween in
PBS (0.1% PBST), permeabilized in 0.1% Triton in PBS for 30 min,
and blocked for 2 h in 10% normal donkey serum (NDS), 1% BSA,
and 0.1% Triton in PBS. Primary and secondary antibodies were diluted
in the buffer containing 1% NDS, 0.5% BSA, and 0.1% Triton in PBS.

Primary antibodies were incubated overnight at 4°C. PV-positive cells
and boutons were immunolabeled using mouse anti-PV antibody
(1:500, Sigma-Aldrich, P3088, RRID:AB_477329). Inhibitory presynap-
tic sites were identified using rabbit anti-vesicular GABA transporter
(VGAT) antibody (1:100, Synaptic Systems, 131002, RRID:
AB_887871) and mouse anti-gephyrin antibody (1:500, Synaptic
Systems, catalog #147111, RRID:AB_887719). EphB receptors 1-4 were
detected using rabbit anti-EphB(1-4) antibody (1:200, Abcam,
ab64820, RRID:AB_2278009). Ephrin-B1 was detected using goat
anti-ephrin-B1 antibody (1:50, R&D Systems, AF473, RRID:
AB_2293419). Astrocytes were identified using rabbit anti-GFAP anti-
body (1:500, Cell Signaling Technology, 12389, RRID:AB_2631098).
EphB2 was labeled using goat anti-EphB2 antibody (1:50, Invitrogen,
PA5-47017, RRID:AB_2609043). Following incubation with primary
antibodies, samples were washed in 0.5% PBST and then incubated in
secondary antibodies diluted in the same buffer for 2 h at RT. The follow-
ing secondary antibodies were used: donkey anti-goat IgG 488 (1:500,
Invitrogen, A-11055, RRID:AB_2534102), donkey anti-rabbit IgG 488
(1:500, Invitrogen, A-21206, RRID:AB_2535792), donkey anti-mouse
IgG 488 (1:500, Invitrogen, A-21202, RRID:AB_141607), donkey anti-
mouse IgG 594 (1:500, Invitrogen, A-21203, RRID:AB_141633), donkey
anti-rabbit IgG 594 (1:500, Invitrogen, A-21207, RRID:AB_141637),
donkey anti-rabbit IgG 647 (1:500, Invitrogen, A-31573, RRID:
AB_2536183), and donkey anti-goat IgG 647 (1:500, Invitrogen,
A-21447, RRID:AB_2535864). Samples were washed in 0.5% PBST, fol-
lowed by PBS, and then mounted on coverslips with VECTASHIELD
PLUS antifade mounting medium with DAPI (Vector Laboratories,
H-2000). Astrocytes were also visualized with tdTomato in ephrin-B1
KO mice (Fig. 1C–E), and astrocyte immunoreactivity was assessed
with GFAP in ephrin-B1 OE mice (Fig. 1F–H).

Confocal imaging and analysis
Confocal images of coronal brain slices containing the stratum oriens
(SO), stratum pyramidale (SP), and stratum radiatum of the dorsal
CA1 hippocampus were taken using Zeiss LSM 880 inverted laser scan-
ning microscope and Zeiss LSM 880 upright laser scanning microscope.
High-resolution optical sections were acquired with a 20× air objective
(0.8 NA), 1× zoom at 1 μm step intervals to measure PV, EphB, and
Ephrin-B1 immunoreactivity. Confocal images of synaptic puncta,
including PV, VGAT, and gephyrin, and high-magnification images of
Ephrin-B1/EphB receptors and GFP-labeled soma and dendrites
were taken using an air 40× (1.2 NA) or oil 63× objectives, (1.4 NA),
at 1× zoom (1,024 × 1,024) or (2,048 × 2,048) pixel format, with a
0.5 μm step size. Images were acquired and processed under identical
conditions for analysis.

For analysis of VGAT/PV colocalization, images were analyzed using
the Neurolucida 360 (MBF Bioscience, RRID:SCR_016788) and
Neurolucida Explorer software (MBF Bioscience, RRID:SCR_017348).
Z-stacks were imported into Neurolucida, background subtracted, and
histogram equalized, and contrast was enhanced. Image stacks were
trimmed in the Z plane to analyze stacks of an equal number of Z planes,
and contours were drawn around regions of interest (ROIs) to be
analyzed. 3D renderings were generated by rendering all VGAT
puncta >0.15 μm3 within the ROI, followed by rendering PV puncta
that were at least 0.15–0.2 μm3 in size and were at most 0.5–1.0 μm
from a VGAT puncta. If the images contained background VGAT
somatic staining, puncta rendered in the soma were removed prior to
rendering PV boutons. Images were analyzed in Neurolucida 360
explorer by selecting puncta within the ROI and measuring the total
number of puncta as well as the number of colocalized puncta showing
at least 10% colocalization using the puncta feature. The number of colo-
calized puncta was normalized to the 3D volume.

For analysis of VGAT/PV and VGAT/gephyrin colocalization in
close proximity to Thy1-GFP or tdTomato-expressing excitatory cells
in Neurolucida 360, images were processed as described above, excitatory
cells were rendered using soma and tree tracing, and then VGAT and PV
boutons or gephyrin puncta within 1 μm of the cell that were at least
0.15 μm3 in size were rendered using the puncta feature. Renderings
were analyzed in Neurolucida 360 by selecting the soma or dendrites

Sutley-Koury et al. • EphB2, Astrocytes, and Inhibition J. Neurosci., November 6, 2024 • 44(45):e0154242024 • 3



and analyzing the number of colocalized puncta showing at least 10%
colocalization near the selected soma or dendrite. The number of coloca-
lized VGAT/PV and VGAT/gephyrin puncta was normalized to the vol-
ume of the selected soma or dendrite.

Analysis of EphB/PV puncta colocalization in the SP was performed
in Neurolucida 360 software. Z-stacks were imported into Neurolucida 360,
background subtracted, and histogram equalized, and contrast was
enhanced. Image stacks were trimmed in the Z plane to analyze stacks of
an equal number of Z planes, and contours were drawn around ROIs to
be analyzed. 3D renderings of PV boutons of at least 0.15 μm3 and EphB
puncta of at least 0.05 μm3 were generated in Neurolucida 360, and then
renderings were analyzed in Neurolucida 360 by selecting puncta within
the ROI, measuring the total number of puncta and the number of coloca-
lized puncta showing at least 10% colocalization using the puncta feature,
then normalizing to the 3D volume.

Analysis of EphB puncta on PV soma was performed in ImageJ.
Z-stacks of equal size were collapsed into a single image by projection,
converted to a tiff file, and background subtracted. Each image was
threshold-adjusted and converted into a binary image, the despeckle
function was used to eliminate noise, and the watershed function was
used to segment overlapping puncta. ROIs were drawn around PV
soma and the number of puncta per soma was counted using the particle
analysis tool, where puncta of at least 0.1 μm2 in size were analyzed. The
number of puncta was normalized to the area of each soma.

Analysis of EphB/Ephrin-B1 colocalized puncta in SP and on PV
soma was performed in ImageJ in a similar way as described above.
Z-stacks of equal size were collapsed into single image by z-projection,
converted to a tiff file, and background subtracted. Each image was split
into individual channels, threshold-adjusted, and converted into a binary
image, the despeckle function was used to eliminate noise, and the water-
shed function was used to segment overlapping puncta. ROIs were drawn
around the SP and PV soma, and the number of colocalized puncta
per soma was counted using the particle analysis tool, where puncta of
0.1–10 μm2 in size were analyzed. The number of puncta was normalized
to the area of each soma.

Analysis of EphB2 and PV immunofluorescence levels in PV inter-
neurons was performed in the ImageJ software. For EphB2 analysis, sin-
gle image planes were separated by channel, ROIs were drawn around PV
somata, and then EphB2 mean fluorescence intensity levels within the
ROIs were measured. The background signal was measured using a sec-
ondary antibody only control and then was subtracted from the fluores-
cence intensity measurement. For PV analysis, Z-stacks of equal size
were collapsed into a single image by projection and converted to a tiff
file. ROIs were drawn around PV soma, and then PV mean fluorescence
intensity levels within the ROIs were measured.

Electron microscopy
P28 EphB2 KO and control mice were perfused first with Ringers con-
taining (in mM) 125 NaCl, 2 CaCl2, 5 KCl, and 0.8 NaH2PO4, pH
adjusted to 7.4, then with fixative containing 2.5% glutaraldehyde
(EMS, 111-30-8), 2% PFA (EMS, 15710) in 0.15 M cacodylate buffer
(111-30-8). Brains were postfixed overnight in the same fixative solution.
The 200-μm-thick vibratome sections were sliced in prechilled 0.15 M
cacodylate buffer (111-30-8), and then slices were immediately returned
to the fixative solution. Perfusion-fixed tissues were postfixed in 1%
OsO4 in 0.1 M cacodylate buffer for 1 h on ice and then stained with
2% uranyl acetate for 1 h on ice. The tissues were dehydrated in a graded
series of ethanol washes (50–100%) once, followed by a wash with 100%
ethanol and two washes with acetone for 15 min each, and embedded
with Durcupan. Seventy nanometer sections were cut on a Leica UCT
ultramicrotome and collected on 300 mesh copper grids. Sections were
stained with 2% uranyl acetate for 5 min and Sato lead stain for 1 min.
Samples were viewed using a JEOL 1400-plus TEM (JEOL).
Transmission electron microscopy (EM) images were taken using a
Gatan OneView 4× 4 k camera at 4,000× and 8,000× magnification
(Gatan).

Analysis of perisomatic presynaptic sites and glial processes near
neuronal soma was performed using 4,000× images in Adobe
Photoshop. ROIs were drawn using lasso function around perisomatic

presynaptic boutons or glial processes to measure their size.
Perisomatic boutons were identified by the presence of large presynaptic
vesicles and a close proximity to neuronal soma. Active zones were
detected by the presence of symmetric synaptic junction with the adja-
cent cluster of synaptic vesicles. Glial processes were identified around
presynaptic boutons as structures with pale cytoplasm and undefined
shapes.

Whole-cell patch–clamp recordings
Animals were anesthetized with isoflurane, brains were dissected, and
300 μm coronal sections were sliced in ice-cold sucrose containing
ACSF containing (in mM) 2.5 CaCl2, 196.6 sucrose, 2.5 KCl, 1.3
MgSO4, 1 NaH2PO4, 26.2 NaHCO3, 11 D-glucose, 3 kyneuric acid, 2
Na-pyruvate, and 3.5 MOPS. Slices were incubated in ice-cold sucrose
ACSF for 30 min. Slices were then transferred to ACSF containing
(in mM) 126 NaCl, 2.5 KCl, 10 D-glucose, 1.25 NaH2PO4, 2 MgCl2,
2 CaCl2, and 26 NaHCO3 and allowed to incubate for 45 min at room
temperature. Slices were transferred to a recording chamber and contin-
uously perfused with oxygenated ACSF at a flow rate of 1 ml/min at 31°C
and allowed to equilibrate to the chamber for at least 10 min.

Whole-cell patch experiments were conducted blind, with experi-
mental procedures described in Castañeda-Castellanos et al. (2006).
Blind, whole-cell patch–clamp recordings were obtained from CA1 pyra-
midal neurons using pipettes made from glass capillaries pulled by
Narishige PC-10 vertical micropipette puller (Narishige, RRID:
SCR_022057). Pipette resistance ranged from 3 to 5 mOhms and were
filled with high-chloride internal solution containing (in mM) 125
KCl, 10 K-gluconate, 2 MgCl2, 0.2 EGTA, 10 HEPES, 2 Mg2ATP, 0.5
Na2GTP, 10 PO creatine, and 10 QX-314 and 0.2% biocytin for postla-
beling and was pH adjusted to 7.2 with KOH. CA1 hippocampal neurons
were voltage clamped and held at−60 mV. Due to high-chloride internal
solution and negative holding potential, inhibitory currents were mea-
sured as inward currents. PCs were voltage clamped at −60 mV, and
IPSCs were recorded in response to photoactivation.

PV interneurons were optically stimulated using a fiber-coupled
LED light of 470 nm wavelength (Thorlabs, LEDD1B). A cannula
was attached to the fiber-optic cable in order to submerge the light
source into the bath and place the light source directly over the slice.
Input–output curves were generated using a fixed duration of light
pulse (5 ms) and increasing the intensity of the LED power. Twelve
sweeps with increasing intensity of the LED light source were used
(starting at ∼0.13 mW and increasing up to 4 mW of power) to photo-
activate PV interneurons and to record IPSCs in PCs. A 20 Hz stimu-
lation was also used in order to analyze short-term plasticity, where
oeIPSC amplitudes were measured from the original baseline prior to
stimulation to the peak of each oeIPSC in the train. We used a 5 ms
LED pulse followed by 45 ms of LED off at 100% LED power in this
protocol. oeIPSCs were recorded using a HEKA EPC-9 amplifier
(HEKA Elektronik), filtered at 1 kHz, and digitized at 10 kHz. Series
resistance was compensated for and was monitored throughout the
experiment by delivering 5 mV voltage steps. Data were discarded if
the series resistance changed >20% during the course of an experiment.
Data were analyzed on a HEKA Elektronik software, and statistical
significance was analyzed using the Prism 10 software (GraphPad
Software, RRID:SCR_002798).

PTZ seizure test
Before testing, mice were housed in a room with a 12 h light/dark cycle
with ad libitum access to food and water. The cages were transferred to
the behavioral room for 30 min habituation prior to the test. Between
tests, the cages were cleaned with 2–3% acetic acid, 70% ethanol,
and water to eliminate odor trails. Pentylenetetrazole (PTZ)
(Sigma-Aldrich, P6500) was diluted in 0.9% sodium chloride injection
diluent (Hospira, NDC-0409-4888-03) to make a stock solution of
5 mg/ml. Ephrin-B1 KO and their controls received three doses of
PTZ, including 20, 30, and 40 mg/kg, based on the weight of the mouse,
over the 5 h testing period that were delivered via intraperitoneal injec-
tion. At time t = 0 h, mice received a 20 mg/kg dose of PTZ and were
recorded for 1 h. At t= 2 h, mice received a 30 mg/kg dose of PTZ and
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were recorded for 1 h. At t= 4 h, mice received a 40 mg/kg dose of PTZ
and were recorded for 1 h. EphB2 KO and their controls received 40 and
50 mg/kg doses of PTZ via intraperitoneal injection over the course of
the 1 h testing period. At time t= 0 h, mice received a 40 mg/kg dose
of PTZ and were recorded for 30 min. At time t= 0.5 h, mice received
a 50 mg/kg dose of PTZ and were recorded for another 30 min. Data
were analyzed based on the Racine seizure score as described in
Shimada and Yamagata (2018). Videos were manually scored by an
experimenter blind to the condition as follows: Score 0, the absence of
seizure activity; Score 1, immobilization, lying flat on the abdomen;
Score 2, head nodding, facial, forelimb, or hindlimb myoclonus; Score 3,
continuous whole-body myoclonus, myoclonic jerks, tail held up
stiffly; Score 4, tonic–clonic seizure, rearing, and falling; Score 5,
tonic–clonic seizure, loss of postural tone, wild rushing, and jumping;
and Score 6, death.

Behavior
Home cage behaviors were analyzed as described by Reinhard et al.
(2019) with modifications. Mice were placed in new cages with fresh bed-
ding and recorded for 30 min. Videos were manually scored by an exper-
imenter blind to the condition. The video was paused at 10 s intervals for
the first 10 min of the recording, and the observer recorded if the mouse
was performing any of the following: motion, rearing, digging, grooming,
or scanning.

Open-field test
Anxiety-like behaviors and locomotor activity were tested in experimen-
tal mice as described previously with modifications (Dansie et al., 2013;
Lovelace et al., 2020; Rais et al., 2022). The cages with mice were trans-
ferred to the behavioral room 30 min before the testing. A 72 × 72 cm
open-field (OF) arena with 50-cm-high walls was constructed from opa-
que acrylic sheets with a clear acrylic sheet for the bottom. The OF arena
was placed in a brightly lit room, and one mouse at a time was placed in a
corner of the OF and allowed to explore for 10 min while being recorded
with digital video from above. The floor was cleaned with 2–3% acetic
acid, 70% ethanol, and water between tests to eliminate odor trails.
The mice were tested between the hours of 8:00 A.M. and 2:00 P.M.
The arena was subdivided into a 4 × 4 grid of squares with the middle
of the grid defined as the center. A line 4 cm from each wall was added
to measure thigmotaxis. Locomotor activity was scored by the analysis of
total line crosses and speed using the TopScan Lite software (Clever Sys).
The analysis was performed for the first and second 5 min of the testing.
Assessments of the digital recordings were performed blind to the
condition.

Social novelty test
Sociability and social memory were studied using a three-chamber test as
described previously with minor modifications (Kaidanovich-Beilin et al.,
2011; Nguyen et al., 2020). Briefly, a rectangular box contained three
adjacent chambers 19× 45 cm each, with 30-cm-high walls and a bottom
constructed from clear Plexiglas. The three chambers were separated by
dividing walls, which were made from clear Plexiglas with openings
between the middle chamber and each side chamber. Removable doors
over these openings permitted chamber isolation or ad libitum access to
all chambers. All testing was done in a brightly lit room (650 lux), between
9:00 A.M. and 4:00 P.M. The test mouse was placed in the central chamber
with no access to the left and right chambers and allowed to habituate to
the test chamber for 5 min before testing began. Session 1 measured socia-
bility. In Session 1, another mouse (Stranger 1) was placed in a wire cup-
like container in one of the side chambers. The opposite side had an empty
cup of the same design. The doors between the chambers were removed,
and the test mouse was allowed to explore all three chambers ad libitum
for 10 min while being digitally recorded from above. The following
parameters were monitored: the duration of direct contact between the
test mouse and either the stranger mouse or empty cup and the duration
of time spent in each chamber. Session 2 measured social memory and
social novelty preference (SNP). In Session 2, a new mouse (Stranger 2)
was placed in the empty wire cup in the second side chamber. Stranger
1, a now familiar mouse, remained in the first side chamber. The
test mouse was allowed to freely explore all three chambers for

another 10 min while being recorded, and the same parameters
were monitored. Placement of Stranger 1 in the left or right side of the
chamber was randomly altered between trials. The floor of
the chamber was cleaned with 2–3% acetic acid, 70% ethanol, and
water between tests to eliminate odor trails. Assessments of the
digital recordings were done using the TopScan Lite software
(Clever Sys). To measure changes in sociability and social memory, we
calculated the percentage time spent in each chamber in each test.
Furthermore, a sociability index = time in S1 chamber

time in S1 chamber + time in empty chamber

( )

and social novelty preference index = time in S2 chamber
time in S2 chamber + time in S1 chamber

( )

were calculated as described previously (Nguyen et al., 2020). For sociabil-
ity index, values <0.5 indicate more time spent in the empty chamber, >0.5
indicate more time spent in the chamber containing Stranger 1, and 0.5
indicates equal amount of time in both chambers. For SNP index, values
<0.5 indicate more time spent in the chamber containing Stranger 1 or
now familiar mouse, >0.5 indicate more time spent in the chamber con-
taining Stranger 2 or new stranger mouse, and 0.5 indicates equal amount
of time in both chambers.

Marble burying test
Compulsive–obsessive-like behaviors were evaluated using the marble
burying test as described in Deacon (2006) and Angoa-Pérez et al.
(2013) with minor modifications. Briefly, standard polycarbonate mouse
cages with fitted filter-top covers were used for the marble burying test.
Fresh unscented mouse bedding material was added to each cage to a
depth of 4 cm and further leveled. Standard glass toy marbles (assorted
styles and colors, 15 mm diameter, 5.2 g in weight) were gently placed
on the surface of the bedding in four rows of five marbles. The marbles
were washed in warm laboratory detergent, rinsed thoroughly in distilled
water and dried prior to each experiment. One mouse was placed into a
corner of the cage containing marbles, being careful not to disturb the
marbles, and the filter-top cover was placed on the cage. Food and water
were withheld during the testing. A mouse was allowed to remain in the
cage undisturbed for 30 min. After the test completion, the mouse was
returned to its home cage, 20 marbles were retrieved, and the bedding
was disposed. Pictures of the cage with marbles were taken before the
test and after the test completion. The number of buried and displaced
marbles was counted. Marbles were scored as buried if two-thirds of their
surface area was covered by bedding.

Statistical analyses
Immunohistochemistry analysis. For VGAT/PV colocalization in the

SP, statistical analysis was performed using the GraphPad Prism 10 soft-
ware (RRID:SCR_002798). Astrocytic ephrin-B1 OE mice were analyzed
by two-tailed t tests, five male mice with 10 images per group.
Astrocytic ephrin-B1 KO and CON mice were analyzed using a two-
tailed t test, three KO and three CON male mice per group with six
images per group. PV-EphB2 control, heterozygous, and KO male and
female mice were analyzed by Brown–Forsythe and Welch ANOVA
test in the GraphPad Prism 10 software (RRID:SCR_002798), n= 5–13
mice per group and 19–46 images per group. PV-EphB2 KO+
AAV-EfnB1 male and female mice were analyzed by two-tailed t tests,
n= 22 images/group, six mice. For analysis of VGAT/PV near
Thy1-GFP excitatory neurons, statistical analysis was performed using
the GraphPad Prism 10 software (RRID:SCR_002798) using
Welch-corrected two–tailed t tests, four male mice per group and
13–18 images per group. For analysis of VGAT/gephyrin colocalization
on SP somata, statistical analysis was performed using the GraphPad
Prism 10 software (RRID:SCR_002798) using Welch-corrected two–
tailed t test, four mice per group and 30–31 cells per group. For analysis
of EphB puncta and PV/EphB puncta in the SP, statistical analysis
was performed using the GraphPad Prism 10 software (RRID:
SCR_002798) using two-tailed t test, 3–4 male mice per group and
8–16 images per group. For analysis of EphB/ephrin-B1 colocalization
in SP, statistical analysis was performed using the GraphPad Prism 10
software (RRID:SCR_002798) using Welch-corrected t tests, 3–4 mice
per group (KO) or 5 mice per group (OE). For analysis of EphB puncta
on PV somata and EphB/ephrin-B1 colocalization on PV somata, statis-
tical analysis was performed using the GraphPad Prism 10 software
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(RRID:SCR_002798) using two-tailed t test, 3–4 male mice per group
and 10–25 PV interneurons per group. PV and EphB2 immunoreactivity
in PV interneurons, statistical analysis was performed using the
GraphPad Prism 10 software (RRID:SCR_002798). Two-tailed t test
was used for analysis of PV immunoreactivity in PV interneurons of
astrocytic ephrin-B1 OE (3 OE male mice per group with 19–27 cells
per group) and KO mice (4 male mice per group with 23–24 cells per
group). Brown–Forsythe and Welch ANOVA with Dunnett’s multiple-
comparisons test were used for analysis of PV immunoreactivity in PV
interneurons of PV-EphB2 control, heterozygous, or KO male and
female mice (72–165 cells per group, 4–13 mice per group). Two-tailed
t test was used to analyze PV interneuron density in OE and EphB2
KO groups, 4 mice per group (OE) or 5 mice per group (EphB2 KO).
Welch’s t test was used for analysis of EphB2 levels in PV interneurons
of PV-EphB2 KO and control male and female mice (n= 3–4 mice per
group, 50–57 cells per group).

For EM analysis, statistical analysis was performed using the
GraphPad Prism 10 software. Two-tailed t test or two-way ANOVA
(presynaptic size distribution), Sidak multiple-comparison test were
used to compare controls and EphB2 KO mice, three mice per group.

Electrophysiology analysis. Unpaired Student’s two-tailed t test was
used to analyze peak oeIPSC amplitude, and two-way ANOVA with
Sidak’s multiple-comparison post hoc test was used to analyze oeIPSC
amplitude against LED power, oeIPSCs over 20 Hz trains, and paired
pulse ratios (PPRs). AAV-EfnB1/AAV-TdTomato male and female
mice were with 8–11 cells per group and 7–8 mice per group.
PV-EphB2 KO/CON male and female mice were with 18 cells per group
and 7–9 mice per group. PV-EphB2 KO+AAV-EfnB1/PV-EphB2
KO+AAV-TdTomato male and female mice were with 9–12 cells per
group 5–6 mice per group.

Behavior analysis. For PTZ seizures, statistical analysis was per-
formed using the GraphPad Prism 10 software (RRID:SCR_002798).
Latency to tonic–clonic seizure was analyzed by two-tailed t test, seizure
duration was analyzed with two-tailed t test or Mann–Whitney test, and
the number of seizure events or mice showed seizures were analyzed with
two-tailed t test, Mann–Whitney test, or odds ratio, 8–12 male mice per
group.

For home cage behaviors, statistical analysis was performed using the
GraphPad Prism 10 software (RRID:SCR_002798) using Mann–
Whitney tests, 12 male mice per group. For marble burying test, statisti-
cal analysis was performed using the GraphPad Prism 10 software
(RRID:SCR_002798) using unpaired t tests, 9–16 mice per group. For
three-chamber sociability and social novelty test, statistical analysis
was performed using the GraphPad Prism 10 software (RRID:
SCR_002798) using unpaired t tests, 11–16 mice per group. For the
OF test, statistical analysis was performed using the GraphPad Prism
10 software (RRID:SCR_002798) using two-way ANOVA with Fisher’s
exact LSD (time in OF) or t test (distance traveled), 9–16 mice per group.

Results
Astrocytic ephrin-B1 promotes functional connectivity
between PV and PCs
To test if astrocytes regulate the development of functional inhib-
itory connections between PV interneurons and pyramidal neu-
rons via EphB receptor signaling, we manipulated the levels of
the EphB receptor ligand, ephrin-B1, in astrocytes during the
early P14–P28 developmental period (Fig. 1A,B). We adminis-
tered tamoxifen to tdTomatoERT2-CreGFAPephrin-B1flox/y KO
or tdTomatoERT2-CreGFAP control mice and analyzed the levels
of astrocytic ephrin-B1 and astrocyte density (Fig. 1C–E).
Immunofluorescence intensity of ephrin-B1 in tdTomato-
expressing astrocytes was significantly reduced in KO mice
(Fig. 1D; Extended Data; t test; t(18) = 4.280; p= 0.0005); however
the density of astrocytes in the CA1 hippocampus was unaffected

by astrocytic ephrin-B1 deletion (Fig. 1E; Extended Data; t test; SP,
t(121) = 0.8369; p=0.4043; all layers, t(121) = 0.7623; p=0.4474).We
overexpressed ephrin-B1 in hippocampal astrocytes of P14 male
and female mice by injecting AAV7.GfaABC1D.ephrin-B1.SV40
(AAV-EfnB1) into the hippocampus, while vehicle-injected
controls received AAV7.GfaABC1D.tdTomato.SV40 (AAV-
TdTomato; Fig. 1B,F). We observed a significant upregulation of
ephrin-B1 in GFAP-positive astrocytes following the injection
with AAV-EfnB1 (Fig. 1G; Extended Data; t test; t(10) = 3.629; p=
0.0046), but no effects of viral injections onGFAP immunoreactivity
in CA1 hippocampus compared with the contralateral noninjected
side (Fig. 1H; Extended Data; t test; SP, t(27) = 1.412; p=0.1695; SO,
t(27) = 0.4519; p=0.6549). PV→PC connectivity was tested at
P28+/−2D using whole-cell voltage–clamp electrophysiology in
combination with an optogenetic approach to selectively activate
PV-expressing interneurons. PV interneurons expressing
ChR2-YFP were optogenetically activated using 470 nm LED
light, and optically evoked, gabazine-sensitive IPSCs (oeIPSCs)
were recorded in CA1 PCs of astrocytic ephrin-B1 OE mice
and vehicle-injected control mice (Fig. 1I,J). Input–output (IO)
curves were generated by delivering LED light pulses with
increasing LED power at a fixed pulse length, and the maximum
responses were analyzed to measure peak oeIPSC amplitude
(Fig. 1J–L). We observed a significant effect of LED power and
interaction of genotype and LED power (Fig. 1K; Extended
Data; two-way ANOVA; Sidak’s multiple-comparison test;
F(11,231) = 2.684; p= 0.0029). In addition, OE of ephrin-B1 in
astrocytes significantly increased the peak oeIPSC amplitude,
suggesting that astrocytic ephrin-B1 positively regulates
PV→PC functional connectivity (Fig. 1L; Extended Data; t test;
t(21) = 2.303; p= 0.0316). To test if astrocytic ephrin-B1 also
affects short-term plasticity at PV→PC synapses, we optically
simulated PV interneurons with a 20 Hz train of 10 LED light
pulses at maximal LED power (Fig. 1M). We observed a signifi-
cant increase in the average oeIPSC amplitude during the first
two stimulations in the OE group, consistent with the increased
strength of the functional connections between PV interneurons
and CA1 PCs following the OE of astrocytic ephrin-B1 (Fig. 1N;
Extended Data; two-way ANOVA; F(1,17) = 4.221; p= 0.0556;
Sidak’s multiple-comparisons post hoc test; p < 0.0001;
p = 0.0237). However, the increase in oeIPSC amplitude was
not accompanied by any significant difference in the PPR of
the oeIPSCs, calculated as a ratio of the oeIPSC amplitude
for each pulse to the first oeIPSC amplitude (Fig. 1O;
Extended Data; two-way ANOVA; Sidak’s multiple-
comparison post hoc test; F(1,17) = 0.3607; p = 0.5560), suggest-
ing no differences in release probability. Our data suggest
that the observed increase in the strength of PV→PC
connectivity following OE of ephrin-B1 in astrocytes is most
likely a result of increased PV→PC synapse number or
their strength.

Astrocytic ephrin-B1 boosts the development of PV-specific
presynaptic inhibitory sites
To test if levels of astrocytic ephrin-B1 affect the development of
structural PV-positive inhibitory synapses during the P14–P28
period, we analyzed the density of PV-positive inhibitory presyn-
aptic sites in the pyramidal (SP) layer of the CA1 hippocampus
with immunostaining. Astrocytic ephrin-B1 was overexpressed
in hippocampal astrocytes at P14, and analysis was done at P28
with the contralateral, noninjected side used as a control
(Fig. 1B). PV-positive presynaptic sites were detected with
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Figure 1. Astrocytic ephrin-B1 OE increases PV→PC connectivity. A, B, Graphics showing experimental timelines for astrocytic ephrin-B1 deletion (A) and OE (B). C, Confocal images showing
immunolabeling of ephrin-B1 (green) and TdTomato (red) in control and KO astrocytes; scale bars, 50 μm (top panels) and 25 μm (bottom panels). D, Graph shows the quantification of ephrin-
B1 mean fluorescence intensity in TdTomato-expressing control and KO astrocytes. Astrocytic ephrin-B1 KO significantly reduces ephrin-B1 immunoreactivity in astrocytes (8–12 images/4 mice
per group; t test; ***p< 0.001; Extended Data Table 1-1). E, Graphs show the number of TdTomato-expressing astrocytes in the CA1 hippocampus and SP layer of control and KO mice. Deletion
of astrocytic ephrin-B1 does not influence the number of TdTomato-expressing astrocytes in the CA1 hippocampus (61–62 images/4 mice per group; t test; p> 0.05; Extended Data Table 1-1). F,
Confocal images showing immunolabeling of ephrin-B1 (green) and GFAP (red) in control and OE astrocytes; scale bars, 50 μm (top panels) and 25 μm (bottom panels). G, The graph shows the
quantification of ephrin-B1 mean fluorescence intensity levels of GFAP immunoreactivity in OE astrocytes normalized to the contralateral, noninjected side of the same brain slice. OE significantly
increases ephrin-B1 immunoreactivity in astrocytes (11 images/3 mice per group; t test; **p< 0.01; Extended Data Table 1-1). Note that OE images were collected with a lower laser
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antibodies against PV and VGAT in brain slices (Fig. 1P,Q). OE
of astrocytic ephrin-B1 increased the number of VGAT/PV
colocalized puncta in the SP (Fig. 1R; Extended Data; t test;
t(18) = 2.322; p = 0.0322). Interestingly, PV levels (Fig. 1S;
Extended Data; t test; t(44) = 1.616; p = 0.1132) and the density
of PV-expressing cells (Fig. 1T; Extended Data; t test;
t(32) = 1.460; p = 0.1541) were not significantly different
between OE and control groups. The data suggest that astro-
cytic ephrin-B1 positively regulates the establishment of
PV-positive presynaptic sites in the CA1 hippocampus during
development.

Inhibitory innervation of CA1 pyramidal neurons by PV
interneurons is reduced following developmental deletion of
astrocytic ephrin-B1
To examine if somatic innervation of CA1 PCs was specifically
disrupted by the deletion of ephrin-B1 in astrocytes, we analyzed
the innervation of soma and dendrites of CA1 PCs by PV cells.
PV-positive presynaptic sites onto GFP-expressing CA1 pyrami-
dal neurons were detected using immunostaining against VGAT
and PV. We observed a significant reduction in the number of
colocalized VGAT/PV presynaptic sites in the SP of KO mice
(Fig. 2J; Extended Data; t test; t(10) = 2.841; p= 0.0175) and
more specifically on both the SO dendrites (Fig. 2D; Extended
Data; Welch-corrected t test; t(21.21) = 2.277; p= 0.0332) and
somata (Fig. 2E; Extended Data; Welch-corrected t test; t(17.37) =
2.290; p=0.0348) of CA1 pyramidal neurons in the hippocampus
of P28 ephrin-B1 KOmice compared with controls. Additionally,
there was a significant reduction in the number of colocalized
VGAT-/gephyrin-positive puncta on the soma of CA1 PCs
(Fig. 2F; Extended Data; Welch-corrected t test; t(43.61) = 4.213;
p= 0.0001), suggesting that the reduced number of VGAT/PV
puncta was due to a reduced number of synapses and not due
to our inability to detect PV. Indeed, PV levels were not signifi-
cantly different in the KO group compared with controls (Fig. 2K;
Extended Data; t test; t(45) = 1.247; p= 0.2187). The data indicate
that developmental deletion of astrocytic ephrin-B1 reduces the
number of PV-positive structural synapses formed onto both
SO dendrites and somata of CA1 excitatory neurons and suggests
that PV→PC connectivity is regulated by the levels of astrocytic
ephrin-B1.

Deletion of astrocytic ephrin-B1 increases seizure
susceptibility and repetitive behaviors
To assess whether alterations in PV-mediated inhibition of CA1
pyramidal neurons led to functional changes in astrocytic
ephrin-B1 KO mice, we examined their susceptibility to seizures
induced by PTZ, a GABAAR antagonist (Fig. 3A). Indeed,
P45–P50 mice lacking astrocytic ephrin-B1 were more suscepti-
ble to PTZ-induced seizures and exhibited robust seizures in
response to PTZ at a 30 mg/kg dose, while only 25% of the con-
trols seized during the duration of the test. The latency to seizure
was also significantly reduced in KO mice (Fig. 3B; Extended
Data; t test; t(18) = 4.439; p= 0.0003), while the duration
(Fig. 3C; Extended Data; t test; t(16) = 2.166; p= 0.0458) and max-
imum seizure score (Fig. 3D; Extended Data; Mann–Whitney
test; DoF(18); MWU=17; p= 0.0044) were significantly
increased compared with controls. The increased maximum
score was due to an increase in the number of Stage 4 (Fig. 3F;
Extended Data; Mann–Whitney test; DoF(16); MWU=20;
p = 0.0359) and Stage 5 events in KO mice compared with con-
trols (Fig. 3F; Extended Data; Mann–Whitney test; DoF(18);
MWU=16; p= 0.0044). In addition, we found that astrocytic
ephrin-B1 KO mice showed a significant increase in digging
behavior (Fig. 3J; Extended Data; Mann–Whitney test;
DoF(21); MWU=16.5; p= 0.0013), which can be interpreted as
repetitive behavior. We also assessed obsessive–compulsive
behaviors in P45–P50 mice using the marble burying test and
found that ephrin-B1 KOmice buried significantly more marbles
than their controls (Fig. 3L; Extended Data; t test; t(26) = 4.491;
p < 0.0001). Social behaviors were assessed using three-chamber
test and showed reduced sociability and no changes in SNP in
ephrin-B1 KO mice compared with controls (Fig. 3M,N;
Extended Data; sociability, t test; t(24) = 2.758; p= 0.0110; SNP,
t test; t(25) = 0.8935; p= 0.3801). Anxiety-like behaviors were
assessed using the OF test. While control mice increased their
exploratory behaviors over time and spent more time in the
OF during the second 5 min of the test (Fig. 3O; Extended
Data; two-way ANOVA; Fisher’s exact LSD; genotype, F(1,50) =
14.4; p= 0.0004; time, F(1,50) = 8.338; p= 0.0057; interaction,
F(1,50) = 4.279; p= 0.0438; CON first 5 min vs CON second
5 min, p= 0.0004), ephrin-B1 KO mice were more anxious and
spent less time in the OF during the second 5 min compared

�
intensity and gain than the WT group to prevent saturation of the ephrin-B1 signal in astrocytes, which resulted in lower ephrin-B1 signal in neurons than in the KO group and their corresponding
controls. H, Graphs show the number of GFAP-immunoreactive processes in the SP and SO layers of CA1 hippocampus of noninjected and OE side (14–15 images/4–5 mice per group; t test;
p> 0.05; Extended Data Table 1-1). I, Representative image of a biocytin-filled PC in the CA1 hippocampus, labeled with streptavidin (red) following whole-cell recording. Scale bar, 100 μm.
J, Representative current traces of the oeIPSC recorded from PCs in hippocampal slices of OE and vehicle-injected mice (control) following the activation of PV interneurons expressing ChR2 with
400 nm LED light. Inset, The black line shows the optically evoked inhibitory currents recorded in a CA1 PC prior to application of gabazine. The red line shows the current response to optical
stimulation after bath application of 10 μM gabazine. Bath application of gabazine successfully abolished oeIPCs, indicating that the currents were inhibitory. K, The IO curve shows the average
oeIPSC amplitude in OE and control groups plotted against LED power. There is a significant effect of LED power and interaction between genotype and LED power (11–12 cells per group, 7–8
mice per group, two-way ANOVA, Extended Data Table 1-1). L, The graph shows the average peak amplitude of the last five stimulations in the IO curve. The ephrin-B1 OE group shows a
significant increase in the peak oeIPSC amplitude (11–12 cells per group; 7–8 mice per group; t test; *p< 0.05; Extended Data Table 1-1). M, Representative traces of the oeIPSCs in control and
OE groups, generated during stimulation with a 20 Hz train of 10 LED pulses. N, The graph shows the average oeIPSC amplitude in control and OE during each LED pulse within a 20 Hz train.
There is a significant increase in the average oeIPSC amplitude in response to the first two stimuli in OE compared with the control group (8–9 cells per group; 7–8 mice per group; two-way
ANOVA; *p< 0.05; ****p< 0.0001; Extended Data Table 1-1). O, The graph shows the average oeIPSCs normalized to the first stimulus in the 20 Hz train to assess short-term plasticity with no
significant effect of genotype or interaction (8–9 cells per group, 7–8 mice per group, two-way ANOVA, Extended Data Table 1-1). P, Q, Confocal images of brain slices from control (P) and OE (Q)
mice immunolabeled against VGAT (green) and PV (red); scale bar, 50 μm (left panels), 25 μm (middle panels), 10 μm (right panels). R, The graph shows the average number of VGAT/PV
colocalized puncta in the OE group normalized to the contralateral noninjected side. The OE group shows a significant increase in VGAT/PV colocalized puncta in the SP layer of the CA1 hip-
pocampus (10 images/5 mice per group; t test; *p< 0.05; **p< 0.01; ***p< 0.001; Extended Data Table 1-1). S, The graph shows the PV immunoreactivity levels within PV interneurons of
OE mice. PV levels were not affected by OE of astrocytic ephrin-B1 (19–27 cells/3 mice per group; t test; p> 0.05; Extended Data Table 1-1). T, The graph shows density of PV-expressing cells in
the CA1 hippocampus of OE mice compared with the contralateral noninjected side. OE does not significantly affect the density of PV-expressing cells in the CA1 hippocampus (17 images/4 mice
per group; t test; p> 0.05; Extended Data Table 1-1). U, Drawing depicts differences in PV→PC connectivity between ephrin-B1 OE and control groups. All data are represented as mean ± SEM.
Graphics created with Biorender.com.
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Figure 2. Deletion of astrocytic ephrin-B1 reduces PV perisomatic innervation of CA1 pyramidal neurons. A, B, Confocal images showing VGAT (green) and PV (red) immunostaining on SO
dendrites (A) or somata (B) of CA1 excitatory pyramidal neurons labeled with GFP (blue) in control and KO mice. Scale bar, 10 μm. C, Confocal images showing VGAT (red) and gephyrin (green)
immunostaining on somata of CA1 excitatory pyramidal neurons labeled with GFP (blue) in control and KO mice. Scale bar, 10 μm. D, E, Graphs represent the average colocalized VGAT/PV puncta
on SO dendrites (D) or somata (E) of CA1 excitatory neurons in control and astrocytic ephrin-B1 KO mice. KO mice show a significantly reduced density of colocalized VGAT/PV puncta on SO
dendrites and somata of excitatory neurons (13–18 images/4 mice per group; t test; *p< 0.05; Extended Data Table 2-1). F, The graph shows the average number of colocalized VGAT/gephyrin-
positive puncta on CA1 excitatory neuronal soma. KO mice show a significant reduction in the density of VGAT-/gephyrin-positive puncta (30–31 cells/4 mice per group; Welch-corrected t test;
***p< 0.0001; Extended Data Table 2-1). G–I, Confocal images of SP layer of CA1 hippocampus immunolabeled against VGAT (green) and PV (red); scale bar, 25 μm. J, The graph shows the
average number of colocalized VGAT/PV puncta in the KO group normalized to the control. The KO group shows a reduction in VGAT/PV colocalized puncta in the SP layer of the CA1 hippocampus

Sutley-Koury et al. • EphB2, Astrocytes, and Inhibition J. Neurosci., November 6, 2024 • 44(45):e0154242024 • 9

https://doi.org/10.1523/JNEUROSCI.0154-24.2024.t2-1
https://doi.org/10.1523/JNEUROSCI.0154-24.2024.t2-1


with controls (Fig. 3O; Extended Data; two-way ANOVA;
ephrin-B1 vs CON second 5 min, p= 0.0010). There were no
significant differences observed in overall distance traveled
between the groups (Fig. 5P; Extended Data; t test; t(25) =
0.1259; p= 0.9008). Together, the data suggest that impaired
inhibition following the deletion of astrocytic ephrin-B1 is
most likely responsible for increased susceptibility, duration,
and severity of PTZ-induced seizures, as well as exacerbated
repetitive and anxiety-like behaviors.

Astrocytic ephrin-B1 controls localization of EphB in PV
boutons but not PV soma
To test whether astrocytic ephrin-B1 controls PV→PC connec-
tivity through regulating EphB signaling in PV interneurons,
we tested if the changes in astrocytic ephrin-B1 levels would
affect EphB receptor localization using immunofluorescence
staining against PV, pan-EphB, and ephrin-B1 (Fig. 4A–L).
Although neither OE (Fig. 4E; Extended Data; t test; t(13) =
0.9007; p= 0.3841) nor deletion (Fig. 4K; Extended Data; t test;
t(25) = 0.6443; p= 0.5252) of astrocytic ephrin-B1 affected the
total number of EphB puncta in the SP layer of the CA1 hippo-
campus, levels of astrocytic ephrin-B1 influenced the association
of the EphB immunoreactive puncta with PV boutons (Fig. 4C,I)
and ephrin-B1 (Fig. 4D,J). OE of astrocytic ephrin-B1 reduced
PV/EphB colocalization in the SP layer compared with the con-
tralateral side of the same brain slice (Fig. 4C; Extended Data;
t test; t(13) = 2.503; p= 0.0265), showing a significant reduction
in the percentage of EphB puncta associated with PV puncta
(8.22 ± 1.56 in CON and 5.04 ± 1.74 in OE; t test; p= 0.046), while
deletion of astrocytic ephrin-B1 increased PV/EphB colocalization
compared with controls (Fig. 4I; Extended Data; t test, t(23) = 2.246,
p=0.0346). In contrast, OE of astrocytic ephrin-B1 increased
EphB/ephrin-B colocalization (Fig. 4D; Extended Data; Welch-
corrected t test; t(18.23) = 2.5; p= 0.0222), while KO reduced
EphB/ephrin-B colocalization (Fig. 4J; Extended Data; Welch-
corrected t test; t(30.73) = 3.427; p= 0.0018). Analysis of EphB
receptor on the soma of PV interneurons did not show any
significant changes in OE mice (Fig. 4F; Extended Data; t test;
t(37) = 0.3604; p= 0.7206) or in KO mice (Fig. 4L; Extended
Data; t test; t(47) = 0.6153; p= 0.5413). EphB/ephrin-B1 colocali-
zation on PV somata was also not significantly different in OE
(Fig. 4F; Extended Data; t test; t(45) = 0.4070; p= 0.6859) or KO
mice (Fig. 4L; Extended Data; t test; t(47) = 1.607; p= 0.1148)
compared with their controls. Altogether, the results show that
levels of astrocytic ephrin-B1 did not significantly alter EphB
receptor localization on the somata of PV interneurons but
instead specifically affected its localization in PV boutons.
Reduced levels of PV/EphB colocalization in presynaptic boutons
coincided with increased EphB/ephrin-B1 colocalization and
PV→PC connectivity in OE mice, while increased PV/EphB
colocalization in presynaptic boutons coincided with reduced
EphB/ephrin-B1 colocalization and PV→PC connectivity in
KO mice. Therefore, we hypothesize that EphB signaling in PV
boutons negatively regulates the establishment of inhibitory
PV→PC contacts and astrocytic ephrin-B1 controls PV→PC
connectivity by regulating the localization of the EphB receptors
in PV boutons but not on PV somata.

Deletion of EphB2 from PV interneurons enhances PV→PC
functional connectivity
To test the hypothesis that EphB signaling in PV boutons nega-
tively regulates PV→PC connectivity, we generated a mouse line
in which the EphB2 receptor was specifically deleted in PV inter-
neurons. First, EphB2-floxed mice were generated by inserting
loxP sites upstream of Exon 2 and downstream of Exon 3 of
the ephB2 gene. PV-EphB2 KO mice were then generated by
crossing PV-Cre and EphB2-floxed mice (Fig. 5A). Brain slices
from P28 control and PV-EphB2 KO mice were immunolabeled
against PV and EphB2 (Fig. 5B).We observed a significant reduc-
tion in the levels of EphB2 immunoreactivity in PV interneurons
(Fig. 5C; Extended Data; Welch’s t test; t(96.88) = 3.817;
p = 0.0002). The presence of residual immunoreactivity may be
due to a nonspecific detection of other EphB receptors in PV
interneurons. As before, we used whole-cell voltage–clamp elec-
trophysiology in combination with optogenetics to measure
PV-specific oeIPSCs in CA1 PCs of control and PV-EphB2 KO
mice at P28+/−2D. PV interneurons expressing ChR2-YFP but
lacking both copies of EphB2 were optogenetically stimulated
using 470 nm LED light, and responses were recorded in CA1
PCs. Deletion of EphB2 from PV interneurons significantly
increased the oeIPSC amplitude as a function of increased LED
power (Fig. 5D,E; Extended Data; two-way ANOVA; genotype
difference, F(1,34) = 4.484; p= 0.0416; LED–genotype interaction,
F(11,374) = 2.946; p= 0.0009; Sidak’s multiple-comparisons post
hoc test; *p < 0.05). The peak oeIPSC amplitude was also signifi-
cantly increased in PV-EphB2 KO mice compared with controls
(Fig. 5F; Extended Data; t test; t(34) = 2.188; p= 0.0357). The data
indicate that deletion of EphB2 from PV interneurons enhances
the strength of PV→PC functional connectivity. The significant
enhancement of oeIPSC amplitude was also observed in
PV-EphB2 KO mice during the first stimulation in a 20 Hz train
(Fig. 5G,H; Extended Data; two-way ANOVA; genotype differ-
ence, F(1,34) = 1.741; p= 0.195, Stim, F(9,306) = 93.98; p < 0.0001;
interaction, F(9,306) = 2.473; p= 0.0098; Sidak’s multiple-
comparison post hoc test; *p < 0.05), but we observed no differ-
ences in PPR between the groups (Fig. 5I; Extended Data;
two-way ANOVA; genotype difference, F(1,34) = 0.4691; p=0.4980;
Stim, F(8,272) = 121.8; p < 0.0001; interaction, F(8,272) = 1.767;
p = 0.0836; Sidak’s multiple-comparison post hoc test), suggest-
ing that deletion of EphB2 from PV interneurons enhanced
functional PV→PC connectivity without changing the presynap-
tic release probability, most likely due to an increased number or
strength of PV→PC synapses.

Deletion of EphB2 receptors from PV interneurons protects
against PTZ-induced seizures but does not alter repetitive or
social behaviors
We hypothesized that enhanced PV→PC connectivity should
strengthen inhibition in vivo and protect against seizure develop-
ment. To assess if deletion of EphB2 receptors from PV interneu-
rons influenced seizure susceptibility, we treated EphB2 KO and
control mice with PTZ similar to our previous experiments with
ephrin-B1 KO mice. However, for this experiment, we utilized a
50 mg/kg dose of PTZ, which was sufficient to induce tonic–
clonic seizures in control mice but did not induce tonic–clonic

�
(6 images/3 mice per group; t test; *p< 0.05; Extended Data Table 2-1). K, The graph shows the PV immunoreactivity levels within PV interneurons of KO and control mice (N). PV levels in PV
interneurons were not affected by KO (23–24 cells/4 mice per group, t test, Extended Data Table 2-1). L, The drawing depicts the changes in PV-positive innervation of PC following deletion of
astrocytic ephrin-B1. All data are represented as mean ± SEM. Graphics created with Biorender.com.
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Figure 3. Deletion of astrocytic ephrin-B1 leads to increased seizure susceptibility, anxious and repetitive behaviors, as well as reduced sociability. A, The diagram shows seizure testing
paradigm and the mechanism of action of PTZ. B, The graph shows the latency to the onset of tonic–clonic seizure in control and KO mice following injection of 30 mg/kg PTZ at
P48+/−2D. Astrocytic ephrin-B1 deletion reduced the latency to the onset of tonic–clonic seizure following PTZ treatment, indicating that KO mice were more susceptible to PTZ-induced seizure
(8–12 mice/group; t test; ***p< 0.001; Extended Data Table 3-1). C, D, The duration of events stage 3+ (C) and maximum seizure score achieved (D) as measured by racine seizure scale
were increased following deletion of astrocytic ephrin-B1, indicating that deletion of astrocytic ephrin-B1 increased the severity of PTZ-induced seizures (8–12 mice/group; t test or Mann–
Whitney test; *p< 0.05; **p< 0.01; Extended Data Table 3-1). E, F, Graphs show the number of seizure events of Stages 2–5 as measured by the Racine seizure scale. KO mice show increased
numbers of events at Stages 4 and 5 compared with control mice (8–12 mice/group; Mann–Whitney test; *p< 0.05; **p< 0.01; Extended Data Table 3-1). G–K, Graphs show analysis of common
home cage behaviors represented as the number of scanning, grooming, motion, digging, and grooming bouts in 10 min. KO mice displayed an increased number of digging bouts compared with
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seizures in KO mice (Fig. 5J–L). Indeed, KO mice showed a sign-
ificantly reduced latency to the onset of tonic–clonic seizure
(Fig. 5J; Extended Data; Welch-corrected t test; t(9) = 2.335; p=
0.0444). While EphB2 KO mice did not experience tonic–clonic
seizures, seizure duration was >0 in control mice (Fig. 5K;
Extended Data; Welch-corrected t test; t(8) = 1.918; p= 0.0914).
While 40% of control mice showed tonic–clonic seizures, no
events with the score >3 were recorded in KO group, and WT
mice were six times more likely to exhibit tonic–clonic seizures
than KO mice (Fig. 5L; odds ratio, 6). Social behaviors were
also assessed in EphB2 KO mice using the three-chamber test
which displayed no differences in sociability or social preferences
between control and KO mice (data not shown). PV-EphB2 KO
mice spent the same amount of time in the OF compared with
controls overall, but interestingly PV-EphB2 KO mice showed
more exploratory behaviors during the first 5 min (Fig. 5M;
Extended Data; two-way ANOVA; Tukey’s multiple-comparison
test; genotype, F(1,40) = 6.436; p= 0.0152; time, F(1,40) = 17.16;
p = 0.0002; interaction, F(1,40) = 1.556; p= 0.2195; CON vs KO
first 5 min, p= 0.0505) and increased distance traveled than con-
trols during all 10 min of the test (Fig. 5N; Extended Data; t test;
t(20) = 3.213; p= 0.0044). We observed no changes in repetitive
behaviors, as KO mice buried the same number of marbles com-
pared with controls (Fig. 5O; Extended Data; t test; t(20) = 0.5060;
p= 0.6184). The data suggest that deletion of EphB2 from PV
interneurons protects against PTZ-induced seizures and
enhances exploratory behaviors, but does not alter repetitive or
social behaviors.

Deletion of EphB2 receptors from PV interneurons enhances
PV→PC structural connectivity
To test if levels of EphB2 in PV interneurons affect the number of
PV-positive inhibitory synapses during P14–P28 period, we ana-
lyzed the density of PV-positive inhibitory presynaptic sites in
the pyramidal (SP) layer of the CA1 hippocampus by immuno-
labeling hippocampal slices against PV and VGAT (Fig. 6A,B).
Mice lacking both copies of EphB2 in PV interneurons showed
a significant increase in the number of VGAT/PV presynaptic
sites in the SP compared with controls, while deletion of one
copy of EphB2 in PV interneurons had no significant effect
(Fig. 6C; Extended Data; Brown–Forsythe and Welch ANOVA;
F(2.0,32.24) = 1.837; p= 0.1756; Dunnett’s multiple-comparison
test, CON-HET, p= 0.5407; CON-KO, p= 0.0486; *p < 0.05).
Deletion of one or both copies of EphB2 in PV interneurons
was also sufficient to increase PV immunoreactivity in PV inter-
neurons (Fig. 6D; Extended Data; Brown–Forsythe and Welch
ANOVA; F(2.0,202.7) = 13.5; p < 0.0001; Dunnett’s multiple-
comparisons test; CON-HET, p= 0.0012; CON-KO, p < 0.0001;
**p < 0.01; ****p < 0.0001). However, there were no differences
in the density of PV interneurons detectable by immunostaining
(Fig. 6E; Extended Data; t test; t(8) = 0.9220; p= 0.3835). As PV
expression is activity dependent and thought to correlate with
PV cell activity and maturation (Donato et al., 2013; Page
et al., 2019), PV interneuron activity or maturation may be neg-
atively regulated by EphB2 expression in PV interneurons.

In addition, we utilized EM to analyze the number of periso-
matic presynaptic sites in the CA1 SP layer of control and

PV-EphB2 KO mice, which resembled inhibitory presynaptic
sites with large presynaptic vesicles and adjacent symmetric
Type 2 axosomatic synapses (Fig. 6G,H). Although we did not
detect any significant differences in the density of presynaptic
sites on neuronal somata (Fig. 6I; Extended Data; t test; t(44) =
1.447; p= 0.1551), both the density of active zones (Fig. 6J;
Extended Data; Welch-corrected t test; t(32.55) = 2.767; p=
0.0092) and the number of active zones per presynaptic site
were increased in KO mice (Fig. 6K; Extended Data; t test;
t(44) = 2.539; p=0.0147). The average size of the presynaptic site
was also significantly higher in KO mice (Fig. 6M; Extended
Data; t test; t(44) = 5.012; p<0.0001). KO mice showed a higher
proportion of presynaptic sites of a larger size (0.5–1 μm) and a
lower proportion of smaller presynaptic sites (0–0.5 μm; Fig. 6M;
Extended Data; ANOVA with Tukey’s multiple-comparison test;
F(7,24) = 52; for 0–0.25 p<0.0001; for 0.25–0.5 p=0.002; for 0.5–1
p < 0.0001; for >1 p= 0.2010). Interestingly, the size of glial
processes (Fig. 6O; Extended Data; Welch-corrected t test;
t(24.91) = 5.226; p < 0.0001) as well as coverage of neuronal somata
was also enhanced in KO mice (Fig. 6P; Extended Data;
Welch-corrected t test; t(23.97) = 4.721; p < 0.0001). However,
the total number of glial processes was unchanged (Fig. 6L;
Extended Data; t test; t(44) = 0.6854; p = 0.4967). The increased
size of inhibitory presynaptic sites may explain our ability to
detect an increased number of VGAT/PV presynaptic sites in
KO mice and the increase in the number of active zones within
inhibitory–presynaptic sites may explain why we detect
enhanced strength of PV–PC functional connections in KO
mice. Altogether the results suggest that EphB2 signaling in PV
interneurons may negatively regulate PV–PC connectivity
through controlling the size of inhibitory presynaptic sites and
number of active zones within them. This is potentially achieved
by regulating the recruitment of glial processes.

Astrocytic ephrin-B1 OE does not further enhance PV→PC
connectivity in mice lacking EphB2 in PV interneurons
If astrocytic ephrin-B1 regulates PV→PC connectivity through
controlling EphB2 signaling in PV boutons, we expect that OE
of astrocytic ephrin-B1 in mice lacking EphB2 in PV interneu-
rons should not further enhance PV→PC connectivity. To test
this hypothesis, we performed whole-cell voltage–clamp electro-
physiology recordings to measure PV-specific oeIPSCs in CA1
PCs of PV-EphB2 KO mice injected with AAV-EfnB1 to overex-
press ephrin-B1 in astrocytes or AAV-TdTomato control vector.
PV interneurons were optogenetically stimulated, and responses
were recorded in CA1 PCs. IO curves were generated as
described previously and maximum responses were used to mea-
sure peak oeIPSCs (Fig. 7A–C). We observed a significant effect
of LED power but no effects of genotype or interaction between
genotype and LED power (Fig. 7B; Extended Data; two-way
ANOVA; genotype, F(1,20) = 1.409; p= 0.2492; LED power,
F(2.460,49.19) = 104.1; p < 0.0001; interaction, F(11,220) = 0.3973; p=
0.9561; Sidak’s multiple-comparison post hoc test). There was
also no significant difference in the peak oeIPSC amplitude
between the groups (Fig. 7C; Extended Data; t test; t(20) =
0.7851; p= 0.4461). The data suggest that astrocytic ephrin-B1
OE did not further enhance the strength of PV→PC functional

�
control mice at P28 (J; 12 animals per group; t test; **p< 0.01; Extended Data Table 3-1). L–P, Graphs show the analysis of marble burying (L), social behaviors in three-chamber test (M, N),
and anxiety-like behaviors in OF test (O, P; 11–16 mice/group; t test or two-way ANOVA; *p< 0.05; ***p< 0.001; Extended Data Table 3-1). Ephrin-B1 KO mice showed increased obsessive–
compulsive behaviors, reduced sociability, and anxiety-like behaviors. All data are represented as mean ± SEM. Graphics created with Biorender.com.
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Figure 4. Astrocytic ephrin-B1 levels control localization of EphB in PV boutons but not in the soma of PV interneurons. A, B, G, H, Confocal images from astrocytic ephrin-B1 OE (B) and
ephrin-B1 KO (H ) and their corresponding controls (CON; A, G) showing PV, pan-EphB, and ephrin-B1 immunofluorescence labeling in the SP layer of CA1 hippocampus and on PV soma. Scale
bar, 10 μm. C–F, I–L, Graphs represent the number of colocalized PV/EphB puncta in the SP (C, I ), the number of colocalized EphB/Ephrin-B1 puncta in the SP (D, J ), the total number of EphB
puncta in the SP (E, K), or the number of EphB puncta and EphB/ephrin-B1 colocalization on PV soma (F, L) in OE mice normalized to the contralateral side of the same brain slice (CON; C–F) and
KO mice normalized to tamoxifen-injected controls lacking ERT2-cre (CON; I–L). Although OE (E) or deletion (K) of astrocytic ephrin-B1 did not affect the total number of EphB puncta in the SP
[7–8 images (OE), 11–16 images (KO)/3-4 mice per group; t test; p> 0.05; Extended Data Table 4-1], the colocalization of EphB with ephrin-B1 and PV boutons was differentially regulated by OE
and KO. OE significantly increased EphB/Ephrin-B1 colocalization in the SP (D), while KO reduced EphB/Ephrin-B1 colocalization in the SP [J; 13–15 images (OE), 13–22 images (KO)/3–4 mice per
group; t test; *p< 0.05; **p< 0.01; Extended Data Table 4-1]. In contrast, the number of PV-EphB2 colocalized puncta in the SP was significantly reduced in the OE group (C) but increased in
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connections in ephrin-B1–injected PV-EphB2 KO compared
with control-injected PV-EphB2 KO group. OE of astrocytic
ephrin-B1 in mice lacking EphB2 in PV interneurons also did
not affect oeIPSC amplitude over a 20 Hz train (Fig. 7E;
Extended Data; two-way ANOVA; genotype, F(1,17) = 1.936;
p = 0.1821; Stim, F(9,153) = 96.12; p < 0.0001; interaction, F(9,153)
= 0.8606; p= 0.5619; Sidak’s multiple-comparison post hoc
test). Interestingly, there was a trend toward increased PPR
and a significant interaction between stimulus number and
genotype (Fig. 7F; Extended Data; two-way ANOVA; genotype,
F(1,17) = 3.294; p= 0.0872; Stim, F(2.958,50.28) = 102.3; p < 0.0001;
interaction, F(8,136) = 2.293; p= 0.0246; Sidak’s multiple-
comparison post hoc test), suggesting that the two groups may
exhibit differences in short-term synaptic dynamics. Analysis
of structural VGAT/PV presynaptic sites by immunolabeling
also did not reveal any significant difference between
ephrin-B1 overexpressing PV-EphB2 KO and the contralateral
control side of the same brain slice (Fig. 7I; Extended Data; paired
t test; t(21) = 0.9448; p= 0.3555). These data support the hypoth-
esis that astrocytic ephrin-B1 controls PV→PC connectivity by
negatively regulating EphB receptor signaling in PV boutons,
allowing for more inhibitory connections to form between PV
and PC cells.

Discussion
Here we report three major findings: (1) genetic deletion of
EphB2 receptor from PV cells during early postnatal hippocam-
pal development enhances PV cell structural and functional con-
nectivity; (2) OE of EphB2 receptor ligand, ephrin-B1, in
astrocytes affects EphB2 localization in PV-positive inhibitory
perisomatic boutons and promotes PV cell activity; and (3) the
effects of astrocytic ephrin-B1 on PV cell structural and func-
tional connectivity are mediated through EphB2 receptor signal-
ing in PV cells (Fig. 8). More specifically, we show that the
strength of PV→PC connectivity was affected by the levels of
ephrin-B1 in astrocytes. OE of ephrin-B1 in astrocytes led to a
significant increase in the amplitude of PV-specific oeIPSCs
recorded in PCs with no significant difference in the PPR. The
enhancement of oeIPSC amplitude following OE of astrocytic
ephrin-B1 can be explained by an increased number of synapses
or increased GABA receptor number or function. Although acti-
vation of the EphB receptor with its ligand ephrin-B was reported
to regulate AMPAR and NMDAR clustering and function, its
effects on GABA receptors have not been observed (Dalva et
al., 2000; Takasu et al., 2002; Kayser et al., 2006). In addition,
the analysis of mRNA levels of multiple GABA receptors showed
no changes in their levels in ephrin-B1 KO mice (data not
shown). Our findings suggest that astrocytic ephrin-B1 nega-
tively regulates EphB receptor signaling at the presynaptic site
of inhibitory synapses, as we observe an increased number of
VGAT/PV presynaptic sites following astrocytic ephrin-B1 OE
as well as PV-specific deletion of EphB2. In contrast, the reduc-
tion in VGAT/PV presynaptic sites in ephrin-B1 KO coincided
with a decrease in VGAT/gephyrin inhibitory synapses on PC
somata in the CA1 hippocampus, suggesting that the observed
changes in PV-positive presynaptic sites are most likely

responsible for reduced inhibition. The observations that both
strength and number of PV→PC synapses are regulated by the
levels of ephrin-B1 in astrocytes and EphB2 in PV cells provide
further evidence that the development of PV-positive inhibitory
synapses is tightly regulated by astrocytes through EphB receptor
signaling in PV cells.

E/I imbalance is hypothesized to drive pathological pheno-
types exhibited in NDDs (Rubenstein and Merzenich, 2003).
More specifically, impaired inhibition is thought to underlie
the development of hyperactive neuronal networks in NDDs
such as ASD and epilepsy (Sohal and Rubenstein, 2019; Tang
et al., 2021). Dysfunctions of PV interneurons, including reduced
density of PV interneurons, reduced PV expression, impaired
PNN formation, and reduced activity of PV interneurons have
been observed in individuals with ASD, suggesting that PV inter-
neurons may critically regulate E/I balance and that they may
play an important role in the pathogenesis of NDDs (Lawrence
et al., 2010; Hashemi et al., 2016; Contractor et al., 2021). Our
data show that deletion of astrocytic ephrin-B1 increases suscept-
ibility to PTZ-induced seizures, but deletion of EphB2 in PV
interneurons reduces seizure susceptibility, which provide fur-
ther evidence of the involvement of ephrin-B/EphB signaling
in regulating inhibition in vivo. We speculate that the reduction
in PV→PC connectivity most likely contributes to this impaired
inhibition. However we previously reported that the deletion of
astrocytic ephrin-B1 increased the number of excitatory synapses
in the CA1 hippocampus, which can also contribute to the
enhanced seizure susceptibility in ephrin-B1 KO mice (Nguyen
et al., 2020). We also found that mice lacking ephrin-B1 in astro-
cytes exhibit repetitive digging behavior and increased marble
burying compared with controls. Astrocyte-specific deletion of
ephrin-B1 also enhances anxiety-like behaviors in the OF test,
and juvenile P45–P50 ephrin-B1 KO mice also exhibit
impaired sociability in the three-chamber test similar to P28
mice as previously reported (Nguyen et al., 2020). In contrast,
we find that the deletion of EphB2 in PV interneurons had no
effect on sociability (results not shown) or marble burying
but did enhance exploratory behaviors in the OF test, which
implicates that the mice were less anxious. Impaired social
behaviors and restrictive, repetitive behaviors are currently
two of the major diagnostic criteria for ASD (Association,
2013). Additionally, ASD individuals present with epilepsy at
disproportionate rates compared with the normal population
(Spence and Schneider, 2009; Tuchman and Cuccaro, 2011).
Importantly, de novo mutations in the gene encoding EphB2
receptors have been reported to be risk factors for the develop-
ment of ASD, and EphB2 is identified as a strong candidate
with Score 2 in SFARI database (Kong et al., 2012; Sanders
et al., 2012; Abrahams et al., 2013; Yang et al., 2013).
Therefore, we believe the results of our study illustrate a novel
mechanism responsible for proper inhibitory circuit develop-
ment, which when impaired can result in ASD phenotypes.

We found that levels of astrocytic ephrin-B1 influence the
localization of EphB receptor clusters in PV boutons but not
on the somata of PV interneurons. It is intriguing that the
levels of astrocytic ephrin-B1 influence the localization of EphB
receptors in a compartment-specific manner. The compartment-

�
KO group (I) compared with their respective controls [7–8 images (OE); 11–14 images (KO)/3–4 mice per group; t test; *p< 0.05; **p< 0.01; Extended Data Table 4-1]. The number of EphB
puncta or EphB/ephrin-B1 colocalization on the soma of PV interneurons was unchanged in both OE mice (F) and KO mice (L; 10-25 PV cells/3–4 mice per group, t test, Extended Data Table 4-1).
All data are represented as mean ± SEM. Graphics created with Biorender.com.
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Figure 5. Deletion of EphB2 receptor from PV interneurons enhances PV→PC connectivity and reduces seizure susceptibility. A, Schematics of the generation of EphB2flox mice for conditional
deletion of EphB2 using a Cre driver. Exons 2 and 3 were selected as a conditional KO region by inserting the loxP site upstream of Exon 2 and downstream of Exon 3. DNA gel shows the respective
genotypes with the WT (209 bp), the heterozygous (HET), and the homozygous EphB2flox (266 bp) bands. B, Confocal images of PV (red) and EphB2 (green) immunolabeling in brain slices from
control (top) and PV-EphB2 KO mice (bottom). Scale bar, 25 μm. C, The graph shows quantification of EphB2 immunofluorescence levels in PV interneurons of control and PV-EphB2 KO mice.
Deletion of EphB2 from PV interneurons significantly reduced the EphB2 immunofluorescence intensity levels in PV interneurons [n= 3–4 mice; 50–57 cells per group; Welch’s t test;
***p < 0.001; Extended Data Table 5-1). D, Representative current traces of the oeIPSCs recorded from excitatory CA1 PCs of mice lacking EphB2 in PV interneurons (PV-EphB2 KO) and
control mice. E, IO curve shows the average oeIPSC amplitudes in PV-EphB2 KO and control mice plotted against LED power. Two-way ANOVA showed a significant effect of genotype,
LED power, and interaction between genotype and LED power [18 cells, 7–9 mice per group; two-way ANOVA (sphericity assumed, Sidak’s post hoc test); *p< 0.05; Extended Data
Table 5-1]. F, The graph shows the average peak oeIPSC amplitude in PV-EphB2 KO and control mice with a significant increase in PV-EphB2 KO group (18 cells; 7–9 mice per group; t
test; *p< 0.05; Extended Data Table 5-1). G, Representative traces of oeIPSCs from control and PV-EphB2 KO groups during a 20 Hz train of 10 LED pulses. H, The graph shows the average
oeIPSC amplitude in control and PV-EphB2 KO cells during each LED pulse within a 20 Hz train. PV-EphB2 KO cells showed a significant increase in the average oeIPSC amplitude during the first
stimulus. I, The graph shows the average oeIPSCs normalized to the first stimulus in the 20 Hz train to assess the plasticity with no significant effect of genotype or interaction (18 cells, 7–9 mice
per group, two-way ANOVA, sphericity assumed, Sidak’s post hoc test, Extended Data Table 5-1). J, The graph shows latency of the onset to tonic–clonic seizure in control and EphB2 KO mice. KO
mice showed an increased latency to seizure (9–10 mice per group; Welch-corrected t test; *p< 0.05; Extended Data Table 5-1). K, The graph shows the duration of seizure events greater than
three, which only occurred in control mice (9–10 mice per group; Welch-corrected t test; p> 0.05; Extended Data Table 5-1). L, The graph shows the number of animals with tonic–clonic seizures
during the test. Four out of ten control mice displayed tonic–clonic seizures, while none of the nine KO mice exhibited tonic–clonic seizures. WT mice were six times more likely to exhibit tonic–
clonic seizures than KO mice [odds ratio (OR), 6]. M, N, Graphs show the time spent in OF during the first and second 5 min of the 10 min test and overall distance traveled during the entire
10 min of the test in control and KO mice. M, EphB2 KO mice had more exploratory behaviors with higher overall distance traveled (N; 9–13 mice per group; t test; **p< 0.01; Extended Data
Table 5-1). O, The graph shows marbles buried in the marble burying test, which was not significantly different between control and KO mice. All data are represented as mean ± SEM. Graphics
created with Biorender.com.
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Figure 6. Deletion of EphB2 receptors from PV interneurons enhances PV→PC structural connectivity and perisomatic innervation. A, B, Confocal images of brain slices from (A) control and
(B) PV-EphB2 KO immunolabeled against VGAT (green) and PV (red); scale bar, 50 μm (left panels), 25 μm (middle panels), and 10 μm (right panels). C, The graph shows the average number of
colocalized VGAT/PV puncta in the SP layer of the CA1 hippocampus of control, PV-EphB2+/−, and PV-EphB2−/− KO mice normalized to control. PV-EphB2−/− KO mice showed a significant
increase in the number of VGAT/PV colocalized puncta compared with controls (19–46 images/5–13 mice per group; Brown–Forsythe and Welch ANOVA test; Dunnett’s multiple-comparison test;
*p< 0.05; Extended Data Table 6-1). D, The graph shows the average PV immunoreactivity in control, PV-EphB2+/−, and PV-EphB2−/− KO mice normalized to control. PV immunoreactivity
was increased in mice lacking one or both copies of EphB2 (72–165 cells/group; 4–13 mice/group; Brown–Forsythe and Welch ANOVA test; Dunnett’s multiple-comparison test; **p< 0.01;
****p< 0.0001; Extended Data Table 6-1). E, The graph shows average PV cell density in control and PV-EphB2−/− KO mice. There were no significant differences in the number of PV cells
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�
detectable by immunostaining (15 images/5 mice per group; t test; p> 0.05; Extended Data Table 6-1). F, The graphic shows the changes in PV→PC connectivity in PV-EphB2 KO mice. G, H,
Electron microscope images of the CA1 SP layer of (G) control and (H) PV-EphB2−/− KO mice taken at 8,000×. Scale bar, 1 μm. I–L, Graphs show the density of perisomatic presynaptic sites (I),
active zone density (J), the number of active zones per presynaptic bouton (K), and the density of glial processes (L). The density of perisomatic presynaptic sites and glial processes was not
changed following EphB2 KO in PV cells (23 images/3 mice per group; t test; p> 0.05; Extended Data Table 6-1). However, the number of active zones was significantly increased in KO mice
(23 images/3 mice per group; t test; *p< 0.05; **p< 0.01; Extended Data Table 6-1). M–P, Graphs show the average size of perisomatic presynaptic sites (M), presynaptic size distribution (N),
average size of glial processes (O), and glial surface per neuronal soma (P) in control and KO mice. EphB2 KO mice showed an increased average size of presynaptic boutons (23 images/3 mice per
group; t test; ****p< 0.0001; Extended Data Table 6-1) and a higher number of larger presynaptic sites (23 images/3 mice per group; 2-way ANOVA; Sidak multiple-comparison test; *p<
0.05; **p< 0.01; ***p< 0.001; Extended Data Table 6-1). EphB2 KO also showed a significantly larger size of glial processes and the area of glial surface per neuronal soma (23 images/3 mice
per group; t test; ****p< 0.0001; Extended Data Table 6-1). All data are represented as mean ± SEM. Graphics created with Biorender.com.

Figure 7. Astrocytic ephrin-B1 OE does not further enhance PV→PC connectivity in mice lacking EphB2 in PV interneurons. A, Representative current traces of oeIPSCs recorded from excitatory
CA1 PCs of mice overexpressing astrocytic ephrin-B1 but lacking EphB2 in PV interneurons (PV-EphB2 KO+AAV-EfnB1) and vehicle-injected mice lacking EphB2 in PV interneurons (PV-EphB2 KO
+AAV-TdT). B, The IO curve shows the average oeIPSC amplitude in PV-EphB2 KO+AAV-EfnB1 and in PV-EphB2 KO+AAV-TdT mice plotted against LED power. OE of astrocytic ephrin-B1 in mice
lacking EphB2 in PV interneurons did not significantly change the oeIPSC amplitude compared with control mice [n= 10–12 cells, 5–6 mice per group, 2-way ANOVA (sphericity not assumed,
Sidak post hoc test), Extended Data Table 7-1]. C, The graph shows the average peak amplitude achieved during generation of the IO curve. oeIPC amplitudes recorded in CA1 PCs of PV-EphB2 KO
mice overexpressing astrocytic ephrin-B1 were not significantly different from those recorded in PCs of PV-EphB2 KO mice injected with control AAV-TdT (n= 11–12 cells, 5–6 mice per group,
t test, Extended Data Table 7-1). D, Representative traces of the oeIPSCs from PV-EphB2 KO+AAV-EfnB1 and PV-EphB2 KO + AAV-TdT cells, generated during stimulation with a 20 Hz train of 10
LED pulses. E, The graph shows the average oeIPSC amplitude in PV-EphB2 KO+AAV-EfnB1 and PV-EphB2 KO+AAV-TdT cells during each LED pulse within a 20 Hz train. There was no significant
genotype or interaction effect. F, The graph shows the average oeIPSCs normalized to the first stimulus in the 20 Hz train to assess the plasticity with no significant effect of genotype; however,
there was a significant interaction effect (E, F, 9–10 cells, 5–6 mice per group, 2-way ANOVA, Extended Data Table 7-1). G, H, Confocal images of brain slices from (H) EphB2 KO+AAV-EfnB1 mice
(KO+OE) and (G) the contralateral noninjected side (KO) of the same brain slice immunolabeled against VGAT (green) and PV (red); scale bar, 25 μm. (I) The graph shows the number of VGAT/PV
colocalized puncta in the SP normalized to the contralateral side of the same brain slice. OE of astrocytic ephrin-B1 in mice lacking EphB2 in PV interneurons did not affect the number of VGAT/PV
presynaptic sites (22 images/6 mice per group, t test, Extended Data Table 7-1). All data are represented as mean ± SEM. Graphics created with Biorender.com.
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specific nature of this regulation is a rather significant finding, as
presynaptic versus postsynaptic EphB signaling may regulate
diverse and/or opposing functions in neuronal development
and synaptic maintenance. For example, postsynaptic EphB
receptors play important roles in recruiting and stabilizing
AMPA/NMDARs in excitatory postsynaptic membranes in
dendrites and also regulate dendritic filopodial motility, spine
morphogenesis, and dendritic spine maturation, thereby coordi-
nating excitatory synaptic development (Dalva et al., 2000; Ethell
et al., 2001; Takasu et al., 2002; Kayser et al., 2006; Sloniowski and
Ethell, 2012). If EphB2 is also involved in regulating excitatory
input onto PV cells, then we would expect deletion of EphB2
from PV cells to impair excitatory synapse development onto
PV cells instead of enhancing it. However, we observe the oppo-
site effect as EphB2 deletion potentiates PV activity and PV→PC
connectivity. As we saw the most robust effects of astrocytic
ephrin-B1 on the localization of the EphB receptor in PV
boutons, we believe our work suggests that astrocytic ephrin-B1
regulates PV→PC connectivity by limiting the repulsive trans-
synaptic interactions between EphB expressing PV boutons and
ephrin-B expressing soma or axon initial segment (AIS) of
PCs. Additionally, since astrocytic ephrin-B1 negatively regu-
lated excitatory synapse development (Nguyen et al., 2020), we
would expect ephrin-B1 KO in astrocytes to increase clustering
of NMDAR and AMPAR in excitatory PC→PV synapses,
enhancing excitatory drive onto PV interneurons and increasing
inhibition. However, we see a decrease in inhibition of PCs follow-
ing ephrin-B1 KO in astrocytes, supporting our hypothesis that
EphB expression in PV boutons but not somata of PV interneurons
regulates their synaptic connectivity.

Here we propose a new mechanism of astrocyte-mediated
regulation of inhibitory synapse assembly involving EphB recep-
tor signaling in PV-positive presynaptic boutons. Our observa-
tions that a reduction in EphB receptor association with PV
boutons following the OE of astrocytic ephrin-B1 or genetic dele-
tion of EphB2 from PV interneurons both enhances the assembly

of PV presynaptic sites are consistent with the adverse role of
EphB receptor in inhibitory synapse development. To examine
the role of EphB signaling in PV interneurons, we used PV-cre
promoter to drive cre-lox–mediated deletion of floxed EphB2
receptors. As ephrin-B/EphB signaling has also been implicated
in the migration of Dlx1/2 expressing inhibitory interneurons
during embryonic development (Talebian et al., 2017), it is
important to note that PV expression begins ∼P10–12 and grad-
ually increases until about the third postnatal week (Seto-
Ohshima et al., 1990; de Lecea et al., 1995; Yang et al., 2013), tim-
ing EphB2 deletion during the P14–P21 period, well after PV
interneuron migration to the hippocampus occurs (Tricoire et
al., 2011; Pelkey et al., 2017). If EphB2 plays a role in promoting
excitatory innervation of PV interneurons, we would expect
reduced activity of PV interneurons following its deletion.
However, similar to overexpressing astrocytic ephrin-B1, we
found that deletion of EphB2 from PV boutons increases
PV-specific oeIPSCs recorded in PCs. Our findings suggest that
EphB2 negatively regulates PV→PC contact formation and
most likely acts as a repulsive cue for inhibitory synapse develop-
ment. Our hypothesis is supported by the fact that disrupting
trans-synaptic ephrin-B/EphB2 interactions by removing
EphB2 is sufficient to trigger an increase in PV→PC connectivity.
This is also in line with other published work showing that
ectopic expression of EphB4 in PV interneurons reduced periso-
matic innervation by PV interneurons in the visual cortex
(Baohan et al., 2016). Interestingly, this group found that under
normal conditions, Pten suppresses EphB4 expression but that
loss of a single copy of Pten increased EphB4 expression and
impaired PV→PC connection probability, without affecting
PC→PV connectivity. This is consistent with our finding that
EphB receptor levels are regulated in PV boutons and are impor-
tant for PV→PC connectivity but may be less important for
PC→PV connectivity (Baohan et al., 2016). We hypothesized
that astrocytic ephrin-B1 regulated PV→PC connectivity by
impairing repulsive trans-synaptic ephrin-B/EphB signaling.

Figure 8. Astrocytes control PV→PC connectivity and inhibition in vivo through regulating EphB2 signaling in PV boutons: deletion of astrocytic ephrin-B1 impaired PV→PC structural
connectivity and impaired inhibition in vivo, leading to increased seizure susceptibility, deficits in sociability, anxiety-like behaviors, and repetitive behaviors. Conversely, OE of astrocytic
ephrin-B1 increased PV→PC structural and functional connectivity. Deletion of EphB2 receptor in PV cells also increased PV→PC structural and functional connectivity, resulting in reduced
seizure susceptibility and increased exploratory behaviors, indicative of reduced anxiety. Deletion of astrocytic ephrin-B1 in mice lacking EphB2 in PV cells did not lead to further enhancement of
PV→PC structural or functional connectivity, suggesting that astrocytic ephrin-B1 controls PV→PC connectivity through a mechanism involving EphB2 signaling in PV cells.
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Consistent with our hypothesis, we found that OE of ephrin-B1
in astrocytes did not further enhance PV→PC connectivity in
mice lacking EphB2 in PV interneurons. Interestingly, it has
been shown that EphB2 signaling kinetics dictate whether or
not a stable contact will form so that large amounts of EphB2 sig-
naling very quickly will mediate repulsion; however, slower,
more gradual EphB2 signaling facilitates adhesion (Mao et al.,
2018). It is possible that removal of one EphB receptor or inter-
ruption of some but not all trans-synaptic ephrin-B/EphB signal-
ing by astrocytes works through a mechanism that simply slows
down the EphB signaling kinetics within the PV bouton, encour-
aging contact formation. Astrocytes could regulate EphB2 signal-
ing in PV boutons in a number of ways. For example, it has been
shown that astrocytes are able to transendocytose neuronal
EphB2 in a manner dependent on astrocytic ephrin-B1
(Lauterbach and Klein, 2006). Therefore, astrocytes may be
able to transendocytose and remove neuronal EphB2 in vivo,
limiting EphB2 signaling in PV boutons and enhancing
PV→PC connectivity. Additionally, ephrin/EphB2 binding can
induce EphB receptor cleavage through matrix metalloprotei-
nases (MMP) to terminate EphB signaling (Lin et al., 2008).
Astrocytic ephrin-B1 could neutralize EphB signaling in PV bou-
tons through MMP-mediated receptor cleavage. Future studies
should investigate how astrocytes are regulating neuronal EphB
signaling in PV interneurons.

In summary, we show that astrocytes utilize ephrin-B1 to reg-
ulate PV→PC connectivity through interfering with repulsive
EphB signaling in PV interneurons. Our study implicates
EphB2 signaling as an important developmental cue for inhibi-
tory synapse development between PV interneurons and PCs.
Disruption of this regulatory mechanism leads to impaired inhi-
bition in vivo as evidenced by increased seizure susceptibility and
the presence of repetitive behaviors. As PV interneuron dysfunc-
tion is implicated in the pathogenesis of ASD (Rubenstein and
Merzenich, 2003; Ali Rodriguez et al., 2018; Sohal and
Rubenstein, 2019; Contractor et al., 2021) and EphB2 has been
reported to be a strong risk factor for the development of ASD
(Sanders et al., 2012), EphB signaling in PV interneurons can
also serve as an important and powerful therapeutic target to cor-
rect impaired inhibition in NDDs. Future studies can address
whether aberrant EphB2 signaling in PV interneurons underlies
the development of pathological ASD phenotypes in NDDs.

References
Abrahams BS, Arking DE, Campbell DB, Mefford HC, Morrow EM, Weiss

LA, Menashe I, Wadkins T, Banerjee-Basu S, Packer A (2013) SFARI
gene 2.0: a community-driven knowledgebase for the autism spectrum
disorders (ASDs). Mol Autism 4:36.

Ali Rodriguez R, Joya C, Hines RM (2018) Common ribs of inhibitory synap-
tic dysfunction in the umbrella of neurodevelopmental disorders. Front
Mol Neurosci 11:132.

Allen NJ, Eroglu C (2017) Cell biology of astrocyte-synapse interactions.
Neuron 96:697–708.

Angoa-Pérez M, Kane MJ, Briggs DI, Francescutti DM, Kuhn DM (2013)
Marble burying and nestlet shredding as tests of repetitive, compulsive-
like behaviors in mice. J Vis Exp 82:50978.

Association AP (2013) Diagnostic and statistical manual of mental disorders.
Washington, DC: American Psychiatric Publishing.

Augusto-Oliveira M, Arrifano GP, Takeda PY, Lopes-Araújo A,
Santos-Sacramento L, Anthony DC, Verkhratsky A, Crespo-Lopez ME
(2020) Astroglia-specific contributions to the regulation of synapses, cog-
nition and behaviour. Neurosci Biobehav Rev 118:331–357.

Baohan A, Ikrar T, Tring E, Xu X, Trachtenberg JT (2016) Pten and EphB4
regulate the establishment of perisomatic inhibition in mouse visual cor-
tex. Nat Commun 7:12829.

Castañeda-Castellanos DR, Flint AC, Kriegstein AR (2006) Blind patch clamp
recordings in embryonic and adult mammalian brain slices. Nat Protoc 1:
532–542.

Clarke LE, Barres BA (2013) Emerging roles of astrocytes in neural circuit
development. Nat Rev Neurosci 14:311–321.

Contractor A, Ethell IM, Portera-Cailliau C (2021) Cortical interneurons in
autism. Nat Neurosci 24:1648–1659.

Contractor A, Rogers C, Maron C, Henkemeyer M, Swanson GT, Heinemann
SF (2002) Trans-synaptic Eph receptor-ephrin signaling in hippocampal
mossy fiber LTP. Science 296:1864–1869.

Dalva MB, TakasuMA, LinMZ, Shamah SM, Hu L, Gale NW, GreenbergME
(2000) Ephb receptors interact with NMDA receptors and regulate excit-
atory synapse formation. Cell 103:945–956.

Dansie LE, Phommahaxay K, Okusanya AG, Uwadia J, Huang M, Rotschafer
SE, Razak KA, Ethell DW, Ethell IM (2013) Long-lasting effects of min-
ocycline on behavior in young but not adult Fragile X mice.
Neuroscience 246:186–198.

Deacon RM (2006) Digging and marble burying in mice: simple methods for
in vivo identification of biological impacts. Nat Protoc 1:122–124.

de Lecea L, del Río JA, Soriano E (1995) Developmental expression of parval-
bumin mRNA in the cerebral cortex and hippocampus of the rat. Brain
Res Mol Brain Res 32:1–13.

Donato F, Rompani SB, Caroni P (2013) Parvalbumin-expressing basket-cell
network plasticity induced by experience regulates adult learning. Nature
504:272–276.

Elmariah SB, Oh EJ, Hughes EG, Balice-Gordon RJ (2005) Astrocytes regulate
inhibitory synapse formation via Trk-mediated modulation of postsynap-
tic GABAA receptors. J Neurosci 25:3638–3650.

Ethell IM, Irie F, Kalo MS, Couchman JR, Pasquale EB, Yamaguchi Y (2001)
Ephb/syndecan-2 signaling in dendritic spine morphogenesis. Neuron 31:
1001–1013.

Filice F, Janickova L, Henzi T, Bilella A, Schwaller B (2020) The parvalbumin
hypothesis of autism spectrum disorder. Front Cell Neurosci 14:577525.

Hashemi E, Ariza J, Rogers H, Noctor SC, Martínez-Cerdeño V (2016) The
number of parvalbumin-expressing interneurons is decreased in the pre-
frontal cortex in autism. Cereb Cortex 27:1931–1943.

Henderson JT, Georgiou J, Jia Z, Robertson J, Elowe S, Roder JC, Pawson T
(2001) The receptor tyrosine kinase EphB2 regulates NMDA-dependent
synaptic function. Neuron 32:1041–1056.

Henkemeyer M, Itkis OS, Ngo M, Hickmott PW, Ethell IM (2003) Multiple
EphB receptor tyrosine kinases shape dendritic spines in the hippocam-
pus. J Cell Biol 163:1313–1326.

Hughes EG, Elmariah SB, Balice-Gordon RJ (2010) Astrocyte secreted pro-
teins selectively increase hippocampal GABAergic axon length, branch-
ing, and synaptogenesis. Mol Cell Neurosci 43:136–145.

Hussain NK, Thomas GM, Luo J, Huganir RL (2015) Regulation of AMPA
receptor subunit GluA1 surface expression by PAK3 phosphorylation.
Proc Natl Acad Sci U S A 112:E5883–E5890.

Kaidanovich-Beilin O, Lipina T, Vukobradovic I, Roder J, Woodgett JR
(2011) Assessment of social interaction behaviors. J Vis Exp 48:2473.

Kayser MS, McClelland AC, Hughes EG, Dalva MB (2006) Intracellular and
trans-synaptic regulation of glutamatergic synaptogenesis by EphB recep-
tors. J Neurosci 26:12152–12164.

Klein R (2012) Eph/ephrin signalling during development. Development 139:
4105–4109.

Koeppen J, NguyenAQ,Nikolakopoulou AM,GarciaM,Hanna S,Woodruff S,
Figueroa Z, Obenaus A, Ethell IM (2018) Functional consequences of syn-
apse remodeling following astrocyte-specific regulation of ephrin-B1 in the
adult hippocampus. J Neurosci 38:5710–5726.

Kong A, et al. (2012) Rate of de novomutations and the importance of father’s
age to disease risk. Nature 488:471–475.

Lauterbach J, Klein R (2006) Release of full-length EphB2 receptors
from hippocampal neurons to cocultured glial cells. J Neurosci 26:
11575–11581.

Lawrence YA, Kemper TL, Bauman ML, Blatt GJ (2010) Parvalbumin-,
calbindin-, and calretinin-immunoreactive hippocampal interneuron
density in autism. Acta Neurol Scand 121:99–108.

Lim BK, Matsuda N, Mm P (2008) Ephrin-B reverse signaling promotes
structural and functional synaptic maturation in vivo. Nat Neurosci 11:
160–169.

Lin KT, Sloniowski S, Ethell DW, Ethell IM (2008) Ephrin-B2-induced cleav-
age of EphB2 receptor is mediated by matrix metalloproteinases to trigger
cell repulsion*. J Biol Chem 283:28969–28979.

Sutley-Koury et al. • EphB2, Astrocytes, and Inhibition J. Neurosci., November 6, 2024 • 44(45):e0154242024 • 19



Liu QY, Schaffner AE, Li YX, Dunlap V, Barker JL (1996) Upregulation of
GABAA current by astrocytes in cultured embryonic rat hippocampal
neurons. J Neurosci 16:2912–2923.

Lovelace JW, et al. (2020) Deletion of Fmr1 from forebrain excitatory neurons
triggers abnormal cellular, EEG, and behavioral phenotypes in the auditory
cortex of a mouse model of fragile X syndrome. Cereb Cortex 30:969–988.

Mao YT, Zhu JX, Hanamura K, Iurilli G, Datta SR, Dalva MB (2018)
Filopodia conduct target selection in cortical neurons using differences
in signal kinetics of a single kinase. Neuron 98:767–782.e8.

MoellerML, Shi Y, Reichardt LF, Ethell IM (2006) Ephb receptors regulate den-
dritic spine morphogenesis through the recruitment/phosphorylation of
focal adhesion kinase and RhoA activation. J Biol Chem 281:1587–1598.

Nguyen AQ, Sutley S, Koeppen J, Mina K, Woodruff S, Hanna S, Vengala A,
Hickmott PW, Obenaus A, Ethell IM (2020) Astrocytic ephrin-B1 con-
trols excitatory-inhibitory balance in developing hippocampus.
J Neurosci 40:6854–6871.

Nolt MJ, Lin Y, Hruska M, Murphy J, Sheffler-Colins SI, Kayser MS, Passer J,
Bennett MVL, Zukin RS, Dalva MB (2011) Ephb controls NMDA recep-
tor function and synaptic targeting in a subunit-specific manner.
J Neurosci 31:5353–5364.

Page CE, Shepard R, Heslin K, Coutellier L (2019) Prefrontal parvalbumin
cells are sensitive to stress andmediate anxiety-related behaviors in female
mice. Sci Rep 9:19772.

Pasquale EB (2008) Eph-ephrin bidirectional signaling in physiology and dis-
ease. Cell 133:38–52.

Pelkey KA, Chittajallu R, Craig MT, Tricoire L, Wester JC, McBain CJ (2017)
Hippocampal GABAergic inhibitory interneurons. Physiol Rev 97:1619–
1747.

Petrelli F, Pucci L, Bezzi P (2016) Astrocytes andmicroglia and their potential
link with autism spectrum disorders. Front Cell Neurosci 10:21.

Rais M, et al. (2022) Functional consequences of postnatal interventions in a
mouse model of fragile X syndrome. Neurobiol Dis 162:105577.

Reinhard SM, Rais M, Afroz S, Hanania Y, Pendi K, Espinoza K, Rosenthal R,
Binder DK, Ethell IM, Razak KA (2019) Reduced perineuronal net expres-
sion in Fmr1 KOmice auditory cortex and amygdala is linked to impaired
fear-associated memory. Neurobiol Learn Mem 164:107042.

Rubenstein JL, MerzenichMM (2003) Model of autism: increased ratio of exci-
tation/inhibition in key neural systems. Genes Brain Behav 2:255–267.

Sanders SJ, et al. (2012) De novo mutations revealed by
whole-exome sequencing are strongly associated with autism. Nature
485:237–241.

Seto-Ohshima A, Aoki E, Semba R, Emson PC, Heizmann CW (1990)
Appearance of parvalbumin-specific immunoreactivity in the cerebral
cortex and hippocampus of the developing rat and gerbil brain.
Histochemistry 94:579–589.

Sheffler-Collins SI, Dalva MB (2012) Ephbs: an integral link between synaptic
function and synaptopathies. Trends Neurosci 35:293–304.

Shimada T, Yamagata K (2018) Pentylenetetrazole-induced kindling mouse
model. J Vis Exp 136:56573.

Sloniowski S, Ethell IM (2012) Looking forward to EphB signaling in syn-
apses. Semin Cell Dev Biol 23:75–82.

Sohal VS, Rubenstein JLR (2019) Excitation-inhibition balance as a frame-
work for investigating mechanisms in neuropsychiatric disorders. Mol
Psychiatry 24:1248–1257.

Spence SJ, Schneider MT (2009) The role of epilepsy and epileptiform EEGs
in autism spectrum disorders. Pediatr Res 65:599–606.

Takasu MA, Dalva MB, Zigmond RE, Greenberg ME (2002) Modulation of
NMDA receptor-dependent calcium influx and gene expression through
EphB receptors. Science 295:491–495.

Talebian A, Britton R, Ammanuel S, Bepari A, Sprouse F, Birnbaum SG,
Szabó G, Tamamaki N, Gibson J, Henkemeyer M (2017) Autonomous
and non-autonomous roles for ephrin-B in interneuron migration. Dev
Biol 431:179–193.

Tan CX, Eroglu C (2021) Cell adhesion molecules regulating astrocyte-
neuron interactions. Curr Opin Neurobiol 69:170–177.

Tang X, Jaenisch R, Sur M (2021) The role of GABAergic signalling in neu-
rodevelopmental disorders. Nat Rev Neurosci 22:290–307.

Tricoire L, Pelkey KA, Erkkila BE, Jeffries BW, Yuan X, McBain CJ (2011) A
blueprint for the spatiotemporal origins of mouse hippocampal interneu-
ron diversity. J Neurosci 31:10948–10970.

Tuchman R, Cuccaro M (2011) Epilepsy and autism: neurodevelopmental
perspective. Curr Neurol Neurosci Rep 11:428–434.

Yang JM, Zhang J, Chen XJ, Geng HY, Ye M, Spitzer NC, Luo JH, Duan SM,
Li XM (2013) Development of GABA circuitry of fast-spiking basket
interneurons in the medial prefrontal cortex of erbb4-mutant mice.
J Neurosci 33:19724–19733.

20 • J. Neurosci., November 6, 2024 • 44(45):e0154242024 Sutley-Koury et al. • EphB2, Astrocytes, and Inhibition


	 Introduction
	 Materials and Methods
	 

	 Ethics statement
	 Mouse lines
	 Surgery
	 Immunohistochemistry
	 Confocal imaging and analysis
	 Electron microscopy
	 Whole-cell patch–clamp recordings
	 PTZ seizure test
	 Behavior
	 Open-field test
	 Social novelty test
	 Marble burying test
	 Statistical analyses
	 Immunohistochemistry analysis
	 Electrophysiology analysis
	 Behavior analysis



	 Results
	 Astrocytic ephrin-B1 promotes functional connectivity between PV and PCs
	 Astrocytic ephrin-B1 boosts the development of PV-specific presynaptic inhibitory sites
	 Inhibitory innervation of CA1 pyramidal neurons by PV interneurons is reduced following developmental deletion of astrocytic ephrin-B1
	 Deletion of astrocytic ephrin-B1 increases seizure susceptibility and repetitive behaviors
	 Astrocytic ephrin-B1 controls localization of EphB in PV boutons but not PV soma
	 Deletion of EphB2 from PV interneurons enhances PV⇒PC functional connectivity
	 Deletion of EphB2 receptors from PV interneurons protects against PTZ-induced seizures but does not alter repetitive or social behaviors
	 Deletion of EphB2 receptors from PV interneurons enhances PV⇒PC structural connectivity
	 Astrocytic ephrin-B1 OE does not further enhance PV⇒PC connectivity in mice lacking EphB2 in PV interneurons

	 Discussion
	 References

