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Spike timing-dependent plasticity (STDP) is a learning rule important for synaptic refinement and for learning and memory during
development. While different forms of presynaptic t-LTD have been deeply investigated, little is known about the mechanisms of
somatosensory cortex postsynaptic t-LTD. In the present work, we investigated the requirements and mechanisms for induction
of developmental spike timing-dependent long-term depression (t-LTD) at L2/3-L2/3 synapses in the juvenile mouse somatosensory
cortex. We found that postnatal day (P) 13–21 mice of either sex show t-LTD at L2/3-L2/3 synapses induced by pairing single pre-
synaptic activity with single postsynaptic action potentials at low stimulation frequency (0.2 Hz) that is expressed postsynaptically
and requires the activation of ionotropic postsynaptic NMDA-type glutamate receptors containing GluN2B subunits. In addition, it
requires postsynaptic Ca2+, Ca2+ release from internal stores, calcineurin, postsynaptic endocannabinoid synthesis, activation of CB1
receptors, and astrocytic signaling to release the gliotransmitter D-serine to activate postsynaptic NMDARs to induce t-LTD. These
results show direct evidence of the mechanism involved in developmental postsynaptic t-LTD at L2/3-L2/3 synapses, revealing a cen-
tral role of astrocytes and their release of D-serine in its induction.
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Significance Statement

We show here the mechanisms and role of astrocytes and gliotransmitters in a postsynaptic spike timing-dependent long-term
depression (t-LTD) form defined at layer (L)2/3-L2/3 synapses of the somatosensory cortex. We have discovered that this form
of plasticity involves N-methyl D-aspartate receptors (NMDARs) containing the GluN2B subunit and requires astrocytes and
the gliotransmitter D-serine to coactivate (together with glutamate) postsynaptic NMDAR to mediate LTD. This can be a gene-
ral mechanism in the brain to define different forms of plasticity. Defining the mechanisms of synaptic plasticity may have
important implications for brain repair, sensorial recovery, the treatment of neurodevelopmental disorders, and even, for
educational policy.

Introduction
One of the most interesting properties of the mammalian brain
is its ability to change in response to experience. This property,
termed plasticity (Cajal, 1894; Mateos-Aparicio and Rodríguez-

Moreno, 2019), is involved in the organization of cortical maps
during development and in learning and memory processes
(for review, Bliss et al., 2014; Magee and Grienberger, 2020).
The most extensively studied forms of plasticity are long-term
potentiation (LTP) and long-term depression (LTD) of synaptic
transmission. Spike timing-dependent plasticity (STDP) is a
Hebbian form of long-term synaptic plasticity found in all species
studied, from insects to humans, and it is a strong candidate for a
synaptic mechanism underlying circuit remodeling during devel-
opment, as well as learning and memory (Debanne et al., 1994,
1998; Markram et al., 1997; Bi and Poo, 1998; Feldman, 2000;
Martínez-Gallego et al., 2024; for reviews of STDP Feldman
and Brecht, 2005; Dan and Poo, 2006; Campanac and
Debanne, 2008; Caporale and Dan, 2008; Feldman, 2012;
Brzosko et al., 2019; Martínez-Gallego et al., 2022a). In STDP,
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the order and relative timing of pre- and postsynaptic action
potentials (spikes) determine the direction and magnitude of
the synaptic changes. Thus, timing-dependent LTP (t-LTP)
occurs when a presynaptic spike is followed by a postsynaptic
spike within milliseconds, whereas spike timing-dependent
LTD (t-LTD) is induced when this order is reversed. t-LTP and
t-LTD have been observed in neocortical slices (Sjöström et al.,
2003; Bender et al., 2006; Nevian and Sakmann, 2006;
Rodríguez-Moreno and Paulsen, 2008). STDP has been described
at L4-2/3 and L2/3-L2/3 synapses at cortical areas; however,
whereas the mechanisms of STDP have been extensively studied
at L4-L2/3 neocortical synapses (Sjöström et al., 2003; Froemke et
al., 2005; Bender et al., 2006; Nevian and Sakmann, 2006; Brasier
and Feldman, 2008; Rodríguez-Moreno and Paulsen 2008;
Rodríguez-Moreno et al., 2011, Min and Nevian, 2012,
Martínez-Gallego et al., 2022b), comparatively much less is
known about the cellular and molecular mechanisms of STDP
at L2/3-L2/3 synapses.

Single STDP at L2/3-L2/3 synapses in the somatosensory cor-
tex has been reported in juvenile animals (Banerjee et al., 2009,
2014; Feldman 2012, Brzosko et al., 2019 for review), but the
exact cellular and molecular mechanisms involved in L2/3-L2/3
synapses of barrel cortex are not well known. To better under-
stand the mechanisms of plasticity at these synapses, in the pre-
sent work we studied the properties and mechanisms of t-LTD at
L2/3-L2/3 synapses of young [postnatal day (P) 13–21] mouse
somatosensory cortex using whole-cell patch-clamp recordings.
We have chosen a P13–21 interval as it is a critical period of brain
development during which much of refinement of synaptic con-
nections occurs (Andrade-Talavera et al., 2023). We found that
this form of NMDA receptor (NMDAR)-dependent t-LTD can
be reliably induced by 100 pairings of postsynaptic spikes with
single presynaptic activity at 0.2 Hz, and we confirmed that
this LTD is postsynaptically expressed and demonstrated that
it requires postsynaptic ionotropic GluN2B subunit-containing
NMDARs, postsynaptic Ca2+, Ca2+ release from internal stores,
phosphatase calcineurin activation, postsynaptic endocannabi-
noid (eCB) synthesis and release, activation of CB1 receptors,
and astrocytic signaling, via release of the gliotransmitter
D-serine.

Materials and Methods
Animals and ethical approval. All animal procedures were con-

ducted in accordance with the European Union Directive 2010/63/EU
regarding the protection of animals used for scientific purposes, and
they were approved by the Ethics Committee of the Universidad Pablo
de Olavide and the Ethics Committee of the Andalusian Government.
C57BL/6 mice were purchased from Harlan Laboratories (Spain), and
P13–21 mice of either sex were used. Animals were kept on a continuous
12 h light/dark cycle, at temperatures between 18 and 24°C, at 40–60%
humidity, and with ad libitum access to food and water. In some exper-
iments, dominant-negative (dn) SNARE mice (Pascual et al., 2005;
Sardinha et al., 2017) of the same ages were used.

Slice preparation. Slices containing the barrel subfield of the somato-
sensory cortex were prepared as described previously (Agmon and
Connors, 1991; Martínez-Gallego et al., 2022b). Briefly, mice were anes-
thetized with isoflurane (2%) and decapitated, and their whole brain was
removed and placed in an ice-cold solution containing the following
(in mM, 300 mOsm*L−1): 126 NaCl, 3 KCl, 1.25 NaH2PO4, 2 MgSO4,
2 CaCl2, 26 NaHCO3, and 10 glucose, pH 7.2. Slices (350 mm thick,
Leica VT1000S Vibratome) were maintained oxygenated (95% O2/5%
CO2) in the same solution for at least 1 h before use. Experiments

were conducted at 33–34°C, during which the slices were perfused con-
tinuously with the solution indicated above.

Electrophysiological recordings. Slices containing the barrel cortex
were identified and selected under a stereomicroscope. Two monopolar
extracellular stimulation electrodes were placed at layer 2/3 of primary
somatosensory cortex, just above the identified barrel. Whole-cell patch-
clamp recordings were obtained from L2/3 pyramidal cells located in the
same barrel column, between the two stimulation electrodes by using
borosilicate glass pipettes that had a resistance of 5–7 MΩ when filled
with (in mM, 290 mOsm*L−1): 110 potassium gluconate, 40 HEPES,
4 NaCl, 4 ATP-Mg, and 0.3 GTP, pH 7.2–7.3. Cells with a pyramidal-
shaped soma were selected for recording using infrared, differential
interference contrast optics. The neurons were verified as pyramidal cells
through their characteristic regular spiking responses to positive current
injection. Whole-cell recordings were obtained with an Axon
MultiClamp 700B amplifier (Molecular Devices). Only cells with a stable
resting membrane potential below −55 mV were assessed, and the cell
recordings were excluded from the analysis if the series resistance chan-
ged by >15% during the experiment. All recordings were low-pass filtered
at 3 kHz and acquired at 10 kHz. The plasticity experiments were per-
formed in current-clamp mode. To study plasticity, EPSPs were evoked
alternately through two input pathways, test and control, each at 0.2 Hz,
using brief current pulses (200 μs, 0.1–0.2 mA). Stimulation was adjusted
to obtain an EPSP peak amplitude of 3–5 mV in control conditions, and
pathway independence was ensured by the lack of cross-facilitation when
the pathways were stimulated alternately at 40 ms intervals. Plasticity
was assessed through the changes in the EPSP slope, measured in its ris-
ing phase as a linear fit between time points, corresponding to 25–30 and
70–75% of the peak amplitude under control conditions. To study tonic
NMDAR current (ItonicNMDAR; Le Meur et al., 2007), voltage-clamp
recordings were performed holding at +40 mV in the presence of bicu-
culline (20 µM) and NBQX (10 µM). ItonicNMDAR was measured as
changes in the holding current (Iholding) after D-AP5 (50 µM).
Intracellular solution for voltage-clamp experiments contained the fol-
lowing: 120 CsCl, 8 NaCl, 1 MgCl2, 0.2 CaCl2, 10 HEPES, 2 EGTA,
and 20 QX-314, pH 7.2 (290 mOsm). Astrocytes were identified by their
morphology under differential interference contrast microscopy, eGFP
fluorescence (astrocytes from dnSNARE mice), and were characterized
by lowmembrane potential (−83 ± 0.5 mV; n= 60), lowmembrane resis-
tance (22 ± 0.4 MΩ; n= 60), and passive responses (they do not show
action potentials) to both negative and positive current injection.

Plasticity protocols. After establishing a stable basal EPSP over
10 min, the test input was paired 100 times with a single postsynaptic
spike. The single postsynaptic spike (AP) was evoked by a brief somatic
current pulse (5 ms, 0.1–0.5 pA). The control pathway was unstimulated
during the pairing period. To induce t-LTD, the postsynaptic AP was
evoked 18 ms before the onset of the EPSP. EPSP slopes were monitored
for at least 30 min after the pairing protocol, and the presynaptic stimu-
lation frequency remained constant throughout the experiment.

Pharmacology. The following compounds (in parenthesis catalog
number identification) were purchased from Sigma-Aldrich: BAPTA
(A4926), phenazine methosulfate (P9625), D-amino acid oxidase
(A5222), as well as all the salts used to prepare the internal and external
solutions. The following compounds were purchased from Tocris
Bioscience: MK-801 maleate (0924), D-AP5 (0106), AM251 (1117),
FK506 (3631), Ro 25-6981 maleate (1594), thapsigargin (1138), THL
(3540), Zn2+ (3931), 7-chloro kynurenic acid sodium salt (3697), heparin
(2812), ruthenium red (1439), bicuculline (0130), SCH50911 (0984), and
NBQX (0373). The following compounds were purchased from Creative
Diagnostics (913692690). These compounds were all dissolved in water
except AM251, THL, AEA, and thapsigargin, which were dissolved in
DMSO.

Data analysis. The data were analyzed with Clampfit 10.2 software
(Molecular Devices), and the last 5 min of recording was used to estimate
the changes in synaptic efficacy relative to the baseline. For the PPR
experiments, two EPSPs were evoked for 30 s at the baseline frequency,
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at the beginning of the baseline recording (40 ms apart), and again
30 min after the end of the pairing protocol. The PPR was expressed
as the slope of the second EPSP divided by the slope of the first EPSP.
A CV analysis was conducted on the EPSP slopes (Rodríguez-Moreno
and Paulsen, 2008). The noise-free CV of the EPSP slopes was calculated
as follows:

CV =
�������������������������
s2(EPSP)− s2(noise)

EPSP

√
,

where σ2 (EPSP) and σ2 (noise) are the variance of the EPSP and baseline,
respectively. The plot compares the variation in the mean EPSP slope
(M) to the change in response variance of the EPSP slope (1 / CV2).
A comprehensive explanation can be found in Brock et al. (2020).
Graphs were obtained using SigmaPlot 12.0.

Experimental design and statistical analysis. Animals were housed in
small groups (3–5 mice). No randomization was performed to allocate
subjects in the study. Animals were allocated arbitrarily. No exclusion
criteria were predetermined. Experiments were conducted all day long.
The study was not preregistered. For any comparisons between two
groups a Mann–Whitney U test was used. For multiple comparisons to
the same control, a Kruskal–Wallis test or a one-way ANOVA was
used, with Holm−Sidak as a post hoc test. The data are expressed as
mean ± SEM, and p values <0.05 were considered significant, *p < 0.05,
**p < 0.01, ***p< 0.001.

Results
t-LTD can be induced by pairing single postsynaptic action
potentials with presynaptic activity at low frequency in the
mouse somatosensory cortex, is expressed postsynaptically,
and requires postsynaptic ionotropic NMDARs containing the
GluN2B subunit
First, we wanted to confirm that pairing presynaptic stimulation
with single postsynaptic spikes at low frequency (0.2 Hz) is
sufficient to induce t-LTD at L2/3-L2/3 synapses in juvenile
mice. We monitored excitatory postsynaptic potentials (EPSPs)
evoked by extracellular stimulation during whole-cell recording
of L2/3 neurons in thalamocortical slices (P13–21). A
post-before-pre pairing protocol (with a postsynaptic spike
occurring ∼18 ms before presynaptic stimulation) induced
robust t-LTD (68 ± 4%; n= 8; p= 1.000 vs baseline; Mann–
Whitney U test), while an unpaired control pathway remained
unchanged (101 ± 3%; n= 8; p < 0.0001 vs paired pathway;
Mann–Whitney U test; Fig. 1A–C). We repeated the experiments
in the presence of GABAA and GABAB receptor blockers (bicu-
culline, 10 µM and SCH50911, 20 µM, respectively) to determine
whether they have a role in this form of t-LTD. In these experi-
mental conditions, t-LTD was not affected, indicating that these
receptors are not necessary for t-LTD induction (control t-LTD:
60 ± 8%, n= 6; bicuculline + SCH50911: 67 ± 9%, n= 6; p=
0.5450; two-tailed unpaired Student’s t test; Fig. 1D,E). Thus,
we performed the rest of experiments in the absence of any
GABA receptor blocker. We next confirmed that this form of
t-LTD is expressed postsynaptically as previously suggested
(Banerjee et al., 2009, 2014). For this, we used different
approaches. First, we estimated the noise-subtracted coefficient
of variation (CV) of the synaptic responses before and after
t-LTD induction. A plot of CV−2 versus the change in the
mean evoked EPSP slope (M) before and after t-LTD yielded
points around the horizontal line suggesting a postsynaptic
expression (Brock et al., 2020; Fig. 1F). Second, in several exper-
iments, we observed failures in synaptic transmission, and thus
we analyzed whether a change in the number of failures occurred

after t-LTD. No change in the number of failures after t-LTD was
observed in our experiments (25 ± 4%, n= 6 after t-LTD vs 21 ±
3% in baseline, n= 6, p= 0.485; Mann–Whitney U test; Fig. 1G)
also suggesting a postsynaptic locus of expression of this form
of t-LTD. Finally, we analyzed the paired-pulse ratios (PPRs)
during baseline and 30 min after a t-LTD pairing protocol was
applied. The analysis of PPRs before and after t-LTD did not
show changes of PPR after t-LTD (1.4 ± 0.1 after t-LTD, n= 8
vs 1.3 ± 0.2 during baseline, n= 8, p= 0.279; Mann–Whitney
U test; Fig. 1H), which is also indicative of a postsynaptic locus.
Together, these results are all indicative of a postsynaptic locus of
expression for this form of t-LTD.

We next wanted to confirm the requirement of postsynaptic
NMDARs for the induction of this form of t-LTD. In slices
treated with the NMDAR antagonist D-2-amino-5-phosphono-
pentanoic acid (D-AP5), a post-before-pre pairing protocol failed
to induce t-LTD (100 ± 7%, n = 6; vs interleaved control slices, in
which t-LTD was clearly observed, 76 ± 8%, n= 6; p= 0.032;
Kruskal–Wallis test followed by Holm–Sidak multiple-compari-
sons post hoc test; Fig. 1I,J). To confirm whether the NMDARs
that are required for t-LTD are located postsynaptically and are
ionotropic, we repeated the pairing experiments following the
loading of the use-dependent NMDAR channel blocker MK-
801 into the postsynaptic neuron via the recording patch pipette.
Consistent with previous reports at neocortical synapses
(Sjöström et al., 2003; Bender et al., 2006; Rodríguez-Moreno
and Paulsen 2008; Rodríguez-Moreno et al., 2011; Banerjee et
al., 2014), blocking postsynaptic NMDA receptors by including
MK-801 (1 mM) in the recording pipette blocked the induction
of t-LTD (106 ± 6%, n= 6; vs interleaved control slices, 76 ± 8%,
n = 6; p= 0.019 Kruskal–Wallis test followed by Holm–Sidak
multiple-comparisons post hoc test; Fig. 1I,J), supporting that
postsynaptic ionotropic NMDARs are required for t-LTD induc-
tion. Next, we wanted to determine the subunit composition of
these NMDARs. To test whether t-LTD is dependent upon
GluN2A subunit-containing receptors, we used the GluN2A
subunit-preferring antagonist Zn2+ (Bidoret et al., 2009). t-LTD
was not affected in the presence of Zn2+ (300 nM; 67± 6%, n=6,
vs control slices, 72 ± 4%, n=6; p=0.497; Kruskal–Wallis test fol-
lowed by Holm–Sidak multiple-comparisons post hoc test;
Fig. 1K,L), indicating that the NMDAR involved in t-LTD do
not contain GluN2A subunits. To further characterize the sub-
unit composition of the NMDARs involved in t-LTD, we next
investigated whether GluN2B subunit-containing NMDARs are
necessary for the induction of t-LTD using the GluN2B subunit-
selective non-competitive antagonist Ro 25-6981 (Fischer et al.,
1997, Rodríguez-Moreno et al., 2010). Ro25-6981 (0.5 µM) pre-
vented t-LTD induction (99 ± 3%, n= 6 vs interleaved control
slices, 72 ± 4%, n= 6, p= 0.001; Kruskal–Wallis test followed by
Holm–Sidak multiple-comparisons post hoc test; Fig. 1K,L),
indicating that GluN2B subunit-containing NMDARs are
required for t-LTD and suggesting that postsynaptic ionotropic
GluN1/GluN2B subunits containing NMDAR are required for
this form of t-LTD.

t-LTD requires postsynaptic Ca2+, calcineurin and eCB
signaling
Developmental t-LTD has been shown to require postsynaptic
Ca2+ at L4-L2/3 synapses (Bender et al., 2006; Nevian and
Sakmann 2006). We therefore investigated the postsynaptic
Ca2+ requirement of t-LTD at L2/3-L2/3 synapses by loading
the Ca2+ chelator BAPTA into the postsynaptic cell via the patch
pipette. t-LTD was prevented when BAPTA (20 mM) was
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included in the recording pipette (99 ± 10%, n= 6, vs interleaved
control slices, 61 ± 3%, n= 16, p= 0.021; Kruskal–Wallis test fol-
lowed by Holm–Sidak multiple-comparisons post hoc test;
Fig. 2A,B), indicating that t-LTD requires postsynaptic Ca2+ as
it is expected if postsynaptic ionotropic NMDARs are required
for its induction. It has previously been reported that Ca2+ chan-
nels and release of Ca2+ from intracellular stores are also required
for t-LTD induction at neocortical synapses (Bender et al., 2006;
Nevian and Sakmann 2006). To determine whether additional

sources of calcium are necessary for t-LTD at L2/3-L2/3 synapses
of the somatosensory cortex, we first repeated the pairing
protocols following the application of the L-type Ca2+ channel
blocker nimodipine loaded into the postsynaptic pipette; in the
presence of nimodipine (10 µM), t-LTD induction was not
affected (79 ± 7%, n = 6, vs interleaved control slices, 61 ± 3%,
n = 16; p= 0.1000; Kruskal–Wallis test followed by Holm–Sidak
multiple-comparisons post hoc test; Fig. 2A,B), indicating that
Ca2+ passing through L-type VDCCs is not necessary for

Figure 1. Input-specific STDP at L2/3-L2/3 synapses of the somatosensory cortex. A, Schematic showing the general experimental setup. R, recording electrode. S1 and S1, stimulating
electrodes. Inset, pairing protocol (Δt, time between the peak of the spike and the EPSP onset). B, A post-before-pre single-spike pairing protocol induced t-LTD. The EPSP slopes monitored
in paired (black symbols) and unpaired pathways (open symbols) are shown. Traces show EPSP before (1) and 30 min after (2) pairing. Depression was observed only in the paired pathway.
C, Summary of the results. t-LTD at L2/3-L2/3 synapses is postsynaptically expressed. D, CV analysis is consistent with a postsynaptic expression of t-LTD. Normalized plot of CV−2 vs mean EPSP
slope yielded points around the horizontal line following induction of t-LTD. E, Number of failures did not change after t-LTD induction. Example traces during baseline and 30 min after induction
of t-LTD are shown. F, PPR did not change after t-LTD. Example traces during baseline and 30 min after induction of t-LTD are shown. t-LTD at L2/3-L2/3 synapses require postsynaptic ionotropic
NMDAR containing the GluN2B subunit. G, In the presence of D-AP5 or postsynaptic MK-801, t-LTD induction was prevented. The EPSP slopes monitored in D-AP5 (red symbols), MK-801-treated
(gray symbols), and nontreated cells (black symbols) are shown. Traces show EPSP before (1) and 30 min after (2) pairing. H, Summary of the results. I, t-LTD induction was not prevented by
bath application of Zn2+ but was completely prevented in the presence of Ro25-6981. The EPSP slopes monitored in the presence of Zn2+ (red symbols) and Ro25-6981 (gray symbols) are shown.
Traces show EPSP before (1) and 30 min after (2) pairing. J, Summary of the results. Error bars indicate SEM, and the number of slices is shown in parentheses. C, G, H, Mann–Whitney U test. E,
Two-tailed unpaired Student’s t test. J, L, Kruskal–Wallis test followed by Holm–Sidak multiple-comparisons test, *p< 0.05; **p< 0.01; ***p< 0.001.
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t-LTD. Next, we performed the t-LTD experiments in the pres-
ence of thapsigargin, which avoid refilling of intracellular Ca2+

stores after Ca2+ depletion; when thapsigargin (10 µM) was
loaded into the postsynaptic cell, t-LTD was prevented (95 ±
5%, n= 6 vs interleaved control slices, 61 ± 3%, n= 16; p=

0.021; Kruskal–Wallis test followed by Holm–Sidak multiple-
comparisons post hoc test; Fig. 2A,B). The presence of heparin
(400U/ml), a blocker of IP3R-mediated Ca2+ release (Ghosh et
al., 1988), in the recording pipette did not prevent t-LTD induc-
tion (52 ± 15%, n= 5; vs interleaved control slices, 61 ± 3%, n =
16; p= 0.1000; Kruskal–Wallis test followed by Holm–Sidak
multiple-comparisons post hoc test; Fig. 2A,B), suggesting that
postsynaptic IP3R-mediated Ca2+ release is not required for
t-LTD. In contrast, inclusion in the patch pipette of ruthenium
red (a blocker of ryanodine receptors) prevented t-LTD (100 ±
4%, n= 6; vs interleaved control slices, 61 ± 3%, n= 16, p=
0.002; Kruskal–Wallis test followed by Holm–Sidak multiple-
comparisons post hoc test; Fig. 2A,B), suggesting that Ca2+

release from ryanodine-sensitive Ca2+ stores is required for this
form of t-LTD. These results indicate a role for calcium in
t-LTD induction. To gain mechanistic insight into how the acti-
vation of postsynaptic NMDA receptors could lead to t-LTD, we
conjectured that a Ca2+-dependent enzyme might be involved.
Since the Ca2+-dependent protein phosphatase calcineurin has
earlier been implicated in other forms of LTD, both in the hippo-
campus (Mulkey et al., 1994) and neocortex (Torii et al., 1995;
Rodríguez-Moreno et al., 2013), we tested the effect of the calci-
neurin inhibitor FK506 on L2/3-L2/3 t-LTD. We found that
t-LTD was prevented when FK506 (10 µM) was bath applied
(96 ± 8%, n= 6, p= 0.013; Kruskal–Wallis test followed by
Holm–Sidak multiple-comparisons post hoc test; as it was pre-
vented when was loaded into the postsynaptic neuron via a patch
pipette (103 ± 6%, n= 5, vs 62 ± 10%, n = 6 in interleaved control
slices, p= 0.007; Kruskal–Wallis test followed by Holm–Sidak
multiple-comparisons post hoc test; Fig. 2C,D). These results
indicate that the postsynaptic phosphatase calcineurin is
involved in the induction of t-LTD at L2/3-L2/3 synapses.

eCBs are synthetized and released by postsynaptic cells in
response to depolarization, Ca2+ elevation, and some synapses
require signaling by eCBs for plasticity (for review, Noriega-
Prieto et al., 2023). In a preliminary study (Banerjee et al.,
2009), it has been suggested that CB1Rs seem to be necessary
for t-LTD at L2/3-L2/3 synapses of the mouse somatosensory
cortex. To confirm this result and to add to the direct need of
eCB synthesis, we performed t-LTD experiments with the post-
synaptic neuron loaded, via the patch pipette, with tetrahydrolip-
statin (THL, 5 µM), an inhibitor of the eCB synthesizing enzyme
diacylglycerol lipase. In this experimental condition, t-LTD
induction was completely prevented (99± 8%, n=6, vs interleaved
slices, 66± 8%, n=6, p=0.023; Kruskal–Wallis test followed by
Holm–Sidak multiple-comparisons post hoc test; Fig. 2E,F), thus
indicating that postsynaptic eCB synthesis is necessary for t-LTD.
eCBs diffuse and activate CB1 receptors on presynaptic neurons
and/or glial cells (Sjöström et al., 2003; Navarrete and Araque,
2010, Min and Nevian 2012). To investigate the involvement of
CB1 receptors in L2/3-L2/3 t-LTD, we repeated the experiments
in the presence of the CB1 receptor antagonist AM251 (3 µM). In
this condition, t-LTD was completely prevented (98± 8%, n=6,
vs interleaved slices, 66 ± 8%, n=6, p=0.016; Kruskal–Wallis test
followed by Holm–Sidak multiple-comparisons post hoc test;
Fig. 2E,F). Thus, t-LTD induction requires postsynaptic eCB synth-
esis and activation of CB1 receptors.

t-LTD requires astrocyte signaling and D-serine
CB1 receptors have been localized to presynaptic boutons
(Chevaleyre et al., 2006 for review) and astrocytes (Navarrete
and Araque, 2008; Min and Nevian, 2012). In astrocytes, CB1
receptor activation has been suggested to stimulate the release

Figure 2. t-LTD requires postsynaptic calcium, calcineurin, and eCB signaling. A, t-LTD was
prevented by loading BAPTA, ruthenium red, or thapsigargin into the postsynaptic neuron via
the recording pipette but not by nimodipine or heparin. The EPSP slopes monitored in control
slices (black symbols) and in slices treated with BAPTA (red symbols), ruthenium red (gray
symbols), or thapsigargin (blue symbols) are shown. Traces show EPSP before (1) and
30 min after (2) pairing. B, Summary of the results. Postsynaptic calcineurin is involved in
t-LTD at L2/3-L2/3 synapses. C, Time course of effect of post-before-pre pairing in control
conditions (black symbols) and in FK506-treated slices, bath applied (red symbols), or loaded
into the postsynaptic cell via the patch pipette (gray symbols). Traces show EPSP before (1)
and 30 min after pairing (2). D, Summary of the results. E, t-LTD requires activation of CB1
receptors. Time course of t-LTD induction in control slices (black symbols) and in slices treated
with THL and with AM251 following a post-before-pre pairing. Traces show EPSP before (1)
and 30 min after pairing (2) in control slices (black symbols) and in slices treated with THL
(red symbols) and AM251 (gray symbols). Note that in the presence of THL or AM251, t-LTD
was completely prevented. F, Summary of the results. Error bars indicate SEM, and the num-
ber of slices is shown in parentheses. Kruskal–Wallis test followed by Holm–Sidak multiple-
comparisons test. *p< 0.05; **p< 0.01.
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of glutamate and other gliotransmitters, including D-serine
(Araque et al., 2014), and astrocytes have been involved in
t-LTD and t-LTP at different synapses in the hippocampus and
in the cortex (Min and Nevian, 2012; Rodríguez-Moreno et al.,
2013; Rasooli-Nejad et al., 2014; Andrade-Talavera et al., 2016;
Lalo et al., 2016; Pérez-Rodríguez et al., 2019; Pérez-Otaño and
Rodríguez-Moreno, 2019; Falcón-Moya et al., 2020, Martínez-
Gallego et al., 2022b). To investigate a possible involvement of
astrocytes in the induction of t-LTD at L2/3-L2/3 synapses at
P13–21, we loaded individual astrocytes, using the patch pipette,
with the Ca2+ chelator BAPTA (20 mM) for 1–4 h before patching
a pyramidal neuron. Ca2+-dependent release of gliotransmitters is
prevented by this treatment (Parpura and Zorec, 2010 and refer-
ences therein). We recorded L2/3 neurons in the proximity (50–
100 μm) of the BAPTA-loaded astrocyte and found that BAPTA
loading of the astrocyte (aBAPTA) prevented the induction of
t-LTD at L2/3-L2/3 synapses (100 ± 6%, n= 6 vs interleaved con-
trol slices, 65 ± 7%, n = 6, p= 0.001; one-way ANOVA followed
by Holm–Sidak multiple-comparisons post hoc test; Fig. 3A–C).

We also assessed this phenomenon in dnSNAREmutant mice
in which there is no functional vesicular gliotransmitter release
(Pascual et al., 2005; Sardinha et al., 2017). In these mutant
mice, the typical t-LTD observed in WT L2/3-L2/3 synapses
(56 ± 6%, n= 9) was not present (101 ± 6%, n= 6, p= 0.005; ordi-
nary one-way ANOVA followed by Holm–Sidak multiple-
comparisons post hoc test vs WT; Fig. 3D,E). D-Serine has been
proposed to be released by astrocytes by vesicular exocytosis
and by nonvesicular mechanisms as BEST1 channel-mediated
release (Koh et al., 2022). While our results using dnSNARE
mice point out to a vesicular release of D-serine, to gain more
insight into the release mechanism of D-serine, we repeated
t-LTD experiments blocking exocytosis by treating the astrocytes
(via the patch pipette) with the light chain of tetanus toxin
(TeTxLC, 1 µM), which cleaves the vesicle-associated membrane
protein, an indispensable part of the SNARE fusion complex. In
this experimental condition, t-LTDwas prevented (113± 8%, n=6,
vs 56± 6%, n=6 in interleaved control slices, p=0.001; ordinary
one-way ANOVA followed by Holm–Sidak multiple-comparisons
post hoc test; Fig. 3D,E), confirming that t-LTD requires
SNARE-dependent exocytosis from astrocytes. Together, these
results indicate that astrocytes are required for t-LTD induction
at L2/3-L2/3 synapses of the somatosensory cortex.

These results also suggest that release of an astrocytic
Ca2+-dependent gliotransmitter is necessary for t-LTD induc-
tion. D-Serine, a coagonist at NMDA receptors, is a candidate
gliotransmitter. D-Serine is synthesized in astrocytes and is
released by glutamate receptor stimulation through a calcium-
and SNARE-dependent exocytotic pathway (Mothet et al.,
2000; 2005). In the CA1 region of the hippocampus, D-serine
released by astrocytes has been demonstrated to modulate or
mediate LTP (Henneberger et al., 2010; Zhuang et al., 2010).
However, whereas D-serine has been proposed to modulate
or mediate LTD in the same region, whether it is released by
astrocytes has not been demonstrated (Zhang et al., 2008;
Andrade-Talavera et al., 2016; Pérez-Rodríguez et al., 2019,
Pinto-Duarte et al., 2019), and a direct release of D-serine
from astrocytes with a role in t-LTD has not been demonstrated
for the moment. To test whether D-serine might be responsible
for the requirement of astrocytes during induction of postsynaptic
t-LTD at L2/3-L2/3 synapses of the somatosensory cortex, we
repeated the BAPTA loading experiments in the presence of
D-serine (10–30 µM) added to the superfusion fluid. D-Serine with-
out the pairing protocol produced a slight increase in EPSP slope

[to 128 ± 9%, n= 6, p= 0.0250; ordinary one-way ANOVA fol-
lowed by Holm–Sidak multiple-comparisons post hoc test vs
baseline (100 ± 1.4%, n= 6); Fig. 3C]. In this experimental condi-
tion, t-LTD (absent in aBAPTA-treated slices: 100 ± 6%, n = 6)
was completely recovered (64 ± 5%, n= 6, vs 65 ± 7%, n= 6 in
interleaved control slices, p= 0.973; ordinary one-way ANOVA
followed by Holm–Sidak multiple-comparisons post hoc test;
Fig. 3A–C). We next performed the experiment in dnSNARE
mice. When D-serine was added to the bath in dnSNARE mice,
t-LTD (which was absent in these mice vs 65 ± 7%, n= 6 in
WT control slices) was completely recovered (67 ± 4%, n= 6, vs
55 ± 8%, n= 6, p= 0.1000; ordinary one-way ANOVA followed
by Holm–Sidak multiple-comparisons post hoc test; Fig. 3D,E).
This result supports that the contribution of astrocytes during
induction of t-LTD involves the release of a coagonist at
NMDA receptors, most likely D-serine, as t-LTD, which is lost
in the a-BAPTA and dnSNARE conditions, is completely
restored in the presence of D-serine.

To investigate a possible mechanism involved in D-serine
release, we repeated the experiments loading the astrocytes with
the G-protein signaling blocker GDPβS and recorded neurons in
the proximity. In this experimental condition, t-LTD was
prevented (113± 11%, n=6, vs interleaved control slices, 70 ± 9%,
n=6, p=0.913; ordinary one-way ANOVA followed by Holm–
Sidak multiple-comparisons post hoc test). The subsequent
addition of D-serine recovered t-LTD (80±5%, n=6, p=0.551;
ordinary one-way ANOVA followed by Holm–Sidak multiple-
comparisons post hoc test; Fig. 3F,G). This result suggests that a
G-protein-dependent mechanism is involved in the astrocytic sig-
naling required for t-LTD. Consistent with a role for CB1 receptors
in activating astrocytes, the addition of 10–30 μM D-serine also
completely rescued t-LTD in the presence of the CB1 receptor
antagonist AM251 (69± 4%, n=6 in nontreated (control) slices;
75 ± 7%, n=6 in AM251+D-serine-treated slices; 97± 4%, n=6
in only AM251-treated slices; control vs AM251 p=0.013, control
vs AM251+D-serine p=0.398; ordinary one-way ANOVA fol-
lowed by Holm–Sidak multiple-comparisons post hoc test;
Fig. 3H,I). These results suggest that CB1 receptors, probably
located on astrocytes, are controlling astrocytic release of a coago-
nist (as D-serine) of postsynaptic NMDA receptors. If t-LTD
requires eCB from the postsynaptic cell, to activate CB1R located
in the astrocytes, that are in turn activated by these receptors to
release D-serine and bind to NMDAR to induce t-LTD, we rea-
soned that the direct activation of astrocytes by activating CB1R
with a cannabinoid (as anandamide, AEA), should mimic the
effect of the t-LTD protocol. In fact, when we added AEA
(500 nM) to the bath to activate CB1R, an LTD of the EPSP was
observed that was not present when AEA was applied when astro-
cytes were loaded with BAPTA (51± 9%, n=5, vs 117± 8%, n=5
in interleaved control slices, p=0.0006; two-tailed unpaired
Student’s t test; Fig. 3J,K). These results are consistentwith an astro-
cytic location of CB1R.

To determine whether t-LTD needs binding of an agonist to
the glycine/D-serine site of the NMDAR, we repeated the exper-
iments in the presence of 10 µM 7-clorokinurenic acid (7-CK)
that specifically blocks this binding site in the NMDAR and
blocks NMDAR-mediated currents (to 8 ± 9%, n= 5). In this
experimental condition, t-LTD was prevented (93 ± 7%, n= 7,
vs 68 ± 7%, n= 6 in interleaved control slices, p= 0.0301; two-
tailed unpaired Student’s t test; Fig. 4A,B), indicating that the
occupancy and activation of this site is necessary for t-LTD
induction at L2/3-L2/3 synapses of the somatosensory cortex.
To gain more insight on the need of astrocytes and the possible
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astrocytic origin of D-serine for t-LTD at L2/3-L2/3 synapses, we
performed dual recordings in astrocytes and neighboring pyra-
midal neurons, monitoring EPSP slopes evoked by basal stimula-
tion at 0.2 Hz. Direct stimulation of astrocytes (depolarization
from −80 to 0 mV at 0.4 Hz for 10 min; Min and Nevian,

2012) was sufficient to induce LTD (58 ± 10%, n= 8; Fig. 4A,B),
which was not evident when astrocytes were stimulated in the
presence of 7-CK (89 ± 5%, n= 6, p= 0.039; ordinary one-way
ANOVA followed by Holm–Sidak multiple-comparisons post
hoc test) or D-AP5(84 ± 7%, n= 6, p= 0.031; ordinary one-way

Figure 3. t-LTD at L2/3-L2/3 synapses requires astrocytes and D-serine. A, Left, Scheme showing the general experimental setup: R1 and R2, recordings electrodes; S1 and S2, stimulating
electrodes. Pyr, pyramidal neuron; A, astrocyte. Right, Voltage responses of an astrocyte shown in current clamp. B, In astrocyte-neuron dual recordings with the astrocyte loaded with the
calcium chelator BAPTA via the recording pipette (aBAPTA), a post-pre pairing protocol did not induce t-LTD. This t-LTD is recovered when D-serine is added to the superfusion fluid. The EPSP
slopes monitored in control nontreated slices (black symbols), aBAPTA-treated astrocytes (red symbols), and aBAPTA + D-serine treated slices (gray symbols) are shown. The traces show the EPSP
before (1) and 30 min after pairing (2). C, Summary of the results. D, t-LTD is not present in dnSNARE mutant mice or when astrocytes are treated with the light chain of the tetanus toxin (TeTxLC)
and is recovered in dnSNARE mice in the presence of D-serine. EPSP slopes monitored in control slices from WT animals (black symbols), in slices from dnSNARE mutant mice (red symbols), in
slices from dnSNARE mice + D-serine (gray symbols), and in slices treated with TeTxLC (blue symbols) are shown. Traces from baseline (1) and 30 min after pairing protocol (2) are shown.
E, Summary of the results. F, t-LTD is prevented by loading GDPβS into the astrocyte via the recording pipette (aGDPβS). In the presence of D-serine, t-LTD impaired with aGDPβS is recovered.
The EPSP slopes monitored in control untreated slices (black symbols), in aGDPβS (red symbols), and in aGDPβS -treated cells with D-serine added to the perfusion fluid (gray symbols) are shown.
Traces show the EPSP before (1) and 30 min after (2) pairing. G, Summary of the results. H, t-LTD induction is prevented in slices treated with AM251 (gray symbols) and is recovered when
D-serine is added in AM251-treated slices. The EPSP slopes monitored in control untreated slices (black symbols), in AM251-treated slices (red symbols), and in AM251-treated slices with D-serine
added to the perfusion fluid (gray symbols) are shown. Traces show the EPSP before (1) and 30 min after (2) pairing. I, Summary of the results. J, LTD of similar magnitude than t-LTD is induced
by anandamide (AEA) in the bath (black symbols), an effect that was not present when astrocytes were treated with BAPTA via the patch pipette (red symbols). The EPSP slopes monitored in
AEA-treated slices (black symbols) and in AEA-treated slices with astrocytes loaded with BAPTA (red symbols) are shown. Traces show the EPSP before (1) and 30 min after (2) AEA. K, Summary
of the results. Error bars indicate SEM, and the number of slices is shown in parentheses. C, E, G, I, Ordinary one-way ANOVA followed by Holm–Sidak multiple-comparisons post hoc test. K,
Two-tailed unpaired Student’s t test. *p< 0.05; **p< 0.01; ***p< 0.001.
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ANOVA followed by Holm–Sidak multiple-comparisons post
hoc test; Fig. 4C,D). To gain more insight into NMDARmodula-
tion driven from astrocytes, we measured tonic NMDAR current
(ItonicNMDAR; Le Meur et al., 2007; Koh et al., 2022) performing
voltage-clamp recordings holding at +40 mV in the presence of
bicuculline (20 µM) and NBQX (10 µM). ItonicNMDAR was mea-
sured by the baseline shift (changes in Iholding) after D-AP5
(50 µM) in control slices and in slices with astrocytes loaded
with BAPTA (20 mM). ItonicNMDAR was significantly reduced
by astrocytic Ca2+ chelation (93 ± 15%, n= 6, vs 55 ± 6%, n= 6
in interleaved control slices, p= 0.017; Mann–Whitney U test;
Fig. 4E,F), indicating that at S1 L2/3-L2/3 synapses, cortical
astrocytes can regulate NMDAR tone in a Ca2+-dependent man-
ner. Together these results indicate that a gliotransmitter from
astrocytes, as D-serine, activates (together with glutamate) post-
synaptic NMDAR to produce t-LTD. As NMDAR tone can be
attributed to glutamate and an NMDAR coagonist (as
D-serine), to dissect the contribution of D-serine to NMDAR
tone and its possible astrocytic origin, the NMDAR glycine/
D-serine site was saturated by 100 µM D-serine (Papouin et al.,
2017; Koh et al., 2022) and the ItonicNMDARmeasured. In this con-
dition, an increase of ItonicNMDAR was observed in the presence of
D-serine (115 ± 5%, n= 6, p= 0.035; repeated-measures one-way
ANOVA followed by Holm–Sidak multiple-comparisons post

hoc test; Fig. 4G,H). The subsequent stimulation of astrocytes
by AEA did not produce any increase in ItonicNMDAR (113 ± 4%,
n = 6, p= 0.952; repeated-measures one-way ANOVA followed
by Holm–Sidak multiple-comparisons post hoc test; Fig. 4G,
H). Together, these data again suggest an astrocytic origin for
D-serine modulating NMDAR that are necessary for t-LTD.

To further investigate the astrocytic origin of D-serine in
response to astrocyte signal, we removed D-serine by treating
the slices with 0.15 U/ml of D-amino-acid oxidase (DAAO), an
enzyme that degrades dextro-amino acids or by blocking
D-serine synthesis inside the astrocyte by using the serine
racemase inhibitor phenazine methosulfate (Met-Phen;
Beltrán-Castillo et al., 2017) loaded at 50 µM. In the first exper-
imental condition (treating with DAAO), t-LTD induction was
prevented (90± 10%, n=7, vs control nontreated slices, 61 ± 7%,
n=7, p=0.0387; two-tailed unpaired Student’s t test; Fig. 5A,B).
In addition, we performed experiments activating astrocytes with
AEA in the presence of DAAO. We observed that LTD was
induced with AEA in the absence but not in the presence of
DAAO (60±8%, n=6, vs 99 ± 1%, n=6, p=0.004; two-tailed
unpaired Student’s t test; Fig. 5C,D), again suggesting that
D-serine is of astrocytic origin. In the second experimental condi-
tion (Met-Phen), t-LTDwas not affected (51± 7%, n=6, vs control
nontreated slices t-LTD: 60± 8%, n=6, p=0.368; two-tailed

Figure 4. t-LTD requires NMDAR coagonist site occupancy by D-serine from astrocytes. A, t-LTD is evident in nontreated slices, but cannot be induced when the slices are treated with 7-CK. The
EPSP slopes monitored in control slices (black symbols) and in slices treated with 7-CK (red symbols) are shown. Traces show the EPSP before (1) and 30 min after (2) pairing. B, Summary of the
results. C, Astrocyte stimulation (depolarization from−80 to 0 mV for 500 ms at 0.4 Hz) induced a robust t-LTD that was prevented in the presence of 7-CK. Time course of EPSP slope monitored
from dual recordings performed in astrocytes and neighboring pyramidal neurons in untreated slices (black symbols) and in slices treated with 7-CK (red symbols) are shown. D, Summary of the
results. E, ItonicNMDAR was significantly reduced by astrocytic Ca

2+ chelation. The effect of D-AP5 in the holding current at +40 mV is shown in control slices (black symbols) and in slices with
astrocytes loaded with BAPTA (red symbols). F, Summary of the results (G) ItonicNMDAR increases in the present of D-serine (red) but not with the subsequent stimulation of astrocytes by AEA
(cyan). The effect of AEA in the holding current at +40 mV (baseline) is shown in slices with the glycine/D-serine site saturated by D-serine (blue). H, Summary of the results. Error bars indicate
SEM, and the number of slices is shown in parentheses. B, Two-tailed unpaired Student’s t test, D, Kruskal–Wallis test. F, Mann–Whitney U test. H, Repeated-measures one-way ANOVA followed
by Holm–Sidak multiple-comparisons test. *p< 0.05; **p< 0.01.
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unpaired Student’s t test; Fig. 5E–G). As this compound does not
interfere with D-serine that is already stored in the astrocyte, it is
possible that t-LTD is in fact induced by the D-serine that is stored

into the astrocyte before the racemase addition. To clarify this
point, we repeated the experiments in conditions in which the
stored D-serine is depleted (by direct astrocyte stimulation as in

Figure 5. D-Serine required for t-LTD is released by astrocytes. A, t-LTD is prevented in slices treated with DAAO. Time course of EPSP slope monitored in control untreated slices (black
symbols) and in slices treated with DAAO (red symbols) are shown. Traces show the EPSP before (1) and 30 min after (2) pairing. B, Summary of the results. C, LTD induced by AEA is prevented
in slices treated with DAAO. Time course of EPSP slope monitored in slices treated with DAAO (red symbols) are shown. Traces show the EPSP before (1) and 30 min after (2) AEA. D, Summary of
the results. E, Scheme showing the dual recording experimental setup: R1 and R2, recordings electrodes; S1 and S2, stimulating electrodes. Pyr, pyramidal neuron; A, astrocyte. F, t-LTD is not
prevented when astrocytes are treated with phenazine methosulphate (aMet-phen). Time course of EPSP slope monitored in control untreated slices (black symbols) and in slices with astrocytes
treated with aMet-phen (red symbols) is shown. Traces show the EPSP before (1) and 30 min after (2) pairing. G, Summary of results. H, t-LTD is suppressed by intra-astrocyte phenazine
methosulfate after depletion of D-serine with astrocyte stimulation in the presence of D-AP5 and the addition of D-serine to the bath recovers t-LTD. Time course of EPSP in control slices (black
symbols), in slices with astrocyte treated with Met-phen before and after depletion of D-serine (red symbols), and in slices with astrocyte treated with Met-Phen with D-serine added to the bath
during the t-LTD protocol is shown. The traces show the EPSP before (1), 30 min after astrocyte stimulation in presence of D-AP5 (2), after 30 min of washout of D-AP5, before (3), and 30 min
after pairing (4). I, Summary of results. Error bars indicate SEM, and the number of slices is shown in parentheses. B, D, G, Two-tailed unpaired Student’s t test; I, one-way repeated-measures
ANOVA followed by Holm–Sidak multiple-comparisons test. *p< 0.05; ***p< 0.001.
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Fig. 5A,B) in the presence of D-AP5 to avoid t-LTD induction by
depleted D-serine. Then we washed-out D-AP5 and applied the
t-LTD protocol. In this experimental condition no t-LTD was
observed when slices were treated with Met-Phen (95±10%, n=5,
p= 0.713; one-way repeated-measures ANOVA), whereas the
same protocol with no Met-Phen loaded produced clear t-LTD
(60 ± 6%, n= 6, p= 0.004; one-way repeated-measures ANOVA
followed by Holm–Sidak multiple-comparisons post hoc test;
Fig. 5H,I). Interestingly, when the slices were treated with
Met-Phen and no t-LTD was observed, the addition of D-serine
to the bath recovered t-LTD (94 ± 5%, n= 5, vs 51 ± 5%, n= 5
in interleaved control slices, p < 0.001; one-way repeated-
measures ANOVA followed by Holm–Sidak multiple-
comparisons post hoc test; Fig. 5H,I). These results again suggest
that astrocytic D-serine is involved in t-LTD induction.

Loss of t-LTD during the fourth week of development
We studied the age profile of this form of t-LTD and found that
t-LTD can be induced until P21 (64 ± 8%, n= 6; Fig. 6), disap-
pearing thereafter in the fourth week of development (at P22–
25, 97 ± 11%, n= 6, p= 0.0040 vs t-LTD at P13–P21; Mann–
Whitney U test; Fig. 6). Hence, this form of t-LTD is related to
a specific developmental period, as it is not induced after that.

Discussion
We have found here that t-LTD at somatosensory L2/3-L2/3 syn-
apses of juvenile mice is postsynaptically expressed and requires
postsynaptic ionotropic NMDARs containing GluN1/GluN2B
subunits for its induction. This form of t-LTD requires postsynaptic
Ca2+ andCa2+ release from internal stores, postsynaptic eCB synth-
esis, activation of CB1 receptors, and astroglial signaling.
Furthermore, the NMDA receptor coagonist D-serine is required
for t-LTD, and this D-serine is released by astrocytes (Fig. 7).
This form of somatosensory cortex t-LTD is in some aspects similar
to t-LTD at layer 4-to-layer 2/3 synapses in neocortex as both
require NMDAR and astrocyte signaling (Bender et al., 2006;
Nevian and Sakmann, 2006; Rodríguez-Moreno and Paulsen,
2008) but differ in important aspects, as the locus of expression
of the t-LTD and the location of the NMDAR required;
whereas t-LTD at L2/3-L2/3 synapses is postsynaptically
expressed and requires postsynaptic NMDAR, t-LTD at
L4-L2/3 synapses is expressed presynaptically and requires
presynaptic NMDARs (Rodríguez-Moreno and Paulsen,

2008). While both forms of t-LTD require astrocytes for their
induction, interestingly, in the case of layer 4-to-layer 2/3 syn-
apses the gliotransmitter released by astrocytes to activate pre-
synaptic NMDARs is glutamate (Min and Nevian, 2012), while
at L2/3-L2/3 synapses the gliotransmitter is D-serine acting on
postsynaptic ionotropic NMDA receptors.

t-LTD is expressed postsynaptically and requires postsynaptic
ionotropic NMDARs containing the GluN2B subunit
We used three different approaches to confirm the locus of
expression of this form of t-LTD, and all the three, fluctuation
analysis (including failure rate), and PPR were consistent with
postsynaptic changes, strongly suggesting that the locus of
expression of this cortical form of t-LTD is postsynaptic. We
also confirmed that this t-LTD requires postsynaptic ionotropic
NMDA receptors as it was prevented by the inclusion of the
NMDA receptor antagonist MK801 into the postsynaptic neu-
ron, but an additional role for a postsynaptic NMDA receptor-
mediated metabotropic effect cannot be completely ruled out
(Nabavi et al., 2013). The presence of different subpopulations
of NMDA receptors in different brain regions suggests that
different subtypes play different roles in brain function
(Paoletti et al., 2013). Here, we used different antagonists to
determine the subunit composition of the NMDARs involved
in this form of postsynaptic t-LTD. In our experiments at
L2/3-L2/3 synapses, we have previously shown that NMDAR
responsible for t-LTD included GluN2B subunits but not
GluN2C/2D subunits (Banerjee et al., 2009) consistent with the
data we have obtained. Here, we also demonstrate that these
receptors do not contain GluN2A subunits, as t-LTD is not pre-
vented in the presence of the GluN2A subunit-containing
NMDAR antagonist Zn2+, thus suggesting that the composition
of these receptors is GluN1/GluN2B. A possible role of GluN3
subunits require further investigation (Paoletti et al., 2013).
The t-LTD characterized here requires GluN2B-containing
NMDARs that are known to be involved in LTD also at other
synapses, for instance they are involved in LTD at CA3-CA1 hip-
pocampal synapses (Papouin et al., 2012). GluN2B-containing
NMDARs play critical roles in cognitive functions in rodent
that are thought to be mediated by their roles in LTD
(Brigman et al., 2010). For instance, impairment of fear extinc-
tion learning in rats by a GluN2B-containing NMDAR antago-
nist is associated with their impaired LTD in the amygdala
(Dalton et al., 2012), while enhancement of spatial reversal learn-
ing in mice by NMDAR coagonist D-serine is associated with
their enhanced LTD in the hippocampus (Duffy et al., 2008).
Consistent with our data, in the somatosensory cortex,
GluN2B-KO mice exhibit neonatal lethality, impaired somato-
sensory synapse refinement, and impaired LTD (Kutsuwada
et al., 1996). It is well established that NMDARs are located at
both synaptic and extrasynaptic regions, with extrasynaptic
NMDARs activated by spillover of synaptic glutamate or gluta-
mate released from glia (Haydon and Carmignoto, 2006), and
synaptic NMDARs activated only by synaptically released gluta-
mate. There are accumulating evidences that GluN2A subunit-
containing NMDARs are more likely to be concentrated at syn-
apses, whereas GluN2B- and GluN2C/2D-containing NMDARs
are more enriched at extrasynaptic sites in excitatory neurons
(Zhou and Sheng, 2013). While the t-LTD characterized here
involves GluN2B subunit-containing NMDAR and their location
is probably extrasynaptic, more work is necessary to determine
the synaptic and/or extrasynaptic location of these receptors.

Figure 6. Developmental profile of t-LTD at L2/3-L2/3 synapses of the mouse somatosen-
sory cortex. t-LTD is evident during the second and third week of development but cannot be
induced during the fourth week. A, The EPSP slopes monitored at P13–21 (black symbols) and
at P22–25 (red symbols) are shown. Traces show the EPSP before (1) and 30 min after (2)
pairing. B, Summary of the results. Error bars indicate SEM, and the number of slices is shown
in parentheses. Mann–Whitney U test. *p< 0.05.
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Calcineurin is necessary for t-LTD induction
Protein phosphatases, including calcineurin, have been reported
to be required for several different forms of LTD, both in the hip-
pocampus (Mulkey et al., 1994) and neocortex (Torii et al., 1995).
Using FK506 to block calcineurin activity, our results indicate the
involvement of postsynaptic calcineurin in t-LTD induction. A
similar requirement of calcineurin (but presynaptic) has been
also described for t-LTD in the hippocampus (Andrade-Talavera
et al., 2016) and in neocortical pattern-dependent LTD (p-LTD;
Rodríguez-Moreno et al., 2013).

Ca2+ and eCBs and CB1 receptor requirements for t-LTD
We found that t-LTD requires a rise in postsynaptic Ca2+, as it
was blocked by the presence of BAPTA into the postsynaptic
cell. Interestingly, Ca2+ entering into the postsynaptic neuron
trough L-type VDCC is not necessary for this t-LTD as it is
not prevented or affected in the presence of nimodipine. Thus,

Ca2+ is most probably passing through NMDAR channels, as
postsynaptic ionotropic NMDAR are required for this t-LTD.
It also requires Ca2+ from intracellular stores as compounds
that affect intracellular Ca2+ dynamics as thapsigargin (that avoid
refilling of intracellular stores after depletion) or ruthenium red
(that blocks RyR receptors and thus Ca2+ release to the cyto-
plasm) blocked t-LTD induction. Interestingly, IP3R are not
required as blocking these receptors by heparin did not affect
t-LTD induction. This form of t-LTD thus resembles previously
described postsynaptic NMDA receptor-dependent forms of
LTD (Mateos-Aparicio and Rodríguez-Moreno, 2020).
Postsynaptic loading of THL, a selective inhibitor of the eCB syn-
thesizing enzyme diacylglycerol lipase, blocked the induction of
t-LTD, suggesting that eCBs are involved in the induction of
t-LTD. In our experiments, AM-251, an eCB CB1 receptor antag-
onist, prevented the induction of t-LTD, suggesting that eCB
binding to CB1 receptors is required for induction of t-LTD.
CB1 receptors involved in synaptic plasticity are located in the
presynaptic neuron (Sjöström et al., 2003) and/or in astrocytes
(Navarrete and Araque, 2008, 2010; Min and Nevian, 2012). In
the present work, we did not elucidate the site of CB1 receptors
mediating t-LTD and further work will be required to unequivo-
cally address this question, although the demonstration that
astrocytes are required for t-LTD and that AEA stimulation gives
rise to LTD but not when astrocytes are loaded with BAPTA is
suggestive that astrocytic CB1 receptors might be involved.

Astrocytes are required for induction of t-LTD
Through three different approaches, we demonstrated the
involvement of astrocytes in postsynaptic t-LTD observed at
P13–21 mice. First, introducing BAPTA into astrocytes
completely prevented t-LTD induction. Second, vesicular release
is impaired in dnSNARE mice, and third, when light chain teta-
nus toxin is loaded into astrocytes, t-LTD is prevented, and
t-LTD is not observed in slices from these animals, indicating
that Ca2+-regulated release of a gliotransmitter is necessary for
t-LTD induction at somatosensory L2/3-L2/3 synapses. A role
for astrocytes in synaptic depression is established. For instance,
ATP released from astrocytes because of neuronal activity can
modulate synaptic transmission in cultured hippocampal neu-
rons; and ATP tonically suppresses glutamatergic transmission
via P2Y receptors, an effect that depends on the presence of
co-cultured astrocytes (Zhang et al., 2003). Glutamate activates
non-NMDA receptors on astrocytes and triggers ATP release
which causes homo- and heterosynaptic depression (Zhang et
al., 2003). In addition, astrocytes have been involved in LTD in
the CA1 region of the hippocampus (Andersson et al., 2007,
Han et al., 2012; Navarrete et al., 2019) and in other brain regions
as the cerebellum (Sasaki et al., 2012), or the supraoptic nucleus
(Panatier et al., 2006, Durkee et al., 2021 for a review of roles of
astrocytes in LTD). In STDP, astrocytes have been involved in
t-LTD in the hippocampus (Andrade-Talavera et al., 2016;
Pérez-Rodríguez et al., 2019, Falcón-Moya et al., 2020), the stri-
atum (Valtcheva and Venance, 2016), and at L4-L2/3 synapses of
the somatosensory cortex (Min and Nevian, 2012; Rodríguez-
Moreno et al., 2013; Martínez-Gallego et al., 2022b). Here we
add to this knowledge and demonstrate for the first time a role
of astrocytes at L2/3-L2/3 synapses of somatosensory cortex.

D-Serine recovers t-LTD, modulates postsynaptic NMDARs,
and is released from astrocytes
Indeed, we found that the addition of D-serine to the superfusion
fluid completely restored t-LTD in experiments in which astrocytes

Figure 7. Model of postsynaptic developmental t-LTD at L2/3-L2/3 synapses of the primary
somatosensory cortex (S1). t-LTD is induced by a post-before-pre, single-spike pairing protocol
at P13–21. Presynaptically released glutamate activates postsynaptic NMDA receptors, which
permeates Ca2+ into the postsynaptic neuron, causing calcineurin activation and Ca2+ release
from internal stores in a Ca2+-dependent Ca2+ release manner, driving eCBs synthesis and
release. The eCB signal leads to the activation of CB1 receptors possibly situated in surrounding
astrocytes, facilitating D-serine release from astrocytes, which, together with glutamate
released from presynaptic neurons, activates postsynaptic NMDA receptors on L2/3 postsyn-
aptic neurons to induce t-LTD.
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were loaded with BAPTA and in dnSNARE mutants, suggesting
that astrocytes release a gliotransmitter required for t-LTD, acting
as coagonist on postsynaptic NMDARs. From our results, it is clear
that D-serine is released by SNARE-dependent exocytosis as indi-
cated by dnSNARE results and by direct loading of astrocytes
with the light chain of tetanus toxin, which blocks exocytosis.
Additionally, D-serine recovered t-LTD when astrocytes were
loaded with GDPβS and when AM251 was added in the superfu-
sion fluid. These results are all consistent with the possible location
of CB1 receptors on the astrocytes and with the fact that D-serine is
released from astrocytes to act on postsynaptic NMDARs involved
in t-LTD. The fact that racemase inhibition together with D-serine
depletion prevents t-LTD is directly consistent with the astrocytic
origin of D-serine (Henneberger et al., 2010) as are the results
obtained when the slices were treated with DAAO and astrocytes
were stimulated. The evaluation of NMDAR-tonic currents, which
are directly affected by astrocytic chelation (with BAPTA), indicate
that S1 L2/3-L2/3 cortical astrocytes can regulate NMDAR tone in
a Ca2+-dependent manner. In addition, from our results it is clear
that D-serine released from astrocytes binds to postsynaptic
NMDARs that mediate t-LTD at L2/3-L2/3 synapses but the pos-
sibility that any other activator of the glycine site of the NMDAR
may produce the same effect exists, for instance, glycine or/and
D-alanine released from astrocytes may affect t-LTD, and more
experiments are needed to clarify this point. In STDP, these results
are, in principle, similar to some of the results found for t-LTD in
the hippocampus at CA3-CA1 synapses, but taken into account
one important difference that NMDARs involved in t-LTD in the
hippocampus are presynaptic (Andrade-Talavera et al., 2016).
Thus, it is important to note that our results show that D-serine
released by astrocytes may act on both pre- and postsynaptic
NMDARs to mediate t-LTD. D-Serine from astrocytes has also
been previously involved in postsynaptic LTP induced with high-
frequency stimulation (Henneberger et al., 2010), but whether it
may be also involved in presynaptic LTP forms remains to be
determined. Thus, D-serine from astrocytes has been demon-
strated to be required for presynaptic t-LTD in the hippocampus
(Andrade-Talavera et al., 2016) and for postsynaptic t-LTD at
L2/3-L2/3 synapses of the somatosensory cortex (present
work). Interestingly, as a novelty, we show here for the first
time that D-serine is acting on postsynaptic NMDARs to mediate
a postsynaptic form of LTD at the somatosensory cortex and we
show the first evidence that D-serine involved in a postsynaptic
form of t-LTD is directly released by astrocytes.

What is the physiological role of this form of plasticity?
For the moment, the exact role of STDP in the somatosensory
cortex is not known, and more work is necessary to specifically
determine functions for t-LTP and t-LTD. STDP seems a good
candidate to mediate spatial learning in the hippocampus
(Bush et al., 2010) and the possible role of t-LTP and t-LTD in
forms of learning involving the hippocampus and the somato-
sensory cortex whisker discrimination will be addressed in future
studies. Our studies were done in developing P13–P21 animals,
and the form of postsynaptic t-LTD described here is present
during the second and third week of development and is absent
after P22 indicating its relevance during maturation. The func-
tions of t-LTP and t-LTD during development are most probably
related to the refinement of synaptic connections and remodeling
of neuronal circuits (Andrade-Talavera et al., 2023). As a
Hebbian learning rule, t-LTP should occur when the spike order
is pre-before-post, strengthening those connections in which the
presynaptic neuron takes part in firing the postsynaptic cell, as

predicted by Hebb, whereas t-LTD occurs when the spike order
is reversed, so that noncausal spiking weakens the connections
involved, possibly as a first step in the elimination of those con-
nections during development as has been suggested (Caporale
and Dan, 2008). Indeed, further studies will be necessary to deter-
mine the true influence of STDP in the barrel cortex and the
specific developmental role of t-LTD and t-LTP in these circuits.
As discussed previously (Pérez-Rodríguez et al., 2019; Falcón-
Moya et al., 2020), t-LTD most probably participates in refining
synapses during the first postnatal weeks of development,
potentially weakening excitatory synapses that are underused
or behaviorally irrelevant (Buonomano and Merzenich, 1998;
Feldman and Brecht, 2005).

It is interesting to note that with these new results it is clear
that both pre- and postsynaptic forms of t-LTD in young animals
may require D-serine from astrocytes (presynaptic t-LTD at
CA3-CA1 synapses in the hippocampus and postsynaptic
t-LTD at L2/3-L2/3 in the somatosensory cortex) in the same ani-
mals. Presynaptic plasticity may involve structural changes and
may change the short-term properties of neurotransmitter
release, participating in circuit computations, and changing the
excitatory/inhibitory balance or sensory adaptations (Monday
et al., 2018). Why some synapses, like L4-L2/3 synapses (and
as observed in the hippocampus), show pre- and/or postsynaptic
plasticity requires further study. Interestingly, in the somatosen-
sory cortex, t-LTD of L4-L2/3 and L2/3-L2/3 synapses have
different requirements, indicating that the pre- or postsynaptic
expression of plasticity is fundamental for the correct functioning
of brain circuits and that it is possible they are regulated differ-
ently (Banerjee et al., 2009, 2014). Presynaptically expressed
forms of t-LTDmay control the trial-to-trial reliability, and along
with the postsynaptically expressed t-LTD, they may induce a
larger change in signal-to-noise ratio than postsynaptic changes
alone, as described in the auditory cortex (Froemke et al., 2013).
In addition, different sites of expression may be an advantage to
the system as it may offer more possibilities for plasticity when
one is disrupted. Finally, while technically challenging, it is
becoming possible to associate particular behaviors with a partic-
ular locus of plasticity thanks to improved tools to specifically
manipulate LTD processes in vivo (Nabavi et al., 2014).
Astrocytes and D-serine have been associated with behavior in
the hippocampus, where the lack of IP3R2 produced remote
recognition, fear, and spatial memories impairments, and these
animals showed a deficit in LTD that was recovered by supple-
mentation of D-serine (Pinto-Duarte et al., 2019). Also in the hip-
pocampus, impairing glial functions with fluoroacetate reduced
the magnitude of LTD, which was restored by exogenous
D-serine, and interestingly, this D-serine enhanced spatial mem-
ory retrieval and rescued fluoroacetate-induced impairment of
memory retrieval, suggesting links between LTD and spatial
memory retrieval (Zhang et al., 2008). Notwithstanding this,
the potential behavioral influence of the postsynaptic form of
LTD studied here is still an emerging issue of particular interest
in the near future.
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