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In pyramidal cells, the induction of spike-dependent plasticity (STDP) follows a simple Hebbian rule in which the order of presynaptic
and postsynaptic firing dictates the induction of LTP or LTD. In contrast, cortical fast spiking (FS) interneurons, which control the rate
and timing of pyramidal cell firing, reportedly express timing-dependent LTD, but not timing-dependent LTP. Because a mismatch in
STDP rules could impact the maintenance of the excitation/inhibition balance, we examined the neuromodulation of STDP in FS cells of
mouse visual cortex. We found that stimulation of adrenergic receptors enables the induction of Hebbian bidirectional STDP in FS cells
in a manner consistent with a pull–push mechanism previously characterized in pyramidal cells. However, in pyramidal cells, STDP
induction depends on NMDA receptors, whereas in FS cells it depends on mGluR5 receptors. We propose that neuromodulators control
the polarity of STDP in different synapses in the same manner, and independently of the induction mechanism, by acting downstream in
the plasticity cascade. By doing so, neuromodulators may allow coordinated plastic changes in FS and pyramidal cells.

Introduction
Modification of synaptic strength based on the correlation be-
tween presynaptic and postsynaptic firing is considered essential
for the processes of learning, memory formation, and cortical
refinement. An attractive model for the induction of these mod-
ifications in vitro is spike-timing-dependent plasticity (STDP) of
near-coincidental presynaptic and postsynaptic firing (Song et
al., 2000; Song and Abbott, 2001; Dan and Poo, 2004; Richards et
al., 2010). In the excitatory inputs to pyramidal cells, where the
mechanisms of STDP have been worked out in great detail, the
induction of STDP largely follows the Hebbian rule (Markram et
al., 2011; Feldman, 2012). Typically, presynaptic firing preceding
postsynaptic firing induces long-term potentiation (LTP),
whereas postsynaptic firing before presynaptic firing induces
long-term depression (LTD). In contrast, a large diversity of co-
incidence rules for STDP has been described in the excitatory
inputs onto inhibitory interneurons (Fino and Venance, 2010;
Lamsa et al., 2010; Kullmann et al., 2012). This diversity of rules
for plasticity of excitatory inputs onto interneurons, which is
comparable to the diversity of plasticity of their inhibitory out-
puts (Castillo et al., 2011), has been interpreted in terms of the
functional heterogeneity of interneuron types (Kullmann et al.,
2012), which form a highly diverse group in terms of anatomy,

molecular markers, and somatic excitability (Huang et al., 2007;
Ascoli et al., 2008). Indeed, an emerging consensus is that the
plasticity rules of excitatory inputs onto interneuron inputs are
cell-type specific (Kullmann et al., 2012). For example, in cortex,
inputs from pyramidal cells onto low threshold interneurons re-
portedly exhibit bidirectional STDP, whereas inputs onto fast
spiking (FS) basket cells only exhibit spike timing LTD (tLTD)
(Lu et al., 2007).

The absence of spike timing LTP (tLTP) in cortical FS cells
is intriguing. FS cells are the most abundant interneuron sub-
type (Xu et al., 2010) and provide the bulk of feedforward
and feedback inhibition that constrains cortical excitability
(Freund and Katona, 2007). Robust tLTD unbalanced by tLTP
suggests that cortical activity will tend to depress the excit-
atory drive onto FS cells, which could potentially lead to a
positive feedback loop in which increased cortical activity re-
duces the recruitment of FS cells. This type of consideration
prompted us to reexamine STDP in FS cells. We asked whether
neuromodulators, which gate the induction of bidirectional
STDP in cortical pyramidal cells (Seol et al., 2007), could also
control STDP in interneurons. We found that activation of
�1- and �-adrenergic receptors enabled the induction of Heb-
bian bidirectional STDP in fast-spiking parvalbumin (PV)
positive interneurons and in somatostatin (SOM) positive low
threshold interneurons. Notably, similar rules govern the neu-
romodulation of STDP in interneurons and in pyramidal cells,
even though the induction mechanisms are markedly differ-
ent: STDP depends on NMDAR activation in pyramidal cells,
whereas in FS interneurons it depends on type I mGluRs.
These findings suggest that the rules previously characterized
in pyramidal cells might be a general principle governing
the neuromodulation of synaptic plasticity in a diversity of
synapses.
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Materials and Methods
Visual cortical slices (300 �m) were prepared as described previously
(Jiang et al., 2010b) from P21-P25 G42 and GIN mice, of either sex, that
express GFP in parvalbumin-positive and SOM-positive cells, respec-
tively. Briefly, slices were cut in ice-cold dissection buffer containing the
following (in mM): 212.7 sucrose, 5 KCl, 1.25 NaH2PO4, 10 MgCl2, 0.5
CaCl2, 26 NaHCO3, and 10 dextrose, bubbled with 95% O2/5% CO2, pH
7.4. Individual slices were transferred to normal artificial CSF (ACSF) for
at least 1 h before recording. Normal ACSF is similar to the dissection
buffer, except that sucrose is replaced by 124 mM NaCl, MgCl2 is lowered
to 1 mM, and CaCl2 is raised to 2 mM. One cell per slice was used.

Electrophysiology. Interneurons in layer II/III were identified by positive
fluorescence, and subtype classification was confirmed through electro-
physiological properties. Visualized whole-cell current-clamp recordings
were made using a MultiClamp 700A amplifier (Molecular Devices).
Borosilicate glass recording pipettes (4 – 6 M�) were filled with intracel-
lular solution containing (in mM) as follows: 130 (K)gluconate, 10 KCl,
0.2 EGTA, 10 HEPES, 4 (Mg)ATP, 0.5 (Na) GTP, and 10 (Na)phospho-
creatine (pH adjusted to 7.25 with KOH, 280 –290 mOsm). Only cells
with membrane potentials more negative than �65 mV, series resistance
�20 � were studied. Cells were excluded if input resistance changed
�15% over the entire experiment, with the exception of changes during
bath application of the agonists. Data were filtered at 2 kHz and digitized
at 10 kHz using Igor Pro (WaveMetrics).

Two concentric bipolar stimulating electrodes (FHC) were placed 1
mm apart at layer IV opposite to recorded neurons. Pathway indepen-
dence was verified by linear summation of the responses and absence of
paired pulse interactions (see Fig. 1). Synaptic responses were evoked
with 0.02 ms paired pulses (100 ms interval) delivered every 10 s to both
pathways in an alternating manner. Stimulation intensity was adjusted to
evoke 4 – 6 mV responses. Synaptic strength was quantified as the initial
slope (the first 2 ms) of the EPSP. Mean baseline slope was calculated
from 30 consecutive sweeps before the start of drug application. tLTP and
tLTD were attempted by pairing presynaptic stimulation (in layer IV)
with postsynaptic burst firing evoked by four brief suprathreshold cur-
rent pulses (2 ms duration, 10 ms apart, 1.5 times threshold current).
Pre-then-post and post-then-pre STDP epochs were applied in two in-
dependent pathways converging onto the same cell. As shown in Figure 1,
the pre-then-post pathway consisted of presynaptic stimulation preced-
ing postsynaptic firing, whereas for the post-then-pre pathway presyn-
aptic stimulation followed postsynaptic firing. The interval between
presynaptic and postsynaptic firing was always 10 ms. These pairing
epochs were delivered for 200 s at 1 Hz.

Methoxamine and isoproterenol were purchased from Sigma. 2-Methyl-
6-(phenylethynyl) pyridine hydrochloride (MPEP), DL-threo-�-benzy-
loxyaspartic acid (TBOA), and 2-amino-5-phosphonopentanoic acid (APV)
were purchased from Tocris Bioscience. Isoproterenol and methoxamine
were applied in conjunction with sodium ascorbate (40 �M) to prevent ox-
idation of the drugs. Only data from slices with stable recordings (�5%
change over the baseline period) were included in the final analysis. All data
are presented as average � SEM normalized to the preconditioning baseline.
For comparisons, the LTD or LTP magnitude was taken as the average of the
last 5 min recorded (35–40 min in the case of PV-FS cells; 25–30 min in the
case of SOM cells).

Statistical analysis. The significance of LTP and LTD was assessed using
the paired Student’s t test. Other comparisons used unpaired t test or the
ANOVA test. p � 0.05 was considered statistically significant.

Results
Coactivation of �1- and �-adrenergic receptors enables
bidirectional Hebbian STDP in FS-PV interneurons
Multiple STDP rules have been described for different interneu-
ron types in different brain regions (Fino and Venance, 2011;
Kullmann et al., 2012). Despite this diversity, in cortex STDP
paradigms reportedly only induce LTD, never LTP, in excitatory
inputs onto layer II/III FS interneurons (Lu et al., 2007). We
previously showed in the excitatory inputs onto pyramidal cells
that the same STDP paradigm results in multiple outcomes de-

pending on the balance of neuromodulators. This neuromodu-
lation of STDP follows a simple pull–push rule: Gs-coupled
receptors promote LTP at the expense of LTD, whereas Gq/11-
coupled receptors promote LTD at the expense of LTP (Seol et al.,
2007; Zhang et al., 2009). Therefore, we set out to determine
whether neuromodulators enable bidirectional STDP (LTP and
LTD) in FS interneurons and whether a pull–push mechanism
dictates a diversity of STDP outcomes.

To address this question, our initial studies were done in vi-
sual cortical slices from G42 mice (Chattopadhyaya et al., 2004),
which express GFP only in fast-spiking parvalbumin positive (FS-
PV) interneurons. We used �- and �1-adrenergic receptors as
models for Gs- and Gq/11-coupled receptors, respectively. For
comparative purposes, STDP was studied with the same para-
digms we previously reported for pyramidal cells (Seol et al.,
2007; Guo et al., 2012): two pathways were independently stim-
ulated shortly before or shortly after a burst of postsynaptic ac-
tion potentials (Fig. 1A). In the first round of experiments,
conditioning consisted of stimulating one pathway 10 ms before
postsynaptic firing (pre-then-post), which often induces LTP in
many Hebbian synapses. Conversely, the other pathway was
stimulated 10 ms after postsynaptic firing (post-then-pre), a par-
adigm that often induces LTD. None of the pairings induced
significant changes in the EPSPs (95 � 13% of baseline at 30 min
after conditioning in the pre-then-post pathway, p � 0.68; 91 �
6% in the post-then-pre pathway, p � 0.16; n � 14; Fig. 1B).
Thus, as we previously reported for pyramidal cells, under these
experimental conditions the excitatory inputs to FS-PV are not
modified by standard STDP protocols.

Next, we examined whether stimulation of �-adrenergic re-
ceptors (coupled to Gs) and �1-adrenergic receptors (coupled to
Gq/11) in conjunction with STDP protocols enable the induction
of LTP and LTD in FS-PV cells as predicted by the pull–push
model (Seol et al., 2007; Huang et al., 2012). In these experiments,
the STDP pairings (pre-then-post to induce LTP, or post-then-
pre to induce LTD; 10 ms delay in both cases) were selectively
delivered to one pathway after a 10 min bath application of either
the �-adrenergic agonist isoproterenol (Iso: 10 �M) or the �1-
adrenergic agonist methoxamine (Met: 10 �M). The noncondi-
tioned pathway served as a control for any long-term effects of the
agonists. The results are shown in Figure 1C, D. STDP condition-
ing delivered at the end of the isoproterenol application induced
a robust LTP in the conditioned pathway only (conditioned,
132 � 15%, p � 0.045; nonconditioned, 102 � 9%, p � 0.98; n �
14; Fig. 1C). The induction of LTP was not associated with
changes in the input resistance (104 � 4% of baseline), or with
changes in paired pulse depression (100 � 3%, p � 0.87), which
is an indicator of presynaptic changes. In a similar fashion, the
application of methoxamine promoted the induction of a ho-
mosynaptic form LTD (conditioned, 59 � 5%, p � 0.001; non-
conditioned, 96 � 4%, p � 0.51, n � 10; Fig. 1D) that was not
associated with changes in input resistance (109 � 4% of base-
line) or paired pulse facilitation (96 � 9%, p � 0.92). These
results indicate that the activation of �- and �1-adrenergic recep-
tors respectively promotes the induction of homosynaptic and
postsynaptic forms of LTP and LTD in FS-PV cells.

According to the pull–push model of neuromodulation tip-
ping, the Gs/Gq11 balance toward Gs, by stimulation of
�-adrenergic receptors, for example, should result in a state
where only LTP is induced regardless of the order of presynaptic
and postsynaptic firing (Seol et al., 2007; Huang et al., 2012).
Conversely, stimulation of �1-adrenergic receptors should pro-
mote an LTD-only state. To examine this possibility, we tested
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both timing sequences in the same cells by stimulating one path-
way 10 ms before and the other one 10 ms after the postsynaptic
burst. As shown in Figure 1E, F, in the presence of isoproterenol,
LTP was induced in both pathways (pre-then-post, 150 � 25%,
p � 0.024; post-then-pre, 130 � 14%, p � 0.025; n � 12),
whereas in the presence of methoxamine, LTD was induced in
both pathways (pre-then-post, 51 � 6%, p � 0.001; post-then-
pre, 67 � 7%, p � 0.001; n � 11). Thus, in accordance with the
pull–push model, in FS-PV cells, the activation of a single recep-
tor type promotes synaptic changes in one polarity only.

The pull–push model further predicts that bidirectional STDP
requires balanced activation of neuromodulatory receptors cou-

pled to Gs and Gq/11 (Seol et al., 2007).
Therefore, we tested whether coapplica-
tion of Iso (10 �M) and Met (10 �M), to
coactivate � and �1 receptors, enables bi-
directional STDP in FS-PV cells. In these
experiments, we tested both the pre-then-
post and the post-then-pre spike timing
sequences (with a 10 ms delay) in the same
cell as described above (Fig. 1B). As shown
in Figure 2A, in the presence of Iso and
Met, the conditioning pairing induced
LTP or LTD in a Hebbian manner
depending on the spike timing (pre-then-
post, 136 � 12%, p � 0.009; post-then-
pre, 72 � 6%; p � 0.004; n � 11). STDP
stimulation did not affect pair-pulse de-
pression in either pathway (pre-then-
post, 105 � 7%, p � 0.36; post-then-pre,
101 � 12%, p � 0.08), confirming that the
locus for LTP and LTD expression is post-
synaptic. The results indicate that the timing
sequence of presynaptic and postsynaptic
activation determines the polarity of the
STDP when gated by coactivation of �
and �1 receptors. We further evaluated
the timing-dependency of this form of
plasticity by varying the delay between
presynaptic and postsynaptic activation.
The results, shown in Figure 2B, revealed
two approximately symmetrical time win-
dows for the induction of LTP and LTD.
In both cases the peak occurs at ��/� 10
ms and the window width is less that 50
ms, which is highly reminiscent of the
shape for neuromodulator-gated STDP in
pyramidal cells (Seol et al., 2007).

Next, we investigated the developmen-
tal changes of adrenergically gated STDP
in FS-PV cells. In several cortical synapses,
including inhibitory synapses made by
FS-PV cells, activity-dependent plasticity
can be induced only during an early criti-
cal period, which terminates at or before
the fifth week of age (Feldman et al., 1999;
Morales et al., 2002; Jiang et al., 2007,
2010b). On the other hand, tetanus-
induced LTP of excitatory inputs onto
FS-PV cells is reportedly equally robust at
3 and 5 weeks of age (Jiang et al., 2010a).
Therefore, we measured the peak magni-
tude of LTP and LTD (evoked with 10 ms

delays in the presence of Iso and Met) in slices from mice 3, 5, and
8 weeks old. For both LTP and LTD, the magnitude of plasticity
was comparable at 3 and 5 weeks of age and virtually null at 8
weeks of age (Fig. 2C; LTP: 136 � 12%, 140 � 23%, and 108 �
6% at 3, 5, and 8 weeks, respectively; LTD: 72 � 6%, 81 � 12%,
and 91 � 12% at 3, 5, and 8 weeks, respectively; the 3 week data
are the same as in Fig. 3A). These results indicate that, in FS-PV
cells, there is a prolonged critical period for STDP that terminates
later than other maturational processes in the visual cortex.

Finally, we examined the adrenergic modulation of STDP in
FS-PV cells in the somatosensory cortex. It was previously re-
ported that the FS-PV cells of this region only express tLTD (Lu et

Figure 1. �- and �1-adrenergic agonist enables associative LTP and LTD. A, Experimental schematics. Top, EPSPs were re-
corded in layer II/III PV interneurons by stimulating the underlying layer IV at two sites (S1 and S2). Bottom, Conditioning
paradigm. During each pairing epoch (200 at 1 Hz), stimulation of one or both pathways was paired with a postsynaptic burst of
four action potentials (100 Hz). B, In control ACSF, the pairing paradigm (arrow) does not affect the EPSPs. C, Brief application of the
�- agonist isoproterenol (Iso: 10 �M, 10 min; gray bar) promotes the induction of homosynaptic LTP. D, The �1-agonist methox-
amine (Met: 5 �M, 10 min; gray bar) promotes the induction of homosynaptic LTD. In both cases, the polarity of plasticity was
independent of the order of presynaptic and postsynaptic activation. Only LTP was induced with isoproterenol (E), and only LTD
with methoxamine (F ). The number of experiments is indicated in parentheses. C, D, Superimposed traces are averages of 10
consecutive responses recorded right before (thin line) and 30 min after conditioning (thick line). Calibration: 2 mV, 10 ms. Note the
absence of changes in the normalized paired-pulse ratio and membrane input resistance (Rin), which are displayed below A and B.
Data are mean � SEM.
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al., 2007). As shown in Figure 2D, coap-
plication of Iso and Met allowed the in-
duction of both tLTP and tLTD in a spike
timing-dependent manner (pre-then-
post, 120 � 6%, p � 0.014; post-then-pre,
64 � 8%; p � 0.003; n � 9). These results
suggest that the principles governing nor-
adrenergic gating of bidirectional STDP
are applicable beyond the visual cortex.

Metabotropic glutamate receptors
mediate STDP in FS-PV cells
We investigated the induction mecha-
nisms of postsynaptic STDP in FS-PV
cells in the visual cortex. In pyramidal
cells, the induction of postsynaptic Heb-
bian STDP depends on the activation of
NMDARs, which serve as the coincidence
detector for presynaptic and postsynaptic
activation. However, in FS-PV cells, the
induction of LTP and LTD has been re-
ported to depend on the type I metabo-
tropic glutamate receptors mGluR5, not
NMDARs (Sarihi et al., 2008). Therefore,
we examined the role of NMDARs and
mGluRs in noradrenergic-gated STDP by
testing how antagonists to NMDARs
(APV, 100 �M) and mGluR5 (MPEP, 10
�M) affected the induction of tLTP and
tLTD. Bath application of APV did not
block t-LTP promoted by Iso (pre-then-
post, 134 � 15%, p � 0.041; post-then-
pre, 141 � 11%, p � 0.002; n � 13; Fig.
3A), nor did it block the induction of
tLTD promoted by Met (pre-then-post, 52 � 9%, p � 0.002;
post-then-pre, 73 � 8%, p � 0.014; n � 9; Fig. 3B), indicating
that NMDA receptor activation is not required for the induction
of STDP in FS-PV cells. To test the effects of bath application of
MPEP (10 �M), we measured tLTP and tLTD in the same cells for
both pathways by coapplying Iso and Met. MPEP blocked the
induction of lasting changes in both pathways (pre-then-post,
96 � 8%, p � 0.35; post-then-pre, 96 � 11%, p � 0.59; n � 12;
Fig. 3C), indicating that mGluR5 activation is essential for the
induction of STDP on FS-PV interneurons. Finally, we evaluated
the role of intracellular Ca 2� concentration increases and found
that the inclusion of BAPTA, a Ca 2� buffer, in the recording
pipette (10 mM BAPTA) was sufficient to prevent the induction of
STDP (pre-then-post, 93 � 10%; p � 0.27; post-then-pre, 107 �
7%, p � 0.20; n � 6 in Iso and Met; data not shown).

In pyramidal cells, neuromodulators promote STDP by phos-
phorylating AMPA receptors at sites that are essential for traffick-
ing the receptors in and out of the synapse (Lee and Kirkwood,
2011). Previously, we reported that pyramidal cells in mice in
which serine 831 of GluA1 subunit is changed to alanine (S831A
mice) to prevent phosphorylation do not express tLTD, although
they exhibit tLTP (Seol et al., 2007). Therefore, we crossed the
S831A and the G42 lines to evaluate the possible role of AMPAR
phosphorylation in the neuromodulation of STDP in FS-PV cells.
In these experiments, we used mice that are homozygous for
S831A to test tLTP and tLTD in both independent pathways. As
shown in Figure 3D, tLTD was impaired in S831A individuals,
whereas tLTP was induced in both pathways, regardless of spike-
timing order (pre-then-post, 133 � 8%, p � 0.016; post-then-

pre, 128 � 9%; p � 0.047; n � 12), indicating that the
phosphorylation of the 831 site is essential for the induction of
tLTD in FS-PV neurons.

In CA1 hippocampal synapses, neuromodulators can pro-
mote STDP in a presynaptic manner by enhancing stimulus-
induced glutamate release (Gu et al., 2011; Gu and Yakel, 2012).
To test whether this occurs in FS-PV interneurons, we blocked
glutamate transporters with DL-TBOA to enhance glutamate lev-
els at the synaptic cleft and examined whether this mimicked
adrenergic gating of bidirectional STDP. Consistent with in-
creased glutamate levels, bath application of TBOA (5 �M) rap-
idly increased the EPSC amplitude in FS-PV interneurons (145 �
9%, p � 0.007; n � 5; Fig. 3E). However, 10 min application of
TBOA did not promote the induction of STDP (pre-then-post,
95 � 4%, p � 0.235; post-then-pre, 98 � 7%; p � 0.777; n � 7;
Fig. 3F), indicating that the noradrenergic gating of STDP does
not involve the enhancement of presynaptic glutamate release.

Adrenergic neuromodulation of STDP in SOM interneuron
Non-fast-spiking SOM-positive cells are the second most com-
mon interneuron type in neocortex (Xu et al., 2010). Several
studies have reported different induction rules for STDP in SOM
and FS cells (Lu et al., 2007; Chen et al., 2009). We used the GIN
mouse line, which expresses GFP in SOM cells (Oliva et al., 2000)
to test whether neuromodulation of STDP in these cells is similar
to pyramidal and FS-PV cells. First, we used the same protocols
described previously (Figs. 1B and 2A) to test tLTD and tLTP in
both pathways in the same cells. As shown in Figure 4, after 10
min coapplication of Iso and Met, tLTP and tLTD were induced

Figure 2. Costimulation of �- and �1-adrenergic receptors enables Hebbian STDP. A, Coapplication of isoproterenol and
methoxamine enables bidirectional STDP: tLTP with a pre-then-post pairing (10 ms delay; E) and tLTD with a post-then-pre
pairing (�10 ms delay; F). B, The magnitude of STDP induced with the agonist mixture depends on the delay between presyn-
apstic and postsynapstic stimulation. C, Developmental changes in the magnitude of tLTP induced (E) and tLTD induced with �
10 millisecond delays. D, Coapplication of isoproterenol and methoxamine also enables bidirectional STDP in somatosensory
cortex. The number of experiments is indicated in parentheses. Superimposed traces in A are averages of 10 consecutive responses
recorded right before (thin line) and 30 min after conditioning (thick line) displayed at two time scales. Calibration: 2 mV, 10 and
2 ms. Data are mean � SEM.
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in both pathways in a spike timing-dependent manner (pre-then-
post, 119 � 6%, p � 0.02; post-then-pre, 74 � 5%, p � 0.001; n �
12; Fig. 4A). In both cases, the paired pulse ratio was not affected
(p � 0.64 for tLTD; p � 0.91 for tLTP), consistent with a post-
synaptic locus of expression. In contrast, in the absence of exper-
imentally added neuromodulators, STDP conditioning did not
affect the responses (pre-then-post, 87 � 9%, p � 0.11; post-
then-pre, 104 � 15%, p � 0.55; n � 10; data not shown). Simi-
larly, coapplication of Iso and Met paired with postsynaptic firing
only did not induce significant changes (101 � 3%, p � 0.667;
n � 12; Fig. 4A).

To further characterize STDP in SOM interneurons, we eval-
uated the timing dependency of this form of plasticity by varying
the delay between presynaptic and postsynaptic activation (as in
Fig. 2B). STDP in SOM interneurons exhibited a spike-time win-
dow that was �50 ms for both tLTP and tLTD and comparable
with that observed in FS-PV interneurons (Fig. 4B). We also

confirmed that �-adrenergic activation
promotes an LTP-only state, similar to the
effects of �-adrenergic activation in pyra-
midal and FS-PV cells. In the presence of
10 �M Iso, both the pre-then-post and the
post-then-pre pairings resulted in compa-
rable tLTP (pre-then-post, 136 � 12%,
p � 0.042; post-then-pre, 132 � 6%, p �
0.004; n � 5; Fig. 4C). Finally, we found
that, unlike in FS-PV cells, but similar to
pyramidal neurons, the induction of bidi-
rectional STDP in SOM neurons depends
on NMDA receptors (Lu et al., 2007) and
that addition of NMDAR antagonist
APV(100 �M) to the bath prevented the
induction of STDP (pre-then-post, 99 �
13%, p � 0.931; post-then-pre, 93 � 5%,
p � 0.258; n � 7; Fig. 4C).

For comparative purposes, the STDP
pairings were designed with bursts of 4
action potentials at 100 Hz. However, in
vivo the average firing rates of SOM cell
are much lower. Therefore, we tested the
induction of STDP with other regimens of
postsynaptic action potentials. As shown
in Figure 4D, reducing either the rate
(from 100 Hz to 30 Hz) or the number of
the action potentials (from 4 to 1) in the
pairings did not prevent STDP (4 action
potentials at 30 Hz: pre-then-post, 116 �
4%; p � 0.006; n � 7; post-then-pre, 56 �
10%; p � 0.014; n � 5; one action poten-
tial: pre-then-post, 116 � 2%; p � 0.001;
n � 6; post-then-pre, 54 � 8%; p �
0.0002; n � 10). Together, these results
indicate that adrenergic receptors enable
Hebbian postsynaptic STDP of excitatory
synapses onto SOM cells, in a similar
manner as in FS-PV and pyramidal cells.

Discussion
Multiple rules and mechanisms for asso-
ciative plasticity of glutamatergic inputs
onto inhibitory interneurons have been
reported in several brain regions. Here we
report that in visual cortex: (1) the induc-
tion of bidirectional STDP in the two

principal types of interneurons is Hebbian; (2) it requires neuro-
modulatory activity; and (3) STDP in FS-PV cells has a critical
period that is delayed relative to other maturational processes.
Importantly, in visual cortex, the rules of induction and neuro-
modulation of STDP are common to pyramidal and interneu-
rons. We surmise that this condition facilitates the maintenance
of an excitation/inhibition balance while allowing the circuitry to
reorganize during development.

Despite the richness of rules reported for associative plasticity
in interneurons (Fino and Venance, 2010; Lamsa et al., 2010;
Kullmann et al., 2012), in cortex bidirectional Hebbian mecha-
nisms have only been documented for low threshold interneu-
rons (Lu et al., 2007). Thus, ours is the first demonstration of
Hebbian bidirectional STDP in cortical FS-PV cells, the most
abundant and best characterized type of cortical interneuron (Xu
et al., 2010). In pyramidal neurons, Hebbian STDP is understood

Figure 3. Mechanisms of STDP in PV interneurons. Bath application of the NMDA receptor antagonist APV (100 �M) does not
block the induction of either tLTP (A) or tLTD (B). C, Bath application of the mGluR5 antagonist MPEP (10 �M) blocks STDP. D,
Absence of tLTD and normal tLTP in GluR1 S831A mutant mice. E, Bath application of the glutamate transporter inhibitor TBOA (5
�M) increases EPSC amplitude. F, TBOA (5 �M) does not enable the bidirectional STDP. Superimposed traces in E are averages of 10
consecutive responses recorded right before (thin line) and 5 min after TBOA application (thick line). The number of experiments is
indicated in parentheses. Data are mean � SEM.
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as a simple consequence of the voltage de-
pendence of the activation of NMDARs.
During the induction of tLTP, the delayed
postsynaptic spike provides depolariza-
tion that boosts NMDAR activation and
increases the concentration of intracellu-
lar Ca�2 to the threshold for tLTP (Shou-
val et al., 2010). However, the induction
mechanism for postsynaptic tLTD is less
clear, and several different mechanisms
have been proposed to mediate this phe-
nomenon in pyramidal cells (Froemke et
al., 2010; Shouval et al., 2010). We found
that, in the FS-PV cells, the induction of
both Hebbian tLTP and tLTD requires in-
tracellular Ca 2� and the activation of
mGluR5, but not the activation of NMDA
receptors.

How the temporal relationship be-
tween presynaptic and postsynaptic acti-
vation is detected and coded into Ca 2�

signals specific for tLTP and tLTD in FS
cells remains to be determined. One
plausible mechanism is that a voltage-
dependent source of external Ca2�, along
with activation of mGluR5, serves as a coin-
cidence detector, for instance, by coactivat-
ing phospholipase C (Hashimotodani et al.,
2005). Candidates for the external Ca2�

source are VGCCs and Ca2�-permeable
AMPA receptors (CP-AMPARs), which
have been implicated in STDP of hip-
pocampal interneurons (Lamsa et al., 2007;
Szabo et al., 2012). In visual cortex, FS cells
express not only VGCCs but also CP-AMPARs, as the blocker
NASPM (250 �M) strongly reduces the EPSC amplitude (25.5 �
5.8%, n � 4, p � 0.001; data not shown). However, the strong in-
ward rectification of CP-AMPAR makes them more suitable for im-
plementing anti-Hebbian rules of synaptic plasticity (Lamsa et al.,
2007). Finally, the recently reported voltage dependence of mGluR
output (Bezanilla, 2008) raises an intriguing possibility that the de-
tection of presynaptic and postsynaptic coincidence might be medi-
ated solely by mGluRs. In any event, regardless of the particular
mechanism, our results demonstrate, for the first time, that a Heb-
bian rule for bidirectional STDP can be implemented indepen-
dently of NMDAR activation.

In cortical pyramidal cells, G-protein-coupled receptors gate
and control the polarity of STDP in a pull–push manner: Gs-
coupled receptors promote LTP at the expense of LTD and Gq-
coupled receptors promote LTD over LTP (Choi et al., 2005; Seol
et al., 2007; Zhang et al., 2009; Huang et al., 2012). Our present
results suggest that this pull–push model can be generalized to
multiple cell types, as we report a similar gating and control of
STDP by adrenergic receptors in FS-PV and SOM cells. Indeed, as
previously reported for pyramidal cell (Seol et al., 2007; Huang et
al., 2012), the activation of �-adrenergic receptors (coupled to
Gs) promotes an LTP-only state in both FS-PV and SOM cells.
Notably, however, in pyramidal cells, tLTP depends on NMDAR
activation (Seol et al., 2007), whereas in FS-PV cells, it depends
on mGluRs (Fig. 3). The same effects in synapses that differ in
induction mechanisms suggest that neuromodulation occurs
downstream of the induction step. This observation dovetails
nicely with the notion that, in pyramidal cells, neuromodulation

of LTP and LTD is independent of changes in NMDAR and re-
sults from priming the AMPAR trafficking through AMPA recep-
tor phosphorylation (Seol et al., 2007; Huang et al., 2012).

The diversity of rules and mechanisms of plasticity in in-
terneurons is usually attributed to the functional and structural
diversity of this group. However, different forms of plasticity
have been reported for the same cell type. For example, in CA1
stratum radiatum interneurons, � burst stimulation has been
reported to induce LTD (McMahon and Kauer, 1997) or LTP
(Nissen et al., 2010). Similarly, in cortex, presynaptic and post-
synaptic mechanisms have been described for LTP in the highly
overlapping groups of low-threshold spiking and SOM cells
(Chen et al., 2009). Neuromodulation of NMDAR-dependent
and independent forms of plasticity might contribute to the di-
versity of plasticity in interneurons. In particular, this may ex-
plain why different STDP rules are observed in the same cell type.
It is well established that slice preparation affects the basal levels
of AMPAR phosphorylation (Ho et al., 2004), which in turn may
alter the need of neuromodulators for STDP (Edelmann and
Lessmann, 2011). Thus, differences in endogenous levels of neu-
romodulators across laboratories along with different respon-
siveness to neuromodulation across interneurons might increase
the apparent diversity of plasticity rules. For example, it was pre-
viously reported that SOM cells express both tLTP and tLTD,
whereas FS cells express only tLTD (Lu et al., 2007). However, we
have now demonstrated that, upon �-adrenergic stimulation,
FS-PV cells are able to undergo tLTP (Fig. 2). Moreover, in ac-
cordance with the pull–push model, in the same FS-PV cells, the
same stimulation paradigm can result in tLTP, tLTD, or no

Figure 4. Adrenergic stimulation enables STDP in SOM interneurons. A, Coactivation of �1- and �-adrenergic receptors en-
ables STDP in SOM interneurons, whereas coactivation of �1- and �-adrenergic receptors pairing with postsynaptic burst alone
induced no long-lasting change (gray circles). B, The polarity and magnitude of STDP induced with the agonist mixture depend on
the delay between presynapstic and postsynapstic stimulation in SOM interneurons. C, Summary results showing the effects of
pre-then-post and post-then-pre pairing performed in control and in the presence of Iso alone, Iso � met or Iso � met � APV. D,
Reducing the number and frequency of action potentials during the pairings reduces, but does not prevent, the induction of LTP,
and it does not affect LTD induction. The number of experiments is indicated in parentheses. Data are mean � SEM.
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change at all, depending on the activation of �- or �-adrenergic
receptors. This diversity of outcomes, even within the same cell
type, suggests that some of the diversity of STDP rules may result
from differences in the state of neuromodulation rather than
intrinsic differences in the plasticity mechanisms.

Cortical interneurons, in particular FS cells, are considered
essential for controlling experience-dependent cortical remodel-
ing during postnatal development (Jiang et al., 2005; Kuhlman et
al., 2010). Their role in postnatal plasticity is also supported by
the modifiability of their receptive field properties (Kameyama et
al., 2010; Kuhlman et al., 2011) and the clear critical period for the
plasticity of their excitatory inputs (Fig. 2). However, FS cells are
also critical for visual processing. FS cells, which provide the bulk
of feedforward and feedback perisomatic inhibition (Martin,
2002), are essential for control of the rate and timing of cortical
firing (Pouille and Scanziani, 2001; Kuhlman et al., 2010), and in
V1 they have been implicated in shaping contrast sensitivity
(Atallah et al., 2012) and orientation tuning (Ferster and Miller,
2000; Lee et al., 2012; Li et al., 2012). This raises the issue that
preservation of cortical functionality during developmental re-
modeling requires maintaining an adequate excitation/inhibi-
tion balance. Indeed, in the somatosensory cortex, there is
evidence that sensory deprivation induces coordinated changes
in the excitatory inputs onto pyramidal and FS (House et al.,
2011). Our demonstration of Hebbian STDP in FS-PV cells has
an important implication in this regard. A common set of rules
for the neuromodulation of STDP of excitatory inputs to pyra-
midal and FS cells might promote the maintenance of the cortical
E/I balance during experience-dependent plasticity because, on
average, both cell types will undergo changes in the same polarity.
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