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Cellular/Molecular

Spike-Timing-Dependent Plasticity of Neocortical Excitatory
Synapses on Inhibitory Interneurons Depends on Target
Cell Type

Jiang-teng Lu,' Cheng-yu Li,' Jian-Ping Zhao,' Mu-ming Poo,"? and Xiao-hui Zhang'

nstitute of Neuroscience and Key Laboratory of Neurobiology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai 200031,
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Repetitive correlated spiking can induce long-term potentiation (LTP) and long-term depression (LTD) of many excitatory synapses on
glutamatergic neurons, in a manner that depends on the timing of presynaptic and postsynaptic spiking. However, it is mostly unknown
whether and how such spike-timing-dependent plasticity (STDP) operates at neocortical excitatory synapses on inhibitory interneurons,
which have diverse physiological and morphological characteristics. In this study, we found that these synapses exhibit target-cell-
dependent STDP. In layer 2/3 of the somatosensory cortex, the pyramidal cell (PC) forms divergent synapses on fast spiking (FS) and
low-threshold spiking (LTS) interneurons that exhibit short-term synaptic depression and facilitation in response to high-frequency
stimulation, respectively. At PC-LTS synapses, repetitive correlated spiking induced LTP or LTD, depending on the timing of presynaptic
and postsynaptic spiking. However, regardless of the timing and frequency of spiking, correlated activity induced only LTD at PC-FS
synapses. This target-cell-specific STDP was not caused by the difference in the short-term plasticity between these two types of synapses.
Activation of postsynaptic NMDA subtype of glutamate receptors (NMDARs) was required for LTP induction at PC-LTS synapses,
whereas activation of metabotropic glutamate receptors was required for LTD induction at both PC-LTS and PC-FS synapses. Additional
analysis of synaptic currents suggests that LTP and LTD of PC-LTS synapses, but not LTD of PC-FS synapses, involves presynaptic
modifications. Such dependence of both the induction and expression of STDP on the type of postsynaptic interneurons may contribute
to differential processing and storage of information in cortical local circuits.
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Introduction

Repetitive synaptic activity can induce persistent modification of
synaptic efficacy in many brain regions in the form of long-term
potentiation (LTP) and long-term depression (LTD). Such syn-
aptic plasticity provides a cellular mechanism for experience-
dependent refinement of developing neural circuits (Goodman
and Shatz, 1993; Song and Abbott, 2001; Zhang and Poo, 2001)
and for learning and memory functions of the mature brain (Bliss
and Collingridge, 1993; Martin et al., 2000). The precise timing of
presynaptic and postsynaptic spiking is often critical for deter-
mining whether an excitatory synapse undergoes LTP or LTD.
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Presynaptic spiking within a few tens of millisecond before
postsynaptic spiking (“pre-post”) leads to LTP, whereas spiking
of the opposite order (“post-pre”) leads to LTD (Markram et al.,
1997; Bi and Poo, 1998; Debanne et al., 1998; Feldman, 2000;
Sjostrom et al., 2001; Froemke and Dan, 2002). Most of our cur-
rent understanding of such spike-timing-dependent plasticity
(STDP) is based on studies of excitatory synapses on principal
(glutamatergic) neurons. Whether excitatory synapses on inhib-
itory (GABAergic) interneurons also exhibit STDP is mostly un-
known. The latter synapses serve critical functions in local corti-
cal circuits by initiating feedforward and feedback inhibition.

In the neocortex, inhibitory GABAergic interneurons consist
of a diverse population of cell types with distinct morphological,
physiological, and molecular characteristics (Markram et al.,
2004). This diversity is also reflected in the property of excitatory
synapses onto these neurons. In the layer 2/3 of the rat neocortex,
pyramidal cell (PC) synapses on bitufted and multipolar inter-
neurons exhibit short-term facilitation and depression, respec-
tively (Reyes et al., 1998). Both the spike-evoked Ca** signal and
the transmitter release probability of PC synaptic boutons on
bitufted interneurons are lower than those on multipolar inter-
neurons (Koester and Johnston, 2005). Whether long-term plas-
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ticity of these synapses also depends on the interneuron type
remains unknown. In this study, we have investigated STDP of
cortical PC synapses on two interneuron subtypes in layer 2/3 of
the somatosensory cortex of juvenile rats, fast spiking (FS) cells
and low-threshold spiking (LTS) cells, which were identified by
their membrane and firing properties. We found a marked de-
pendence of STDP on the interneuron type: for PC-LTS synapses,
LTP and LTD were induced by pre-post and post-pre spike pair-
ing, respectively, whereas only LTD was induced at PC-FS syn-
apses, regardless of the timing and frequency of spiking. Further-
more, we found that LTP and LTD induced by correlated spiking
at these synapses were mediated by NMDARs and metabotropic
glutamate receptors (mGluRs), respectively. The differences of
STDP at these two types of synapses underscore the complexity of
activity-induced long-term modification of cortical circuits and
suggest potential differential processing and storage of neuronal
information through connections mediated by distinct subpopu-
lations of interneurons.

Materials and Methods

Preparation of cortical slices. Rat somatosensory cortical slices were pre-
pared as described previously (Reyes et al., 1998), with some modifica-
tions. Briefly, young Sprague Dawley rats (P13—P16) were anesthetized
with sodium pentobarbital (50 mg/kg) and decapitated. The brain was
rapidly dissected and transferred into ice-cold oxygenated artificial CSF
[ACSF; composed of (in mm) 124 NaCl, 2.5 KCl, 2 MgCl,, 2 CaCl,, 1.25
NaH,PO,, 26 NaHCOj, 11 p-glucose, pH 7.35, ~303 mOsm] for 2 min.
Transverse or parasagittal slices (300—350 wm) were prepared with a
Vibratome (Vibratome, St. Louis, MO) at 0-2°C and further incubated
with oxygenated ACSF at 34°C for 30 min, and then transferred to ACSF
at room temperature (25°C) for >30 min before use. For experiments,
slices were transferred to the recording chamber and perfused with oxy-
genated ACSF at 32-34°C. The care and use of rats followed the animal
use guidelines of Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences (Shanghai, China).

Electrophysiology. Simultaneous dual (or triple) whole-cell recordings
(in current clamp) from PCs and interneurons in layer 2/3 were made
with Axopatch 700A or 200B amplifiers (Molecular Devices, Union City,
CA) using an upright microscope (BX51; Olympus, Tokyo, Japan)
equipped with differential interference contrast (DIC) optics and infra-
red video camera. The internal solution of the recording pipette con-
tained (in mm) 130 K-gluconate, 20 KCl, 10 Na-phosphocreatine, 10
HEPES, 4 ATP-Mg, 0.3 GTP, and 0.2 EGTA, adjusted to pH 7.3 with
KOH and to ~298 mOsm. The pipette resistance was 4—6 M(). To assay
the synaptic efficacy of PC—interneuron connections, EPSPs were re-
corded from postsynaptic interneurons when spikes were elicited in the
presynaptic PC by the injection of current pulses (3 ms duration, 1-2 nA)
at a low frequency (0.033 Hz). Signals were recorded and filtered at 2
kHz, digitized at 10 kHz (Digidata 1322A; Molecular Devices) and fur-
ther analyzed using the pClamp 9.0 software (Molecular Devices). Cor-
related presynaptic and postsynaptic spiking at various time intervals was
used to induce persistent synaptic modification. During the induction,
postsynaptic spiking was evoked by injection of depolarizing current
pulses (1-2 nA, 3 ms). In experiments on the STDP time window, pre-
synaptic and postsynaptic spike timing were defined as the onset of the
EPSP and the peak of the spike, respectively. The stable baseline of EPSPs
was obtained for 10 min before the application of correlated spiking, and
the postinduction mean EPSPs were measured for a period between 10
min after correlated spiking and the end of recording (normally 30—60
min after the correlated spiking). Percentage values of the mean EPSP
amplitude were determined relative to the mean baseline amplitude be-
fore spike pairing. Those EPSPs with amplitudes below the noise level
were regarded as transmission failures, which were included in the cal-
culation of mean EPSPs as events with the amplitude of 0 mV. Input
resistance of presynaptic and postsynaptic neurons was monitored
throughout the recording by the injection of a hyperpolarizing current
(—40 pA, 300 ms, 0.033 Hz). Data were accepted for analysis only for
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cases in which the input resistance varied <30% throughout the experi-
ment. Data are presented as mean = SEM. The comparison of results
before and after the experimental treatment was done by paired ¢ test and
that between results for different treatments was done by unpaired f test.
Cumulative distribution was analyzed by Kolmogorov—Smirnov test. All
chemicals were from Sigma (St. Louis, MO) except mGluR antagonists
(RS)-a-methyl-4-carboxyphenylglycine (MCPG), LY367385 [(S)-(+)-
a-amino-4-carboxy-2-methylbenzeneacetic acid], and MEPS [2-methyl-
6-(phenylethynyl)-pyridine hydrochloride]; NMDAR antagonist (—)-5-
methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine  maleate
(MK801); and CB1 receptor antagonist N-(piperidin-1-yl)-5-(4-iodophenyl)-
1-(2,4-dichlorophenyl)-4-methyl- 1 H-pyrazde-3-carboxamide (AM251),
which were from Tocris (Bristol, UK).

Reconstruction of neuronal morphology. Slices containing interneurons
that were physiologically identified and filled with biocytin (0.2%)
through the recording pipette were incubated at 4°C for 4—7 d with 4%
paraformaldehyde in PBS, pH = 7.4. After the fixation, slices were rinsed
in PBS (5 min for three times), quenched (0.3% H,0O,/PBS for 30 min),
rinsed again in PBS, and then exposed to avidin—biotin horseradish per-
oxidase complex containing 0.3% Triton X-100 (ABC kit; Vector Labo-
ratories, Burlingame, CA) for 4 d. On the fourth day, slices were rinsed
again in PBS, exposed to the 3,3’-diaminobenzidine (DAB) staining re-
action for 3-10 min with DAB kit (Vector Laboratories), and then dehy-
drated in a series of ethanol solutions of incremental concentrations (75,
95, and 100%) and cleared in dimethylbenzene (5 min for three times)
before mounting into slides. Three-dimensional light-microscopic re-
construction of dendritic and axonal arbors of DAB-stained neurons was
performed using Neurolucida system (MicroBrightField, Williston, VT).

Results

Identification of fast-spiking and low-threshold-spiking cells
Dual whole-cell recordings were made from synaptically con-
nected pairs of layer 2/3 neurons in acutely isolated somatosen-
sory cortical slices from P13-P16 rats. The PCs and inhibitory
interneurons were identified by their morphology and firing pat-
terns: PCs have clear apical dendrites and low firing rates with
adaptation, whereas inhibitory interneurons lack apical dendrites
and can sustain prolonged spiking at a high rate. We focused on
two distinct interneuron classes, FS and LTS cells in layer 2/3,
identified by their membrane properties and firing patterns,
including input resistance, spiking threshold, spike frequency
adaptation, spike duration, and amplitude of after-
hyperpolarization (Fig. 1A, B, Table 1). The differences in mem-
brane and firing properties we observed for layer 2/3 FS and LTS
cells were similar to those reported in cortical layer 4/5 (Kawagu-
chi and Kubota, 1997; Bacci et al., 2003). Morphological recon-
struction of biocytin-filled cells (six LTS cells and eight FS cells)
after the recording further revealed that layer 2/3 FS cells typically
had a dense axonal plexus, multiple axons/dendrites extended
radially from their cell body, whereas LTS cells were characterized
by less pronounced perisomatic distribution of axonal and den-
dritic arbors, but extensive axonal and dendritic arborization out
of layer 2/3 (Fig. 1A,B). Compared with previously identified
layer 2/3 multipolar and bitufted cells, which were distinguished
by the distinct shape of their somata and the location/number of
proximal dendrites under infrared-DIC optics or after recon-
struction of dye-filled cells (Reyes et al., 1998; Koester and
Johnston, 2005), all FS cells identified in the present study resem-
bled multipolar cells, whereas LTS cells we identified consisted of
mostly bitufted cells, with a few cells exhibiting multipolar
morphology.

Dual whole-cell recordings of EPSPs showed that PCs made
excitatory inputs to both FS and LTS cells (Fig. 1C,D). The PC-
LTS synapses exhibited lower synaptic efficacy and higher rate of
transmission failure than PC-FS synapses. We also consistently
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response to stimulation of the interneu-
ron. These IPSPs had a long decay time
and were susceptible to reversible block-
ade by bath-applied bicuculline methio-
dide, a competitive GABA, receptor an-
tagonist (Fig. 1E, F).

STDP at PC-LTS and PC-FS synapses

Excitatory synapses on neocortical PCs are
known to exhibit STDP (Markram et al.,
1997; Feldman, 2000; Sjostrom et al., 2001;
Froemke and Dan, 2002). Using paired re-
cording in somatosensory cortical slices,
we found a marked target-cell-dependent
STDP at PC—interneuron synapses. At PC-
LTS synapses, repetitive correlated presyn-
aptic and postsynaptic spiking (12 trains at
5 s intervals, with five spikes at 20 Hz in
each train) induced a persistent synaptic
potentiation when presynaptic spikes pre-
ceded postsynaptic spikes by +8 ms (pre-
post) (Fig. 2A), but a persistent depression
when the order of spiking was reversed
(—8 ms; post-pre) (Fig. 2B). In contrast,
the same spiking protocols induced persis-
tent depression of PC-FS synapses, regard-
less of the order of spiking (Fig. 2D, E).
There was no difference in the magnitude
of LTD between the two data sets from the
+8 and —8 ms pairing experiments
(supplemental Fig. 1A, available at www.
jneurosci.org as supplemental material).
Summary of all experiments are shown in
Figure 2, C and F. Consistent with a nar-
row STDP window for the induction of
synaptic modification at neocortical exci-
tatory synapses (Dan and Poo, 2006), we
found that correlated spiking at 20 Hz with
spike pairing interval of either +25 ms

bicuculline  (Pré-post) or —25 ms (post-pre), which

v —/ T washout

Identification of synaptic connections between PC and LTS or FS interneurons in layer 2/3 of the somatosensory
cortical slices. A, B, Firing property and morphology of LTS and FS interneurons. Reconstruction of a typical biocytin-filled LTS (4)

are essentially equivalent at this spiking
frequency, had no effect on synaptic effi-
] cacy (Fig. 2C,F). These results suggest the
existence of target-cell-specific STDP of
PC—interneuron synapses in layer 2/3 of
the somatosensory cortex.

or FS (B) cell in layer 2/3 in rat somatosensory cortex (soma and dendrites in black, and axons in gray). Insets, Example recordings

depicting the firing characteristics of the corresponding cell in response to a step depolarizing current. The threshold current (/;) for
initiating APs was ~40and ~220 pA for the LTS cell and the FS cell, respectively (top traces). At a higher current step (/,,, 500 pA)
thatinduced high-frequency spiking, the LTS cell exhibited more apparent frequency adaptation than the FS cell (bottom traces)
(alibration: 20 mV, 50 ms. C, D, Example recordings showing short-term facilitation of PC-LTS synapses (€) and depression at
PC-FS synapses (D) when a train of APs was elicited in the presynaptic PC. Calibration: top traces, 2 mV, 100 ms; bottom traces, 40
mV, 100 ms. £, F, Example recordings showing reciprocal IPSPs recorded from the PCs when single APs were evoked in the LTS (E)
or FS (F) cell. Bath application of the GABA, receptor antagonist bicuculline (5 wum) reversibly abolished the IPSPs. Calibration: top,

40 mV, 25 ms; bottom, 2 mV, 25 ms.

observed paired-pulse facilitation at PC-LTS synapses and
paired-pulse depression at PC-FS synapses (Table 2), in agree-
ment with the previous finding on layer 2/3 PC-interneuron syn-
apses (Reyes et al., 1998; Koester and Johnston, 2005). Among
those interconnected cell pairs, PC/ES pairs had more frequent
reciprocal connections than PC/LTS pairs (Table 2). The recip-
rocal connections were revealed by IPSPs recorded in the PC in

Triplet recordings of spike-timing-
dependent LTP and LTD

To exclude the possibility that the appar-
ent target-cell-specific STDP described
above was the result of different types of
PCs making selective innervation on LTS
versus FS cells, we further performed ex-
periments using simultaneous whole-cell
recordings from a triplet of neurons, con-
sisting of one PC innervating both a FS cell and an LTS cell. In the
example recording shown in Figure 3A, a train of spikes in the PC
evoked EPSPs that exhibited synaptic facilitation in the LTS cell,
but synaptic depression in the FS cell. After the same repetitive
correlated pre-post spiking at +8 ms was applied simultaneously
to the PC-LTS and PC-FS synapses, we observed LTP of PC-LTS
synapses, but LTD of PC-FS synapses (Fig. 3B). Such opposite
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Table 1. Properties of FS and LTS interneurons

FS(n) LTS (n)
Membrane resistance (M(2) 943 =47 (31) 399.6 + 28.6 (30)
Spike half-width (ms) 0.85 = 0.02 (31) 1.36 = 0.08 (30)
AHP amplitude (mV)? B1x06 (31) 141+ 06 (30)
Threshold current (pA)>* 269 =17 (31) $3+3 (30
Onset frequency (Hz) 266 =15 (31) 1.7 =14 (30)
1/0 slope (Hz/pA)*" 0.30 = 0.01 (21) 0.09 = 0.01 (19)
) (

1.07 = 0.01 (21 2.05 % 0.20 (19)
Membrane characteristics and firing properties of FS and LTS cells in layer 2/3 of somatosensory cortex. n, Number of
cells examined (p < 0.001 for all parameters, Student’s ¢ test).

“Afterhyperpolarization (AHP), calculated as the difference between the action potential threshold and the most
negative level reached during the repolarizing phase.

bCurrent injections with duration 600 ms in 20 pA steps from 0 to 600 pA. The threshold current was the amplitude
of the first step current to evoke action potentials.

“Onset frequency was the spike frequency of the action potential trains elicited by the threshold current.

9The I/0 slope s the slope of the input (injected current) minus output (firing frequency) curve, with the amplitude
of the injected currents ranging from 300 to 600 pA.

“Spike-frequency adaptation, calculated as the mean of the ratios of the instantaneous frequencies at the fourth and
the last spike intervals in every action potential train elicited by step-current injections from 300 to 600 pA.

"Ranges completely nonoverlapping.

Spike frequency adaptation®”

Table 2. Properties of layer 2/3 PC-interneuron synaptic connections
PC-FS (n) PC-LTS (n)

295 *+0.22 (142) 0.72 = 0.08 (95)

Mean EPSP amplitude (mV)

Failure rate (%) 53+08 (142 489 £3.0 (95)
Paired-pulse ratio (%) 76.1£29 (43) 119 =12 (28)
Reciprocal connections (%)° 59.9(97/162) 21.3(32/150)

n, Number of cell pairs examined.

“Paired-pulse ratio was determined as the ratio of the amplitude of the first and the second EPSP evoked by two
consecutive spikes in the PCat an interval of 100 ms.

bReciprocal connections refer to cell pairs that were synaptically interconnected.

synaptic modifications by the same spiking activity at two differ-
ent PC—interneuron connections were observed in all five triplets
for which successful long-term recording was made (Fig. 3C).
These results strongly support the notion of target-cell-specific
STDP of PC—interneuron synapses in neocortical layer 2/3.

Target-cell-specific STDP is not caused by differential
short-term plasticity

A train of five spikes at 20 Hz of presynaptic PC elicited a series of
EPSPs with increasing amplitudes at PC-LTS synapses, but de-
creasing amplitudes at PC-FS synapses, as a result of short-term
synaptic facilitation and depression, respectively (Fig. 4A,B).
This target-cell-dependent short-term modification of synaptic
efficacy was clearly observed during the induction of LTP/LTD
using correlated spiking at 20 Hz (Fig. 2A, D), leaving the possi-
bility that target-cell-specific STDP of PC—interneuron synapses
observed at 20 Hz may be attributable to the difference in short-
term plasticity. Consistent with the known dependence of short-
term plasticity on the spiking interval (Zucker and Regehr, 2002),
we found that five consecutive spikes in presynaptic PC at 1 Hz
did not result in any synaptic facilitation/depression at either
PC-LTS or PC-FES synapses (Fig. 4A, B). Nevertheless, we found
that correlated spiking at 1 Hz (at +8 ms interval, 60 pulses)
induced LTP at PC-LTS synapses, but LTD at PC-FS synapses
(Fig. 4C), similar to that induced by correlated spiking at 20 Hz
(Fig. 2). Thus, the target-cell-specific STDP of PC—interneuron
synapses is not caused by differences in short-term synaptic plas-
ticity. The short- and long-term forms of activity-dependent syn-
aptic plasticity, although both depend on the target cell identity,
are apparently mediated by distinct cellular mechanisms.
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Dependence of PC-FS synaptic modification on spiking
frequency and timing

The absence of LTP at PC-FS synapses after correlated pre-post
spiking (+8 ms interval, at 20 or 1 Hz) may be attributable to a
distinct dependence on the frequency or timing of spiking for
LTP induction at these synapses. When a wide range of spiking
frequencies (with the same total number of spikes) were tested,
we observed robust LTD when correlated pre-post spiking (at +8
ms) was applied at 1, 5, and 20 Hz, but no changes in synaptic
efficacy at 0.25 and 40 Hz (Fig. 5A). Furthermore, when a wide
range of spike intervals between 100 ms was examined with the
spiking frequency set at 1 Hz, we found a symmetric time win-
dow, with significant LTD induced within a window between
about =25 ms (Fig. 5B). Together, these results indicate the pro-
pensity for PC-ES synapses for spike-timing-dependent LTD, re-
gardless of the temporal order of spiking.

Induction mechanisms underlying

spike-timing-dependent LTP/LTD

Additional studies were performed to examine the induction
mechanism underlying STDP at these two types of PC—interneuron
synapses. We first examined the involvement of NMDARs, which
are primarily responsible for the postsynaptic Ca** elevation re-
quired in both LTP and LTD of many excitatory synapses on gluta-
matergic neurons (Malenka and Bear, 2004; Dan and Poo, 2006).
When NMDAR blocker D(—)-2-amino-phosphonovaleric acid
(D-AP5; 50 um) was added to the bath solution 30 min before the
recording and kept throughout the experiment, we found that pre-
post spike pairing (at +8 ms) failed to induce LTP at PC-LTS syn-
apses, but induced LTD instead, suggesting that NMDAR activation
(induced by spike pairing at +8 ms) (Fig. 6 A) may have “masked” or
“inhibited” LTD induction. Postsynaptic NMDAR activation was
required for the LTP induction at the PC-LTS synapses, because
selective postsynaptic loading of NMDAR open-channel blocker
MKS801 (1 mm in the internal solution) into the LTS cell resulted in
the induction of LTD instead of LTP after pre-post (+8 ms) spike
pairing (Fig. 6A). Under either the AP5 or MK801 treatment, the
magnitude of “unmasked” LTD was similar to that of normal LTD
induced at post-pre (—8 ms) spike pairing ( p = 0.46 and 0.38 for
AP5 ands MK801 treatments, respectively, Kolmogorov—Smirnov
test). In contrast to the dependence of LTP on NMDAR:s, induc-
tion of LTD by post-pre (—8 ms) spike pairing at PC-LTS syn-
apses was unaffected by bath-applied AP5 (Fig. 6C). At PC-FS
synapses, blocking NMDARs with similar bath-applied AP5 also
had no effect on the induction of LTD by either pre-post or
post-pre spike pairing (Fig. 6 D). Thus, LTP induction at PC-LTS
synapses requires the activation of postsynaptic NMDARs,
whereas LTD induction at both PC~interneuron synapses does
not involve NMDAR activation.

Because activation of mGluRs is known to be required for
LTD induction at several other neocortical synapses (Egger et al.,
1999; Bender et al., 2006), we further examined whether LTD
induction at these PC—interneuron synapses depends on the ac-
tivation of mGluRs. We found that bath application of mGluR
competitive antagonist MCPG (0.5 mMm) indeed prevented LTD
induction by correlated spiking at both PC-LTS (Fig. 6C) and
PC-FES (Fig. 6 D) synapses, but had no effect on LTP induction at
PC-LTS synapses (Fig. 6 B). Additional pharmacological experi-
ments suggested that activation of mGluR1a receptor and inosi-
tol 1,4,5-triphosphate (IP,) receptor-mediated Ca>™ elevation in
FS cells was required for the induction of LTD at PC-FS synapse
(supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material). Interestingly, MCPG also effectively blocked
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Figure2.  Distinct spike-timing-dependent LTP/LTD at PC-LTS and PC-FS synapses. A, B, Example recordings from PC-LTS cell

pairs showing persistent increase (4) and decrease (B) in the EPSP amplitude after repetitive correlated presynaptic and postsyn-
apticspiking (at £ = 0 min; arrow) at intervals of +8 ms (A; pre-post pairing) and —8 ms (B; post-pre pairing), respectively. Top
traces, Example recordings of membrane potential changes in the presynaptic PC and postsynaptic LTS during spike pairing at 20
Hz; the postsynaptic spikes were truncated. Calibration: PC traces, 100 mV, 25 ms; LTS traces, 12.5 mV, 25 ms. Horizontal lines
indicate the mean value (including failures) over the duration covered by the line. EPSP traces above depict averaged EPSP over the
duration indicated by the black line, with failure included as 0 mV. Calibration: 20 ms. D, E, Similar to that in 4, B, except that the
recordings were from PC-FS cell pairs. Persistent synaptic depression was induced after spike pairing at either +8 ms or
intervals. C, F, Summary of results from all experiments similar to that described in 4, B, D, E, including data using spiking intervals
of +25and —25 ms. The data points represent mean EPSP amplitude over a 3 min bin, normalized by the mean value before the
induction. n, Number of cell pairs examined. For the induction at 25 ms, no significant change in the EPSP amplitude was

observed for all cases ( p > 0.1, paired t test). Error bars indicate SEM.

the induction of LTD at PC-LTS synapses by pre-post spiking (+8
ms) in the presence of AP5 (Fig. 6 A), suggesting that the activation of
mGluR is essential for LTD induction at PC—interneuron synapses.
These results are consistent with the notion that NMDAR and
mGluR serve as two independent coincidence detectors for the in-
duction of spike-timing-dependent LTP and LTD, respectively.

At neocortical excitatory synapses on PCs, spike-timing-
dependent LTD requires retrograde signaling by endocannabi-
noid (Sjostrom et al., 2003; Bender et al., 2006). However, we

investigated.

—8ms
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found that the bath application of a selec-
tive antagonist of cannabinoid type 1
(CB1) receptor, AM251 (1 um) did not af-
fect the induction of spike-timing-
dependent LTP (Fig. 6B) and LTD (Fig.
6C) at PC-LTS synapses. The LTD induced
by pre-post spiking in the presence of AP5
was also not affected by AM251 (Fig. 6A).
Similarly, AM251 treatment did not affect
LTD induction at PC-FS neurons by either
pre-post or post-pre spiking (Fig. 6D).
We note that the AM251 treatment used
here was effective in blocking the
endocannabinoid-mediated slow hyperpo-
larization (self-inhibition) after the burst
spiking in LTS cells (data not shown), similar
to that found in layer 4 LTS cells (Bacci etal.,
2004). Thus, mGluR-dependent LTD of
these PC—interneuron synapses differs from
that of excitatory synapses on PCs by its in-
dependence of endocannabinoid signaling.

A lower proportion of NMDARs at
PC-FS synapses

The above results suggest a dominant role
of NMDAR signaling in the induction of
spike-timing-dependent LTP at PC—inter-
neuron synapse. Additional studies were
performed to examine postsynaptic differ-
ences at PC-FS and PC-LTS synapses that
may contribute to differential STDP. The
EPSCs mediated by NMDARs and non-
NMDARs at PC-LTS and PC-FS synapses
were measured in a medium containing no
Mg>". The non-NMDAR-mediated com-
ponent was defined as the EPSC observed
after bath application of pD-AP5 (50 um),
and this component could be largely blocked
by CNQX (6-cyano-7-nitroquinoxaline-
2,3-dione, 10 uM) (supplemental Fig. 3A,
available at www.jneurosci.org as supple-
mental material). The NMDAR-mediated
component was obtained by subtracting the
total EPSC with the non-NMDAR-mediated
component. To estimate the relative amount
of NMDARs and non-NMDARs at these
synapses, we calculated the integrated charge
associated with the each EPSC component.
As shown in supplemental Fig. 3B (avail-
able at www.jneurosci.org as supplemental
material), there was no significant differ-
ence in the distribution and the mean of
integrated EPSC charges between two
types of synapses. However, when the

charge ratio for NMDAR-EPSC versus total EPSC (NMDAR/
total) was calculated for each type of connection, we found that
the ratio for PC-FS synapses (0.26 * 0.06; n = 7) was ~33% of
that of PC-LTS synapses (0.79 £ 0.26; n = 8) (supplemental Fig.
3C, available at www.jneurosci.org as supplemental material).
Whether this lower level of NMDARSs relative to non-NMDARs
at PC-FS synapses contributes to the absence of NMDAR-
dependent LTP induction described above remains to be further
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Figure3. Tripletrecordings showed target-cell-specific STDP of divergent synapses made by

the same PCon LTS and FS cells. A, Animage of a representative triplet (i.e., one PCinnervating
one LTS cell and one FS cell, depicted by the dashed lines) in the layer 2/3 of the somatosensory
cortical slice. White traces shown near the recorded cells depict a train of APs evoked in the PChy
current injection and corresponding EPSPs evoked in the LTS or FS cell. B, Example recordings
from the triplet shown in A: LTP (194% of the baseline, for data beyond 15 min after induction;
top) at PC-LTS synapses and LTD (69% of the baseline; bottom) at PC-FS synapses, induced by
the same repetitive correlated pre-post (+8 ms) spike pairing (arrow). Horizontal lines indicate
the mean value (including failures) over the duration covered by the line. Traces above depict
averaged EPSPs over the duration indicated by the line. Calibration: 20 ms. €, Results from five
triplet experiments similar to that shown in B (PC-LTS synapses, 160 == 13%; PC-LTS synapses,
76 = 3%, relative to the baseline before induction). Data from the same triplet are connected
by the line.
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Figure 4.  Target-cell-specific STDP is independent of short-term synaptic plasticity. 4, Ex-

amples of EPSPs evoked by the a train of five presynaptic spikes at 20 and 1 Hz at PC-LTS and
PC-FS synapses. Traces were the average of 60 EPSPs. Calibration: 1TmV, 25 ms. B, Changesin the
EPSP amplitude elicited by five spikes. Summary of results from all experiments shown in 4. The
amplitude of EPSPs was normalized by that of the first EPSP. Filled symbols, Spiking at 20 Hz;
open symbols, spiking at 1 Hz. Error bars depict SEM. C, Time course of the change in EPSP
amplitude before and after the 1 Hz pre-post spike pairing (+8 ms, 60 pulses) at PC-LTS
(square) and PC-FS (circle) synapses. The amplitude of EPSPs was normalized by the mean value
before spike pairing. n, Number of cell pairs examined.

Expression of STDP is also target-cell-dependent

In addition to the induction mechanism, we have investigated
whether STDP is similarly expressed at PC-LTS and PC-FS syn-
apses by examining the properties of synaptic transmission be-
fore and after induction of LTP/LTD by spike pairing. The change
in the variance of EPSP amplitudes [quantified by the coefficient
of variation (CV)] has often been used to suggest presynaptic
modification. Enhanced presynaptic neurotransmitter release,
caused by an increase in the number of release sites and/or the
probability of release, will result in a reduction in CV (Bekkers
and Stevens, 1990; Malinow and Tsien, 1990), although changes
in CV may also result from the activation of postsynaptic silent
AMPAR clusters (Liao et al., 1995) or an uneven distribution of
the loci (proximal vs distal sites) that undergo changes in synaptic
efficacy (Sakmann et al., 1998). We found that after the induction
of LTP and LTD at PC-LTS synapses, there was a decrease and an
increase in the average CV of evoked EPSPs, respectively (Fig.
7A). In addition, transmission at these synapses also showed bi-
directional changes in the mean failure rate, with a reduced rate
after LTP (69 = 7% of the control; n = 21; p = 0.002; paired t test)
and an increased rate after LTD (229 = 48% of the control; n = 8;
p = 0.02; paired ¢ test) (Fig. 7B). These findings of bidirectional
changes in the CV and failure rate strongly suggest that STDP of
PC-LTS synapses is expressed as presynaptic modification of
transmitter release. Interestingly, when PC-LTS synapses under-
went LTD after LTP-inducing pairing protocol (+8 ms) in the
presence of AP5, we observed changes in the CV and failure rate
similar to those found for LTD induced by —8 ms pairing proto-
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postsynaptic spiking at the same frequency (1 Hz). Each point represents result from one cell
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timing intervals; for pre-post pairing, A = —0.46, T = 39.9 ms (n = 18); for post-pre pairing,
A= —0.56, 7= 39.1ms (n = 16)]. Error bars depict SEM.

col (Fig. 7A, B), suggesting common expression mechanism for
LTD induced under these two different conditions. In contrast to
results found at PC-LTS synapses, LTD induced by either +8 or
—8 ms spike pairing (at 20 Hz) was not accompanied by any
change in the CV of evoked EPSPs at PC-FS synapses (Fig. 7A,
supplemental Fig. 1B, available at www.jneurosci.org as supple-
mental material), suggesting a different LTD expression
mechanism.

Changes in the paired-pulse ratio (PPR) are also used to sug-
gest presynaptic alteration in the transmitter release probability
(Manabe et al., 1993; Neher, 1998; Bellingham and Walmsley,
1999), although a postsynaptic mechanism involving activity-
dependent removal of postsynaptic polyamine at PC—multipolar
cell synapses can contribute to PPR changes (Rozov and Burna-
shev, 1999). We found that PPR at PC-LTS synapses showed
bidirectional changes after LTP/LTD induction (Fig. 7C), with
reduced PPR (79 * 8% of control; n = 11; p = 0.012) associated
with LTP and increased PPR (145 = 15% of control; n = 8; p =
0.018) associated with LTD, consistent with presynaptic changes
in the transmitter release at PC-LTS synapses. In contrast, no
change in PPR was observed after LTD induction by either +8 or
—8 ms spike pairing at PC-FS synapses (96 = 6% of the control;
n = 34 for = 8 ms spike pairing at 20 Hz; p = 0.72, paired ¢ test)
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(Fig. 7C, supplemental Fig. 1C, available at www.jneurosci.org as
supplemental material). Consistent with the findings on the
changes in the CV and failure rate described above, these results
again suggest LTD is expressed differently at PC-LTS and PC-FS
synapses.

Discussion

Neocortical interneurons can be classified according to their elec-
trophysiological properties, the presence of specific markers, and
their synaptic location on the postsynaptic target cell (Markram
et al., 2004). In the present study, we focused on two groups of
layer 2/3 inhibitory interneurons, FS cells and LTS cells, which
can be identified by their membrane properties, firing character-
istics, and properties of innervated excitatory synapse. We ob-
served a marked difference in STDP between PC-FS and PC-LTS
synapses, in both the induction and the expression of spike-
timing-dependent LTP/LTD.

Target-cell-specific STDP at PC—interneuron synapses

For the induction of STDP, we found that LTP and LTD can be
induced at PC-LTS synapses by correlated spiking within a time
interval of <25 ms, in a manner that depends on the temporal
order of presynaptic and postsynaptic spiking. However, only
LTD can be induced at PC-FS synapses, regardless of the order of
spiking. Target-cell-dependent STDP has been observed in the
dorsal cochlear nucleus of the brainstem, where parallel fiber
(PF) synapses on excitatory fusiform principal neurons exhibit
normal STDP, whereas only LTD can be induced at PF synapses
on cartwheel inhibitory interneurons by pre-post spiking (Tzou-
nopoulos et al., 2004). At the synapses between excitatory spiny
neurons in layer 4 of rat barrel cortex, correlated spiking also
induces only LTD (Egger et al., 1999). Activity-dependent long-
term plasticity of excitatory synapses on inhibitory interneurons
has been studied more extensively in the hippocampus (McMa-
hon and Kauer, 1997; Cowan et al., 1998; Maccaferri et al., 1998;
Laezza etal., 1999; Christie et al., 2000; Toth et al., 2000; Alle et al.,
2001; Perezetal., 2001; Lei and McBain, 2002; Lamsa et al., 2005).
However, the polarity of synaptic changes and underlying mech-
anisms remain controversial, presumably because of differences
in the type of interneurons involved and in the experimental
conditions used, including the LTP/LTD induction paradigms.
Thus, although we did not observe LTP at layer 2/3 PC-FS syn-
apses after correlated spiking, it remains possible that these syn-
apses may exhibit LTP in response to other stimulation
paradigms.

Target-cell-specific synaptic properties, including STDP, may
arise from differences in the composition of postsynaptic recep-
tors (Lopez-Bendito et al., 2002; Nyiri et al., 2003), properties of
postsynaptic Ca?" regulation (Goldberg et al., 2003; Kaiser et al.,
2004), expression of receptors for retrograde signals in the axon
terminals (Tzounopoulos et al., 2007), as well as presynaptic
transmitter release machinery (Reyes et al., 1998; Koester and
Johnston, 2005). Differential properties of different nerve termi-
nals are already indicated by the differential transmitter release
probability and short-term plasticity of PC synapses on multipo-
lar and bitufted cells (Koester and Johnston, 2005). In the present
study, we further showed that long-term plasticity, in the form of
STDP, also exhibits target-cell specificity at PC—interneuron syn-
apses. Differences in the short-term plasticity (e.g., synaptic facil-
itation/depression) may have resulted in differences in the effi-
cacy of presynaptic activity in driving postsynaptic excitation,
leading to target-cell-specific STDP. However, the latter possibil-
ity was excluded by our finding that target-cell-specific LTP was
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level Ca®" transient induces LTP (Neveu
and Zucker, 1996; Franks and Sejnowski,
2002; Malenka and Bear, 2004). At many
synapses, Ca’" elevation resulting from
activation of NMDARs is required for
the induction of both LTP and LTD
(Malenka and Bear 2004), including
spike-timing-dependent LTP/LTD (Bi
and Poo, 1998; Dan and Poo, 2006), con-
sistent with the notion that the NMDAR
serves for as the coincidence detector and is required for both
LTP and LTD. However, computational analyses have sug-
gested that a second coincidence detector independent of
NMDARs is necessary to specifically mediate spike-timing-
dependent LTD (Karmarkar and Buonomano, 2002). Indeed,
previous experimental studies on excitatory synapses from layer 4
to layer 2/3 PCs in the somatosensory cortex showed that spike-
timing-dependent LTD depends on the activation of both mGluR/
IP,R pathway and voltage-dependent Ca*>* channels (VDCCs), but
not postsynaptic NMDARs (Bender et al., 2006). Moreover, the po-
larity of STDP at local excitatory inputs to layer 2/3 PCs in the so-
matosensory cortex is not determined by the volume-averaged peak
Ca®" elevation in the postsynaptic spine, but by the timing of

Figure 6.

Distinct roles of NMDARs and mGluRs in spike-timing-dependent LTP/LTD of PC-LTS and PC-FS synapses. A, B, Left,
Cumulative percentage plot for the distribution of the mean EPSP amplitude 10— 60 min after correlated spiking (at 20 Hz) atan
interval of +8 msat PC-LTS synapses, normalized by the mean amplitude before spiking, for experiments in the bath presence of
various inhibitors (AP5, AP5 plus MCPG, AP5 plus AM251, MCPG, or AM251) or after intracellular loading of MK801 in LTS cells.
Right, Time course of the average change in EPSP amplitude (over a 3 min bin in the baseline and over a 5 min bin after the pairing)
before and after the -+8 ms pre-post spike pairing (at 20 Hz) for the cells shown on the left. C, Similar to A except that —8 ms
post-pre spike pairing (at 20 Hz) was used at PC-LTS synapses. D, Similar to Cexcept that the experiments were performed at PC-FS
synapses. Error bars indicate SEM.

mGluR activation relative to that of spiking-induced VDCC ac-
tivation (Nevian and Sakmann, 2006). Thus, in addition to the
NMDAR, the mGIluR now emerges as the second coincidence
detector, serving specifically for the induction of spike-timing-
dependent LTD.

Our present results in neocortical PC—interneuronal synapses
are consistent with the notion that NMDAR and mGluR serve as
two independent coincidence detectors for the induction of LTP
and LTD, respectively. After pre-post correlated spiking at PC-
LTS synapses, NMDAR-dependent LTP was induced. This LTP
was not affected when mGluRs were blocked. However, when
NMDARs were blocked, the same pre-post correlated spiking
induced mGluR-dependent LTD. Thus, the activity of NMDARs
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Figure 7.  Distinct expression of STDP at PC-LTS and PC-FS synapses. A, Analysis of CV of evoked EPSPs showed changes at
PC-LTS synapses, but not at PC-FS synapses after correlated spiking. CV = (a7/m), where o-and m are the SD and the mean of EPSP
amplitudes. The values of o-and m measured for a duration of 10 min immediately before and 20~ 30 min after correlated spiking
were used to calculate CV,.cand (V ¢, respectively. Each pair of connected circles represents mean CV, . and (V,;, obtained from
individual experiments shown in Figure 2, Cand £, and Figure 6 A. Unmasked LTD, LTD found at PC-LTS synapses in experiments
with +8 ms pairing in the presence of MK801 and AP5. A significant difference between CV,cand CV ¢, was observed at PC-LTS
synapses (LTP of +8 ms pairing, p = 0.0013, n = 21; LTD of —8 ms pairing, p = 0.0065, n = 12; unmasked LTD, p = 0.0013,
n=18; paired t test), but not at PC-FS synapses (=8 ms pairing, p = 0.33,n = 41, paired t test). The histogram depicts the ratio
of (V, determined as CV,.¢/CV . B, Change in the transmission failure rates at PC-LTS synapses accompanying LTP and LTD
induction from experiments shown in Figure 2, as well as unmasked LTD from experiments shown in Figure 6 A. The failure rates
were measured for 10 min before correlated spiking and for the duration from 10 min after spiking to end of the experiment,
respectively. Data from the same cell pair were connected by a line in the left panels. Histograms depict the average values
(==SEM) of normalized failure rates (to mean value before the induction) for the data set shown on the left. , Analysis of PPR of
evoked EPSPs showed bidirectional changes at PC-LTS synapses, but no change at PC-FS synapses after correlated spiking. The
interval between paired pulses was 100 ms. The value in PPR for individual cell pairs was measured in the same mannerasin A. The
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(Schuman and Madison, 1991; Mu and Poo,
2006; Sjostrom et al., 2007) and brain-
derived neurotrophic factor (Schinder et al.,
2000; Mu and Poo, 2006). Given the fact that
spike-timing-dependent LTP and LTD in-
volve the presynaptic expression at PC-LTS
synapses, two different types of retrograde
factors may be involved in enhancing and
reducing presynaptic transmitter release
from PC axon terminals, respectively.

In conclusion, our data provide strong
evidence that target-cell-dependent STDP
exists at divergent output synapses of the
PC on inhibitory interneurons in the neo-
cortex. Modulation of interneuron excita-
tion by PC synapses is a key factor for
maintaining the balance between excita-
tion and inhibition in cortical neuronal
networks. The disparity in the axonal and
dendritic morphology between LTS and
FS cells and in reciprocal connections be-
tween PC-LTS and PC-FS connections
found in this study suggests that these LTS
and FS cells serve distinct network func-
tions in the cortex. Differential strength-
ening and weakening of PC connections
with these cells by the same PC spiking ac-
tivity thus allow selective processing and
storage of information in local cortical
circuits.
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