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In the neocortex, each neuron receives thousands of synaptic
inputs distributed across an extensive dendritic tree. Although
postsynaptic processing of each input is known to depend on its
dendritic location1–8, it is unclear whether activity-dependent
synaptic modification is also location-dependent. Here we report
that both the magnitude and the temporal specificity of spiketiming-dependent synaptic modification9–17 vary along the apical
dendrite of rat cortical layer 2/3 pyramidal neurons. At the distal
dendrite, the magnitude of long-term potentiation is smaller, and
the window of pre-/postsynaptic spike interval for long-term
depression (LTD) is broader. The spike-timing window for LTD
correlates with the window of action potential-induced suppression of NMDA (N-methyl-D -aspartate) receptors; this correlation
applies to both their dendritic location-dependence and pharmacological properties. Presynaptic stimulation with partial blockade of NMDA receptors induced LTD and occluded further
induction of spike-timing-dependent LTD, suggesting that
NMDA receptor suppression underlies LTD induction. Computer simulation studies showed that the dendritic inhomogeneity
of spike-timing-dependent synaptic modification leads to differential input selection at distal and proximal dendrites according
to the temporal characteristics of presynaptic spike trains. Such
location-dependent tuning of inputs, together with the dendritic
heterogeneity of postsynaptic processing, could enhance the
computational capacity of cortical pyramidal neurons.
Whole-cell recordings were made from layer 2/3 pyramidal
neurons in rat cortical slices14. To activate synapses selectively at
each dendritic location, two extracellular stimulating electrodes
were placed ,10 mm away from the apical dendrite, one ,50 mm
from the soma (‘proximal’) and one .100 mm from the soma
(‘distal’, Fig. 1a). Both electrodes reliably evoked excitatory postsynaptic potentials (EPSPs) from separate populations of synapses,
as indicated by linear EPSP summation3,7 (Fig. 1b) and the absence
of paired-pulse depression between the inputs. To induce long-term
synaptic modification, postsynaptic action potentials (APs) were
paired with presynaptic stimulation of one input (60 pairs, 0.2 Hz).
At the paired input, pre ! post pairing (presynaptic stimulation
followed by postsynaptic stimulation) induced long-term potentiation (LTP) and post ! pre pairing (postsynaptic stimulation
followed by presynaptic stimulation) induced long-term depression
(LTD) (Fig. 1c), consistent with spike-timing-dependent plasticity
(STDP) of these synapses14. Interestingly, there are quantitative
differences in the temporal window for proximal and distal inputs
(Fig. 1d). Although the magnitude of LTP was smaller distally than
proximally, the main difference was in the width of the LTD
window, with the distal window markedly broader than the proximal window. In particular, with a pre-/postsynaptic spike interval of
2100 , Dt , 250 ms (Fig. 1d, dotted box), LTD was absent at
proximal synapses (21.9 ^ 2.7%, n ¼ 8; P . 0.2, t-test), but was
still observed at distal synapses (222.6 ^ 3.4%, n ¼ 13,
P , 0.00001). This difference in the LTD window was also found
with the GABAA receptor antagonist picrotoxin (10 mM) in the bath
(see Supplementary Fig. 1).
Induction of LTP by pre ! post pairing may depend on supralinear summation of EPSPs and back-propagating APs9,15,18. The
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smaller magnitude of LTP at the distal dendrite may be due to
attenuation of the AP9,18–21 over the length of the dendrite. For LTD
induced by post ! pre pairing, however, little is known about the
underlying mechanism. We therefore performed a series of experiments examining the properties of distal and proximal dendrites
that may account for the difference in the LTD window. We first
measured the temporal interaction between EPSPs and backpropagating APs by making dendritic recordings either distally or
proximally to measure the EPSP, the antidromically-evoked AP, and
the paired AP and EPSP (Fig. 2a). In contrast to supralinear
summation between EPSP ! AP pairs9,15,18,21,22, we found significant suppression of EPSPs in AP ! EPSP pairs. This suppression
had different temporal windows for distal and proximal inputs
(Fig. 2b), reminiscent of the LTD windows (Fig. 1d). Such difference
in the EPSP suppression window found in dendritic recordings (see
Supplementary Fig. 2) was also detected in somatic recordings
(Fig. 2c), a method used routinely in subsequent experiments.
The EPSP suppression in AP ! EPSP pairs might be due to a
reduction in presynaptic glutamate release (for example, caused by
retrograde signals23) or changes in postsynaptic responsiveness6,24–26.
When glutamate pulses were applied iontophoretically at each
dendritic site, we found significant suppression of the responses

by the preceding AP (Fig. 2d), with temporal windows similar to
those for EPSPs (Fig. 2c). This is consistent with a postsynaptic
mechanism. We next examined whether the AP induces suppression
of the synaptic response mediated by AMPARs (a-amino-3hydroxy-5-methyl-4-isoxazole propionic acid receptors) or
NMDA receptors (NMDARs). After isolation of AMPAR-mediated
EPSPs (AMPAR-EPSPs) using the selective NMDAR antagonist AP5
(D (-)-2-amino-5-phosphonovaleric acid, 50 mM) and picrotoxin,
we found that APs induced suppression of AMPAR-EPSPs, but with
similar windows at distal and proximal dendrites (somatic recording, Fig. 2e; dendritic recording, Supplementary Fig. 3). This
transient suppression may reflect shunting of AMPAR-EPSPs6.
However, for NMDAR-EPSPs measured in the presence of CNQX
(6-cyano-7-nitroquinoxaline-2,3-dione, 20 mM) and picrotoxin,
the suppression window was significantly broader distally than
proximally (somatic recording, Fig. 2f; dendritic recording, Supplementary Fig. 3), resembling the windows for EPSP suppression
with AP ! EPSP pairing (Fig. 2b, c). These results suggest that
suppression of NMDAR-EPSPs sets the spike-timing window for
LTD.

Figure 1 Spike-timing-dependent synaptic modification at proximal and distal dendrites.
a, Experimental configuration. b, Focal stimulation activates separate distal and proximal
inputs. Upper panel, recorded (solid) and predicted (dotted) EPSPs. Lower left, EPSP
evoked by simultaneous stimulation versus linear prediction (n ¼ 110). Lower right,
measured/predicted EPSP ratio (mean ^ s.e.m., n ¼ 4–13) versus distance between
stimulation sites. c, Top, example of LTP (EPSP slope: 48%; peak: 68%, not shown) of
distal input induced by pre ! post pairing (Dt ¼ 2 ms). Lines indicate means before
(dashed) and 11–20 min after (solid) induction (arrow). Bottom, example of LTD (slope:
222%; peak: 219%) of distal input by post ! pre pairing (Dt ¼ 252 ms). d, Synaptic
modification versus spike interval. Curves, single-exponential fits. Proximal: A þ ¼ 0.76,
t þ ¼ 15.9 ms (n ¼ 26); A 2 ¼ 20.48, t 2 ¼ 19.3 ms (n ¼ 38). Distal: A þ ¼ 0.36,
t þ ¼ 12.5 ms (n ¼ 24); A 2 ¼ 20.28, t 2 ¼ 103.4 ms (n ¼ 46).

Figure 2 Suppression of EPSP by back-propagating action potential. a, Top, dendritic
recordings (23 mm from soma) of AP ! EPSP pair (solid, Dt ¼ 246 ms), AP (dashed),
and control EPSP. Bottom, subtracted and control EPSPs; no suppression in this case.
Scale: 40 mV (top), 4 mV (bottom); 100 ms. b, Temporal windows of AP ! EPSP
suppression in distal (filled circles) and proximal (open circles) dendrites. Subtracted EPSP
amplitude normalized by control (mean ^ s.e.m., n ¼ 4–9) versus pre/post interval.
Inset: subtracted (Dt ¼ 249 ms) and control EPSPs recorded from distal dendrite
(110 mm). Scale: 2 mV; 100 ms. c–f, Similar to (b) except that recordings were made
somatically. Distal inputs (filled circles); proximal inputs (open circles). AP-induced
suppression of EPSPs (c), responses to glutamate pulses (d), AMPAR-EPSPs (e), and
NMDAR-EPSPs (f) versus pre/post interval. n ¼ 4–12. Scale: 4 mV (c) and 2 mV (d–f);
100 ms.
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Dendritic recordings showed that suppression occurred in the
absence of after-hyperpolarization (Fig. 2a and Supplementary
Fig. 2a), indicating that it is unlikely to be caused by hyperpolarization-induced increase in Mg2þ block of NMDARs. Another
possible mechanism is NMDAR desensitization24–26, perhaps triggered by Ca2þ influx through AP-activated channels. To test this
possibility, we measured AP-induced suppression of NMDAREPSPs after postsynaptic loading of BAPTA (5 mM), a high-affinity
Ca2þ chelator, through the whole-cell pipette. As shown in Fig. 3a,
BAPTA blocked the NMDAR-EPSP suppression, indicating that the
suppression is Ca2þ-dependent. The suppression is also largely
abolished by bath application of the L-type calcium channel
antagonist nimodipine (10 mM, Fig. 3b), indicating that Ca2þ influx
through L-type channels is required. Finally, postsynaptic loading of
calcineurin inhibitory peptide (CIP, 270 mM, Fig. 3c) or infection of
the cell with a viral vector expressing a peptide corresponding to
the calcineurin-interacting domain of the NR2A subunit of
NMDARs (see Supplementary Fig. 4a) largely abolished APinduced NMDAR-EPSP suppression, indicating that calcineurin is
required. Together, these results strongly suggest that AP-induced
NMDAR-EPSP suppression is related to Ca 2þ -dependent
NMDAR desensitization24–26.
To examine the relationship between NMDAR-EPSP suppression
and LTD, we performed pharmacological experiments on LTD
induction. We found that LTD induction by post ! pre pairing
depends on NMDARs13,17, as it was blocked by AP5 (Fig. 3d). More

Figure 3 Pharmacological properties of NMDAR-EPSP suppression and LTD.
a–c, AP-induced NMDAR-EPSP suppression for distal (filled circles) and proximal (open
circles) inputs with BAPTA (a), nimodipine (b) or CIP (c); n ¼ 4–6. d, LTD induced by
post ! pre pairing (Dt: 26.4 ^ 3.3 ms, s.d.) in normal ACSF and in presence of
pharmacological agents (n ¼ 5–18). Error bars show s.e.m. e, Temporal windows of
AP-induced suppression of NMDAR-EPSPs at proximal dendrite with or without
4-aminopyridine (4-AP) (n ¼ 4–8). Single asterisk, P , 0.05; double asterisk,
P , 0.01; t-test. f, Temporal windows for LTD of proximal inputs induced by post ! pre
pairing with or without 4-aminopyridine (n ¼ 2–13).
NATURE | VOL 434 | 10 MARCH 2005 | www.nature.com/nature

importantly, LTD was abolished by BAPTA, CIP, nimodipine13,17
(Fig. 3d), or viral expression of the NR2A peptide (see Supplementary Fig. 4b). We also measured dendritic Ca2þ elevation triggered
by somatically elicited single APs using two-photon imaging, and
found that Ca2þ signals were larger distally (101 ^ 17 mm; ^s.d.)
than proximally (21 ^ 6 mm) (see Supplementary Fig. 5a, b),
consistent with previous reports20,21. These larger Ca2þ signals
may cause longer suppression of NMDAR-EPSPs and thereby
widen the LTD window. To examine further the relationship
between AP-evoked dendritic Ca2þ signals and the windows for
EPSP suppression and LTD induction, we bath-applied the Kþ
channel blocker 4-aminopyridine (3 mM) to broaden the AP15,17
(see Supplementary Fig. 2c). We found that 4-aminopyridine
caused a significant but reversible increase in AP-induced Ca2þ
signals proximally (see Supplementary Fig. 5c). Importantly,
4-aminopyridine (in the recording pipette) also caused significant
broadening of the proximal windows for NMDAR-EPSP suppression and LTD (Fig. 3e, f). Thus, the suppression and LTD windows
co-vary with AP-induced dendritic Ca2þ signals, supporting the
hypothesis that Ca2þ-dependent suppression of NMDAR-EPSPs

Figure 4 Synaptic modification induced by presynaptic stimulation under partial NMDAR
blockade. a, Example LTD (228.8%) induced by 2 mM AP5. Black bar shows AP5
wash-in (10 min for all experiments). b, LTD versus AP5 concentration. Error bars show
s.e.m. (n ¼ 3–5). c, NMDAR-EPSP versus AP5 concentration (n ¼ 4). Inset,
NMDAR-EPSPs (0, 1, 3, 5 mM AP5). Scale: 0.5 mV; 35 ms. d–f, Similar to a–c, except
with Mg2þ washed in. d, LTD following 6 mM Mg2þ wash-in: 232.4%. Post ! pre
pairing was applied 20 min after washout. e, n ¼ 3–5. f, n ¼ 4–7. Inset, NMDAR-EPSPs
(1.5, 4, 6, 8 mM [Mg2þ]o). Scale: 1 mV; 50 ms. g, Summary of LTD induced by AP5 and
Mg2þ. Control: post ! pre pairing; occlusion: post ! pre pairing 20–30 min after
washout of 6 mM [Mg2þ]o; control (long baseline): post ! pre pairing after 25–45 min of
recording. Error bars show s.e.m. (n ¼ 3–18).
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determines the spike-timing window for LTD. A recent study in
layer 5 of the visual cortex indicated that endocannabinoids serve as
retrograde messengers for spike-timing-dependent LTD, and blocking their degradation widened the LTD window16. We note that, in
addition to the potential existence of layer-specific mechanisms, the
previous and current studies addressed different loci in the cellular
pathways leading to LTD.
To determine whether reduction of NMDAR activation is sufficient for LTD, we partially blocked NMDARs using bath application
of AP5 or by altering the bath concentration of Mg2þ ([Mg2þ]o),
instead of using postsynaptic APs. We found that presynaptic
stimulation alone (0.2 Hz) induced long-lasting synaptic depression
with low concentrations of AP5 (2–4 mM, P , 0.05), but not in the
absence of or at high concentrations of AP5 (Fig. 4a–c, g). Similarly,
presynaptic stimulation induced significant depression with 6 mM
[Mg2þ]o (P , 0.01), but not with #4 or 8 mM [Mg2þ]o (Fig. 4d–g).
Importantly, post ! pre pairing induced LTD after 25–45 min of
baseline recording, but post ! pre pairing following 6 mM
[Mg2þ]o-induced depression failed to induce LTD (Fig. 4d, g).

Figure 5 Simulation of location-dependent selection of synaptic inputs. a, Example
presynaptic responses to brief sensory stimulus. Warmer colours, more transient
responses. b, Synaptic inputs before and after 30 min of sensory stimuli. Shown are
diagrams of input patterns, synaptic weights versus t, and dendritic responses to brief
sensory stimulus (see Supplementary Methods, equation (2)). To facilitate comparison of
response time course after training, the distal dendritic response was scaled up (dashed
line) to match the peak amplitude of the proximal response.
224

Therefore, Mg2þ-induced depression occluded pairing-induced
LTD, suggesting common mechanisms for both processes. Furthermore, we found that Mg2þ -induced synaptic depression is
NMDAR-dependent, as it is abolished by AP5 (Fig. 4g). Together,
these results indicate that partial block of NMDARs is sufficient
to induce LTD. Since the primary role of NMDAR activation in
LTP/LTD induction is to control Ca2þ influx13,27, our results support
the hypothesis that AP-induced reduction of NMDAR-mediated
Ca2þ entry (which may depend on cell type22,28) leads to LTD, which
fits well with the conventional model that links changes in intracellular Ca2þ with LTD induction13,17,27. Interestingly, in 0 mM
[Mg2þ]o, which boosted NMDAR-EPSPs (Fig. 4f), presynaptic
stimulation alone produced long-lasting EPSP enhancement
(Fig. 4e, P , 0.05), consistent with the notion that enhanced
Ca2þ influx through NMDARs induces LTP9,13,17,27.
What are the functional consequences of the dendritic inhomogeneity in spike-timing-dependent synaptic modification? Previous
theoretical studies show that LTD induced by post ! pre pairing
preferentially weakens inputs with long response latencies29. The
different LTD windows reported here (Fig. 1d) may lead to differential input selectivity along the apical dendrite. To test this idea, we
constructed a simple model (see Methods) in which the proximal
and distal dendrites of the postsynaptic neuron exhibit different
STDP windows, based on our experimental data. This neuron
receives multiple inputs driven by the same sensory stimuli, but
with different temporal response characteristics (Fig. 5a). Starting
with similar connection strengths for all inputs, we simulated
presynaptic spike trains driven by random stimuli, then simulated
the postsynaptic spike train by integrating all synaptic inputs and
modified each connection according to the STDP windows. We
found that transient inputs were strengthened and sustained inputs
were weakened both distally and proximally, but the distal dendrite
was much more selective (Fig. 5b). Comparison of the dendritic
responses to a brief sensory stimulus showed that, although initially
similar, the response became much more transient at distal than at
proximal dendrites after training. Thus, the different STDP windows may lead to functional differentiation of the distal and
proximal dendrites in receiving signals with distinct temporal
characteristics. Owing to the selection for transient inputs, distal
dendrites may be specialized for processing the precise timing of
sensory signals.
Spike-timing-dependent plasticity is a robust learning rule in the
central nervous system9–17. Although the basic asymmetry in the
spike-timing window is found at many synapses, the width of
the window, especially that for LTD induction, can be highly
variable11. Our findings indicate that such variability may be
attributed in part to differences in the dendritic location of the
synapses and in the temporal dynamics of AP-induced Ca2þ
elevation that leads to NMDAR desensitization. More importantly,
the location-specific STDP windows provide a mechanism for
developmental segregation of inputs carrying different sensory
signals. Although spatial inhomogeneity in the electrical properties
and nonlinearity in dendritic integration endow individual pyramidal neurons with enhanced processing capacity5,8, the computational power can only be harvested if inputs carrying different
signals are parsed into distinct dendritic regions8,30. The present
findings not only demonstrate dendritic inhomogeneity in activitydependent synaptic modification, but also point to its potential role
in the formation of location-specific synaptic inputs, a feature that
could greatly enrich the repertoire of dendritic information
processing.
A

Methods
Visual cortical slice preparation
Acute visual cortical slices were prepared from 2–4-week-old Sprague–Dawley rats. Rats
were deeply anaesthetized with halothane, decapitated, and the brain quickly placed into
ice-cold dissection buffer containing 206 mM sucrose, 2.5 mM KCl, 2 mM MgSO4,
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1.25 mM NaH2PO4, 1 mM CaCl2, 1 mM MgCl2, 26 mM NaHCO3 and 10 mM dextrose,
bubbled with 95% O2/5% CO2 (pH 7.4). Slices (300–400 mm thick) were prepared with a
vibratome (Pelco), placed in warm dissection buffer (33–35 8C) for ,30 min, transferred
to a holding chamber containing artificial cerebrospinal fluid (ACSF: 124 mM NaCl, 2 mM
KCl, 1.5 mM MgSO4, 1.25 mM NaH2PO4, 2.5 mM CaCl2, 26 mM NaHCO3, 10 mM
dextrose), and kept at 22–248C for .1 h before use. For experiments, slices were
transferred to the recording chamber and perfused (4.0–4.5 ml min21) with oxygenated
ACSF at 22–24 8C.

Electrophysiology
Somatic and dendritic whole-cell recordings were made in current-clamp with an
Axopatch 200B amplifier (Axon) using infrared differential interference optics (IR-DIC)
video microscopy. Layer 2/3 pyramidal cells were selected based on morphological and
electrophysiological criteria12,14. Patch pipettes (somatic: 3–8 MQ; dendritic: 8–20 MQ)
were filled with intracellular solution (120 mM K-gluconate, 10 mM HEPES, 0.1 mM
EGTA, 20 mM KCl, 2 mM MgCl2, 10 mM phosphocreatine, 2 mM ATP, and 0.25 mM
GTP). The mean resting potential was 270.3 ^ 0.7 mV, corrected for the measured liquid
junction potential (6.8 mV). The series resistance was 14.6 ^ 1.6 MQ. Input resistance
(R i ¼ 118.0 ^ 5.4 MQ) was monitored with hyperpolarizing current pulses (50 pA,
100 ms); cells were excluded if R i changed .30% over the entire experiment12,14. Data were
filtered at 2 kHz, digitized at 10 kHz and analysed with Clampfit 8 (Axon). EPSPs were
evoked by focal extracellular stimulation (0.01–1 ms, 1–100 V) with small glass bipolar
electrodes. To ensure that the distal (.100 mm from soma) and proximal (,50 mm)
electrodes activated separate synapses, we tested both the linear summation of EPSPs
(Fig. 1b) and paired-pulse depression between inputs. Although consecutive stimulation
through the same electrode induced marked paired-pulse depression of these synapses, no
depression was induced by sequential stimulation through the two electrodes, indicating
that they activated separate synapses. Postsynaptic APs were elicited either with
depolarizing current injection through the recording electrode (1 nA, 1–4 ms; somatic
recordings) or antidromically with an extracellular stimulating electrode near the axonal
initial segment (0.01–1 ms, 5–100 V; dendritic recordings). Presynaptic spike timing was
defined as the onset of EPSP and postsynaptic spike timing was measured at the AP
peak12,14. Synaptic strength was measured as the initial slope (first 2 ms) of the EPSP. To
measure long-term synaptic modification, a stable baseline of synaptic strength was first
established by 6–12 min of recording with presynaptic stimulation at 0.2 Hz. Synaptic
strength after induction was measured 11–20 min after the end of induction. For
iontophoretic application of glutamate, a sharp microelectrode (150–200 MQ) filled with
250 mM Naþ-glutamate was positioned near the apical dendrite (,5 mm). Both the
holding current (1–10 nA) and ejection current (100–300 nA, 0.01–3 ms) were applied
with an amplifier (Getting)3.

16. Sjostrom, P. J., Turrigiano, G. G. & Nelson, S. B. Neocortical LTD via coincident activation of
presynaptic NMDA and cannabinoid receptors. Neuron 39, 641–654 (2003).
17. Johnston, D. et al. Active dendrites, potassium channels and synaptic plasticity. Phil. Trans. R. Soc.
Lond. B Biol. Sci. 358, 667–674 (2003).
18. Stuart, G. J. & Hausser, M. Dendritic coincidence detection of EPSPs and action potentials. Nature
Neurosci. 4, 63–71 (2001).
19. Golding, N. L., Staff, N. P. & Spruston, N. Dendritic spikes as a mechanism for cooperative long-term
potentiation. Nature 418, 326–331 (2002).
20. Svoboda, K., Helmchen, F., Denk, W. & Tank, D. W. Spread of dendritic excitation in layer 2/3
pyramidal neurons in rat barrel cortex in vivo. Nature Neurosci. 2, 65–73 (1999).
21. Waters, J., Larkum, M., Sakmann, B. & Helmchen, F. Supralinear Ca2þ influx into dendritic tufts of
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Model simulation
The model consisted of one postsynaptic neuron and 100 presynaptic inputs (50 to the
proximal and 50 to the distal dendrite, see diagram in Fig. 5b). The presynaptic neurons
had a range of response time courses (Fig. 5a) but they were all driven by the same sensory
stimulus, which was a temporally varying random signal (see Supplementary Fig. 6a). The
spike train of the postsynaptic cell was simulated after integrating the synaptic input to
both the distal and proximal dendritic compartments. All connection weights were
initialized to 0.5 plus a small random number (Fig. 5b, upper panel), and were modified
according to the STDP windows measured experimentally. Details of the model are given
in Supplementary Methods.
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The sense of taste provides animals with valuable information
about the nature and quality of food. Bitter taste detection
functions as an important sensory input to warn against the
ingestion of toxic and noxious substances. T2Rs are a family of
approximately 30 highly divergent G-protein-coupled receptors
(GPCRs)1,2 that are selectively expressed in the tongue and palate
epithelium1 and are implicated in bitter taste sensing1–8. Here we
demonstrate, using a combination of genetic, behavioural and
physiological studies, that T2R receptors are necessary and
sufficient for the detection and perception of bitter compounds,
and show that differences in T2Rs between species (human and
mouse) can determine the selectivity of bitter taste responses. In
addition, we show that mice engineered to express a bitter taste
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