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In spike-timing-dependent plasticity (STDP), the order and precise temporal interval between presynaptic and
postsynaptic spikes determine the sign and magnitude of long-term potentiation (LTP) or depression (LTD).
STDP is widely utilized in models of circuit-level plasticity, development, and learning. However, spike timing
is just one of several factors (including firing rate, synaptic cooperativity, and depolarization) that govern
plasticity induction, and its relative importance varies across synapses and activity regimes. This review
summarizes this broader view of plasticity, including the forms and cellular mechanisms for the spike-timing
dependence of plasticity, and, the evidence that spike timing is an important determinant of plasticity in vivo.

In associative synaptic plasticity, simultaneous or rapid sequen-
tial activation of two synaptically connected neurons leads to a
change in the strength of synapses between them. This type of
plasticity has been proposed as a basis for learning and memory
since the late 19" century (James, 1890). In his famous imple-
mentation of this rule, Hebb proposed that when cell A reliably
contributes to spiking of postsynaptic cell B, the functional
strength of the synapse from A to B is increased (Hebb, 1949).
Others amended this idea to include weakening of ineffective
synapses (Stent, 1973; von der Malsburg, 1973; Sejnowski,
1977; Bienenstock et al., 1982). It is now clear that associative
synapse strengthening and weakening are implemented at
many synapses by long-term potentiation (LTP) and depression
(LTD).

Understanding the rules governing LTP and LTD induction is
essential for understanding their function. Early work showed
that high-frequency presynaptic firing drove LTP, while low-
frequency firing drove LTD (e.g., Bliss and Lemo, 1973). The crit-
ical requirement at most synapses was found to be temporally
correlated presynaptic spiking and postsynaptic depolarization,
with strong depolarization leading to LTP, and weaker, more
sustained depolarization leading to LTD (Wigstrom et al., 1986;
Lisman, 1989; Artola et al., 1990). This reflects the molecular
properties of postsynaptic NMDA receptors, which provide
calcium to trigger LTP and LTD. While most early studies sug-
gested a correlation requirement of about +100 ms for plasticity
(Baranyi and Fehér, 1981; Gustafsson et al., 1987), a few studies
noted an effect of spike order, with LTP occurring when presyn-
aptic inputs led or were synchronous with postsynaptic spikes
(evoked by a second pathway or by current injection), and LTD
occurring when presynaptic input followed postsynaptic spikes
(Levy and Steward, 1983; Debanne et al., 1994, 1997). Precise
timing- and order-dependent plasticity was predicted by
Gerstner et al. (1996) to explain development of phase locking
in sound localization. In 1997, Markram et al. controlled pre-
and postsynaptic spike timing using dual whole-cell recording,
and discovered that the sign and magnitude of LTP and LTD
indeed depended on the order and timing of pre- and postsyn-
aptic spikes on the 10 ms time scale (Markram et al., 1997).
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This dependence was characterized in detail by Bi and Poo
(1998) and named “spike-timing-dependent plasticity” (STDP)
by Song et al. (2000).

In canonical STDP, LTP occurs when presynaptic spikes (and
associated EPSPs) lead postsynaptic spikes by up to ~20 ms,
and LTD occurs when postsynaptic spikes lead presynaptic
spikes and EPSPs by up to 20-100 ms, with a sharp (1-5 ms)
transition between LTP and LTD (Markram et al., 1997; Bi and
Poo, 1998; Celikel et al., 2004) (Figure 1). Plasticity requires
multiple (typically 60-100) pre-post spike pairs. This is termed
“Hebbian” STDP because it strengthens synaptic inputs that
lead (and therefore contribute to) postsynaptic firing and
depresses inputs that are uncorrelated with postsynaptic spikes.
Not all STDP is alike, however. LTD in a cerebellum-like structure
in the electric fish was also discovered in 1997 to be tightly spike-
timing dependent, but in this case pre-leading-post spike order
drove LTD (Bell et al., 1997), similar to anti-Hebbian LTD at the
parallel fiber-Purkinje cell synapse in mammalian cerebellum.
Thus, spike timing governs multiple forms of plasticity.

STDP has now been observed at >20 different types of
synapses from insects to mammals, and from striatum to
neocortex. Its cellular basis is increasingly understood. It is
widely utilized in computational models of neural network plas-
ticity and learning, and its apparent simplicity has led some to
propose that it is a universal “first rule” or kernel for associative
plasticity. However, this view is oversimplified. Early studies
recognized that spike timing is only one of several factors,
including firing rate and dendritic depolarization, within a multi-
factor plasticity rule (Markram et al., 1997; Sjostrom et al.,
2001). The relevance of spike timing varies across synapses,
with strong spike-timing dependence (i.e., classical STDP) being
restricted to specific dendritic zones and activity regimes. This
review summarizes our understanding of STDP and evaluates
in detail the relative importance of spike timing versus other
factors for plasticity in vitro and in vivo. Many excellent reviews
have been published on STDP (e.g., Abbott and Nelson, 2000;
Dan and Poo, 2006; Letzkus et al., 2007; Caporale and Dan,
2008; Sjostrém et al., 2008; Froemke et al., 2010a), including
a comprehensive history (Markram et al., 2011).
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Figure 1. Spike-Timing-Dependent Plasticity

(A) Induction of STDP by pairing presynaptic spikes and associated EPSPs
with postsynaptic spikes. bAP, backpropagating spike.

(B) Pre-leading-post spiking drives LTP, while post-leading-pre spiking drives
LTD. Pre- or postsynaptic spikes alone do not alter synapse strength. From
Feldman (2000).

(C) STDP in hippocampal cell culture. Each symbol is one neuron. From Bi and
Poo (1998).

Definition and Forms of STDP

Canonical STDP is bidirectional and order-dependent, with pre-
leading-post spiking driving LTP, and post-leading-pre spiking
driving LTD. It also has precise temporal windows for LTP and
LTD (10 to ~100 ms time scale) (Markram et al., 1997; Bi and
Poo, 1998). This original definition has expanded to include
other plasticity that depends on spike timing, but is not bidirec-
tional or order-dependent (e.g., that contains only LTD). Several
basic forms of STDP exist at different synapses (Figure 2).
Substantial variation exists within each form, presumably reflect-
ing both synapse specialization and variation in physiological or
experimental conditions.

Hebbian STDP

In Hebbian STDP, LTP occurs when presynaptic spikes precede
postsynaptic spikes by ~0 to 20 ms (defined as positive At),
while LTD is induced when post leads pre by ~0 to 20-100 ms
(negative At) (Figures 2A and 2B). It is prevalent at excitatory
synapses onto neocortical (Markram et al., 1997; Feldman,
2000; Sjostrom et al., 2001; Nevian and Sakmann, 2006) and
hippocampal pyramidal neurons (Bi and Poo, 1998; Nishiyama
et al., 2000; Wittenberg and Wang, 2006), excitatory neurons in
auditory brainstem (Tzounopoulos et al., 2004), parvalbumin-
expressing fast-spiking striatal interneurons (Fino et al., 2008;
2009), and striatal medium spiny neurons in the presence of
dopamine (Pawlak and Kerr, 2008; Shen et al., 2008). Some
synapses exhibit long LTD windows producing a net bias toward
LTD (Debanne et al., 1998; Feldman, 2000; Sjéstrom et al., 2001;
Froemke et al., 2005). Hebbian STDP implements Hebb’s
postulate by strengthening synapses whose activity is causal
for postsynaptic spiking and weakening noncausal synapses
(Abbott and Nelson, 2000). It can also occur at inhibitory
synapses (Haas et al., 2006).

Anti-Hebbian STDP

In anti-Hebbian STDP, pre-leading-post spike order drives LTD.
In a few cases, post-leading-pre spiking also drives LTP, result-
ing in bidirectional STDP opposite to Hebbian STDP (Figure 2C).
This has been observed at excitatory synapses onto striatal
medium spiny neurons (Fino et al., 2005) and cholinergic inter-
neurons (Fino et al., 2008) and can occur when EPSPs are paired
with spike bursts at distal L2/3 synapses onto L5 pyramids in
somatosensory cortex (Letzkus et al., 2006).

In most cases, however, anti-Hebbian STDP contains only the
LTD component and is often referred to simply as anti-Hebbian
LTD (Han et al., 2000; Zhao and Tzounopoulos, 2011; Requarth
and Sawtell, 2011). This is often temporally asymmetric, with
stronger LTD for pre-leading-post spike order (Figure 2D). It
occurs at excitatory inputs onto fast-spiking GABAergic inter-
neurons in neocortex (Lu et al., 2007) and GABAergic cartwheel
neurons in the dorsal cochlear nucleus (Tzounopoulos et al.,
2004), as well as onto spiny stellate cells in somatosensory
cortex (Egger et al., 1999). It also occurs at parallel fiber
synapses onto Purkinje-like neurons in the electrosensory lobe
of the electric fish, where it co-occurs with timing-independent
LTP (Bell et al., 1997; Han et al., 2000). Classical parallel fiber-
Purkinje cell LTD in cerebellum is anti-Hebbian, with maximal
LTD when parallel fiber stimulation precedes postsynaptic
spiking by 80-150 ms (Safo and Regehr, 2008; Wang et al.,
2000). Anti-Hebbian LTD is prominent in distal dendrites of
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(A) Hebbian STDP that is equally balanced between LTP and LTD. 1, Froemke et al. (2005). 2, Fino et al. (2008).

(B) Hebbian STDP that is biased toward LTD. 3, Celikel et al. (2004). 4, Froemke et al. (2005).

(C) Anti-Hebbian STDP that contains both LTP and LTD. 5, Fino et al. (2005). 6, Letzkus et al. (2006).

(D) Anti-Hebbian STDP that contains only LTD (anti-Hebbian LTD). 6, Han et al. (2000). 7, Lu et al. (2007). 8, Safo and Regehr (2008).

L2/3 and L5 cortical pyramids when synaptic cooperativity is
minimal (Birtoli and Ulrich, 2004; Sjostrom and Hausser, 2006).
STDP Rules Are Synapse Specific but Also Malleable
Different forms of STDP are often intermixed in a seemingly
synapse-specific manner. For example, parallel fiber synapses
onto fusiform cells in the dorsal cochlear nucleus exhibit Hebbian
STDP, while those onto cartwheel neurons show anti-Hebbian
LTD (Tzounopoulos et al., 2004). STDP rules also vary by post-
synaptic cell type in striatum (Fino et al., 2008; 2009). However,
STDP is also dramatically shaped by dendritic depolarization
and neuromodulation. For example, anti-Hebbian LTD on cortical
pyramidal cells is converted into Hebbian STDP by manipulations
that depolarize dendrites or promote the spread of back-propa-
gating action potentials (bAPs) (Sjostrom and Hausser, 2006;
Letzkus etal., 2006; Zilberter et al., 2009), and dopamine and inhi-
bition alter the sign of STDP in the hippocampus and striatum
(Fino et al., 2005; Shen et al., 2008; Zhang et al., 2009). The
combination of synapse specificity and modulation may be useful
in specializing different synapses for different types of informa-
tion storage, while providing dynamic control over plasticity.

Spike Timing as Part of a Multifactor Plasticity Rule

STDP depends not only on spike timing, but also on firing rate,
synaptic cooperativity, and postsynaptic voltage (Markram
et al., 1997; Sjostrom et al., 2001). Cooperativity refers to the
need for multiple coactive synaptic inputs to generate sufficient
depolarization (or spiking) to drive LTP in classical hippocampal
experiments (McNaughton et al., 1978). In slice experiments,
unitary connections (which lack cooperativity and generate
only modest dendritic depolarization) exhibit Hebbian STDP
only when pre- and postsynaptic spikes occur at moderate firing
rates (10-20 Hz). Higher firing rates (>30 Hz) induce LTP indepen-
dent of spike timing, and lower firing rates (<10 Hz) generate only
LTD for pre-leading-post spike intervals (Markram et al., 1997;
Sjostrom et al., 2001; Wittenberg and Wang, 2006; Zilberter
etal., 2009). Thus, Hebbian STDP operates primarily in a permis-
sive middle range of firing frequency, superimposed on a stan-
dard Bienenstock, Cooper & Munro (BCM) plasticity function in
which high firing rates drive LTP, and low firing rates drive LTD
(Bienenstock et al., 1982; Figures 3A and 3B). The underlying
constraint is that LTP requires additional postsynaptic depolar-
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ization beyond a pre- and postsynaptic spike. This depolarization
can also be provided by cooperative activation of multiple nearby
synapses, which allows Hebbian STDP to be induced at lower
frequency (Sjostrom et al., 2001; Stuart and Hausser, 2001; Sjos-
trém and Hausser, 2006; Figure 3C). The firing rate and depolar-
ization requirements demonstrate that a single postsynaptic
somatic spike is not a sufficient signal for associative plasticity,
nor the basis for cooperativity—multiple spikes are required,
and these must interact with local dendritic depolarization pro-
duced in part by spatial summation of local synaptic potentials.

Other factors governing STDP include the need for multiple
spike pairings and nonlinear summation of plasticity across
spike pairs within natural spike trains (e.g., Froemke and Dan,
2002; Wang et al., 2005; Wittenberg and Wang, 2006). Though
consistent rules for summation have not emerged across
synapses, short-timescale nonlinearities predominate (Pfister
and Gerstner, 2006; Clopath et al.,, 2010; Froemke et al.,
2010b). Why STDP requires multiple pairings remains unclear.
STDP also depends importantly on baseline synaptic weight
(Bi and Poo, 1998; Sjostrom et al., 2001; Morrison et al., 2008)
and on neuromodulators, which can shape STDP both during
and after spike pairing (Seol et al., 2007; Pawlak and Kerr,
2008; Shen et al., 2008; Cassenaer and Laurent, 2012).

These findings indicate that spike timing is not the sole or prin-
cipal factor governing plasticity but is one of several factors
within a multifactor rule. In this view, what is measured experi-
mentally as STDP is not a distinct plasticity process but is the
spike-timing-dependent component of a common process that
also mediates rate- and depolarization-dependent LTP and
LTD. This spike timing dependence varies across synapses
and activity regimes, suggesting that spike timing will be a major
determinant of plasticity in some instances but a minor or negli-
gible factor in others. This graded view of spike timing depen-
dence differs from the concept of STDP as a fundamental kernel
underlying rate-dependent plasticity (Froemke and Dan, 2002;
Wang et al., 2005) or the idea that different synapses either
express STDP or lack it.

Theoretical Properties of STDP
The computational properties of Hebbian STDP have been re-
viewed in detail elsewhere (Abbott and Nelson, 2000; Morrison
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Figure 3. Plasticity Is Interdependent on Spike Timing, Firing Rate,
and Depolarization

(A) STDP at L5-L5 pyramid unitary synapses as a function of firing rate. Based
on Sjostrom et al. (2001).

(B) Joint firing rate and timing dependence for this same synapse modeled
using a phenomenological multifactor STDP rule (points show data, Sjéstrom
et al., 2001; lines show model, Clopath et al., 2010).

(C) The LTP component of Hebbian STDP requires dendritic depolarization
provided by synaptic cooperativity. Data are from distal synapses on L5
pyramidal cells (At = +10 ms) (Sjostrom and Hausser, 2006). Open and filled
symbols show inputs with weak and strong cooperativity, respectively.

et al., 2008; Clopath et al., 2010). Briefly, Hebbian STDP imple-
ments the exact causal nature of Hebb’s postulate by strength-
ening synapses whose activity leads postsynaptic spikes, and
weakening synapses whose activity lags postsynaptic spikes,
which represent ineffective synapses onto otherwise active
neurons (Abbott and Nelson, 2000; Song et al., 2000; van
Rossum et al., 2000; Song and Abbott, 2001). Hebbian STDP
that is biased toward LTD (e.g., Debanne et al., 1998; Feldman,
2000; Sjostrom et al., 2001; Froemke et al., 2005) powerfully
depresses inputs that are uncorrelated with postsynaptic spiking
by this mechanism (Feldman, 2000).

In development, Hebbian STDP is appropriate to build topo-
graphic maps and receptive fields based on temporal correla-
tions in input activity (Song et al., 2000; Song and Abbott,
2001; Giitig et al., 2003; Clopath et al., 2010), and implements
competition between convergent inputs (Zhang et al., 1998;
Kempter et al., 1999; Abbott and Nelson, 2000; Song et al.,
2000). Some implementations of STDP can also reduce positive
feedback instability of synapse strength and network activity that
occur commonly with Hebbian learning rules (Song et al., 2000;
van Rossum et al., 2000; Kempter et al., 2001; Song and Abbott,
2001).

In mature networks, Hebbian STDP supports learning of
temporal sequences (Blum and Abbott, 1996; Rao and Sejnow-
ski, 2001). This occurs because sequential activation of neurons

in a recurrent network drives LTP at synapses in the forward
direction but LTD in the reverse, thus creating directional
connections (Clopath et al., 2010). The result is tuning for learned
sequences, direction-selective visual responses, spontaneous
repeated spike sequences for motor patterning, and the ability
to predict future events from past stimuli (e.g., Mehta et al.,
2000; Buchs and Senn, 2002; Engert et al., 2002; Fiete et al.,
2010). STDP also enforces synchronous spiking during signal
propagation in feedforward networks, which is a common
feature in vivo. To understand this, consider a feedforward
network in which neurons exhibit a range of spike latencies to
a synchronous network input. With STDP, feedforward synapses
onto neurons that spike earliest are weakened, thereby
increasing spike latency, while synapses onto neurons that spike
later are strengthened, reducing their spike latency (Gerstner
et al., 1996; Suri and Sejnowski, 2002). This has been directly
observed in the insect olfactory system (Cassenaer and Laurent,
2007). STDP can also mediate temporal difference learning (Rao
and Sejnowski, 2003) and reinforcement learning (Farries and
Fairhall, 2007; Izhikevich, 2007; Cassenaer and Laurent, 2012)
and can tune neurons for temporal features of input (Masquelier
et al., 2009).

For anti-Hebbian STDP, fewer computational properties are
understood. In the cerebellum-like electrosensory lobe of elec-
tric fish, the LTD component of this plasticity (anti-Hebbian
LTD) stores negative images of predicted sensory input, so
that novel (unexpected) sensory inputs can be better repre-
sented (Roberts and Bell, 2000; Requarth and Sawtell, 2011).
Anti-Hebbian LTD at parallel fiber-Purkinje cell synapses in
mammalian cerebellum may perform a similar computation.
Anti-Hebbian STDP is also prominent in distal dendrites of pyra-
midal cells (Sjostréom and Hausser, 2006; Letzkus et al., 2006).
This may serve to strengthen late-spiking distal (layer 1) inputs
which would have been weakened under Hebbian STDP
(Rumsey and Abbott, 2004). Alternatively, anti-Hebbian LTD
may keep distal synapses weak, thereby requiring greater firing
synchrony for effective transmission and specializing distal
versus proximal synapses for different computations (Sjostrém
and Hausser, 2006).

Theory has also shed light on the basis and functional proper-
ties of multi-factor STDP. In an early study, the firing rate and
timing dependence of plasticity was predicted from dynamic
activation and calcium-dependent inactivation of NMDA recep-
tors during pre- and postsynaptic spike trains (Senn et al.,
2001). More recent biophysically realistic models of NMDA
receptors, AMPA receptors, and cannabinoid signaling support
and extend this unified model of plasticity (Shouval et al., 2002;
Badoual et al., 2006; Rachmuth et al., 2011; Graupner and Bru-
nel, 2012). Functional consequences within large networks
have been investigated with simpler phenomenological models.
One such model (Clopath et al., 2010, built on earlier work by
Pfister and Gerstner, 2006) is based on interaction of presynaptic
spikes with instantaneous and time-filtered postsynaptic
membrane potential. At the synapse level, the model predicts
the timing, rate and voltage-dependence of plasticity. On the
network level, this learning rule stores information about both
slow input correlations and rapid spatiotemporal sequences,
depending on the structure of spike train input, thus capturing
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Figure 4. Cellular Mechanisms for Timing Dependence of Plasticity

(A) Biochemical signaling pathways for major forms of STDP. N and A, NMDA and AMPA receptors. Red, depolarization. For mGluR-CB1-LTD, the proposed
presynaptic coincidence detector is in green, and the postsynaptic coincidence detector is in blue. A, astrocyte. Signals conveying pre- and postsynaptic spike

timing in each model are labeled.

(B) Dendritic plasticity zones based on efficiency of bAP propagation through the dendrites.

functional aspects of rate-dependent plasticity and STDP
(Clopath et al., 2010).

Cellular Machinery for STDP

Hebbian STDP at glutamatergic synapses is mediated by the
same three signaling pathways that mediate most classical,
correlation-dependent LTP and LTD. These are as follows: (1)
NMDA receptor (NMDAR)-dependent LTP and (2) NMDAR-
dependent LTD, in which correlated presynaptic release and
postsynaptic depolarization trigger calcium influx through post-
synaptic NMDARs (and voltage-sensitive calcium channels,
VSCCs). LTP versus LTD induction is determined by the magni-
tude and time course of calcium flux, with brief, high calcium-
generating LTP, sustained moderate calcium-generating LTD,
and low calcium-inducing no plasticity (Lisman, 1989; Yang
et al., 1999). The primary expression mechanisms are postsyn-
aptic, via addition or removal of postsynaptic AMPA receptors
(AMPARSs) and changes in single-channel conductance (Malinow
and Malenka, 2002), though presynaptic expression can also
occur. (3) Metabotropic glutamate receptor (mGluR)-dependent
and/or cannabinoid type 1 receptor (CB1R)-dependent LTD, in
which postsynaptic NMDARs are not involved, and LTD is
expressed via a decrease in presynaptic transmitter release
probability. This form is heterogeneous. In CB1R-dependent
LTD, which is linked most strongly to STDP, postsynaptic
calcium and mGIuR activation trigger dendritic synthesis of en-
docannabinoids, which diffuse retrogradely to activate CB1Rs
on the presynaptic terminal and drive a long-lasting decrease
in release probability (Chevaleyre et al., 2006). Other forms of
mGIuR-LTD are CB1R-independent and postsynaptically ex-
pressed but are less linked to STDP.

STDP is mediated by these three mechanisms, with postsyn-
aptic spikes providing a critical component of postsynaptic
depolarization for plasticity. There are two major, biochemically
distinct forms of Hebbian STDP. One is composed of NMDAR-
dependent LTP and NMDAR-dependent LTD (Figure 4A, left).
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This occurs at CA3-CA1 hippocampal synapses and some
synapses on neocortical L2/3 pyramidal cells (Nishiyama et al.,
2000; Froemke et al., 2005). Here, the magnitude of the NMDAR
calcium signal determines the sign of plasticity (along with
calcium from VSCCs) (Lisman, 1989). With pre-leading-post
spike order, the EPSP coincides with the bAP to produce a strong
supralinear NMDAR calcium signal, while a post-leading-pre
spike order triggers a weaker, sublinear calcium signal (Magee
and Johnston, 1997; Koester and Sakmann, 1998; Nevian and
Sakmann, 2006). This timing dependence is achieved by several
mechanisms. Brief pre-leading-post spike intervals drive
maximal calcium signals because (1) EPSPs activate voltage-
gated sodium channels and/or inactivate A-type K* channels,
generating a brief temporal window in which bAPs—and there-
fore NMDAR currents —are boosted in dendritic branches whose
activity was causal for postsynaptic spikes (Hoffman et al., 1997;
Stuart and Hausser, 2001), (2) the noninstantaneous kinetics of
Mg?* unblock of NMDARs causes maximal NMDAR current
when glutamate binding leads depolarization by a short
interval (Kampa et al., 2004), and (3) perhaps most importantly,
AMPAR-mediated EPSPs provide local depolarization that criti-
cally boosts the supralinear interaction between NMDAR current
and the bAP, so that LTP is induced when the AMPA-EPSP and
bAP coincide (Fuenzalida et al., 2010; Holbro et al., 2010). Post-
leading-pre spike order generates weaker calcium signals
because (1) the EPSP coincides not with the bAP itself, but
with the modest afterdepolarization following the bAP, gener-
ating NMDAR currents only modestly greater than would occur
at Viest (Karmarkar and Buonomano, 2002; Shouval et al.,
2002) and (2) at some synapses, calcium influx during the bAP
causes calcium-dependent inactivation of NMDARs, so that
presynaptic release evokes even less NMDAR current (Rose-
nmund et al., 1995; Tong et al., 1995; Froemke et al., 2005).

A second form of Hebbian STDP is composed of NMDAR-
dependent LTP and mGluR- and/or CB1R-dependent LTD
(Figure 4A, right). This occurs at several synapses in L2/3 and
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L5 of somatosensory and visual cortex, and at cortical synapses
onto striatal medium spiny neurons. Here, postsynaptic
NMDARSs are required for spike-timing-dependent LTP, but not
LTD (Sjostrom et al., 2003; Bender et al., 2006b; Nevian and
Sakmann, 2006; Corlew et al., 2007; Rodriguez-Moreno and
Paulsen, 2008; Fino et al., 2010). LTD instead requires postsyn-
aptic group | mGIuRs, their effector phospholipase C, low-
threshold T-, R-, or L-type VSCCs, and calcium release from
IP3 receptor-gated internal stores (Bi and Poo, 1998; Nishiyama
et al., 2000; Bender et al., 2006b; Nevian and Sakmann, 2006;
Seol et al., 2007; Fino et al., 2010). Coincident activation of
mGIluRs and VSCCs synergistically activates PLC (Hashimoto-
dani et al., 2005), leading to generation and release of the endo-
cannabinoid (eCB) transmitter 2-arachidonoyl glycerol (2-AG)
(Nakamura et al., 1999). Retrograde eCB signaling leads to
activation of presynaptic CB1Rs, and LTD expression occurs
by a decrease in presynaptic transmitter release probability
(Sjostrom et al., 2003; Bender et al., 2006b; Nevian and
Sakmann, 2006; Rodriguez-Moreno and Paulsen, 2008; Shen
et al., 2008; Fino et al., 2010). Thus, this form of STDP involves
two separate coincidence detectors: NMDARs detect pre-
leading-post spike intervals and exclusively trigger LTP, whereas
a separate mechanism (and separate calcium pool) within the
mGIuR-VSCC-PLC-CB1 pathway detects post-leading-pre
spike intervals and exclusively triggers LTD (Bender et al.,
2006b; Nevian and Sakmann, 2006; Fino et al., 2010).

The mGIuR-CB1R-dependent form of LTD is independent of
postsynaptic NMDARs but often depends on presynaptic
NMDARs (preNMDARSs) (Sjostrom et al., 2003; Bender et al.,
2006b; Corlew et al., 2007; Rodriguez-Moreno and Paulsen,
2008). At synapses with this form of STDP, loading the NMDAR
blocker MK-801 into the presynaptic neuron blocks only LTD,
while MK-801 in the postsynaptic neuron blocks only LTP (Rodri-
guez-Moreno and Paulsen, 2008). PreNMDARs contain NR2B,
NR2C/D, and/or NR3A subunits, and STDP-LTD is selectively
blocked by NR2B and NR2C/D antagonists and in NR3 knock-
outs (Sjostrom et al., 2003; Bender et al., 2006b; Banerjee
et al,, 2009; Larsen et al., 2011). In cerebral cortex, pre-
NMDAR-dependent LTD is prominent in juveniles, and then
declines in parallel with preNMDARs themselves (Corlew et al.,
2007; Banerjee et al., 2009).

How does spike timing dependence arise for mGluR-CB1R-
preNMDAR-LTD? In the presynaptic coincidence detector
model, each postsynaptic spike evokes a brief eCB signal that
activates presynaptic CB1Rs, each presynaptic spike supplies
glutamate and depolarization to activate preNMDARs, and
precise coactivation of CB1Rs and preNMDARs is required to
drive LTD (Sjostrom et al., 2003; Duguid and Sjostrom, 2006).
In the postsynaptic coincidence detector model, postsynaptic
spikes activate VSCCs while presynaptic spikes activate
mGIluRs, and post-pre spike timing is computed postsynapti-
cally by integration of mGIuR and VSCC-derived calcium signals
(Bender et al., 2006b, Nevian and Sakmann, 2006). The likely
coincidence detector is PLC, which is a known molecular coinci-
dence detector that responds synergistically to mGIuR activation
and cytosolic calcium, and which drives production of 2-AG
(Hashimotodani et al., 2005). As a result, 2-AG synthesis and
release occur only in response to appropriately timed pre- and

postsynaptic spikes (Chevaleyre et al., 2006). The eCB signal
then diffuses retrogradely to reduce release probability either
by activating CB1Rs on presynaptic terminals (Bender et al.,
2006b) or by activating CB1Rs on astrocytes which in turn signal
to presynaptic terminals, perhaps via preNMDARs (Min and
Nevian, 2012). Importantly, eCB activation of astrocytes is only
observed during post-leading-pre spike pairing, and extracel-
lular eCB accumulates slowly during the multiple spike pairings
required for LTD induction. These observations suggest both
coincidence detectors may contribute to LTD: the postsynaptic
coincidence detector detects pre-post spike timing to generate
a slow retrograde signal, while the presynaptic coincidence
detector may restrict LTD to active presynaptic terminals, thus
mediating synapse specificity.

Anti-Hebbian LTD is heterogeneous and involves several
different CB1R-dependent and mGluR-dependent mechanisms.
For example, anti-Hebbian LTD at excitatory synapses onto
inhibitory cartwheel cells in the dorsal cochlear nucleus is
presynaptic and CB1R-dependent. Higher stimulation frequen-
cies evoke postsynaptic NMDAR-dependent LTP, echoing the
coexistence of these mechanisms in Hebbian STDP in pyramidal
cells (Tzounopoulos et al., 2007). Anti-Hebbian LTD in the elec-
trosensory lobe of electric fish is also presynaptically expressed
(Han et al., 2000). Anti-Hebbian LTD at cerebellar parallel fiber-
Purkinje cell synapses involves postsynaptic mGluRs, VSCCs,
IP3Rs, and presynaptic CB1R activation but is expressed post-
synaptically by AMPAR internalization (Safo and Regehr, 2005;
Steinberg et al., 2006). Strong evidence suggests that the
order-dependent coincidence detector is the IP3 receptor,
which is coactivated by PLC-produced IP3 and VSCC-derived
cytosolic calcium (Nakamura et al., 1999; Wang et al., 2000;
Sarkisov and Wang, 2008). At other synapses, anti-Hebbian
LTD involves postsynaptic mGIuR signaling and sometimes
IP3R signaling (Egger et al., 1999; Birtoli and Ulrich, 2004; Lu
et al., 2007).

Thus, the timing dependence of plasticity emerges, in part,
from well-known molecular coincidence detectors within clas-
sical LTP and LTD signaling pathways, including NMDARs,
PLC, and IP3Rs. This is consistent with spike timing as one factor
within a multi-factor plasticity process that is also driven by firing
rate and depolarization. A second major source of precise time
dependence is the dynamics of electrical signaling in dendrites,
including interactions between AMPA-EPSPs, NMDARs, and
bAPs.

Dendritic Excitability and Location Dependence of STDP

In STDP, somatic action potentials backpropagate from the
axonal initiation site to the dendrites, where they provide a key
part of the associative signal for STDP induction (Magee and
Johnston, 1997). However, bAPs are brief and propagate decre-
mentally, typically losing 50% of amplitude within several
hundred microns of the soma, and failing completely in the
most distal branches (Spruston, 2008). This results in postsyn-
aptic depolarization that is sufficient for LTD, but not for LTP,
particularly at distal synapses. Full STDP requires enhancement
of bAP propagation and/or additional sources of depolarization
(Sjostrom et al., 2001; Sjostrom and Hausser, 2006). In L5 pyra-
midal cell distal dendrites, EPSPs occurring <10 ms prior to the
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bAP enhance bAP amplitude 3-fold via recruitment of dendritic
sodium channels (Stuart and Hausser, 2001). This enhancement
is highly localized and is greater for larger EPSPs. This likely
contributes to the time window and cooperativity requirement
for spike-timing-dependent LTP. In CA1 pyramidal cells, bAP
enhancement also promotes LTP, but enhancement occurs by
inactivation of A-type potassium currents (Watanabe et al.,
2002).

bAPs must also interact with, and recruit, additional sources of
depolarization for STDP. An obligate source is the AMPA-EPSP,
which provides critical synapse-specific depolarization that
summates with the bAP to activate NMDARs sufficiently for
STDP-LTP (Holbro et al., 2010). In other cases, bAPs prime the
dendrite to produce synaptically evoked calcium spikes which
mediate STDP-LTP (Zhou et al., 2005; Kampa et al., 2006) For
more on dendritic excitability and STDP, see Sjostrom et al.
(2008).

The decremental propagation of bAPs creates a profound
spatial gradient of STDP in neurons. In L5 pyramidal cells in
neocortex, brief pre- and postsynaptic spike trains evoke
Hebbian STDP at proximal synapses (<100 um from soma) but
progressively less LTP at more distal synapses. The most distal
synapses (>500 um) show only anti-Hebbian LTD in response to
pre-leading-post pairing. Distal LTD can be converted to LTP by
supplying sufficient dendritic depolarization to either enhance
bAP propagation (Sjostrom and Hausser, 2006) or convert the
single bAP into a dendritic-somatic spike burst (Letzkus et al.,
2006). Smaller L2/3 pyramidal cells exhibit a similar trend in
which distal synapses express less STDP and a broader LTD
window than proximal synapses (Froemke et al., 2005).

Thus, decremental bAP propagation creates distinct dendritic
plasticity zones in which different rules for synapse modification
exist (Figure 4B; Kampa et al., 2007; Spruston, 2008). In general,
the most proximal synapses experience the strongest bAPs and
are expected to exhibit Hebbian STDP with minimal require-
ments for synaptic cooperativity and firing rate. More distal
synapses will exhibit LTD-biased Hebbian STDP (Froemke
et al., 2005) or anti-Hebbian LTD (Sjéstrom and Hausser, 2006)
and will require high firing rates or strong synaptic convergence
for Hebbian STDP. These synapses can exhibit anti-Hebbian
STDP, if post-leading-pre firing drives synaptically evoked
calcium spikes (Kampa et al., 2006; Letzkus et al., 2006). Very
distal synapses may be largely outside the influence of bAPs,
so that STDP is absent and plasticity is induced by cooperative
firing of neighboring inputs that evokes dendritic sodium or
calcium spikes or regenerative NMDA spikes (Golding et al.,
2002; Gordon et al., 2006). The existence of different plasticity
rules within dendritic regions may contribute to activity-depen-
dent stabilization of different functional classes of synapses in
these regions (Froemke et al., 2005). Modulation of dendritic
excitability will regulate both the shape of STDP rules and the
spatial extent of dendritic plasticity zones, including increasing
or decreasing the prevalence of STDP relative to local, associa-
tive forms of plasticity.

Neuromodulation and STDP

Neuromodulation has robust effects on the spike timing depen-
dence of plasticity. This includes gating of STDP, as in adult
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visual cortex slices, where exogenous activation of receptors
coupled to adenylate cyclase (e.g., B-adrenergic receptors)
and PLC (e.g., muscarinic acetylcholine receptors) are neces-
sary for LTP and LTD, respectively, within Hebbian STDP (Seol
etal., 2007). Dopamine gates Hebbian STDP at several synapses
(e.g., Bissiere et al., 2003; Pawlak and Kerr, 2008; Shen et al.,
2008). Neuromodulation can also alter the shape of STDP rules,
including converting Hebbian STDP into anti-Hebbian LTD (Shen
et al., 2008; Zhang et al., 2009, Zhao and Tzounopoulos, 2011).
Remarkably, neuromodulation occurring up to several seconds
after spike pairing can alter the sign of STDP in the insect olfac-
tory system (Cassenaer and Laurent, 2012), providing a potential
basis for reward-based learning via STDP (Izhikevich, 2007).
These results suggest that neuromodulation should be consid-
ered an additional explicit factor in some STDP rules. For
detailed review, see Pawlak et al. (2010).

Objections to STDP

Explicit objections have been raised to STDP. These derive from
concerns that postsynaptic spikes and spike timing are relatively
minor factors for plasticity under natural network conditions, and
therefore that STDP is not a particularly accurate or useful
description of natural plasticity (Lisman and Spruston, 2005,
2010; Shouval et al.,, 2010). These are summarized and
addressed here.

1. The textbook model of STDP depends only on the timing of
the bAP relative to the EPSP. However, bAPs are too brief
and small to be sufficient for STDP. STDP depends
strongly on other sources of depolarization, leading
to dependence on firing rate and cooperativity. Thus,
spike timing is not the primary determinant of plasticity.
While bAPs do not provide sufficient depolarization for
STDP, they can control plasticity by interacting with or re-
cruiting other forms of depolarization (e.g., AMPA-EPSPs,
dendritic calcium spikes). Within multifactor STDP rules,
bAPs and spike timing are important factors determining
the sign of plasticity over a relatively broad operating
regime of firing rate (10-30 Hz in brief bursts, as low as
0.1 Hz at some synapses) and dendritic depolarization
(2-10 mV) (Markram et al., 1997; Feldman, 2000; Sjostrom
etal., 2001). This dendritic depolarization could result from
cooperative activation of as few as 2-10 inputs (assuming
0.2-1 mV unitary EPSP). Thus, while timing is not every-
thing, it is one important thing for plasticity.

2. LTP and LTD induction protocols that use only synaptic
stimulation, rather than direct current injection, to evoke
a postsynaptic spike, do not require sodium spikes or
bAPs. Instead, synaptic input evokes local dendritic
calcium or NMDA spikes, and these induce plasticity.
This indicates that STDP is not the basis of natural
plasticity. STDP cannot be claimed as a universal basis
of plasticity. For example, distal synapses outside the
range of bAP propagation exhibit LTP via local calcium
spikes, not via STDP (Golding et al., 2002). The same is
true for proximal synapses under conditions of especially
strong convergence or when somatic spikes are sup-
pressed (Golding et al., 2002; Gordon et al., 2006). This
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plasticity is computationally distinct from STDP because
it implements associative plasticity between nearby
synapses within individual dendritic branches or compart-
ments, but not between spatially distant synapses (Hardie
and Spruston, 2009) or between one synapse and somatic
spiking that reflects overall synaptic drive. Classical
single-pathway LTP and LTD experiments at Schaffer
collateral-CA1 synapses only measure local associative
plasticity, because inputs are spatially clustered, so that
focal dendritic depolarization is the main determinant of
plasticity. The question is therefore whether pairing of
two distant synaptic inputs (e.g., onto apical versus basal
dendrites) drives STDP using somatic spikes as part of the
associative signal. Hebbian STDP has been induced in vivo
in this manner in both hippocampus and Xenopus tectum,
by activating a weak synaptic input at varying times rela-
tive to a strong synaptic input that evokes postsynaptic
spikes (Levy and Steward, 1983, Zhang et al., 1998; Mu
and Poo, 2006). However, it has not been proven that
bAPs contribute to the associative signal for synaptically
induced STDP. The multifactor learning rule would
suggest that within an appropriate firing rate and depolar-
ization regime, the relative timing of EPSPs and bAPs is
one factor controlling plasticity for synapses within effec-
tive bAP propagation range.

3. STDP is not likely to be relevant in vivo, because
spontaneous synaptic activity and inhibition reduce bAP
propagation even further than in brain slices. In vivo, inhi-
bition and increased dendritic conductance will reduce
action potential backpropagation, further limiting STDP
induction (Spruston, 2008). However, while the spatial
range of the bAP will be less in vivo, evidence suggests
that spike timing is still relevant. STDP can be induced in
anesthetized animals with inhibition intact by pairing
sensory stimulation with intracellularly or extracellularly
evoked somatic spikes (Schuett et al., 2001; Meliza and
Dan, 2006; Mu and Poo, 2006; Vislay-Meltzer et al.,
2006; Jacob et al., 2007; Sawtell et al., 2007) or by pairing
synaptic stimulation of one weak and one strong (spike-
eliciting) pathway (Levy and Steward, 1983; Zhang et al.,
1998; Mu and Poo, 2006). In addition, stimulus timing-
dependent plasticity in awake animals and humans
suggests indirectly that an STDP-like process is at work
(e.g., Yao and Dan, 2001; Fu et al., 2002; McMahon and
Leopold, 2012). Thus, while in vivo conditions are ex-
pected to reduce the prevalence of STDP, empirical
measurements suggest that it remains relevant at least
for some synapses.

4. STDP is not as computationally elegant as it may seem,
because (1) the prevalence of pre- and postsynaptic spikes
makes stored information too vulnerable to erasure, and (2)
information can’t be read out without modifying stored
information. While this is true for the textbook STDP
model, the firing-rate dependence of STDP provides
a simple solution, by implementing a higher activity
threshold for plasticity. When firing rate is high, associative
learning occurs. When firing rate is low, erasure is mini-
mized, and information can be read out with single spikes

without modifying synapses by inducing further STDP.
Additional solutions may be found in the requirement for
multiple pairings, the gating of STDP by neuromodulators,
or the requirement for additional signals to achieve late-
phase LTP.

In summary, while spike timing is clearly not the only factor
governing LTP and LTD, it is one important factor at many
synapses, at least under controlled conditions in vitro. It is there-
fore an empirical question whether spike timing is a major, minor,
or negligible factor for plasticity under natural conditions in vivo.
This evidence is summarized below.

Spike Timing Dependence of Plasticity In Vivo

Multiple classes of experiments support a role for spike timing in
plasticity in vivo. In sensory-spike pairing, STDP is induced by
presenting a sensory stimulus at a specific time delay relative
to spikes in a single neuron, evoked by direct current injection.
In stimulus-timing-dependent plasticity, presentation of two
precisely timed sensory stimuli alters sensory tuning with time
and order dependence consistent with STDP. In psychophysical
experiments, this same conditioning protocol alters sensory
perception with STDP-like time and order dependence. Addi-
tional evidence for the importance of spike timing is found in
development of visual motion tuning in Xenopus, sensory predic-
tionin electric fish, map plasticity in sensory cortex, and olfactory
learning in insects.

Sensory-Spike Pairing In Vivo

In the Xenopus visual system, spikes in retinal ganglion cells
evoke EPSCs in tectal neurons. When a subthreshold retinal
input is stimulated before a second, suprathreshold input that
evokes a postsynaptic spike, the subthreshold response is
potentiated (0 < At < 20 ms). When order is reversed, the
subthreshold input is weakened (—20 < At < 0 ms) in a Hebbian
STDP rule (Zhang et al., 1998). Identical STDP of visual-evoked
synaptic currents occurs after pairing visual stimuli at precise
times relative to postsynaptic spikes elicited by intracellular
current injection (Mu and Poo, 2006). Such sensory-spike pairing
within specific receptive field subregions increases or decreases
visual responses to those subregions as predicted by STDP,
thereby shifting tectal neuron receptive fields in vivo (Vislay-
Meltzer et al., 2006). STDP is also observed with single, supra-
threshold visual stimuli, which naturally elicit pre-leading-post
spiking in tectal neurons, thus driving LTP of visual responses
(Zhang et al., 2000).

Sensory-spike pairing also induces Hebbian STDP in cortical
pyramidal cells in anesthetized rats. In primary visual cortex
(V1), visual-evoked EPSCs recorded in L2/3 pyramidal cells are
potentiated by pairing visual responses prior to intracellularly
evoked postsynaptic spikes (0 < At < 20 ms) and are depressed
by pairing after evoked spikes (—50 < At < 0 ms). For temporally
extended visual responses, sensory-spike pairing potentiates
components of the response occurring prior to the postsynaptic
spike, and depresses components after the spike, consistent
with STDP (Meliza and Dan, 2006). Orientation tuning can be
modified by STDP, as shown by repeatedly pairing an oriented
visual stimulus with extracellularly evoked spikes in V1 neurons.
When visual responses precede spikes (At =20 ms), orientation
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tuning shifts toward the paired stimulus, but when the order is
reversed (At = —10 ms), tuning shifts away from the paired orien-
tation, consistent with Hebbian STDP at intracortical synapses
(Schuett et al., 2001).

Similar plasticity occurs in L2/3 pyramidal cells in rat somato-
sensory cortex. Pairing whisker-evoked postsynaptic potentials
(wPSPs) following intracellularly evoked postsynaptic spikes
(—30 ms < At < 0 ms) weakens wPSPs, but evokes no depres-
sion, and sometimes potentiation, when wPSPs lead spikes
(At =20 ms) (Jacob et al., 2007). This is reminiscent of Hebbian
STDP at L4-L2/3 synapses in vitro, but with reduced LTP
(Feldman, 2000). Significant LTP has been observed with this
pairing protocol in older mice (F. Gambino and A. Holtmaat,
2011, Soc. Neorosci., abstract). Pairing of spontaneous postsyn-
aptic spikes prior to whisker deflections (—20 < At < 0 ms) also
drives depression of whisker-evoked responses during extracel-
lular recording (Jacob et al., 2007).

STDP can also be induced in vivo in the locust olfactory
system, at synapses from Kenyon cells (KCs) onto B-lobe
neurons (B-LN). Associative strengthening of KC — B-LN
synapses occurs when a subthreshold KC input precedes
a second, suprathreshold KC input that evokes a spike in the
B-LN. Pairing single KC inputs with a suprathreshold current
pulse in the B-LN induces synapse-specific, Hebbian STDP of
the KC synapse, with LTP occurring for pre-leading-post spike
pairings (0 < At < 20 ms), and LTD for post-leading-pre pairings
(—20 < At < 0 ms) (Cassenaer and Laurent, 2007).

Thus, sensory-spike pairing evokes STDP in vivo that can be
directly observed at the synapse level. STDP in vivo is often
smaller, briefer and more variable compared to in vitro brain
slices, and the LTP component is less prominent (Feldman,
2000; Froemke and Dan, 2002; Meliza and Dan, 2006; Jacob
et al., 2007). This may reflect reduced bAP propagation in vivo,
or involvement of more distal synapses that show less STDP.
Stimulus-Timing-Dependent Plasticity
Two different visual stimuli that are sequentially flashed at a brief
delay evoke spikes in two corresponding neuronal populations
at the flashed interval (Fu et al., 2002; Yao and Dan, 2001).
This may induce STDP at synapses between these populations.
This was first tested in V1 of adult cats using extracellular single-
unit recording. The orientation tuning of a neuron was measured,
followed by a conditioning period in which a nonoptimal oriented
stimulus (the “conditioned orientation”) was flashed just before
(after) a preferred orientation stimulus. After 1,600-3,200
stimulus pairings, the neuron’s orientation tuning shifted toward
(away) from the conditioned orientation, but only for pairing
delays of <20 ms, not 42 ms (Yao and Dan, 2001; Yao et al.,
2004). This temporal order and timing dependence is consistent
with Hebbian STDP at horizontal projections between neurons
tuned to the trained orientations. Similarly, repeated sequential
presentation of two neighboring retinotopic stimuli (<50 ms
delay, 800-1,200 pairings) causes the spatial location of V1
receptive fields to shift toward the location activated first,
consistent with Hebbian STDP at intracortical connections
between nearby retinotopic lociin V1. Cross-correlation analysis
confirmed that connections from early- to late-activated neurons
functionally strengthen, while those in the opposite direction
weaken, consistent with Hebbian STDP (Fu et al., 2002). Similar
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stimulus timing-dependent plasticity also occurs for frequency
tuning in ferret primary auditory cortex (Dahmen et al., 2008).
However, the magnitude of these plasticity effects is quite small
(2° change in preferred orientation, < 2% shift in retinotopic posi-
tion), and direct evidence that they represent STDP is lacking.

Psychophysical experiments show that stimulus timing-
dependent plasticity alters visual perception in humans, also
as predicted by Hebbian STDP. Conditioning with 300 pairs of
oriented gratings (At < 20 ms) shifted perception of visual orien-
tation toward the second orientation in the pair, which is consis-
tent with standard population decoding models of the single-cell
orientation tuning shifts in V1. This perceptual shift has the same
order- and interval-dependence as STDP (Yao and Dan, 2001).
Similar stimulus timing-dependent plasticity was observed for
perception of retinotopic position (Fu et al., 2002). This phenom-
enon also occurs for high-level vision: in a face perception
experiment, rapid serial presentation of two faces (100 pairings
over ~2 min) biases face perception toward the second face
presented, but only for pairing delays <60 ms (McMahon and
Leopold, 2012; Figure 5A). These findings argue that STDP-like
plasticity occurs in the intact, attentive brain, and influences
human visual perception, but again direct evidence that STDP
is the causal cellular process is lacking.

STDP in Emergence of Direction Selectivity in Xenopus
Computationally, STDP can store information about spatiotem-
poral patterns of input activity (Blum and Abbott, 1996; Rao
and Sejnowski, 2001; Clopath et al., 2010). A highly relevant
spatiotemporal pattern is visual motion, and many neurons in
adults are selective (tuned) for visual motion direction. Strong
evidence links STDP to development of direction selectivity in
Xenopus tectum.

In young Xenopus tadpoles, tectal neurons lack selectivity for
visual motion direction. When a bar is repeatedly moved in
a consistent direction across a young neuron’s receptive field,
excitatory synaptic responses evoked by the trained movement
direction are selectively increased, causing tectal neurons to
become tuned for the trained direction (Engert et al., 2002).
Several lines of evidence show that this is due to STDP at retino-
tectal synapses. First, retinotectal synapses exhibit robust
Hebbian STDP in vivo, by pairing either electrically or visually
evoked presynaptic spikes with postsynaptic spikes (Zhang
et al., 1998, 2000). Second, successful motion training occurs
only when visual motion stimuli elicit postsynaptic spikes. Third,
training causes retinal inputs active before evoked tectal spikes
to be potentiated, while inputs active after tectal spikes are
depressed, which is the hallmark of Hebbian STDP (Engert
et al., 2002; Mu and Poo, 2006). The mechanics of this process
have been determined using three sequentially flashed bars at
different spatial positions to simulate visual motion (Figure 5B).
When sequentially flashed bars are paired with postsynaptic
spikes that occur just after the center bar stimulus (either evoked
by this stimulus or by current injection), responses to the first and
second bars are increased, while responses to the third bar are
decreased, as predicted by Hebbian STDP. Moreover, training
with both real and simulated motion increases visual responses
to flashed stimuli at spatial locations that are active prior to the
receptive field center. This asymmetrically expands the recep-
tive field toward earlier-activated spatial locations (Engert
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(A) Stimulus-timing-dependent plasticity of face
perception in humans. Subjects classified a series
of morphed face images as being “more like face
A” or “more like face B.” Sequential A=BorB—A
pairing (At = 20 ms) biased perception toward the

Face A

After B=>A
pairings

After B=>A
pairings
+5%|

0.5

After A>B

o -5%)
pairings

Perceptual shift towards B

L—

Face B

earlier-presented face, with a dependence on At
similar to Hebbian STDP. From McMahon and
Leopold (2012).

(B) STDP induced by visual motion stimuli in
Xenopus optic tectum. Simulated motion consist-
ing of three rapidly flashed bars was presented
within the receptive field of a tectal neuron (At =
17 ms between bars). Bars 1 and 3 were adjusted
to evoke subthreshold PSPs, while bar 2 evoked
spikes. Simulated motion training caused bar 1
and 2-evoked synaptic currents to increase, but
bar 3-evoked synaptic currents to decrease,
consistent with Hebbian STDP. No plasticity
occurred when bar 2 did not evoke spikes (not
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(C) STDP synchronizes B-LN firing in the locust
olfactory system. Odors normally evoke B-LN
spikes synchronized with the trough of the local
field potential (LFP). Injecting current in a B-LN to
phase-delay spikes (left) induces LTP at Kenyon
cell-B-LN synapses, thus phase-advancing
future odor-evoked spikes (middle). Spike phase
shifts bidirectionally depending on At during
conditioning, consistent with STDP (right). From

Cassenaer and Laurent (2007).
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et al., 2002). In a computational model, STDP at retinotectal
synapses explained these findings (Honda et al., 2011). These
results strongly suggest that natural motion stimuli drive emer-
gence of motion direction tuning via STDP.

Whether STDP drives development of motion direction selec-
tivity in mammalian V1 is unclear. Motion direction tuning is
absent in V1 at eye opening, and develops as a result of visual
experience (White and Fitzpatrick, 2007). Training with visual
motion stimuli immediately after eye opening induces motion
direction tuning in young ferrets (Li et al., 2008), as predicted
by STDP (Buchs and Senn, 2002). However, whether STDP is
the causal mechanism is not known. Some support for this
hypothesis derives from a careful analysis of motion-selective
properties of receptive fields in V1 in adult cats (Fu et al.,

"2 0 2 4 6ms
Delay ~—— Advance

30 40 50 2004). Fu et al. found that complex cells

received stronger rightward (leftward)
motion input from visual field locations
to the left (right) of receptive field center.
This anisotropy in intracortical circuits is
exactly as predicted by STDP driven by
natural visual motion, and suggests that
STDP was active during development of
circuits for motion direction tuning (Fu
et al., 2004).

Sensory Map Plasticity in Neocortex
Experience and deprivation drive robust
plasticity of cortical sensory maps that
involves LTP and LTD at multiple synaptic
loci. A major feature of plasticity is the
active weakening of deprived inputs via
LTD-like processes (Feldman, 2009). In rodent somatosensory
(S1) cortex, STDP appears to be one mechanism driving synapse
weakening. S1 contains a somatotopic map of the whiskers, with
one cortical column per whisker. Deflection of a single whisker
drives spikes in L4 followed by L2/3 of its corresponding column,
due to feedforward intracolumnar excitatory projections from
thalamus to L4 to L2/3. In addition, whisker deflection drives
weaker responses in neighboring columns via horizontal cross-
columnar projections. In juvenile rats, trimming or plucking
a subset of whiskers weakens and shrinks the representation
of deprived whiskers in L2/3, mediated in part by weakening of
L4-L2/3 excitatory synapses within deprived columns (Feldman
and Brecht, 2005). This weakening appears to represent CB1-
LTD induced in vivo by sensory deprivation, because it occludes

dt>0
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subsequent CB1-LTD, is expressed presynaptically by reduced
release probability, and is prevented by CB1 antagonist treat-
ment in vivo during whisker deprivation (Bender et al., 2006a;
Feldman, 2009; Li et al., 2009).

In S1, L4-L2/3 synapses exhibit LTD-biased Hebbian STDP
consisting of NMDAR-dependent LTP and CB1-LTD (Feldman,
2000; Bender et al., 2006b; Nevian and Sakmann, 2006). This
STDP rule drives net LTD in response to either uncorrelated
spiking or systematic post-leading-pre spiking (Feldman,
2000). Deprivation is likely to drive LTD in vivo via STDP, because
whisker deprivation acutely alters mean L4 and L2/3 firing rate in
S1 of awake rats only modestly but powerfully alters L4-L2/3
spike timing. This was shown in anesthetized animals, where
simultaneous deflection of all whiskers (to mimic normal whisk-
ing) evokes L4 spikes reliably before L2/3 spikes, whereas
deflection of all but one whisker (to mimic acute whisker depriva-
tion) immediately causes L4-L2/3 firing in the deprived column to
decorrelate and firing order to reverse (Celikel et al., 2004). These
findings suggest that STDP may be the primary mode for induc-
tion of LTD at L4-L2/3 synapses during deprivation-induced
plasticity.

In V1, whether STDP contributes to deprivation-induced plas-
ticity is unclear. In a focal retinal lesion model of plasticity,
neurons in a visually deprived region of V1 acquire novel visual
receptive fields via functional and anatomical reorganization of
intracortical horizontal connections (Yamahachi et al., 2009). A
computational study found that the pattern of acquired receptive
fields was consistent with STDP at intracortical synapses, but
not with classical correlation-dependent plasticity (Young
et al.,, 2007). An STDP model of ocular dominance plasticity
has been proposed in which monocular deprivation alters the
precise temporal patterning of V1 spikes, thus inducing STDP
in deprived-eye or open-eye pathways (Hensch, 2005; Hofer
et al.,, 2006). Direct evidence for STDP is lacking, but the
dynamics of plasticity in fast-spiking interneurons may be
consistent with STDP (Yazaki-Sugiyama et al., 2009).

Place Cells and Sequence Learning in Hippocampus
Hebb predicted that the temporally asymmetric nature of
synapse strengthening drives learning of sequences. Blum and
Abbott (1996) modeled temporally asymmetric LTP in hippo-
campus, and showed that it learns sequences of spatial posi-
tions (i.e., spatial paths). They predicted that place fields will shift
backward along well-learned paths due to LTP at synapses from
earlier- to later-activated place cells. This shift was observed
experimentally by Mehta et al. (1997) and was shown to be
consistent with both simple Hebbian STDP (Mehta et al., 2000)
and with a biophysically inspired, unified model of rate- and
timing-dependent plasticity (Yu et al., 2008). Recently, Bush
et al. (2010) showed that a rate- and timing-dependent plasticity
model explains both learning of spatial sequences and increased
functional connectivity between neurons with overlapping place
fields. Thus, STDP is an appropriate candidate to mediate
learning within the hippocampal cognitive map.

Sensory Image Cancellation in Electric Fish

Sensory systems must distinguish true external sensory stimuli
from behaviorally irrelevant, self-generated sensory signals.
Anti-Hebbian LTD plays a major role in this process, which has
been studied in electrosensation in fish (for review, see Requarth
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and Sawtell, 2011). Weakly electric fish emit electric currents,
and detect nearby objects by sensing object-induced distortions
in the electric field via body surface electroreceptors. Self-
motion (e.g., swimming) produces large changes in the electric
field which could obscure external signals. Cerebellum-like
circuits in the fish’s electrosensory lobe use anti-Hebbian LTD
to generate a representation of predictable electrosensory input
arising from motor commands, and to cancel self-generated
electrosensory input. Purkinje-like medium ganglion (MG) cells
receive strong electrosensory input at their basal dendrites,
and a self-movement related input (corollary discharge and
proprioceptive information) via sparse, parallel fiber inputs
on their apical dendrites. Parallel fiber synapses exhibit anti-
Hebbian LTD (Bell et al., 1997; Han et al., 2000). When a specific
self-movement signal consistently precedes a spike-eliciting
electrosensory input, those parallel fiber synapses weaken,
thus generating a negative image of predicted electrosensory
input in MG cell activation. This learned negative image
summates with the total electrosensory input arriving at the basal
dendrites, so that predicted electrosensory signals are canceled,
and MG cell spiking reflects only unexpected stimuli.

The specific form of the anti-Hebbian LTD rule is consistent
with this role: the narrow temporal window increases the accu-
racy of the negative image and is broader in species that lack
precisely timed corollary discharge signals (Harvey-Girard
et al., 2010). The temporal asymmetry causes only self-motion
inputs that immediately precede electrosensory input to be
weakened, thus emphasizing causal relationships. A computa-
tional model of anti-Hebbian LTD predicts the formation of
negative images as observed in vivo (Roberts and Bell, 2000).

This same circuit and anti-Hebbian LTD rule exist in other
species, including in skates, where it cancels self-generated
electrical signals associated with respiration during passive
electrosensation. In mammals, a remarkably similar circuit exists
in the dorsal cochlear nucleus, with anti-Hebbian LTD at parallel
fiber synapses onto Purkinje-like cartwheel cells (Tzounopoulos
et al., 2004). Function of this circuit is not well understood, but it
may adaptively adjust for ear position during sound localization,
or more speculatively may cancel self-generated auditory
signals associated with chewing, respiration, or vocalization
(Requarth and Sawtell, 2011).

Olfactory Processing and Learning in Insects

The insect mushroom body contains hundreds of thousands of
Kenyon cells (KCs) and is critical for associative olfactory
learning. KCs sparsely encode olfactory input and make strong,
convergent synapses on GABAergic B-lobe neurons (B-LNs)
that provide a major inhibitory output to higher brain centers.
During odor presentation, KC inputs evoke B-LN spikes that
are highly synchronous across neurons, which is thought
to facilitate feedforward information flow through olfactory
circuits. KC— B-LN synapses exhibit robust Hebbian STDP,
which enforces synchronous bLN spiking. This occurs because
KC inputs onto late-spiking B-LNs undergo LTP, which phase-
advances future KC-evoked spikes, while inputs onto early-
spiking B-LNs undergo LTD, which phase-delays future spikes
(Cassenaer and Laurent, 2007; Figure 5C). Enforcement of
synchrony in feedforward networks is a basic property of
Hebbian STDP (Suri and Sejnowski, 2002).
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Recent work in this system focuses on a potential role of STDP
in associative olfactory learning, in which presenting an appeti-
tive reward just after a specific odor induces conditioned
responses to the trained odor. During training, odor-evoked
spikes in KCs precede reward delivery by several seconds,
indicating that STDP between odor-evoked KC spikes and
reward-related signals cannot mediate learning (Ito et al.,
2008). The solution may be in the effects of octopamine, the
putative positive reinforcement signal, on KC— 3-LN STDP
(Cassenaer and Laurent, 2012). Presentation of the training
odor evokes a pre-leading-post spike sequence at correspond-
ing KC— B-LN synapses. Normally, this would induce LTP via
Hebbian STDP. However, octopamine (delivered up to tens of
seconds after odor presentation) causes synapses that had
experienced pre-post spike pairing to instead undergo anti-
Hebbian LTD. Thus, octopamine is a third factor in the STDP
rule that can act seconds after pre-post pairing to determine
the sign of plasticity. (This suggests that spike pairing doesn’t
directly induce LTP or LTD, but instead deposits a persistent
synaptic tag that will drive plasticity upon later reinforcement,
similar to Frey and Morris [1997].) The result is that octopamine
selectively weakens KC outputs that represent the trained odor
onto inhibitory B-LN output cells, which could be a potential
trigger for odor-evoked conditioned behavior (Cassenaer and
Laurent, 2012). Thus, neuromodulation of recently triggered
STDP can solve the distal reward problem for reinforcement
learning, as proposed computationally (Izhikevich, 2007).
STDP in Human Cortex
Evidence for STDP in humans is, by necessity, indirect. As dis-
cussed above, stimulus timing-dependent plasticity alters
some aspects of low-level visual perception, including orienta-
tion and spatial position judgments, with order and timing sensi-
tivity similar to STDP (Yao and Dan, 2001; Fu et al., 2002). A
similar effect has also been observed in high-level vision for
face perception (McMahon and Leopold, 2012).

Paired stimulation of somatosensory afferents in the median
nerve and transcranial magnetic stimulation (TMS) of cerebral
cortex also suggests timing-dependent plasticity in awake
humans. When TMS is repeatedly applied to somatosensory
cortex 10-20 ms prior to the median nerve-evoked potential,
a long-lasting decrease in median nerve-evoked potentials
results, while TMS within £5 ms of the evoked potential peak
causes a long-lasting increase in evoked potential. This is inter-
preted to reflect Hebbian STDP in cortical circuits by pairing of
median nerve-evoked EPSPs with TMS-evoked postsynaptic
spiking, and is associated with changes in two-point discrimina-
tion threshold (Wolters et al., 2005; Litvak et al., 2007). In motor
cortex, similar pairing bidirectionally alters the amplitude of
motor-evoked potentials (Wolters et al., 2003). While these
phenomena exhibit timing-dependence similar to STDP,
whether they represent STDP induced at cortical synapses is
unknown.

Conclusions and New Questions

Fifteen years after the discovery of STDP, it is clear that spike
timing is an important factor governing LTP and LTD induction
at many synapses. However, STDP is neither the fundamental
kernel of all plasticity, nor a distinct plasticity process from

classical rate- or correlation-dependent plasticity. Instead,
what is measured as STDP is the spike-timing-dependent
component of a multi-factor plasticity process that depends
jointly on firing rate, spike timing, dendritic depolarization, and
synaptic cooperativity. The magnitude and shape of spike timing
dependence varies across synapse classes, dendritic locations,
and activity regimes, with the basic forms shown in Figure 2.
Thus, spike timing is one important factor for plasticity, but is
not universal or even always dominant. Theory suggests unique
benefits of spike timing dependence, including network stability,
competition, sequence learning and prediction. These benefits
may present when even a subpopulation of synapses shows
timing-dependent plasticity. The computational effects of
dendritic STDP gradients remain incompletely understood.

Spike-timing dependence originates in both molecular coinci-
dence detection within classical LTP/LTD pathways (e.g., by
NMDA receptors) and the temporal requirements for dendritic
electrogenesis (e.g., transient boosting of bAPs by EPSPs).
Important mechanistic questions remain. What is the mGIuR-
and VSCC-dependent coincidence detection mechanism that
drives eCB release for spike-timing-dependent, CB1-dependent
LTD? How do presynaptic NMDARs function in plasticity? How
do neuromodulators change the sign of STDP when delivered
minutes after spike pairing?

Functionally, is spike timing is a major factor governing plas-
ticity under natural conditions in vivo (Lisman and Spruston,
2010)? Evidence suggests that it is, for some forms of plasticity.
The strongest direct evidence for STDP induced purely by
natural stimuli is in development of motion direction selectivity
in Xenopus (Engert et al., 2002; Mu and Poo, 2006). STDP can
also be induced by spiking of two convergent synaptic pathways
in vivo (Levy and Steward, 1983; Zhang et al., 1998), suggesting
broad relevance, but this needs to be tested further. A prediction
is that associative plasticity between distant synapses requires
STDP, while that between nearby synapses is based on local
dendritic signals rather than somatic spikes or their timing.
Copious other evidence implies a role for spike timing in natural
plasticity, but is only correlative. This includes stimulus timing-
dependent plasticity in sensory cortex, which bears strong
resemblance to Hebbian STDP, experience-dependent shifts in
hippocampal place fields, plasticity of odor responses during
insect olfactory learning, and deprivation-induced map plasticity
in cortex. In cerebellum-like circuits in fish, anti-Hebbian LTD is
beautifully suited to explain sensory cancellation, but causal
evidence is again lacking. Proof will not come from selective
blockade of STDP (which lacks unique cellular plasticity mecha-
nisms), so clever strategies must be developed. One strategy is
already apparent but is rarely used: to measure the precise
temporal patterns of spiking associated with learning in vivo, to
see if they are consistent with STDP. Another approach may
be to use optogenetic manipulations to edit spike timing during
natural learning.
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