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Synaptic plasticity has historically been investigated most intensely in the hippocampus and
therefore it is somewhat surprising that the majority of studies on spike timing-dependent
plasticity (STDP) have focused not in the hippocampus but on synapses in the cortex. One
of the major reasons for this bias is the relative ease in obtaining paired electrophysiological
recordings from synaptically coupled neurons in cortical slices, in comparison to hippocampal
slices. Another less obvious reason has been the difficulty in achieving reliable STDP in the
hippocampal slice preparation and confusion surrounding the conditions required. The original
descriptions of STDP in the hippocampus was performed on paired recordings from neurons
in dissociated or slice cultures utilizing single pairs of presynaptic and postsynaptic spikes and
were subsequently replicated in acute hippocampal slices. Further work in several laboratories
using conditions that more closely replicate the situation in vivo revealed a requirement for
multiple postsynaptic spikes that necessarily complicate the absolute timing rules for STDP.
Here we review the hippocampal STDP literature focusing on data from acute hippocampal slice
preparations and highlighting apparently contradictory results and the variations in experimental
conditions that might account for the discrepancies. We conclude by relating the majority of
the available experimental data to a model for STDP induction in the hippocampus based on a

critical role for postsynaptic Ca? dynamics.
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The classic asymmetrical spike timing curve between pairs of
synaptically connected hippocampal neurons in dissociated culture
described by Bi and Poo (1998) or in organotypic slice cultures by
Debanne et al. (1998) have become synonymous with the field of
spike timing-dependent plasticity (STDP). These data have been
reproduced almost ubiquitously to demonstrate the elegance of
spike timing plasticity induction. From this seemingly straight-
forward description the story of STDP in the hippocampus has
followed a rather more complicated and tortuous route. Many
groups have taken advantage of the stalwart of plasticity research,
the Schaffer collateral to CA1 pyramidal cell synapse in the acute
hippocampal slice preparation, to further characterize the require-
ments for STDP induction. At first glance the research that has
emerged from this field is confusing with different groups show-
ing different, seemingly contradictory results regarding the exact
requirements for STDP induction. Now, as STDP in the hippoc-
ampus enters its second decade a clearer picture is starting to form
and many of the previous controversies are helping to produce a
more unified picture of STDP induction at this classic synapse and
in the hippocampus as a whole.

STDP IN THE HIPPOCAMPUS: THE DATA

Since the time of Hebb’s postulate many groups have investigated
the timing requirements for plasticity induction in the hippoc-
ampus (Levy and Steward, 1979; Gustafsson et al., 1987; Stanton
and Sejnowski, 1989; Debanne et al., 1994). Using pairs of single
presynaptic and postsynaptic action potentials Bi and Poo (1998)

and Debanne et al. (1998) were the first to fully characterize the
timing window for the induction of what we now term STDP, in
the hippocampus. They took advantage of cultured hippocampal
preparations which allow pairs of connected cells to be recorded
from with relative ease. This allows one to precisely control the
spiking of both the presynaptic and the postsynaptic neuron. In
a similar fashion, recordings between pairs of mono-synaptically
connected pyramidal neurons in cortical slices also demonstrated
reliable STDP (Markram et al., 1997; Sjostrom et al., 2001) which
raised the possibility that STDP is a general phenomenon for all
synapses exhibiting NMDA receptor-dependent synaptic plasticity.
Biand Poo and Debanne et al. demonstrated that the direction and
magnitude of synaptic plasticity could be dictated by the precise
millisecond timing of single presynaptic and postsynaptic spikes.
If presynaptic spikes precede postsynaptic spikes by up to 30 ms
(positive spike timing interval) then LTP was induced, whereas if
the presynaptic spike occurred after the postsynaptic spike (nega-
tive spike timing interval) LTD ensued. The magnitude of LTP and
LTD was greatest when the spikes were closest together leading to a
switch from maximal LTD to maximal LTP over a narrow time win-
dow of only a few milliseconds. This spike timing window offered
an extremely elegant model for plasticity induction in vivo and has
proved popular with groups modeling information storage in the
brain (e.g., Song et al., 2000; Drew and Abbott, 2006).

Recordings in dissociated hippocampal cultures have their draw-
backs, in particular the divergence of culture conditions from an
intact hippocampal network. After the initial description of STDP
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in dissociated hippocampal cultures many groups investigated
STDP timing curves in hippocampal slices. Paired Recording of
connected CA3—CA1 pyramidal cells in acute hippocampal slices is
extremely difficult owing to very low connectivity rates so this has
been restricted to organotypic cultured slices. These experiments
revealed that synchronous pairing of single presynaptic action
potentials with postsynaptic bursts of action potentials lead to the
induction of LTP whereas LTD could be induced if this stimula-
tion was given asynchronously (Debanne et al., 1996, 1999). The
use of organotypic slice culture also has its drawbacks and it is
unclear what developmental stage this cultured network represents.
As aresult many groups have resorted to investigating STDP in the
acute hippocampal slice preparation through pairing extracellular
Schaffer collateral stimulation with action potential initiation in
patched CA1 pyramidal cells.

Nishiyama et al. witnessed the same STDP curve observed by
Bi and Poo, when pairing Schaffer collateral stimulation with sin-
gle post synaptic spikes in hippocampal slices from young adult
rats. They also observed an additional LTD window at positive
spike timing intervals between 15 and 20 ms. They argue that this
additional LTD window may be due to the presence of inhibitory
inputs that are lacking in cultured preparations (Nishiyama et al.,
2000). Subsequent experiments have shown that the use of Cs*ions
in the internal electrode solution by Nishiyama et al. fundamen-
tally alters the induction of synaptic plasticity by STDP protocols
(Wittenberg and Wang, 2006; Isaac et al., 2009). Indeed, other
groups have been unable to induce STDP with single postsynap-
tic spikes when using K* ion based internal electrode solutions.
Instead, the pairing of Schaffer collateral stimulation with a burst
of postsynaptic action potentials is required for the induction of
LTP in acute hippocampal slices (Pike et al., 1999; Watanabe et al.,
2002; Meredith et al., 2003; Wittenberg and Wang, 2006; Buchanan
and Mellor, 2007; Carlisle et al., 2008). The importance of postsy-
naptic bursting is also supported by the effectiveness of a variety
of burst firing stimulation protocols to induce LTP at this synapse
(Debanneetal., 1994, 1998; Frick et al., 2004; Buchanan and Mellor,
2007). The requirement for postsynaptic burst firing appears to
have a developmental profile and is critical for plasticity induction
in slices from adult animals (Meredith et al., 2003; Buchanan and
Mellor, 2007). Meredith et al. were able to induce LTP through
pairing EPSPs with single postsynaptic spikes in adult slices if fast
GABAergic inhibition was blocked. This suggests the maturation
of inhibition may underlie the requirement for postsynaptic bursts,
although this result was not replicated in other studies (Pike et al.,
1999; Buchanan and Mellor, 2007). None of the aforementioned
studies have systematically investigated the timing dependence of
presynaptic spikes with postsynaptic burst firing. For this infor-
mation we must turn to experiments on hippocampal slices taken
from immature animals (<P21).

In slices from juvenile animals spike timing induction protocols
have produced a variety of results. Pairs of single presynaptic and
postsynaptic spikes given at positive spike timing intervals have
been found to induce either; no plasticity (Buchanan and Mellor,
2007), LTD (Wittenberg and Wang, 2006; Campanac and Debanne,
2008) or LTP (Meredith et al., 2003; Buchanan and Mellor, 2007;
Campanacand Debanne, 2008) dependent on specific experimental
conditions. Several groups have described a frequency dependency

to the induction of STDP where LTP is only induced when positive
spike timing pairs are repeated at 10 Hz or greater and no plas-
ticity or a small amount of LTD is observed when positive spike
pairs are repeated at lower frequencies (5 Hz). In these cases the
spike pair repetition rate becomes the dominating factor and the
resultant plasticity is timing independent (Wittenberg and Wang,
2006; Buchanan and Mellor, 2007). Timing dependence can be
reintroduced when single EPSPs are paired with a postsynaptic
burst (Wittenberg and Wang, 2006). In contrast, two other studies
were able to induce LTP with positive spike timing pairs repeated at
lower frequencies (Meredith et al., 2003; Campanac and Debanne,
2008). The reasons for the discrepancies between results from dif-
ferent groups is not immediately apparent although it is of note
that only two of the studies (Meredith et al., 2003; Buchanan and
Mellor, 2007) made use of a control input pathway to determine
the induction of synaptic plasticity. In addition, it has been shown
that postsynaptic spiking is relatively less important than EPSP
amplitude for the induction of STDP in the immature hippocam-
pus compared to the mature network (Buchanan and Mellor, 2007).
This suggests that differences in the EPSP amplitude used during
STDP induction could explain observed discrepancies.

In all cases, although the significance of precise spike timing in
the induction of synaptic plasticity in the hippocampus is question-
able, the plasticity observed is still dependent on the coincidence
of presynaptic and postsynaptic activity as EPSPs or postsynap-
tic action potentials given on their own fail to induce plasticity.
Also, a timing window is still observed as spike timing intervals of
1100 ms fail to induce any change in synaptic strength (Meredith
et al., 2003; Wittenberg and Wang, 2006; Buchanan and Mellor,
2007; Campanac and Debanne, 2008).

So, the pursuit of the elegant hippocampal spike timing curve
described by Bi and Poo seems to have lost its way. In its place we
have a variety of spike timing window shapes described by different
groups under different experimental conditions (Figure 1). But out
of this seemingly contradictory mess there seems to be a common
underlying theme that is starting to unveil a clearer picture of STDP
rules in the hippocampus.

A UNIFYING THEORY TO DESCRIBE STDP IN THE
HIPPOCAMPUS

Due to along history of plasticity research at the Schaffer collateral-
CAL1 pyramidal cell synapse much is known about the downstream
mechanisms that determine the expression of synaptic plastic-
ity. The critical trigger for plasticity is the influx of Ca** through
NMDA receptors where local peak [Ca?*] is crucial in setting levels
of CAMKII and PP1 activity (Lisman and Zhabotinsky, 2001) and
therefore determining both the magnitude and direction of the
resultant plasticity (Bienenstock et al., 1982; Lisman, 1989; Yang
etal., 1999). This increase in postsynaptic [Ca*'] is dependent on the
level of postsynaptic depolarization to relieve the Mg?* block from
NMDA receptors and many of the apparent controversies regard-
ing STDP induction in the hippocampus may be explained in this
context. In turn, postsynaptic depolarization will be influenced by a
number of factors such as action potential back-propagation, modu-
lation of dendritic membrane potential and excitability, EPSP ampli-
tude, presence of inhibitory synaptic transmission and frequency of
stimulation. We shall consider each of these factors in turn.
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FIGURE 1 | Multiple STDP timing windows in the hippocampus. Center, with postsynaptic bursts (Wittenberg and \Wang, 2006). Bottom right, LTD only
classic STDP curve originally described by Bi and Poo (1998) in dispersed window when spike timing pairs are repeated at less than 10 Hz (Wittenberg
hippocampal cultures. Top left, LTP only window when spike timing pairs are andWang, 2006). Bottom left, classic STDP window with additional LTD window
repeated at 10 Hz or greater in hippocampal slices (Buchanan and Mellor, 2007). observed with postsynaptic cesium in hippocampal slices (Nishiyama
Top right, bidirectional STDP window observed when single EPSPs are paired etal., 2000).

Bursts of action potentials produce a larger and more pro-
longed postsynaptic depolarization and therefore a much greater
spine [Ca?*] than single spikes. This results in efficient induction
of LTP (Pike et al., 1999; Buchanan and Mellor, 2007; Carlisle
et al., 2008) or conversion of LTD to LTP (Wittenberg and Wang,
2006). At longer positive spike timing intervals the postsynaptic
burst lags too far behind the EPSP to reach the threshold for LTP.
Although calcium levels are still elevated beyond those observed
for EPSPs or postsynaptic bursts alone leading to the observa-
tion of a second LTD window (Figure 1; Wittenberg and Wang,
2006). In the absence of bursts, other mechanisms for enhancing
postsynaptic excitability are required to activate NMDARs and
induce synaptic plasticity.

Depolarizing the membrane by perfusing Cs* into the neu-
ron from the patch pipette will broaden and increase the back-
propagation of somatic action potentials (Wittenberg and Wang,
2006) as well as depolarizing the membrane allowing single

postsynaptic spikes to induce STDP in adult hippocampal slices.
An additional LTD window is observed at longer positive STIs due
to the calcium levels dropping below the threshold for LTP but
not LTD (Nishiyama et al., 2000; Wittenberg and Wang, 2006).
Similarly, enhancing excitability by activation of neuromodulatory
receptors, for example muscarinic acetylcholine receptors, reduces
spike attenuation (Tsubokawa and Ross, 1997) and facilitates LTP
induction (Isaac et al., 2009). This may be particularly critical in
the slice preparation where external neuromodulatory inputs are
removed. Modulation of other ionic conductances such as the
sAHP can also regulate the induction of STDP again illustrat-
ing the critical role played by membrane excitability (Fuenzalida
et al., 2007).

The magnitude of the EPSP used to induce STDP will contrib-
ute to the depolarization seen within the spine and therefore to
NMDA receptor activation during STDP induction. This could
explain discrepancies between reports since synaptic response
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amplitude varies from EPSCs of ~50 pA (Buchanan and Mellor,
2007) to ~50-150 pA (Wittenberg and Wang, 2006) to EPSPs of
~3-5 mV (Meredith et al., 2003; Campanac and Debanne, 2008).
Larger EPSPs could produce sufficient depolarization during single
pairs of presynaptic and postsynaptic stimulation to induce LTP
(Meredith etal.,2003; Campanac and Debanne, 2008). Interestingly,
repetitive stimulation of individual suprathreshold EPSPs (EPSPs
that are large enough to induce an action potential) induces LTD
(Wittenberg and Wang, 2006) which predicts that the same will
occur for suprathreshold stimulation during extracellular recording
even at low stimulation frequencies. Also the driving of multiple
action potentials by bursts of EPSPs induces LTP (Buchanan and
Mellor, 2007). Conversely, in dissociated culture conditions EPSC
amplitude was found to be inversely correlated with LTP induction
although the EPSC amplitude range is much greater (30-2000 pA)
than that used in acute slices (Bi and Poo, 1998).

Blockade of GABA, receptors can also enhance excitability
and therefore allow the induction of LTP by single pairs of spikes
(Meredith et al., 2003). This could also explain some age dependent
effects on STDP induction since the mature GABAergic network in
adults may increase the threshold for action potential back-propaga-
tion whereas in younger animals a less mature GABAergic network
allows single spikes to back-propagate fully. However, there is also
evidence that somatically induced action potentials are unable to
provide the postsynaptic depolarization required for the induction of
LTP in slices from juvenile animals. When somatic action potentials
are blocked by focal TTX application LTP can still be induced if the
level of presynaptic stimulation is increased. This suggests that den-
dritically initiated spikes may play a critical role in the induction of
LTP in slices from younger animals (Buchanan and Mellor, 2007).

The frequency dependence of STDP in juvenile hippocampal
slices can also be explained through differences in the levels of
postsynaptic depolarization. Above a frequency of 10 Hz individual
action potentials do not repolarize back to the resting membrane
potential before the next action potential in the train (Buchanan
and Mellor, 2007). This results in a residual level of depolarization
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