Proceedings of the Australian Physiological Society (2687)1L5-23 http://wwwaups.og.au/Proceedings/38/15-23
©G.J. Stuart 2007

Does spike-timing-dependent synaptic plasticity underlie memory formation?
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Summary induction of synaptic plasticity in theextebrate brairin
) L ) ~vivo. Experimentally synaptic plasticity can be induced by
1. Synaptic plasticity is thought to underlie learning; ethora of protocols, which can loosely be grouped into
and memory formation in the brain. Wever, how synaptic o groups: frequency-dependent and pairing-dependent. In
plasticity is induced during these processes remaifgqueng-dependent protocols, the sign and magnitude of
controersial. An attractie @ndidate mechanism for \he change in synaptic strength depends on the fregoénc
learning at the neuronal Jd is spike-timing-dependent synaptic actiation. Low-frequeny activation as a rule
synaptic plasticity (STDP), which depends on the preciggses LTD, whereas high-frequgnactivation typically
(millisecond) timing of the synaptic input and thegjicits LTP In contrast, pairing-dependent protocols induce
postsynaptic qcuon potential. Th|s. tgmpqral relat|onsh|B|astiCity through coincidence of presynaptic ation and
resembles typical features of assouttiearning. Here we ostsynaptic depolarisation. The duration of coincident
review recent evidence suggesting that STDP i8iko  gctivation during pairing aries greatly in these protocols,
underlie certain forms of learning. . from several hundred millisecondsto just one pre- and
~ 2. First we discuss the cellular mechanisms of STDFqstsynaptic action potential in a specific form of synaptic
elucidated byin vitro experiments. A special focus is putp|asicity termed spi-timing-dependent plasticity (STDP).
onto aspects known to tf betweerin vitro preparations | contrast to frequeyedependent protocols, during STDP
and then vivosituation. _ . . the sign and magnitude of the change in synaptic strength
3. Next we review the experimental induction of gepends on the precise timing of pre- and postsynaptic
STDP in vivo, in various systems ranging frolenopus gctivation.
tectum to human motor cortex. . Which induction mechanism is emgtin vivo will
4. The last part of the véew addresses the question yepend on the activity patterns occurring in the brain during
whether STDP can be induced by wgfi patterns |eaming, and ultimately on oinformation is represented
occurring during normal behaviour. ~and processed in the brain. Information theory predicts that
~ 5.We onclude that STDP is a rost phenomenoim  jnormation can be coded eithexctusively in the rate of
vivo and a likely mechanism underlying sensory magction potential firingor using both the rate and timing of
plast_|C|ty in the neqcortex. Further experlmentadjence_ IS action potentialé. Mounting evidence suggests that spik
required to determine whether STDP also has a role in mQfiging s likely to be important for information processing
complex forms of learning. in both irvertebrate® and \ertebrates.In vivo whole-cell
recordings from the corteof rats during anaesthest,
quiet wakefulnes§ and free gploration® show
One of the central questions in neuroscience Burprisingly lav action potential rates. This suggests that
understanding the mechanisms mediating the enormgctiggle action potentials k& a nuch higher information
information storage capacity of the brain. The disgppof ~content than prgously thought; an interpretation which is
long-term potentiation (LTP) of synaptic transmiséiand further supported by the recent finding that the firing of a
its counterpart, long-term depressiof [1),2 sparled of an ~ single cortical neuron can elicit whisking vement!? In
avalanche of research which ultimately led to théhis study the importance of spiiming is highlighted by
hypothesis that aafity-dependent synaptic plasticity is the fact that whisking as phase-locked to the timing of
both necessary and figfent for memory formatiod# individual action potentials. In summanpere is gidence
Although there is still debate about theaet stage(s) of that at least in some brain areas, such as somatosensory
memory formation at which synaptic plasticity is required;ortex, spike-timing is used to encode informatioithis
it is nov generally accepted that synaptic plasticiynakes STDP a prime candidate for induction of synaptic
participates in man forms of learning and memory plasticity In this review we will discuss the cellular
formation3> mechanisms underlying STDP inductigm vitro with a
With this proviso, the presentview addresses the focus on hw this might difer in vivo. We will then review
question of what mechanisms are likely to underliggcent evidence suggesting that STDP ocituvs/o.

Introduction
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STDP and memory formation

lf\/ Cellular mechanisms underlying spike-timing-
/i’/ dependent plasticity
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whereas LTD was observed for theewrse order.

‘ A detailed characterisation of the timing-dependence
of STDP (see Figure 1) showed that most synapsesgmder
LTP when the postsynaptic action potential follows the
synaptic input (posite iming), whereas LTD is usually
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STDP is a form of bi-directional plasticity in which
K the temporal order of pre- and postsynaptic action
DR TN, ¥ SR AU A potentials on a precise (millisecond) time scale triggers

¢ changes in synaptic strength \ived in Dan & Poo,
200414 2006°). The dependence of synaptic plasticity on
, temporal order was first described in experiments using
50 different stimulation intensities for ipsi- and contralateral
projections from the entorhinal coxteto the dentate
gyrus® Levy and Stward noted that pairing short stimulus
trains of a weak input with a strong input caused timing-
dependent plasticity in the weak input, witiiR elicited
when the weak input preceded the strong stimulus train,

obsened when the postsynaptic action potential precedes
the synaptic input (ative timing).517:18 The functional
interpretation of these results is that synaptic inputs that
contribute to postsynaptic firing are potentiated, whereas
uncorrelated inputs are depressed. This is in essence
Hebbs postulate!® which is computationally attrage
since it directly relates plasticity of an input to its

However, STDP timing requirements differ between
cell types and synapses: connections between neocortical
spiry stellate neurons display LTDver a wide range of
positve and neydive imings?® whereas hippocampal
inhibitory connections potentiateve a symmetrical time
52 window of + 20 ms?! In addition, STDP also depends on
the timing of preceding action potentidgfs® the sub-
cellular location of inputs in the dendritic tré8the firing
mode during inductiof2° and the generation of dendritic

Despite cell type and synapse specifidedénces,
there is little doubt that aw# backpropagtion of action
potentials into the dendritic tr&&** senes as the feedback
Figure 1. STDP learning ruledn vitr o. Paired recordings signal to synapses during STDP inducti®ihe common
were performed in dissociated cultures of rat hippocampghodel of STDP induction assumes that depolarisation
neurons. A: Stimulation of the presynaptic neuron gives gsociated with backpropating action potentials triggers
rise to an EPSC (top, left inset, awhead). After pairing pjasticity via relief of the eltage-dependent block of the
pre- and postsynaptic action potentials in @nt clamp NMDA-receptor by magnesium i0A%37 At positive pike
(top, large arow), with the EPSP leading the postsynaptigmings this leads to substantial calcium influx through
action potentials by +5 ms (top, middle inset, smalbarr synaptic NMDA-receptors, triggeringTP383° Consistent
indicates EPSP onset), synaptic strength issiséently \ith this it has
enhanced. Carersely LTD is induced if the EPSP follows gepolarisations early after glutamate binding are best able
the postsynaptic action potential during pairing (bottomy, activate NMDA-receptor€® In contrast, the moderate

tion of LTP for positive andID for negative timings. Note pairings at ngaive imes is thought to triggerTD.1441-43

the striking transition from maximal LTP to maximall
over the very nawmw time window around 0 msRepro-
duced with permissiondm Bi & Roo,!® copyright 1998 by receptor

However, LTD induction appears to be more heterogeneous
since it has also been reported to depend on AMD
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presynaptic NMDA-receptor¥:*® NMDA-receptor actiaion and occluded further
Can the requirements for STDP identifiadvitro be  potentiation, consistent with STDP obsedvin vitro.
observedin viva? With respect to spi iming there is However, the light stimulus used typicallyweked sveal
ample @idence that action potentials in neuronal 8 action potentials, making it impossible to determine the
can be actiated with precise millisecond timing during contribution of single EPSP-action potential pairings. This
physiological stimuli (Figure 2A,Bj5*8 The extent of question was addressed in a recent paper which found that
action potential backpropagon in vitro can be rgulated pairing subthreshold visual stimuli with single action
by dendritic membrane potentf&I>°and so is likely to be potentials goked in tectal neurons by current injection
influenced by the el of excitatory and inhibitory synaptic elicits STDP with coventional timing requirement®. In
drive in vivo. This would be gpected to impact on STDP summary this series of studies strongly supports a critical
inductionin vivo where network activity is thought to berole for STDP in the actity-dependent refinement of
much greater than in the relaly quiescent slice retinotectal afferents iKenopus laevis
preparation. Recordingsfrom anaesthetised animals There is also evidence for STDP in the mammalian
frequently shw periodical oscillations in  membrane brain. In the kitten, pairing of orientated gratings of\aemi
potential termed up- and wo-stateS°2 Up-states hae orientation with extracellular stimulation of the corte
been interpreted as ‘high-conductance state@iut see induced shifts in the orientation preference of this area as
Waters & Helmcheff), which might compromise action assessed by intrinsic optical imagifig.The obsered
potential backpropagion®® In contrast, recent studiesvea effects were consistent with STDP learning rules: when the
found that action potential backpropaign is similarin  visual stimulus preceded electrical stimulation of the gorte
vitro and in vivo (Figure 2C)%%° and can actually be by approximately 20 ms, the orientation preferenas w
boostedin vivo during up-states (Figure 28).A greater shifted tavards the paired orientation. Qaensely if the
understanding of action potential backpragtémn in vivo  visual stimulus followed electrical agétion by (1.0 ms, the
under behaviourally relent conditions (if feasible, see Lee orientation preference ag shifted way from the paired
et al1?) is required to judge whether STDP isdli to be a orientation. A complimentary approactasvpursued by a6
robust phenomenan vivo. and Dan? who paired gratings of different orientation while
Another open question is the relatiimportance of electrically recording the orientation preference of single
dendritic spiles forin vivo plasticity induction. Dendritic neurons in primary visual coreThis caused a shift in the
spikes are rgeneratie events in the dendrite which can beorientation tuning of the recorded neuromsyafrom their
elicited by strong extracellular stimulation (elgolthoff et initially preferred orientation teards the orientation of the
al.3! and Schilleret al®Y) or by high-frequenyg bursts of stimulus that \as presented first. It was subsequentlyxsho
backpropagting action potentials (e.g. Larkum, Kaiser &that this shift vas most likely mediated by STDP of
Sakmanf? and Kampa & Studff). Both forms of intracortical connection®
dendritic spikes are able to induce synaptic plastiirity Similar results he&e been obtained for the
vitro,2629-31 put their contribution toin vivo plasticity is representation of visual spat®e.The spike-timing of
controversial54%° New techniques lik two-photon neurons in primary visual coravas found to be precisely
fluorescence imaging that alMo high resolution controlled by visual actation of their receptie field. When
measurements of dendritic calcium sigrialsive®® can be the receptie fields of tw neurons were actited
used to detect dendritic spikes in cortical pyramidal neuronspeatedly in a defined temporal ordiie receptie field
during extracellular stimulation or sensory inpl/ was found to shift tavards the location which was presented
Further studies will be needed to explore the importance fiafst. A similar displacement of the recepti field has
these dendritic spikes to information processing amécently been demonstrated at the single cell lasing

induction of synaptic plasticity in the intact brain. pairing of visual input with precisely timed postsynaptic
_ _ _ o action potentialg® suggesting that STDP is likely to
Experimental induction of STDPin vivo underlie this phenomenon.afen together these data

provide strong eidence that STDP can be induced
experimentally in the visual conte both by pairing visual
stimuli with electrical stimulation and by pairingdwisual
stimuli.

The first characterisation of STDP induciedvivo
was provided by Zhang and coevkers using electrical
stimulation of retinotectal afferents in tik@nopugadpole
while recording from tectal neurof$. Pdring was
performed using suprathreshold stimulation of one inp igence for STDP in the human brain
combined with subthreshold adiion of a second,
independent input. This was a landmark study since it Remarkably psychoplysical experiments suggest
provided direct gidence for STDPin vivo with timing that pairing different visual stimuli canvesmilar effects
requirements for induction of LTP and similar to those on both the orientation preferefiéeand the spatial
found in vitro. In addition, it provided a plausible representatioftin humans. In addition, a timing-dependent
mechanism for refinement of the retinotectal map durinfgrm of plasticity can be induced in the human brain during
development. Itwas aubsequently shen that repetitie  pairing of transcranial magnetic stimulation (TMS) of the
visual input elicits TP at retinotectal &rents®® LTP  motor corte with peripheral nem gimulation’® This study
induction depended on postsynaptic action potential firinggported a persistent enhancement of moteokesl
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Figure 2. Temporal fidelity and action potential b&propagationin vivo. A,B: Simultaneous)aracellular recodings in

layer 4 and layer 2/3 of rat baet cortex. A: Example spi& frains in response to multi-whisker deflection (bottom). Note
the low werall action potential ates. B: Raster plot of spikes elicited by 100 whisker deflections shows that layer 4 neu-
rons consistently fir before layer 2/3 cells.C: Backpropgating action potentials werrecoded at diferent locations on

the apical dendrite of neocortical L2/3 pyramidal neurons in brain sliéewifro) andin vivo. The amplitude of baprop-
agating APs declines with distance from the soma to a simif@néin vitro andin vivo. D: Two-photon imaging of cal-

cium transients wked by bakpropagating action potentials in the apical dendrite of L2/3 pyramidal oesim vivo.

Action potentials fired from an up state (“Up”) elicit lpar calcium transients, sugssting that bakpropagation is boosted
during up states.A,B reproduced with permission from Celikel, Szostak ddman?® C,D reproduced with permission

from Waterset al>® and Wates & Helmcherf copyright 2003 and 2004 by the Society for Neuroscience.

potentials when neev dimulation precedes TMSveked possiblein vivo, a question of equal importance is whether
cortical actvation by 25 ms (Figure 3). This potentiation isthe activity patterns occurring during normal behaviour are
thought to be xpressed in motor cortex, is long-lasting (upable to induce STDRAhis question s addressed by recent
to 60 min) and depends on NMEreceptor actiation.”” A papers imestigating the synaptic mechanisms underlying
later extension of the pairing intervals sleal that motor map plasticity due to sensory deyation in rat barrel corte
evdked potentials can also be depressed by this paradigfneviewed in Feldman & Brechl). The barrel cort& is
revealing a timing cure with striking similarity to classical ideally suited for these studies since it contains an ordered,
STDP learning rules but offset by approximately +20'fns. somatotopic map representing the animécial whislers
o ] ) (reviewed in Peterséf). This makes it possible to perform
F:an STDP be goked in vivo by physiologically relevant sensory depvition by plucking a rev of whiskers and,
inputs? after seeral days during which the animal isposed to its
normal environment, the corresponding cortical columns

While all of the studies wewed abve have gan be identifiedin vitro in a slice preparatioft This

demonstrated that experimental induction of STDP

18 Proceedings of the Australian Physiological Society (2@87)
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Figure 3. STDP induction in human motor cortexA: Motor evoked potentials (MEPS) werevoked by tanscranial
magnetic stimulation (TMS) of the motor cortexirihg was carried out between TMS and electrical stimulation of the
median nerve in the periphery (middleB: The effect of pairing depends on inter-stimulus interval: stimulation of the
peripherl nerve 10 ms beferTMS (+10 ms) depresses MEPs, wdes MEPs a potentiated at +25 ms. The full timing
curve has striking similarity to STDP curves obseriveditro (Figure 1), but is offset by +20 ms, whids goproximately

the time equired for excitation from the peripheral nerve #ad the motor corte. C: Example MEPs beferand after
pairing at the timings indicated on the left. Calibration $am he right ae in nV. Reproduced with permissiondm
Wdterset al.”®

experimental regime was found to induce LTD obled during STDP.

field potentials at L4 to L2/3 feed-forward synapses in Additional evidence that STDP underlies the
deprived barrels®? occluding further TD induction and development of sensory responses in barrel cones
enhancing induction of TP. This in vivo induction of recently preided® As mentioned abe, induction of
synaptic plasticity could be due to sensory degion STDP presumably depends on waetiation potential
affecting either werage action potential firing rates or thebackpropagtion, which is mediated by dendritioltage-
relative iming of pre- and postsynaptic action potentialsyaed sodium channef$.Komai and colleagué%employed
This question ws addressed using simultaneougentivirus-based knock dm of wltage-gited sodium
extracellular recordings in L4 and L2/3 of the same barrehannel subunits by siF in vivo to assess the role of
in freely behaving rat$ Acute whisler deprvation caused postsynaptic, somatodendritic excitability in cortical
only a modest reduction inverage action potential maturation. The knock em efectively abolished action
frequeng. The authors then assessed retatpike-timing potential backpropagation as assessed by calcium imaging
between L4 and L2/3 in anaesthetised animals. When €é#igure 4A), and would also @ compromised dendritic
whiskers where deflected simultaneousyike-timing was spike generation while leaving action potential threshold
precise, with L4 neurons spiking veeal milliseconds unaltered. After approximately one week of normal
before L2/3 neurons (Figure 2A,B). Acute depiibpn of behaviourthis caused a marked reduction in the amplitude
the principal whisker caused an immediateersal of firing of sensory postsynaptic potentialoleed by deflection of
order and a drastic decorrelation of gplkains in the tw  the principal whisker and the adjacent surround vérsk
layers, effects that are known to de g/naptic depression (Figure 4B,C). The strength of this approach is that only a

Proceedings of the Australian Physiological Society (2687) 19
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Figure 4. Action potential backpropagation is required for normal developmental strengthening of sensory responses in
barrel cortex. A: In vivo imaging of action potential\wked calcium transients in the apical dendrite of layer 2/3apyf

dal neurons in rat barrel cortex. Neurons infected with a viral vector carrying short interferidg RNRNAS) tayeting
voltage-gated sodium channel subunits (ld-1.3) displayed no bipropagation (middle), while infection with enhanced
GFP alone had no effect (control siRN B: Example of sensory responsesked by deflection of the principal whésk

(PW) and surround whigks (S1W) in neurons with (lyd.1-1.3 siRI) and without sodium channel kikodown (EGFP

only). C: Sodium channel knkdown significantly reduces the sensory responses to both principakrh@kV) and sur

round whiskrs (1, ventral, dosal), sugesting that action potential b&propagation is crucial for synapse maaition.
Reproduced with permission from Koneaial®3

small number of neurons was infected, which left thand GABAergic synapse$'® In vivo, orientation
network virtually unaltered. The observedestt is therefore preference in visual costeand map plasticity in barrel
only dependent on the excitability of the postsynapticortex is likely to be controlled by STDP learning rules.
neuron, which strongly suggests that STDP is crucial durir@pould STDP also h& a ple in more compbe learning
normal deelopment of the barrel cortex. tasks such as classical conditioning performed by pairing an
unconditioned stimulus with a conditioned stimulus? This
seems likly, as sich learning paradigms are remarkably
similar to pairing of presynaptic and postsynaptic action
suggesting that STDP is a common mechanism shapiﬂgtemi‘"’lIS during induct_ion of STDR has been pOi”t?d
synaptic strength during learning andvelepment. It is out, h(weverz that ;28 timescale of Fh? ¢wpr_ocess_es 'S
readily inducedin vitro in several different species and drastically dnfe_rent. STDP oceurs W'thm a “_”.‘e \_/vmnio
brain areasl"18688%4nd in both glutamatergic (see aBp of tens of milliseconds, while _Classu_:al conditioningetak _
place wer tens of seconds. Simulations suggest that this

Conclusions and outlook

Over the last decade, vidence has mounted

20 Proceedings of the Australian Physiological Society (2@87)
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apparent discrepapcan be resolved if the sensory stimuli
elicit sustained responses which decaywkld® Further
experiments incorporating STDP learning rules
behaioural studies will be required to iestigate haov

information storage and modulation of neural circuits cabbs.

occur on the basis of a spike-timing based neural code.
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