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Spike-timing-dependent plasticity in hippocampal
CA3 neurons

S. Astori, V. Pawlak and G. Kohr

Department of Molecular Neurobiology, Max-Planck-Institute for Medical Research, 69120 Heidelberg, Germany

Synaptic plasticity of different inputs converging onto CA3 pyramidal neurons is central to
theories of hippocampal function. The mossy fibre (MF) input to these neurons is thought to
exhibit plasticity thatis in nearly all aspects fundamentally different from plasticity in other brain
regions: in particular, when induced by high frequency presynaptic stimulation, plasticity at these
synapses is independent of NMDA receptor (NMDAR) activation and presynaptically expressed.
Here, we show that different stimulation protocols that depend on the close timing of MF activity
and postsynaptic spikes induce bidirectional plasticity in CA3 neurons in 3-week-old rats.
Long-term potentiation (LTP) is observed when an excitatory postsynaptic potential (EPSP),
evoked by MF stimulation, precedes a single postsynaptic action potential (AP) or a brief AP
burst by 10 ms. Instead, timing-dependent long-term depression (LTD) requires the pairing of
a single AP to an EPSP with a delay of 30 ms. The pairing of APs to synaptic activity is required
for plasticity induction, since the application of unpaired APs or EPSPs did not alter synaptic
strength. Furthermore, our results demonstrate that both timing-dependent LTP and LTD
critically depend on the activation of NMDARSs. Specifically blocking postsynaptic NMDARs pre-
vents plasticity, demonstrating that NMDARs important to spike-timing-dependent plasticity
in CA3 neurons are required at postsynaptic sites. In summary, this study shows that the close
timing of APs to MF excitatory synaptic input can alter synaptic efficacy in CA3 neurons in a
bidirectional manner.
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spiking activity observed in vivoin CA3 pyramidal neurons
and in their afferent neurons is rather sparse with single
spikes and brief spike bursts at low rates (McNaughton

Introduction

The hippocampal formation is critically involved in

memory storage and retrieval (Amaral et al. 1990; Squire,
2004). Key components of this hippocampal network are
the pyramidal neurons of the CA3 region, which are ideally
placed to integrate and complete information patterns that
are created in neocortex and relayed in the hippocampal
input structures (Lorincz & Buzsaki, 2000; Leutgeb et al.
2007). In agreement with their role in pattern completion,
the CA3 neurons represent a highly associative (recurrent)
network on which a plethora of pathways converge, for
example temporoammonic (TA) projections, mossy fibre
(MF) projections, and associational-commissural (A/C)
fibres. All these pathways display plasticity upon high
frequency stimulation (HFS) (Harris & Cotman, 1986;
Williams & Johnston, 1988; Zalutsky & Nicoll, 1990;
Tsukamoto et al. 2003). In contrast, the predominant
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et al. 1983; Jung & McNaughton, 1993; Hahn et al. 2007).
Hence, in vivo, synaptic input from any of these pathways
can be expected to coincide at times with CA3 neuron
firing.

Timing of spikes to synaptic input has a powerful
influence on synaptic strength (Magee & Johnston, 1997;
Markram et al. 1997; Dan & Poo, 2004), and there
is increasing evidence that such spike-timing-dependent
plasticity (STDP) may also exist in the hippocampal CA3
region. Specifically, for recurrent excitatory connections
between CA3 neurons and for GABAergic transmission
at immature MF-CA3 synapses, STDP was recently
shown (Debanne et al. 1998; Sivakumaran et al
2009). Surprisingly, it is not known, if the excitatory
MF-CA3 projection as one of the key entry sites

DOI: 10.1113/jphysiol.2010.198366



4476

of cortical information to the hippocampus displays
such STDP. Evidence actually exists that this MF-CA3
projection holds vital requirements for STDP. First,
NMDA receptor channels, which act as crucial coincidence
detectors for STDP, mediate substantial currents at the
MF-CA3 synapse (Jonas et al. 1993; Weisskopf & Nicoll,
1995). These NMDARs have long been thought to be
unimportant to MF plasticity (Harris & Cotman, 1986;
Williams & Johnston, 1988; Zalutsky & Nicoll, 1990),
but recently a new involvement of NMDARs in the
induction of plasticity of ME-NMDA currents by HFS was
demonstrated (Kwon & Castillo, 2008; Rebola et al. 2008).
Second, NMDAR:s are likely to mediate a substantial Ca*"
influx into postsynaptic spines of CA3 neurons during the
coincidence of synaptic activity and backpropagation of
action potentials (Reid et al. 2001), which could represent
animportant triggering signal for STDP induction (Magee
& Johnston, 1997; Nevian & Sakmann, 2006; Wittenberg &
Wang, 2006). MF—CA3 synapses are thought to be unique
amongst excitatory synapses due to several features: giant
presynaptic terminals, multiple transmitter release sites,
prominent paired-pulse facilitation (Henze et al. 2000;
Bischofberger et al. 2006) and presynaptic expression
mechanisms of plasticity (Staubli et al. 1990; Zalutsky &
Nicoll, 1990; Kobayashi et al. 1996; Tzounopoulos et al.
1998). Also, the induction site of HFS-induced plasticity
was suggested to be presynaptic (Nicoll & Schmitz,
2005), although some studies indicated that postsynaptic
depolarization and Ca** rises contribute to MF LTP (Jaffe
& Johnston, 1990; Urban & Barrionuevo, 1996; Yeckel et al.
1999 and see Sokolov et al. (2003) for postsynaptic hyper-
polarization) and MF L'TD (Domenici et al. 1998; Lei et al.
2003).

The aim of the present study was to investigate whether
precisely timed postsynaptic action potentials in CA3
neurons and presynaptic activation of the MF pathway
are capable of altering excitatory transmission at these
unique synapses. Furthermore, we also asked whether
NMDAR channels might play a role in MF-CA3 STDP.
We present the first evidence that depending on the precise
spike-timing to MF input, either LTP or LTD is induced
in CA3 neurons, and that postsynaptic NMDARs are
critically involved in the induction of this bidirectional
synaptic plasticity.

Methods

Hippocampal slice preparation and electrophysiology

All experimental procedures were performed according to
the animal welfare guidelines of the Max-Planck-Society.
Transverse or sagittal hippocampal slices (300 um) were
obtained from P19-23 Wistar rats. Animals were deeply
anaesthetized with isoflurane, the brain was dissected
out, and acute slices were prepared either in a sucrose
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based ice-cold solution or in a potassium gluconate based
ice-cold solution (pH 7.2). Here, a custom-built slicer
was used, whose design minimized vertical vibrations
of the cutting blade to less than 3 um (peak-to-peak;
according to Geiger efal. 2002). The sucrose based solution
contained (in mM): 120 sucrose, 64 NaCl, 25 NaHCOs3, 10
glucose, 7 MgCl,, 2.5 KCl, 1.25 NaH,PO,, 0.5 CaCl,. The
potassium gluconate based solution contained (in mm):
140 potassium gluconate, 10 Hepes, 15 sodium gluconate,
0.2 EGTA, 4 NaCl. Slices were incubated for recovery
at 35°C for at least 30 min in artificial cerebrospinal
fluid (ACSF) containing (in mMm): 125 NaCl, 25 NaHCO;,
2.5 KCl, 1.25 NaH,PO,, 1 MgCl,, 2 CaCl,, 25 glucose,
saturated with 95% O,-5% CO,, and were then kept at
room temperature until use.

Slices were bathed at near physiological temperature
(30-32°C) in ACSF added with (in mm): 0.01 picrotoxin
(or 0.01 bicuculline methiodide) as GABA, receptor
(GABA4R) antagonist and 0.01 glycine as NMDAR
coagonist. For whole-cell current-clamp recordings in
CA3 pyramidal neurons, patch pipettes were pulled
from borosilicate glass capillaries and had resistances
of 5-8 M2 when filled with (in mm): 130 potassium
gluconate, 10 Hepes, 10 phosphocreatine, 10 sodium
gluconate, 4 MgATP, 0.3 GTP, 4 NaCl (pH 7.2). Liquid
junction potential (LJP) was —15.2 mV and not corrected
for. Cells were held at resting membrane potential and
were excluded from the analysis if the input resistance
(monitored by —25 pA current steps for 200 ms) changed
>30% over the entire experiment. Postsynaptic APs
were elicited with somatic current injection through the
recording electrode (1-1.5 nA, typically 5 ms, rarely up to
10 ms). For STDP, either single APs or AP bursts with a
frequency of 50 Hz were paired with EPSPs (60 repetitions;
0.1 Hz).

Electrical stimulation

EPSPs were evoked at 0.1 Hz by extracellular stimulation
with a bipolar tungsten (WPI, Saratosa, FL, USA) or
platinum/iridium electrode (Science Products, Hofheim,
Germany). To estimate how specific MF inputs to CA3
cells were activated under our experimental conditions,
EPSPs were evoked in CA3 pyramidal cells by placing the
stimulation electrode either in the stratum (s.) radiatum
(>100 um from the edge of the pyramidal cell layer in
transverse slices), in the s. lucidum (30-40 um from the
edge of the pyramidal cell layer in transverse slices) or
in the hilus (close to granule cell layer in sagittal slices).
EPSPs were analysed in terms of paired-pulse ratio (PPR,
50 ms inter-stimulus interval; the mean amplitude of
the second EPSP was measured relative to the voltage
value preceding the second stimulus and was divided by
the mean amplitude of the first EPSP) (Kim & Alger,
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2001), rise time (20-80%) and sensitivity to activation of
group II metabotropic glutamate receptors (mGluRs) with
either (25,2'R,3'R)-2-(2',3'-dicarboxycyclopropyl)glycine
(DCG- 1V; 4 um) or (2S,1'S,2'S)-2-(carboxycyclopropyl)
glycine (L-CCG-I; 20 um) (Kamiya et al. 1996; Castillo
etal. 1997).

For STDP experiments with s. lucidum stimulation,
stimulation strength was adapted to evoke single-peak
EPSPs and recordings were only accepted when the
EPSPs displayed a single rising phase with a non-variable
latency (<3 ms) indicating their monosynaptic origin
(for review, see Henze et al. 2000; Nicoll & Schmitz,
2005). Recordings were accepted for the MF experimental
series (n = 69) only if the evoked EPSP displayed a
pronounced PPR (>1.4, 1.9 4+0.1) and a brief rise time
(<4 ms,2.9 £ 0.1 ms) at the beginning of each experiment
as well as a substantial inhibition by group II mGluR
agonists (2—4 uM DCG-IV or 20 um L-CCG-I) at the end
of the experiment (>70%, peak analysis, 80 £ 2%; slope
analysis, 83.4 & 1.4%) (Kamiya et al. 1996; Lawrence et al.
2004). Recordings were classified as s. lucidum-stimulated
non-MF inputs when the evoked EPSP showed no (less
than 12%) reduction upon group II mGluR agonist
application. Whole-cell current clamp recordings in the
presence of group II mGluR agonists were often unstable
under our ionic conditions, which is potentially due
to the agonist’s activating effect on NMDARs and the
resulting depolarization (Ishida et al. 1993). Therefore,
Ca?*t and Mg’t concentrations were raised to 4 and
2 mM, respectively, before washing in the group II mGluR
agonist, which improved the recording stability. In a
few experiments (n=4) in the presence of the NMDA
antagonist D-AP5, mossy fibre origin of responses was
demonstrated by induction of NMDAR-independent LTP
by applying tetanic stimulation at the end of the STDP
experiment (3 times 100 Hz, 1s).

Data acquisition and analysis

Data were filtered at 2kHz and digitized at 10 kHz
with either an EPC-9 controlled by Pulse or an
EPC-10 controlled by Patchmaster (Heka Elektronik,
Lambrecht, Germany). Deactivation kinetics of post-
synaptic potentials were fitted monoexponentially. Spike
timing was defined as the difference between the onset of
the EPSP and the AP peak. In case of the pairing of an EPSP
with a burst of three APs, spike timing was defined as the
time between EPSP onset and peak of AP closest in time to
the EPSP. Change in synaptic efficacy was calculated as the
ratio of the average EPSP peak amplitude or EPSP slope
at 20-30 min after induction protocol over the average
EPSP peak amplitude or EPSP slope during 10 min base-
line. Data are presented as means % s.E.M. Student’s ¢ test
and ANOVA with Fisher’s post hoc analysis were used for
statistical analysis as appropriate (*P < 0.05; **P < 0.01).
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Chemicals. DCG-IV, .-CCG-I, D-APV and (5R,10S)-(+)
-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cylcohepten-
5,10-imine maleate (MK-801) were products of Tocris
(Ellisville, MO, USA). All other compounds were
purchased from Sigma-Aldrich (St Louis, MO, USA).
L-CCG-I was dissolved in 0.1M NaOH at a stock
concentration of 100 mm. MK-801 was dissolved in the
intracellular solution.

Results

Isolation of mossy fibre inputs to CA3 pyramidal
neurons

CA3 pyramidal neurons were investigated in acute
hippocampal slices of 3-week-old rats. Routinely,
recordings were performed in the presence of a GABAAR
antagonist in order to isolate the excitatory projection
from the MF pathway. To ensure that responses in CA3
neurons are of MF origin, many previous plasticity studies
were conducted in ACSF with high concentrations of Ca®*
and Mg®" (for reviews, see Henze et al. 2000; Nicoll
& Schmitz, 2005) to largely prevent polysynaptic inputs
(Del Castillo & Katz, 1954). Furthermore, studies using
HFS to induce plasticity were often conducted in the
presence of the NMDAR antagonist D-APV. Since NMDAR
activation is reduced by high Mg?* concentrations, but
at the same time thought to be essential for STDP
across many brain regions (Magee & Johnston, 1997;
Bi & Poo, 1998; Debanne et al. 1998; Pawlak & Kerr,
2008), plasticity experiments in the present study were
done in ACSF with a more physiological Ca?*/Mg*"
concentration. This required a first series of experiments to
quantify how specific MF inputs to CA3 cells are activated
under our experimental conditions (Fig. 1). EPSPs were
evoked by extracellular stimulation in s. lucidum or
in the hilus, which should activate the soma-close MF
synapses, or in s. radiatum, which should activate non-MF
synapses via associational-commissural (Claiborne et al.
1986) and/or entorhinal inputs (Berzhanskaya et al. 1998;
Witter & Amaral, 2004). Stimulation in s. lucidum or
hilus when compared to stimulation in s. radiatum
evoked EPSPs with higher PPRs (2.2+0.1, n=15 or
25+04, n=7 versus 1.2+0.1, n=13; P <0.05) and
faster rise times (2.8 £0.2ms, n=15 or 2.3 £ 0.2 ms,
n=7 wversus 46+£05ms, n=13; P <0.01). EPSP
amplitude was for s. lucidum 3.92 +£0.36 mV (n=15),
for hilus 2.21 0.37mV (n=7) and for s. radiatum
7.00 £ 1.31 mV (n = 13). Inaddition, the peak amplitudes
of EPSPs evoked by s. lucidum or hilus stimulation
showed a high sensitivity to application of group II
mGluR agonists, which is consistent with the specific
expression of mGIuRIl receptors at MF terminals
(DCG-1V, 70.1 +4.1%, n=8 or 69.2+6.5%, n=7
versus 10.0 & 18.0%, n=7 for s. radiatum; P < 0.05
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and 1L-CCG-I, 61.8 £+ 8.4%, n=7 for s. lucidum versus
—13.6 29.2%, n==6 for s. radiatum; P < 0.01). These
differences are in agreement with previous studies (Jonas
etal. 1993; Kapur et al. 1998; Yeckel et al. 1999) and allowed
us to distinguish EPSPs that were mainly of MF origin from
EPSPs that were mainly of non-MF origin.

For the following STDP experiments, MF origin of
responses evoked by s. lucidum stimulation was verified
for every single recording (n=69) by determining the
PPR (1.9+£0.1) and the rise time (2.9 & 0.1 ms) at the
beginning and group II mGluR agonist sensitivity (peak
analysis, 80 & 2%; slope analysis, 83.4 £ 1.4%) of EPSPs
at the end of each experiment.

Then, we investigated the composition of responses
evoked by MF stimulation by recording postsynaptic
potentials (PSPs) with and without the GABAAR
inhibitor bicuculline methiodide (10 uM) in the
ACSFE. Blocking GABA, receptors increased the peak
amplitude of MF-CA3 PSPs by 40% (3.32 + 1.38 mV vs.
4.65+1.55mV, n=6; P <0.05) without affecting the
decay time (15.8542.22ms vs. 15.70 &+ 1.78 ms, n==6;
P=0.93). To determine the contribution of NMDARs
to EPSPs recorded under our conditions, we additionally
perfused the NMDAR blocker D-AP5 (50 uM). D-AP5
did not affect the peak amplitude (4.65=+ 1.55mV
vs. 4.69+1.57mV, n=6; P> 0.86) but decreased the
decay time (15.70 & 1.78 ms vs. 11.44 +1.22ms, n==6;
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P < 0.0005). Hence, plasticity of NMDAR-mediated
currents should primarily affect the decay of MF EPSPs,
whereas plasticity of AMPAR-mediated currents should
rather affect the peak amplitude of MF EPSPs.

Close timing of AP bursts to synaptic activation
induces timing-dependent LTP but not
timing-dependent LTD in CA3 neurons

Because CA3 neurons fire single APs and AP bursts in vivo
(McNaughton ef al. 1983; Hahn et al. 2007), we first asked
how the timing of an AP burst, as opposed to the timing
of a single AP, would affect synaptic strength in these
neurons. Timing-dependent LTP (t-LTP) was induced
when presynaptic stimulation in s. lucidum was followed
by a burst of three postsynaptic action potentials (APs
at 50 Hz) with short positive time delays (At =+10 to
+40 ms). Such pairing was repeated 60 times at 0.1 Hz,
which is close to the firing rate of granule cells in freely
moving rats (Jung & McNaughton, 1993; Henze et al.
2002). After induction of t-LTP, the amplitude ratio of
EPSPs was 1.65 £ 0.09 (determined 20-30 min after the
STDP protocol; measured as the ratio of mean EPSP
amplitude after/before; n=10; P < 0.01). Also, the slope
of the EPSPs was increased after the STDP protocol (slope
ratio, 1.69 £ 0.16, n=10; P < 0.01). Changes in EPSPs
were not due to changes in membrane properties such as

Figure 1. Isolation of mossy fibre inputs to CA3
pyramidal neurons
A, left, schematic drawing of a hippocampal section
where electrodes were placed to stimulate distinct
afferents of a CA3 pyramidal cell. Top, examples of
| EPSPs evoked in a paired-pulse protocol (50 ms
interstimulus interval) by stimulation in the s. radiatum
(activating presumably non-MFs, light grey trace), in the
s. lucidum (activating presumably MFs, dark grey trace)
and in the hilus (activating presumably MFs, black
trace). Notably, rise times of s. radiatum EPSPs were
slower. Right, box-and-whisker plots of EPSP parameters
measured with s. radiatum, s. lucidum and hilus
stimulation. In each box, the mid-line shows the
median, the top and the bottom show the upper and
lower percentiles (75th and 25th) and the whiskers
show 90th and 10th percentiles. B, left, plot showing
the effect of 4 um DCG-IV on EPSPs evoked by
stimulation in s. radiatum (white circles), s. lucidum
(grey circles) and hilus (black circles). Each data point
represents the average of 6 EPSPs during 1 min. Right,
box-and-whisker plot showing EPSP reduction upon
application of either 4 um DCG-IV (D) or 20 um L-CCG-l
(C). Asterisks indicate that parameters recorded with
radiatum stimulation were significantly different from
those recorded with either lucidum stimulation or hilus
stimulation (unpaired t test; *P < 0.05; **P < 0.01). The
lack of significant EPSP amplitude changes when
evoked by s. radiatum stimulation indicates that both
group Il mGIuR agonists at the concentrations used
were unlikely to have had unspecific effects.
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input resistance and resting membrane potential (Fig. 2A
and B, see also Methods for criteria).

Activation of EPSPs alone did not change the synaptic
efficacy (peak, 1.05+0.10, n=6; P> 0.05). To address
whether AP bursts alone represent a sufficiently strong
stimulus to induce plasticity, we performed another
control experiment in which the AP burst alone was
applied (60 times at 0.1 Hz). This led to no changes in the
average EPSP ratio (peak, 1.08 & 0.14, slope, 1.05 +0.11,
n=6; P> 0.05), and thus AP bursts need to be timed to
presynaptic activation to induce t-LTP. The occurrence of
t-LTP raises the question of whether the reversal of the
two events, APs and evoked EPSPs, reverses the direction
of plasticity (Dan & Poo, 2004). Such reversal, specifically
when the AP burst was followed by an EPSP with a time
delay of 20-50 ms (At = —20 to —50 ms), induced no
significant plasticity (peak, 1.30 £ 0.15, slope, 1.32 £ 0.17,
n=>5; P>0.05) (Fig.2C and D). Next, we tested if
t-LTD could be induced with a longer time delay between
AP bursts and the EPSP (Debanne et al. 1994; Sourdet
& Debanne, 1999). However, t-LTD was not induced

A

S

EPSP (mV)
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with a time delay of At = —100 ms, nor was it induced
when the time delay was extended to At= —200ms
(At=—100ms, peak, 1.09 £0.19, slope, 1.03 £0.21,
n=4; P> 0.05; At = —200 ms, peak, 1.04 £ 0.21, slope,
1.02 £ 0.15, n=>5; P > 0.05; Supplemental Fig. 1). Thus,
burst pairing protocols with time delays between —20 ms
and —200 ms did not result in t-LTD.

Close timing of single APs to synaptic activation
induces both t-LTP and t-LTD in CA3 neurons

At many synapses, the timing of AP bursts relative to
synaptic activation, as opposed to timing of single APs,
is essential for t-LTP (Magee & Johnston, 1997; Thomas
et al. 1998; Pike et al. 1999; but see Feldman, 2000; Pawlak
& Kerr, 2008). In CA3 neurons, pairing of presynaptic MF
stimulation and a single postsynaptic AP with a time delay
of 10 ms (At =-+10ms) was sufficient to induce t-LTP
(peak, 1.5540.22, slope, 1.43+0.16, n=7; P <0.05)
(Fig. 3A and B). The amount of LTP induced was not

=+10ms

Figure 2. Pairing of synaptic activation with three
action potentials

A, representative recording from a CA3 neuron showing
t-LTP. The plasticity induction protocol consisted of an
EPSP followed by an AP burst with a time delay of

mvV MQ
888 E o

10 ms, repeated 60 times at 0.1 Hz (see grey inset,

At = +10 ms; APs are clipped). EPSP amplitude, input
resistance and membrane potential are plotted against
time. The coloured EPSP traces (top right inset) are
averages of all EPSPs recorded during the time periods
indicated by the correspondingly coloured bars or
recorded in the presence of group Il mGIuR agonists (in
grey). B, average of all recordings, where a STDP
protocol consisting of an EPSP followed by three APs
was applied (as shown by the schematic drawing in the
grey inset; At = +10/440 ms). t-LTP was induced
(n=10, P < 0.01). The bar insets illustrate the
reduction of EPSP amplitudes or EPSP slopes by the
group I mGIuR agonist; EPSPs were set to 100% before
washing in the group Il mGIuR agonist.

C, representative recording from a CA3 neuron showing
no change in synaptic strength when an AP burst was
followed by an EPSP with a time delay of 20 ms

(At = —20 ms). D, average of all recordings, where a
STDP protocol consisting of an AP burst before an EPSP
(At = —20/—50 ms) was applied. No changes in
synaptic efficacy (n =5, P > 0.05) were observed.

B

PSP L

A= +10+40ms

A

- .

0
Time (min)

10 20

0 10
Time (min)

20

100

30
g
;

1

%“&%WM

El

R s

APs 11 100

Pl

ﬁ*M.‘n%-‘#‘H

1

S .W

-
i

100

(=]

100

2.

EPSPslope  Norm. EPSP ampl.

1

5o
Gaﬁ]mw

=100
-0

aFoaten et bebtesttitne

D SO S i

Dashed lines (here, and in the following figures) indicate
average of EPSP amplitudes or EPSP slope during
baseline.

© 2010 The Authors. Journal compilation © 2010 The Physiological Society

0 10 20 30
Time (min)

> 60
0 10 20 30 20 -10
Time (min)

-10



4480

different between single AP t-LTP and AP burst t-LTP
(P > 0.05). And, although burst pairing protocols did not
result in consistent t-LTD (see above), timing of single APs
30 ms before the evoked EPSPs (Af = —30 ms) depressed
synaptic strength (peak, 0.70 & 0.09, slope, 0.71 +0.11,
n=7; P<0.05) (Fig.3C and D). Also, close timing
relative to presynaptic activity was required for single APs
to induce synaptic plasticity, as 60 single postsynaptic
APs at 0.1 Hz without presynaptic stimulation caused
no plasticity (peak, 1.17 & 0.11, slope, 1.05 £ 0.16, n=7;
P > 0.05).

In all cases in which we observed t-LTP or t-LTD,
the amount of plasticity did not correlate with the
initial size of the EPSPs (Pearson’s correlation coefficient
for t-LTP: r=-0.23, P>0.05, n=17; for t-LTD:
r=—0.29, P > 0.05, n= 7). This indicates that the initial
number of activated MF inputs to CA3 neurons is
unlikely to affect their capability to undergo STDP (for
comparison, see Sjostrom et al. 2001). Furthermore for
t-LTP (n=17), peak amplitude as well as slope of
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EPSPs increased by 62+ 11% (P < 0.01) and 58 & 12%
(P < 0.05), respectively, and EPSP decay became slower by
24+ 7% (P < 0.05). For t-LTD (n=7), peak amplitude
as well as slope of the EPSPs decreased by 304 9%
(P < 0.05)and 29 & 11% (P < 0.05), respectively, whereas
the decay kinetics of the EPSPs did not significantly
change (13 4 11% increase, P =0.56). Overall, changes
in EPSP slope and peak amplitude were correlated
(Pearson’s correlation coefficient: t-LTP, r = 0.89, P < 0.01
and t-LTD, r=0.95, P <0.01). Collectively, our data
demonstrate the occurrence of t-LTP and t-LTD of
excitatory transmission in CA3 neurons when MF
stimulation is appropriately timed to APs. The changes
of EPSP amplitude and slope indicate an increase in
AMPAR-mediated transmission after pre-post pairings
(At =+10 ms) and a decrease in AMPAR-mediated trans-
mission after post—pre pairings (At = —30ms, single
APs). The slower decay kinetics after pre—post pairings
(At =+10ms, see above) might suggest a concurrent
potentiation of NMDAR-mediated transmission, which
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agonist; EPSPs were set to 100% before washing in the
group Il mGIuR agonist. C, representative recording
from a CA3 neuron showing t-LTD when a single AP

was followed by an EPSP with a time delay of 30 ms
(At = —30 ms). D, average of all recordings, where a

STDP protocol consisting of a single AP before an EPSP
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(At = —30 ms) was applied. t-LTD was induced (n =7,
P < 0.05).
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would be in agreement with previous findings (Kwon &
Castillo, 2008; Rebola et al. 2008).

NMDARs act as coincidence detectors in STDP
in CA3 neurons

Depending on the pathway stimulated and the applied
stimulation protocol, the locus of plasticity expression
in CA3 neurons may be pre- or postsynaptic (Nicoll &
Schmitz, 2005). To investigate the locus of expression
of the STDP described here, we examined the PPR of
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EPSPs, which often changes when plasticity is expressed
presynaptically (Zalutsky & Nicoll, 1990). PPR was
determined before and after (30 min) the STDP induction
protocol. The PPR, which is inversely correlated with
release probability (Zucker & Regehr, 2002), was calculated
for experiments showing either t-LTP with one or three
APs during pairing (Fig.4A) or t-LTD with one AP
during pairing (Fig.4B). For both, t-LTP and t-LTD,
the PPR did not undergo significant changes after
STDP (t-LTP, 3 APs: PPR before, 2.27 & 0.35; after,
2.16+0.15; n=38, P> 0.05; t-LTP, 1 AP: PPR before,
1.93 + 0.27; after, 1.92 £ 0.19; n =6, P > 0.05 and t-LTD:
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Figure 4. Unchanged PPR after STDP and involvement of postsynaptic NMDARs

A, the paired-pulse ratio (50 ms interstimulus interval)

as determined before and 30 min after induction of t-LTP

(open squares, 3 AP pairing; open circles, single AP pairing), was not homogeneously changed. Top panel shows
example traces of EPSPs evoked in a paired-pulse protocol (average of >5 traces). B, after induction of t-LTD
with single AP pairing, the paired-pulse ratio was not homogeneously changed. Top panel shows example traces
of EPSPs evoked in a paired-pulse protocol (average of >5 traces). C, a STDP protocol inducing t-LTP in control

conditions (grey line, n = 10; same data as in Fig. 2B)

failed in inducing synaptic plasticity when NMDARs were

blocked by p-APV (50 um, open circles, n = 5) or by intracellular MK-801 (1 mw, full circles, n = 5). The inset shows

4 out of the 5 experiments in p-APV, in which tetanic

stimulations (100 Hz) 30 min following the STDP protocol

increased synaptic efficacy. D, a STDP protocol inducing t-LTD in control conditions (grey line, n = 7; same data as
in Fig. 3D) failed in inducing synaptic plasticity when NMDARs were blocked by p-APV (50 um, open circles, n = 4)

or by intracellular MK-801 (1 mm, full circles, n = 6).
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PPR before, 1.64 & 0.06; after, 1.53 + 0.14; n =7, > 0.05).
Then, we compared the coefficient of variation (C.v.)
of EPSPs recorded before and after STDP induction.
After burst-induced t-LTP, c.v. was reduced (before,
0.52 & 0.06; after 0.34 £ 0.03; n=10, P < 0.01), whereas
after single AP-induced t-LTP, c.v. was not significantly
reduced (before, 0.44 +0.06; after, 0.38 +0.07; n=7,
P =0.35). However, the c.v. changes were not correlated
to the amount of burst-induced t-LTP (3 APs: r = —0.47,
P=0.17; for comparison 1 AP: r=—-0.52, P=0.22).
For t-LTD, c.v. remained unchanged (before, 0.32 & 0.03;
after, 0.32+£0.06; n=7, P> 0.05). In summary, the
combined analysis of PPR and c.v. suggests that a purely
presynaptic locus of plasticity expression, as is often
observed after HFS-induced MF plasticity, is unlikely for
t-LTD and t-LTP.

Due to their dual dependence on ligand-binding and
depolarization for activation, NMDARs are ideal sensors
for correlated pre- and postsynaptic activity during
AP—EPSP pairing. To examine whether NMDAR activity
plays a role in STDP at MF synapses, we applied the
EPSP—AP pairing protocol that had induced t-LTP before
(At =+10 ms, AP bursts), in the presence of the NMDAR
blocker D-APV (50 um). Under these conditions, no
t-LTP was observed (peak, 0.97 + 0.11, slope, 1.05 4 0.23,
n=>5; P> 0.05) (Fig. 4C). To investigate if ‘conventional’
NMDAR-independent MF-LTP (Nicoll & Schmitz, 2005)
is observed under our conditions, we subsequently applied
high frequency stimulation to the MF input in a sub-
set of experiments (Fig. 4C, inset). This high frequency
stimulation in the presence of D-APV potentiated EPSPs
(peak, 1.98 +0.31, n =4; P = 0.05), indicating that under
our conditions ‘conventional NMDAR-independent
MEF-LTP is expressed. A STDP protocol inducing t-LTD
in control conditions (At = —30 ms, single APs) failed to
induce t-LTD in the presence of D-APV (peak, 1.12 4 0.26,
slope 1.04 £0.19, n=4; P > 0.05) (Fig. 4D). This suggests
that NMDARSs are likely to act as coincidence detectors for
the induction of STDP of excitatory transmission during
correlated activity of MFs and CA3 neurons.

Postsynaptic NMDARs are well-known to induce
synaptic plasticity throughout the CNS (Bliss &
Collingridge, 1993), whereas presynaptic NMDARs only
recently were found to be involved in synaptic plasticity,
particularly in t-LTD (Sjostrom et al. 2003; Bender
et al. 2006; Nevian & Sakmann, 2006; Corlew et al.
2007; Rodriguez-Moreno & Paulsen, 2008). Application of
D-APV blocks both pre- and postsynaptic NMDARs and
therefore could not identify the location of the NMDARs
involved in the STDP described here. To investigate
whether the NMDARs necessary for timing-dependent
plasticity in CA3 neurons are located pre- or post-
synaptically, we blocked the postsynaptic NMDAR
channels by applying the irreversible channel blocker
MK-801 (1mm) via the patch pipette (Berretta &
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Jones, 1996). In the presence of MK-801, t-LTP as
well as t-LTD was prevented (At =410 ms, 3-AP burst:
peak, 1.05=£0.10, slope, 1.02+0.11, n=5; P> 0.05;
At=-30ms, single APs: peak, 1.00£0.13, slope,
0.98 +0.16, n=6; P > 0.05). Together, these experiments
show the involvement of postsynaptic NMDARs in STDP
in CA3 neurons. For comparison, Fig.5 contains every
single recording under every experimental condition
mentioned heretofore.

Spike-timing protocols that induce t-LTP and t-LTD
at MF inputs fail at non-MF inputs

A continuous problem when stimulating MF inputs to
CA3 neurons is the exclusion of ‘contamination’ by
non-MF inputs, like A/C and/or entorhinal inputs (for
review, see Henze et al. 2000). A study in slice cultures by
Debanne et al. (1998) has shown that A/C inputs to CA3
neurons display timing-dependent bidirectional plasticity.
Therefore, we asked, whether the STDP protocols applied
in this study can potentially induce substantial plasticity
of ‘contaminating’ non-MF inputs to CA3 neurons.
However, if the timing-dependent plasticity described
here, was due to the selective potentiation or depression
of an EPSP component insensitive to group II mGluR
agonists (like for example A/C inputs), one would expect
a correlation between mGluRII agonist sensitivity and the
amount of plasticity. Such a correlation did not exist
(t-LPT, r=—-0.37, P=0.15, n=16; t-LTD, r=—0.09,
P=0.83,n=7).

Furthermore, we directly tested whether STDP is
expressed at non-MF inputs under our experimental
conditions. For this, we stimulated in s. radiatum, which
should activate non-MF inputs like A/C and/or entorhinal
inputs (Berzhanskaya et al. 1998; Witter & Amaral, 2004),
and applied the AP-EPSP pairing protocols that had
induced plasticity with s. lucidum stimulation (see above).
With s. radiatum stimulation, no plasticity was observed
with the pairing protocol that had induced t-LTP of
MF inputs (At =410 ms, AP bursts, 1.14 £0.18, n=6;
P >0.05) (Fig. 6A). Likewise, no plasticity was observed
upon s. radiatum stimulation with the protocol that had
induced t-LTD of MF inputs (At = —30 ms, single APs,
0.88£0.09, n=>5; P> 0.05) (Fig.6B). However, data
obtained with s. radiatum stimulation might not allow
an optimal estimate of potential non-MF plasticity with s.
lucidum stimulation, since the investigated synapses might
be of different identity and located at different distances
from the soma. Therefore, we investigated a number
of recordings obtained with s. lucidum stimulation,
which were excluded from Figs2 and 3, because the
EPSPs displayed no reduction when group II mGluR
agonists were applied at the end of the experiment
(see Methods). Non-MF inputs isolated in this way
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Figure 5. Summary of STDP experiments in CA3 neurons upon MF stimulation

A, all single recordings with AP burst pairing; the change in synaptic efficacy was calculated as ratio of the average
EPSP amplitude 20-30 min after induction over the average EPSP amplitude during the 10 min baseline. Colour
code indicates pairing with positive time delays (dark red), negative time delays (green) and no pairing (black), as
depicted in the schemes above the plots. t-LTP was induced by pairing an EPSP with AP bursts at positive time delays
(At = +10/440 ms). This form of t-LTP was not induced when NMDARs were blocked with either extracellular
D-APV (50 um) or intracellular MK-801 (1 mm). Burst pairing at negative time delays (At = —20/—50 ms and
—100/—-200 ms) did not produce significant changes in synaptic efficacy. B, same as in A, for STDP protocols with
single AP pairing. Pairing an EPSP with a single AP at positive time delays (At = +10 ms) induced t-LTP, whereas
pairing at negative time delays (At = —30 ms) induced t-LTD. This form of t-LTD was not induced when NMDARs
were blocked with either extracellular p-APV (50 M) or intracellular MK-801 (1 mwm). Asterisks indicate statistical
significance with ANOVA compared to the experimental series with no pairing (*P < 0.05, **P < 0.01).

showed no t-LTP upon the burst pairing protocol with
At=+10ms (1.06 = 0.27, n=3; P > 0.05), nor did they
display t-LTD upon the single-AP pairing protocol with
At=-30ms (1.32 +0.04, n=3; P < 0.05). Instead, this
protocol (At =—30ms) induced a small potentiation,
which might suggest non-standard STDP rules for this
special group of non-MF inputs. However, the conclusions
that can be drawn from this group are limited due to the
small group size. And since experiments with s. lucidum
stimulation and no subsequent EPSP reduction upon

A e
APs 1
M=+10ms

Figure 6. STDP protocols at non-MF inputs

A and B, STDP protocols that induced plasticity at MF
inputs to CA3 neurons failed in inducing plasticity at

s. radiatum stimulated non-MF inputs. Averaged values

ampl
¥

mGluRII agonist application were rare chance encounters,
it was not feasible to further increase the group size.

In summary, these experiments demonstrate that
indeed primarily the MF component of EPSPs underwent
t-LTP or t-LTD when the respective spike-timing protocols
were applied to CA3 neurons with s. lucidum stimulation
(Figs 2, 3), although our results and analysis cannot fully
exclude a concurrent albeit small potentiation/depression
of non-MF inputs during s. lucidum stimulation (see
Discussion).

for normalized EPSP amplitude, input resistance and % w . || %
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Discussion

Requirements for timing-dependent plasticity
in CA3 neurons

The present study at juvenile MF-CA3 synapses
demonstrates that the precise timing of the two
events, postsynaptic APs and presynaptic stimulation,
can induce synaptic plasticity of excitatory MF input
to CA3 pyramidal neurons. The direction of synaptic
modification depended on the temporal order of MF
stimulation and somatic spikes of CA3 pyramidal neurons.
More specifically, t-LTD was induced when single APs
preceded synaptic activation by 30 ms, and t-LTP was
induced when synaptic activation preceded either single
APs or brief AP bursts by 10 ms. Thus, plasticity that is
induced by timing of spikes to synaptic activity at these
anatomically and physiologically unusual synapses largely
follows learning rules also observed at other excitatory
synapses in the brain (Magee & Johnston, 1997; Markram
et al. 1997; Feldman, 2000; Pawlak & Kerr, 2008). A
finding that has not been reported from other excitatory
synapses is the requirement for single APs preceding
synaptic activation, as opposed to AP bursts, to induce
t-LTD. The underlying mechanisms for this are unclear.
Most likely, the spatiotemporal profile of postsynaptic
Ca?* accumulations induced by such burst pairing is not
favourable for LTD expression (Lisman, 2001).

In vivo, both single APs and AP bursts occur at a low
frequency in granule cells as well as in CA3 neurons
(McNaughton et al. 1983; Jung & McNaughton, 1993;
Hahn er al. 2007). Given that granule cells do not display
the sustained high AP-firing rate that is expected to happen
during a high frequency stimulus, the question was raised
whether MF LTP can be expected to occur in vivo (Henze
etal. 2000). We propose that the near-coincidence of single
spikes and spike bursts might be a relevant mechanism for
adapting synaptic strength in vivoat the MF-CA3 synapse.

NMDARs play a critical role in STDP
at MF-CA3 synapses

Action potentials backpropagating into the dendritic tree
may provide the postsynaptic depolarization necessary to
relieve the voltage-dependent Mg block of NMDARSs.
Thus, NMDAR:s are ideal sensors for correlated pre- and
postsynaptic activity during AP-EPSP pairing. Although
NMDARSs are the long-known coincidence detectors for
plasticity induction in nearly all brain regions (Bliss &
Collingridge, 1993; Seeburg et al. 1995; Pawlak et al.
2005), they were reported to be unimportant for MF-CA3
synaptic plasticity when induced by HFS (Harris &
Cotman, 1986; Williams & Johnston, 1988; Zalutsky &
Nicoll, 1990). The present study gives first indication that
NMDARs might have a critical role for timing-dependent
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LTP as well as LTD of MF inputs to CA3 neurons. Hereby,
the activation of NMDARs has gained new relevance for
MEF plasticity, which is in agreement with two recent
studies, in which NMDAR activation was required for
selective potentiation of MF-NMDAR-mediated trans-
mission (Kwon & Castillo, 2008; Rebola et al. 2008).
Our study also indicates the location of the NMDARs
relevant to STDP in CA3 neurons as being postsynaptic,
as demonstrated by intracellular MK-801 application.
The activation of postsynaptic NMDARs during spike
timing may mediate the postsynaptic calcium rise (Reid
et al. 2001) that was reported as being important for
ME plasticity (Urban & Barrionuevo, 1996; Yeckel et al.
1999). Several cortical studies have found that post-
synaptic NMDARs are required for t-LTP, but presynaptic
NMDARs are required for t-LTD (Sjostrom et al. 2003;
Bender et al. 2006; Nevian & Sakmann, 2006; Corlew et al.
2007; Rodriguez-Moreno & Paulsen, 2008).

Among numerous controversies regarding synaptic
plasticity of MF synapses, the two areas of agreement
were that plasticity is induced independently of NMDARs
and presynaptically expressed (for review, see Nicoll &
Schmitz, 2005). Two recent studies, though, described
postsynaptic expression for LTP of NMDA EPSCs at
MF-CA3 synapses (Kwon & Castillo, 2008; Rebola et al.
2008), which is consistent with the expression mechanisms
that PPR and c.v. analyses suggest for the STDP observed
in this study. The observed NMDAR dependence of
STDP in this study discloses new Hebbian aspects of MF
plasticity (Hebb, 1949). NMDARs at these synapses appear
to be well-suited to detect sparse granule cell activity
coinciding with CA3 spiking (McNaughton et al. 1983;
Jung & McNaughton, 1993; Hahn et al. 2007). In contrast,
higher granule cell activity, as mimicked by HFS, might
release Zn?* from MF terminals (Li et al. 2001), which is
known to reduce NMDAR activation (Vogt et al. 2000).
In combination with the recording conditions often used
for HFS-induced plasticity (see below), this Zn** release
might further suppress NMDAR activation during tetanic
stimulation protocols.

Is timing-dependent plasticity observed exclusively
at MF inputs and not at non-MF inputs?

An ongoing debate in mossy fibre research concerns the
method of separating distinct inputs to CA3 neurons.
An ideal scenario to observe pure MF-CA3 plasticity is
to directly record from synaptically connected pairs of
neurons, which has not yet been achieved due to the
low connectivity in acute slice preparations. One common
approach to isolate MF inputs is to perform experiments
in high concentrations of divalent cations or in the pre-
sence of NMDAR antagonists, an approach that will not
support forms of NMDAR-dependent plasticity. Since
this study investigated STDP, which is usually NMDAR
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dependent, ionic and pharmacological conditions were
employed that favour NMDAR activation. Although we
used widely accepted physiological and pharmacological
criteria to identify MF inputs, we cannot fully exclude
‘contamination’ of non-MF origin. Timing-dependent
bidirectional plasticity at A/C synapses has indeed been
shown in paired recordings from CA3 pyramidal neurons
in organotypic slice cultures (Debanne et al 1998).
However, marginally activated non-MF inputs are unlikely
to have contributed in a major way to the observed MF
plasticity for the following reasons. (1) A correlation
between the amount of EPSP sensitivity to group Il mGluR
agonists and the amount of plasticity observed did not
exist. Such a correlation should be expected when for
example the observed amount of t-LTP was entirely of
non-MF origin. (2) Specifically, we report a mGluR-II
agonist sensitivity for our dataset of 80+2% (peak
analysis) and 83.4 &= 1.4% (slope analysis). However, with
STDP protocols similar to ours, across many experimental
configurations and brain regions, usually an average
synaptic change of approximately —20% to —30% for
t-LTD, and +25% to +50% for t-LTP is observed
(Feldman, 2000; Froemke et al. 2005; Bender et al. 2006;
Nevian & Sakmann, 2006). If under our conditions
exclusively the fraction of presumably ‘contaminating’
non-MF inputs had shown plasticity in this range, one
would have observed at best a synaptic change of —6%
for t-LTD and +10% for t-LTP. Instead, the amount
of plasticity observed in our study was +62% (peak
analysis) and +58% (slope analysis) for t-LTP, and —30%
(peak analysis) and —29% (slope analysis) for t-LTD. (3)
When specifically activating non-MF inputs by s. radiatum
stimulation, no plasticity was observed upon the STDP
protocols that had induced plasticity at MF inputs with
s. lucidum stimulation. In addition, in some rare cases,
non-MF inputs were activated by s. lucidum stimulation,
as demonstrated by absent EPSP reduction by group II
mGluR agonists. Also here, neither t-LTP was induced by
a pre—post protocol, nor was t-LTD induced by a post—pre
protocol. In summary, the t-LTP and t-LTD described in
this study are indeed primarily attributed to MF inputs
and not to non-MF inputs.

By failure to observe consistent STDP at non-MF
synapses activated by s. radiatum stimulation, our study
seemingly contradicts at first glance an important study,
in which STDP was observed at associational CA3
inputs (Debanne et al. 1998). However, several differences
between studies might explain the different observations,
for example our compound non-MF EPSP may contain
A/C and entorhinal inputs, whereas Debanne and
colleagues demonstrated STDP at associational recurrent
CA3 connections in paired recordings. Also, the amount
and composition of dendritic voltage-gated channels and
thus the dendritic backpropagation of action potentials is
likely to be different in acute slices (our study) as opposed
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to slice cultures (Debanne et al. 1998). In acute slices, back-
propagating APs potentially do not provide postsynaptic
depolarization sufficient for STDP induction at distally
located CA3 synapses as indicated by results obtained at
neocortical synapses (Froemke et al. 2005). Similarly, in
another study using acute slices, A/C LTP could not be
induced by repetitive burst stimulation of the A/C input
alone, but required association with MF inputs (Kobayashi
& Poo, 2004), which is likely to have provided sufficient
postsynaptic depolarization for plasticity induction. Here,
itis noteworthy thatin our study, non-MF inputs displayed
a small albeit not significant trend towards potentiation
with a pre—post protocol and a similar trend towards
depression with a post—pre protocol. Thus, it is feasible
that under our conditions, a stronger postsynaptic AP
burst when paired with one (or multiple) EPSPs might
induce plasticity of non-MF input when stimulated in s.
radiatum. This was not our focus, but is without doubt an
interesting subject for future studies.

Physiological implications of MF-STDP

In vivo evidence demonstrates that increased granule
cell activity can drive CA3 neurons to spiking threshold
(Henze et al. 2002). It may be that during low granule
cell activity, for example during explorative behaviour,
concurrent granule cell inputs or associative inputs are
required to drive a cell to spiking threshold, thereby
allowing for plasticity at this suggested ‘teacher’ synapse
(Rolls et al. 1989; Jung & McNaughton, 1993; Henze et al.
2002).

How do our observations fit with the view that granule
cell and recurrent/associative CA3 activity play a role in
the separation and completion of cortical input patterns
to the hippocampus (for review, see Nakazawa et al.
2004; McNaughton et al. 2006; Leutgeb et al. 2007)?
When the activity of a single granule cell or a granule
cell assembly is causally linked to spiking in a CA3
neuron, their connection might undergo potentiation of
synaptic strength, thereby gaining importance for pattern
separation (O’Reilly & McClelland, 1994). Furthermore,
when a granule cell shows low activity, which is
still somehow important in certain contexts, recurrent/
associative (or perforant path) inputs could help in
bringing the CA3 neuron to spiking threshold, thereby
strengthening this specific granule cell-CA3 connection.
This process could be important for pattern completion,
e.g. during the remapping of place fields (O’Keefe &
Dostrovsky, 1971; Bostock et al. 1991; Kentros et al. 1998;
for review, see McNaughton et al. 2006).
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