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Hippocampal Place Cell Firing Patterns Can Induce
Long-Term Synaptic Plasticity In Vitro
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Brooklyn, New York 11203

In the hippocampus, synaptic strength between pyramidal cells is modifiable by NMDA receptor (NMDAR)-dependent long-term poten-
tiation (LTP) and long-term depression (LTD), both of which require coincident presynaptic and postsynaptic activity. In vivo, many
pyramidal cells exhibit location-specific activity patterns and are known as “place cells.” The combination of these factors suggests that
synaptic plasticity will be induced at synapses connecting place cells with overlapping firing fields, because such cells fire coincidentally
when the rat is in a specific part of the environment. However, this prediction, which is important for models of how long-term synaptic
plasticity can be used to encode space in the hippocampal network, has not been tested. To investigate this, action potential time series
recorded simultaneously from place cells in freely moving rats were replayed concurrently into postsynaptic CA1 pyramidal cells and
presynaptic inputs during perforated patch-clamp recordings from adult hippocampal slices. Place cell firing patterns induced large,
pathway-specific, NMDAR-dependent LTP that was rapidly expressed within a few minutes. However, place-cell LTP was induced only if
the two place cells had overlapping firing fields and if the cholinergic tone present in the hippocampus during exploration was restored
by bath application of the cholinergic agonist carbachol. LTD was never observed in response to place cell firing patterns. Our findings
demonstrate that spike patterns from hippocampal place cells can robustly induce NMDAR-dependent LTP, providing important evi-

dence in support of a model in which spatial distance is encoded as the strength of synaptic connections between place cells.

Introduction

Synapses between hippocampal pyramidal cells undergo long
lasting, use-dependent changes in strength [long-term potentia-
tion (LTP) and long-term depression (LTD)] that requires
NMDA receptor (NMDAR) activation by appropriately timed
presynaptic and postsynaptic activity (Bliss and Collingridge,
1993; Malenka and Bear, 2004). These use-dependent plastic pro-
cesses are under intense investigation because they are accepted
as the best candidates for neural substrates of hippocampal-based
memory (Martin et al., 2000; Nakazawa et al., 2004). Generally,
investigations of NMDAR-dependent plasticity including LTP
and LTD have used artificial stimulus protocols (Dunwiddie and
Lynch, 1978; Kauer et al., 1988; Dudek and Bear, 1992), including
some modeled on “physiological” activity patterns (Larson et al.,
1986; Magee and Johnston, 1997; Dobrunz and Stevens, 1999).
However, it has never been established whether long-term syn-
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aptic plasticity can be induced by hippocampal firing patterns
found in vivo.

To address this, we focused on place cell activity, a prominent,
natural form of hippocampal pyramidal cell firing. Place cells are
a subset of hippocampal pyramidal cells characterized by
location-specific discharge; each place cell is intensely active only
when the rat’s head is in a stable, cell-specific region called the
“firing field” and is otherwise nearly silent (O’Keefe and
Dostrovsky, 1971; Muller et al., 1987; Buzséki, 2005). Because the
fields of hundreds of thousands of place cells are evenly distrib-
uted over the surface of an environment (Muller et al., 1987) and
there is a high degree of connectivity among hippocampal CA3—
CA3 and CA3—CA1l pyramidal cells (Li et al., 1994), any pair of
regions in a local environment will be represented by hundreds of
connected place cell pairs. Because the timing of activity in the
presynaptic and postsynaptic elements of a synapse between two
place cells varies with the distance between their firing fields,
synapses formed between place cells with coincident fields may
undergo LTP, whereas synapses formed by place cells with widely
separated fields will undergo no change in strength. Thus, long-
term synaptic plasticity between place cells could be used to en-
code spatial distance (Muller et al., 1996).

Here we investigate this by studying whether long-term syn-
aptic plasticity in CA1 hippocampus can be induced in slices by
location-specific place cell activity obtained from in vivo record-
ings. We used the discharge of pairs of simultaneously recorded
hippocampal place cells to control presynaptic input and
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postsynaptic firing of CA1 pyramidal cells in hippocampal slices,
similar to an approach used to study plasticity in visual cortex
(Froemke and Dan, 2002). We find that such dual stimulation
from pairs of place cells with overlapping firing fields induces
robust NMDAR-dependent LTP, but this depends on mimick-
ing, with bath-applied carbachol, the increased cholinergic tone
found in the hippocampus during locomotion. However, widely
separated firing fields induced no synaptic strength change, and
studies of partially overlapping fields demonstrate a steep depen-
dency on firing field overlap for LTP induction. Our experiments
provide direct evidence that place cell firing induces hippocam-
pal NMDAR-dependent LTP and provide important support for
a model (Muller et al., 1996) of how such LTP could be used to
encode spatial information in the hippocampus.

Materials and Methods

Place cell recording. Place cell recordings were performed as described
previously (Muller et al., 1987). Briefly, hungry male adult rats were
placed in a familiar 76-cm-diameter cylindrical environment. Food pel-
lets were dropped randomly to encourage constant movement and even
coverage of the floor. By tracking a light-emitting diode on the electrode
implant, the rat’s head position was found at 60 Hz in a grid of square
pixels 2.7 cm on a side. Action potential activity from groups of place cells
was recorded from microwires or tetrodes in the CA1 or the CA3 areas of
the hippocampus; CA1 cells were predominantly used, but CA1 and CA3
place cell firing patterns are essentially indistinguishable (Muller et al.,
1987; Lee et al., 2004). Action potentials from place cells were converted
to time stamps that were used in the in vitro experiments (see Fig. 1).
Place cell activity was also combined with positional measurements to
reveal spatial firing rate distributions (see colored firing rate maps shown
as figure insets). Place cell pairs with overlapping firing fields were re-
corded from different electrodes. Data for the 16 min recordings from the
12 cells used for stimulation are shown in supplemental Figure 1 (avail-

<«

Figure 1. Synaptic plasticity is not induced by replay of activity from place cells with over-
lapping firing fields under standard hippocampal slice recording conditions. A, Experimental
procedure. Top, Spike activity from two hippocampal place cells with overlapping firing fields
(1, and 15) is recorded from a rat during food foraging in a 0.75-m-diameter cylindrical envi-
ronment. Each cell fires a burst whenever the rat’s head enters the firing field of the cell; the cells
tend to fire together because their firing fields nearly superimpose in the environment (see B, 1,,
and 1g). Waveforms are converted to timestamp format and used to stimulate neural elements
in a hippocampal slice. The timestamp from cell A is used to trigger action potentials in presyn-
aptic axons (red); cell B is used to trigger action potentials in a postsynaptic CAT pyramidal cell
via a perforated-patch electrode (blue). Bottom, Activity evoked in the CAT neuron is shown on
an expanded timescale (black trace) together with the timestamps (red and blue). EPSPs are
visible when only a stimulus from cell Ais applied. Spikes (truncated in this llustration) are seen
in response to stimuli from cell B. B, Example showing EPSC amplitudes for the test (red) and
control (black) input pathways before and aftera 16 min gap, during which the activity from the
place cell pair was replayed. The circular insets show the overlapping firing fields of cell 1,, used
to control the test axonal input, and cell 15, used to control the postsynaptic cell. In these false
color maps, yellow encodes pixels in which the firing rate was exactly zero; higher rates are
shown in darker colors. Right, Averaged EPSC traces recorded before and after replay of cell pair
1y, activity in test and control pathways. The lack of plasticity is indicated by the near identity
of responses. €, Cross-correlation histogram (10 ms bins) for cells 1, and 15; negative intervals
show that cell 1, fired before cell 15, and positive intervals show that cell 15 fired before cell 1,.
Successive peaks indicate modulation by the 8 Hz theta rhythm characteristic of walking. Note
the count minimum near t = 0. Inset, The same data on an expanded timescale (5 ms bins)
emphasizing the asymmetric distribution of counts at approximately t = 0. D, No synaptic
plasticity is induced on average by replay of activity from cell pair 1, . Each time point is the
normalized EPSC amplitude averaged from nine experiments as in B (control pathway, 74 =
17% of baseline; test pathway, 106 == 32%; p > 0.05 control vs test). Right, Change in EPSC
amplitude for the control and test pathways in each experiment. E, Reversing stimulation in the
slice so that cell 1, now controls postsynaptic stimulation and cell 1 controls presynaptic
stimulation (replay of pair 15 ,) induces no synaptic plasticity (control path, 87 = 15%; test
path, 106 == 24%; n = 9 cells; p > 0.05). Right, Change in EPSC amplitude for the control and
test pathways in each experiment.
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able at www.jneurosci.org as supplemental material). Cells 1, 15, and 1~
were published previously (Muller et al., 1996). Cells 2, 25, 2¢, 21, 2>
30 3> 44, and 4 were not published previously. For cells 1, 1, and 1,
occasional activity outside of firing fields from other cells attributable to
poorly discriminated waveforms was removed. In the color-coded firing
map insets in the figures, firing rate is color coded (yellow, 0 Hz up to
purple, maximum rate) (for values for each cell used, see table in supple-
mental Fig. 1, available at www.jneurosci.org as supplemental material),
and white pixels were never visited. To estimate the degree of overlap
between firing field pairs, we calculated an overlap index of the number
of pixels in common for the two firing fields divided by the total number
of pixels in the larger field. In this way, the larger the index value, the
greater the degree of overlap, but the overlap index cannot be as large as
1.0 unless the two fields are congruent.

Hippocampal slice recording. Hippocampal slices (400 wm thick) were
prepared from adult (200 g) male Wistar rats. Slices were cut in ice-cold
artificial CSF (aCSF) containing the following (in mm): 126 NaCl, 10
glucose, 26 NaHCOs, 2.5 KCl, 1.2 NaHPO,, 1 CaCl,, and 5 MgSO,
(saturated with 95% O,, 5% CO,). Slices were then transferred to record-
ing aCSF (CaCl, and MgSO, adjusted to 2.5 and 1.3 mm, respectively)
and heated to 35°C for 30 min. Slices were thereafter stored at room
temperature. For recording, a cut was made between CA3 and CA1, and
slices were immersed in a submerged recording chamber in the presence
of picrotoxin (100 um) at 35°C. Perforated-patch voltage-clamp record-
ings were made from visually identified CA1 pyramidal neurons using
borosilicate glass pipettes of 2—6 M(Q) resistance, tip filled with a solution
containing the following (in mm): 117 KMeSO;, 8 NaCl, 10 HEPES, 5
QX-314 [N-(2,6-dimethylphenylcarbamoylmethyl)triethylammonium
chloride], 4 MgATP, 0.3 NaGTP, and 0.2 EGTA, pH 7.4 (280 mOsm).
Pipettes were backfilled with a solution identical to that above but to
which gramicidin (80 ug/ml) or in a few cases amphotericin B (0.6 mg/
ml) was added. Gramicidin and amphotericin B were prepared as stock
solutions in DMSO (20 and 100 mg/ml, respectively). After formation of
a gigaohm seal, the access resistance was monitored and recordings were
commenced once stable. Access resistances averaged 45.7 = 1.8 M(Q) (n =
118), and recordings were not used if the access resistance changed by
>20% during data collection. Spontaneous rupture of the patched mem-
brane was checked by monitoring access resistance and the ability to fire
action potentials (the sodium channel blocker QX-314 was present in the
patch solution).

Bipolar stimulating electrodes were placed proximally in stratum ra-
diatum >200 wm on either side of the recorded CA1 pyramidal neuron,
and stimulation intensity was set just above threshold for evoking detect-
able EPSCs. Stimulus frequency was 0.2 Hz for each pathway. It was
necessary to use CA3—CAl synapses rather than the functionally very
similar CA3—CA3 synapses to avoid complicated activity patterns from
reverberatory excitation attributable to recurrent CA3 connections.
Spikes from in vivo place cell recordings were converted to time series of
pulses (sampling rate, 10 KHz), which were used to drive a stimulation
box to activate presynaptic axons or to drive current steps in the postsyn-
aptic CA1 pyramidal neuron to produce action potentials at the precise
times dictated by the time series. For replay of place cell activity during
the 16 min induction period, the recording was switched to current-
clamp mode and the CA1 neuron was stimulated to fire action potentials
by 2 ms current injections of 1-1.5 nA. For each recording, we ensured
that these current steps produced postsynaptic action potentials that
were precisely synchronized to the time series input. Recordings of car-
bachol effects on membrane potential and EPSC amplitude (see Fig.
2 A, B) were performed in separate experiments using the whole-cell con-
figuration with the same pipette filling solution as above (but lacking the
perforating antibiotic and QX-314 Cl). For perforated-patch experi-
ments in which cesium was substituted for potassium (see Fig. 6), the
pipette solution contained the following (in mm): 117 CsMeSO,, 8 NaCl,
10 HEPES, 5 QX-314 Cl, 4 MgATP, 0.3 NaGTP, 0.2 EGTA, and gramici-
din, pH 7.4 (280 mOsm).

All data were sampled at 10 kHz, filtered at 5 kHz, and recorded onto
computer using Signal or Spike acquisition software (Cambridge Elec-
tronic Design). Analyses were performed with scripts written in this soft-
ware environment. Failure analysis was performed by calculating the
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noise distribution at ~0 pA and subtracting this from the EPSC ampli-
tude histogram. The failure rate for all cells was on average 19.7 * 1.1%
(n = 240), with a range of 0 to 95% (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). For perforated-patch re-
cordings with K *-based solution, the average EPSC size including fail-
ures was 9.6 * 0.4 pA (n = 208), with a range of 1.3 to 38.2 pA, and the
corresponding potency (EPSC amplitude excluding failures) was 11.7 =
0.4 pA (n = 208). Failure rates and EPSC amplitudes were similar for test
and control pathways. EPSP amplitudes measured during replay of place
cell activity were made for all EPSPs, except those that occurred <50 ms
after a postsynaptic action potential, and binned every 30 s. Values for
changes in synaptic strength are taken as the average from 21 to 30 min
after the end of the induction period. Renormalization of test compared
with control pathways was performed for each individual experiment
and then averaged across experiments. Data are presented as mean *
SEM, and statistical tests were performed as paired Student’s ¢ test unless
otherwise stated. D-APV, picrotoxin, and carbachol were purchased from
Tocris Cookson.

Results

Replaying firing patterns from pairs of place cells into
presynaptic and postsynaptic elements in the hippocampal
slice

The anatomy of connections between pyramidal cells in the intact
hippocampus predicts that there are ~100,000 synapses between
place cells with similar firing fields in any given environment.
Thus, it is very likely that many place cells with overlapping firing
fields are synaptically connected. To study the effect of coincident
place cell firing patterns on synaptic strength between place cell
pairs, we evoked action potentials in postsynaptic CA1 pyramidal
cells and in presynaptic afferent axons using firing patterns from
place cell pairs simultaneously recorded in vivo (Fig. 1A). The
place cell firing patterns came from 16 min in vivo recording
sessions whose entire duration was used to generate equivalent
patterns of activity in the slice (for the activity patterns of all the
place cells used in the study, see supplemental Fig. 1, available at
www.jneurosci.org as supplemental material). One place cell firing
pattern was converted to a pulse time series that drove a stimulator
for activating presynaptic axons via an extracellular stimulating elec-
trode. Activity from the second place cell of the simultaneously re-
corded pair was converted to current steps that were used to evoke
action potentials in the postsynaptic CA1 pyramidal neuron during
perforated-patch recordings. Perforated-patch recordings were used
to avoid washout of LTP signaling pathways that occurs during
whole-cell patch-clamp recordings and can prevent reliable induc-
tion of LTP (Malinow and Tsien, 1990). Recordings were performed
in slices from adult rats at close to physiological temperature. For
presynaptic activation, minimal stimulation of afferent axons
(Isaac et al., 1996) was used to activate one or a few synapses
(failure rate, 19.7 = 1.1% for 240 synaptic connections) to mimic
a unitary CA3—-CA1 connection (Sorra and Harris, 1993) (sup-
plemental Fig. 2, available at www.jneurosci.org as supplemental
material). After collection of a stable baseline of EPSCs evoked at
0.2 Hz in voltage clamp, the paired place cell firing patterns were
applied while recording in current-clamp mode. After this 16
min induction period, the cell was returned to voltage clamp,
and the synaptic response was once again measured at 0.2 Hz
to assay for changes in synaptic strength. A second, indepen-
dent input onto the same cell was left quiescent during the
induction protocol (i.e., was never subjected to replay of place
cell activity), thereby serving as a control to allow assessment
of input specificity of any induced plasticity.
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Overlapping firing fields do not induce LTP under standard
slice recording conditions

In a first set of experiments, place cell pair 1,  with overlapping
fields was used; activity from cell A was used to drive action
potentials in the presynaptic axon, and activity from cell B was
used to drive action potentials in the postsynaptic cell. Despite
considerable near-coincident activity (Fig. 14, inset; firing rate
maps in B; cross-correlations in C), no long-lasting change in
synaptic strength was induced during the example experiment
(Fig. 1B) or for the average of nine experiments (Fig. 1 D). Simi-
larly, reversing the roles of the two place cells during the induc-
tion period, so that cell A drove the postsynaptic cell and cell B
activated the presynaptic input (1), did not yield any long-
lasting synaptic strength change (Fig. 1 E), despite the asymmetric
cross-correlation function for this pair (minimum, approxi-
mately At = 0; local maxima, At = =*£50-100 ms)
(Fig. 1C).

Place cell firing patterns robustly induce LTP in the presence
of carbachol

Exploration of the environment and ongoing locomotion cause
increased acetylcholine release in the hippocampus. In turn, this
increased cholinergic tone facilitates spatial learning (Dudar et
al., 1979; Leung et al., 2003; Hasselmo, 2006). Acetylcholine has
several effects on CA1 pyramidal neurons, including suppression
of a K* conductance (Ben-Ari et al., 1981), enhancement of
NMDAR-mediated EPSPs (Markram and Segal, 1990), and the
promotion of theta frequency oscillations in neuronal membrane
potential (Chapman and Lacaille, 1999; Buzsdki, 2002). Although
the place cell firing patterns we use exhibit modulation by the
underlying theta rhythm (see the ~8 Hz oscillations in the cross-
correlograms of Figs. 1C, 3 A, C,E, 5E) (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material), cholinergic
tone is absent in the hippocampal slice. We therefore asked
whether plasticity is inducible after cholinergic tone is restored by
bath application of the nonhydrolysable cholinergic agonist car-
bachol (5 um). By itself, this relatively low dose of carbachol
caused a slow, reversible decrease in EPSC amplitude (26.7 =
6.5%; n = 5 cells) (Fig. 2A) and a slow, reversible depolarization
of membrane potential (2.9 = 1.2 mV; n = 9 cells) (Fig. 2 B);
however, carbachol had no effect on the shape or precision of
action potentials evoked in the postsynaptic cell during replay of
place cell activity. When carbachol was present during the 16 min
induction protocol, activity from cell pair 1, 5 produced robust,
pathway-specific LTP (256 * 60%; n = 12 cells) (Fig. 2C,D).
Despite the asymmetry of the cross-correlogram as noted above,
induction with the reversed pair 1y, also produced robust,
pathway-specific LTP (346 = 62%; n = 8 cells) (Fig. 2E). Impor-
tantly, addition of D-APV (50 uM) in the bath during replay of place
cell firing (Fig. 2 F) blocked LTP, showing that it is NMDAR depen-
dent. Thus, carbachol is permissive for overlapping place cell firing
patterns to cause input-specific, NMDAR-dependent LTP.

To test whether the ability to induce LTP with overlapping
fields is a general feature of place cell spike trains, we used three
other place cell pairs recorded from two other rats (cells 4, g, 25 p,
and 2. ). First we used a pair of place cells, one of which was a
CA3 pyramidal cell (cell 4,) and the other a CA1 pyramidal cell
(cell 45), to test whether CA3 place cell activity can induce LTP
similar to CA1 place cell firing. Replay of cell 4, activity into the
presynaptic axon and cell 45 into the postsynaptic cell in the
presence of carbachol also caused large, robust, pathway-specific
LTP (436 = 140%; n = 6) (Fig. 3A, B). We next tested two addi-
tional pairs of CA1 place cells whose firing fields were in virtually
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the same place, although they differed
from one another and from the previously
tested pairs in the number and temporal
pattern of near-coincident spikes (see
cross-correlograms in Figs. 1C, 3C,E)
(supplemental Fig. 1, available at www.
jneurosci.org as supplemental material);
in particular, the cross-correlograms for
the pairs 4, 5, 2, , and 2, are maximal
very near t = 0 in contrast to a minimum
near t = 0 for pair 1, . Despite these dif-
ferences, each additional pair produced
large, input-specific LTP in the presence of
carbachol (cell 2, 5, 317 * 117%, n = 8
cells; cell 2 1, 449 = 105%, n = 8 cells)
(Fig. 3D, F). This suggests that the ability
to induce LTP is common to place cells
with near-coincident firing fields. Interest-
ingly, the degree of potentiation produced
by the four overlapping pairs was similar,
despite considerable differences in their
cross-correlations in intervals of 50 ms
known to be important for induction of
synaptic plasticity (Markram et al., 1997;
Bi and Poo, 1998; Sjostrom et al., 2001;
Wittenberg and Wang, 2006).
Spike-timing-dependent plasticity
(STDP) predicts that spikes occurring in
the presynaptic cell less than ~50 ms be-
fore a spike in the postsynaptic cell are crit-
ical for the induction of LTP. We tested
this for place-cell-induced LTP using pair
1,5 and removing all spikes from the
postsynaptic cell (1) that occurred <100
ms after a spike in the presynaptic cell (1,)
(Fig. 4A). When this altered pair of cells
was applied, no LTP was induced (88 =
20%) (Fig. 4B). This demonstrates the re-
quirement for near-coincident activity for
the induction of LTP, consistent with con-
clusions from previous studies of STDP

<«

activity from place cell pair 1, g in the presence of 5 um carba-
chol now induces LTP in the test pathway (red) but not in the
control pathway (black) in this example experiment. Insets,
Firing rate maps for place cells 1, and 1;. Right, Averaged EPSC
traces recorded before and after replay of place cell activity.
The test pathway shows considerable potentiation; the con-
trol pathway is unchanged. D, Averaged data (using cell pair
1,,8) shows that pathway-specific LTP is reliably induced (con-
trol path, 135 == 37%; test path, 256 = 60%; n = 12 cells;
p << 0.05).Right, Change in EPSCamplitude for each pathway
in each experiment. *p << 0.05. E, Reversing stimulation in
the slice so that cell 1, now controls postsynaptic stimulation
and cell 15 controls presynaptic stimulation (replay of pair
1p,4) induces pathway-specific LTP (control path, 163 = 27%;
test path, 346 = 62%; n = 8 cells; p < 0.05). Right, Change
in EPSCamplitude for each pathway in each experiment. *p <
0.05. F, Place cell-induced LTP is blocked by adding o-APV (50
jum) to the bath during replay of cell pair 1,  activity in the
presence of carbachol (control path, 129 =+ 24; test path,
166 = 24;n = 8 cells; p > 0.05; cell pair 1, p). Right, Change
in EPSCamplitude for each pathway in each experiment.
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in the presence of carbachol induces pathway-specific LTP (control path, 117 == 19%; test path, 317 == 117%; n = 8 cells; p << 0.05). Inset, Firing rate maps showing the similarity of the two firing
fields. Right, Change in EPSC amplitude for each pathway in each experiment. *p << 0.05. E, Cross-correlation histogram for a third place cell pair (2. ,) with overlapping fields (10 ms bins). Inset,
The same data using 5 ms bins. F, Replay of activity from pair 2, , also induces pathway-specific LTP in the presence of carbachol (control path, 165 = 33%; test path, 449 = 105%; n = 8 cells;p <
0.05). Inset, Firing rate maps showing the similarity of the two firing fields. Right, Change in EPSC amplitude for each pathway in each experiment. *p << 0.05.

(Dan and Poo, 2006). Interestingly, we observed no significant  paired pulses at an interstimulus interval of 50 ms were given at a
induction of LTD in response to the manipulated place cell pair  frequency of 3 Hz (72 = 8%; n = 8; p < 0.05; data not shown).
or, indeed, for any of the unmanipulated pairs. In contrast, we ~ These datalead us to the conclusion that, although it is possible to
were able to induce robust LTD in these slices using field poten-  induce LTD in our slices, place cell firing patterns do not to
tial recordings and an artificial induction protocol in which 900  engage these mechanisms.
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Figure4. Removal of short interval spike pairs from place cell activity patterns prevents LTP induction. 4, Cross-correlation histogram (10 ms bins) for cells 1, and 1 after removal of spikes from
cell 15 that occurred up to 100 ms after aspike in cell 1,. B, Removal of spikes from cell 1; prevented the induction of LTP in the presence of carbachol (CCh) (control path, 137 == 28%; test path, 88 =
20%; n = 10 cells; p > 0.05). Right, Change in EPSC amplitude for the control and test pathways in each experiment.

Overlapping place cell pairs are required for the induction of sion during the induction period. The presence of carbachol dur-
synaptic plasticity ing induction delays the appearance of the synaptic strength in-
A corollary of the model by which LTP allows synapses between  crease (see Figs. 2D,E, 3B,D,F, 5F) in both test and control
place cells to store spatial information (Muller et al., 1996) isthat ~ pathways. This was revealed by renormalizing the test pathway
temporal patterns from place cell pairs with spatially separated  increase to the control pathway, which showed an abrupt increase
firing fields should be unable to induce LTP. To test this, we used  in the renormalized test pathway in the majority of experiments
a third place cell (1), recorded simultaneously with cells 1, and ~ immediately after the induction period (data not shown). The
1, whose field was far from the others. Cross-correlation analysis ~ presence of carbachol therefore precludes accurate estimation of
confirmed the disjoint firing of cells 1, and 1, (Fig. 5A). Stimu-  the time course of LTP expression, and so we sought circum-
lation with pair 1, ¢ in the presence of carbachol induced no  stances that allowed direct monitoring during the induction pe-
long-term synaptic plasticity (Fig. 5B), showing that the near-  riod. We found that substituting cesium for potassium in the
coincident activity present in the firing patterns of overlapping  perforated-patch electrode solution enabled expression of place
place cells is required for LTP. Furthermore, because 1, is the  cell LTP, the appearance of which was detectable during the in-
same presynaptic cell that caused robust LTP when paired with ~ duction period. Consistent with the carbachol experiments, in-
1, this experiment also indicates that a particular presynaptic ~ duction with the place cell pair 1; , using this recording condi-
activity pattern alone is insufficient for induction of LTP. tion produced robust LTP (Fig. 6 A), whereas induction with the
So far, all the cell pairs tested either had highly overlappingor ~ nonoverlapping place cell pair 15 - produced no long-term syn-
very spatially separated firing fields. We therefore studied two  aptic plasticity as expected (Fig. 6 B). When EPSPs were moni-
additional place cell pairs, with differing degrees of firing field  tored during the 1, , induction period, a progressive amplitude
spatial separation in between these two extremes. One pair had  increase was seen (Fig. 6C), on average from 1.2 = 0.5t0 4.3 = 0.9
adjacent fields but exhibited very little overlap (cells 2 ;). Asa ~ mV (n = 10 cells) (Fig. 6 D). The time course of the increase in EPSP
consequence, there were very few spike pairs in close temporal — amplitude was well fit by a single exponential with a time constant of
proximity (Fig. 5C); induction with this cell pair did not produce ~ 2.74 min (Fig. 6 D), demonstrating that the potentiation reached a
LTP despite the presence of carbachol (Fig. 5D). A second place ~ maximum within a few minutes. Interestingly, the time required for
cell pair (cells 3, 3) had partially overlapping fields, yielding  this place cell firing-induced LTP to be fully expressed is similar to
many spikes in close temporal proximity (Fig. 5E), and this cell  the length of time rats typically take to explore a small novel envi-
pair induced LTP (376 = 78%; n = 7 cells) (Fig. 5F). If the  ronment (Buzsaki, 2005; Lever et al., 2006) and to the time course
synaptic connection strength between a place cell pair reflects the ~ over which NMDAR-dependent firing field expansion occurs dur-
proximity of the firing fields (Muller et al., 1996), the amount of ~ ing running on a closed track (Mehta et al., 2000).
LTP induced by the pair should be related to the amount of . .
overlap of the firing fields. However, the precise nature of the ~ Discussion
strength—separation relationship is not critical as long as strength ~ There is a general belief that NMDAR-dependent LTP plays an
increases with firing field overlap (Muller et al., 1996). To gain  essential role in hippocampus-based memory (Martin et al.,
insight into this relationship, we plotted the magnitude of LTP ~ 2000; Nakazawa et al., 2004). Our studies are aimed at under-
induced by the place cell pairs relative to the degree of overlap ~ standing a key aspect of this relationship, the specific conse-
of their firing fields. As shown in Figure 5G, synaptic strength ~ quences of connecting place cells with LTP-modifiable synapses.
increase was steeply dependent on the degree of overlap of the ~ The central observation is that place cell firing patterns from pairs
place pair firing fields, and maximal LTP was induced by the = of cells with overlapping fields can induce robust NMDAR-
place cell fields expressing an overlap index of 0.4 or greater  dependent LTP, whereas activity from pairs of cells with non-

with the cutoff between 0.2 and 0.4. overlapping fields or from single place cells alone does not induce
LTP. We also show that the ability to induce LTP requires cho-
LTP induced by place cell firing patterns is rapidly expressed linergic tone indicating that specific behavioral conditions, those

LTP induced by artificial protocols is typically expressed withina  associated with increased cholinergic tone in the hippocampus
few minutes. To determine whether place cell-induced LTP has  such as exploration and locomotion, are required for the induction
similar kinetics, we investigated the time course of LTP expres-  of LTP between place cells in vivo. Finally, our data indicate that,
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Figure5.  The degree of firing field overlap required for the induction of LTP. A, The cross-correlation histogram for the nonoverlapping firing fields of cell pair 1, - (100 ms bins). B, No long-term
synaptic plasticity occurs after stimulation according to the nonoverlapping pair 1, - in the presence of carbachol (CCh) (control path, 140 = 22%; test path, 121 = 13%; n = 8 cells; p > 0.05). Inset,
The two firing field representations; note the lack of overlap in the firing fields. Right, Change in EPSC amplitude for each pathway in each experiment. C, The (Figure legend continues.)
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duction in the hippocampus above and be-
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yond the modulatory role reported
previously (Ovsepian et al., 2004; Shinoe et
al., 2005). It is thought that cholinergic en-
hancement of LTP involves muscarinic re-
ceptors (Ovsepian et al., 2004; Shinoe et
al., 2005), leading to either an increase in
membrane excitability (Ben-Ari et al,
1981) or the enhancement of NMDAR-
mediated transmission (Markram and Se-
gal, 1990). Our results suggest that an in-
crease in membrane excitability via the
suppression of a potassium conductance is
the most likely mechanism because adding
cesium ions to the intracellular solution

Figure 6.

<«

(Figure legend continued.) cross-correlation histogram for the adjacent firing fields of cell pair
2¢; (100 ms bins). D, No long-term synaptic plasticity occurs after stimulation according to the
adjacent pair 2;  in the presence of carbachol (control path, 126 == 33%; test path, 144 = 44%;
n = 9 cells; p > 0.05). Inset, The two firing field representations; note the adjacent nature of
the firing fields. Right, Change in EPSC amplitude for each pathway in each experiment. E,
Cross-correlation histogram for a place cell pair with partially overlapping fields (3, ) (10 ms
bins). F, Replay of activity from pair 3, 5 in the presence of carbachol induces LTP (control path,
197 == 35%; test path, 376 == 78%; n = 7 cells; p << 0.05). Inset, Firing rate maps showing the
two firing fields. Right, Change in EPSC amplitude for each pathway in each experiment. *p <<
0.05. G, Overlap of firing field pairs is required for LTP induction. Each pair used in this study is
plotted illustrating the average amount of LTP induced in the test pathway versus the degree of
firing field overlap calculated as the overlap index.
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Measuring the time constant of LTP induction during stimulation by activity from place cells with overlapping fields.
A, Substituting cesium for potassium ions in the recording pipette permits LTP induction by stimulation from overlapping cell pair
1g 2 in the absence of carbachol (control path, 109 = 23%; test path, 669 = 196% test; n = 7 cells; p << 0.05). Inset, Firing rate
maps showing the similarity of the two firing fields. Middle, Averaged traces of EPSCs recorded before and after the replayed
activity for test and control pathways from a single experiment. Right, Change in EPSC amplitude for each pathway in each
experiment. *p << 0.05. B, Substituting cesium for potassium ions in the recording pipette did not result in pathway specific
synaptic LTP for the nonoverlapping firing fields 15 . in the absence of carbachol (control path, 151 % 26%; test path, 97 = 30%;
n = 6 cells; p > 0.05). Middle, Averaged traces of EPSCs recorded before and after the replayed activity for test and control
pathways in a single experiment. Right, Change in EPSC amplitude for each pathway in each experiment. C, Example experiment
showing the EPSP amplitudes elicited by each axonal stimulation during the 16 min LTP induction period for cell pair 15 ,. Above
are example EPSPs taken during the first minute (left) and after 15 min (right). D, Average data from 10 experiments as shown in
(. The single-exponential fit (red line) has a time constant of 2.74 min.

mimicked the permissive effect of carbachol on LTP. However,
we cannot rule out additional direct effects of muscarinic recep-
tor activation on NMDA receptors. In addition, the present ex-
periments do not address whether other neuromodulators can
also gate place cell firing-induced LTP (Seol et al., 2007). How-
ever, acetylcholine release in the hippocampus is associated with
exploration and enhanced spatial learning, indicating that cho-
linergic modulation of LTP associated with place cell firing is
most physiologically relevant for generation of the spatial map.

Properties of place cell firing-induced LTP
Our observations on the properties of place cell firing-induced
LTP conform to many expectations based on artificial LTP in-
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duction protocols (Malenka and Bear, 2004). Place cell firing-
induced LTP is NMDAR dependent, requires near-coincident
presynaptic and postsynaptic activity, and is input specific. Inter-
estingly, the magnitude of the induced potentiation (approxi-
mately threefold to fourfold) is considerably greater than the LTP
typically induced by artificial induction protocols (Kauer et al.,
1988; Bashir et al., 1993; Zamanillo et al., 1999), suggesting that in
vivo place cell firing patterns may optimally drive LTP induction
mechanisms.

The overlapping place cell pair firing patterns used to induce
LTP exhibit differences in the relative timing of action potentials,
between cell pairs and within the cells in the same pair. Despite
these spike timing differences, robust LTP of a similar magnitude
was induced by the firing patterns of all five overlapping pairs
tested. Moreover, presynaptic/postsynaptic switching of a given
cell pair, such that the temporal order of spikes is reversed, still
yielded robust LTP rather than reversing the sign of plasticity to
produce LTD, an outcome contrary to predictions based on pop-
ular simple STDP models for synaptic plasticity (Song et al., 2000,
Froemke et al., 2006) but in broad agreement with other recent
hippocampal studies using artificial induction protocols (Wit-
tenberg and Wang, 2006; Buchanan and Mellor, 2007). However,
we note that place cell firing patterns do not appear to induce
LTD, although they may contain appropriate presynaptic and
postsynaptic spike intervals according to STDP rules. LTD can
also be readily induced with artificial protocols; however, our
findings suggest that LTD does not play a role in storing distance
information for pairs of established place cells.

Place cell LTP and a graph-based hippocampal spatial map
The empirical finding that LTP is induced by paired place cell
firing is an important component for theories of how the hip-
pocampus enables spatial navigation. We emphasize, however,
that this finding also supports the idea that a specific item of
information, a real-world distance, can be stored in an individual
plastic synapse that connects a pair of place cells. A network
recurrently connected by such synapses can be shown to contain
enough information to find optimal paths in open space, to com-
pute detours, and take shortcuts (Muller et al., 1996). Indeed,
such a network is able, in principle, to function as the kind of
neural representation envisaged by the cognitive mapping theory
(O’Keefe and Nadel, 1978). The present results show how a to-
pological map might be formed in a novel environment if the
location-specific discharge of place cells is rapidly initiated, as is
believed to be the case (Hill, 1978; Wilson and McNaughton,
1993). An important feature of the graph-based representation is
that its ability to compute optimal paths is mostly insensitive to
the exact relationship between distance in the environment and
synaptic strength as long as strength decreases with distance
(Muller et al., 1996). Thus, our findings fully support the graph-
based model because place cell pairs with separate nonoverlap-
ping firing fields produce no synaptic modification, whereas
pairs with overlapping fields produce LTP whose strength in-
creases very rapidly with the degree of overlap. However, it is
important to note that the proposed storage scheme is also fully
compatible with the idea that the hippocampal map-like repre-
sentation is based on attractor dynamics such that discharge by
place cells with neighboring fields is mutually, reinforcing but
discharge by cells with separated fields is mutually inhibitory
(Samsonovich and McNaughton, 1997).

The apparent independence of place cell-induced plasticity
from the temporal direction of presynaptic and postsynaptic in-
tervals (as required for STDP) has important implications for the
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kind of representation that can be supported by place cells con-
nected by LTP-modifiable synapses. If the temporal order of pre-
synaptic and postsynaptic intervals is irrelevant, synapses can
encode environmental distance, whereas if strength changes ac-
cording to STDP-like rules, it instead encodes the path that con-
nects the firing fields of two place cells. In the latter case, the
network can represent paths from anywhere to a fixed goal (Blum
and Abbott, 1996), but extra properties are required to represent the
optimal path from anywhere to anywhere else (Gerstner and Abbott,
1997), as is desirable in a true map-like neural structure. Thus, the
missing requirement for precise spike timing for inducing place cell
LTP indicates that LTP may encode distance and not path between
place cell firing fields so that no additional properties are needed to
enable efficient spatial navigation (Muller et al., 1996).

Behavioral consequences

The behavioral consequences of our findings can be analyzed for
two cases. In a familiar environment, CA3—CA1 (and presumably
CA3-CA3) synaptic strength can change during exploration, al-
lowing stored information to be rapidly updated if, for example,
objects are added to or removed from the environment (Rivard et
al., 2004). The spatial map is modifiable in such a way because its
constituent plastic synapses are exposed to temporal firing pat-
terns that reflect the local connectivity of space. In a novel envi-
ronment in which place cell fields are generated very rapidly,
synaptic strengths are adjusted during exploration according to
the distance between presynaptic and postsynaptic cell firing
fields until the strengths reach their steady state. This is consistent
with the observation that new place cell activity can be initiated
and new spatial memory acquired during blockade of NMDARs,
although both are labile, suggesting that such NMDAR-
dependent plasticity is required to stabilize a place cell-based map
(Muller et al., 1996; Kentros et al., 1998; Buzsaki, 2005; Mc-
Donald et al., 2005; O’Neill et al., 2008). These considerations
suggest that NMDAR-based LTP is responsible for permanently
establishing synaptic weights in the hippocampus for a stable
map.
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