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Goal-Related Activity in Hippocampal Place Cells
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Place cells are hippocampal neurons whose discharge is strongly related to a rat’s location in its environment. The existence of place cells
hasled to the proposal that they are part of an integrated neural system dedicated to spatial navigation, an idea supported by the discovery
of strong relationships between place cell activity and spatial problem solving. To further understand such relationships, we examined
the discharge of place cells recorded while rats solved a place navigation task. We report that, in addition to having widely distributed
firing fields, place cells also discharge selectively while the hungry rat waits in an unmarked goal location to release a food pellet. Such
firing is not duplicated in other locations outside the main firing field even when the rat’s behavior is constrained to be extremely similar
to the behavior at the goal. We therefore propose that place cells provide both a geometric representation of the current environment and
a reflection of the rat’s expectancy that it is located correctly at the goal. This on-line feedback about a critical aspect of navigational
performance is proposed to be signaled by the synchronous activity of the large fraction of place cells active at the goal. In combination
with other (prefrontal) cells that provide coarse encoding of goal location, hippocampal place cells may therefore participate in a neural

network allowing the rat to plan accurate trajectories in space.
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Introduction

Place cells are hippocampal neurons whose discharge is strongly
related to a rat’s location in the environment (O’Keefe and
Dostrovsky, 1971). Each place cell discharges only when the ani-
mal is in a cell-specific, stable region called its “firing field,” and is
usually silent elsewhere in the environment. Firing fields are dis-
tributed over the whole surface of the apparatus explored by the
rat (Muller, 1996) so that it is possible to reconstruct the rat’s
path with fair precision, knowing just the instantaneous firing for
small numbers of simultaneously recorded cells (Wilson and Mc-
Naughton, 1993; Brown et al., 1998). In other words, place cells
continuously signal the rat’s location within its current environ-
ment. This information appears to be used by the rat during
navigation performance as inducing a mismatch between the en-
vironment and the hippocampal representation of the environ-
ment disrupts the rat’s behavior (O’Keefe and Speakman, 1987;
Lenck-Santini et al., 2001, 2005) (but see Huxter et al., 2001;
Jeffery et al., 2003).
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In recent work, place cells were recorded while rats performed
a place navigation task in which they had to enter an unmarked
circular goal zone in a cylindrical environment to release a food
pellet from an overhead dispenser (Lenck-Santini et al., 2002).
Although the main purpose was to determine how navigation
performance depended on the mismatch between the environ-
ment and its hippocampal representation, an ancillary observa-
tion was that many place cells discharged a few spikes when the
rat was at the goal location rather than in the primary firing field.
There is currently no agreement about whether goal location
significantly influences place cell activity. For example, firing
fields do not tend to occur in higher numbers near goal locations
(Lenck-Santini et al., 2001, 2002) and do not seem to undergo
systematic changes when the goal is moved (Speakman and
O’Keefe, 1990; Trullier et al., 1999; Lenck-Santini et al., 2001). In
contrast, there have been several reports that firing fields occur in
excess at goal locations (Gothard et al., 1996; Hollup et al., 2001;
Holscher et al., 2003; Kobayashi et al., 2003).

Given the major theoretical importance of this issue, we were
interested in whether goal-related firing of place cells could be
clearly documented. Accordingly, a detailed analysis of existing
data (Lenck-Santini et al., 2002) was undertaken to compare dis-
charge observed at the goal location with the discharge expected
from the overall spatial firing properties of each cell. We found
that place cells provide a consistent signal when the rat is at the
goal. In a new, follow-up experiment, we found that sharp waves
hardly ever occur at the goal in our conditions, suggesting that
goal firing is not caused by the increased cell excitability associ-
ated with sharp waves. Because we saw no consistent decrease of
interneuron firing at the goal, the elevated goal discharge is not
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likely attributable to global disinhibition. We therefore suggest
that place cells provide rats with information about the success of
navigation in addition to signaling location at the main fields.

Materials and Methods

We provide only a brief description of the general methods here because
the details are given in Lenck-Santini et al. (2002). In contrast, the spe-
cific data analyses aimed at measuring place cell discharge at the goal
location, detecting large irregular activity (LIA)-associated sharp waves,
and assessing EEG states are fully described.

Subjects

Long—Evans black hooded male rats (R. Janvier, St.-Berthevin, France)
weighing 300-350 g were housed one per cage at 20 = 2°C, under natural
lighting conditions. They had free access to water and were food deprived
to 85% of ad libitum body weight. All procedures complied with both
U.S. and French institutional guidelines.

Apparatus

The apparatus was a gray cylinder (76 cm diameter, 50 cm high) with a
plastic floor that was wiped with alcohol before each session to prevent
accumulation of uncontrolled odors. The cylinder was at the center of an
evenly lit area surrounded by opaque circular curtains (2.5 m diameter,
2.5m high). A white card attached to the wall of the cylinder covered 100°
of internal arc. When activated, a food dispenser 2 m above the cylinder
dropped 20 mg food pellets on the apparatus floor. A radio fixed to the
ceiling above the cylinder was used to mask uncontrolled directional
sounds. The unit recording system and equipment for controlling the
experiment were in an adjacent room.

Behavioral procedures

Behavioral training started 6 weeks before electrode implantation. After 2
weeks of daily handling, rats were trained to retrieve 20 mg food pellets
scattered on the apparatus floor (one 16 min session for 3 d), at which
time they readily went everywhere in the cylinder. Rats were then taught
the place preference task (Rossier et al., 2000) in which they were re-
quired to enter an unmarked circumscribed zone and stay there for at
least 2 s at which time the overhead dispenser was triggered to release a
single 20 mg pellet. The occurrence of a correct trial was recorded as the
time stamp of the event. Because the pellet could go anywhere in the
cylinder, the rat had to forage over the entire area to find it. A second time
stamp was manually entered into the recording file at the time when the
rat was observed to find the food. To trigger the release of another pellet,
the rat had to spend at least 3 s outside the goal zone before it could be
reentered. Because reward was broadly distributed over the whole cylin-
der, it was possible to disentangle the reward value of places from the goal
value of the goal zone: any excess firing observed in the zone could not be
the direct consequence of food reward because eating could occur
anywhere.

To get rats to perform reliably, training was done in three steps broken
into 16 min sessions. In step 1, the feeder was activated each time the rat
entered an 18 cm radius circle. In step 2, the rat had to stay inside the goal
zone for 2 s before a pellet was released. In step 3, the radius of the goal
zone was reduced by 1 cm per day to a final radius of 10 cm (see Fig. 1 A).
At the completion of training, a well trained rat made approximately two
correct responses per minute on average. In a second version of the task,
the goal zone was directly indicated by a 10 cm radius black metal disc put
on the cylinder floor (“cue task”), which was moved to a different loca-
tion in a pseudorandom manner between sessions (Lenck-Santini et al.,
2002). Duringall phases of training, the release zone was coextensive with
the metal disk, so that across sessions no information about the drop
zone location was provided by either the stimulus card or by any uncon-
trolled cues fixed in the environment. Training in the cue task was con-
ducted in two steps. In step 1, the feeder was activated each time the rat
visited the goal disk. In step 2, the rat was trained to stay in the disk for at
least 2 s to release a pellet.

Electrode implantation and recording methods
At the end of training, a drivable bundle of 10 formvar-insulated 25 wm
nichrome electrodes (Kubie, 1984) was surgically implanted under gen-
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eral anesthesia (pentobarbital, 40 mg/kg, i.p.). The tips of the electrode
bundle were implanted above the dorsal hippocampus (3.8 mm poste-
rior, 3.0 mm lateral to bregma, 1.5 mm dorsoventral to dura) (Paxinos
and Watson, 1986). Beginning 1 week after surgery, the activity from
each microwire was screened daily while the rat underwent additional
place preference task sessions. If no waveform of sufficient amplitude was
found, the electrodes were lowered 25-50 wm. A period of several hours
(usually 24 h) elapsed between successive screening sessions conducted
in the same rat so as to guarantee electrode stability. Once a unit was
isolated, it was recorded for a 16 min session. Screening and recording
were done with a cable attached at one end to a commutator that allowed
the rat to turn freely. The other end of the cable was connected to the rat
headstage, which contained a field effect transistor amplifier for each
wire, and two light-emitting diodes (LEDs) for tracking the rat’s head
position and direction. The signals from each electrode wire were further
amplified (gain, 10,000), bandpass filtered (0.3-10 kHz), digitized (32
kHz), and stored by a Datawave Discovery system (Longmont, CO).
Before a recording session, spike discharges were separated using Data-
wave on-line clustering software to simplify later off-line separation. The
two LEDs were independently tracked with an overhead television cam-
era connected to a digital spot follower. Each LED was detected in a grid
of square regions (pixels), permitting a resolution of 6° for head direction
and 2.5 cm for head position.

Data presentation and analysis

Unit discrimination. The first step in off-line analyses was to refine
boundaries for waveform clusters that were defined before recording.
Candidate waveforms were discriminated using Datawave off-line sort-
ing software, which allows waveform separation based on at most eight
features. Such features usually include spike amplitude, spike duration,
maximum and minimum spike voltage, and the time of occurrence of
maximum and minimum spike voltages. It was also possible to discrim-
inate according to the voltage at experimenter-defined times of the wave-
forms. Waveforms were then processed with Plexon (Dallas, TX) off-line
sorter to refine cluster boundaries, remove outlier waveforms, and cal-
culate sorting statistics and autocorrelation functions. Interspike interval
histograms were built for each unit and the whole unit was removed from
analysis if the histogram revealed the existence of interspike intervals <2
ms (refractory period), inconsistent with good isolation. Only wave-
forms of sufficient amplitude (>100 wV) were further analyzed. Across
all cells analyzed in the study (both pyramidal cells and interneurons),
the mean spike height (from baseline to peak) was 200 = 8 uV (range,
106—558 wV) yielding a mean signal-to-noise ratio >6 given background
noise level (~30 wV). The mean spike amplitude (from peak to trough)
ofanalyzed cells was 294 = 12 uV (range, 140—688 V). Finally, accurate
unit isolation was confirmed by direct inspection of positional firing rate
maps.

Analyses of spatial firing. Once single units were well separated, auto-
scaled color-coded firing rate maps were created to visualize firing rate
distributions (Muller et al., 1987). In such maps, pixels in which no
spikes occurred during the whole session are displayed as yellow. The
highest firing rate is coded as purple, and intermediate rates are shown as
orange, red, green, and blue pixels from low to high. A firing field was
defined as a set of at least nine contiguous pixels with firing rate above
grand mean rate. The location of the field centroid was calculated as in
Fenton et al. (2000).

Analyses of motor correlates. Locomotion in the goal zone was unavoid-
ably associated with low walking speeds because the task required the rat
to stop for 2 s. Thus, excess goal zone activity could occur if cell discharge
were greater for slower speeds. This possibility cannot, however, be ana-
lyzed simply by determining the correlation between walking speed and
cellular firing rate because spurious correlations of either sign can be
obtained depending on the location of the main firing field. We therefore
used a method that identified all episodes of slow walking outside the
main firing field and outside the goal zone. We then compared the firing
rate during such episodes to the rate at the goal location during correct
responses. To extract slow-walking episodes, the rat’s speed was mea-
sured for 500 ms intervals such that the rat spent no time in the main
firing field. The sample was put in the data set if the rat’s speed was inside
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the speed range seen while the rat was in the goal circle during a correct
response (usually <3 cm/s). The total time and the corresponding total
number of spikes in slow-walking episodes were accumulated for the
session duration, and the mean rate for slow-walking episodes (total
number of spikes divided by the total time) was compared with the mean
firing rate for slow-walking episodes during the 2 s goal intervals over all
correct responses.

Perievent time histograms. For each place cell, comparisons were made
of discharge relative to correct responses in two ways. First, raster plots of
firing activity were made for the 2 s before the rat entered the goal zone
(“before”), the required 2 s in the goal zone that triggered pellet release
(“during”), and the 2 s after pellet release (“after”). Second, each of the
three rasters was accumulated to produce a corresponding perievent time
histogram (PETH). To obtain more reliable, system-wide estimates of
activity changes, we also looked at the activity of cell ensembles. We first
normalized the PETH for each cell by dividing its rate in each bin by the
grand average rate. The normalized rate in each bin was then averaged
across all simultaneously recorded cells.

Identification of EEG states. To examine hippocampal EEG during the
2 s goal period, three additional rats were trained in the place preference
task using the same behavioral procedures as described (see above, Be-
havioral procedures). Once a criterion of ~2 correct responses per min
was reached, rats were implanted with recording electrodes as described
(see above, Electrode implantation and recording methods). Screening
the activity from each microwire began 1 week after surgery, while rats
underwent additional place preference task sessions. Once a unit or set of
units was isolated, it was recorded for a 16 min session. Unit discrimina-
tion was done off-line using the methods described (see above, Unit
discrimination). Along with unit data, hippocampal CA1 pyramidal EEG
(filtered between 0.1 and 500 Hz) was simultaneously recorded from two
electrodes. Two methods were used to identify sharp waves. Because they
are associated with ripples (transient 100—400 Hz events), we first looked
for evidence of high-frequency events by calculating EEG power spectral
densities (PSDs) for both the whole 16 min session and for the pooled 2 s
bouts associated with correct responses. Fast Fourier transforms were
computed using Hann windowing and PSDs analyzed in more detail in
the ripple band (100-200 Hz). PSD slopes in the ripple band range were
always negative indicating reduced power with increasing frequency. To
examine high-frequency power during correct responses relative to the
whole session, we compared PSD slopes for the two period types. A
second analysis examined the possible occurrence of ripples on a trial-
by-trial basis. We first filtered the EEG in the ripple band during each 2 s
goal period and computed an average trace across all trials of a session.
We then asked if each trial-specific trace crossed a threshold 5 SDs above
the averaged trace. In cases in which the threshold was exceeded, the
occurrence of a ripple was confirmed or rejected by visual inspection of
the original trace. A similar analysis was done around the time at which a
rat found food after a correct response.

To quantify theta activity, we calculated mean EEG power and peak
frequency in the 4—12 Hz theta band separately for the 2 s preceding goal
arrival and the 2 s goal period. We also conducted a more detailed anal-
ysis of possible changes of mean event-related power [event-related spec-
tra perturbations (ERSPs)] in the theta band for the same periods using
EEGLAB (Delorme and Makeig, 2004). Briefly, the baseline spectrum
was calculated for the 2 s period before each goal arrival. Calculating the
ERSP requires computing the power spectrum over a sliding latency
window (using wavelet analysis; cycles, 3). Baseline-normalized response
transforms for all trials within a session were then averaged to produce an
average ERSP (Makeig, 1993). Significance of deviations from baseline
power during 2 s goal periods (indicating significant changes in EEG
state) was assessed using a bootstrap method ( p < 0.01).

Results

General observations

Data were initially obtained from five rats trained on the place
preference task. Each rat performed the place preference task
reliably during a total of 37 recording sessions. On average, rats
made 32.4 *= 1.0 correct responses per 16 min session, a level
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similar to previous reports (Rossier et al., 2000; Hok et al., 2005).
Furthermore, the number of correct entries into the goal zone
(2.03 = 0.06 entries/min) was much greater than into a symmet-
rically located control zone in the opposite quadrant (0.2 * 0.03
entries/min; ¢3¢, = 13.2; p << 0.0001). Direct observation of rats’
behavior during correct pauses at the goal zone revealed that they
were simply staying still and not displaying any consistent overt
behavior. Thus, correct responses were not associated with rear-
ing or other characteristic behaviors such as circling or head-
elevated posture. Correct trials were always followed by a forag-
ing episode during which the rat explored the arena to find the
released food pellet. Once food had been found and eaten, rats
usually returned immediately to the goal zone to trigger another
pellet release. Thus, the task required the rat to make target-
directed movements to the unmarked goal while preserving the
undirected foraging behavior necessary for sampling place cell
activity everywhere in the apparatus.

Spatial analysis of pyramidal cell firing

We analyzed the activity of 174 pyramidal (complex-spike) cells
recorded during the 37 sessions for an average of 4.7 cells per
session. Of the total sample, 22 cells were “silent”; they discharged
only a few spikes in a session and did not have a firing field
according to our criteria. The sporadic firing of these silent cells
often appeared to be concentrated in the target zone, but their
properties were not further characterized.

The remaining 152 cells were place cells with clear spatially
selective firing. Their fields were well delimited and stable within
arecording session. We determined the spatial firing field distri-
bution of the main 152 cell sample by calculating the centroid of
the positional firing pattern of each cell. The plot of centroid
locations on a diagram of the apparatus (Fig. 1 B) suggests that
firing fields were widely distributed in the cylinder, although they
were more numerous at the edge of the apparatus than in the
center (Wiener et al., 1989). When each field centroid was as-
signed to one of six equally sized sectors, the number of fields in
each was not different from a random distribution (y? = 1.48;
dl = 5; NS) so that their radial distribution did not overrepresent
the goal sector.

The spatial firing distributions of 12 example cells whose fields
did not encroach on the goal zone are shown in Figure 1C. Each
example illustrates the basic phenomenon reported here, namely
that place cells often fire what appears to be an excess number of
spikes in the vicinity of the goal location in addition to their
characteristic firing field. For some cells, this excess appeared as a
distinct, “secondary” field in firing rate maps. Clear examples of
goal-related firing were seen for both very well isolated cells (with
the largest spikes) and cells with smaller spikes (values given in
Fig. 1). Of the 152 cells, the main field of 71 encroached on the
goal zone to an extent that a separate goal field could not be
distinguished. Based on visual inspection of the firing rate maps
of the remaining 81 cells, we found that 68 (84%) had a clear
secondary active region firing in the goal zone. For these 68 cells,
out-of-field firing in the goal zone was significantly greater than
elsewhere in the apparatus [0.42 = 0.2 vs 0.27 £ 0.01 action
potential (AP)/s; t;, = 5.14; p << 0.0001]. We also compared
out-of-field firing in the goal zone and in an equal area control
zone at a different place in the apparatus an equal distance from
the wall. When all cells whose fields did not encroach on the goal
zone were considered (n = 81), the out-of-field firing in the goal
zone (0.39 *+ 0.02 AP/s) was well above out-of-field firing (0.19 =
0.02 AP/s) in the control zone comparison (fgy) = 5.99; p <<
0.0001).
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(A) Behavioral task

(B) Distribution of field centroids

(D) Decomposition of a firing rate map into behavioral episodes

" -

Navigation Foraging

Whole session

Figure 1. A, Sketch of the place preference task. The rat must enter an unmarked goal zone to release a food pellet from an
overhead feeder. To find and eat a food pellet, the rat has to forage around the cylinder. The black dot shows the start of a
navigational path originating perhaps at the location where a previously released food pellet was found. The solid line shows the
path taken to the goal zone (black circle) where the rat must stay for 2 s to release a pellet. The dashed line shows the foraging path
taken after pellet release; it ends at the white dot where the rat finds the pellet. B, Distribution of the centroids of place cell firing
fields in the cylinder. The goal zone is shown as a gray disk. C, Firing rate maps for 12 example place cells with putative excess
discharge in the goal zone. Each firing rate map was generated using data from the entire recording session. In all maps, yellow
indicates no firing and purple indicates maximum firing (orange, red, green, and blue indicate intermediate firing rates from low
tohigh). Median firing rates for purple pixels and mean spike amplitudes are as follows: cell 1,10.3 AP/s (196 wV); cell 2, 16.3 AP/s
(154 wV); cell 3, 6.0 AP/s (242 V); cell 4, 12.8 AP/s (162 wV); cell 5, 13.3 AP/s (242 uV); cell 6, 14.7 AP/s (185 wV); cell 7,39.1
AP/s (546 uV); cell 8,20.4 AP/s (569 uV); cell 9,22.5 AP/s (150 pV); cell 10,30.3 AP/s (162 wV); cell 11,13.7 AP/s (173 wV); cell
12,21.9 AP/s (212 V). D, Firing rate map for an entire session of a place cell (left) separated into navigation episodes (middle)
and foraging episodes (right). Navigation maps for a session were based on accumulated 4 s intervals from before pellet release;
these included 2 s of navigation to the zone and 2 s in the zone. Foraging maps were constructed from remaining data samples of
the same session. Median firing rates for purple pixels were 12.8 AP/s.
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Is this excess goal firing specific to per-
formance of the task or does it happen also
during foraging in the cylinder? To address
this issue, we analyzed cell discharge dur-
ing “navigation” and “foraging” episodes
for cells whose fields did not encroach on
the goal zone. A navigation episode was
defined as the 4 s period that immediately
preceded a correct response and that
ended with a reward being released by the
food dispenser. The rat was otherwise con-
sidered to be foraging, with the additional
constraint that its speed (measured over
500 ms intervals) was above the mean
speed during that session, guaranteeing
that it was not attempting unsuccessfully
to get a pellet. Visual inspection of firing
rate maps for the two episode types (Fig.
1D) revealed that excess firing was seen
only during navigation episodes for 66 of
the 68 cells (97%) whose primary field was
well away from the goal zone.

Behavioral analyses of goal-related place
cell firing

A difficulty with the preceding analysis is
that rats learned to stay in the goal zone
continuously for 2 s to release a reward so
that the excess discharge was unavoidably
associated with slow walking or immobil-
ity. We examined this possibility by com-
paring cell activity during successful slow-
walking episodes in the goal zone to slow-
walking episodes elsewhere in the
apparatus but not in the main firing field
of the cell (see Materials and Methods).
We found that slow-walking discharge was
significantly greater at the goal zone than
elsewhere. This was true ifall 152 cells were
included (1.35 = 0.13 vs 0.56 = 0.05 AP/s;
tsyy = 7.66; p << 0.0001) and also after
including only the 81 cells whose field was
away from the goal zone (0.82 % 0.08 vs
042 = 0.04 AP/s; tg) = 521; p <<
0.0001).

A difficulty in measuring speed over a
500 ms interval is that it is not exactly
matched to the duration of pauses at the
goal. We therefore calculated running
speed during nongoal intervals of 1 or 2s,
although such intervals were relatively
rare. We found that rates for pauses away
from the goal zone of 1 or 2 s were invari-
ably lower than for equal duration pauses
in the goal zone. Numerically, the 81 cells
with fields away from the goal zone fired
more in the goal zone (0.82 = 0.08 AP/s)
than in nongoal locations during both 1's
(0.46 = 0.04 AP/s; tg = 4.53; p <
0.0001; n = 23 samples per session on av-
erage) and 2 s pauses (0.42 = 0.04 AP/s;
tsoy = 4.66; p << 0.0001; n = 7 samples
per session on average). In short, increased
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Figure 2.  Characterization of the spatial and temporal activity of an exemplar place cell. 4,
Firing rate map. The main firing field occupied an arc of ~70° from 3:30 to 5:30 o’clock. There
was also a distinct, secondary firing region at the goal. B, Raster plot. Each row shows 16 s of
data for a “trial” and is aligned to the release of a food pellet at t = 2 s. Each trial starts 10 s
before entry into the goal zone, continues for the 2 s goal period and then for 4 s after food
release. The tick marks along a row indicate the time of an action potential. The vertical lines
(continued in €) show the 2 s goal period. The intense activity bursts in some pregoal periods
occur because the rat happens to navigate toward the goal zone on a path that goes through the
main firing field. €, Perievent histogram. The timescale is the same as for the raster plot. Action
potential activity is accumulated across trials in 200 ms bins. The activity peak in the range from
—7to —3sreflects the tendency of this rat to go through the main firing field of the cell with
the indicated lag before entering the goal zone.

firing at the goal location during correct responses is not attrib-
utable to prolonged stationary behavior because equivalent be-
havior elsewhere was not accompanied by increased firing.

Temporal structure of goal-related firing

How does discharge vary once a rat enters the goal zone? To
address this issue we made raster plots and PETHs of activity for
each cell using feeder operation at the end of a successful 2 s
period stay in the goal zone as the alignment event. In raster plots
and PETHs, ¢t = 0 s is when the rat entered the goal zone and t =
2 sis when the dispenser was activated. Because preliminary anal-
ysis of 16 s intervals starting 10 s before goal zone entry and
terminating 4 s after pellet delivery revealed frequent confound-
ing visits to the main firing field location (Fig. 2), analysis was
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confined to 6 s intervals starting at t = —2 s and ending at 4 s; no
attempt was made to eliminate paths that took the rat through the
main firing field before or after dwell in the goal zone.

This temporal analysis revealed several interesting findings.
First, as expected, the delay period was associated with a clear
increase in cell firing for the great majority of cells. For some cells
(Fig. 3, cells D, G, O), the increases were unreliable from trial to
trial but other cells (Fig. 3, cells C, L, N) showed consistent firing
activity across most, if not all, trials. Second, in many cases, goal
zone discharge did not begin when the rat entered the zone but
rather was delayed by a few hundred milliseconds (Fig. 3, cells B,
D,J,M). Third, goal discharge often decreased at the end of the 2 s
goal period (Fig. 3, cells D, I, J). Finally, a response in many
neurons was evoked by food dispenser activation (Fig. 3, cells F,
G, L).

To further characterize the temporal properties of goal-
related discharge, we made a cumulative PETH for all trials from
all cells after normalizing the activity of each cell separately (Fig.
4 A) (see Materials and Methods). As expected from the examples
of Figure 3, the average pattern seen in Figure 4 is a gradual
activity increase that peaks ~1-1.2 s after goal zone entry and has
a second peak just after reward time (2 s).

This pattern of rate change was confirmed by a nonparametric
analysis that determined the first moment at which the smoothed
PETH for each cell exceeded the half-height of the peak of the
PETH (Gawne et al., 1996; Friedman and Priebe, 1998). As shown
in Figure 4 B, the modal time of rate increase was during the
second half of the delay period.

Is the tendency of firing rate to increase after a second in the
goal zone attributable to a detectable behavior shift? A compari-
son of mean walking speed during the first and second halves of
the 2 s goal interval failed to reveal a significant difference (first
second, 2.92 + 0.33 cm/s; second second, 2.75 * 0.28 cm/s; £,
= 1.03; NS). Dividing the goal interval into 500 ms segments did
not change the conclusion (F(; joq) = 1.06; p = 0.37; NS). We
conclude that the delay of rate increase after entering the goal
zone is unlikely attributable to changes in walking behavior.

Comparison of goal-related firing in place and cue tasks

The importance of the delayed goal zone rate increase in the
hidden goal task is made clear by comparison with goal zone
activity in a related “cue” task. In the cue task, the goal zone was
made apparent by the location of a black metal disk on the cylin-
der floor that was moved in a pseudorandom manner between
sessions (Lenck-Santini et al., 2002). In the cue task, the rat had to
spend 2 s with its head above the disk to release a pellet. Of 87
place cells recorded from five rats performing the cue task, 34 had
clear out-of-field firing at the goal location as seen from firing
rate maps. A cumulative PETH for all cue-task trials from all cells
revealed that peak activity occurred as soon as the rat reached the
goal zone (Fig. 5A). An analysis of the timing of activity changes
relative to the smoothed perievent histogram of each cell (see
above) showed that the change tended to occur when the rat
arrived at the goal zone, although the distribution of peak rate
increase in the goal zone was rather flatly distributed (Fig. 5B). A
X’ test showed that the distributions of peak rate increase were
reliably different for the cue and place navigation tasks (x> =
17.2; df = 5; p < 0.005). Moreover, this difference could not be
explained by differences in the rats’ speed profiles, which were
similar in the two tasks. For each animal, the mean speed was
calculated over 500 ms intervals starting 1 s before and ending 2 s
after the rat reached the goal zone (Fig. 5C). An ANOVA for these
data revealed no effect of task (F, 3y = 1.23; NS). There also was
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Figure 3. Temporal activity of 15 example place cells. Raster plots and PETHs for 15 place cells. In raster plots, each row
summarizes a successful pause in the goal zone trial; small ticks indicate the time of an action potential. The left vertical line s the
time when the rat entered the goal zone and the right vertical line shows the end of the 2 s release period. Perievent histograms
show activity accumulated across trials on the same timescale as the corresponding raster plot. (Figure legend continues.)
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no interaction between speed and task
(F(s.40) = 1.315 NS). We also note that a
high-resolution analysis of speed as a func-
tion of time showed abrupt slowing (rang-
ing from —31 to —75%) 20 ms before the
rat entered the goal zone in both tasks and
for all rats (data not shown).

Analysis of coincident firing in
simultaneously recorded place cells

Are the observed rate increases during the
2 s delay period synchronous, although no
specific sensory event occurs during this
interval? To assess this possibility, we cal-
culated the cross-correlation for cell pairs
at 5.0 ms resolution starting 2 s before goal
zone entry stopping at the end of the 2 s
delay period; the 2 s period after pellet re-
lease was not used because the sound of
food dispenser activation evoked an im-
mediate response from many cells as ex-
pected from the known sensory sensitivity
of hippocampal neurons (Sakurai, 1990,
2002). To be included in the analysis, si-
multaneously recorded place cells had to
have the following: (1) elevated goal-
related firing and (2) spatially separate fir-
ing fields neither of which encroached on
the goal zone. The second criterion guar-
anteed that coactivity could not result
from the great activity in firing fields. Fig-
ure 6 is a color-coded visualization of the
time relationship of firing for one neuron
pair confined to the 2000 ms delay period.
The time lag between spikes in the two cells
is plotted on the y-axis and the magnitude
of the spike coincidence is shown as color.
For this pair, coincidental firing began
~900 ms after the goal zone entry and per-
sisted for ~400 ms. High coincidence was
restricted to lags of approximately =10
ms, indicating that synchronization occurs
only over short intervals.

The conditions for coincidence analysis
stated above were met in two of five rats
from which we obtained 90 cell pairs (rat 1,
69 neuron pairs during eight sessions for a
total of 2253 trials in which spike coinci-
dence was analyzed in pairs of neurons; rat
2,21 neuron pairs, eight sessions for a total
of 682 analyzed trials). In both rats, we
found a highly significant increase of coin-
cident spikes during the delay period (on
average, 1.63 * 0.39 per session) com-
pared with the predelay period (0.71 *
0.25; g9y = 3.64; p < 0.0005; rat 1, f,g5) =
3.0, p <0.002; rat 2, t,0, = 2.06, p < 0.03;
paired tests). We note that this coinci-
dence analysis of place cell pairs only
broadly characterizes relative timing be-
cause of two properties of goal zone dis-
charge. First, cells in the sample had a very
low average discharge rate (0.598 = 0.069
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Figure4. Characteristics of population activity during the goal period. 4, Cumulative PETH
for all place cells recorded from rats tested in the place task (n = 152). The 2 s goal period (0 -2
s) is bracketed by vertical lines (200 ms bins). The activity of each cell was normalized before
summation was done over the sample. Note that the mean peak activity is delayed ~1 s into
the goal period. B, Percentage of cells whose activity showed the greatest increase at different
times during the goal period of the place task. Entry into the goal zone is at t = 0. The delay
suggested in the average of the cumulative PETH is seen here as a sharp rise near the middle of
the goal period.

AP/s; n = 62 cells). Second, feeder activation occurred after the
interval during which synchronization was detected so that there
was no sensory signal either before or during the 2 s goal period
allowing time-locked activity on a trial basis. These features may
cause considerable intertrial variability so that spike synchroni-
zation by the current definition occurred during only in a small
fraction (14.6%) of trials. Nevertheless, the elevated coincidence
during the delay period suggests that the increased discharge of
single pyramidal cells may be associated with elevated network-
wide excitability.

Relationship between goal-related place cell firing and

EEG states

A possible explanation of goal excess activity is that it occurs
during sharp waves/ripples (SWRs) that reflect increased hip-
pocampal excitability (Buzsaki, 1986). SWRs are usually associ-
ated with LIA during quiet alertness, although they also may be
observed during exploratory behavior (O’Neill et al., 2006). To
explore this hypothesis, we examined the hippocampal EEG
along with unit activity in three additional rats well trained in the
place preference task. These rats made an average of 1.8 = 0.1
correct responses per minute in 17 recording sessions, a perfor-
mance level equal to the other rats ( p > 0.05) and well above the
number of 2 s dwells in the opposite control zone (0.4 * 0.1 ¢,
= 6.41; p < 0.0001). Place cells recorded from the second set of
rats had well delimited, stable firing fields and displayed clear
firing increases at the goal zone. In agreement with the initial
results, the cumulative PETH for all place cells recorded from the
second set of rats revealed increase goal zone firing after a delay of
~1 s (Fig. 7A). Thus, the two sets of rats appeared identical in
regard to behavior and place cell properties.

To identify sharp waves, we analyzed high-frequency events
for whole 16 min sessions and for pooled 2 s periods before cor-
rect responses (see Materials and Methods, Identification of EEG
states). We found that PSD negative slopes were consistently

<«

(Figure legend continued.) Although none of the firing fields of the 15 place cells was in the goal
zone, most showed a marked increase of discharge during the goal period. Increases outside the
2sgoal period could have several causes. Usually, such increases occur because the rat traversed
the main firing field of the cell on some trials before or after a correct visit to the goal. For
example, the raster plot of cell J suggests field traversals after correct responses for previous
trials but before correct responses in the final trials of the session. Some cells also responded to
the auditory stimulus associated with activation of the food dispenseratt = 2 s (e.g., cell M).
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Figure 5. A, Cumulative normalized PETH for all place cells in the cue task (n = 87). The 2

goal period (0—2s) is bracketed by vertical lines (200 ms bins). In contrast to the delayed peak
for the hidden goal place task, the histogram for the visible goal cue task shows a peak just after
the rat’s entry into the goal zone. B, Percentage of cells increasing their activity at different
times during the goal period of the cue task. The profile is in great contrast to the equivalent for
the hidden goal task shown in Figure 4B. ¢, Comparison of speed profiles in the hidden and
visible goal tasks at 0.5 s resolution starting 1s before the goal period and continuing to its end.
Goal zone entryis att = 0. Several behavioral features are visible including a marked slowing
of running speed just after goal zone entry, quite similar speeds in the first and second halves of
the goal period, and a near identity of the profiles for the two tasks. Error bars indicate SEM.
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Figure 6. A cross-correlogram showing the number of coincident spikes between two cells
during the 2000 ms goal period. The correlogram was made using sliding windows (300 ms with
a time shift of 150 ms; bin width, 5 ms). The time lag between spikes in the two cells is plotted
on the y-axis, and the magnitude of spike coincidence is shown asindicated by the color scale on
the right. An increase in synchronized discharges was observed ~1000—1200 ms after the rat
entered the goal zone.

steeper (by ~20%) for pooled 2 s goal dwells than for the whole
session, indicating reduced power in the 100200 Hz range dur-
ing correct responses compared with the whole session
(—0.0218 +0.0018 vs —0.0178 *+ 0.0013; £, = 4.28; p < 0.001).
We also made a trial-by-trial inspection of filtered (100—200 Hz)
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Figure 7. A, Cumulative normalized PETH for all place cells (n = 27) recorded from the
second batch of rats tested in the place task. The 2 s goal period (0—2's) is bracketed by vertical
lines (200 ms bins). The histogram shows a peak at the middle of the goal period and has the
same appearance as the first place cell sample (Fig. 4A). B, Left, Relative distribution of the
occurrence of SWRs before and during the goal period. Rat's entry in the goal zone is att = 0.
The overall mean occurrence rate of SWRs was low (0.23 s ~"), and there was a tendency for
ripples to occur at an even lower rate during the 2 s goal period (shown on gray background).
Right, Relative distribution of SWRs before and after food finding; there is a clear increase in the
occurrence of SWRs after food finding. Food finding is at t = 0. C, Filtered hippocampal EEG
showing SWRs after food finding; such striking events would have been easily detected during
goal waiting periods. Calibration, 200 ms. D, Representative examples of the PSD during the 2 s
period preceding arrival to the goal zone before a correct response (black line) and during the
subsequent 2 s goal period (gray line). The PSDs reveal the existence of a peak in the theta band
during both epochs. A downward shift of peak power frequency was observed during the goal
periods of all recorded sessions, suggesting a switch from type | to type Il theta. E, Dynamic
analysis of changes in theta activity. In this representative example, the top trace is the average
unfiltered EEG during one session made up of 32 trials. The middle trace shows average filtered
EEG (4—12 Hz). The bottom trace shows the time course of event-related power perturbations.
Shaded areas show nonsignificant values ( p > 0.01).
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EEG during each 2 s goal period and compared it with the aver-
aged trace across all trials of a session (Lee and Wilson, 2002;
Foster and Wilson, 2006). In none of the 360 correct trials (17
recording sessions) did we observe an increased SWR occurrence.
To address this issue numerically, we plotted the time of observed
ripples relative to the time of entries into the goal zone and to the
time of food finding (see Materials and Methods). We saw no
increase of SWRs after entry into the goal zone (Fig. 7B, left); if
anything, the incidence of SWRs decreased during dwell in the
goal zone, although the decrease from the preceding 2 s interval
only approached reliability (4, = 1.60; NS). In contrast, SWR
occurrence increased reliably immediately after food finding
(during eating) relative to the immediately preceding period
(p < 0.05) (Fig. 7B, right; C). Although the occurrence of SWRs
during eating was expected, their absence during the goal period
seems at odds with previous findings (Foster and Wilson, 2006).
A combination of factors might explain the inconsistency. First,
contrary to the present study, rats consumed reward at the goal
sites in the study by Foster and Wilson (2006). Other factors
could contribute to the observed results, however. These include
greater variability of navigation paths preceding correct goal en-
tries in the present study compared with the path stereotypy in
the linear track in the study by Foster and Wilson (2006), the
short duration (2 s) of each goal period, and the rat’s extensive
experience with the task. An additional factor could be the gen-
eral state of the rat at the goal, because our protocol involved the
rat strongly attending to its spatial location and expecting the
release of a food pellet.

Additional support for the idea the rat is in a “navigational
state” at the goal despite immobility is provided by analyzing the
hippocampal EEG in the theta frequency band (4-12 Hz). To
characterize the occurrence of theta, we examined EEG power
during the 2 s preceding arrival to the goal and the 2 s goal period.
We found that the 2 s goal periods were associated with a signif-
icant drop in power (5 dB on average) (5 = 5.78; p < 0.0001)
at the peak theta frequency (7.77 = 0.06 Hz) seen before goal
arrival. Theta was not, however, abolished because there was still
a strong peak at a slightly lower frequency (7.37 = 0.09 Hz)
during the goal period (Fig. 8 D); the difference in peak frequency
was highly significant (¢, = 4.98; p < 0.001). A more detailed
inspection of ERSPs during the 4 s period preceding activation of
the food dispenser revealed a significant change in theta power in
only 3 of 17 sessions; in these cases, the perturbation occurred
approximately at the middle of the goal period. In the remaining
14 sessions, no perturbation was observed (Fig. 7E). In summary,
goal periods were associated with a small power decrease and a
small downward shift of the dominant theta frequency. Because it
is known that theta frequency increases with running speed
(Slawinska and Kasicki, 1998; Maurer et al., 2005), the lower theta
in the goal period might thus be attributable to an average slower
movement in the goal zone. Another tentative explanation of this
pattern of results is that type I (movement-associated) theta oc-
curred before rats arrived at the goal, whereas type II (still alert-
ness) theta occurred as the rat stayed in the goal zone. Considered
together, therefore, our EEG results suggest that elevated goal
firing is a very different phenomenon than the reverse replay seen
during locomotor pauses on an elevated track (Foster and Wil-
son, 2006). It is especially interesting that the theta rhythm was
always present during goal periods.

Interneuron discharge in the place task
Because the firing rate of interneurons is negatively correlated
with running speed (McNaughton et al., 1983), we asked whether
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(0-25) is bracketed by vertical lines (200 ms bins). Although all interneurons showed marked variations in discharge during the goal period, no consistent across-cell pattern emerged. Cells were
seen whose discharge decreased (e.g., cells A and B), increased (e.g., cell C), or had more complicated, multiphasic patterns of change during the goal period (e.g., cells D and E).

excess place cell firing at the goal could result from decreased
interneuron activity and consequent disinhibition of pyramidal
cell excitatory activity. To assess this simple possibility, we made
perievent time histograms of spike activity for a few interneurons
recorded in the place task, with t = 0 s when the rat entered the
goal zone and t = 2 s when the dispenser was activated (for five
example PETHs, see Fig. 8). Although some interneurons in fact
showed decreased discharge rates during successful pauses at the
goal (Fig. 8, cells A and B), others instead showed increased ac-
tivity at the same time (Fig. 8, cell C), whereas still others showed
complicated biphasic or multiphasic activity pattern changes
(Fig. 8, cell D). This variety of effects is in line with the diversity of
interneuron responses (Jonas et al., 2004) and renders unlikely
the simple idea that increased place cell activity at the goal is
attributable to a general tendency of all interneurons to decrease
activity. We conclude that a proper analysis of the role of inter-
neurons in excess goal firing (and in fact the entire range of place
cell-associated phenomena) must await a means of identifying
the anatomical identity and therefore the connections of the het-
erogeneous interneuron population.

Discussion

The main finding of this study is that place cells recorded during
a hidden goal task generally have distinct although weaker sec-
ondary firing fields at the goal in addition to their characteristic
main firing fields. In agreement with a great deal of early work,
the main firing fields are widely distributed over the cylinder
surface (Muller et al., 1987). Most of the same cells, however, also
fire at a detectably elevated rate in the unmarked region the hun-
gry rat must visit to release a food pellet. Our basic contention is
that the usual location-specific firing and the goal-specific firing
reported here represent two different firing modes. Location-
specific firing conveys an ongoing signal about the rat’s current
whereabouts in the environment; goal-specific firing may be an

internal signal that a decision about arrival at a critical location is
correct.

Previous analyses of firing field distributions in rats during
performance of goal-related tasks have yielded inconsistent re-
sults. Field accumulation at the goal was seen while rats swam in
an annular water maze in which an escape platform could be
raised at a fixed location (Hollup et al., 2001), suggesting that the
hippocampus overrepresents behaviorally significant regions of
space. In a follow-up study, moving the platform to a new loca-
tion induced excess firing at the new location (Fyhn et al., 2002),
but this excess firing vanished rapidly as the rat learned the new
goal. These studies may indicate that a fraction of hippocampal
place cells encode the match/mismatch relationship between
stored and current information about spatial events. Previously,
Deadwyler et al. (1996) made a similar proposal based on an
analysis of the activity of small populations of hippocampal cells
in rats solving a delayed-matching-to-sample task. Finally, Koba-
yashi et al. (2003) recorded place cells from rats trained to take
fixed trajectories to obtain intracranial stimulation rewards at
two specific locations in a cylinder. They found that some cells
changed their firing patterns as the rat learned the task and dis-
played excess firing at the two rewarded locations.

In contrast to these reports of excess place cell field numbers at
goals, we failed to see any such tendency during performance of
the place preference task. This could be a result of dissociating the
fixed pellet release zone from the variable reward site whose po-
sition depends on the bouncing of a pellet. Note, however, that
several studies in which the goal and reward sites were coincident
also failed to see firing field accumulation at the goal (Speakman
and O’Keefe, 1990; Trullier et al., 1999). It is therefore possible
that other tasks properties such as the great importance of goal
location in a water maze may reshape the hippocampal represen-
tation so that fields overrepresent specific places (Hollup et al.,
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2001; Fyhn et al., 2002). It is also possible that field accumulation
at a goal may sometimes instead reflect excess goal firing of silent
cells or with a field elsewhere in space, as seen here.

The excess goal firing of place cells has several interesting
properties. First, it is restricted to pauses long enough to release a
food reward and was not seen when the rat passed through the
goal zone during foraging. Second, excess goal firing is not a
consequence of the tendency of rats to move slowly in the goal
region because slow walking elsewhere in the apparatus (away
from the main firing field) was not accompanied by elevated
firing. Third, we note that excess firing was more intense during
the second half of the 2 s goal period although the running ani-
mal’s speed was constant over the entire 2 s goal period. Thus, we
conclude that, although the running speed influences place cell
activity (McNaughton et al., 1983; Wiener, 1996), it fails to ex-
plain excess firing at the goal in the present study.

The delayed firing rate increase after the rat stopped in the
goal zone is intriguing. Recently, Holscher et al. (2003) recorded
place cell activity as rats solved two versions of the radial arm
maze task; in one version, all eight arms were baited, whereas in
the other only four arms were baited. In both versions, the ani-
mals were left on the maze after all baited arms were visited. In
both versions, many neurons fired more during visits to baited
arms than to never-baited arms (four-baited arm version of the
task) or in arms visited again after the bait had been retrieved
(eight-baited arm version), a result explained in terms of extra
attention or reward expectation on baited arms. Overall, our data
are consistent with Holscher et al. (2003), because we saw excess
discharge when the rat stops in the goal zone, at a time when it
attends to the task and expects a reward. Nevertheless, the tem-
poral pattern of increased discharge at the goal is not what we
would expect if increased attention or reward expectation were
the only underlying processes; the temporal dynamics of such
processes predict a continuous discharge increase during the goal
period, whereas we found that discharge reaches a peak after ~1
s and then sharply declines. Thus, attention or reward expecta-
tion may play a part, but other factors may be important or even
dominant.

An interesting possibility is that excess goal discharge occurs
during the SWR events seen during quiet alertness whose pres-
ence may reflect increased hippocampal excitability (Buzsdki,
1986). Hippocampal EEG recordings in three rats revealed, how-
ever, that SWRs were mainly confined to putative eating episodes
and were rare at other times during the session. In fact, SWRs
were hardly ever seen as rat waited for an expected reward to be
released, at the time they could account for excess goal firing. In
line with the lack of SWRs during goal periods, our analysis of the
EEG in the low-frequency range revealed that goal periods were
not associated with a cessation of theta activity. We saw instead a
decrease in theta frequency suggestive of a shift from type I
(movement-related) to type II (still alertness) theta activity
(Sainsbury et al., 1987; Vanderwolf, 1988). To our knowledge,
such hippocampal state is not associated with increased cell ex-
citability. Another possible explanation of excess goal firing is
that it occurs in relation to an undetermined aspect of the rat’s
behavior when it arrives at the goal zone. We saw, however, that
speed profiles were similar in the cue task and the hidden goal
place task, although the dynamics for excess goal activity were
different. Based on these considerations, we do not believe that
the overall behavioral state accounts for excess goal discharge.

The explanation we currently prefer is that increased firing
during the goal period provides an internal feedback signal that
indicates the rat has reached the right place. There are several
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possible ways of arranging the excess goal activity to provide such
an across-cell signal including the observed tendency for syn-
chronous firing. The statistics of spike trains indicate that the
number of nearly coincident spikes is much higher than expected
by chance. Even if synchronized states are brief and relatively
unreliable for any given pair of neurons, such states may provide
a coherent output signal at the population level. Such a signal
could serve as a signature of the rat’s awareness that it is at the
correct location and therefore has reached the right decision
(Singer, 2005). In this vein, it is interesting that the proposed
signal appears earlier if at a marked goal than if goal location must
be calculated. Because the rats’ movements appeared essentially
the same in both tasks, we speculate that the delay in initiation of
goal period firing in the hidden goal task results from the extra
computations required for the rat to “convince” itself that it is in
the goal. Although only speculations can be offered about their
nature, such extra computations could involve on-line mainte-
nance of the memory representation of the goal, specific compar-
isons of the currently perceived panorama with a memory tem-
plate of the goal panorama, or even a temporal estimation of the
time spent in the goal zone.

In summary, we propose that place cells represent not only the
geometry of the current environment but also reflect identifica-
tion of a goal location, providing on-line feedback about naviga-
tional performance. Such goal signals would nicely complement
information provided by cells in the medial prefrontal cortex,
recently shown to provide coarse encoding of goal location and
hypothesized to participate in path planning (Poucet et al., 2000,
2004; Hok et al., 2005). That hippocampal place cells also have a
goal signal, albeit quite different in nature, suggests that both
structures could participate in a distributed neural network that
allows the rat to plan accurate trajectories in space.

References

Brown EN, Frank LM, Tang D, Quirk MC, Wilson MA (1998) A statistical
paradigm for neural spike train decoding applied to position prediction
from ensemble firing patterns of rat hippocampal place cells. ] Neurosci
18:7411-7425.

Buzsaki G (1986) Hippocampal sharp waves: their origin and significance.
Brain Res 398:242-252.

Deadwyler SA, Bunn T, Hampson RE (1996) Hippocampal ensemble activ-
ity during spatial delayed-non-match-to-sample performance in rats.
] Neurosci 16:354-372.

Delorme A, Makeig S (2004) EEGLAB: an open source toolbox for analysis
of single-trial EEG dynamics including independent component analysis.
J Neurosci Methods 134:9-21.

Fenton AA, Csizmadia G, Muller RU (2000) Conjoint control of hippocam-
pal place cell firing by two visual stimuli. I. The effects of moving the
stimuli on firing field positions. ] Gen Physiol 116:191-209.

Foster DJ, Wilson MA (2006) Reverse replay of behavioural sequences in
hippocampal place cells during the awake state. Nature 440:680—683.
Friedman HS, Priebe CE (1998) Estimating stimulus response latency.

J Neurosci Methods 83:185-194.

Fyhn M, Molden S, Hollup S, Moser MB, Moser EI (2002) Hippocampal
neurons responding to first-time dislocation of a target object. Neuron
35:555-566.

Gawne TJ, Kjaer TW, Richmond B] (1996) Latency: another potential code
for feature binding in striate cortex. ] Neurophysiol 76:1356-1360.

Gothard KM, Skaggs WE, Moore KM, McNaughton BL (1996) Binding of
hippocampal CA1l neural activity to multiple reference frames in a
landmark-based navigation task. ] Neurosci 16:823—835.

Hok V, Save E, Lenck-Santini PP, Poucet B (2005) Coding for spatial goals
in the prelimbic/infralimbic area of the rat frontal cortex. Proc Natl Acad
Sci USA 102:4602—4607.

Hollup SA, Molden S, Donnett JG, Moser MB, Moser EI (2001) Accumula-
tion of hippocampal place fields at the goal location in an annular wa-
termaze task. ] Neurosci 21:1635-1644.



482 - J. Neurosci., January 17,2007 - 27(3):472— 482

Holscher C, Jacob W, Mallot HA (2003) Reward modulates neuronal activ-
ity in the hippocampus of the rat. Behav Brain Res 142:181-191.

Husxter JR, Thorpe CM, Martin GM, Harley CW (2001) Spatial problem
solving and hippocampal place cell firing in rats: control by an internal
sense of direction carried across environments. Behav Brain Res
123:37-48.

Jeftery KJ, Gilbert A, Burton S, Strudwick A (2003) Preserved performance
in a hippocampal-dependent spatial task despite complete place cell
remapping. Hippocampus 13:175-189.

Jonas P, Bischofberger ], Fricker D, Miles R (2004) Interneuron diversity
series: fast in, fast out—temporal and spatial signal processing in hip-
pocampal interneurons. Trends Neurosci 27:30—-40.

Kobayashi T, Tran AH, Nishijo H, Ono T, Matsumoto G (2003) Contribu-
tion of hippocampal place cell activity to learning and formation of goal-
directed navigation in rats. Neuroscience 117:1025-1035.

Kubie JL (1984) A driveable bundle of microwires for collecting single-unit
data from freely moving rats. Physiol Behav 32:115-118.

Lee AK, Wilson MA (2002) Memory of sequential experience in the hip-
pocampus during slow wave sleep. Neuron 36:1183-1194.

Lenck-Santini PP, Save E, Poucet B (2001) Evidence for a relationship be-
tween place-cell spatial firing and spatial memory performance. Hip-
pocampus 11:377-390.

Lenck-Santini PP, Muller RU, Save E, Poucet B (2002) Relationships be-
tween place cell firing fields and navigational decisions by rats. ] Neurosci
22:9035-9047.

Lenck-Santini PP, Rivard B, Muller RU, Poucet B (2005) Study of CA1 place
cell activity and exploratory behavior following spatial and nonspatial
changes in the environment. Hippocampus 15:356-369.

Makeig S (1993) Auditory event-related dynamics of the EEG spectrum and
effects of exposures to tones. Electroencephalogr Clin Neurophysiol
86:283-293.

Maurer AP, Vanrhoads SR, Sutherland GR, Lipa P, McNaughton BL (2005)
Self-motion and the origin of differential spatial scaling along the septo-
temporal axis of the hippocampus. Hippocampus 15:841—852.

McNaughton BL, Barnes CA, O’Keefe J (1983) The contributions of posi-
tion, direction, and velocity to single unit activity in the hippocampus of
freely-moving rats. Exp Brain Res 52:41-49.

Muller RU (1996) A quarter of a century of place cells. Neuron 17:813—-822.

Muller RU, Kubie JL, Ranck Jr JB (1987) Spatial firing patterns of hip-
pocampal complex-spike cells in a fixed environment. ] Neurosci
7:1935-1950.

O’Keefe J, Dostrovsky J (1971) The hippocampus as a spatial map. Prelim-
inary evidence from unit activity in the freely moving rat. Brain Res
34:171-175.

Hok et al. @ Place Cells and Goal Coding

O’Keefe J, Speakman A (1987) Single unit activity in the rat hippocampus
during a spatial memory task. Exp Brain Res 68:1-27.

O’Neill J, Senior T, Csicsvari ] (2006) Place-selective firing of CA1 pyrami-
dal cells during sharp wave/ripple network patterns in exploratory behav-
ior. Neuron 49:143-155.

Paxinos G, Watson C (1986) The rat brain in stereotaxic coordinates. New
York: Academic.

Poucet B, Save E, Lenck-Santini PP (2000) Sensory and memory properties
of hippocampal place cells. Rev Neurosci 11:95-111.

Poucet B, Lenck-Santini PP, Hok V, Save E, Banquet JP, Gaussier P, Muller
RU (2004) Spatial navigation and hippocampal place cell firing: the
problem of goal encoding. Rev Neurosci 15:89-107.

Rossier J, Kaminsky Y, Schenk F, Bures ] (2000) The place preference task: a
new tool for studying the relation between behavior and place cell activity
in rats. Behav Neurosci 114:273-284.

Sainsbury RS, Heynen A, Montoya CP (1987) Behavioral correlates of hip-
pocampal type 2 theta in the rat. Physiol Behav 39:513-519.

Sakurai Y (1990) Hippocampal cells have behavioral correlates during the
performance of an auditory working memory task in the rat. Behav Neu-
rosci 104:253-263.

Sakurai Y (2002) Coding of auditory temporal and pitch information by
hippocampal individual cells and cell assemblies in the rat. Neuroscience
115:1153-1163.

Singer W (2005) How does the brain know when it is right? In: Neurobiol-
ogy of human values (Changeux JP, Damasio AR, Singer W, Christen Y,
eds), pp 125-135. Berlin: Springer.

Slawinska U, Kasicki S (1998) The frequency of rat’s hippocampal theta
rhythm is related to the speed of locomotion. Brain Res 796:327-331.
Speakman A, O’Keefe J (1990) Hippocampal complex spike cells do not
change their place fields if the goal is moved within a cue controlled

environment. Eur ] Neurosci 2:544 -555.

Trullier O, Shibata R, Mulder AB, Wiener SI (1999) Hippocampal neuronal
position selectively remains fixed to room cues only in rats alternating
between place navigation and beacon approach tasks. Eur J Neurosci
11:4381-4388.

Vanderwolf CH (1988) Cerebral activity and behavior: control by central
cholinergic and serotonergic systems. Int Rev Neurobiol 30:225-340.
Wiener SI (1996) Spatial, behavioral and sensory correlates of hippocampal
CAL1 complex spike cell activity: implications for information processing

functions. Prog Neurobiol 49:335-361.

Wiener SI, Paul CA, Eichenbaum H (1989) Spatial and behavioral correlates
of hippocampal neuronal activity. ] Neurosci 9:2737-2763.

Wilson MA, McNaughton BL (1993) Dynamics of the hippocampal ensem-
ble code for space. Science 261:1055-1058.



