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Spatial Representations of Hippocampal CA1 Neurons
Are Modulated by Behavioral Contextin a
Hippocampus-Dependent Memory Task

Amy L. Griffin, Howard Eichenbaum, and Michael E. Hasselmo

Center for Memory and Brain, Boston University, Boston, Massachusetts 02215

Although it is well known that hippocampal neurons code spatial information, it is less clear how these spatial representations are
influenced by memory demands, especially in hippocampus-dependent tasks. Recently, our laboratory has demonstrated that hip-
pocampal spatial representations are influenced by mnemonic factors in a T-maze continuous alternation task. Another unique experi-
mental approach that might reveal the ways in which task-related factors impact hippocampal spatial representations is to compare firing
patterns between events that require distinct episodic memory processes. Therefore, we recorded from CAl single neurons during a
discrete trial delayed-nonmatch-to-place task that allowed within-trial comparison between an encoding (sample) phase and a retrieval
(choice) phase. A large subset of neurons that fired on the central stem of the maze showed dramatic selectivity for either the sample or
choice phase of the trial. However, surprisingly, there were fewer neurons that showed differential firing rates between left- and right-
bound trajectories. Our results suggest that trial-phase-selective coding is common in tasks that require rapid alternation between

encoding and retrieval processes.
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Introduction

Spatial navigation in rodents has been widely used as a model
system for understanding the computations performed by the
hippocampus during episodic memory. Place cells, neurons in
the hippocampus that fire selectively when the rat is in a specific
location in the environment, are perhaps the most striking evi-
dence that the hippocampus participates in forming spatial rep-
resentations (O’Keefe and Dostrovsky, 1971; O’Keefe and Nadel,
1978; Muller and Kubie, 1987). However, a critical issue is
whether these spatial firing patterns reflect a mapping of space or
the encoding and retrieval of places in which memorable events
occur. One approach that may distinguish between spatial map-
ping versus episodic memory views is to record from hippocam-
pal neurons during tasks in which memory can be directly as-
sessed, for example, during tasks in which traversals through the
same place are parts of different overall experiences. Several ex-
periments have demonstrated that CA1 spatial representations
are clearly modulated by experience in tasks in which animals
traverse the same locations as parts of different overall trajecto-
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ries, with each study reporting that a significant proportion of
cells show trajectory-dependent firing (Frank et al., 2000; Wood
et al., 2000; Ferbinteanu and Shapiro, 2003; Bower et al., 2005).
However, these studies have not determined whether the differ-
ential firing patterns are related to the encoding and retrieval of
memories as described in a recent computational model (Has-
selmo and Eichenbaum, 2005) or instead are means by which the
hippocampus disambiguates similar sequences of movement
through a familiar environment. Here we address this issue by
using a discrete-trial delayed-nonmatch-to-place (DNMP) para-
digm, which requires continuous switching between cue-based
encoding and memory-dependent retrieval phases of each trial.
Unlike in the continuous alternation task (E. Wood, personal
communication) performance on the DNMP task is sensitive to
hippocampal damage (Shaw and Aggleton, 1993; Hampson et al.,
1999; Dudchenko et al., 2000). Thus, one might expect a promi-
nent representation of memory-related aspects of the task similar
to that seen in other hippocampus-dependent tasks (Wible et al.,
1986; Ferbinteanu and Shapiro, 2003).

We recorded from multiple CAl single neurons during the
hippocampus-dependent discrete-trial DNMP task. Many neu-
rons showed a striking selectivity for the task phase, suggesting
that these cells were sensitive to the memory demands of the task,
with some neurons participating in encoding on the sample
phase and some neurons participating in retrieval on the choice
phase.

Materials and Methods

Animals and surgery. Four male, Long—Evans rats (weighing 450—500 g)
were individually housed and maintained on a 12 h light/dark cycle with
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ad libitum access to food and water. During periods of behavioral testing,
rats were given four to five pellets of food per day to keep them at 80-90%
of their free-feeding body weight. For implantation of electrodes, rats
were anesthetized with isoflurane, the skull surface was exposed, seven
anchor screws and one ground screw (located at the lambda skull suture)
were affixed to the skull, and a 2 mm hole was drilled for the six-tetrode
microdrive. The microdrive contained six tetrodes (composed of four
12.7-um-diameter nichrome wires, 150-300 k() at 1 kHz in gold solu-
tion), a reference electrode, and a local field potential recording elec-
trode. The dura was removed from the microdrive target area, and the
drive was lowered onto the brain surface. The screws and microdrive
were attached to the skull with dental acrylic, and each tetrode was im-
mediately advanced 160 wm. The rats were allowed to recover for 1 week
before behavioral testing and recording began. All animal procedures
and surgery were in accordance with National Institutes of Health and
Boston University Animal Care and Use Committee guidelines.

Recording protocol. After recovery from surgery, the reference elec-
trode was lowered until it reached the area immediately dorsal to the CA1
pyramidal cell layer. Another electrode was lowered into the area of the
hippocampal fissure to record local field potentials. The six tetrodes were
then advanced gradually over the course of 5-7 d and positioned in the
CA1 layer by monitoring units and local field potentials. Neural signals
were preamplified by unity-gain operational amplifiers located on the
head stage of the rat. The signals were then amplified (2000-10,000X)
and bandpass filtered (0.3—6 kHz; Neuralynx, Tucson, AZ). Whenever a
unit crossed the channel amplitude threshold (set by the experimenter),
all four channels of the tetrode were digitized at 32 kHz and stored
(Neuralynx). The position data were recorded from a camera mounted
above the maze that captured (30 Hz) luminance emitted from an array
of light-emitting diodes located on the rat head stage.

Training protocol. The maze was a T-maze (116 X 107 cm long, 10 cm
wide) that was modified with return arms (112 cm long, 10 cm wide) to
allow the rat to return to the bottom of the stem of the maze after visiting
a reward zone. Each reward zone contained a rimmed plastic disc that
was baited with chocolate sprinkles. The plastic disc and chocolate sprin-
kles were both dark in color, so the rat could not see the reward before
reaching the reward zone. The holding box was a rotating pedestal lo-
cated 28 cm away from the base of the maze. The rat traveled between the
maze and the pedestal via a removable ramp (40 cm long, 11 cm wide).
The testing room was illuminated with a 25 W incandescent bulb located
above the maze. The testing room walls contained large visual cues that
remained unchanged throughout the experiment. During behavioral
testing and pretraining, white noise was played through speakers to mask
any outside noise that may have distracted the rat and added confounds
to the interpretation of the neural data.

Before surgery, each rat was handled and acclimated to the testing
environment. After recovery from surgery, rats were given 20—40 forced-
choice trials identical to the sample phase of the DNMP trials described
below every day until the first recording session. Figure 1A shows a
schematic of the DNMP task. Each trial consisted of two stem traversals
(laps), both starting when the rat began running up the stem of the maze
and ending when the rat stopped at a reward zone. Immediately before
each trial, one of the two reward arms (perpendicular to the maze stem)
was blocked with a large opaque barrier. The experimenter placed the
ramp between the maze and pedestal, allowing the rat to traverse from
the pedestal to the maze. The sample phase of the trial began when the rat
exited the ramp, consisted of the rat running up the stem and into the
unblocked reward arm, and ended when the rat reached the reward zone.
After consuming the reward, the rat then returned to the base of the maze
stem via the return arm and waited there for a delay period of 10s. During
this time, another opaque barrier prevented the rat from proceeding up
the stem of the maze. The choice phase then began when the barrier was
removed, and the rat was allowed to proceed up the stem of the maze and
make a free choice between a left and right turn response. Visits to the
reward zone opposite to that visited on the sample phase were rewarded
with another chocolate sprinkle. After the choice phase, the rat ran back
down the return arm and back to the pedestal via the ramp. The ramp was
then removed, and the rat waited on the pedestal for an intertrial interval
(ITT) of 10-20 s while the experimenter prepared for the next trial. The
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Figure1. The DNMP task.A, Schematic diagram of the DNMP task. For each trial, the sample

phase began when the rat entered the maze from the holding pedestal (blue oval) via a move-
able ramp and ended when the rat entered either the right or left reward zone, depending on
which reward arm was available. The rat then returned to the base of the stem (orange shaded
region) and was held there for a 10 s delay period. The choice phase began when the delay
barrier was removed. For the choice phase, the rat was allowed to choose between aleft or right
lap, with reward provided only for traversals to the reward arm opposite to that visited on the
sample lap. The rat then returned to the holding platform for an intertrial interval of 10-20s,
during which the experimenter set up for the next trial. Rats were given 20 — 40 trials per day for
8-10 d. The trials were given in pseudorandom order, with approximately equal numbers of
right—leftand left—right trials given in a daily session. B, Average percentage of correct trials for
the four rats across the first 8 d of training. Rats performed well above chance even on the first
day of the task. Spatial correlates of hippocampal neurons were analyzed only for sessions in
which the percentage of correct trials was 80% or greater (error bars indicate SEM).

rats were given 20—40 trials each day, presented in a pseudorandom
sequence (no more than three of the same trial type in a row, approxi-
mately equal numbers of left and right trials).

Histology. At the end of the experiment, a small marking lesion was
made by passing 10 wA through one wire of each tetrode. Rats were then
perfused transcardially with formalin (4%), and the head was soaked in
formalin for 2-3 d. The tetrodes were then raised up out of the brain and
the brain was removed from the skull. Frozen sections (40 wm) were
mounted on slides using a cryostat and stained using Neutral red (a Nissl
stain). Tetrode tracks were reconstructed using both tetrode depth pro-
files and by examination of the sections under a microscope. Only data
obtained from tetrodes verified histologically to be located in the CA1l
pyramidal layer were included in the experiment.

Data analysis. Units were isolated using standard cluster cutting tech-
niques and custom software. Only clusters containing >100 spikes and
satisfying an established isolation quality threshold (Lee et al., 2006) were
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included in the analysis. Pyramidal cells were distinguished from inter-
neurons based on previous work (Ranck, 1973). Briefly, units were con-
sidered to be pyramidal cells based on waveform shape, a mean overall
firing rate <5 Hz, and a bursting pattern revealed by the interspike in-
terval (ISI) histogram.

A custom Matlab program (MathWorks, Natick, MA) calculated in-
stantaneous velocity for each spike and filtered out spikes that occurred
while the animal was stationary or moving at a low velocity (<10 cm/s).
This filtering method ensured that any spike included in the analysis was
not reflective of irrelevant movements (i.e., leaning over the maze wall)
or of sharp wave activity that occurred during grooming or eating.

Event timestamps were manually assigned to the beginning and end of
each lap using a custom Matlab program. Then, each spike in a given cluster
was assigned to one of four lap types: left sample, right sample, left choice,
and right choice.

For each cluster with a statistically significant ( p < 0.01) information
score (Skaggs etal., 1996), the return arm, stem, and reward arms of the maze
were divided into 56 consecutive 5 cm bins. For each lap type, the bin firing
rate was calculated by dividing the number of spikes the cell fired while the
rat occupied the bin by the bin occupancy. For analysis purposes, the sample
phase began when the rat entered the maze stem from the waiting platform
and ended when the rat entered the reward zone. The choice phase began
when the barrier was removed after the delay period and ended when the rat
entered the reward zone. The delay zone was defined as the area covering the
seven bins at the base of the stem in which the rat was held between the
sample and choice phases. Firing rate distributions consisting of 56 bins were
then created for each of the four lap types. The linearized firing rate distri-
butions for each lap type were smoothed using a Gaussian filter (full-width
half-maximum of 4 bins). A firing field was defined as described previously
(Lee et al., 2006): four or more contiguous bins with a firing rate of at least
10% of the maximum bin firing rate. Therefore, the field boundaries were
defined as bins in which the firing rate dropped below 10% of the maximum
firing rate. The field size was then calculated by subtracting the bin contain-
ing the field boundary closest to the reward zone from the bin containing the
field boundary closest to the beginning of the
stem and multiplying by the bin size (5 cm). To
identify stem-firing units, the center of mass
(COM) was calculated as described previously N
(Mehta etal., 1997, 2000; Lee et al., 2004, 2006). A
field was included in the analysis if, for any of the
4 lap types, the COM was located on the stem of
the maze and the mean firing rate for the stem
exceeded 0.5 Hz.

To compare stem firing rates between the four
types of trajectories, the mean firing rate for the 13
bins covering the area of the stem outside of the
delay zone was calculated for each of the four lap
types. Thus, this analysis included only the firing
of neurons when the rat was in thearea of thestem B
beyond the delay barrier and excluded firing that
occurred while the rat was in the delay zone and
the area of the stem immediately adjacent to the
delay barrier location. To compare firing rates be-
tween right and left laps on the stem of the maze,

A

adiscrimination index (DI,,,,,) was calculated us-
ing the following formula:
bl PR —FR,
wmFR, + FR;’

where FR, is the mean stem firing rate on right
turn laps, and FR| is the mean stem firing rate
on the left turn laps (+1.0 is perfect discrimi-
nation, 0.0 is no discrimination). Similarly,
sample and choice phases were compared using
the following formula:

Figure2.

Mean firing rate = 0.5 Hz
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where FRg is the mean stem firing rate on the sample phase, and FR is
the mean stem firing rate on the choice phase. For statistical comparison
of firing rates between sample and choice laps and between left and right
laps, the maze stem was divided into four equal segments consisting of
three bins each. Then, a 2 (task phase) X 2 (turn direction) X 4 (stem
segment) ANOVA was performed on each unit. Units were considered to
be trial-phase selective if there was a main effect of trial phase or a
phase X turn direction or phase X stem segment interaction. Similarly,
units were considered to be turn-direction selective if there was a main
effect of turn direction or if there was a turn direction X phase or turn
direction X stem segment interaction. Note that individual units could
be selective for both turn direction and trial phase. To reduce the possi-
bility that firing rate differences between lap types were attributable to
the delay barrier cutting the firing field in half, a second 2 (task
phase) X 2 (turn direction) X 4 (stem segment) ANOVA was per-
formed on units whose field centers (COM) were located outside of
the delay zone (i.e., within the 13 bins used to calculate mean stem
firing rate as described above). Additionally, for each stem-firing
unit, we calculated a DI}, value comparing firing rates between the
sample and choice laps for times when the rat was in the reward arms,
in which sensory cues and behavior were identical for sample and
choice laps.

To verify that lap-type selectivity was not a result of velocity differences

Table 1. Number of units recorded during stable performance across rats and
sessions

Number of sessions at
Rat 80% correct or higher Number of units Number of stem-firing units
1 3 33 3
2 4 32 10
3 7 110 22
4 6 165 42

C LogISI

Ty i

Auto Correlogram

1676 spikes

Firing characteristics of a choice-selective neuron. 4, Unit firing locations for sample (red dots) and choice (blue dots)
phases of the task superimposed on the position data (gray traces). B, Distribution of waveform heights in two-dimensional cluster
cutting space, with each dot representing the relative spike heights recorded on two channels of a tetrode. Cluster boundaries of

the unit in A are outlined in green. Inset, All waveforms (top) and average waveform (bottom). €, Interspike interval histogram,

FR, — FR,

DIphase = m >

autocorrelogram, and time versus maximum height plot for the unit in A. Notice the bursting pattern in the ISI histogram (top), the
peak att = 0in the autocorrelogram (middle), and the stability across the recording session (bottom).
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Table 2. Categorization of units based on firing properties and field locations

Firing location Number of units

Delay zone 45
Stem 87
Return arms 35
Reward arms 17
Pedestal/ramp 58
Sparse firing 87
Interneurons n

Sparse firing neurons emitted <<100 spikesina session. Pyramidal cells were distinguished from interneurons based
on the shape of the interspike interval histogram, waveform shape, and firing rate (see Materials and Methods).

Choice-selective neurons

Sample-selective neurons
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tions). Individual fields were considered to show forward shifting if there
was a significant correlation between ACOM and trial.

Results

We used independently movable tetrodes to record multiple sin-
gle neurons from CALl in four rats while they performed a DNMP
task. Each daily session consisted of 20—40 trials (with each trial
including a sample and a choice phase). Only units recorded
during sessions in which the rat performed at 80% correct or
better were included in the analysis (Table 1). Rats readily ac-
quired the task, with the majority of errors
being on the first few trials of the first
training day and performance being well
above chance thereafter (Fig. 1B). Of the
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340 units that met the criterion for ade-
quate cluster isolation, 329 were deter-
mined to be pyramidal cells based on cri-
teria from previous work (Ranck, 1973)
(see Materials and methods). Figure 2
shows firing characteristics and isolation
quality of a representative pyramidal cell
that fired on the maze stem during the
DNMP task. Note the bursting pattern in
the IST histogram, the single peak at t = 0
in the autocorrelogram, and the stability
in the waveform amplitude across the ses-
sion (Fig. 2C).
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The remainder of the analysis focuses on
the cells that were active as the animals
traversed the central stem of the maze
(Table 2). There were 87 units with firing
fields on the stem of the maze. However,
there was one session in which the rat ran
significantly faster on sample laps than on

: ~ . o sy - -t choice laps. Excluding the 10 units that
029Hz | 005 Hz 7.9;:} 1! \3; 699 Hz 83 Hz ‘ { 781 2l st_ / !\ t o¢nz were recorded during this session, 77
v \ J i \ units were used in the subsequent analy-

ses. There were no velocity differences be-

Left Right Left Right Left  Right Left Right tween right-turn and left-turn laps in any
Sample  Sample Choice Choice Sample  Sample Choice Choice session and no systematic differences in
path deviation between any of the types of

Figure3. Examples of units showing trial-stage selectivity. For each cell, the position data (gray traces) and spike locations are laps (data not shown). For each unit, we

shown for left sample and right sample laps (red dots) and left choice and right choice laps (blue dots). The numbers beside each
plot indicate the stem firing rate for each lap type. The left column contains choice-selective neurons, and the right column

contains sample-selective neurons. The DI, ... is shown above each plot.

phase

between lap types, f tests were performed that compared the average
running velocity on the stem between sample and choice phases and
between left and right laps. If any significant differences were found
between lap types in velocity in any session, the units recorded during the
session were excluded from the analysis. Similarly, we also examined the
path deviation (distribution of horizontal variation in the position coor-
dinates) between the phases for each session to verify that firing rate
differences were not a result of differences in the spatial trajectory taken
on each phase.

To investigate the time course of the fir-ing field location, the differ-
ence (ACOM) between the COM for the entire set of trials (COM i0n)
and for each trial (COM,,;,) was calculated for all units that had a COM
on the maze stem, a firing rate of at least 1 Hz, and that were recorded in
a session with at least 12 of each lap type. Note that each unit could have
up to four fields (one for each of the four lap-type firing rate distribu-

compared the stem firing rate between
four lap types: left sample, right sample,
left choice, and right choice. As seen in
Figure 3 and Table 4, most of the fields
extended the entire length of the trajectory, spanning over 80% of
the total path for sample laps and ~50% of the total path for
choice laps.

Figure 3 shows the notable finding that many of the units fired
selectively depending on the task phase (i.e., fired robustly on
sample laps and minimally on choice laps, or fired robustly on
choice laps and minimally on sample laps). To quantify this ob-
servation, we calculated a sample versus choice discrimination
index (DI,,,), ranging from —1.0 to +1.0, which reflected the
degree of differential firing between sample and choice phases,
with values close to —1.0 indicating choice-phase selectivity, val-
ues close to 1.0 indicating sample-phase selectivity, and values
close to 0 indicating low task-phase selectivity. The selectivity for
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trial phase was prominent across the population. Figure 4 shows
the distribution of DI,,j,,. and DI,,,, values across all stem-firing
neurons. A large number of units showed a strong preference for
either sample or choice phases as indicated by the number of
values near 1.0 in A. In contrast, although a substantial portion
of units showed turn direction specificity, this proportion was
relatively low compared with the number of units showing pref-
erence for task phase as indicated by the clustering of DI, ,,,, val-
ues around 0 in B.

For statistical confirmation of these findings, the stem of the
maze was divided into four equal segments and a 2 (trial phase) X
2 (turn direction) X 4 (stem segment) ANOVA was performed.
As shown in Table 3, this analysis revealed that 38 of 77 units
showed a main effect of trial phase, 11 units showed a trial
phase X turn direction interaction, and five units showed a trial
phase X stem segment interaction. In total, 54 of 77 units (70%)
showed either main effects or interactions that indicated trial-
phase selectivity, firing selectively on either sample or choice laps.
In addition, a substantial, albeit smaller proportion of cells clearly
differentiated left turn and right turn trials. Of the 77 units ana-
lyzed, 14 (18%) showed a significant main effect of turn direction
or a turn direction X trial phase interaction. Finally, there were
20 units (26%) that did not show any trial phase or turn direction
effects and therefore could be considered to have traditional place
fields on the stem of the maze.

Itis possible that trial-phase selectivity, especially in the case of
sample-selective units, was attributable to fields being bisected by
the barrier used to confine the rats to the base of the stem during
the delay period as suggested by previous findings (Muller and
Kubie, 1987). Therefore, we performed an additional analysis
excluding all units with a field center located in the bottom half of
the stem, and we only considered the activity of these cells during
the period when the animal was in the top half of the stem. This
exclusion left 44 units. As seen in Table 3, 28 of the 44 units (73%)
were trial-phase selective. Because most of the fields that we ob-
served extended throughout the trajectory, it could be argued
that even the fields with a COM outside of the delay zone were
bisected by the delay barrier. Six of the stem-firing units had field
boundaries entirely outside of the delay zone (i.e., in the part of
the stem closest to the choice point). All of these units showed
significant phase selectivity. Specifically, of these six fields, four
showed a significant main effect of phase and had DI,,,,,,. values
that exceeded *0.6 (three were choice selective and one was sam-
ple selective), one showed a phase X turn direction X stem seg-
ment interaction and a DI, value of 0.5 (sample selective), and
one showed a phase X stem segment interaction and a DI
value of —0.45 (choice selective). We also calculated DI,
ues comparing the mean firing rate between sample and choice
laps during visits to the reward arms. Importantly, during reward
arm traversals, the behavioral and sensory variables were identical
between sample and choice laps, because the barriers were not visible
to rats during these times. As seen in Figure 4C, the distribution of
DI ... values for the reward arms was similar to the distribution of
DI ase Values for the maze stem, with many units showing preferred
firing on either the sample or the choice trial phases.

Because there were so few error trials after rats reached asymp-
totic performance, it is not possible to use quantitative methods
to compare the firing properties on correct and incorrect trials for
the current experiment. However, examination of the pattern of
activity on individual error trials shows that phase-selective neu-
rons appear to maintain their selectivity on error trials.

turn
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Figure 4.  Distribution of discrimination indices for all stem-firing neurons. The area of the
maze that was used for firing rate comparisons is indicated by the diagram to the right of each
plot. A, Comparison of firing rates on the maze stem between sample and choice laps (Dl ,,q)-
Cells with a DI >0 fired more robustly on sample than on choice laps, and cells with a DI <0
fired more robustly on choice laps than on sample laps. Notice the high proportion of cells with
DI values near 1and —1 and approximately equal numbers of sample-selective and choice-
selective units. B, Distribution of discrimination indices (Dl,,,.,) for all stem-firing neurons com-
paring right-turn and left-turn trials. Although a small number of units showed turn selectivity,
many neurons were not sensitive to turn direction as indicated by the clustering of DI values
around 0. €, Distribution of DI, values comparing firing rates between sample and choice
laps in the reward zones, in which sensory and behavioral variables did not differ between
sample and choice laps. Notice the similarity to the distribution in 4.
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Table 3. Main effects and interactions of context-sensitive factors from the three-factor ANOVA

J. Neurosci., February 28, 2007 - 27(9):2416-2423 « 2421

Number of units excluding

Number of units

Number of units bisected fields (percentage excluding bisected
Trial phase effects (percentage of total)® of total)* Turn direction effects Number of units fields
Trial phase 38 (49.4) 20 (45.5) Turn direction 3(3.9)¢ 2(45)
Trial phase X turn direction 11(14.3) 6 (13.6) Trial phase X turn direction 11(14.3) 6(13.6)
Trial phase X stem seg-
ment 5(6.5) 2(4.5) Turn direction X stem segment 0(0) 0(0)

“These units showed a main effect of both trial phase and turn direction.
®This analysis was performed on 77 units.

“This analysis was performed on 44 units (excluding clusters whose field center was located in the delay zone).
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Figure5. Linearforward shiftin the firing fields toward reward zones. 4, Examples of the time course of the firing field location

from four separate firing fields over the first 15 trials of the session (red dots, spike locations; gray traces, position data). The trials
are grouped in blocks of three. B, ACOM shift for all 50 firing fields. There was a significant linear relationship between ACOM and
trial (r = 0.64; p << 0.01). Notice that there was also a backward ACOM shift over the first two trials of the session [t (paired) =

2.79; p (one-tailed) = 0.004].

Time course of trial-phase-specific
firing during the training session

Our next step was to assess whether the
trial-phase-specific firing fields shifted
their spatial representation forward on the
maze throughout the training session as
was seen in a previous continuous alterna-
tion study (Lee et al., 2006). To adequately
assess the time course of the firing field
shift, we selected firing fields that had a
COM on the maze stem, a firing rate of at
least 1 Hz, and that were recorded in a
session with at least 12 of each lap type.
These restrictions yielded 50 firing fields
from 24 units (9 fields from left choice fir-
ing rate distributions, 16 fields from left
sample firing rate distributions, 11 fields
from right choice firing rate distributions,
and 14 fields from right sample firing rate
distributions). Note that some units had
firing fields for more than one lap type.
Fields were considered to be shifting fields
if there was a significant ( p < 0.05) corre-
lation between ACOM and trial. There
were 10 fields that showed a significant
forward shift across trials. Figure 5A
shows examples of fields that showed a
forward shift in their firing field through-
out the training session.

The mean shift in the ACOM was also
calculated for the full population of neu-
rons fulfilling the selection criterion de-
scribed above. The mean ACOM data are
plotted in Figure 5B, showing a significant
linear shift forward on the maze across tri-
als (r = 0.64; p < 0.01). This forward shift
across the population contributes to the
relatively large size of firing fields summa-
rized in Table 4. As seen in Figure 5B, the
forward shift in firing field was preceded
by a backward shift similar to that seen on
unidirectional laps study by Lee et al.
(2006) and previous tasks without a mem-
ory demand (Mehta et al., 1997, 2000).
Specifically, there was a significant back-
ward shift in the mean ACOM from trial 1
to trial 2 [t (paired) = 2.79; p (one-
tailed) = 0.004]. In summary, the fields
shifted backward from trial 1 to trial 2 and
subsequently showed a gradual forward
shift across the remainder of the session.
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Table 4. Mean firing field size for each of the four lap types and mean percentage of the trajectory covered by the

Discussion
In the current study, we wused a field
hippocampus-dependent spatial working

Lap type

Percentage of trajectory (total length was 155 cm

Mean field size (cm) for sample laps and 280 cm for choice laps)”

memory task to make direct comparisons
between hippocampal firing rates during
encoding and retrieval. We found that the
majority (70%) of hippocampal CA1 neu-
rons that had firing fields on the stem of

Left sample laps
Right sample laps
Left choice laps
Right choice laps

138.57 = 29.62 86%
134.51 = 51.26 89%
13451 £ 51.26 48%
140.71 = 38.75 51%

the maze fired preferentially in one of two
trial phases: the encoding (sample) phase
or the retrieval (choice) phase.

The effect of context on the firing properties of hippocampal
neurons has been reported in several spatial working memory
studies (Frank et al., 2000; Wood et al., 2000; Ferbinteanu and
Shapiro, 2003). We observed a smaller percentage of turn-
selective units compared with previous investigations, which
found turn selectivity ranging from 36 to 70% of the cells (Lee et
al., 2006: 70%; Wood et al., 2000: 67%; Ferbinteanu and Shapiro,
2003: 59%; Bower et al., 2005: 55% in the “skipped reward” task;
Frank et al., 2000: 36%). However, the percentage of turn-
direction-selective units that we observed was arguably clearly
sufficient for discriminating turn direction on the basis of neural
activity. The difference between our results and those of previous
studies is likely attributable to the different memory demands
required by the two tasks. In contrast to other investigations, our
task consisted of trials that included a sample phase, in which it
was important to encode the current trajectory and a choice
phase, in which it was important to retrieve the previous trajec-
tory. Most of the neurons in our study fired selectively on either
the cue-based sample phase of the trial or memory-driven choice
phase of the trial. Some studies by other investigators reported
varying extents of turn-selective firing on an overlapping seg-
ment of two distinct trajectories For example, hippocampal neu-
rons fired similarly between left-bound and right-bound lapsin a
Y-maze (Lenck-Santini et al., 2001b). Bower et al. (2005) ran a
series of experiments showing degrees of differential firing along
an overlapping segment of two distinct trajectories depending on
the location of the reward sites and the initial training regimen.
Together, these findings suggest that the hippocampal trajectory
coding scheme can vary dramatically between similar behavioral
paradigms depending on the details of the experimental protocol
and, in some cases, on the memory requirements of the task. In
the hippocampus-dependent DNMP task, there is substantial
disambiguation of left and right turn paths as well as coding for
discrete spatial locations. However, these representations be-
come secondary, in terms of the proportion of cells involved, to
distinguishing between events that require encoding (the sample
phase) and events that require retrieval (the choice phase).

Task-related firing patterns resembling those seen in the cur-
rent study have been observed in other hippocampus-dependent
memory tasks. CAl neurons have been shown to fire preferen-
tially to task phase in both a delayed-match-to-sample (DMS)
(Hampson et al., 1993) and a delayed nonmatch-to-sample
(DNMS) (Deadwyler et al., 1996) lever-pressing task, to match or
nonmatch trials in a odor DNMS task (Wood et al., 1999), and
during the sample or choice phase of a DMS runway task (Wible
et al., 1986). Together with our results, these findings indicate
that, in addition to spatial information and route disambigua-
tion, the hippocampus codes specific features of the testing envi-
ronment along with salient events occurring within that environ-
ment, all of which may be used by the rat to optimally perform a
memory-guided task.

“Note that choice lap trajectories were longer than sample lap trajectories because choice laps included the return arm bins.

The DNMP task used in the current study requires the animal
to run along four similar trajectories that differ only in cue de-
pendence (sample vs choice) and goal location (right vs left). On
the sample phase, the navigation strategy is entirely cue driven,
because the barrier blocking one of the goal arms acts as a cue to
enter the opposite goal arm. An alternative explanation for our
findings is that sample-selective and choice-selective units were
driven by the presence or absence, respectively, of the barrier that
was used on the sample phase. It is well known that hippocampal
spatial representations can be modified by changes in context
(Anderson and Jeffery, 2003; Smith and Mizumori, 2006) and
manipulation of environmental cues (Muller and Kubie, 1987;
Tanila et al., 1997; Lenck-Santini et al., 2001a; Fyhn et al., 2002;
Leutgeb et al., 2005). The earliest suggestion of this kind was
O’Keefe and Nadel’s (1978) description of “misplace” cells that
are driven by the addition or removal of salient objects within a
familiar and otherwise stable environment. Muller and Kubie
(1987) found that introducing a barrier into a familiar environ-
ment caused cells to remap, but only if the barrier was inserted
directly into the center of the place field. Because we analyzed
only cells that had firing fields on the maze stem, most fields were
not bisected by the sample phase barrier. Furthermore, if the
barrier used on the sample phase caused remapping, one might
expect more turn-selective units especially on the sample phase in
which the barrier location differs in a very relevant way between
left and right trials. It is still possible that trial-phase selectivity
can be attributed to the fact that the delay zone barrier bisected
the sample lap fields. To address this issue, we performed a selec-
tive analysis on only those units with the field centroid located in
the top half of the stem (nearest to the choice point). As seen in
Table 3, when units with fields that were likely bisected by the
delay barrier were removed, 73% of units still showed trial-phase
selectivity. However, even fields not bisected by the barriers in the
current study could have been influenced by the change in visual
cues between sample and choice phases. Rivard et al. (2004)
showed that fields rotate along with barriers placed adjacent to
the field boundaries. Similarly, another study (Gothard et al.,
1996b) showed that some fields followed a reward-signaling
landmark or a moveable start box, suggesting that external cues
can control place cell firing. However, the fields that were influ-
enced by these cues were located in close proximity to either the
goal landmark or the start box. In the current study, the phase-
selective firing fields included large areas that were a sizeable
distance away from the barriers. Furthermore, as shown in Figure
4C, trial-phase selectivity occurred even in the reward arms, in
which no barriers are visible to the rat and in which the sensory
and behavioral factors are identical for sample and choice laps.
Therefore, although it is unlikely that the sample and delay bar-
riers caused the phase selectivity, future experiments could ex-
plicitly eliminate this potential confound by making the entire
sample and choice trajectories identical.

There have been multiple reports of a shift in firing field loca-
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tions over the course of the training session. In most cases, the
shift was induced by manipulating local or distal cues in the en-
vironment (Gothard et al., 1996a,b; Rosenzweig et al., 2003) or by
shifting or adding reward locations (Breese et al., 1989; Koba-
yashi et al., 1997; Hollup et al., 2001). Mehta et al. (1997, 2000)
reported changes in place field shape and location that occurred
in the absence of changes to the task or environment. Specifically,
as rats made multiple passes through a place field, the fields ex-
panded backward and became negatively skewed. A more recent
study showed that firing fields that were selective for one of two
trial types in a continuous T-maze alternation task showed a
dramatic shift forward on the stem of the maze, toward reward
locations (Lee et al., 2006). Here, we also observed a within-
session forward shift in the firing fields. This shift cannot be
explained by a shift in the reference frame between lap types as
observed by other investigations (Gothard et al., 1996a,b). If this
was the case, we would have seen a systematic shift forward in the
field from a sample lap to a choice lap and a shift back for the next
sample lap. Instead, we observed a gradual forward shift within a
specific lap type. This result suggests that the forward shift in
spatial representations is not restricted to the continuous alter-
nation task and thus may play a role in episodic encoding rather
than simple lap disambiguation.

In conclusion, the DNMP task requires an overall coding
strategy that is distinct from tasks such as continuous spatial
alternation, which require the hippocampal network to orthogo-
nalize highly similar trajectories to reduce interference between
trials. In addition to differentiating trajectories and, to a lesser
extent, defining successive locations occupied while traversing
the maze, the DNMP task requires the hippocampal network to
alternate between encoding in the sample phase and retrieval in
the subsequent choice phase, with information of a current trial
not relevant to the demands of the next trial. Our results suggest
that there are separate populations of neurons in the hippocam-
pus selectively active during encoding and retrieval and that these
components of memory processing are prominent in a spatial
task that requires hippocampal function.
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