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Adaptive behaviors are guided by motivation and memory. Motiva-
tional states specify goals, and memory can inform motivated be-
havior by providing detailed records of past experiences when goals
were obtained. These 2 fundamental processes interact to guide
animals to biologically relevant targets, but the neuronal mechanisms
that integrate them remain unknown. To investigate these mecha-
nisms, we recorded unit activity from the same population of hip-
pocampal neurons as rats performed identical tasks while either food
or water deprived. We compared the influence of motivational state
(hunger and thirst), memory demand, and spatial behavior in 2 tasks:
hippocampus-dependent contextual memory retrieval and hip-
pocampus-independent random foraging. We found that: (i) hip-
pocampal coding was most strongly influenced by motivational state
during contextual memory retrieval, when motivational cues were
required to select among remembered, goal-directed actions in the
same places; (ii) the same neuronal populations were relatively
unaffected by motivational state during random foraging, when
hunger and thirst were incidental to behavior, and signals derived
from deprivation states thus informed, but did not determine, hip-
pocampal coding; and (iii) ‘‘prospective coding’’ in the contextual
retrieval task was not influenced by allocentric spatial trajectory, but
rather by the animal’s deprivation state and the associated, non-
spatial target, suggesting that hippocampal coding includes a wide
range of predictive associations. The results show that beyond coding
spatiotemporal context, hippocampal representations encode the
relationships between internal states, the external environment, and
action to provide a mechanism by which motivation and memory are
coordinated to guide behavior.

hippocampus � memory � neuronal coding

Episodic memory provides a record of past experience and is
structured by spatial, temporal, and personal contexts (1),

multiple frames of reference that organize the features of events
and provide global categories for information storage and retrieval.
Motivational states arising from interoceptive cues provide an
internal context that modulates the relative significance, meaning,
or organization of events in memory (2, 3). Thus, motivational
states such as hunger and thirst define internal, contextual cues that
can specify behavioral goals and inform memory retrieval.

The hippocampus is required for episodic memory in humans (4,
5) and episodic-like memory in other animals (6). Hippocampal
neurons typically fire in place fields, local regions of an environment
that selectively elicit significant activity (7). Place field properties
suggest that the hippocampus helps code the animal’s location
within spatial contexts (7–11). Place fields are modulated by the
behavioral, cognitive, and mnemonic demands of spatial tasks,
suggesting that hippocampal codes support memory guided spatial
navigation (12–17). In non-spatial memory tasks, hippocampal
activity is also modulated by salient perceptual and cognitive task
features independent of location, implying that the neurons may
provide a global memory signal (17–22). Indeed, hippocampal
neurons respond to organizing features of experience other than
spatial context by distinguishing events that occur in the same place
at different times (23) or in association with different emotional
significance (24, 35).

The hippocampus may support episodic memory by encoding
organized associations among the multimodal elements that char-
acterize an experience. Such coding exemplifies a content-
addressable memory system that allows any subset of event features
to help reconstruct memories that contain those features (25–27).
From this view, each feature provides a potential retrieval cue for
events that contain it. A particular fragrance, for example, can
evoke specific and detailed associative memories. The neuronal
mechanisms that support such memory reconstruction have not
been tested outside of the spatial domain in rats, and the mecha-
nisms by which internal motivational signals may elicit memory
retrieval to guide goal-directed behaviors remain largely unknown.
We now report that different motivational states elicit distinct
hippocampal codes in identical places. The codes distinguished
competing goal-directed actions, reflected both internal and exter-
nal stimuli, and signaled non-spatial targets. The results demon-
strate a neuronal mechanism by which different motivational states
can influence memory processes and help select among adaptive
behaviors based on past experience.

Results
To test the interactions between motivational state and memory
demand, rats were trained in a non-spatial, hippocampus-
dependent, contextual memory retrieval (CR) task. Rats deprived
of food or water on alternate days were trained to approach 1 of 3
visually distinct goal boxes to obtain reward in a trident maze (Fig.
1). For each rat, 1 goal box was paired consistently with food,
another with water, and a third was never rewarded (e.g., food in
the black box, water in the white box, nothing in the lit box). The
presence of reward in a given goal box was contingent on the rat’s
current deprivation state so that only the goal box paired with the
appropriate item contained reward (food or water) on a given trial.
To prevent rats from adopting allocentric or egocentric spatial
response strategies, the goal boxes were moved pseudorandomly
among 3 possible locations at the start of each trial. Thus, the
animals learned to differentially approach and avoid equally rein-
forced goal objects in an identical external environment depending
on their current deprivation state. The task required the rats to use
motivational states as discriminative cues to retrieve learned asso-
ciations between specific rewards and non-spatial targets. Both
radiofrequency fornix and excitotoxic hippocampal lesions severely
impaired memory performance in this task, but left intact non-
specific stimulus-reward associative learning as well as internal and
external cue discrimination (3).

To assess hippocampal coding crucial for memory performance,
the activities of 2 to 17 well-isolated principal neurons from the CA1
layer (100–370 �V) were recorded simultaneously as 6 rats per-
formed the non-spatial CR task, yielding a total of 9 experimental
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sessions. Histology and EEG (ripple, sharp waves, and theta
rhythm) (28, 29) verified that the electrodes entered the CA1 cell
layer and the recorded complex-spike (CS) units were CA1 neu-
rons. A complete experimental session included recording during
contextual memory retrieval followed immediately by recording
during random foraging for each deprivation condition (Fig. 1). The
random foraging (RF) session assessed the extent to which hip-
pocampal activity was altered by motivational states that were
irrelevant to contingent memory retrieval. Rats were strongly
motivated throughout the CR and RF sessions, as demonstrated by
the immediate approach and consumption of the deprived sub-
stance when it was made available after recording sessions.

Stable unit activity was recorded across deprivation conditions.
To ensure that activity from the same population of neurons was
compared across deprivation conditions, only probes with stable
recordings throughout an experimental session were included in the
analyses (Fig. 2). Units were isolated independently in recordings
obtained from CR and RF sessions, and relative cluster boundaries
and measures of waveform similarity were used to identify neurons

active in both deprivation conditions and tasks. The average
waveforms of each isolated unit on a tetrode were compared across
session pairs (e.g., CR food versus CR water deprivation) using
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Fig. 1. Apparatusanddesign. In theCRtaskeachratwasplacedonthestartarm
(s) of a trident maze and was required to approach a specific, visually distinct goal
box(*) toobtaintherewardrelevantto itscurrentdeprivationstate. Inthisfigure,
a ‘‘hungry’’ rat could find food in session 1 by approaching the yellow box.
Because the boxes were moved among the 3 goal arms after each trial, the spatial
location of the box was irrelevant to performance. Unit activity was recorded as
the rat performed the CR task for 25–35 trials (�50 min). Five to 10 min after the
CR session, an open box was placed on the Trident maze, and the same popula-
tion of neurons was recorded as the same ‘‘hungry’’ rat foraged for randomly
scattered chocolate sprinkles (RF: 8 min). The rat was returned to the vivarium
(7–24 h) and the alternate deprivation state was induced (arrow). Session 2
followed the same procedure, but the now ‘‘thirsty’’ rat could find water by
approaching the white goal box in the CR task, and find randomly scattered
chocolate sprinkles in the RF task. Thus, the only difference between RF sessions
was deprivation state. A complete experimental session had 4 recording sessions
(2 states and tasks).

Fig. 2. Firing rate maps and cluster projections recorded from the same tetrode
for interleaved CR and RF test sessions. Recordings were stable across deprivation
conditions in both the CR (A) and RF (B) tasks. Rate maps compare the spatial
firing patterns of the same CA1 neurons matched across deprivation conditions
intheCR(4neurons)andRF(5neurons) tasks.Thelegendshowsfiringrate ineach
pixel (spikes/s). (A) Most units fired in different patterns across deprivation
conditions in the CR task. Some cells fired in the same locations but at different
rates (cells 1 and 3), others fired in different locations (cells 2 and 4), and others
fired exclusively in one condition (see Fig. 4.). (B) Most neurons fired in stable
patterns across deprivation conditions in the RF task (cells 3–5), while others fired
in different locations (cell 1) or in the same location at different rates (cell 2). Only
1 neuron recorded during RF fired exclusively in 1 condition. The cluster plots
show the waveform peaks on 2 of the tetrode wires (max x, y � 254 �V).
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Pearson’s r and the Mahalanobis distance of waveform parameters.
Waveforms identified as belonging to the same neuron were most
highly correlated across deprivation conditions compared with
other waveforms (CR, r � 0.95 and RF, r � 0.95), and this measure
of waveform stability was equivalent in the 2 tasks (CR vs. RF,
r values converted to Fisher Z scores and evaluated with a t test,
t � 0.3, P � 0.7).

Hippocampal unit activity strongly distinguished the motivation-
based memory retrieval conditions despite identical spatial behav-
iors in a constant spatial environment. The activities of 63 CS
neurons with distinct, stable waveforms and well-defined place
fields on the maze were compared across deprivation conditions in
the CR task. Direction, running speed, and visits were compared
across all session pairs using paired t-tests, and data obtained from
pairs that differed significantly on any of these behavioral measures
were eliminated from subsequent analyses, yielding a total of 46
cells and 67 subfields. Eleven of these 46 (24%) neurons had binary
responses (on vs. off) between deprivation conditions, and were
active and had a well-defined firing field in only 1 of the task
conditions. The remaining 35/46 (76%) neurons fired in both
hunger and thirst conditions. Thirty (65%) remapped across de-
privation conditions and fired either at different rates, in different
locations or both as revealed by t-tests and spatial correlations
(Pearson’s r), while only 5 (11%) neurons had stable firing fields
(Fig. 3). The same pattern occurred in subsets of simultaneously
recorded groups of cells (Fig. S1 and Table S1).

Hippocampal neurons encoded multiple relationships among the
salient features of the CR task. To respond correctly, a rat had to
discriminate deprivation states, associate the current state with a
specific visual cue that was conditionally associated with reward,
and direct movement through space toward that goal. Although the
start arm, choice point, and goal arms occupied fixed positions,
the goal boxes moved among the arms from trial to trial, so that the
behavioral significance of arm location varied with the position of
the goal boxes. To determine how hippocampal neurons coded
these key task components, we compared unit activity in the start

arm, the choice point, and the 3 goal arms across CR conditions. CS
activity clearly distinguished the conditions in each of these maze
regions (Figs. 2 and 4). Most task-sensitive fields (22/54 fields, 41%)
coded conjunctions of goal box and location, firing near the end of
a specific goal arm only as the rat approached 1 particular goal box.
Many other cells fired differently in the choice point (15/54 fields,
28%; Figs. 2 and 4). The remaining task sensitive cells fired
differentially in the start arm (17/54 fields, 31%), showing ‘‘pro-
spective’’ coding that distinguished the non-spatial target.

Hippocampal coding in the start arm varied with deprivation
state and the associated goal object, but not spatial trajectories. In
spatial tasks, hippocampal neurons fire in distinct, reliable se-
quences that correspond to the future position (‘‘prospective cod-
ing’’) of the animal, even as the rat traverses identical spatial paths
(12, 13, 16, 17, 30). To assess the relative influence of allocentric
spatial trajectory and non-spatial goal-directed sequences on hip-
pocampal coding, we parsed data files into left-, middle, and
right-going trajectories and compared the activity of neurons with
start-arm fields in food and water deprivation sessions. In contrast
to previously reported spatial trajectory coding, no cells (0/23)
distinguished the allocentric spatial trajectories taken by the rat,
whether or not the firing fields distinguished the 2 deprivation
conditions. Rather, cells with fields on the start arm either revealed
discriminative coding with respect to the defining features of the
goal (17/23, 74%; Fig. 4 and Fig. S2) or signaled location indepen-
dent of motivational state and trajectory (6/23, 26%; Fig. S2). Thus,
rather than coding a sequence of spatial locations, the differential
firing in the start arm across deprivation conditions was related to
the animal’s motivational state and approach to a specific non-
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Fig. 3. Place fields distinguished deprivation states and task demands. Firing
patterns were significantly more distinct across deprivation states in the CR than
the RF task [�2 (1) � 15.48, P � 0.0001].

Fig. 4. Disjunctive coding in the CR task. Firing rate maps for the 3 neurons
recorded in the CR task are shown across deprivation conditions. Cells 2 and 3
fired exclusively in 1 deprivation condition, showing binary responses. Cell 1 (200
�V max) coded the conjunction of goal and location, firing only when the ‘‘food’’
goal box occupied the right maze arm. Cell 2 (198 �V) fired in the choice point
only during approach to the ‘‘water’’ goal box, while cell 3 (178 �V max) fired in
the start arm only during approach to the ‘‘food’’ goal box. (Inset) Firing rate
maps obtained for cell 3 after parsing the data file into right-, middle-, and
left-going trajectories. Cells that fired discriminately in the start arm in different
deprivation conditions did not fire selectively depending on the trajectory taken
by the rat. The legend shows firing rate (spikes/s).
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spatial target, suggesting that the hippocampus codes goal-directed
memory sequences in general and not only spatial trajectories.

Hippocampal CS activity was only weakly influenced by depri-
vation state during RF compared with CR (Fig. 3). CS activity in
26 neurons was compared across deprivation conditions in the RF
task excluding session pairs that differed in the animal’s running
speed or position (eliminating 2 cells). Most cells, (13/24, 54%) had
stable firing fields across deprivation conditions, as revealed by
spatial correlations and t-tests. Ten (42%) neurons remapped and
only 1 (4%) cell fired discordantly as rats foraged while either
hungry or thirsty. The distribution of stable, remapped, and dis-
cordant fields showed significantly higher place fields stability
across deprivations conditions in the RF than in the CR tasks [�2

(1) � 15.48, P � 0.0001; Fig. 3]. Subsets of simultaneously recorded
groups of neurons revealed similar firing patterns across depriva-
tion conditions (Fig. S1). These results verify that CS activity is
sensitive to motivational state (internal context), and is consistent
with prior studies describing non-spatial contextual coding by
hippocampal neurons (23, 24). When motivational state was not
required for selective memory retrieval, however, it had relatively
minor influence on hippocampal coding.

Hippocampal population coding more strongly discriminated
memory demands than deprivation states. Population vector cor-
relations (31) further quantified hippocampal coding on the entire
dataset across deprivation conditions in the 2 tasks. A population
vector was computed for each task and deprivation condition from
the mean firing rate of each cell in each grid unit across all
ensembles and rats (see Experimental Procedures). Two arrays of
population vectors, one recorded during food and the other during
water deprivation sessions, were compared using Pearson’s r, and
the data from CR and RF tasks were analyzed separately. As
suggested by the categorical single unit data described above,
quantitative differences in the population codes distinguished de-
privation conditions markedly in the CR but not in the RF task. The
population vectors were largely uncorrelated across deprivation
conditions in the CR task (r mode � 0, skewed toward zero; KS test,
P � 0.01), but were similar in the random foraging task (r mode �
0.6). The distributions of population vector correlations differed
significantly between the 2 tasks (CR versus RF: KS test; D � 0.48,
P � 0.001; Fig. 5), showing that the hippocampal population code
distinguished between different memory retrieval conditions more
markedly than the different deprivation states per se.

Discussion
When motivational states signaled memory discriminations, they
were accompanied by distinct CA1 representations. During con-
textual memory retrieval, most single units either fired at different
rates, in different maze locations, or were exclusively active either
when the animal was food deprived and approaching a food-
associated goal, or water deprived and approaching a water-
associated goal. By contrast, the same neuronal populations had
largely stable firing patterns during random foraging, when no
memory discrimination was required and deprivation state was
incidental to ongoing behavior. The coding observed in the CR task
converge with the effect of hippocampal lesions in this task, which
impair memory processing—selecting among competing goal di-
rected behaviors—but not discriminating motivational states, goal
boxes, or stimulus-reward associations (3). Thus, hippocampal
networks respond to motivational states as they do to external
stimuli: information dynamically influences hippocampal coding,
depending upon its relative importance for memory discrimination.
These features of hippocampal coding suggest a natural mechanism
by which internal states and environmental features can be asso-
ciated in memory and used selectively to guide goal-directed,
adaptive behavior.

Hippocampal neurons code the key features required for moti-
vation-based contextual memory retrieval: the associative recon-
struction of specific relationships among the internal and external

features that distinguished different trials. Task performance re-
quired the rat to retrieve from memory the relationships between
specific goals (food or water) and their associated non-spatial
targets, and use this information to guide different responses to the
same external stimuli. The hippocampal coding patterns we report
here correspond well to these task features. Some cells responded
to conjunctions of features, firing as the rat approached a particular
goal box when it occupied a specific location. Many neurons fired
differentially on the common start arm revealing ‘‘prospective’’
coding (12), but rather than coding pending trajectories, the
prospective signal depended on whether the animal was hungry and
approaching the food-associated goal or thirsty and approaching
the water-associated one. The observed firing patterns thus dovetail
with the computational requirements for contextual memory
retrieval.

Motivational state per se had a small but measurable influence
on hippocampal coding. In the random foraging task, when depri-
vation state was irrelevant to memory discrimination, most cells had
stable fields with correlations well within the range of prior reports
comparing repeated measures of unit activity in the same task in a
constant environment (8, 10, 32–36). Other neurons, however, fired
with different rates or in different locations between deprivation
conditions. These deprivation-sensitive cells shifted the population
vector correlations and demonstrated that motivation-related in-
formation is included in the hippocampal representation. Indeed,
the present results are similar quantitatively to those reported in a
random foraging task following changes from one familiar box
shape or color to another in a constant room (31). Thus deprivation
state per se may be a perceptual variable, albeit an internal one, that
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Fig. 5. Population vector correlations across deprivation conditions. Firing rate
vectors represented the activity of all cells (1 . . . n) in each grid location (x, y) and
are depicted by the columns of red squares (Inset). Population vectors from each
grid location compared food and water deprivation conditions using Pearson’s r;
the curves show the frequency distributions of these. Higher r values (x axis) show
greater similarity in the ensemble code between deprivation conditions. The
vectors distinguished deprivation conditions in the CR memory task (r mode � 0,
skewed toward zero; KS test, P � 0.01), but were similar in the RF task where no
memorydiscriminationwasrequired(rmode�0.6;CRversusRF:KStest,D�0.48,
P � 0.001).
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distinguishes different episodes within the same spatial context or
reference frame (37–39). Alternatively, deprivation-sensitive place
fields may have been established by training in the CR task. The RF
box occupied the same location and room as the maze used in CR,
and all of the rats were trained extensively to use motivational state
as a discriminative memory stimulus before random foraging
sessions. This training may have increased the influence of depri-
vation state on hippocampal coding during subsequent random
foraging. Future experiments are needed to determine the extent to
which internal state coding is endogenous or a consequence of
learning (cf. 16).

Prospective coding signaled motivation-defined goals indepen-
dent of their location. Hippocampal neurons are sensitive to the
history of ongoing behavior, reflecting the past and anticipating
future actions (12, 13, 16, 17, 30, 40). Thus, place fields can be
modulated by future spatial goals or past locations even as percep-
tual, behavioral, and motivational variables are constant. Differ-
ential firing in the same location has been interpreted as an example
of spatial sequence coding (12, 13, 16, 17), and as ‘‘journey’’ coding
that reflect the beginning and end of goal-directed episodes (12,
26). Our prior work suggested that prospective coding in a spatial
task signaled immediately pending locations (12). The present
results suggest that such differential hippocampal coding is not
limited to signaling spatiotemporal sequences but is related more
generally to behavioral goals. If hippocampal coding discriminates
only spatial sequences, then prospective activity in the start arm
should vary with the allocentric location of the target box. If such
coding discriminates goal-directed sequences more generally, then
prospective activity should vary with the defining features of the
goal. In the present experiment, the goals were defined by the
animal’s motivational state and associated boxes that moved from
trial to trial, making their non-spatial properties crucial and their
location irrelevant. Under these conditions, the deprivation-defined
goal strongly altered unit activity, but the allocentric location of the
goal box never did, so that differential unit activity in the start arm
was indistinguishable during left, right, and middle-going spatial
trajectories. Thus, the sequence coding reported in other studies
may not reflect spatial trajectories per se, but rather a goal-directed
cognitive path through an associative memory space in which
allocentric location is incidental.

Experimental Procedures
Subjects. Six male Long Evans rats (Charles River Laboratories) weighed between
300–350 g at the onset of training, were maintained at 85% of their free-feeding
body weight and housed individually on a 12-h light/dark cycle. All experiments
and surgical procedures were conducted in accordance with the guidelines set
forth by the Mount Sinai Institutional Animal Care and Use Committee and the
National Institute of Health.

Apparatus. Awoodentridentmaze(Fig.1),paintedgrayandelevated63cmfrom
the floor, was located in the center of a dimly lit room, with black curtains
surrounding 2/3 of the maze to minimize visual access to room cues. Three goal
arms (49 cm long, 6.4 cm wide, with edges 2.5 cm high) separated by 45° angles
were located directly across a hexagonal central platform (17.8 cm across) from a
start arm (85 cm long, 6.4 cm wide, with edges 2.5 cm high). Three interchange-
able wooden goal boxes (30 cm high, 15 cm wide and 13.5 cm deep), distin-
guished by color and illumination, were mounted on the ends of each of the goal
arms. A wooden rectangular waiting platform (41 cm long, 30 cm wide, elevated
94 cm from the floor) was located next to the maze.

A square black Plexiglas box (71 cm/side) was elevated 15 cm from the floor,
placed in the same room and location as the trident maze, and used for random
foraging recording sessions. The floor of the box was covered with black con-
struction paper to reduce light reflection. A black plastic cylinder (38 cm high, 70
cm diameter) with various visual cues taped to its surface was inserted into the
box for recording sessions.

Behavioral Training. Habituation, training, and pre-surgery probe tests were
carried out as described previously (3) except that wooden blocks were used in
place of guillotine doors to limit access to goal arms. Rats were food and water
deprivedonalternatedaysandtrainedtoapproachonegoalboxforfoodreward

when hungry, a second goal box for water reward when thirsty and to avoid a
third goal box that was never rewarded. Box-reward pairings were consistent for
eachratthroughouttrainingandcounterbalancedbetweenrats.Thepresenceof
reward was contingent on the rat’s deprivation state; only the box designated to
contain the reward appropriate to the animal’s current deprivation state held
reward on any given trial, the other 2 goal boxes were empty. The goal boxes
were moved pseudorandomly between the 3 possible goal locations after each
trial to prevent rats from adopting egocentric or allocentric spatial strategies.
Rats were trained for 6 trials/day with 10-min inter-trial intervals until they
reached and maintained an 80% correct choice criterion level of performance.

Surgery. Rats were implanted with recording electrodes after they maintained
the 80% correct choice performance for 6 consecutive days (3 days/deprivation
state). Rats were anesthetized with isoflurane (Forane, Baxter) and a 14-drive
recording assembly (Neuro-hyperdrive; Kopf Instruments) was mounted on the
skull over the left dorsal hippocampus (AP �3.8 mm, ML �2.2 mm from Bregma)
with dental cement. Twelve of 14 independently movable probes were tetrodes
made from 4 twisted wires (Ni-Cr wire, Rediohm-800, 12.7 �m, Kanthal); 2 probes
were reference electrodes. After surgery, probes were lowered 1 mm into the
brain and rats were injected with Banamine (flunixin meglumine; 1.5 mg/kg,
i.m.). All rats were given 8 days recovery following surgery. After the recovery
period electrodes were advanced 40–80 �m/day while rats were retrained in the
CR task and familiarized with the RF environment.

Recording Equipment. The electrode assembly was connected to a headstage
(Kopf 54, Neuralynx) with source follower amplifiers; 10 color LEDs on the
headstage were detected by an overhead color LCD camera and used to track the
animal’s position and heading (640 � 480 pixel resolution, 60-Hz sampling rate).
Electrode signals were amplified 1–6 K, filtered between 0.6 and 6 kHz, digitized
at 32 kHz, and stored together with tracking information by computer (Cheetah
64 Data Acquisition System, Neuralynx).

Testing Procedures. To help ensure stable recordings, the electrodes were not
moved for �24 h before recording sessions. Before testing rats were deprived of
food for 20 h or water for 16 h and had free access to the non-deprived substance.
Recordingsessions in theCRtask lastedapproximately50minand included25–35
trials. At the start of each trial, the rat was moved from the waiting platform to
the start arm of the maze. Entering the correct box led to a cup containing the
reward appropriate to the rat’s current deprivation state (0.2 g powdered rat
chow or 4 drops of water). The rat was allowed to consume the reward and was
then returned to the waiting platform. If the rat entered an incorrect goal box,
it was allowed to inspect the box for 5–10 s and was then returned to the waiting
platform. The rat remained on the waiting platform for approximately 1 min
between trials while goal boxes were moved pseudorandomly among the 3 goal
arms to ensure that each box occupied each location for the same number of
trials. After the last CR trial the rat was returned either to its home cage (2 rats)
or to the waiting platform where it remained while the trident maze was
switched with the open field (4 rats). The CR task was followed immediately by an
8-min RF session. Recording began when the rat was placed in the open field in
a constant location and orientation, and continued for 8 min while the rat
explored the box to obtain chocolate sprinkles tossed by the experimenter at
random intervals and locations. After a recording session the rat was returned to
the vivarium and given immediate access to the deprived item; the non-deprived
item was removed. Eight to 24 h later, a second recording session assessed unit
activity in the alternate deprivation state. For longer intersession intervals, rats
were given free access to both food and water for 2 h before the removal of the
next deprived item.

Unit Isolation and Screening. Single units with greater than or equal to 2:1
signal-to-noise ratios and peaks �100 �V were discriminated offline using digi-
tized waveform parameters (e.g., peak amplitudes, spike widths, etc.). A com-
puter program displayed waveforms and represented parameter values as points
in a multidimensional space, with each dimension defined by one parameter.
Points were assigned to distinct and homogenous clusters (units) using a non-
linear elliptical cluster-cutting algorithm (12). The clusters were adjusted and the
waveforms were inspected to ensure that the units were discriminated appro-
priately. The discrimination was further quantified by Mahalanobis distance
between clusters in a normalized parameter space. Any pair of clusters �2
standard deviations apart was flagged, and only units with minimal overlap with
neighboring clusters and noise were included in subsequent analyses. Units
recorded in each session were discriminated independently of other sessions.
Only probes with stable recordings throughout an experimental session were
included in the final dataset.

Recordingstabilityacross consecutivefoodandwaterdeprivationsessionswas
assessed by comparing waveforms and cluster distributions qualitatively and

Kennedy and Shapiro PNAS � June 30, 2009 � vol. 106 � no. 26 � 10809

N
EU

RO
SC

IE
N

CE



quantitatively. Units identified in consecutive food and water deprivation re-
cording sessions were compared visually and matched based on waveform sim-
ilarity, and cluster location, size, and boundaries. Waveform stability across
sessions was quantified by extracting peak and trough amplitudes (32 measures
total) from the averaged waveform recorded on each of the 4 wires of a given
tetrode that were compared by Pearson’s r. The same procedure was used for CR
and RF sessions.

Field Analysis. To define place fields, the camera pixels that defined the maze
area was divided into grid units to ensure reliable and adequate sampling. For all
recordings firing rates were calculated only if the rat was moving faster than 2
cm/s and obtained by dividing the total number of spikes by the total amount of
time spent in each grid unit. Only cells with a mean firing rate greater than or
equal to 1 spike/s and only those grid units occupied for greater than or equal to
300 ms and visited at least 4 times in each session of a pair (i.e., food and water
deprivation) were analyzed for place field activity. Spatial behavior was quanti-
fied using paired t tests to assess whether speed, direction, or visit arrays differed
in session pairs. A significant difference (P � 0.05) on any of the behavioral
parameters excluded the associated unit data from further analyses. A place field
wasdefinedasanareaofgreater thanorequal to2adjacentgridunitswithmean
firing rate �1 spike/s and greater than or equal to 3 spikes/subfield visit. Analyses
excluded activity in the goal box, and only cells with greater than or equal to 1
place field in at least one of the complimentary recording sessions were com-
pared between sessions. Differences in place field activity were quantified using
Student’s t tests to assess firing rate means and Pearson’s r to assess firing rate
spatial distributions. The CR maze area was divided into a 40 � 40 array of 5.6-cm2

grid units. This relatively fine array was used to analyze activity across the width

of the maze arms, but the granularity of the spatial grid did not affect the results
( SI Text). The spatial distribution of unit activity was analyzed for place fields in
each maze arm and the choice point, and firing rates along the length and width
of a maze arm were compared across corresponding grid units between session
pairs. Activity was assessed separately in specific maze regions and in the entire
maze. The RF arena was divided into a 30 � 30 array of 8.7-cm2 grid units, and
spatial behavior was quantified across an entire recording session.

Population Vector Analysis. Firing rate maps were constructed from each cell’s
mean firing rate in each visited grid unit. Separate 3D arrays (grid location x, y,
celln) were defined for each deprivation condition and task, and rate vectors for
each grid unit were extracted from each array. Pearson’s r compared the rate
vectors across deprivation states for each grid unit that contained neuronal
activity in at least 1 of the 2 deprivation states. To quantify population coding
stability in the 2 tasks, the distribution of the r values from all grid units were
assessed with Kolmogorov-Smirnov (KS) goodness of fit tests.

Histology. Rats were perfused with PBS followed by 4% paraformaldehyde.
Brains were cryoprotected in 10% sucrose in 0.1 M PB for 1 day, 20% sucrose in
0.1 M PB for a second day, then blocked and sectioned at 40 �m on a cryostat and
stained with formol-thionin (Fig. S3).
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