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Hippocampal and Cortical Place Cell Plasticity:
Implications for Episodic Memory
Loren M. Frank,1* Emery N. Brown,2,3 and Garrett B. Stanley3,4
ABSTRACT:
In humans, the hippocampus is essential for storing episodic memories. These event memories require the rapid storage of novel
associations, but little is known about the cellular correlates of such rapid
plasticity. We studied patterns of activity and plasticity in the CA1 region
of the hippocampus and in anatomically adjacent cortical regions as rats
explored a novel arm of a maze to identify the neural correlates of hippocampally dependent memory formation. We found that hippocampal
place ﬁelds exhibited three phenomena that may have direct relevance to
the encoding of episodic memories: (1) very rapid plasticity upon exposure
to the new environment, (2) instability in representations formed after
short periods of exploration, and (3) a dissociation between the stability of
a hippocampal representation and the apparent familiarity of a location.
In contrast, cortical regions showed less dramatic changes. Taken together, these ﬁndings suggest that hippocampal activity undergoes a period of rapid reorganization during the encoding of novel information, and
that even after this reorganization is complete, areas outside the hippocampus have not yet formed stable memories. V 2006 Wiley-Liss, Inc.
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INTRODUCTION
In humans, damage to the hippocampal formation results in a profound impairment in the ability to store new memories for events, known
as episodic memories (Scoville and Milner, 1957; Squire, 1982). In
rodents, these same structures play an essential role in the animals’ abilities to learn about and remember complex associations (Cohen and
Eichenbaum, 1993; Rudy and Sutherland, 1995). This is particularly
apparent when the animal must encode the relationships among locations
in its environment, as hippocampal damage causes profound impairments
in these spatial tasks (O’Keefe and Nadel, 1978; Aggleton et al., 1986;
Jarrard, 1993). Both episodic memory and spatial memory require storage
of the relationships among a number of stimuli: an episode can be
thought of as the relationship among a set of people, places, and things
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over some period of time, while a place can be deﬁned
by the relationships among the various types of sensory
information available at a location as well the relationships among that location and other locations in the
environment (Eichenbaum et al., 1999). At the same
time, it is important to note that a full account of episodic memories includes the fact that they allow for the
recall of previous events and in particular one’s own
role in past occurrences. Episodic memory is therefore
deﬁned by at least one prominent author as requiring
self-awareness and a sense of time (Tulving, 2002).
Extending this deﬁnition to nonhuman species is difﬁcult, as it seems unlikely that rodents, for example, are
self-aware, and one may legitimately ask whether human
episodic memories represent a fundamentally different
sort of representation from that found in other animals.
While full-ﬂedged episodic memories are very unlikely to
be present in rodents, it has been shown that rodents can
remember conjunctions that are qualitatively similar to
those present in episodic memories (Day et al., 2003). In
our view and the view of many others, the anatomical
and functional parallels across species argue that, while
episodic memories clearly involve types of information
(e.g., self-awareness) that are probably not available to
the rodent hippocampus, the hippocampus and associated regions nonetheless carry out a qualitatively similar computation across species (O’Keefe and Nadel,
1978; Squire, 1992). Here, we focus on the physiological characteristics associated with two related elements
of the hippocampal computation: the nature of the
representation stored and the rapidity of storage.

THE HIPPOCAMPAL REPRESENTATION
OF SPACE
As mentioned earlier, the hippocampus appears to
be essential for storing representations involving relationships among multiple items (Eichenbaum and
Cohen, 2001). In the case of memories for locations,
each place is deﬁned by a unique combination of cues.
As an example, each room in a house may contain
walls, a ﬂoor, furniture, and so on, but we are able to
create a unique memory for each room we have visited,
including representations of both their contents and
their layout. We must therefore store information
about the types of furniture, the color of the walls, etc.,
as well as information about the relative locations of
the different pieces of furniture, the walls, etc. At the
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FIGURE 1.
An example of directionality and prospective coding from a CA1 neuron. The grayscale colorbar indicates the ﬁring
rate of the neuron in Hz, and each of the four panels shows the rate
along one path that the animal traversed through the T-maze envi-

ronment, depicted in the bottom row of drawings. This neuron was
active only on outbound runs from the center arm, and ﬁred more
when the animal was heading toward the right arm than toward the
left arm.

level of individual neurons, the hippocampal circuit must therefore process this information to create a unique representation
of each place. As a result, individual hippocampal neurons (place
cells) come to respond selectively in restricted regions of space
(O’Keefe and Dostrovsky, 1971; Best et al., 2001; Ekstrom
et al., 2003), and the ensemble activity of place cells accurately
represents the animal’s location in the environment (Wilson and
McNaughton, 1993; Brown et al., 1998). These place-speciﬁc
responses are present immediately upon introduction to a previously explored place (Mehta et al., 1997), suggesting that place
cell activity in familiar environments represents the retrieval of a
memory for that environment (Kentros et al., 1998).
In addition, individual place cells can respond not only to a
unique conjunction of cues deﬁning a location, but also to the
relationships among locations. This can be most easily seen in
linear environments, where it is possible to examine activity
according to the path the animal is on. In these situations,
most place cells show directionally biased ﬁring, where the ﬁring rate of the cell differs substantially depending on the animal’s direction of motion (McNaughton et al., 1983; Muller
et al., 1994). We and others have also shown that place cells
can ﬁre differently in the same location and direction of
motion, depending on the animal’s past or intended future
position, providing retrospective or prospective information
that could be used to guide behavior (Frank et al., 2000; Wood
et al., 2000; Ferbinteanu and Shapiro, 2003). An example of a
CA1 place cell, showing both directional and prospective activity, is shown in Figure 1. These patterns of activity suggest that
place cells are part of a representation that includes spatial and
perhaps temporal relationships.

tem must therefore be able to store new information quickly to
avoid excessive interference between temporally adjacent experiences. The idea that the hippocampus is essential for this rapid
storage of new information is supported by studies in rats showing that blocking hippocampal activity or plasticity impairs onetrial learning (Morris, 1996; Izquierdo et al., 1997; Day et al.,
2003). Further support for hippocampal involvement in the initial stages of memory formation comes from consolidation experiments, where investigators interfere with hippocampal processing after learning. In contextual fear conditioning, for example, hippocampal lesions made immediately after learning cause
a profound deﬁcit, but lesions 28 days after learning had no
effect (Kim and Fanselow, 1992). Comparable effects have been
seen in the social transmission of food preference task (Winocur
et al., 2001), and conceptually similar ﬁndings have also been reported in a series of experiments testing the effects of focal infusions of pharmacological agents in the hippocampus and downstream structures (Jerusalinsky et al., 1992; Quillfeldt et al., 1996;
Izquierdo and Medina, 1997; Izquierdo et al., 1997). These results
support the hypothesis that the hippocampus is important for initial
learning, but that other downstream structures may be able to \take
over" for the hippocampus, once sufﬁcient time has elapsed.
While it is clear that the hippocampus is essential for the rapid
storage of new information, less is known about how the circuit
constructs new memories. It is generally accepted that the storage
of new memories is mediated by changes in synaptic strength,
which result in changes in hippocampal activity (Morris et al.,
1990), but the nature of those changes and their relationship to
learning is not yet understood. In the context of spatial representations, investigators have begun to characterize the types of plasticity seen in both familiar and novel environments.
Here we focus on results from area CA1, the most commonly
studied hippocampal subregion, and on adjacent cortical regions. Studies of CA1 place cell change in linear environments
have shown that CA1 place ﬁelds shift and change shape in familiar environments (Mehta et al., 1997, 2000; Lee et al., 2004).
Similarly, alterations in visual cues or environmental boundaries

STORAGE OF NEW REPRESENTATIONS IN
THE HIPPOCAMPUS
Episodes generally occur only once, and yet we are capable of
remembering strings of events across minutes or hours. The sysHippocampus DOI 10.1002/hipo
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in previously familiar environments can cause changes in CA1
place ﬁelds (Muller and Kubie, 1987; Bostock et al., 1991;
Gothard et al., 1996, 2001). Detailed examinations of the time
course of these changes have revealed that individual place ﬁelds
can show large changes over the course of a few minutes of experience (Lever et al., 2002), suggesting that place ﬁeld plasticity may
provide a valuable model for studying rapid hippocampal encoding of new information.
Results from recordings of CA1 cells in entirely novel environments also indicate that place-related activity develops rapidly
when animals are exposed to new places. Wilson and McNaughton (1993) reported that reconstructions of animals’ positions
from CA1 place cell data were more accurate once the animal had
*10 min of experience in the environment. These ﬁndings were
interpreted to mean that CA1 place ﬁelds are initially disorganized, but become stable after sufﬁcient experience in a new place,
although our ﬁndings indicate that spatial selectivity is frequently
present upon the ﬁrst visit to a novel place. A similar time course
for CA1 place cells was reported by Leutgeb et al. (2004), once
again using 10-min time windows.
There is, to our knowledge, only one study that directly
examined the formation of spatial representations in adjacent
cortical regions. Recent results from recordings of the superﬁcial
entorhinal cortical (EC) \grid cells," which provide input to the
hippocampus, have indicated that these cells are active in a gridlike pattern from the moment the animal enters a novel environment, although the pattern did not achieve complete stability
until the animal had 10 min of experience in the place (Hafting
et al., 2005). These grid-like patterns were very similar across
different environments, however, suggesting that the superﬁcial
EC does not create a unique representation of each environment. However, the methodological tools used for previous place
ﬁeld formation analyses made it difﬁcult to examine the rapid
changes in place ﬁeld structure, and so these results do not provide detailed pictures of the dynamics of the development of
spatial representations.

ADAPTIVE METHODS FOR STUDYING
PLACE CELL PLASTICITY
We have developed new analytical techniques to quantify the
time course of neural receptive ﬁeld development (Brown et al.,
2001; Frank et al., 2002). These methods make it possible to
accurately describe the time course of place ﬁeld plasticity,
and, more generally, allow the examination of the dynamics of
learning-related neural activity in the brain. The adaptive framework explicitly models the ﬁring rate of each neuron as a function of a set of covariates which can include not only the animal’s position in space but also other variables, such as the time
since the last spike. Mathematically, we have modeled the ﬁring
rate l(t |yt, Ht) as l(t |yt, Ht) ¼ lS (x(t), yt)lT (t  ft, yt), where
the spatial component lS (x(t), yt) is a function of the rat’s position x(t) at time t, and the temporal component lT (t  ft, yt)
is a function of the time since the last spike. The temporal component models the history dependence of the spike train Ht as
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the time since the last spike. The parameter vector yt relates the
animal’s position and the time since the last spike to the shape
of the rate function.
The adaptive algorithm, derived as an approximation to an
instantaneous maximum likelihood algorithm, uses data from
the spike train to update the estimate of the ﬁring rate at each
moment in time. The algorithm computes the difference between the predicted and actual ﬁring to update the ﬁring rate
model, making it more consistent with the data. This update
uses a learning rate term to weigh the new information from the
data relative to the current estimate. Mathematically, the simplest version of the algorithm updates each parameter as follows:
ytk ¼ utk1 þ e dl
d y ½N ðtk1 ; tk Þ  lðtjytk1 ; Htk ÞDtk  where ytk is
the new value of a parameter at time tk, ytk1 is the value of that
parameter at the last time step, e is a learning rate that weights
the contribution from the new data, dl
dy is a term that ensures
that changes in ytk will have the desired effect on the ﬁring rate
l, N(tk1, tk) is the number of spikes observed in the last time
step, and l(t |ytk1, Htk)Dtk is the ﬁring rate at the last time step,
l(t |ytk1, Htk), multiplied by the length of the time step, Dtk.
Thus, [N(tk1,tk)  l(t |ytk1, Htk)Dtk] is a comparison between
the number of spikes observed and the number expected based
on the current estimate of the ﬁring rate, and the algorithm uses
that measure of the error in the current estimate to update the
ﬁring rate model. When these terms are combined, the result is
a descriptive model that tracks the ﬁring rate process over time.
With the addition of goodness-of-ﬁt tests that ensure that the
resulting models are consistent with the neural data (Barbieri
et al., 2001; Brown et al., 2002; Frank et al., 2002), the result is
an analysis that describes the spatial and temporal structure of
each neuron’s spike train across time, in terms of a smooth, continuous ﬁring rate function. We can then analyze this function
to accurately characterize changes in neural activity over time.
The same type of approach has also been used to characterize
plasticity in the primate hippocampus, as animals learned a location scene association task (Wirth et al., 2003), and is generally
applicable to analyses of neural plasticity.

CA1 AND DEEP EC PLACE FIELD PLASTICITY
IN FAMILIAR ENVIRONMENTS
We have used this algorithm to examine place ﬁeld plasticity in
both familiar (Frank et al., 2002) and novel places (Frank et al.,
2004). For the analyses of familiar data, we applied the adaptive
analysis to the data recorded from rats running back and forth on
a familiar U-shaped track (Frank et al., 2000). We recorded data
from neurons in hippocampal area CA1 and in the deep layers of
the EC. The deep EC is the primary target of hippocampal outputs, and thus comparing plasticity in these structures allows us
to compare patterns of change in the hippocampus with that seen
in downstream structures.
We found that the patterns of change differed substantially
across the two structures. In CA1, as had been reported previously, the large majority of place cells became more active over
time and shifted backwards along the animal’s direction of
Hippocampus DOI 10.1002/hipo
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motion. In contrast, most deep EC neurons became less active
over time, and the population showed no consistent spatial shifts.
These results indicate that the basic properties of place-related
plasticity differ between CA1 and deep EC. At the same time, we
found that there were a minority of deep EC neurons which
showed a pattern of spatial plasticity like that seen in CA1, and
that these neurons tended to show higher spatial speciﬁcity in
their ﬁring than do their nonincreasing counterparts.
It is generally hypothesized that the consistent increase in ﬁring
rates and the backward shift of place ﬁelds seen in CA1 activity in
familiar environments reﬂects the relative ease of inducing plasticity in the hippocampal circuit and, in particular, in the connections from upstream area CA3 to CA1 (Blum and Abbott, 1996;
Mehta et al., 1997, 2000; Ekstrom et al., 2001). The functional
signiﬁcance of these changes for memory encoding or recall remains unclear, however. The fact that, in CA1, these changes reset
after a day of rest between exposures to the familiar track (Mehta
et al., 1997) suggests to us that the small changes in rate and center of mass may not be important for memory storage or recall,
but are perhaps instead an epiphenomenon that inevitably results
where there are plastic feed-forward synapses (e.g., from CA3 to
CA1). In particular, as the shifts in location are generally in the
order of a few centimeters, and as these shifts occur across the
whole CA1 population, it is not clear how downstream neurons
could detect the shift from their highly variable place cell inputs
or how they would use the shifts if they were detectable. One possible effect, the propagation of these shifts to downstream structures, does not appear to occur, as our data indicated that deep
EC ﬁelds did not shift. Thus, we feel additional work will be required to determine whether these shifts have an effect on information encoding in the circuit.
The deep EC’s tendency to show decreasing ﬁring rates is consistent with a large body of literature on the effects of repeated presentations of the same stimulus on the ﬁring of neurons in the EC
and related structures in both rodents and primates (Miller et al.,
1991; Fahy et al., 1993; Li et al., 1993; Miller and Desimone,
1994; Zhu et al., 1995; Suzuki et al., 1997; Young et al., 1997;
Xiang and Brown, 1998, 1999). Once again, it is not clear that
these decreases have functional signiﬁcance, although the increase
in activity for the minority of cells with higher speciﬁcity leads to
a more faithful representation of relevant variables (spatial location
in this case) over time. In any case, the relative homogeneity of the
CA1 change as compared to that seen in the deep EC suggests that
most or all of the active CA1 neurons are engaged in representing
the familiar place, while deep EC may contain multiple subpopulations, some tied to CA1 output, and others more independent
of CA1. If so, then CA1 may be involved in representing a single
memory at a given time, while downstream areas could act to integrate that memory with previously learned information.

CA1 AND CORTICAL PLACE FIELD PLASTICITY
IN NOVEL ENVIRONMENTS
While studying that plasticity in familiar environments can be
informative, the hippocampus’ role in learning suggests that
Hippocampus DOI 10.1002/hipo

understanding how the rat hippocampus creates a representation
of a novel environment would be particularly useful in our efforts
to understand memory storage. We hypothesize that the development of new spatial representations is a process of memory formation, and we therefore recorded data from neurons in CA1 and in
adjacent cortical regions as animals developed a representation of
a new place (Frank et al., 2004). We pretrained animals to run in
a continuous alternation pattern in a T-maze consisting of three
arms of an eight-arm maze (Fig. 2A). Animals were placed in the
home arm of the maze and were rewarded with liquid chocolate,
each time it reached the next correct arm in the sequence. The
animals were not removed from the track until the end of the run
session, and required *1–3 weeks of pretraining to reach 80%
correct, where a single correct trial involved a run from the home
arm to the correct outside arm (arm 3 or arm 7) and back to the
home arm. Once each animal reached criterion, we implanted a
microdrive array with 30 independently moveable tetrodes targeting the CA1 region of the hippocampus and hippocampally associated cortical regions. After the animal recovered, we collected
data both while the animal ran in the familiar conﬁguration of the
maze and while it learned to continuously alternate in a novel conﬁguration, where either the left or the right arm was closed off
and a novel arm was opened up (Fig. 2B). In this novel conﬁguration, the reward contingencies were the same, with the novel arm
replacing the adjacent familiar arm in the rewarded sequence.
The animals were exposed to each conﬁguration for 2 or 3 days,
and each animal was exposed to a total of four novel conﬁgurations. As CA1 and deep EC place cells are generally directional in
familiar environments, we examined the two directions of motion
through the novel arm separately. The details of the analysis
methods and the CA1 results are presented by Frank et al.

FIGURE 2.
The task used to expose animals to novel environments. Animals were pretrained in the familiar conﬁguration (A) to
alternate from arm 1–3 to 1–7 to 1–3 and so on. Once trained, the
microdrive array was implanted, and during each day of recording
the animals ran ﬁrst in the familiar conﬁguration and then, after a
20–30-min rest, in the novel conﬁguration (B) where either arm 3 or
arm 7 had been closed off and a novel arm on the same side as the
now closed arm had been opened (e.g., arm 6). The animals were
rewarded for running in the same alternation pattern, including the
novel arm, rather than the now closed familiar arm.

HIPPOCAMPAL AND CORTICAL PLACE CELL PLASTICITY
(2004), and here we summarize the CA1 ﬁndings and discuss the
results from the cortical recordings. The previously unreported
cortical data were collected in conjunction with the CA1 data,
using the methodologies described by Frank et al. (2004). All procedures were approved by the Animal Care and Use Committee
at Harvard University and were in accordance with the guidelines
established by the National Institute of Health. We should note,
however, that all of the results from the cortical recordings must
be interpreted cautiously. First, we did not target the subregion of
EC where highly place-speciﬁc, grid-like ﬁring has been seen
(Fyhn et al., 2004; Hafting et al., 2005; Hargreaves et al., 2005).
Second, cortical neurons were distributed across entorhinal and
other adjacent neocortical regions, and as insufﬁcient numbers of
neurons were recorded to permit a separate analysis by region,
there may be region-speciﬁc patterns of plasticity that our analyses
do not capture. Third, we are analyzing plasticity as a function of
position, but cortical neurons that respond, for example, to speciﬁc visual stimuli could show plasticity that might not correlate
well with location. Nonetheless, there were clear trends in the
cortical data, and as these trends are very different from those seen
in CA1, we feel that the comparison can provide insight into the
hippocampal cortical system.

CA1 and Cortical Plasticity–Day 1
The animals were always initially placed in arm 1 (Fig. 2), and
thus they only became aware of the novel conﬁguration once they
reached the center platform. Upon arriving at the center in the
context of a novel conﬁguration, the animals immediately began
to explore the entrance to the novel arm and the arm itself. This
was in stark contrast to their behavior in the familiar conﬁguration, where they would immediately go down an arm to reach the
reward site at the end. This difference in behavior (see later for
further discussion) was accompanied by large and rapid changes
in CA1 place cell activity in the novel arm, but only small changes
in the familiar arms.
Many CA1 place ﬁelds showed very pronounced changes in activity, including a large minority (18/91 or 20%), which were initially silent but then developed a place ﬁeld (Figs. 3A,B). An examination of the patterns of change seen in these cells revealed
several striking phenomena. First, these cells ﬁred few spikes over
the ﬁrst passes through the novel arm (the end of each pass is
marked by a vertical line on the top x-axis of the plots in Fig. 3)
and then showed a sudden transition to a much higher ﬁring rate.
This can be seen in the rapid rise in the integrated spatial intensity graphs in the left column and in the spike rasters in the right
column. The new ﬁring was not distributed across the arm, however, but was instead limited to a restricted region, as can be seen
in the snapshots of the place ﬁeld shown in the middle column.
Second, after this initial period of rapid place ﬁeld growth, the
ﬁelds became relatively stable. The ﬁelds continued to change in
some cases, but these changes were small compared to the initial
development of the ﬁeld, suggesting that while the circuit continued to show plasticity, it was focused on reﬁning the recently
established representations. This process was accompanied by an
overall increase in the activity of simultaneously recorded putative
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interneurons. Third, when all cells active in the novel arm were
considered, there was on average, a substantial increase in activity
across the population from a level well below that initially seen in
the familiar arms in both putative excitatory and putative inhibitory cells. The majority of cells had a place ﬁeld that was apparent
after the ﬁrst pass through the environment, and both these cells
and those that were initially silent tended to show marked
increases in ﬁring with experience.
Taken together, these ﬁndings suggest that when the animal
encounters something new, the immediate result is a reduction in
total CA1 activity relative to that seen in familiar places, followed
by the rapid formation of new representations in the circuit. This
plasticity is tightly regulated, however, as the rapid changes do
not continue throughout the experience. Instead, there appear to
be processes, including feed-back inhibition from interneurons,
which clamp down on the increasing activity and subsequently
allow only relatively small changes in the place ﬁelds, changes that
are more comparable in magnitude to those seen in familiar environments. We therefore hypothesize that, when the hippocampus
is engaged in the formation of a new memory for an episode,
these same patterns of plasticity occur. Thus, when a new combination of people, places, etc., is experienced, individual CA1 neurons would rapidly come to represent the novel combinations of
these elements. At the same time, even after the ﬁrst memory has
been formed, the observation of continued plasticity, albeit at a
reduced level, suggests that the original representation can be
modiﬁed by subsequently experienced events.
In contrast, our results from analyses of cortical plasticity suggest that changes in the cortical activity are generally slower than
those in CA1. The recordings of these neurons were stable, and
the cells were well-isolated, but only 1 of 70 cortical place ﬁelds
met the criteria for rapid development that identiﬁed 20% of
CA1 place ﬁelds as rapidly developing, and that single cell was
not silent on the ﬁrst pass, and showed highly variable activity
across multiple passes through the novel arm. We show two cortical neurons that are representative of the most extreme changes
seen in the cortex in Figures 3C and 3D. Comparing these patterns with those seen in CA1, we noted ﬁrst that the patterns of
change seen in these neurons illustrate that even those cortical
cells which showed substantial plasticity over the course of the
ﬁrst novel exposure changed much more smoothly than do the
rapidly developing CA1 neurons. These neurons were active on
the ﬁrst pass through the novel arm, and tended to be active
across large portions of the arm, and generally across large portions of the familiar arms as well. Both the mean location and the
peaks of activity tended to shift substantially over time. Second,
there was no clear division between a period of initial, rapid plasticity and a subsequently less dynamic period. Third, for the majority of neurons, activity declined over the course of the novel exposure, just as it did for deep EC neurons recorded in familiar
environments, as described earlier. We quantiﬁed the pattern of
change by computing the derivative of the area of the place ﬁeld
and examining the distributions of derivates. Figure 4A shows a
comparison of the derivatives from the ﬁrst minute of experience
in the novel environment for CA1 and cortical place ﬁelds. The
majority of the CA1 curve is on the right side of the x ¼ 0 line,
Hippocampus DOI 10.1002/hipo
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FIGURE 3.
Examples of place ﬁeld plasticity from CA1 and
cortex. Each row represents a single neuron. The ﬁrst column shows
the integrated spatial intensity plotted as a function of the total experience in the novel arm. This represents the total size of the place
ﬁeld. The vertical lines along the top x-axis represent the times at
which the animal completed a pass through the arm. The second
column shows the shape of the place ﬁeld at the four times indi-

cated by circles in the ﬁrst column. Early times are represented by
light gray, while later times are represented by progressively darker
gray. The third column shows the spike rasters of the neuron’s activity on each pass through the novel arm. (A) and (B) represent two
CA1 neurons which were initially essentially silent but then rapidly
developed place ﬁelds. (C) and (D) represent two cortical neurons
that showed large, but more gradual, patterns of change.

indicating that CA1 place ﬁelds were more often growing than
shrinking in area. In contrast, the majority of the cortical curve is
to the left of the x ¼ 0 line, indicating that their ﬁelds generally
decreased in size over time. The two curves are highly signiﬁcantly different according to a Komolgorov–Smirnov test (P <
0.0001).
These ﬁndings suggest that the large and rapid changes seen in
CA1 are not accompanied by similar changes in adjacent cortical
regions. Instead, these areas appear to show more gradual dynamics
that are more similar to those seen in familiar environments. This
ﬁnding may help explain why the hippocampus is essential for the

formation of new episodic memories. Our results suggest that cellular and circuit level properties that allow for both the rapid formation of new representations and the subsequent stabilization in
the hippocampus are not present in adjacent cortical regions, and
thus that these regions are not capable of the rapid formation of
new memories required for encoding episodic memories.

Hippocampus DOI 10.1002/hipo

CA1 and Cortical Plasticity–Days 2 and 3
The second day of exposure to the novel arm occurred *18 h
after the ﬁrst exposure. We expected that the experience on day 1

HIPPOCAMPAL AND CORTICAL PLACE CELL PLASTICITY
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FIGURE 4.
Cumulative distributions of the derivatives of the
area of the spatial intensity function for CA1 and cortex. Wider
curves represent greater amounts of change. (A) A comparison of the
distributions for the ﬁrst minute of experience for CA1 and cortical
neurons. The majority of the cortical distribution is to the left of the

x = 0 line, while the majority of the CA1 distribution is to the right,
indicating that cortical activity tended to decrease in the novel arm
while CA1 activity increased. (B) A comparison of the distributions
for different total lengths of experience on day 2. Short day 1 experiences were associated with increased plasticity on day 2.

and the subsequent consolidation period would result in stable
place ﬁelds on day 2, resembling those in the familiar arms.
Instead, we found that many CA1 place cells showed plasticity on
day 2 that closely resembled the rapid dynamics on day 1. The
animals were free to spend as much or as little time in the novel
arm as they chose, and when the animal had spent only a short
time in the novel arm, the place ﬁelds changed, on average, even
more quickly than during the ﬁrst minute of experience on the
ﬁrst day, as though the previous experience had primed the circuit
to be plastic. In contrast, place ﬁelds from animals that had spent
more time in the novel arm on day 1 tended to exhibit less plasticity on day 2. This is illustrated in Figure 4B, where three cumulative distributions of derivatives for CA1 place ﬁelds are
shown. The three curves show the amount of change associated
with different total amounts of experience. The curve corresponding to 2–3 min of experience is clearly much wider than the other
curves, implying that when the animal had relatively little experience on day 1 (<2 min), there was substantial place ﬁeld change
on day 2. When we examined these neurons, we found instances
of the same types of place ﬁeld change seen on day 1 in the novel
arm, with the appearance of new ﬁelds in neurons that were initially silent as well as large changes in initially active cells.
Longer experiences on day 1 were associated with relatively
little plasticity on day 2, and our ﬁndings for CA1 indicate
that the representation of space was stable once the animal had at
least 5–7 min of experience in the new place, which occurred late
on day 2 or on day 3. In particular, the pattern of place ﬁeld
change was very similar in the novel and familiar arms by this
point, as was the pattern of inhibitory cell dynamics. We also
found that the clear dependence on the total length of experience
in the novel arm was not clearly visible when the data were organized by the number of complete passes through the arm, indicating that time, rather than number of traversals, was the more
important variable in determining the pattern of plasticity. In
addition, our analysis of place cell directionality indicated that
the less directional ﬁelds seen on days 1 and 2 became more directional on day 3, although there was still a trend for the ﬁelds in

familiar arms to be more directional than the ﬁelds in the novel
arms. Finally, the number of neurons active in the novel arm was
signiﬁcantly greater than the number active in the familiar arms
on days 1 and 2, but not on day 3. Thus, there are a number of
lines of evidence that suggest that CA1 place ﬁelds stabilize by
day 3. The cortical data on place ﬁeld area change was more difﬁcult to interpret, and further investigation will be required to
accurately establish the time course of plasticity as a function of
total experience in the cortex.
The CA1 ﬁndings imply that short experiences may not be
sufﬁcient to establish lasting memories, and that there is a critical minimum length of experience required to create a representation that will be stable over time. We should note, however,
that the 5–7-min time course for the formation of new place
ﬁelds is likely to depend on a number of factors, including the
overall novelty and complexity of the environment. We are currently exploring these possibilities.
The increased plasticity on day 2 following short day 1 experiences suggests that whatever changes occurred during the initial
encoding of the new space on day 1 and during the subsequent
sleep were not sufﬁcient to establish a complete CA1 representation of the space. Had a complete representation been established on day 1, we would expect that the ﬁrst time the animal
entered the previously novel arm on day 2, it would retrieve the
memory for the arm. That would suggest that only the normal
\familiar" pattern of plasticity would be seen. Instead, the network appeared to be creating a new representation. We should
note, though, that as we did not track the same neurons across
days, it is possible that for each place cell rapid plasticity on day
2 occurred in the same place as plasticity on day 1 and thus that
there was a stable underlying spatial structure. In either case, the
effect of this large change in CA1 would be a very different pattern of activation in downstream neurons. This ﬁnding, in combination with the observation that CA1 place cells continue to
undergo some plasticity even in familiar environments, may help
provide a circuit level explanation for the observations about the
relatively frequent occurrences of errors in episodic memories
Hippocampus DOI 10.1002/hipo
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FIGURE 5.
The anatomy of the hippocampal–cortical circuit,
adapted from Amaral and Witter (1995). Input from association
areas comes in primarily to the superﬁcial layers of the EC, which
then sends outputs to the dentate gyrus (DG), CA3, CA1, and the

subiculum. The outputs of the circuit primarily target the deep
layers of the EC, although some subicular outputs target layer 3 of
the superﬁcial EC, and the deep EC projects back to the superﬁcial
EC, both directly and through the pre- and parasubiculum.

(Loftus, 1980; Hyman and Loftus, 1998). We hypothesize that
the encoding of episodic memories puts the hippocampus in a
high plasticity state, and that unless sufﬁcient time is available
to solidify the newly formed memories, these memories may be
easily disrupted by subsequent experiences.

the hippocampus with their ongoing activity and as there are a
number of synapses between the hippocampus and motor planning regions, we suspect that plasticity in multiple regions may be
necessary to translate a hippocampal memory into behavior.

Place Field Dynamics and Behavior Change

INTEGRATION WITH OTHER FINDINGS ON
THE FORMATION OF NEW REPRESENTATIONS
IN THE HIPPOCAMPAL CIRCUIT

We also examined the relationship between place ﬁeld dynamics and behavior. One might predict that once CA1 had formed
a stable representation of the novel arm, the animal would
behave as though that arm were a familiar place. As the transition from novelty to familiarity is accompanied by a transition
from exploration to directed motion to and from reward locations, we used the animals’ speed as a measure of familiarity. We
found that the animals moved signiﬁcantly more slowly in the
novel arm from the beginning of the ﬁrst session, and their
errors rates in the task increased. Surprisingly, animals continued
to move more slowly through the novel arm even on day 3, after
the hippocampal place ﬁelds had stabilized. Thus, stable hippocampal place ﬁelds are not sufﬁcient to cause the animal to treat
a place as familiar.
These ﬁndings offer further support for the hypothesis that the
hippocampus is specialized for rapid encoding of complex relationships, and that other brain areas process new information
more slowly. From one perspective, the new pattern of activity
that develops in the hippocampus during the initial encoding of a
new memory constitutes a new pattern of input to downstream
regions, such as the deep layers of the EC. These downstream regions may need additional time to integrate the new output from
Hippocampus DOI 10.1002/hipo

As mentioned earlier, recent work has investigated the formation of novel representations in the dorsolateral portion of the
medial superﬁcial EC (Hafting et al., 2005). Their results, based
on correlations of place ﬁeld structure over time, showed that superﬁcial EC grid-like ﬁelds were present immediately in a new
environment, although they were not entirely stable at ﬁrst.
They also found that unlike CA1 place cells, superﬁcial EC neurons showed very similar ﬁring patterns across environments. It
has also been shown that neurons in the lateral superﬁcial EC
show little place speciﬁcity (Hargreaves et al., 2005). As the superﬁcial EC is the main source of neocortically originating
inputs to the hippocampus (Fig. 5, adapted from Amaral and
Witter (1995)), these results suggest that one important function
of CA1 is to take patterns of input that are similar across environments or episodes and rapidly form unique representations.
This formation may depend on the integration of the nonspatial
information from the lateral EC, which may be different across
environments, with the common grid cell representation of the
medial EC.

HIPPOCAMPAL AND CORTICAL PLACE CELL PLASTICITY
Two studies have also examined the formation and modiﬁcation of spatial representations in CA3, the area immediately
upstream of CA1. Leutgeb et al. (2004) showed that while CA1
place cells became stable in the ﬁrst 10 min of foraging in a novel
environment, CA3 place cells continued to change over 30 min.
In contrast, Lee et al. (2004) reported that after a double rotation
of local and distal cues, CA3 cells showed immediate place ﬁeld
shifts on the ﬁrst exposure to the cue rotation, while CA1 cells
did not show these characteristic shifts until day 2. These results suggest that CA3 plasticity may differ between novel and
modiﬁed environments, and suggest that CA1 is largely decoupled from CA3 during the initial formation of new memories.
One possible explanation for this pattern is that CA3 may be important for creating representations that require more experience
than those seen initially in CA1, perhaps involving sequences of
locations or events rather than single locations or events.

CONCLUSIONS AND FUTURE DIRECTIONS
Our results indicate that the patterns of place ﬁeld plasticity
in the CA1 region of the hippocampus differ from those seen in
the neurons we recorded from adjacent cortical regions.
Our data support the idea that the hippocampus is essential for
episodic memory, because it is the only structure that can rapidly
reorganize its pattern of activity in response to new information
to create a new memory, a ﬁnding consistent with results from
the primate hippocampus (Wirth et al., 2003). At the same time,
there are many other regions in the hippocampal–cortical circuit,
and an examination of the anatomy of the hippocampal formation and the effects of region-speciﬁc manipulations (Lee and
Kesner, 2002; Nakazawa et al., 2003) make it clear that each
region may make a unique contribution to memory storage.
Thus, understanding how new episodic memories are formed will
require examining the patterns of activity and plasticity in each of
these structures. In particular, we feel it is essential to compare the
patterns of activity and plasticity seen in each region to those
present in upstream and downstream structures under the same
behavioral conditions, as we do not yet understand how differences in task or environment geometry will affect the formation of
new hippocampal representations. We also need to begin to
understand how the various feedback loops present in the hippocampal–cortical circuit, including those from the deep entorhinal
outputs back to the superﬁcial entorhinal inputs, contribute to
learning. We believe that a careful examination of neural dynamics and its relationship to behavior across the hippocampal system
will provide a powerful framework for identifying the computations that occur during memory storage and retrieval.
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