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Using experimental facts about long-term potentiation (LTP) and hip-
pocampal place cells, we model how a spatial map of the environment
can be created in the rat hippocampus. Sequential firing of place cells
during exploration induces, in the model, a pattern of LTP between
place cells that shifts the location coded by their ensemble activity
away from the actual location of the animal. These shifts provide a
navigational map that, in a simulation of the Morris maze, can guide
the animal toward its goal. The model demonstrates how behaviorally
generated modifications of synaptic strengths can be read out to affect
subsequent behavior. Our results also suggest a way that navigational
maps can be constructed from experimental recordings of hippocampal
place cells.

Blockade of long-term potentiation (LTP) and hippocampal lesions dras-
tically impair the ability of rodents to navigate to a goal using distal cues
(Morris et al. 1986, 1982; Jarrard 1993; O’'Keefe and Nadel 1978). This
has led to suggestions that the hippocampus plays a role in navigation
(McNaughton et al. 1991; Worden 1992; Hetherington and Shapiro 1993;
Burgess ef al. 1994; Wan et al. 1994) by providing a cognitive map of the
spatial environment (O’'Keefe and Nadel 1978). It has further been sug-
gested that this cognitive map is stored by potentiated synaptic weights
representing both spatial (Muller ef al. 1991; Traub et al. 1992) and tem-
poral (Levy 1989) correlations. In recent experiments the activity of an
ensemble of place cells was decoded to reveal the location represented
by their collective firing (Wilson and McNaughton 1993). The ability to
decode place cell ensemble output provides an opportunity to examine
ideas about spatial maps quantitatively and to explore specific mecha-
nisms by which they can be created and stored. We examine the effect
of LTP on the position encoded by place cell ensemble firing and show
how it can produce a cognitive map useful for navigation.
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What information is stored in the hippocampal cognitive map, how
is it stored, and how is it read out to guide navigation? We propose that
this information resides in shifts of the position coded by hippocampal
place cell activity that arise from synaptic potentiation. The prevalence
of place cells in the hippocampus might lead to the assumption that this
region primarily serves to represent the spatial location of the animal.
However, knowledge of spatial location is not the function normally as-
sociated with a map. Rather, a map serves to suggest directions for future
movement based on knowledge of present location. We suggest that the
cognitive map in the hippocampus plays this role. We assume that the
spatial location of the animal is determined from sensory input outside
the hippocampus, that this information is available to the animal, and is
also transferred to the hippocampus. In our model, the role of the hip-
pocampus is not merely to report this position, but to suggest directions
of future motion on the basis of previous experience. We will first show
how the location represented by place cell activity shifts in a direction
that reflects the past experience of the animal in the environment and
then discuss how this shifted location can be compared with the present
location of the animal to provide a navigational cue.

Our model for the storage and read-out of a navigational map makes
use of three key ingredients, all supported by experimental data. First,
NMDA-dependent LIP in hippocampal slices occurs only if presynaptic
activity precedes postsynaptic activity by less than approximately 200
msec (Levy and Steward 1983; Gustafsson et al. 1987). Presynaptic ac-
tivity following postsynaptic tiring produces either no LTP or long-term
depression (Debanne ¢f al. 1994). Second, place cells—neurons broadly
tuned to location—exist in the hippocampus and make synaptic connec-
tions with each other both within the CA3 region and between CA3 and
CA1l (O'Keefe and Dostrovsky 1971; Amaral 1987). Third, a spatial loca-
tion can be determined by appropriately averaging or fitting the activity
of an ensemble of hippocampal place cells as has been done in other
systems (Georgopoulos ¢t al. 1986; Salinas and Abbott 1994). This coded
position is near, but not necessarily identical to, the true location of the
animal (Muller and Kubie 1989; Wilson and McNaughton 1993).

These three observations imply that when an animal travels through
its environment causing different sets of place cells to fire, information
about both temporal and spatial aspects of its motion will be reflected
in changes of the strengths of synapses between place cells. Since this
LTP affects subsequent place cell firing, it can shift the spatial location
collectively coded by place cell activity. We compute how this coded
location is shifted relative to the true position of the animal and find the
following: (1) If LTP occurs while an animal is sitting at a specific point,
the coded location is shifted toward this point. (2) If LTP occurs while an
animal traverses a specific path, the coded location is shifted toward and
forward along the path. (3) If many locations and paths contribute to
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LTP, the shifts reflect the entire history of spatial exploration and provide
a map of the environment useful for navigation.

Shifts between the coded and actual positions arise from the following
mechanism. During locomotion, cells with place fields overlapping a
path being traveled are sequentially activated. A moving rat covers a
few centimeters in the 200-msec time window for LTP induction. Thus,
synapses from presynaptic cells with place fields overlapping a path to
postsynaptic cells with fields a few centimeters forward along the path
will be potentiated. Subsequently, when the animal is on the learned
path, activated cells will excite neurons with place fields ahead of them
along the path through the potentiated synapses. This shifts the “center
of gravity” of the firing pattern, and thus the coded location, forward
along the path. Similarly synapses from cells with place fields beside
the path to those on it will be potentiated, and will then shift the coded
position toward the path. For details of the calculation see the section
on mathematical results and Abbott and Blum (1995).

These shifts suggest that an animal could navigate by heading from
its present location toward the position coded by place cell activity. To
illustrate both how a spatial map arises and how it can be used to guide
movement, we applied these ideas to navigation in the Morris maze. We
should stress that we are not modeling how a rat solves the problem of
navigating to a hidden platform in this task. We are studying, instead,
how the experiences of the animal while it learns the task are recorded in
a cognitive map, and how this recorded information can then be used to
help in performance of the task. Similarly, we do not model how place
fields arise but, instead, study how they are affected by LTP.

In the model, the animal was represented by a point that moved with
a velocity composed of two equal parts: a component at a random angle
with respect to the current velocity drawn from a uniform distribution of
width one radian, and a component parallel to the LTP-induced shift of
the coded position. The velocity was normalized to 20 cm/sec swimming
speed. LTP occurred continually. In this form the model had mixed
success. If the starting position was gradually moved away from the
platform on successive runs an efficient path from any location to the
platform was learned robustly. If, however, the starting location was
chosen at random around the perimeter, an instability could result. A
loop in the trajectory could be reinforced at a location away from the
platform. There are several biologically reasonable ways to solve this
problem. We chose to introduce a simple reward system. Synapses were
potentiated only when the platform was reached and recently activated
synapses were potentiated more strongly than synapses activated early in
the trial. The amount of LTP was weighted by an exponential factor with
a time constant of 4 sec. This scheme is not supposed to be a realistic
description of how the animal solves the navigational task. However, it
provides a simple way for the task to be solved in the model so that we
can examine how the spatial map forms and what its role might be.
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Figure 1: The path followed an underlying navigational map in a simulated
Morris water maze. Starting positions were chosen at random locations along
the perimeter of the 1 m “tank.” Runs proceeded until the computed path
intersected the 10-cm diameter platform or until 100 sec had elapsed. At the
outer wall an inward radial component was added to the velocity to simulate
a rebound. The arrows show the navigational map consisting of the shifts
between coded and actual positions plotted on a grid of actual positions (see
the section on mathematical results). Longer arrows have been compressed for
visual clarity. (a) The second path and navigational map of a typical run. (b) The
twentieth path and navigational map of the same run. (¢) The twenty-first path
and navigational map of the same run, when no platform was present.

The results of a typical simulation are illustrated in Figure 1. Early in
a trial, paths meander until they get close to the target. Ultimately, the
approach to the platform is quite direct and efficient. Figure 1c shows a
simulation of the transfer test in which the platform is removed following
training. The path goes directly to the region where the platform had
been and stays in that vicinity.
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Figure 2: The escape times averaged over 40 runs as a function of trial number.
Each run consisted of 20 trials as in Figure 1. No decrease in latency was ob-
served when simulated LTP or guidance by the navigational map was removed
(results not shown).

The navigational map that guides the motion in these simulations
evolves as a function of the trajectories followed. The map at various
stages of the simulation is shown by the arrows in Figure 1. Initially,
all the arrows have zero length since no LTP-induced shift has yet oc-
curred. After a few trials, the arrows point toward the goal, but only
over a limited range of the environment near the platform. As subse-
quent paths lead toward the platform, the range of this directed map
extends outward. In Figure 1c all the arrows point roughly toward the
platform indicating that hippocampal place cell activity can provide the
information needed to find the platform from any initial location.

Figure 2 shows how the average time required to find the platform
decreases as a function of trial number. There is a decrease in latency
over the first 10 trials followed by consistently efficient platform finding
behavior. These results resemble the performance of normal animals
(Morris et al. 1982, 1986).

We propose that the difference between ensemble coded position and
actual location acts as a cognitive map capable of guiding navigation
through the environment. We speculate that this could occur in the fol-
lowing way. Information about the actual location of the animal enters
the hippocampus from the entorhinal cortex passing to both CA3 and
CA1 regions. The shifted representation that develops due to LTP be-
tween place cells is likely to arise in CA3 with its extensive recurrent
collaterals. Since CA1 receives input from both CA3 and directly from
entorhinal cortex, it could simultaneously represent both the true location
and the shifted position. From such a distributed, dual representation it
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is possible to extract the ditference, and this could guide the direction
of locomotion (Andersen ¢t al. 1985; Zipser and Andersen 1988; Salinas
and Abbott 1994). This idea is completely consistent with the presence of
place cells in CA1 but would predict that their activity depends on both
the actual location of the animal and on the location coded in CA3. Unfor-
tunately, since these two locations cannot easily be varied independently,
it will be difficult to establish whether or not a dual representation exists
in CAl. However, if it does, then a downstream network can extract the
vector difference needed to guide navigation (Salinas and Abbott 1995).
Of course, the comparison of the coded and actual positions could just as
well take place anvwhere along the pathway from CA3 output to motor
activity (Muller and Kubie 1989).

Asvmmetric synaptic weights develop in our model because of the
temporal asymmetrv of LTP induction and because place fields are ac-
tivated sequentially during locomotion. The phase dependence of place
cell tiring with respect to theta oscillations reported by O’Keefe and Recce
(1993) may also play a role. Within each theta cycle, activated place cells
tend to fire in the order that the animal encountered their place fields.
If we assume that the window for LTP induction does not extend from
one theta cvcle to the next, this will contribute to the asymmetric po-
tentiation that is central to our model and to the resulting shifts of the
coded location in the forward direction along a path. Additional, more
complex contributions will arise if the LTP window extends across theta
cycles (O'Keefe and Recce 1993).

Our results show that information about trajectory history can be
stored in synaptic strengths and that it can be communicated to sub-
sequent networks through changes in the overall pattern of neuronal
activity. Our model is not meant to be a complete description of the
mechanisms by which a rat navigates, but one element of a navigational
system. This element is particularly interesting because we can relate it to
specific neuronal and molecular mechanisms: place cell ensemble coding
and properties of the NMDA receptor (Lester et al. 1990; Hestrin et al. 1990;
Jahr and Stevens 1990) that give rise to temporally asymmetric LTP (Levy
and Steward 1983; Gustafsson ¢tal. 1987). The changes in place cell activ-
ity that we have computed arise inevitably if NMDA-mediated LTP oc-
curs between place cells during locomotion. The model predicts that the
position of an animal that is moving toward a goal should lag the location
decoded from place cell activity. Although we are unable to predict the
magnitude of this eftect precisely, we expect that it is smaller than the re-
ported 5 cm tracking uncertainty (Wilson and McNaughton 1993). Muller
and Kubie (1989) report that place fields are best described as centered
on future location and speculate about a navigational role for this effect.

Direct experimental tests of our model are feasible. Individual place
fields should be altered by learning paths through the environment and
the shifts in the location decoded from place cell ensembles may be ob-
servable. For example, place fields lying along a path that is frequently
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traversed in one direction should elongate and move backward along
the path. Furthermore, it has recently been shown that place cell pairs
correlated during behavior have enhanced correlation during subsequent
slow-wave sleep (Wilson and McNaughton 1994). The asymmetric, short-
latency, pair-correlation functions measured in the hippocampus during
sleep may reflect synaptic weights because the inputs to the hippocam-
pus are less correlated during slow wave sleep than during behavior.
The correlation matrix and measured average firing rates can be used to
generate navigational maps like those of Figure 1 directly from exper-
imental data using equation 1.3 below. The existence of a bias in the
shift arrows toward a goal location would provide dramatic evidence of
a navigational map in the hippocampus consistent with our model.

1 Mathematical Results

Let H(¥') represent the rate of LTP induction for unit firing rates when
presynaptic activity precedes postsynaptic activity by a time . If LTP
occurs during motion along a path X(f) the strength of the synapse from
place cell j to place cell i is enhanced by

AW, = [dtd H(EY IX(E+ 1)) £ X(1) (1.1)

where f; is the average firing rate of place cell i as a function of position.
This equation allows the synaptic weights to grow without bound but
in the simulations we constrained the weights so that the resulting shift
is less than unit magnitude. After LTP the firing rate of place cell i is
ri = filx) + 2; AW,f,(x) when the animal is at location x. The coded
position is given by

isiti(x)

P Tk XA 2
where s; is the center of the place field for cell i. From this we find
iilsi — x)AW,f;

ifi
To evaluate this expression we use gaussians with width 20 and height
Rmax for the f;, replace sums over place cells with integrals over their
place field centers, and use the approximation f; [X{t +#')] =~ f; [X(t)] +
FX(t) - Vf; [X(#)] . This gives the result

Ap =~ (1.3)

402

with h the integral of H, p the place field density, 7 the average LTP
window time (the first moment of H), and X the velocity of the learned
path. Other decoding methods (Salinas and Abbott 1994) give similar
results. For the figures, we integrated equation 1.4 numerically with
haR2_ po* =04, 0 =7 cm, and 7 = 200 msec.

max

Ap(x) = hrek, po? /dt [X(t) —-x+ TX([’)} exp {— M} (1.4
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