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SUMMARY

The entorhinal cortex provides the primary cortical
projections to the hippocampus, a brain structure
critical for memory. However, it remains unclear
how the precise firing patterns of medial entorhinal
cortex (MEC) cells influence hippocampal physiology
and hippocampus-dependent behavior. We found
that complete bilateral lesions of the MEC resulted
in a lower proportion of active hippocampal cells.
The remaining active cells had place fields, but with
decreased spatial precision and decreased long-
term spatial stability. In addition, MEC rats were as
impaired in the water maze as hippocampus rats,
while rats with combined MEC and hippocampal
lesions had an even greater deficit. However, MEC
rats were not impaired on other hippocampus-
dependent tasks, including those in which an object
location or context was remembered. Thus, the MEC
is not necessary for all types of spatial coding or for
all types of hippocampus-dependent memory, but
it is necessary for the normal acquisition of place
memory.

INTRODUCTION

Long-term memory for facts and events is thought to depend on
the interaction of the hippocampus with widespread neocortical
sites (McClelland et al., 1995; Squire and Alvarez, 1995). By
virtue of its afferent and efferent connections, the entorhinal
cortex connects between these regions. It provides the major
cortical inputs to the hippocampus, receives backprojections
from the hippocampus (Witter et al., 1989; Witter and Amaral,
1991), and has numerous connections to neocortical areas.
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The projections from neocortical areas to the entorhinal cortex
are segregated into two prominent streams, one through the
medial entorhinal cortex (MEC) and a second through the lateral
entorhinal cortex (LEC). The MEC is densely connected with the
postrhinal cortex and is hypothesized to be specialized for
representing spatial information, while the LEC is densely con-
nected with the perirhinal cortex and is thought to be specialized
for representing object information (Witter et al., 2000; Knierim
etal., 2006; Eichenbaum et al., 2012). In support of this functional
specialization, the MEC contains several cell types that are not
found in the LEC. Most prominently, a substantial proportion
of the principal cells in the MEC are grid cells, which fire at the
vertices of highly regular triangular lattices (Hafting et al,
2005). Furthermore, within the MEC, grid cells are intermingled
with other spatially and directionally modulated cell types such
as head direction cells, conjunctive head direction-grid cells,
border cells, and spatially periodic nongrid cells (Hafting et al.,
2005; Sargolini et al., 2006; Solstad et al., 2008; Krupic et al.,
2012). All of these cell types have been identified as projecting
directly from the MEC to the dorsal hippocampus (Zhang et al.,
2013) and are thought to be the primary source of spatial infor-
mation for hippocampal place cells.

Given that MEC cells with spatial and directional firing pat-
terns are a primary entorhinal input to the hippocampus, lesions
of the MEC can be expected to markedly disrupt hippocampal
spatial firing and spatial memory. It is therefore notable that
prior lesion studies have often not reported marked effects on
place cell physiology (Miller and Best, 1980; Van Cauter et al.,
2008). In addition, memory impairment in hippocampus-depen-
dent tasks after entorhinal lesions was found to be less robust
than after hippocampal damage (Parron et al., 2004; Steffenach
et al., 2005). A possible reason for mild impairments on spatial
memory is that many of the reported entorhinal lesions may
have spared the dorsocaudal-most part of the MEC, where
the most precise spatial representations, including grid cells,
are found.
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To determine whether spatial computations in the MEC
support spatial memory, we developed a precise set of surgical
coordinates for removing the entire MEC, including the most
extreme portion of the dorsocaudal MEC. We then tested
whether such complete lesions disrupted hippocampal spatial
firing patterns. Next, we measured the effects of this MEC lesion
on memory tasks, including the water maze, context and tone
fear conditioning, and displaced and novel object recognition.
For the water maze task, we also asked whether complete
MEC lesions impaired performance as severely as full hippo-
campal lesions and whether combined MEC and hippocampal
lesions produced a more severe impairment than separate
lesions of each structure.

RESULTS

Medial Entorhinal Lesions Included the Grid Cell Area

To confirm that the entire MEC, including the dorsocaudal-most
pole with a high proportion of grid cells, was included in the le-
sions, we determined the extent of entorhinal damage in sagittal
sections (Figures 1 and S1). The sections were stained with
NeuN to visualize any remaining neurons in the MEC, and the
lesion extent was quantified using the Cavalieri method. In the
MEC group, neurons were completely ablated in 82.6% of the to-
tal MEC volume (94.6% of layer Il, 83.5% of layer Ill, and 75.2%
of deep layers), with the majority of the sparing in the most lateral
extent of the MEC. Cell loss in adjacent cortical areas was
predominantly in the parasubiculum and postrhinal cortex and
was minor in the ventral hippocampus and the LEC. In the group
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Figure 1. MEC Lesions and Hippocampal
Lesions Included the Entire Dorsoventral
Extent

(A) Photographs at three sagittal levels for rats with
sham (CON), MEC, and MEC+H lesions (lateral to
medial in the columns to the left of double line) and
three coronal levels for rats with CON and H lesions
(anterior to posterior in the columns to the right of
double line). The letters around the two CON tissue
sections in the top row identify the orientation of
the sections (d, dorsal; v, ventral; a, anterior; p,
posterior; 1, lateral; m, medial). The black arrows in
the left column indicate the dorsal and ventral
borders of the MEC.

(B) Electrode tracks that terminated in the CA1
cell layer (marked by white arrows) in the left and
right hemisphere are shown for two rats with MEC
lesions.

See also Figure S1. Scale bars below each tissue
section indicate 1 mm.

Anterior

Posterior

with full hippocampal lesions (H), the
damaged tissue included 74.4% of the
total hippocampus, with the majority of
the sparing at the most posterior transition
between the dorsal and ventral hippocam-
pus (coronal sections). In the group with
combined H and MEC lesions (MEC+H),
the lesion included 86.9% of the total hip-
pocampus and 91.8% of the total MEC (95.1% of layer Il, 91.3%
of layer lll, and 90.6% of deep layers).

Right

A Subpopulation of Hippocampal Cells Remained Active
but with Substantially Decreased Spatial Precision and
Spatial Stability
To examine the extent to which hippocampal physiology was
disrupted after the MEC lesion, we recorded hippocampal firing
patterns while rats randomly foraged in familiar environments.
First, we tested whether the substantial loss of inputs from the
MEC to the hippocampus resulted in reduced hippocampal firing
rates. The mean firing rate of all recorded cells during random
foraging was 0.32 + 0.04 Hz in the MEC group compared to
0.63 = 0.09 Hz in the control (CON) group (mean + SEM; Z =
8.25, p < 0.001) (Figure 2A). To test whether this difference in
firing rate emerged from a higher proportion of cells that fired
at extremely low rates during behavior, we selected cells that
were active at average rates > 0.25 Hz during random foraging
(90/198 [45.5%] in the MEC group and 67/107 [62.6%] in the
CON group). The mean firing rate of this active cell population
was 1.04 + 0.09 Hz in the MEC group compared to 1.12 =
0.12 Hz in the CON group (mean + SEM; Z = 0.01, p = 0.99).
Thus, even though there was a larger fraction of low-rate cells
in MEC rats compared to controls, there was also a subpopula-
tion of hippocampal cells in the MEC group that fired at control
levels (Figure 2A).

The finding that a subpopulation of hippocampal cells
continued to fire after the MEC lesion at rates that were compa-
rable to those of place cells in CON rats raised the question
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A c Figure 2. Neuronal Activity in the Hippocam-
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Figure 3. Water Maze Performance Is Impaired after MEC, H, and
MEC+H Lesions

Probe trial performance across the first 5 days of spatial memory acquisition
(acquisition) and across ten additional training days (additional training) in rats
with lesions of the hippocampus (H, n = 8), lesions of the medial entorhinal
cortex (MEC, n = 8), lesions of both structures (MEC+H, n = 8), and sham
lesions (CON, n = 20).

(A and B) The scores represent the percentage of time each group spent
in the target quadrant (A) or in a small zone centered on the trained plat-
form location (B) during a 60 s probe trial. Dashed lines indicate chance
performance for the quadrant and small zone, which was 25% and 4%,
respectively.

(C) All lesion groups were impaired at acquiring the platform location
and required longer swim path distances than the CON group to locate
the hidden platform. This impairment persisted throughout all 15 days
of training. The inset bar graph is the average distance each group
traveled to reach the platform during the third week of training. All three
lesion groups took a longer average route to the platform than the
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whether they might also have retained spatial selectivity. Hippo-
campal principal cells retained place-selective firing, but the
firing fields of the cells in the MEC group were 94.4% broader,
had 56.5% less spatial information, and were 23.9% less
coherent than those in the CON group (place fields size: Z =
6.02, p < 0.001; spatial information: Z = 7.98, p < 0.001; spatial
coherence: Z = 6.58, p < 0.001; Figures 2B, 2C, and S2). The
decrease in the quality of spatial firing resulted in path recon-
struction errors of 38.4 cm in ensembles of simultaneously re-
corded cells (n = 15-44 cells) from MEC rats compared to
22.7 cmin CONrats (Z=4.50, p < 0.001; Figure S3A). In addition,
the cells from MEC rats fired less consistently at the same loca-
tion than those from CON rats over intersession intervals of
2 min, 20 min, 6 hr, or 1 day (Mann-Whitney U test, all p values <
0.01 after Holm-Bonferroni correction for multiple comparisons;
Figure 2D). The most substantial decrease in place field stability
was measured at the 1-day interval, but stability nonetheless re-
mained higher than what would correspond to a random reorga-
nization of place fields (Mann-Whitney test, Z = 4.04, p < 0.001).

After finding that spatial firing in the hippocampus was
reduced in highly familiar environments after the MEC lesion,
we tested the contribution of the MEC to the initial formation of
hippocampal spatial maps. In contrast to the reduced firing
rate in familiar rooms, hippocampal cells showed similar activity
levels in a novel environment after MEC lesions (0.79 + 0.10 Hz)
compared to controls (0.57 + 0.09 Hz, Z = 0.23, p = 0.41), and the
proportion of active cells was similar to controls (69/118 [58.5%)]
in the MEC group and 29/47 [61.7%] in the CON group). In
addition, cells active during random foraging (average firing
rate > 0.25 Hz) fired at higher rates in MEC rats (1.50 +
0.13 Hz) compared to CON rats (0.91 + 0.09, Z = 2.29, p <
0.05). Along with the overall increase in neuronal activity in the
novel environment, the firing fields in MEC-lesioned rats were
broader than those in familiar environments. Hippocampal
spatial firing patterns in MEC-lesioned rats were thus particularly
disrupted when rats were first exposed to a novel environment.

MEC Lesions Impaired Spatial Memory in the Water
Maze Task

The recordings from hippocampal place cells demonstrated that
large MEC lesions substantially disrupted the precision and sta-
bility of hippocampal spatial firing, particularly in novel environ-
ments. Accordingly, we expected to find substantial deficits in
spatial memory acquisition. To measure spatial memory perfor-
mance after MEC lesions, we used a standard training protocol
in the Morris water maze (four training trials per day) but with
an added reinforced probe trial at the beginning of each training
day to determine the learning rate. Rats with MEC lesions were
profoundly impaired at acquiring memory for the platform loca-
tion (repeated-measures ANOVA for group: F) = 18.74, p <
0.001; Figure 3). With extended training, these rats eventually
reached control performance levels for time spent in the target
quadrant (after 5 days of training; Figure 3A) as well as for the

CON group (see Figure S3 and the Supplemental Results for additional
statistics).
Error bars represent SEM.
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Figure 4. Water Maze Performance Is Inflexible after MEC Lesions
despite Normal Performance on Other Tasks

(A) CON (n = 8) and MEC (n = 8) groups were given 5 days of initial water maze
training. The water maze was then reconfigured by changing all the distal
spatial cues, and the groups were trained for 5 additional days with the plat-
form in the opposite quadrant (reconfigured maze). The scores to the left of
the vertical line represent the percentage of time that each group spent in the
quadrant containing the platform (top) or in a small circle centered on
the platform (bottom) during initial training (acquisition). Scores to the right of
the vertical line represent the performance of the groups in the reconfigured
maze when the analysis was done with the new platform location (new plat-
form) or with the old platform location (old platform). The MEC group was
impaired on initial acquisition and in learning the new platform location in the
reconfigured maze (new platform). Whereas the CON group approached the
reconfigured maze as a new maze and never spent greater than chance
amount of time at the old platform location, the MEC group persisted in

time spent in a small circle around the platform location (after
9 days of training; Figure 3B).

To determine whether MEC rats found an alternate strategy for
solving the task, we tested spatial memory in the original and in a
reconfigured water maze. A separate set of animals (MEC and
CON groups) was trained for 5 days on the water maze as
described above. During a second week, the groups were then
tested in a reconfigured environment. The room and pool re-
mained the same, but the distal visual cues and the platform
location were changed. After reconfiguring the room, the CON
rats performed as expected for a new maze, with chance levels
of performance on the first day and rapid learning across the
following 4 days (Figure 4A). In contrast, the memory deficit in
the MEC group was so profound that they did not learn the
new platform location, never performing above chance on the
small circle measure (all t values < 1.04, p > 0.1) and performing
above chance only on the fifth day for the quadrant measure
(t = 2.77, p < 0.05). Instead of showing improvement for the
new platform location, the MEC rats showed a strong preference
for the old platform location, performing above chance at that
location until day 3 by the quadrant measure (days 1 and 2: t >
2.38, p < 0.05). In summary, although the MEC rats eventually
performed comparably to controls after extended training on
the first platform location, their performance in a reconfigured
maze was severely impaired compared to CON rats (all t values
for the small circle and quadrant measures > 2.74, p < 0.05)
indicating that they came to approach the task in a different
way than CON rats and that their ability to rapidly and flexibly
form new place memories was impaired.

Comparison of MEC Lesions to Hippocampal Lesions
and to Combined MEC and Hippocampal Lesions
Once we determined that MEC rats were impaired at acquiring
the water maze task but were eventually able to reach asymp-
totic levels with extended training, we asked whether the extent
of the learning deficit after an MEC lesion might be comparable
to that of a complete hippocampal lesion. H rats also eventually
reached control performance levels for the quadrant measure
(after 4 days of training; tpe = 1.17, p > 0.1; Figure 3A) as well
as for the small circle measure (after 8 days of training; t.e =
1.58, p > 0.1; Figure 3B) and, similar to MEC rats, learned the
platform location with extended training. In particular, the num-
ber of training days until each of the groups showed memory
for the platform location was similar. Therefore, the performance
of the H group was comparable to that of the MEC group
(repeated-measures ANOVA for group: F4y =0.17, p > 0.1).

The similar effects of MEC and H lesions on spatial memory
could indicate that a lesion of either area fully disrupted the

searching for the platform in the old location (old platform). Dashed line rep-
resents chance performance on a 60 s probe trial.

(B) Performance of the CON (n = 8) and MEC (n = 8) groups on two hippo-
campus-dependent memory tasks requiring spatial information. Both groups
preformed equally and above chance on displaced object recognition (left) and
on context memory as measured by percent freezing (right). Both groups also
performed equally and better than chance on the novel object recognition task
and freezing to a tone paired with shock (data not shown).

*p < 0.05. Error bars represent SEM.
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function of the entorhino-hippocampal loop and that the residual
capacity for learning was supported by different brain areas.
Alternatively, the similar effects could indicate that in each
case the intact brain area (hippocampus or MEC) can support
some spatial learning. To examine whether the MEC and hippo-
campus can independently support spatial memory function, we
compared the MEC and H groups to rats with a combined lesion
of the MEC and hippocampus. For the quadrant measure, the
MEC+H group had a much more pronounced deficit than either
the MEC or H group (through day 6; MEC+H relative to MEC:
taa = 2.99, p < 0.01; MEC+H relative to H: tq4 = 2.71, p <
0.05; Figure 3A). A comparison of the rate of memory acquisition
showed that CON rats performed above chance levels beginning
on day 2 of acquisition (t1g) = 4.75, p < 0.001), and H and MEC
rats performed above chance levels on days 4 and 5, respec-
tively (H: t7 = 3.48, p < 0.05; MEC: t7 = 2.88, p < 0.05). In
contrast, MEC+H rats failed to perform above chance until day
8 (t7) = 4.39, p < 0.01). By the third week of testing, there were
no longer significant group differences (repeated-measures
ANOVA for group: Fg = 1.53, p > 0.1). All lesion groups were
also impaired at finding the platform during the acquisition
training trials (repeated-measures ANOVA for group: Fg =
10.57, p < 0.0001). However, in contrast to the probe measures,
all three lesion groups remained impaired through the end of the
15 days of training (Figure 3C; see the Supplemental Results for
additional water maze results and statistics).

The substantial decrease in the precision of hippocampal
spatial firing after MEC lesions (see Figure 2) might suggest
that memory for a precise spatial location is more severely
impaired after the MEC lesion compared to memory for broader
locations. We examined this possibility by measuring the amount
of time that rats spent directly at the platform location (i.e., the
small circle measure). During the probe trials, the impairments
of the MEC group and the H group were as severe as that of
the combined MEC+H group. The H group reached control level
performance at day 8, while the MEC and MEC+H groups
reached control level performance on day 9 (Figure 3B). The
CON group was already above chance levels beginning on day
3 of acquisition (f(1g) = 5.62, p < 0.001). By the third week, there
were no longer significant group differences (repeated-mea-
sures ANOVA for group: F5, = 0.47, p > 0.1). Our results therefore
indicate that the degree to which the MEC and hippocampus can
independently support spatial memory depends on the spatial
precision that needs to be demonstrated (see the Supplemental
Results and Figure S3 for additional water maze results).

Intact Performance after MEC Lesions on Other Memory
Tasks

After finding a substantial memory deficit in the water maze, we
tested the MEC and CON groups on a series of nonnavigational
tasks that are sensitive to hippocampal damage. First, we exam-
ined displaced object recognition, which requires animals to
preferentially explore a displaced object after a 3 hr delay. Pref-
erence for the displaced object did not differ between the MEC
and CON groups (Figure 4B; t14)= 0.92, p > 0.1) and was above
50% chance in both groups (MEC: t7) = 3.05, p < 0.05; CON: t7, =
2.27, p = 0.058). As a nonspatial comparison, we asked whether
novel object recognition, which requires rats to recognize a pre-
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viously encountered object, is affected by an MEC lesion. Prefer-
ence for the novel object did not differ between the MEC and
CON groups (t(14 = 0.41, p > 0.1) and was above 50% chance
in both groups (MEC: t = 6.23, p < 0. 0001; CON: tz = 5.25,
p < 0.0001). Next, we trained animals in context fear conditioning
to associate a context (i.e., spatial environment) with a foot
shock. For comparison, we also tested for fear conditioning to
a tone paired with a shock (delay conditioning). The amount of
freezing (i.e., the index of fear) did not differ between the MEC
and CON groups on the test for context (Figure 4B; t14) = 0.26,
p > 0.1) or on the test for the tone (t14) = 0.22, p > 0.1; see the
Supplemental Results for additional context fear conditioning re-
sults). The amount of freezing in the context that was not associ-
ated with the shock also did not differ between the MEC and
CON groups (f(14) = 0.48, p > 0.1), suggesting that generalized
fear did not support the spared function measured in the context
associated with the shock. In summary, MEC rats were not
impaired on any of the additional tasks including two standard
hippocampus-dependent tasks that required an object location
(i.e., displaced object recognition) or a spatial context to be
remembered (i.e., context fear conditioning).

DISCUSSION

The majority of spatial and directional input to the hippocampus
originates from specialized cell types in the MEC, such as grid
cells, head direction cells, conjunctive head-direction-by-grid
cells, border cells, and spatially periodic nongrid cells (Hafting
et al., 2005; Sargolini et al., 2006; Solstad et al., 2008; Krupic
et al., 2012; Zhang et al., 2013). Selective damage of the MEC
could thus be expected to result in a substantial disruption of
hippocampal spatial firing and of hippocampus-dependent
spatial memory. We produced nearly complete lesions of the
MEC and found that the lesion broadened hippocampal place
fields but did not completely prevent their formation. Such sub-
stantial disruption of hippocampal spatial firing patterns after
MEC lesions would predict a major effect on hippocampus-
dependent spatial memory. Although we observed memory
deficits in the water maze that were equally severe as those after
hippocampal lesions, we also found that hippocampus-depen-
dent memory tasks that require memory for either an object loca-
tion or a context were entirely unaffected by the MEC lesion as
were two other nonspatial memory tasks (novel object recogni-
tion and tone fear memory).

The marked effect of our MEC lesion on hippocampal physi-
ology and on spatial memory in the water maze differs from
more subtle effects in prior studies that targeted the entorhinal
cortex. Our lesion approach differed in that we excluded the
LEC, but we made certain to include the most dorsocaudal
MEC (dMEC), where the spatial firing of grid cells is most precise
(Hafting et al., 2005). In recording studies that spared this region,
hippocampal place fields became smaller (Van Cauter et al.,
2008) or moderately larger (Brun et al., 2008) compared to con-
trols. In another study in which the lesion extent within entorhinal
cortex (EC) was large, but not particularly targeted to dMEC,
there were no apparent effects on place field size (Miller and
Best, 1980). The present lesions are the first where damage to
the MEC was sufficient to result in a substantial increase in place



field size. However, even the most extensive MEC lesions did not
completely disrupt hippocampal spatial firing.

In parallel with the previously reported mild effect of EC lesions
on hippocampal physiology, the behavioral effects of EC lesions,
including effects on water maze performance, have also gener-
ally been mild and smaller than effects after complete hippocam-
pal lesions (Parron et al., 2004; Steffenach et al., 2005; although
a more substantial water maze acquisition impairment has been
reported in mice with a genetic disruption of the MEC; Yasuda
and Mayford, 2006). We directly compared the behavioral effect
of our MEC lesion with an essentially complete hippocampal
lesion and found that the impairments in the water maze were
equivalent. Although the effects of MEC and hippocampal
lesions on spatial memory were severe, we also observed that
the platform location was eventually learned in both lesion
groups. To determine whether the spared performance de-
pended on a different strategy for reaching the platform location
in MEC rats, we tested rats on a reconfigured water maze and
found that whereas the control rats rapidly learned a second
platform location, MEC rats did not learn the second platform
location and perseverated in searching at the old platform
location. Thus, MEC lesions disrupted the ability to rapidly and
flexibly form new spatial memories.

The residual capacity for inflexible spatial learning that we
observed could be supported by spared processing within the
entorhino-hippocampal loop. That is, the hippocampus might
continue to process information through LEC inputs, or, after
hippocampal lesion, the MEC might perform computations
without receiving feedback from the hippocampus. For example,
rats with hippocampal lesions have previously been shown to
reach control levels of performance when they are overtrained
in the water maze (Morris et al., 1990). Alternatively, the residual
spatial learning could be entirely supported by brain regions
outside of the MEC and hippocampus. To distinguish between
these possibilities, we compared a lesion of the MEC or hippo-
campus alone to a combined lesion of both brain areas. We
found that the impairment of the MEC+H rats was equivalent
to the MEC or the H rats based on the time in the small target cir-
cle but was more severe in the combined lesion group compared
to both single lesion groups based on the time in the target quad-
rant. Thus, our data show compensation for remembering the
approximate, but not the precise, platform location, which might
be supported by the broad residual firing patterns of MEC cells
after hippocampal lesions (Fyhn et al., 2004) and of hippocampal
cells after MEC lesions. It has been shown that spatial reference
memory is retained while hippocampal maps reorganize (Jeffery
et al.,, 2008), and our data after MEC lesions suggest that
reference memory can also be supported when hippocampal
firing patterns are only weakly stable. With further overtraining,
compensation for remembering the precise platform location
can occur even when both the hippocampus and the entorhinal
cortex are damaged. Gradually acquired, inflexible navigation
can thus be executed entirely without the spatial firing patterns
in the hippocampus and MEC.

The input streams from the MEC to the hippocampus are
predominantly spatial, and the streams from the LEC are pre-
dominantly nonspatial (Hargreaves et al., 2005; Knierim et al.,
2006; Eichenbaum et al., 2012). We therefore expected that

MEC lesions would impair most hippocampus-dependent tasks
that require the rapid acquisition of spatial and contextual knowl-
edge, including displaced object recognition (Mumby et al., 2002)
and context fear conditioning (see Sanders and Fanselow [2003]
for review). Similar to those studies, Van Cauter et al. (2013) used
aone-trial recognition task where rats explored one object during
a familiarization phase. During the test phase, presented 15 min
later, an identical object was added to the arena. Control rats
preferentially explored this object relative to the object from the
familiarization phase that remained in place. MEC-lesioned rats
failed to show this preference. In contrast, we found that the per-
formance of MEC rats was intact on the displaced object recog-
nition task; however, there were some key differences between
our studies. Our version of the task was more difficult, because
both objects were present during the familiarization phase and
then one of those objects was displaced during the test phase.
Further, we used a 3 hr delay and our lesions included more of
the MEC than the Van Cauter et al. (2013) study reported. All of
these factors should have made it more likely to observe an
impairment in our study. Yet, our MEC group performed above
chance and equal to controls. This spared performance can be
explained in at least two different ways. (1) In spontaneous pref-
erence tasks, above chance performance is a strong indication of
memory and perceptual ability. However, a failure to observe a
significant preference, as was the case in the Van Cauter et al.
(2013) study, does not necessarily mean a failure of memory or
perception, but could be due to nonspecific factors like changes
in exploratory behavior or motivation in the lesion group. (2)
Comparing these two studies is further complicated by the fact
that Van Cauter et al. (2013) used radiofrequency lesions, which
damaged both cell bodies and fibers and could thus potentially
extend to projections from the LEC. In contrast, we used excito-
toxic lesions, which damaged only cell bodies in the MEC but
spared fibers. It is possible that the performance was spared
because spatial information from the LEC would still be available
to the hippocampus. In support of this interpretation, physiolog-
ical recordings from the LEC have shown some stable spatial
selectivity relative to objects or previously encountered objects
in an environment (Deshmukh and Knierim, 2011; Deshmukh
et al.,, 2012; Tsao et al., 2013). Furthermore, a recent study
showed that rats with LEC lesions had intact performance on
the water maze but were impaired on a displaced object recog-
nition task, suggesting that the LEC is necessary to detect differ-
ences in object configuration (Van Cauter et al., 2013), but not for
remembering a consistent goal location.

We found that depriving the hippocampus of the rich spatial
processing input stream from the MEC disrupted hippocampal
place field precision and stability and impaired the ability to
rapidly acquire the information needed to successfully perform
in the water maze. In contrast, the MEC is not required to suc-
cessfully recognize a context, detect a spatial change, associate
a tone and shock, or recognize an object. Other work suggests
that this area is critical for performance on nonspatial tasks
that require the flexible use of memory (Sauvage et al., 2010;
Navawongse and Eichenbaum, 2013). Thus, the MEC is not
specialized for all forms of hippocampus-dependent memory
but does appear critical for a limited range of tasks, including
normal acquisition and use of place memory.
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EXPERIMENTAL PROCEDURES

Subjects

The subjects were 84 experimentally naive, male Long-Evans rats. Groups
with lesions of the MEC (n = 8), lesions of the hippocampus (H, n = 8), com-
bined lesions (MEC+H, n = 8), and sham lesions (CON, n = 20) were tested
in the water maze for 3 weeks. Additional rats (MEC, n = 8; CON, n = 8)
were tested in the original water maze task for 1 week and in a reconfigured
maze for a second week. These 16 rats were also tested on displaced and
novel object recognition and on context and tone fear conditioning. Finally,
one naive group (n = 16) was used as an unshocked fear conditioning control
group. For all behavioral testing, rats were housed individually on a 12 hr light/
dark cycle with continuous access to food and water. Testing was performed
in the light phase. Eight additional rats underwent either MEC-lesion or sham
surgery and were implanted with recording electrodes aimed bilaterally at the
hippocampus (MEC, n = 5 and CON, n = 3). These rats were housed individu-
ally on a 12 hr reversed light/dark cycle, and the rats were food restricted and
maintained at ~90% of free-feeding body weight. Testing was performed in
the dark phase. All procedures were in accordance with animal protocols
that were approved by the University of California, San Diego Institutional
Animal Care and Use Committee.

Surgery

All stereotaxic surgery was performed using isoflurane gas anesthesia. Lesions
were produced by ibotenic acid in the hippocampus and by NMDA in the MEC.
For hippocampal recordings, an electrode assembly was implanted during the
same surgery as the MEC-lesion procedures (Koenig et al., 2011). The 14 tet-
rodes of the electrode assembly were arranged into two bundles, each aimed
at one hemisphere and containing six to eight independently movable tetrodes.
One electrode in each hemisphere was used to record a reference signal.

Electrophysiological Recordings

Rats were pretrained for 5 days in two 10 min sessions per day to forage
for randomly scattered cereal crumbs. After surgery, tetrodes were slowly
advanced into the CA1 area of the hippocampus, and training continued for
7-10 days with up to six 10 min sessions per day in a different room than during
pretraining. Recordings during random foraging began when tetrodes were
positioned in the CA1 cell layer and when the rats ran continuously over the
entire box surface throughout each 10 min random foraging session. In addi-
tion to performing recording sessions in rooms in which the rats had been
previously been trained, we also performed a series of three 10 min recording
sessions in a novel room. See the Supplemental Experimental Procedures for
additional detail on the electrophysiological recording and analysis methods.

Behavioral Testing

All behavioral testing was postoperative. See the Supplemental Experimental
Procedures for additional detail on the behavioral testing methods.

Morris Water Maze

Each day, rats were given a reinforced probe trial followed by four standard
training trials (Broadbent et al., 2004; Clark et al., 2005). Performance on the
probe trial was calculated by measuring the percentage of time rats spent in
the quadrant of the pool where the platform had been located during training
(chance = 25%). In addition, we calculated the percentage of time each rat
spent in a circular zone (30 cm diameter) centered on the point where the plat-
form had been located during training (chance = 4%). During the remaining
four standard training trials, the platform remained in its raised position. Rats
were tested for 15 days.

Reconfigured Maze Protocol. An MEC group and a CON group were trained
on the water maze task for 5 days as described above for week 1. In week 2,
they were then given an additional 5 acquisition days in a reconfigured room.
During this phase, the pool and room were the same as during week 1, but a
curtain was hung around the pool, new distal visual cues were displayed on
the curtain, and the platform location was moved to the opposite quadrant.
Displaced Object Recognition
Identical brown opaque plastic jars served as stimuli. During a 15 min familiar-
ization phase, two jars were located in adjacent quadrants while the rat was
allowed to explore the jars. Following a 3 hr delay, the rat was placed back
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into the apparatus for the test phase with one of the two jars relocated to a
different quadrant. Spatial recognition memory was inferred by a preference
for exploring the displaced jar compared to the jar that remained in the
same location.

Novel Object Recognition

The rat was placed in the box for a 15 min familiarization phase and allowed to
explore two identical objects. Following a 3 hr delay period, the rat was re-
turned to the box with two objects (one novel object and a copy of the object
from the familiarization phase). Object recognition memory was inferred by a
preference for the novel object compared to the familiar object (Broadbent
et al., 2010).

Context and Cued Fear Conditioning

Day 1 Conditioning. The rats were placed into the chambers for a 7 min con-
ditioning session that included three tone-shock pairs.

Day 2 Context Test. To assess retention of context fear memory, rats were
placed for 8 min into the same chamber used for conditioning, and freezing
was measured.

Day 3 Tone Test, Cued. To assess retention of the conditioned fear
response to the tone, the rats were placed into a different conditioning cham-
ber and into a different context and received one 10 s tone during an 8 min trial
while freezing was measured.
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