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Learning the location of relevant places in the environment is
crucial for survival. Such capacity is supported by a distributed
network comprising the prefrontal cortex and hippocampus, yet it
is not fully understood how these structures cooperate during
spatial reference memory formation. Hence, we examined neural
activity in the prefrontal–hippocampal circuit in mice during acqui-
sition of spatial reference memory. We found that interregional
oscillatory coupling increased with learning, specifically in the
slow-gamma frequency (20 to 40 Hz) band during spatial naviga-
tion. In addition, mice used both spatial and nonspatial strategies
to navigate and solve the task, yet prefrontal neuronal spiking and
oscillatory phase coupling were selectively enhanced in the spatial
navigation strategy. Lastly, a representation of the behavioral
goal emerged in prefrontal spiking patterns exclusively in the
spatial navigation strategy. These results suggest that refer-
ence memory formation is supported by enhanced cortical con-
nectivity and evolving prefrontal spiking representations of
behavioral goals.

prefrontal cortex | hippocampus | spatial reference memory |
local field potential | spatial navigation

Spatial navigation allows animals to learn and remember the
location of relevant locations, shaping, in the process, a

spatial reference memory that is acquired over repeated explora-
tion of relatively stable environmental conditions (1). During the
acquisition of such memory, animals adjust their navigation pat-
terns to optimize the path to the goal (2). To date, neural mech-
anisms underlying the acquisition of spatial reference memory are
still under debate (3, 4).
It has been proposed that acquisition of spatial reference

memory is supported by the interplay between the hippocampus
and prefrontal cortex (5, 6). Indeed, hippocampal lesions impair
acquisition and recall of spatial reference memory in rodents (7–
9) and humans (10, 11). On the other hand, the prefrontal cor-
tex, which is involved in flexible and adaptive accommodation of
goal-directed behavioral responses (12, 13), may provide the
selection of the optimal trajectory to the goal. In agreement with
this idea, lesions of the prefrontal cortex in humans (14) and its
rodent analog, the medial prefrontal cortex (15), impair the
implementation of the optimal navigation strategy in spatial
reference navigation tasks (16–18). Prefrontal neurons encode a
wide range of behaviorally relevant aspects, including decision
making, goal location, strategy switch, and reward approach
during spatial working-memory tasks (19–21). Such diversity of
computations might be related with the integration of different
types of information required for the implementation of the
optimal path to the goal. Importantly, the prefrontal cortex ex-
hibits strong anatomical connectivity with the hippocampus (22,
23). Thus, current thinking suggests that acquisition of spatial
reference memory is supported by distributed neural systems,
with the hippocampus communicating the animal’s current

position in the environment (24, 25) to the prefrontal cortex,
which in turn uses such information for the optimization of
navigation routes to the goal (4–6, 26). To date, it is not com-
pletely known how the prefrontal cortex may represent behav-
iorally relevant information during spatial reference memory
formation.
Increasing evidence suggests that communication between

neural systems is supported by synchronization of oscillatory
activity (27, 28). We hypothesize that synchrony between the
prefrontal cortex and hippocampus might support acquisition of
spatial reference memory. Here, we report that the acquisition of
reference memory in the Barnes maze was associated with
changes in oscillatory synchrony of the prefrontal–hippocampal
circuit, together with modifications in the related spike timing of
prefrontal cortex neurons as well as changes in firing activity, and
the neural representation of the behavioral goal (i.e., entering
the escape hole) in spiking patterns of the prefrontal cortex.
These results support the role of the prefrontal–hippocampal
network in the acquisition of spatial reference memory and show
a differential recruitment of prefrontal cortical activity depend-
ing on the type of implemented navigation strategy.

Significance

Learning the location of relevant places is an iterative process in
which animals gradually adjust and optimize their navigation
patterns to reach the target. This cognitive operation requires
the interplay between the hippocampus, which represents the
animal’s current location, and the prefrontal cortex, which
implements the selection of adaptive behavioral responses.
Yet, how do these structures interact during spatial learning?
By recording neural activity in freely behaving mice, we found
that the prefrontal cortex and hippocampus gradually increase
their oscillatory synchrony as learning progresses, whereas the
firing patterns of prefrontal neurons represent the behavioral
goal exclusively when the optimal trajectory is selected. These
findings provide insight into the cortical dynamics underlying
spatial learning.
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Results
Behavioral Performance and Navigation Strategies During Reference
Memory Formation. Mice were trained in the Barnes maze, a
spatial reference memory task (29) in which mice learn the lo-
cation of an escape hole after several exploration trials (Fig. 1A).
Animals correctly learned the task, as their escape latency pro-
gressively decreased over time (P < 0.0001, Fig. 1B and SI Ap-
pendix, Fig. S1A). Similarly, the number of errors significantly
decreased across days (P < 0.0001, SI Appendix, Fig. S1B), with
no significant changes in either maximum or average speed (P =
0.197, SI Appendix, Fig. S1 C and D). After training was com-
pleted, a spatial reference memory was formed, as we found
significant differences in exploration times of quadrants in the
probe test (P = 0.0082, Fig. 1C), with mice spending significantly
more time in the target quadrant compared with the other
quadrants (P < 0.05). Mice implemented two types of navigation
strategy to reach the target: a nonspatial strategy, in which spa-
tial cues were not used to locate the escape hole; and a spatial
strategy that exploited distal cues and exhibited a direct trajec-
tory to the escape quadrant (Fig. 1D and Movies S1–S3) (30, 31).
As learning progressed, the use of the spatial strategy increased
(SI Appendix, Fig. S1E). Navigation time was minimized by
the spatial strategy, as escape latency was significantly shorter
(P < 0.0001, Fig. 1E) and the number of errors was significantly
lower (P < 0.0001, SI Appendix, Fig. S1F) compared with the

nonspatial strategy. By definition, the spatial strategy also min-
imized the traveled distance to reach the escape hole (P = 0.013,
SI Appendix, Fig. S1G). Importantly, there were no significant
differences between strategies in either the maximum or average
speed of navigation (P > 0.05, SI Appendix, Fig. S1 H and I).
Altogether, these data suggest that animals progressively learned
to solve the task, generating a spatial reference memory of the
escape hole. During this process, mice displayed two broad types
of navigation strategy, of which the spatial strategy was the most
efficient to solve the task.

Evolution of Prefrontal–Hippocampal Connectivity During Learning.
Synchronization of neural oscillations has been proposed as a
mechanism for functional coupling of distributed neural systems
(30, 31). Therefore, we asked whether local field potential (LFP)
spectral coherence in the prefrontal–hippocampal circuit was
modulated by task acquisition. We identified elevated in-
terregional coherence in theta (6 to 10 Hz) oscillations during
spatial navigation (Fig. 2 A and B and SI Appendix, Fig. S2B) (20,
32), which did not change during task acquisition (P = 0.381, Fig.
2 B and C). Importantly, we found prominent coherence in the
slow-gamma band (20 to 40 Hz; Fig. 2 A and B), which pro-
gressively increased over time with task acquisition (P = 0.002,
Fig. 2 B and D and SI Appendix, Fig. S2B); however, the fast-
gamma band (60 to 80 Hz) showed no significant changes over
time (P = 0.488, Fig. 2E). Moreover, we did not identify changes
in oscillatory coupling in any frequency band over time when
recording animals freely moving in the home cage (theta: P =
0.149; slow-gamma: P = 0.650; fast-gamma: P = 0.492, SI Ap-
pendix, Fig. S2C), suggesting that increased coherence was spe-
cific to the behavioral task. Next, we tested whether enhanced
coherence was specific to some particular phase of the task. For
this, we divided each trial into three phases: start, navigation,
and goal (seeMaterials and Methods). Indeed, peaks of enhanced
coherence were selectively detected in the navigation phase for
both the theta and slow-gamma bands (SI Appendix, Fig. S2D).
Importantly, time-evolving cortical coherence during navigation
could be impacted by potential changes in locomotor patterns of

Fig. 1. Behavioral performance and navigation strategies during acquisi-
tion of spatial reference memory in the Barnes maze. (A) Schematic diagram
of the Barnes maze. Mice learn to escape from an aversive (open, illumi-
nated, and elevated) environment by following spatial cues and locating an
escape hole. After several navigation trials, mice learn the location of the
escape hole. (B) Average escape latency per day during acquisition (***P <
0.0001, *P < 0.05; Bonferroni’s multiple comparison test after one-way
ANOVA; n = 10 animals, 149 trials). Data are presented as mean ± SEM.
(C) Bar charts of proportion of time spent on each quadrant during the
probe trial (*P < 0.05; Bonferroni’s multiple comparison test after one-way
ANOVA; n = 9 animals, 9 trials). (Inset) Example of occupancy plot during a
probe trial (warm colors denote longer occupancy times, whereas cold colors
indicate shorter occupancy times). Data are presented as mean ± SEM. L, left;
O, opposite; R, right; T, target. (D) Examples of occupancy plots for nonspatial
and spatial navigation strategies. Warm colors denote longer occupancy
times, whereas cold colors indicate shorter occupancy times. (E) Bar chart of
escape latency for nonspatial and spatial navigation strategies (***P < 0.0001;
Student t test; n = 10 animals, 149 trials). Data are presented as mean ± SEM.

Fig. 2. Synchronous activity between prefrontal cortex and hippocampus
during acquisition of spatial reference memory. (A) Examples of simulta-
neous LFP traces recorded from the prefrontal cortex (PFC) and hippocampus
(HPC), and filtered at theta, slow-gamma, and fast-gamma frequency bands
(calibration bar: 250 μV, 500 ms; mouse code: IN67). (B) Mean prefrontal–
hippocampus coherence as a function of frequency across acquisition days (n =
7 animals, 99 trials). (C–E) Mean PFC-HPC coherence across acquisition days at
theta (C), slow-gamma (D) and fast-gamma (E) frequency bands (*P < 0.05;
**P < 0.01; Bonferroni’s multiple comparison test after one-way ANOVA). Data
are presented as mean ± SEM.
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mice taking place during learning, and not be exclusively related
to enhanced cortical connectivity subserving task acquisition. To
control for this possibility, we refined our analysis of movement
patterns to assess the influence of running speed and LFP os-
cillatory variability on cortical coupling (Materials and Methods).
This analysis showed the lack of dependence between cortical
connectivity and movement patterns, suggesting that enhanced
cortical connectivity as defined by spectral coherence is unlikely
to result from broad changes of mice locomotor behavior (SI
Appendix, Figs. S3 and S4). Overall, these data suggest that
learning was associated with the progressive enhancement of
prefrontal–hippocampal coupling in the slow-gamma frequency
band specifically during navigation.
Increased interregional coherence may result from changes in

the amplitude of oscillatory activity or enhanced phase coupling
(33, 34) Indeed, we found significant differences specifically in
the power of prefrontal theta activity (P = 0.0067, SI Appendix,
Fig. S5 B and C) and slow-gamma activity across acquisition days
(P = 0.019; SI Appendix, Fig. S5 B and C). We detected no asso-
ciation between hippocampal spectral power and acquisition day in
the theta or slow-gamma bands (theta: P = 0.089; slow-gamma: P =
0.231; SI Appendix, Fig. S5 E and F). No changes throughout ac-
quisition were detected in the fast-gamma band, in prefrontal cortex
(P = 0.631; SI Appendix, Fig. S5 B and C), or hippocampus (P =
0.905; SI Appendix, Fig. S5 E and F). In addition to acquisition day,
increased spectral power in the prefrontal cortex, but not the hip-
pocampus, was also dependent on the phase of the task (P =
0.0055), taking place specifically during the navigation phase (SI
Appendix, Fig. S5G), consistent with enhanced coherence occurring
during the same phase. Hence, these results suggest that enhanced
prefrontal–hippocampal coupling during learning was mainly the
result of increased amplitude of prefrontal cortical rhythms.

Rhythmic Synchronization and Prefrontal Spiking of Prefrontal
Neurons During Navigation. Cortical oscillations synchronize neu-
ronal spiking, thus contributing to the temporal integration of
neural activity (27). Therefore, we asked whether cortical
rhythms modulated the spike timing of prefrontal neurons in
relation to task acquisition. Hence, we recorded spiking activity
from the prefrontal cortex (SI Appendix, Fig. S6 and Tables S1
and S2). As a population, prefrontal neurons did not discharge in
relation to a particular frequency band (SI Appendix, Fig. S7A).
However, groups of cells were significantly modulated by theta
or slow-gamma oscillations (34.6% and 17.8% of prefrontal
units, respectively; Fig. 3 C and F). Phase-locking strength did
not vary across days during task acquisition (theta: P = 0.461;
slow-gamma: P = 0.377; SI Appendix, Fig. S7 B and C). However,
phase locking was larger for the spatial strategy compared with
the nonspatial strategy, for both local theta oscillations (P =
0.013, SI Appendix, Fig. S7D) and slow-gamma oscillations (P =
0.010, SI Appendix, Fig. S7E). Importantly, these differences
were specifically detected during the navigation phase of the task
(theta: P = 0.012, slow-gamma: P = 0.0006; Fig. 3 D and G), as
there were no significant differences in the start or goal phases of
the task in phase locking for either theta oscillations (start: P =
0.189, goal: P = 0.258; Fig. 3D) or slow-gamma oscillations (start:
P = 0.783, goal: P = 0.279; Fig. 3G). Moreover, phase locking
was cell type specific, as only regular-spiking units were modu-
lated by navigation strategy, whereas fast-spiking units were not.
Such was the case for both theta oscillations (regular spiking: P =
0.0036; fast spiking: P = 0.542; SI Appendix, Fig. S7F) and slow-
gamma oscillations (regular spiking: P = 0.0006; fast spiking: P =
0.500; SI Appendix, Fig. S7G). Importantly, phase-locking
strength of prefrontal units in both frequency bands was signif-
icantly correlated with escape latency (theta: r = −0.39, P <
0.0001; slow-gamma: r = −0.43, P < 0.0001; Fig. 3 E and H).
Hippocampal oscillations also modulated a sizable propor-

tion of prefrontal cells (theta oscillations, 30.3%; slow-gamma

oscillations, 13.5%; SI Appendix, Fig. S7 D and E). Their phase
locking to hippocampal oscillations did not vary over time during
task acquisition (theta: P = 0.929, slow-gamma: P = 0.377; SI
Appendix, Fig. S7 J and K) but it was navigation strategy de-
pendent for theta oscillations (P = 0.0057, SI Appendix, Fig.
S7H), in agreement with our findings in prefrontal cortical os-
cillations. However, phase locking was not different for hippo-
campal slow-gamma oscillations (P = 0.051, SI Appendix,
Fig. S7I).
We next evaluated changes in neuronal firing activity in the

prefrontal cortex during task acquisition. Cortical spiking rates
were not different across conditions (SI Appendix, Fig. S8).
However, when normalized by the mean firing rate, activity was
larger for the spatial strategy compared with the nonspatial
strategy (Fig. 4 A and B), specifically for the navigation phase of
the task (P = 0.036, Fig. 4C). Interestingly, differences were not
seemingly related to the temporal evolution of learning, as nor-
malized prefrontal activity during task acquisition showed no sig-
nificant differences over time (SI Appendix, Fig. S9). Differences
in neuronal activity between navigation strategies were cell
type specific, as they were detected only in regular-spiking units

Fig. 3. Modulation of neuronal spiking in the prefrontal cortex by cortical
oscillations and navigation strategy. (A) Examples of theta-modulated and
slow-gamma–modulated prefrontal units. (Top) LFP (black) and theta-
filtered (blue) prefrontal LFP recording, along with simultaneous raster
plot of prefrontal single-unit activity (gray). (Bottom) Same as above, but for
a prefrontal single unit modulated by local slow-gamma oscillation. (B)
Phase histogram of phase preference for units showed in A, same color code.
(Top) Example unit modulated by theta oscillation [P = 2.87 × 10−5, ln(Z) =
2.34; mean resultant length (MRL) = 0.126; Rayleigh test for circular uni-
formity]. (Bottom) Example unit modulated by slow-gamma oscillation [P =
5.9 × 10−34, ln(Z) = 4.31; MRL = 0.338; Rayleigh test for circular uniformity].
(C and F) Mean spike-field coherence of all significantly modulated (blue or
red; n = 64 units for theta; 33 units for slow-gamma) and nonmodulated
(gray; n = 121 units for theta; 151 units for slow-gamma) prefrontal units by
local theta (C) or slow-gamma (F) oscillations. Shading areas depict SEM. (D
and G) Bar charts of phase-locking strength (MRL) of prefrontal units to local
theta (D) and slow-gamma oscillations (G) for navigation strategies during
different task phases (*P < 0.05; Mann–Whitney U test). (E and H) Correla-
tion between trial-averaged escape latency and trial-averaged phase-locking
strength of regular-spiking units to local theta (E) (P < 0.001; r = −0.38,
Spearman correlation analysis) or slow-gamma oscillations (H) (P < 0.001;
r = −0.42, Spearman correlation analysis) during the navigation phase.
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(P = 0.045, Fig. 4D). Lastly, we found that normalized firing ac-
tivity correlated with escape latency (Fig. 4E). These results reveal
that phase locking of prefrontal principal neurons to local oscil-
lations, as well as firing activity, increased during learning as spatial
navigation developed specifically during the navigation phase of
the task and correlated with behavioral performance.

Neural Representation of the Behavioral Goal. During spatial navi-
gation, the occurrence of task-relevant events is represented in
prefrontal neurons by changes in their firing patterns (19, 20, 35,
36). Therefore, we sought to identify such neural representa-
tions, in particular the escape hole, which denotes the goal of the
current navigation task (Fig. 5A). On average, spiking activity in
the prefrontal cortex did not vary when animals reached the es-
cape hole (SI Appendix, Fig. S10B). However, when focusing on
the spatial strategy, prefrontal neurons selectively increased their
activity briefly before animals entered the escape hole (P < 0.05,
Fig. 5B). Interestingly, we did not find significant changes in firing
activity correlated to a nose poke in the escape hole when the
mouse did not step into it (Fig. 5 C and D), discarding an exclusive
representation of the goal’s location. Moreover, increased dis-
charge probability was exclusive to the escape hole, as we did not
detect significant changes in firing in nonescape holes (i.e., errors,
SI Appendix, Fig. S10 C and D). Altogether, these results suggest
that prefrontal units encode a representation of the behavioral
goal specifically during the spatial navigation strategy.
We also estimated neuronal selectivity for the behavioral goal

(i.e., entering the escape hole) by calculating the biased-firing
index for the escape hole (Materials and Methods). We found that
firing selectivity to the action of escape was indeed dependent
on the type of navigation strategy implemented, as prefrontal

neurons had a larger mean firing bias for entering the escape
hole in the spatial strategy compared with nonspatial navigation
(P = 0.0031, Fig. 5E). No changes in firing selectivity for the
escape hole were detected across acquisition days (P = 0.232, SI
Appendix, Fig. S10E). Furthermore, differences in selectivity to
the escape hole between navigation strategies were cell type
specific, as regular-spiking units showed significant differences
between navigation strategies (P = 0.001, Fig. 5F). Furthermore,
we found that the spatial selectivity index of regular-spiking
prefrontal neurons was significantly correlated with the escape
latency (r = −0.175, P = 0.004; Fig. 5G). Lastly, we compared
firing selectivity to nose poking in the escape hole between

Fig. 4. Dynamics of prefrontal cortex firing patterns during spatial navi-
gation. (A) Color-coded firing patterns of single units recorded in the pre-
frontal cortex during nonspatial (Left) and spatial (Right) navigation
strategies. Each row represents the color-coded normalized firing rate of
one unit (nonspatial, n = 180 units; spatial, n = 47 units) sorted by the timing
of peak firing rate. Task-relevant events—navigation onset and escape hole
entering—are indicated as points 0.0 and 1.0, respectively. Start (S) and goal
(G) phases had fixed durations of 1 min each. The navigation (N) phase
varied between 7 and 180 s (median = 57.4 s) but was normalized by number
of bins. (B) Temporal evolution of average normalized firing rate during the
complete task for nonspatial and spatial navigation strategies. Shaded areas
depict SEM. (C) Bar chart of mean normalized firing rates for navigation
strategies and phase of the task (*P < 0.05; Mann–Whitney U test). Data are
presented as mean ± SEM. (D) Bar chart of mean normalized firing rate
between navigation strategies for regular-spiking (Left) and fast-spiking
units (Right) (*P < 0.05; Mann–Whitney U test). (E) Correlation between
trial-averaged normalized firing rate of regular-spiking units during the
navigation phase and trial-averaged escape latency (P = 0.0011; r = −0.165,
Spearman correlation analysis).

Fig. 5. Neural representation of task-relevant events in the spike timing of
prefrontal units. (A and C) Schematic diagram of task-relevant events: en-
tering (A) or nose poking into (C) the escape hole. (B and D) Example raster
plots and average normalized peri-event time histograms of prefrontal units
firing during nonspatial and spatial navigation strategies aligned at the time
when the mouse either enters (B) or nose pokes into (D) the escape hole.
Shuffled data are also displayed (gray line). Superior red arrow indicates
time at which mice are at 4 cm from the escape hole. Shading areas indicate
SEM (*P < 0.05 with respect to shuffled data, paired Wilcoxon signed-rank
test). (E) Bar chart comparing mean biased firing index for the escape hole
for all units across navigation strategies (**P < 0.01; Mann–Whitney U test).
Data are presented as mean ± SEM. (F) Same as E, but for regular- and fast-
spiking units (***P < 0.001; Mann–Whitney U test). Data are presented as
mean ± SEM. (G) Correlation between trial-averaged escape latency and
trial-averaged biased-firing index of regular-spiking units (P = 0.0044; r =
−0.175, Spearman correlation analysis).
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navigation strategies and found no significant differences (P =
0.086, SI Appendix, Fig. S10F). In addition, the temporal evo-
lution of task acquisition did not show a significant relation with
nose-poking firing selectivity (P = 0.999, SI Appendix, Fig. S10E).
Moreover, we did not find significant differences in nose-poking
firing selectivity between navigation strategies in regular-spiking
(P = 0.076) or fast-spiking units (P = 0.941, SI Appendix, Fig.
S10G). Overall, these data suggest that prefrontal principal
neurons encode the escape action, rather than the location of the
escape hole, by briefly increasing their discharge probability
specifically during the spatial navigation strategy.

Discussion
Our results show that learning the spatial location of goals was
associated with increased prefrontal–hippocampal functional
connectivity, as well as with increased phase locking, firing ac-
tivity, and encoding of behavioral goals by prefrontal neurons.
Importantly, these changes observed in prefrontal neuronal ac-
tivity were associated with the implementation of the most effi-
cient navigation strategy during learning.
The implementation of optimal navigation strategies depends

on the integration of environmental signals comprising both
spatial and nonspatial cues (31). In the current study, utilization
of the spatial strategy progressively increased over time, reflecting
the gradual adjustment of navigation patterns to minimize the
path to the goal (2). This may indicate that spatial information
was not immediately incorporated into navigation pattern. In-
stead, it was gradually integrated across exploration trials. Since
topological representation of the environment (i.e., the cognitive
map) is generated in a single trial (37, 38) and optimal navigation
patterns evolve gradually during the task, we suggest that spatial
information is slowly incorporated into the optimal behavioral
response. Thus, different reference frames, such as place- and
response-based reference frames, may cooperate during the
implementation of the optimal path to the goal (39). The place-
based reference frame involves a topological representation of
the environment, whereas the response-based reference frame
stores the rules of the task, which encompasses the association
between sensory cues (i.e., reward associated to the goal) and
behavior (i.e., navigation in the environment). The independence
from the subject’s orientation observed in the spatial strategy is a
characteristic of place-reference learning (2), whereas the slow
acquisition rate under landmark stability is a distinctive feature of
response-based learning (40), supporting the progressive co-
operation of both reference systems. Indeed, lesion studies have
shown that both reference frames depend on distinct neural systems
(41, 42), in which place-based navigation relies on the hippocampus
(39, 43) and response-based navigation depends on the prefrontal
cortex (18, 43, 44). Therefore, this suggests that the implementa-
tion of the optimal route to the target requires the interplay be-
tween distributed neural circuits. In this model, the hippocampus
enacts the place-based reference frame, whereas the prefrontal
cortex executes the response-based reference frame (4).
We hypothesized that the interplay between prefrontal cortex

and hippocampus required for the acquisition of reference
memory is supported by gradual synchronization. We observed
that coherence in the theta band was stable over time or between
navigation strategies, suggesting that, at least in the current task,
it was not related to learning. Previous results in rodents suggest
that hippocampal slow-gamma oscillations may encode novel
environments (45–47). Moreover, slow-gamma oscillations in the
primate prefrontal cortex increase with cognitive effort (48–50)
and seem to be involved in higher-order executive functioning
such as rule selection (51). Therefore, it has been proposed that
power increments in slow-gamma oscillations are associated with
the active maintenance of the current cognitive set during strong
endogenous top-down processing (52). Thus, the emergence of
slow-gamma synchrony may help to maintain and associate

distributed information to achieve a behavioral goal during
spatial navigation. These results point to slow-gamma coupling in
the prefrontal–hippocampal network as a potential mechanism
for linking activity across distributed cortical regions in reference
memory formation.
We found that during task acquisition, both local theta and

slow-gamma oscillations modulated the spike timing of pre-
frontal neurons, which increased in relation to the utilization of
the spatial strategy and correlated with behavioral performance.
These results are in agreement with previous reports in which
both prefrontal and hippocampal theta oscillations modulated
the spike timing of prefrontal neurons (32, 53). Similarly, it has
been shown that primate prefrontal neurons showed increased
phase locking to local slow-gamma in a rule-dependent way (51).
Likewise, there is a learning-dependent increase in phase locking
of cortical neurons to hippocampal and entorhinal slow-gamma
oscillations (54). Altogether, these data suggest that phase
locking of prefrontal pyramidal neurons to both prefrontal and
hippocampal oscillations is a neural mechanism favored by the
spatial navigation strategy, which probably relates to path opti-
mization during reference memory formation.
Our results show that during reference memory formation,

pyramidal prefrontal neurons are selectively modulated by the
navigation strategy in at least two ways and in different temporal
scales. Indeed, during the implementation of the spatial strategy,
principal cortical neurons progressively increased their activity
(during seconds) as the animal approached the target (i.e., es-
cape hole). This is not related to changes in running speed, as we
found that individual movement episodes were, in fact, slower
for the spatial strategy compared with the nonspatial strategy. In
addition to the previous pattern, pyramidal cells signaled the
goal action just before engagement. In fact, cortical neurons
selectively increased their firing rate for a brief period (<1 s) just
before stepping into the escape hole. Possibly, this correlated,
increased activity signals the animal’s commitment to the motor
action of entering the escape hole. Further experiments will have
to test this idea. The absence of changes in firing activity inside
the escape hole, as well as during nose poking into either escape
or nonescape holes, suggests that prefrontal neurons do not
represent the target (i.e., escape hole), the maze holes, or target
approaching. Therefore, these results suggest that in the spatial
navigation strategy, a representation of the behavioral goal (i.e.,
entering the escape hole) emerges in prefrontal spiking patterns.
These findings are consistent with previous reports showing be-
havioral prediction by prefrontal neurons as (i) directional goal
choice in working-memory tasks (19, 21, 55), (ii) exploration of
aversive environments in the elevated plus-maze (56), and (iii)
strategy switching (57). Altogether, these data support the role of
prefrontal neurons in guiding and implementing adaptive be-
havior by encoding behavioral goals.
Overall, we have shown that behavioral changes in navigation

patterns during reference memory formation are accompanied
by modifications in functional connectivity in the prefrontal–
hippocampal network, as well as changes in oscillatory coupling,
activity, and selectivity of prefrontal neurons. Altogether, our
results provide insight into the dynamics of the prefrontal–hip-
pocampal network during reference memory formation in a
spatial navigation task.

Materials and Methods
Ten adult male C57BL/6j mice were implanted with custom-made microdrives
carrying three tetrodes targeting the medial prefrontal cortex (1.94 mm
anteroposterior, 0.5 mm mediolateral from bregma) and one tetrode tar-
geting the dorsal CA1 hippocampus (−1.54 mm anterior, 1.5 mm lateral from
bregma). After recovery from surgery, mice were trained in the Barnes maze
task, as previously described (29). On each session, mice explored an open,
illuminated, and elevated circular platform limited by 16 equidistant holes,
in which one of them, located in a fixed position, was the escape hole of the
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maze. Each mouse performed four trials per day during 4 consecutive days.
In each training session, prefrontal (single units and LFP) and hippocampus
(LFP) activity was simultaneously recorded. Maze navigation was monitored
and video-tracked throughout training sessions, and data were stored for
posterior offline analysis. Behavioral analysis included quantification of es-
cape latency, number of errors (nose poke in nonescape holes), and classi-
fication of navigation strategy, as previously described (31). Spectral analysis
of LFP coherence and power were computed using multitaper Fourier
analysis from the Chronux toolbox (chronux.org/home/) by using MATLAB.
Spike sorting was performed offline using MATLAB-based graphical cluster-
cutting software, Mclust/Klustakwik-toolbox (version 3.5; ref. 58). Spike-field
coherence was computed using the multitaper Fourier analysis (34) and the
Chronux toolbox (chronux.org/home/), and phase-locking analysis was
computed using the MATLAB toolbox CircStats. To verify recording sites,

Nissl-staining was conducted after the completion of study. See SI Appendix,
SI Materials and Methods for a detailed description of the experimental and
analytic methods.
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