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ABSTRACT: Both the hippocampus and the medial prefrontal cortex
are essential for successful performance in learning- and memory-
related tasks. Within the hippocampus the theta rhythm plays an inte-
gral role in the timing of action potentials of hippocampal neurons
responding to elements of any given task. Medial prefrontal cortex
(mPFC) neurons display firing rate changes to specific facets of behavio-
ral tasks (Jung et al., 1998. Cereb Cortex 8:437–450). We recorded units
in the mPFC and field potentials in the hippocampus to determine
whether behaviorally correlated mPFC cells fired with phase relation-
ships to the hippocampal theta rhythm. In two different behavioral tasks
(running a linear track and foraging in two distinct environments) we
found mPFC cells that alternated between theta entrained firing and
nonphasic firing depending on the ongoing behavior, while other cells
were modulated during all conditions in both tasks. The majority of the
mPFC cells with a significant correlation of firing rate changes with
behavior were entrained to hippocampal theta. Cells that fired to spe-
cific events during only one direction of running were predisposed to
theta modulation only in that direction. mPFC neurons have the capabil-
ity to respond to behaviorally relevant elements by dynamically alter-
nating between hippocampal theta entrained and nonphasic firing.
VVC 2005 Wiley-Liss, Inc.
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INTRODUCTION

The role of the hippocampus during behavior has been thoroughly
researched and great progress has been made into unraveling how the
hippocampus plays its central role in memory tasks (Eichenbaum,
2004). The prefrontal cortex has been shown to be involved in a range
of complex tasks in primates and rodents, including rule learning, deci-
sion making, working memory, and other high-level cognitive tasks
(Miller et al., 2002). In many imaging studies, both the hippocampus
and prefrontal cortex are selectively activated during memory demanding
tasks (Brewer et al., 1998; Stern et al., 2001; Schon et al., 2004; Karls-
godt et al., 2005). Without question these two areas are inherently
involved in the completion of most memory tasks; however, very little is

known about how these two areas work together dur-
ing active processing tasks despite the large anatomical
distance.

Rodent research has begun to develop the argument
that the rat medial prefrontal cortex is homologous to
the monkey and human dorsolateral prefrontal cortex
(Groenewegen, 1988; Brown and Bowman, 2002;
Uylings et al., 2003). Lesions of the medial prefrontal
cortex (mPFC) in rat impair performance on goal-
and delay-based tasks, such as the Morris-water maze
(de Bruin et al., 1994), radial-arm maze (Kesner,
1989), spatial alternation (Grannon et al., 1994), and
cause difficulties accommodating new starting posi-
tions in a modified water maze (Grannon and Poucet,
1995). Floresco et al. (1997) used temporary inactiva-
tions to selectively impair subicular outputs to the
medial prefrontal cortex during radial-arm maze per-
formance and found deficits during delayed tasks.
Anatomical connections of the rat medial prefrontal
cortex are extremely similar to those found in primate
dorsolateral prefrontal cortex, including dense recipro-
cal connections with major sensory association corti-
ces, the striatum, the hippocampus, and dorsomedial
thalamic nuclei (which contain projections from the
rhinal cortex, hippocampus, and subcortical structures)
(Groenewegen and Uylings, 2000; McKenna and
Vertes, 2004). Prefrontal cortex single-unit studies in
rats (Schoenbaum and Eichenbaum, 1995; Jung et al.,
1998; Baeg et al., 2003; Mulder et al., 2003; Hok
et al., 2005) during goal-related behaviors found
behavioral correlates for almost every aspect of the
animal’s behavior during a specific task including
directional specificity, turn specificity, trial onset and
offset. Cells also showed firing changes depending on
the location of goals, the location where searching for
reinforcements took place, and during delay periods.

Hippocampal principal cells, recorded in awake ani-
mals, fire with fixed relationships to the theta oscilla-
tion in the hippocampal field potential (Fox et al.,
1986; O’Keefe and Recce, 1993; Skaggs et al., 1996;
Csisvari, 1999). Neurons recorded outside the hippo-
campus are phasically modulated by the hippocampal
theta rhythm, including neurons in the entorhinal cor-
tex (EC) (Dickson et al., 1995), the striatum (Berke
et al., 2004), the cingulate cortex (Colom et al.,
1988), the amygdala (Pare and Gaudreau, 1996), and
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the nucleus accumbens (Tabuchi et al., 2000). A recently pub-
lished report (Siapas et al., 2005) showed medial prefrontal
cortex neurons can and do fire with specific phase relationships
to the hippocampal theta rhythm while the animal performed
various behavioral tasks.

Given the propensity of mPFC neurons to encode goal
information and various other behavioral aspects of tasks, along
with the capability of mPFC neurons to fire in phase with the
ongoing hippocampal theta rhythm, mPFC neurons that are
behaviorally correlated should be more likely to be entrained to
the hippocampal theta rhythm. To examine this possibility, we
recorded single units from the medial prefrontal cortex of rats
and field potentials in the hippocampus as the animals per-
formed two simple behavioral tasks. In one task, the animal
would forage for a set of reinforcements in two separate open
environments, and the other task involved running on a linear
track. In our data, we found cells in both tasks that would
alternate dynamically between hippocampal theta-entrained fir-
ing and nonphasic firing. Like previous studies, we found a
number of prefrontal cortex cells had responded to clear behav-
ioral correlates in the linear track task and hippocampal theta
phase analysis revealed a majority of these cells fired with a sig-
nificant phase relationship. Furthermore, of the cells with clear
unidirectional behavioral correlates and unidirectionally signifi-
cant theta phase modulation, the vast majority were phase
modulated during the same directional run as their behavioral
correlate.

METHODS

Subjects

Four adult male Long-Evans rats, obtained from Charles
River Laboratories, Inc. (Wilmington, MA), were used. The
animals were individually housed and kept in a 12 h light–dark
cycle with water available ad libitum. During training and after
recovery from surgery, animals were maintained at 90% free
feeding weight.

Surgery

Animals were deeply anesthetized under halothane gas and
pretreated with atropine (0.1 mg/kg) to prevent excessive saliva-
tion. Rats were placed in a David Kopf (Tujunga, CA) stereo-
taxic frame, and holes were drilled into the skull using a David
Kopf stereotaxic drill. Three tetrode bundles (25 mm formvar
coated tungsten wire) in a moveable drive mechanism were
implanted into medial prefrontal cortex (3.4 mm AP; 0.5 mm
ML). Four bundled single electrodes (40 mm coated tungsten
wire) in a moveable drive mechanism were implanted into the
hippocampus (�3.6 mm AP; 2.5 ML). The tips of these wires
were at vertical intervals of about 330 mm each. The two driv-
ers were mounted to skull screws using dental acrylic and then
shielded in plastic sheeting. The recording wires were con-
nected to a 20 pin MicrotechTM plug, which was affixed to the

plastic shielding. After surgery, animals were given nonsteroidal
oral antibiotics and analgesics as needed. Animals were given at
least 1 week of recovery before recordings.

Electrophysiology

The tungsten recording wires passed the signal through pre-
amplifier FETs (NB Labs, Denison, TX) and an amplifier
(Neuralynx Inc., Tucson, AZ) before being passed to a Data
Translation (Marlboro, MA) A/D board for storage by Sciworks
software (from DataWave Technologies, Boulder, CO) running
on a PC workstation. Unit recordings were filtered between
600 and 60 kHz and field channels were filtered between 1
and 475 Hz. After recovery from surgery, hippocampal wires
were slowly lowered until hippocampal ripples were present.
Then the wires were slowly lowered further until the theta
rhythm across the four channels showed a clear 1808 phase
reversal indicative of wires centered around the hippocampal
fissure (Buzsaki, 1986). Multiunit files were sorted with cluster-
cutting techniques, using Offline Sorter (Plexon Inc., Dallas,
TX). If clusters were impossible to disambiguate into individual
cells, the data were not included in any further analysis. LED’s
were mounted to the headstage cable and position data were
recorded for offline analysis, using Sciworks software (from
DataWave Technologies, Boulder, CO).

Behavior

Linear track

The linear track was a 7000 3 300 elevated platform. Animals
had to run from one goal location (at one end of the platform)
to another goal location (at the opposite end of the platform)
to receive reinforcements. After the animal had arrived at one
goal location and began to consume reinforcement, the other
goal location was baited.

Foraging tasks

Animals were run in two environments (environment 1 was
a 2900 3 2500 elevated platform; environment 2 was a 6500 3
700 elevated platform) for 20–30 min on the same day. The
order of environments was counterbalanced across days. Rein-
forcements were small pieces of Froot Loops (Battle Creek,
MI) that were placed throughout the environments (about 10–
15 pieces). After the animal had recovered all the reinforce-
ments, a new set was placed in the environment. This process
was repeated for the entire session.

Data Analysis

Position data

Recorded position data was transferred to Neuroexplorer
(Plexon Inc., Dallas, TX), where the data were smoothed to
correct false position markings. The data from linear track
recordings were further analyzed to select trips from goal A to
goal B and separately select trips from B to A. Every animal’s
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behavior in the task was extremely consistent, in that the ani-
mal generally turned from one goal to the next in the same
direction, immediately after consuming the reward. Because of
this, we were able to separate out A–B trials as starting at the
point the animal turned his head after eating a reinforcement
to begin the journey to goal B and ending after the reinforce-
ment consumption at B. The same held true for B–A trials. All
spatial analyses of unit activity in both tasks were done using
Neuroexplorer.

Theta Analysis and Phase Estimations

Spike times from individual units and raw local field poten-
tial data were read into Matlab (Mathworks, Natick, MA) for
further analysis. Theta periods were identified by first filtering
the EEG record between 3 and 10 Hz using a Butterworth fil-
ter. Local minima and maxima were identified in the EEG. A
theta period was selected as a period of three consecutive
trough/peak pairs occurring with amplitude greater than nega-
tive/positive thresholds (which were set by eye for each session),
within the theta frequency. Phases relative to the theta oscilla-
tion were estimated linearly between zero crossings in the EEG
(e.g., the time-point halfway between two zero crossings was
considered 1808). Phase information for individual units in the
linear track task was analyzed for three separate periods: (1)
runs from goal A to goal B; (2) runs from goal B to goal A;
and (3) overall or entire session.

A cell was considered modulated if it showed a unimodal
distribution of its spikes’ phases relative to hippocampal theta
rhythm. Nonuniformity was tested by using the Rayleigh’s sta-
tistic, Z ¼ nR2, where n equals the number of spikes and R is
the mean resultant length (the magnitude of the vector that
results when each spike is represented as a vector on the unit
circle whose angle relative to some fixed point is given by the
spike’s phase and the vectors are all summed together). Ste-
phens (1969) showed that when n > 25, Z is distributed
approximately as the chi-squared distribution with 2 degrees of
freedom, thus a cell was considered modulated if its Z was
greater than 6 (P < 0.05).

Unit Classification for Behavioral Correlates

Cells recorded in the linear track were analyzed for behavior-
ally correlated changes in firing rate during the performance of
the task. After positional analysis was completed, allowing the
determination of the beginning of each run from one goal to
the next, perievent histograms were constructed around these
timestamps. To determine significance of directionally specific
firing rate changes, single factor ANOVA’s were performed
comparing both of the directional runs on the linear track. Fir-
ing rates were accrued in 250 ms bins and these bins were
compared for 3-s blocks surrounding the beginning of one trial
and the end of the previous trial. The point at which a trial
begins is time N. Since all animals completed the task in a con-
tinuous fashion, time N (zero in Fig. 1), reflected the end of
one trial and the beginning of the subsequent trial. Because of
the relative consistency of each animal’s behavior in this task,

we were able to classify cell types by comparisons of two consec-
utive 3-s blocks before trial start and two consecutive 3-s blocks
after trial start. The 3-s blocks before trial start reflect behavior
for the opposite direction from the 3-s blocks after time N (see
Fig. 1 for relationship between animal position and time).

Behavioral correlations were categorized as follows: cells that
exhibited significant firing rate changes for the period N � 6 s
to N � 3 s were classified as responding to reinforcement
approach and consumption (goal area). Cells that had signifi-
cant firing rate changes for the period N � 3 s to time N were
classified as responding to the either reinforcement consump-
tion (goal area) or the turn that began a new trial (turn cells).
Turn cells reflect firing while the animal lifted its head after
reinforcement and turned to begin the trip to the next goal
location. The distinction between goal area and turn-cell classi-
fication was determined by visual analysis of the perievent his-
tograms and perievent rasters and in all cases dissociation
between these two classifications was readily visually apparent
(see Fig. 2 for representative examples). In some cases this sig-
nificant firing rate change persisted for the first couple of sec-
onds after time N, and in these cases significant firing rate
changes in the opposite direction were required for turn-cell
classification. To further distinguish turn cells from goal cells,
visual analysis of the perievent histograms and perievent rasters
were performed while taking the animals’ average trial time
into consideration. Cells with significant firing rate changes for
the period N to N þ 3 s and/or N þ 3 s to N þ 6 s were clas-
sified as run cells.

In a small number of sessions in which the animal displayed
slower trial times, the periods of N � 9 s to N � 6 s and N þ

FIGURE 1. Diagram of the time-course of events during run-
ning of the linear track task. The top black lines are the averaged
position data from a typical session for A–B and B–A runs. The posi-
tions are relative to the time spent (middle) in that location as seen
in the X-axis of the plot for N = �6 s to N = +6 s. The gray arrows
above the animal’s path show the direction of movement, and the
circles mark start and end of time spent without movement at the
reinforcement area. Since the animals were involved in a relatively
continuous behavior, it was necessary to assign trial start and stop
times based on the time the animal lifted its head after consuming
reinforcement and turned to begin the trip to the opposite goal.
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FIGURE 2. Examples of medial prefrontal cells recorded dur-
ing performance of the linear track task. In all plots: dark gray =
goal A to goal B runs, light gray = goal B to goal A runs; all plots
show the end of one directional trial for times before 0 and the
start of a run in the same direction after time 0; on the right are
phase histograms for all corresponding trips in the given direction.
In all plots the Y-axis for phase histograms are spikes per theta
cycle, X-axis degrees of the theta wave; the Y-axis in all rate histo-
grams is firing rate in Hz. A: this cell responded in goal area B
and during the B–A run. This cell is significantly hippocampal
theta modulated only during B–A trials and fires nonphasically
during A–B runs (A–B Z = 3.12; P = 0.21; B–A Z = 20.32; P =
3.86E-05). Thus it is only entrained during the period of lower fir-
ing rates. This cell exhibits large firing rate increases while the ani-
mal is consuming reward in goal area B, then is inhibited while
the animal turns to begin the trip from B–A, and has another
strong firing rate increase as the animal runs from goal B to goal.
B: this cell responded during the B–A run. It is significantly
modulated in both directions (A–B Z = 46.37; P = 1.36E-10; B–A
Z = 114.76; P = 5.93E-11). Notice, how the firing rate increase
does not appear until a couple seconds after the animal has begun
to run from goal B to goal A. C: this is a A–B turn cell that is sig-
nificantly modulated in both directions (A–B Z = 24.35; P =
5.14E-06; B–A Z = 21.37; P = 2.28E-05). The firing rate increase
is no longer significantly different from B–A trips when the animal
is running to the goal, and is inhibited while the animal is at both
goals. D: this cell responds in a single goal area (B) and during
the opposite direction (A–B) turn. This cell responds at goal B (as
can be seen in the dark gray plot in the perievent histogram before

time 0) and then there is another significant firing rate increase as
the animal turns and leaves goal B heading back to goal A. This
increase persists throughout the run to goal A (seen in the light
gray plot in the perievent histogram for the period after time 0).
This cell was significantly modulated only during runs from goal
A to goal B (which includes time spent at goal B), as shown in the
dark gray phase histogram (Z = 13.31; P = 0.0,013) and was not
modulated during runs from B–A (Z = 0.64; P = 0.73). Even
though this cell responded during both directional trips (while in
goal B and when running from goal B), only the trip from A–B is
significantly modulated, which could be indicative of a dual cod-
ing process by mPFC neurons (separate coding by both firing rate
and hippocampal theta modulation). E: this cell is a B–A run and
goal area cell that is significantly modulated for runs in both
directions (A–B Z = 59.28; P = 3.48E-11; B–A Z = 27.6; P =
1.01E-06). In the perievent histogram an increase is seen in the
light gray trace before and after the animal turned from goal B to
goal A (around time 0). This cell was inhibited during turns in
both directions. F: this cell is a B–A turn and A–B run cell that
was significantly modulated in both directions (A–B Z = 20.85;
P = 2.97E-05; B–A Z = 26.03; P = 2.22E-06). In the perievent his-
togram the light gray trace shows an increase in firing rate just
before and right at time 0, and in the dark gray plot the increase
is only seen a second after time 0. This cell responded as the ani-
mal ran from goal A to goal B and then showed a decreased firing
rate as the animal approached goal B and consumed the reinforce-
ment. When the animal lifted his head to turn and begin the run
from goal B back to goal A the cell responded again and was
inhibited during the run from B–A.
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6 s to N þ 9 s were analyzed for dissociation of run and rein-
forcement correlates. In a subset of these slow running time
sessions, the animal consistently delayed at the end of each arm
of the maze after consuming reinforcement before beginning
the next trip. For these sessions, the period during which the
animal lifted its head after reinforcement consumption was
used as the end of that trial, and the time when the animal
began locomoting to the other goal location was the start of
the next trial.

Cells that were correlated to one direction run or another
were readily classified into ten categories: (1) single direction
whole trip (significant firing rate changes for the turn, run, and
reinforcement periods in one direction); (2) single direction run
(significant firing rate changes for N to N þ 3 s, and/or signifi-
cant firing rate changes for N þ 3 s to N þ 6 s in one direc-
tion); (3) single direction turn (significant firing rate changes
during N � 3 s to N in one direction, and in some cases signifi-
cant firing rate changes in the other direction for N to N þ
3 s); (4) single direction turn and run (significant firing rate
changes for N � 3 s to N/N to N þ 3 s (turn) and N to N þ
3 s/6 s (run) in one direction); (5) single direction turn and

opposite direction run (significant firing rate changes for N �
3 s to N/N to N þ 3 s (turn) and N to N þ 3 s/6 s (run) in
the opposite direction, note for this cell category that N refers
to two separate ends of the track); (6) single direction turn and
goal area (significant firing rate changes in one direction during
N � 6 s to N � 3 s or N � 3 s to N (goal area) and significant
firing rate changes during N to N þ 3 s (turn) in the same
direction); (7) single direction turn and opposite goal area (sig-

FIGURE 3. Rayleigh’s statistic for each condition of both tasks
and representative example of unidirectional entrained and behav-
iorally correlated unit. A, the X-axis is Rayleigh’s statistic for A–B
runs, and the Y-axis is Rayleigh’s for B–A runs. The dotted lines
are at Z > 6 (the critical value for Z; P < 0.05). The red data
points are cells that were unidirectionally theta entrained; the
green data points were entrained during runs in both directions;
and black data points were not significant for either run. B, the X-
axis is Rayleigh’s for foraging sessions in environment A, and the
Y-axis is Rayleigh’s for foraging sessions in environment B. The
dotted lines are Z critical (Z > 6; P < 0.05). In red are data
points that were significant in only one environment, green are
data points significant in both environments, and in black are data
points that were not significant in either environment. In both
plots large Rayleigh’s scores (Z > 30) are plotted on the edge of
the graph to improve visual presentation. C–F, a representative
example of a goal area and opposite turn cell that responded for
B–A trips only and was phasically modulated for B-A trips only.
In C is a trace of hippocampal theta rhythm and on top of that
are the spikes for this prefrontal unit. The red markers show a
clear consistent phase relationship for this unit to the theta
rhythm in the hippocampus (this cell fired on the trough during
B–A runs). The trace in C is taken from the highlighted area in
the top perievent rasterplot shown in D, which occurred during
the animal’s approach to the reinforcement in that trial. The top
plot in D is centered on the beginning of A–B runs as time 0, and
the bottom plot is centered on the beginning of B–A runs. Goal
area B firing changes can be seen in the top plot before time 0
and in the bottom plot at 6–9s after time 0. The increase in firing
in the bottom plot just before and at time 0 represents firing dur-
ing the animals turn from goal B beginning the trip toward goal
A. This cell was also inhibited during both runs. These rasterplots
show a consistent increase in spikes while the animal was at goal
area B and when the animal left goal area A to head to goal area
B. E and G are the two phase histograms for all trips in each dif-
ferent direction in the entire session. In dark blue (E) are A–B
trips and in light blue (G) are B–A trips (Y-axis is spikes per theta
cycle; X-axis is degrees of the theta cycle). The bimodal shape of
the dark blue plot shows a clear phase relationship with hippo-
campal theta rhythm (Z = 19.41, P = 6.11E-5), while the flat plot
in light blue shows no such relationship (Z = 2.09, P = 0.35). In F
are the two perievent histograms plotted on the same axis (X-axis:
time in seconds, centered on trial start; y-axis: firing rate). In dark
blue are A–B trips and in light blue are B–A trips. For the dark
blue plot, datapoints before time 0 are from the end of all A–B tri-
als and points after time 0 are from the start of all A–B trials (the
same is true for the light blue plot and B–A trials). The increase
sseen before time 0, in the dark blue dataset, corresponds with a
firing rate increase in goal area B. This increase is statistically sig-
nificant for both the N � 6s to N � 3s block and the N � 3s to
N block, though as the plot shows during B–A trips the cell was
inhibited for the turn from goal B heading toward goal A. In the
light blue plot the peak at times N � 2 to N represent firing as
the animal turned from goal A and headed toward goal B.
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nificant firing rate changes in one direction during N � 3 s to
N (goal area) and significant firing rate changes during N to
N þ 3 s (turn) for trips in the opposite direction, note for this
cell category that N refers to two separate ends of the track); (8)
single direction run and goal area (significant firing rate changes
for N to N þ 3 s and for N þ 3 s to N þ 6 s in one direction);
(9) single goal area and run in opposite direction (significant fir-
ing rates changes during N � 6 s to N � 3 s in one direction
and corresponding firing rate change during N þ 3 s to N þ
6 s in the same direction, note for this cell category that N
refers to two separate ends of the track); and (10) single direc-
tion reinforcement or goal area (significant firing rate changes
during N þ 3 s to N þ 6 s in one direction).

To classify cells that responded to common behavioral events
in both directions, single factor ANOVA’s were performed on
firing rate changes in sequential time blocks (the same time
blocks were used as in single direction classification). Common
event cells (both directions) were classified into three categories:
(1) turns in both directions; (2) runs in both directions; and
(3) goal area firing in both directions.

Histology

After each animal had completed the experiment, they were
deeply anesthetized under halothane gas and were electrolytically
lesioned at each electrode location. They were then perfused
with a solution containing 25 parts 10% buffered formalin, 1
part glacial acetic acid, and 10 g of potassium ferrocyanide. This
solution causes a Prussian blue reaction, which marks the loca-
tion of the iron particles deposited by the electrode lesion in
blue. The brains were then removed and stored in a 10% buf-
fered formalin solution for about 1–2 weeks. After this time,
the brains were then sliced, mounted, and stained with neutral
red to determine precise electrode locations. In all cases, hippo-
campal implant tracks went into CA1 and terminated near the
hippocampal fissure. Since multiple sessions were recorded from
individual animals, the precise recording locations could not be
derived from the prefrontal cortex tetrodes, but all electrode
tracks were in the medial prefrontal cortex. Using records of
driver lowerings we were able to confirm that most recordings
reported here were made in prelimbic areas.

RESULTS

Linear Track

Phase modulation

A total of 74 clearly isolated units from four animals were
recorded while the animals performed the linear track task. All
animals performed very well on the task with an average trial
time of (6.48 s) and showed very little variability in trial time.
Of the 74 cells recorded during this task, 41 cells showed stat-
istically significant phasic modulation (P < 0.05) to the hippo-
campal theta rhythm in at least one aspect of the task (A–B

runs, B–A runs, or overall)(see Fig. 3A for Rayleigh’s scores of
the entire population). Only one cell recorded in this task was
a fast spiking cell (>10 Hz firing rate) and this cell had neither
a behavioral correlate nor a significant phase relationship. In
this task, the majority of the phase-modulated units were
modulated in both directions or for the entire session, as deter-
mined by a significant Rayleigh’s statistic for both A–B runs,
B–A runs, and overall (n ¼ 24) or for only overall (n ¼ 2).
Fourteen cells showed significant phase modulation to hippo-
campal theta rhythm in only one direction, which was deter-
mined by a significant Rayleigh’s statistic in one direction alone
(n ¼ 7) or a significant Rayleigh’s statistic in one direction and
a significant Rayleigh’s statistic overall (n ¼ 7) (for an example
see Fig. 3).

Behavioral correlates

Fifty five of the cells recorded in the task showed significant
firing rate changes correlated with specific behavioral periods
(see Table 1). Fourteen of these cells were classified as respond-
ing to common events in both directions. Forty one cells were
classified as responding to events in only a single direction
(examples of phase modulated single direction event cells are
shown in Figs. 2 and 3).

Many of the cells recorded would go through periods of
inhibition that generally preceded or followed the behavioral
event that correlated with increased firing rate (examples can be
seen in Fig. 2E–F). These periods of inhibition can potentially
convey as much information as the firing rate increases and in
previous reports both excitatory and inhibitory changes have
been used to classify medial prefrontal units’ behavioral corre-
lates (Jung et al., 1998; Mulder et al., 2003). Since the over-
whelming majority of the cells recorded in this task that exhib-
ited periods of inhibition also had period of significantly
heightened firing rates, we classified these cells based on the
periods of firing rate increases, because periods of inhibition
make the analysis of theta entrainment difficult. Cells that only
showed clear periods of inhibition to a behavioral correlate
were classified for that specific correlate.

Phase modulation of behaviorally
correlated units

Of the 55 cells which had clear statistically significant behav-
ioral correlates, 31 were significantly phasically modulated by
the hippocampal theta rhythm either in both directions or in a
single direction or for the entire session (P < 0.05). Of the
15 cells that were classified as behaviorally correlated with com-
mon events (both directions), six were entrained to the hippo-
campal theta rhythm (all in both directions).

Of the 40 cells classified as responding to behavioral events
on runs in only one direction, 25 were entrained to the hippo-
campal theta rhythm. Fifteen were entrained in both directions
and overall, and nine were entrained in one direction (four in
one direction and overall, and five in only one direction). For
the cells that were modulated in only direction and showed a
clear behavioral correlate for event/s in one direction, eight out
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of 9 were phase modulated for the direction of that behavioral
correlate (this is discussed further below). An example of one
cell that was correlated to approach and consumption at a sin-
gle goal area is shown in Figure 3. This unit was phasically
modulated only during the directional runs in which it showed
a clear behavioral correlate.

Each of the four animals had mPFC cells that were only
phase modulated during one run (rat 1:n ¼ 3; rat 2:n ¼ 3; rat
3:n ¼ 1; and rat 4:n ¼ 7). Every animal that had more than
one single-direction modulated cell (all except rat 3) had cells
that were phase-locked to different single directions. Altogether,
14 unidirectional theta-entrained neurons were recorded, 8
were entrained only during A–B runs and 6 were entrained
only during B–A runs (see Fig. 3). For example, in one session
three such cells were recorded from rat 4. Cell 1 was signifi-
cantly theta-phase-locked during runs from goal A to goal B
(Z ¼ 8.4; P ¼ 0.014; mean phase angle ¼ 1958) and not dur-
ing B–A runs (Z ¼ 2.46; P ¼ 0.29); cells 2 and 3, recorded
from that same tetrode in the same session were not modulated
during A–B runs (2. Z ¼ 0.64; P ¼ 0.73; 3. Z ¼ 0.51; P ¼
0.77 and were theta phase locked during B–A runs (2. Z ¼
5.99; P ¼ 0.049); (mean phase angle ¼ 3.388) 3. Z ¼ 6.8;
P ¼ 0.032; mean phase angle ¼ 3348). Of these three neurons,
two were found to have significant behavioral correlates. Cell 1
was classifed as a A–B turn and run cell, and this cell’s firing
was theta phase locked during these A–B runs; cell 2 had no
significant behavioral correlate using our criteria; and cell 3
fired at significantly elevated rates during runs from goal B to
goal A (B–A run cell) and this cell was only phase-locked to
theta during B–A trips.

Testing of theta phase modulation for cells with
unidirectional behavioral correlates

Cells that had significant behavioral correlates in a single
direction and were theta entrained in only one direction were
grouped by the direction of behavioral correlate. Then a single
factor ANOVA was performed on all the cells’ Rayleigh’s statis-
tics comparing runs in the behaviorally correlated direction vs.
the noncorrelated direction. The results of this analysis (F ¼
7.25; P < 0.05) show a predisposition for unidirectional theta
entrained cells with behavioral correlates to have the entrain-
ment and behaviorally modulated firing rate changes during
runs in the same direction (8/9 cells showed this).

Testing of behavioral correlations for cells with
significant theta phase modulation

A total of 41 cells recorded during linear track running were
entrained to hippocampal theta rhythm either for both direc-
tional runs or in only one direction. Of these entrained cells,
76% (31/41) had significant behavioral correlates during the
running of the task. Of the cells recorded, a clear majority of
entrained units were also behaviorally correlated, showing a
predilection for theta-entrained mPFC units to respond to
behavioral events.

Distribution of mean phase angles for
adjacent neurons

The mean phase angles were analyzed for all significantly
entrained neurons recorded with the same hippocampal elec-

TABLE 1.

Number of Cells Classified in Each Category of Behavioral Correlation and Significant Hippocampal Theta Rhythm Phase Modulation for

Cells Recorded During Both the Linear Track and Muli-Environment Foraging Task

Total no. of cells

No. of Hippocampal

theta modulated cells

in both directions/

environments

No. of Hippocampal

theta modulated cells

in a single direction/

environment

Cells recorded in alleyway task 74 27 14

Cells with significant behavioral correlates 55 21 9

Turns in both directions 10 5 0

Runs in both directions 2 0 0

Goal area firing in both directions 3 1 0

Single direction entire trip 5 2 0

Single direction run 8 1 3

Single direction turn 6 2 0

Single direction turn and run 1 1 0

Single direction turn and opposite direction run 1 1 0

Single direction turn and goal area 2 1 1

Single turn and opposite direction goal area 2 0 1

Single direction run and goal area 6 2 3

Single direction run and opposite goal area 1 1 0

Single goal area 8 3 1

Cells recorded in foraging task 81 23 21
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trode position. Medial prefrontal units recorded from the same
tetrode often had unique phase preferences and overall the var-
iance of mean phase for modulated cells from the same hippo-
campal recording position was greater than a single 1808 phase
(mean range ¼ 2608). In the example cited above from a ses-
sion with rat 3, the 3 cells were all phase-locked to different
points of the recorded hippocampal theta wave. This example
is indicative of the relationships of the mean phase angles from
neurons recorded with the same hippocampal recording posi-
tion. Further overall phase dependence analysis was not possible
for the current data set, because of a lack of recording data of
the true hippocampal theta phase (usually obtained from multi-
ple recording sites surrounding the hippocampal fissure or
inferred from populations of hippocampal pyramidal cells
(Skaggs et al., 1996)).

Foraging Task

A total of 81 cells were recorded from four animals perform-
ing the foraging task. Two of the 81 cells recorded in this task
could be classified as fast spiking cells (>10 Hz firing rate) and
both were significantly phase modulated in both environments.
Of all the recorded and separable cells, 44 fired with a statisti-
cally significant (P < 0.05) phase relationship to the hippocam-
pal theta rhythm. Of these cells, 23 were phase modulated in
both environments when run consecutively on the same day.

Twenty one cells were phase modulated only in one environ-
ment when run consecutively on the same day (see Fig. 3B).
Examples of two cells that were only phase modulated in a sin-
gle foraging environment are shown in Figure 4. Each of the
four animals recorded from displayed multiple cells that were
phase locked in only a single environment, and all had exam-
ples of single environment phase locking cells for both
environments.

DISCUSSION

Medial prefrontal cortex cells recorded in two different
behavioral tasks alternated between hippocampal theta rhythm
entrained firing and nonphasic firing based on different behav-
ioral and environmental factors. A majority of theta entrained
cells had clear behavioral correlates (31/41), and those cells
that were unidirectionally phase modulated in the linear track
task had behavioral correlates in the same direction (8/9).
Cells that responded to common events during both direc-
tional trips and were phase modulated were theta entrained
during both trips (6/6). The capability of medial prefrontal
units to fire with a phase relationship to hippocampal theta
rhythm could serve as a mechanism allowing these two distant
yet inherently related areas to work together during active
processing tasks.

Jung et al. (1998) recorded from cells in the medial pre-
frontal cortex while the animals performed an array of behav-
ioral tasks including the eight-arm radial maze. In the eight-
arm radial maze, they found 74% of the recorded medial pre-
frontal cells had clear behavioral correlates, including direction
of running on arms, goal approach, continuous firing at both
specific and all goal locations, and during turns. Similar
behavioral correlates of mPFC cells were found in other
reports (Baeg et al., 2003; Mulder et al., 2003; Hok et al.,
2005). In the current report, we found similar task require-
ments correlated with firing rate changes for medial prefrontal
units. In the linear track task, a substantial majority of the
cells recorded that had clear behavioral correlates to changes
in their firing rates were cells that were modulated by the hip-
pocampal theta rhythm (31 cells modulated out of 55 behav-
iorally correlated cells). These cells responded to a range of
different behavioral events that together represent all facets of
this specific task (see Fig. 2 for examples of a range of cells
that had different behavioral correlates and were theta
entrained). Cells responding vigorously to specific events in
the linear track task tended to be phasically modulated (63%
of recorded prefrontal cells). More specifically units with uni-
directional theta entrainment and behavior correlates exhibited
both responses during runs in the same direction (8 out of 9
cells). Also, of the units responding to common behavioral
events in both directions 6 out of 6 theta entrained cells were
entrained during trips in both directions. In the foraging task,
a much higher percentage of theta-entrained neurons switched
dynamically between phasic and nonphasic firing (21/44 total
modulated). This may be due to the difference in environ-

FIGURE 4. Representative phase histograms from two mPFC
cells recorded during foraging in both environments. For each cell,
both sessions were recorded on the same day consecutively. A, the
dark gray plot represents the phase histogram for this cell during
the foraging task in environment 1, and the light gray plot is the
histogram for environment 2. The phasic shape of the distribution
from environment 1 shows entrainment to hippocampal theta
rhythm (Z = 19.37, P = 6.21E-005), while the distribution from
environment 2 is flat (Z = 0.075, P = 0.956). B, the dark gray dis-
tribution is from a foraging session in environment 1 and has the
phasic shape of a modulated histogram (Z = 9.65, P = 0.008). The
light gray distribution is from a session in environment 2 and has
no significant phasic properties in the distribution (Z = 0.68, P =
0.738). In this example this cell had a reduced firing rate in the
environment in which it was phasically modulated to the hippo-
campal theta rhythm.
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ments being greater than the difference between directional
runs on the linear track. Taken together, the results from both
of these tasks reveal a tendency of medial prefrontal cells to
not only respond to behavioral events with changes in firing
rate but also by dynamically alternating between hippocampal
theta entrainment and nonphasic firing. It is possible that a
task that demands more involvement of medial prefrontal cor-
tex and a task that would allow for finer analysis of more dis-
creet behavioral events could reveal an even larger percentage
of specific behaviorally correlated cells displaying behaviorally
specific modulatory changes in firing to the hippocampal theta
rhythm.

The majority of the behaviorally correlated cells responded
while the animal was at one of the goal areas (27 out of 55;
including single goal areas, both goal areas, single entire trips,
runs and goal area, and turn and goal area). Two-thirds of these
goal-related cells were phasically modulated by hippocampal
theta. A similar preponderance of goal-related mPFC cell firing
has been found in previous studies (Baeg et al., 2003; Hok
et al., 2005), and the present results suggest these goal respond-
ing neurons are involved in hippocampal-mPFC interactions.

Each of the four animals in this study had cells that were
phase locked in only a single direction and other cells that
were phase locked in only a single environment. In the three
animals that had multiple single direction phase locking cells,
each animal had cells phase locked in both directions individu-
ally (the same held true for all four animals in the multi-envi-
ronment foraging task). Given that cells from the same animal
were phase locked for only a single direction and that others
from that animal in the same session were phase locked for
only the other direction, it makes it unlikely that gross behav-
ioral differences (such as differing running speeds, or paths, or
some other unaccounted for variable) between trial types or
environments could account for the differential phase locking.
Rather we believe the phase locking is indicative of a behavior-
ally related interaction between the hippocampus and the
mPFC. This effect is clear in the nine cells that showed unidir-
ectional theta entrainment on the linear track and also had
unidirectional behavioral correlates during runs in the same
direction (8/9), and also in the six theta entrained cells that
responded to common events (those occurring during both
directional runs) that were all theta entrained during runs in
both directions.

It is interesting to consider how medial prefrontal cortex
cells come to fire to the hippocampal theta rhythm in spite
of a lack of strong and consistent theta recorded in medial
prefrontal field potentials (Siapas et al., 2005; data not
reported from the current study). Siapas et al. suggested this
entrainment might arrive via excitatory input to the medial
prefrontal areas from the monosynaptic pathway from ventral
CA1 and subiculum directly to medial prefrontal areas
(Swanson, 1981). If hippocampal principal units in ventral
CA1 and the subiculum are driving medial prefrontal unit
theta entrainment, it would be suspected that medial prefron-
tal units would fire to only a small range of hippocampal
theta, just like hippocampal pyramidal cells (Skaggs et al.,

1996). However medial prefrontal units recorded from the
same tetrode often had unique phase preferences and overall
the variance of mean phase for modulated cells from the
same hippocampal recording position was greater than a sin-
gle 1808 phase (mean range ¼ 2608). We believe these
results suggest that another means of modulation could be
affecting these medial prefrontal cells. For the mPFC cells
recorded for this study, the probability of a cell to be phase
modulated was much higher if another cell from that same
tetrode was also phase modulated. This increased probability
could be attributable to the organization of the prefrontal
cortex into hypercolumns. It is possible that each hypercol-
umn could perform a different function as has been shown
in other cortical association areas, such as high-level associa-
tion cortices (for review see Kaas and Collins, 2001) and
proposed in models of prefrontal cortex (Hasselmo, 2005;
Koene and Hasselmo, 2005). Within the mPFC, some hyper-
columns might be involved in the interaction with the hippo-
campus (in an efferent or afferent fashion), whereas others
are involved with processes independent of the hippocampus.
It is also possible that the same hypercolumn could switch
between interacting with the hippocampus (seen during peri-
ods of hippocampal phase modulated firing) and periods
when hippocampal interacting does not take place. It is possi-
ble that the hippocampal modulation of a hypercolumn could
arise from direct excitatory input via the ventral CA1/subicu-
lar afferents or from another source such as the dense recip-
rocal mPFC-hippocampal connections through the nucleus
reuniens of the thalamus, or possibly from an entirely differ-
ent source such as the cingulate cortex or the striatum
(McKenna and Vertes, 2004). With the complex array of
connections into and out of the medial prefrontal cortex and
given the variety of phase preferences of individual units from
the same tetrode, it is probable there are multiple mecha-
nisms that enable medial prefrontal hippocampal theta
entrainment.

The direction of the mPFC-hippocampal interactions also
has considerable functional relevance. In the neural network
model presented by Koene et al. (2003), trial specific goal
information from mPFC neurons had to arrive with a specific
phase relationship with respect to the ongoing hippocampal
theta rhythm. When this input did not arrive at the appropri-
ate phase, performance of the virtual rat decreased. The ability
of mPFC neurons to sometimes fire in phase with theta and at
other times not depending on the animals current behavior
suggests that mPFC neurons may be performing a similar func-
tion to the modeled neurons (Koene et al., 2003). It is difficult
to understand why mPFC neurons would switch between theta
entrained and nonphasic firing if they were being driven by
hippocampal afferents. If mPFC neurons that respond to
behavioral correlates are driven by hippocampal afferents, it
would be expected that all mPFC cells with directionally spe-
cific behavioral correlates would also have directionally specific
theta entrainment, due to hippocampal principal cells unfalter-
ing theta entrained firing. However sixteen out of the 41 mPFC
cells with directionally specific firing rate changes were
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modulated during trips in both directions, suggesting these
changes in firing rate are not attributable to hippocampal affer-
ent input.

In this study, we present data that demonstrate the capability
of mPFC cells to change dynamically between hippocampal
theta entrained firing and nonphasic firing, as the continuing
behavior is changing both in respect to various aspects of the
linear track task and in respect to the environment the foraging
task was performed within. The data also show that mPFC
cells that are actively involved in behavioral tasks are predis-
posed to fire entrained to the hippocampal theta rhythm. The
results provide a new level of insight into the mechanisms by
which the mPFC processes information internally and interacts
with the hippocampus and other limbic structures. Our data
suggest mPFC neurons may code some behaviorally relevant
information with increases in firing rate that are hippocampal
theta modulated, while the same neuron can show increases in
firing rate to other elements of the task that are not phasically
modulated. Further studies may demonstrate that hippocampal
theta phase relationships of mPFC neurons can provide an
additional variable along with firing rate changes, which mPFC
cells can use to code behaviorally relevant events or stimuli, as
hippocampal pyramidal cells do (Huxter et al., 2003). These
findings reveal a functional correspondence of two areas involved
in the active processing of complex cognitive and behavioral tasks
and help to elucidate the nature of this interaction. Future studies
of the interactions of medial prefrontal cells and the hippocampal
theta rhythm in tasks that are dependent on both areas should
continue to reveal the nature of the cooperative processing that is
occurring in both areas during such tasks.
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